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Introduction

Summary

¢ Geranylgeranyl diphosphate (GGPP) produced by GGPP synthase (GGPPS) serves as a pre-
cursor for many plastidial isoprenoids, including carotenoids. Phytoene synthase (PSY) con-
verts GGPP into phytoene, the first committed intermediate of the carotenoid pathway.

¢ Here we used biochemical, molecular, and genetic tools to characterise the plastidial mem-
bers of the GGPPS family in tomato (Solanum lycopersicum) and their interaction with PSY
isoforms.

¢ The three tomato GGPPS isoforms found to localise in plastids (SIG1, 2 and 3) exhibit similar
kinetic parameters. Gene expression analyses showed a preferential association of individual
GGPPS and PSY isoforms when carotenoid biosynthesis was induced during root mycorrhiza-
tion, seedling de-etiolation and fruit ripening. SIG2, but not SIG3, physically interacts with
PSY proteins. By contrast, CRISPR-Cas9 mutants defective in SIG3 showed a stronger impact
on carotenoid levels and derived metabolic, physiological and developmental phenotypes
compared with those impaired in SIG2. Double mutants defective in both genes could not be
rescued.

e Our work demonstrates that the bulk of GGPP production in tomato chloroplasts and chro-
moplasts relies on two cooperating GGPPS paralogues, unlike other plant species such as
Arabidopsis thaliana, rice or pepper, which produce their essential plastidial isoprenoids using
a single GGPPS isoform.

farnesyl diphosphate (FPP), geranylgeranyl diphosphate (GGPP),
and geranylfarnesyl diphosphate (GFPP), respectively. These

Isoprenoids are essential biological molecules in all living organ-
isms. In particular, plants are the main source of the enormous
structural and functional variety that characterises this family of
compounds (Pulido ez al, 2012; Tholl, 2015). The building
blocks for the biosynthesis of all isoprenoids are isopentenyl
diphosphate (IPP) and its double-bond isomer dimethylallyl
diphosphate (DMAPP). These five-carbon (C5) universal iso-
prenoid units are produced in plants through the mevalonic acid
(MVA) pathway in the cytosol and the methylerythritol 4-phos-
phate (MEP) pathway in plastids (Vranova er al, 2013;
Rodriguez-Concepcién & Boronat, 2015). Short-chain prenyl-
transferases subsequently condense one or more molecules of IPP
to one molecule of DMAPP giving rise to C10, C15, C20 and
C25 prenyl diphosphates, known as geranyl diphosphate (GPP),
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molecules are the immediate precursors for downstream pathways
leading to the production of the main groups of isoprenoids.
Carotenoids are one of the most studied groups of plant iso-
prenoids. These C40 tetraterpenes are greatly demanded by cos-
metic and agro-food industries as natural red to yellow pigments
and provide benefits for human health, for example as precursors
of vitamin A and other biologically active molecules (Sandmann,
2015; Rodriguez-Concepcion ez al., 2018). In plants, carotenoids
have different functions. In photosynthetic tissues, they are
required for the assembly of the photosynthetic apparatus, con-
tribute to light harvesting and are essential for photoprotection by
dissipating excess light energy as heat and by scavenging reactive
oxygen species. They are also fundamental in growth regulation as
they are the precursors of retrograde signals and phytohormones
such as abscisic acid (ABA) and strigolactones. As a secondary role,
carotenoids provide distinctive colours to flowers and fruits to
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attract pollinators and seed dispersal animals (Nisar ez al, 2015;
Yuan et al., 2015). In plants, carotenoids are produced and stored
in plastids, including chloroplasts and chromoplasts (Ruiz-Sola &
Rodriguez-Concepcién, 2012; Sun ez al., 2018). MEP-derived IPP
and DMAPP are converted into GGPP by plastidial GGPP syn-
thase (GGPPS) isoforms and then GGPP is transformed into phy-
toene by phytoene synthase (PSY) enzymes. The production of
phytoene, the first committed intermediate of the carotenoid path-
way, is considered to be a major rate-determining step regulating
the metabolic flux through this pathway (Fraser ef al, 2002). In
tomato (Solanum lycopersicum), three PSY-encoding genes control
carotenoid biosynthesis in different tissues. PSY7 expression is
boosted during ripening to produce carotenoids involved in the
pigmentation of the fruit (Bartley er al, 1992; Fray & Grierson,
1993; Giorio et al, 2008; Kachanovsky er al, 2012). PSY2 is
expressed in all tissues, including fruits, but transcript levels are
much higher than those of PSY7 in photosynthetic tissues, where
carotenoids are required for photosynthesis and photoprotection
(Bartley & Scolnik, 1993; Giorio et al, 2008). Lastly, PSY3 is
mainly expressed in roots and it is induced during mycorrhization
(Walter ez al., 2015; Stauder et al, 2018), when carotenoid biosyn-
thesis is upregulated to produce strigolactones and apocarotenoid
molecules essential for the establishment of the symbiosis (Fester
et al, 2002, 2005; Baslam et 2/, 2013; Ruiz-Lozano et al., 2016;
Stauder ez al., 2018). Whether the corresponding PSY isoforms use
GGPP supplied by different GGPPS isoforms remains unknown.

Several GGPPS paralogues have been retained in plants during
evolution (Beck er al., 2013; Zhang et al., 2015; Ruiz-Sola ez al.,
2016a,b; Zhou ez al., 2017; Wang et al., 2018). However, a sin-
gle GGPPS isoform appears to produce the GGPP substrate
needed for the production of carotenoids and other plastidial iso-
prenoids in Arabidopsis thaliana, rice (Oryza sativa) and pepper
(Capsicum annuum), the three plant species whose GGPPS fami-
lies have been best characterised to date (Ruiz-Sola ez 4/, 2016a,
b; Zhou et al, 2017; Wang et al., 2018). While tomato has
become a model plant systems to study the biosynthesis of
carotenoids and its regulation, we still have an incomplete picture
of the GGPPS family in this plant. Recent work has determined
that five genes encoding GGPPS homologues exist in the tomato
genome, three of which were confirmed to produce GGPP
in vitro and localise in plastids (Zhou & Pichersky, 2020). Which
of these plastidial GGPPS isoforms are required for the produc-
tion of carotenoids in photosynthetic tissues (e.g. for photopro-
tection), fruits (e.g. for pigmentation) or roots (e.g. for
mycorrhization) remains unknown. Here we characterised the
in vivo role of these plastidial GGPPS enzymes and provide clues
to understand how the supply of plastidial GGPP for the synthe-
sis of carotenoids with different biological functions in particular
tomato tissues is regulated in this important crop plant.

Materials and Methods

Plant material

Tomato (Solanum lycopersicum var. MicroTom) plants were used
for most experiments. Seed germination, plant growth and
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sample collection were carried out as described (Supporting
Information Methods S1). Agrobacterium tumefaciens GV3101
strain was used to stably transform tomato MicroTom cotyledons
with plasmids harbouring two sgRNAs to disrupt S/G2 and S/G3
genomic sequences as described previously (Fernandez er al,
2009). The sgRNAs were designed for each gene to create short
deletions using the CRISPR P 2.0 online tool (http://crispr.hza
w.edu.cn/CRISPR2/; Liu ez al, 2017). Cloning of the sgRNA
sequences was performed as described previously (Schiml ez af,
2016) using a pDE-Cas9 plasmid providing kanamycin resistance
(Methods S2). Primers and cloning steps are detailed in Tables
S1 and S2, respectively. In vitro regenerated T1 lines were identi-
fied based on kanamycin resistance (100 ug ml~"), PCR genotyp-
ing and restriction analyses. Homozygous T2 lines lacking Cas9
were obtained after segregation. Stable T3 offspring was used for
further experiments. Methods S2 and Tables S1 and S2 describe
the generation of the rest of the constructs. Nicotiana
benthamiana plants were grown and used for transient expression
assays (agroinfiltration) as previously described (Llorente ez al.,
2020).

Gene co-expression network (GCN) analyses

GCN analyses were performed as previously described (Ahrazem
et al., 2018). Pairwise Pearson correlations between each GGPPS
gene and each selected isoprenoid biosynthetic input gene were
computed for leaf and fruit tissues throughout their development
and Fisher’s Z-transformation was used to test their statistical sig-
nificance.

RNA analyses

RNA isolation, cDNA synthesis, and RT-qPCR analyses were
carried out as described (Methods S3). Normalised transcript
abundances were calculated as described previously (Simon,
2003) using tomato ACT4 (Solyc04¢011500) or EXP (Soly-
c07g025390) as endogenous reference genes. Three biological
replicates of cDNA samples from roots of nonmycorrhized and
mycorrhized tomato plants (Ruiz-Lozano er al, 2016) were
kindly provided by Juan Antonio Lépez-Réez.

Protein analyses

In wvitro GGPPS activity determination was performed as
described (Methods S4). Purified enzymes were used to calculate
kinetic parameters as described previously (Barja & Rodriguez-
Concepcidn, 2020). Protein concentration was determined
according to the Bradford method (Bradford, 1976). GGPPS
activity assays in E. coli were carried out as described previously
(Beck et al., 2013). Subcellular localisation assays were performed
using A. tumefaciens-mediated transient expression in N.
benthamiana leaves (Sparkes et al., 2006). Leaves were co-infil-
trated with strains carrying appropriate constructs (Methods S2)
and a HC-Pro silencing suppressor (Goytia er al, 20006) as
described (Methods S5). Subcellular localisation of GFP fusion

proteins was determined 3 d post infiltration with an Olympus
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FV 1000 confocal laser-scanning microscope (Methods S5). Co-
immunoprecipitation (Co-IP) assays were performed in /.
benthamiana leaves as described previously (Mufioz & Castellano,
2018; Methods S6). Immunoblot analyses were performed as
described previously (Pulido ez 4l., 2013).

Metabolite analysis

Detection of prenyl diphosphates was carried out as described
previously (Ruiz-Sola ez a4l., 2016a). Carotenoids, chlorophylls
and tocopherols were extracted as described (Methods S7). Sepa-
ration and detection were next performed using an Agilent 1200
series HPLC system (Agilent Technologies) as previously
reported (Fraser et al, 2000). ABA levels were determined as
described previously (Diretto et al., 2020). Primary metabolites
were extracted, annotated and quantified as described previously
(Llorente et al., 2020).

Results

SIG1, SIG2 and SIG3 are GGPP-producing plastidial
enzymes with similar kinetic properties

Several genes encoding proteins with homology to GGPPS
enzymes are found in the tomato genome (Ament ez al., 2006;
Fraser er al, 2007; Stauder et al, 2018; Zhou & Pichersky,
2020). From these, three have been found to localise in plastids
and produce GGPP in vitro, namely GGPPSI (Solyc11¢011240),
GGPPS2 (Solyc04g079960) and GGPPS3 (Solyc02¢085700), here
referred to as SIG1, SIG2 and SIG3 (Table S3). We confirmed the
plastidial targeting of these three isoforms by expressing con-
structs encoding GFP fusions of the full-length SIG1-3 proteins
in agroinfiltrated tobacco (Nicotiana benthamiana) leaves. In all
three cases, fluorescence corresponding to the GFP fusion pro-
teins co-localised with chlorophyll autofluorescence (Fig. S1),
and supported the conclusion that they were all efficiently tar-
geted to chloroplasts. We also experimentally confirmed the abil-
ity of purified SIG1-3 proteins to produce GGPP in vitro. The
three tomato isoforms were expressed in Escherichia coli cells
without their predicted plastid-targeting sequences (Fig. S2) and
whole-cell protein extracts were directly used for activity assays in
the presence of IPP and DMAPP followed by the analysis of the
reaction products by LC-MS (Fig. S3). As positive and negative
controls, we used the Arabidopsis AtG11 (active) and AtGll1s
(inactive) proteins (Ruiz-Sola et al, 2016a). This experiment
confirmed that SIG1, SIG2, SIG3 and AtG11 (but no AtG11s)
produced only GGPP (Fig. S3a), in agreement with recently
reported data (Zhou & Pichersky, 2020). To gain new knowl-
edge on the biochemical properties of these enzymes, we used
purified proteins to calculate their kinetic parameters. Enzymatic
assays performed as described previously (Barja & Rodriguez-
Concepcién, 2020) showed that all tested GGPPS proteins
exhibited a similar optimal pH around 7.5 (Fig. S3b), as expected
for stromal enzymes (Hohner ez al., 2016). The parameters Km
(an estimator of the apparent affinity for the IPP and DMAPP
substrates) and Vmax exhibited very similar values among the

© 2021 The Authors
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three tomato enzymes (Table 1). They were also similar to those
obtained for AtG11 here and elsewhere (Wang & Dixon, 2009;
Camagna er al, 2019). We therefore concluded that tomato
SIG1, SIG2 and SIG3 and Arabidopsis AtG11 are plastidial
GGPPS enzymes with very similar kinetic properties.

Gene expression profiles suggest a major role of SIG2 and
SIG3 in chloroplasts and chromoplasts

Analysis of public gene expression databases showed that the
genes encoding SIG1-3 enzymes were expressed in roots, leaves
and flowers (Fig. S4). Of these, the most highly expressed gene
was S/G3 followed by S/G2, while SIGI transcripts were present
at very low levels. S/G2 and S/G3, but not SIG1, were also
expressed at high levels in fruit pericarp and seed tissues
(Fig. S4). As an initial approach to gain an insight into the possi-
ble functions of these individual isoforms, we performed a GCN
analysis. This is a powerful tool to infer biological functions that
we previously used to identify AtG11 as the main GGPPS iso-
form for plastidial isoprenoid production in Arabidopsis (Ruiz-
Sola et al., 2016b). By using publicly available databases for plant
comparative genomics (PLAZA 4.0, Phytozome), we searched for
tomato homologues of the plastidial pathways that supply
GGPPS substrates (MEP pathway) and consume GGPP to pro-
duce carotenoids, chlorophylls, tocopherols, phylloquinone, plas-
toquinone, gibberellins, strigolactones and ABA (Table S4). We
retrieved their expression data from TomExpress database
(Zouine er al., 2017) experiments carried out using either leaf or
fruit samples at different developmental stages (Table S5). Then,
we calculated their correlation with S/G1, SIG2 and S/G3 expres-
sion using pairwise Pearson correlations. The results of the GCN
analyses are shown in Fig. 1 and Fig. S5, and correlations are
listed in Table S6. It was not possible to obtain correlation data
for tomato roots as only two experiments using root samples are
deposited in the TomExpress database. In leaves and fruits, S/GI
was poorly co-expressed with the query genes. By contrast, and
similar to that observed with A#G11 (Ruiz-Sola et al, 2016b),
SIG2 and, to a lower extent, S/G3 were highly connected to plas-
tidial isoprenoid biosynthetic genes in leaf tissues. Connectivity
was lower in fruit and, in this case, it was a bit higher for S/G3
(Fig. 1). These results suggest that SIG2 and SIG3 might be the
main GGPP-producing isoforms in leaf chloroplasts and fruit
chromoplasts.

In tomato, carotenoids contribute to mycorrhizal associations,
photoprotection and fruit pigmentation and, therefore, the levels
of these GGPP-derived metabolites increase during root mycor-
rhization, seedling de-etiolation and fruit ripening. In agreement
with the rate-determining role of PSY for carotenoid synthesis
(Fraser et al., 2002), the expression levels of PSY-encoding genes
also increase during such carotenoid-demanding developmental
processes. By using real-time quantitative PCR (qPCR) analysis,
we experimentally confirmed the upregulation of PSY! during
fruit ripening and PSY3 in mycorrhized roots (Fig. 2). Further-
more, we found that the PSY2 gene was more strongly upregu-
lated than PSY7 during tomato seedling de-etiolation (Fig. 2).
Using the same samples, we observed that only S/GI was
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Table 1 Kinetic parameters of tomato plastidial GGPPS enzymes.

DMAPP IPP

(+100 uM IPP) (+100 uM DMAPP)

Km Vimax Km Vimax

(uM) (nmol min~"mg™") (LM) (nmol min~"mg™")
SIG1 31.82+2.92 47.47 £1.40 74.18+7.55 59.87+2.73
SIG2 49.55 +5.31 38.87+£1.53 79.75+£8.33 36.73+£1.73
SIG3 45.75 £ 6.81 26.13£1.40 45.92 +£4.86 29.13+£1.13
AtG11 32.86+4.86 21.53+1.07 38.49+4.94 24.13+£1.07

Values correspond to the mean =+ SD of three independent experimental replicates (n = 3).

upregulated during root mycorrhization, showing an expression
pattern similar to that observed for PSY3 (Fig. 2). During fruit
ripening, S/G2 and, to a lower extent, S/G3 were upregulated,
but not as much as PSYI (Fig. 2). S/G2 was also the most strongly
upregulated GGPPS-encoding gene during seedling de-etiola-
tion, paralleling PSY2 induction. Interestingly, S/G3 and PSYI
were also induced with a similar profile during this process, even
though induction levels were much lower than those observed for
SIG2 and PSY2 (Fig. 2). Together, these data suggested that SIG1
might provide GGPP for PSY3 to produce carotenoids in roots,
particularly when needed during mycorrhization, whereas both
SIG2 and SIG3 would be required in leaves and fruits to support
carotenoid production for photosynthesis (mostly by PSY2) and
fruit pigmentation (by PSY1).

SIG2, but not SIG3, can interact with PSY1 and PSY2

A coordinated role for SIG1 and PSY3 in mycorrhization has
already been proposed (Stauder ez al., 2018), but the possible
connection between the other plastidial GGPPS and PSY iso-
forms remains unclear. GGPPS proteins can physically interact
with PSY and other enzymes catalysing both upstream and down-
stream biosynthetic steps in the plastids of different plant species
(Maudinas ez al., 1977; Dogbo & Camara, 1987; Camara, 1993;
Fraser et al., 2000; Ruiz-Sola er al., 2016b; Zhou ez al., 2017;
Wang et al., 2018; Camagna et al., 2019). This mechanism may
facilitate channelling of precursors towards specific groups of
plastidial isoprenoids. Protein complexes containing both
GGPPS and PSY enzymes were isolated from tomato chloroplasts
and fruit chromoplasts (Maudinas ez al, 1977; Fraser et al.,
2000), but the specific isoforms forming these protein complexes
were never identified. Given the co-regulation of S/G2 and S/G3
with PSYT and PSY2 genes in chloroplasts (i.e. photosynthetic
tissues) and chromoplasts (i.e. fruits), we decided to test possible
interactions of these isoforms in co-immunoprecipitation assays
(Fig. 3). Constructs harbouring C-terminal Myc-tagged GGPPS
and HA-tagged PSY sequences were combined and transiently
co-expressed in N. benthamiana leaves. As a negative control, we
used a Myc-tagged version of Arabidopsis phosphoribulokinase
(PRK-Myc), a stromal enzyme of the Calvin cycle. Both PSY1-
HA and PSY2-HA could be co-immunoprecipitated with SIG2-
Myc, suggesting that they are present in the same complexes
in vivo (Fig. 3). By contrast, none of these PSY isoforms could be
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detected in the samples co-immunoprecipitated with either
SIG3-Myc or PRK-Myc. The same Myc-tagged SIG2 and SIG3
proteins used in these experiments were able to co-immunopre-
cipitate their HA-tagged counterparts (Fig. 3). This result, consis-
tent with the ability of GGPPS proteins to form homodimers
and also heterodimers, confirms that the observed lack of interac-
tion of SIG3 with PSY enzymes was not due to SIG3-Myc having
lost its capacity to interact with other proteins.

Loss of function mutants defective in SIG3, but not those
impaired in SIG2, show lower levels of photosynthetic
pigments and activity

To further explore the biological roles of SIG2 and SIG3, we gen-
erated CRISPR-Cas9 mutants defective in these enzymes (Fig. 4).
We designed two single guide RNAs (sgRNA) for each gene with
the aim of creating deletions encompassing unique restriction
sites for rapid screening (Fig. 4a). Two independent deletion alle-
les that created premature translation stop codons were selected
for each gene and named slg2-1, slg2-2, slg3-1 and slg3-2 (Figs 4a,
S6-S8). To confirm that the truncated proteins lacked GGPPS
activity, we tested them in E. coli strains that synthesised the red
carotenoid lycopene only when a source of GGPP was supplied
(Ruiz-Sola et al, 2016a). Transformation with constructs har-
bouring the mutant enzymes did not produce more lycopene
than empty plasmid controls, indicating that they lacked GGPPS
activity. (Fig. 4b). Once confirmed that the selected mutant alle-
les produced nonfunctional proteins, homozygous lines without
Cas9 were obtained and used for further experiments.

The most obvious phenotype among the selected lines was the
pale colour of sjg3 mutants compared with s/g2 alleles or azygous
(wild-type (WT)) plants (Fig. 5). This phenotype was clear in
emerging and young leaves, but it weakened as leaves grew and
became mature (Fig. 5a). The pale colour correlated with signifi-
cantly reduced levels of carotenoids and chlorophylls in young
leaves of sg/3-1 and sg/3-2 lines compared with those of WT
plants (Fig. 5b; Table S7). The differences were less clear for
tocopherols, another group of GGPP-derived plastidial iso-
prenoids (Fig. 5b). Similar levels of carotenoids, chlorophylls and
tocopherols were detected in mature leaves of WT, s/g2 and s/g3
plants (Fig. 5b; Table S7). To test whether the reduced accumu-
lation of photosynthesis-related isoprenoids in s/g3 lines had an
impact on photosynthesis, we quantified the effective quantum

© 2021 The Authors
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Fig. 1 Gene co-expression analysis of tomato genes encoding plastidial GGPPS isoforms in leaf and fruit tissues. Positive co-expression relationships
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yield of photosystem II ($PSII) in both young and mature leaves
(Fig. 5¢). A 30% reduction in $PSII was observed in young leaves
from s/g3 plants compared with those of WT or slg2 lines, consis-
tent with the slg3-specific reduction of GGPP-derived metabo-
lites. Despite similar levels of photosynthetic pigments
accumulated in the mature leaves of all genotypes tested, $PSII
was slightly reduced in some mutants relative to WT lines
(Fig. 5¢).

We further explored the possible effects that the loss of SIG2
or SIG3 function might have on other metabolic pathways using
the same samples of young leaves used for isoprenoid and ¢PSII
determination (Fig. 6). GC-MS metabolite profiling showed
strongly decreased levels of sucrose, glucose and fructose in SIG3-
defective leaves, probably due to photosynthetic impairment.
Mutant s/g3 leaves also displayed increased levels of amino acids
derived from glycerate (Ser and Gly), shikimate (Phe, Trp and
Tyr), pyruvate (Val, Ile and Ala), 2-oxoglutarate (Glu, Orn, His
and GABA) and malate (Asp, Asn, Lys, Thr, Met, homoserine
and beta-alanine). In line with some of these amino acid changes,
SIG3-defective leaves displayed altered accumulation of tricar-
boxylic acid cycle-related intermediates (citrate and 2-oxoglu-
tarate). Only a few common changes were detected in both s/g2
and slg3 leaves. They included a decrease in putrescine and

New Phytologist (2021) 231: 255-272
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ascorbate levels (more pronounced in s/g3 leaves), as well as an
altered accumulation of metabolites produced by the plastidial
shikimate pathway, including the above-mentioned aromatic
amino acids and phenylpropanoid derivatives such as caffeate and
3-caffeoyl-quinate (Fig. 6). The levels of the carotenoid-derived
hormone ABA were similar in WT and mutant samples (Fig. 6;

Table 2).

Ripening-associated fruit pigmentation is altered in s/g2
and s/g3 mutants in correlation with their carotenoid profile

Lines with reduced levels of plastidial GGPPS activity also
showed changes in reproductive development (Fig. 7). Flowering
time was similar in WT, s/g2 and slg3 plants (Fig. 7a). However,
pigmentation changes associated to fruit ripening were visually
delayed in mutant fruits (Fig. 7b). Tomato fruits reach their final
size at the mature green (MG) stage and then they start the ripen-
ing process. The first visual symptoms of ripening define the
breaker (B) stage, when chlorophyll degradation and carotenoid
biosynthesis change the fruit colour from green to yellow
(Fig. 7¢). As ripening advances, accumulation of orange and red
carotenoids (B-carotene and lycopene, respectively) progressively
change the fruit colour and define the orange (O) and eventually

© 2021 The Authors
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red (R) stages (Fig. 7c). The time from anthesis to B was similar
in WT and SIG2-defective fruits, but it was longer in the s/g3
mutants (Figs 7b, S9). Fruits from lines defective in SIG3, but
also those defective in SIG2, showed a pigmentation delay in the
transition from B to O. The delay was observed both on vine (i.e.
in fruits attached to the plant) and off vine (i.e. in fruits detached
from the plant at the B stage; Figs 7b, S9). Both on-vine and off-
vine measurements revealed that s/g2 mutants also took longer to
reach the R stage compared with WT fruits (Fig. S9), whereas
slg3 mutants did not reach a proper R stage, as they developed a
dark-orange colour when ripe and never turned fully red
(Fig. 7¢).

WT and mutant fruits showed similar levels of carotenoids,
chlorophylls and tocopherols at the MG stage (Fig. S10), but
clear differences were detected in ripe fruits at B+ 10, i.e. 10d
after B (Figs 6, 7d; Table S7). Phytoene and lycopene were
decreased in all mutants, although the effect was higher for sig3
fruits. No significant differences were found for B-carotene,
although the levels of this orange carotenoid tended to be higher
in slg3 mutants. This, together with the lower levels of the red
carotenoid lycopene, may explain the dark-orange colour of
B+ 10 slg3 fruits (Fig. 7¢c). Tocopherols also showed a trend
towards higher abundance in SIG3-deficient fruits, a change that
was statistically significant in the s/g3-1 allele (Fig. 7d) or when
slg3-1 and slg3-2 samples were considered together (Fig. 6).

Unlike that observed in young leaves, ABA levels were reduced
in B + 10 fruits of slg2 and, most strongly, s/g3 mutants compared
with WT controls (Fig. 6; Table2). At the level of primary

© 2021 The Authors
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metabolites, B+ 10 fruits from both s/g2 and s/g3 mutants exhib-
ited increased levels of raffinose, galacturonate, pyruvate and Asp
and lower levels of Ser, Gly, Tyr, Val, Ala, Glu and GABA com-
pared with WT controls (Fig. 6). The changes in these metabo-
lites were typically stronger for slg3 fruits, paralleling that
observed for carotenoids and derived ABA levels.

Double mutants defective in both SIG2 and SIG3 are not
viable

To assess the impact of simultaneous disruption of both S/G2
and S/G3 genes, alleles slg2-2 and slg3-1 were crossed using the
former as female parent and the latter as male parent or vice versa.
Double heterozygous F1 plants from each cross were allowed to
self-pollinate and the resulting seeds were used to screen the F2
population for double homozygous plants, which were expected
to occur at a Mendelian frequency of 6.25% (1 in 16). We per-
formed two rounds of screening. In the first one, 200 seeds (100
from each cross) were plated and all of them germinated and pro-
duced green seedlings. In the second round, carried out with
older seeds, 80 seeds were plated and 76 (95%) germinated
(Table 3). The seeds that failed to germinate (four) were manu-
ally open and found to contain either albino/pale (three) or green
(one) embryos (Fig. S11). PCR genotyping of these embryos
(Fig. S11) and of the remaining 276 seedling did not identify
double homozygous mutants (Table 3). A chi-squared goodness-
of-fit test performed with 8 degrees of freedom and 95% interval
of confidence confirmed that the observed genotype frequencies

New Phytologist (2021) 231: 255-272
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the levels obtained with the true GGPPS enzyme AtG11. Values represent the mean =+ SD of at least three independent transformants (n =3).

did not follow the expected Mendelian segregation in any of the
two experiments or when considering all data together (Table 3).
In addition to the absence of double sjg2-2 slg3-1 mutants (here
referred to as g2¢2 ¢3¢3), lines with one of the two genes in
homozygosis and the second one in heterozygosis (i.e. g2¢2 G3¢3
and G2¢2 g3¢3) were found at lower frequencies than predicted
(Table 3), suggesting a gene dosage effect. Our interpretation of
these results is that the absence of both S/G2and S/G3 results in a
lethal phenotype that is partially rescued by incorporating one
copy of any of these two genes (as in g2¢2 G3¢3 or G2¢2 g3¢3
plants), and fully rescued when two copies are present in the
genome (as in double heterozygous or single homozygous
mutants). These results, together with the similar expression
levels of both genes in developing tomato seeds (Fig. $4), suggest
that SIG2 and SIG3 contribute similarly and additively to
embryo or/and seed development.

The phenotypes of single slg3 mutants are exacerbated in
lines with the S/G2 gene in heterozygosis

Plants segregating from double heterozygous F1 plants (G2¢2
G3g3) that showed a single mutant genotype (i.e. g2¢2 G3G3

New Phytologist (2021) 231: 255-272
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and G2G2 g3¢3) or one of the two genes in homozygosis and the
second one in heterozygosis (i.e. g2¢2 G3¢3 and G2¢2 g3¢3) were
transferred to soil and used to carefully examine their phenotype.
Consistent with that described for the s/g2-2 and slg3-1 parentals
(Fig. 5), young leaves of g2¢2 G3G3 plants showed unchanged
pigmentation and WT levels of photosynthetic pigments (chloro-
phylls and carotenoids) and photosynthetic activicy (¢pPSII),
whereas those of G2G2 g3¢3 plants were paler and displayed a
reduction of photosynthetic pigments and activity (Fig. 8). Most
interestingly, the phenotypes of the slg3 mutants were intensified
when one of the two genomic copies of S/G2 was inactivated in
the G2¢2 g3¢3 line (Fig. 8). Loss of an S/G3 gene copy in the slg2
mutant background, however, was not sufficient to trigger statis-
tically significant changes in young leaves compared with WT or
slg2 lines. This result indicates that a single copy of the S/G3 gene
is sufficient to provide GGPP for the production of photosyn-
thetic pigments in chloroplasts, even when no SIG2 activity is
available. For mature leaves, no significant differences were
observed between WT and any of the mutant lines (Fig. 8).

At the level of fruit ripening, quantification of fruit colour using
the TomatoAnalyzer 4.0 tool (Gonzalo ez al., 2009) confirmed the
pigmentation delay previously observed in single mutants defective

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation



New

Phytologist

(a) (b)
5
g
5=
O o

u T 0
|§ N

Total chlorophylls
(Rel. to WT)

Total tocopherols
(Rel. to WT)

—

slg3-1
(c)
—
g I
(14
- ©
slg3-2 i

0.4+

0.2+

0.0-

1.2+

0.8+

0.6

0.4+

0.2

Research' 263"

Young leaves Mature leaves

a ab ab

Ibc
L

O

J

. (S —

4 .
t g

- — O

L 1 1 1 L 1

e (e |

| B

. —

a ab ab

0.0-
2.0+

1.5+

1.04

0.5+

0.0-

0.8+

0.6

0.4+

0.2+

0.0-

IaIth)I II

w
slg2-1
slg2-2 -
slg3-1
sIg3-2 -

wTt
slg2-1
slg2-2
slg3-1
slg3-2

Fig.5 Leaf phenotypes of mutant tomato lines defective in SIG2 or SIG3. (a) Representative images of 4-wk-old plants of the indicated lines. (b) Relative
levels of total carotenoids, chlorophylls and tocopherols in young and mature leaves of wild-type (WT) and mutant lines. Values are represented relative to
WT levels and they correspond to the mean + SD of at least three independent biological replicates (n =3). See Supporting Information Table S7 for
absolute values. (c) $PSIl in young and mature leaves of the indicated lines. Values represent the mean =+ SD of four different leaf areas from three different
plants. In all cases, different letters represent statistically significant differences (P <0.05) among means according to post hoc Tukey's tests run when one-

way ANOVA detected different means.

in SIG2 or, to a higher extent, SIG3 (Fig. 7) and further showed a
stronger effect when one of the two genomic copies of S/G2 was
additionally inactivated in the s/g3 background (Fig. 9a). Analysis
of the expression of ripening marker genes such as £8 and ACS2
(Estornell et al., 2009; Llorente et al., 2016; D’Andrea et al., 2018)

© 2021 The Authors
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showed that the peak of £8 and ACS2 expression observed at the
onset of ripening (Fig. S4) was reduced in the mutants (Fig. 9b).
Again, the stronger effect was observed in lines without SIG3 activ-
ity and tended to be higher in G2¢2 g3¢3 compared with G2G2
23¢3 lines (Fig. 9b).
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Table 2 ABA levels in GGPPS-defective tomato leaves and fruit.

Young leaves B +10 fruit
WT 1.67 £0.19 0.63+0.13
slg2-1 1.69+£0.10 0.55+0.12
slg2-2 1.98 £0.39 0.30 +0.08
slg3-1 1.96 £0.09 0.16 £0.04
slg3-2 1.61+£0.29 0.08 +0.01

Values (ug g~ dry weight) correspond to the mean =+ SD of four
independent samples (n = 4). Statistically significant changes in mutants
compared with wild-type (WT) samples (¢-test, P <0.01) are indicated in
bold.

Discussion

The fundamental basis for our knowledge of the regulation of
GGPP biosynthesis in plants mainly comes from the characterisa-
tion of the Arabidopsis GGPPS family (Zhu er al, 1997a,b;
Okada ez al., 2000; Beck ez al., 2013; Nagel ez al., 2015; Wang
et al., 2016; Ruiz-Sola ¢t al., 2016a,b). In this model plant, there
are two plastid-targeted GGPPS paralogues (AtG2 and AtG11)
but only AtG11 appears to be required for the production of
plastidial isoprenoids (Beck er af., 2013; Nagel ¢ al., 2015; Ruiz-
Sola et al., 2016a,b). The gene encoding AtG11 is ubiquitously
expressed at high levels and can generate long transcripts encod-
ing the plastid-targeted isoform, but also short transcripts encod-
ing a cytosolic enzyme that retains enzymatic activity and is
essential for embryo development (Ruiz-Sola ez /., 2016a). The
production of GGPP has also been studied in a few crop plants
(Wang & Dixon, 2009; Zhang ez al., 2015; Zhou ez al., 2017;
Wang et al., 2018, 2019). Similar to Arabidopsis, rice and pepper
contain only one enzymatically active GGPPS isoform localised
in plastids, named OsGGPPS1 (OsG1 in short) and CaGGPPS1
(CaGl), respectively (Zhou er al, 2017; Wang et al., 2018).
Strikingly, only scattered information has been available to date
on the tomato GGPPS family, despite this species being a well
established model plant that accumulates high amounts of
GGPP-derived metabolites of human interest such as carotenoids
in fruits. Here we demonstrate that, in tomato, two plastidial iso-
forms (SIG2 and SIG3) co-ordinately supply GGPP to produce
carotenoids and other isoprenoids essential for photosynthesis,
fruit pigmentation and seed viability.

Subfunctionalisation of plastidial GGPPS paralogues in
tomato might involve several mechanisms with a major role
for differential gene expression

The three plastid-targeted GGPPS homologues present in
tomato (SIG1-3) produce GGPP with similar kinetic parameters
and an optimal pH around 7.5 (Fig. S3; Table 1). Several mecha-
nisms might allow enzymatically similar GGPPS isoforms to
acquire new functions, including: (a) localisation in distinct sub-
cellular compartments, (b) specific interactions with other pro-
tein, and (c) diversification of spatio-temporal gene expression
patterns. Despite the clear plastidial localisation observed here
(Fig. S1) and elsewhere (Zhou & Pichersky, 2020) for GFP
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fusions of the SIG1-3 isoforms, we cannot exclude the possibility
that shorter extraplastidial versions of these proteins could also be
produced in vivo, paralleling that observed for AtG11 (Ruiz-Sola
et al., 2016a). Indeed, several M residues can be found in the N-
terminal region of both SIG2 and SIG3 enzymes (Fig. S8); they
could be used as alternative translation start sites to produce cat-
alytically active GGPPS enzymes with an absent or shorter (i.e.
dysfunctional) plastid-targeting domain.

In addition to localisation in distinct subcellular compart-
ments, subfunctionalisation of GGPPS paralogues might also
involve isoform-specific interactions with other proteins. The
enzymatic properties of GGPPS proteins change to produce GPP
upon heterodimerisation with members of the GPP synthase
small subunit type I (SSU-I) subfamily (Orlova er al, 2009;
Wang & Dixon, 2009). This occurs upon interaction of SIG1-3
enzymes with the tomato SSU-I protein (Solyc07g064660; Zhou
& Pichersky, 2020). Multienzymatic complexes appear to be par-
ticularly important for metabolic channelling of GGPP. In par-
ticular, PSY cannot access freely diffusible GGPP or time-
displaced GGPP supply by GGPPS (Camagna ez al., 2019). Ara-
bidopsis AtG11 and pepper CaGl1 can directly interact with PSY
proteins (Ruiz-Sola er al., 2016b; Wang et al., 2018; Camagna
et al., 2019). We found that tomato SIG2, but not SIG3, is able
to interact with PSY1 and PSY2 in planta (Fig. 3). However,
tomato SIG3 might deliver GGPP to PSY enzymes by
heterodimerisation with PSY-interacting SIG2 (Fig. 3). An alter-
native possibility involves interaction with members of another
catalytically inactive SSU subfamily, named type II (SSU-II).
Similar to AtG11 and CaG1, OsGl is the only GGPPS enzyme
producing GGPP for carotenoid biosynthesis in rice. Strikingly,
OsG1 does not interact with PSY, but heterodimerises with a
SSU-II homologue, resulting in its delivery to a large protein
complex in thylakoid membranes (Zhou ez al., 2017). The inter-
action with SSU-II proteins was also shown to enhance not only
the GGPP-producing activity of rice OsG1 but also of pepper
CaG1 (Wang ez al., 2018) and tomato SIG1-3 isoforms (Zhou &
Pichersky, 2020). Interestingly, the pepper SSU-II protein also
interacts with PSY, suggesting that binding of CaG1 to SSU-II
might stimulate both its GGPPS activity and its interaction with
PSY (Wang et al, 2018). It is therefore possible that
heterodimerisation with tomato SSU-II (Solyc09¢g008920) might
also deliver SIG3 to PSY-containing protein complexes and
enhance interaction of SIG2 with PSY isoforms.

Regardless of other possible mechanisms discussed above, it
appears that a major determinant defining the biological roles of
plastidial GGPPS isoforms in tomato is their distinct expression
profiles. Mining of public tomato gene expression databases,
GCN analyses and qPCR assays led us to conclude that SIG1 is
likely to contribute to carotenoid biosynthesis in roots together
with PSY3. This conclusion is supported by a recent study show-
ing that the expression of PSY3 and S/G1 co-ordinately responds
to tomato root mycorrhization and phosphate starvation (Stauder
et al., 2018). The SIGI-PSY3 tandem might be channelling the
flux of MEP-derived precursors towards the synthesis of
carotenoid-derived molecules, such as strigolactones and apoc-
arotenoids, that are crucial for the establishment of symbiosis
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Fig. 7 Flowering and fruit phenotypes of mutant tomato lines defective in SIG2 or SIG3. (a) Flowering time measured as days after germination (left) or
number of leaves (right). Values correspond to the mean + SD of at least n =4 independent biological replicates. (b) Number of days to reach the indicated
ripening stages represented as days post anthesis on vine (DPA, left) and days post breaker off vine (DPB, right). In both box-plots, the lower boundary of
the boxes indicates the 25 percentile, the black line within the boxes marks the median, and the upper boundary of the boxes indicates the 75
percentile. Dots mark data values and whiskers above and below the boxes indicate the minimum and maximum values. (c) Representative images of fruit
from WT and mutant lines harvested from the plant at the breaker stage. (d) Relative levels of individual carotenoids (phytoene, lycopene and B-carotene)
and total tocopherols in fruits of wild-type (WT) and mutant linesat the B+10 stage. Values are represented relative to those in WT samples and correspond
to the mean + SD of n =3 independent biological replicates. See Supporting Information Table S7 for absolute values. In all plots, different letters represent
statistically significant differences (one-way ANOVA followed by Tukey's multiple comparisons test, P <0.05).

(Stauder ez al., 2018). Unlike S/G1, SIG2 and S/G3 are constitu- development (Fig. S4c), in which an enhanced production of
tively expressed, with S/G3 being the paralogue with the highest ~ carotenoids and other photosynthesis-related isoprenoids con-
expression level in all plant tissues (Fig. S4). In leaves, S/G2is  tributes to assemble a functional photosynthetic machinery. S/G2
more strongly co-expressed than S/G3 with genes from photosyn- ~ was also much more induced than S/G3 during fruit ripening,
thesis-related isoprenoid pathways (Fig. 1). This suggests that the ~ when carotenoid biosynthesis is boosted thanks to the upregula-
expression of the S/G2 gene changes more than that of S/G3to  tion of the PSY1 isoform. PSY7 and S/G2, but not S/G3, are co-
adapt to conditions requiring a re-adjustment of the gene expres-  ordinately regulated by FUL and RIN transcription factors that
sion network regulating the metabolism of isoprenoids such as  control the expression of ripening-related genes, including many
carotenoids. In agreement, S/G2 was much more upregulated  of the MEP and carotenoid pathway genes (Fujisawa ez al., 2013,

than S/G3 during seedling de-ctiolation (Fig.2) and leaf  2014).
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Table 3 Expected and observed frequencies of the F2 population from the crosses of sig2-2 and s/g3-7 mutant tomato plants.

Round 1 Round 2 Combined
Genotypes Expected (%) n % n % n %
G292 G393 25 52 26 15 20 67 24
G292 G3G3 125 26 13 18 24 44 16
G2G2 G3g3 12.5 35 17.5 10 13 45 16
g2g2 G3g3 125 18 9 6 8 24 9
G292 g3g3 125 16 8 5 7 21 8
9292 9393 6.25 0 0 0 0 0 0
9292 G3G3 6.25 17 8.5 5 7 22 8
G2G2 g3g3 6.25 14 7 8 11 22 8
G2G2 G3G3 6.25 22 11 9 12 31 11
Total plants (n) 200 76 276
Chi-square 30.84 22.68 4517
P-value 0.0002 0.0038 <0.0001

Mutant alleles are marked in red. A chi-squared goodness-of-fit test was performed with 8 degrees of freedom and 95% confidence interval to check the

Mendelian segregation of the mutant alleles. n, number of plants.

All these expression data showed that S/G2 expression is more
responsive to sudden demands of precursors for the production
of isoprenoids, including carotenoids. By contrast, S/G3 expres-
sion is higher and does not change as much, suggesting a house-
keeping role to maintain a continuous supply of GGPP in plas-
tids for basal production of carotenoids and other isoprenoids.
According to this model, SIG1 and SIG2 would help SIG3 to
supply GGPP when a boost in carotenoid production is needed.
The very low and restricted expression level of S/G1, however,
strongly suggests that SIG2 is the main helper isoform for SIG3
in chloroplasts of cotyledons and expanding leaves and chromo-
plasts of ripening fruit.

GGPPS isoforms SIG2 and SIG3 have functionally
interchangeable roles in chloroplasts and chromoplasts

Analysis of tomato mutants defective in gene copies for SIG2 or/
and SIG3 further suggested that these are functionally exchange-
able isoforms that participate in the same biological processes.
This might not be obvious when analysing leaves, as only s/g3
alleles were found to display reduced levels of GGPP-derived iso-
prenoids and subsequent inhibition of photosynthesis (Figs 5, 8).
However, the effects of reduced isoprenoid synthesis could also
be indirectly detected in slg2 leaves. Our GC-MS analysis showed
higher levels of all aromatic amino acids derived from the shiki-
mate pathway (Trp, Tyr and Phe) as well as Phe-derived phenyl-
propanoids caffeate (caffeic acid) and 3-caffeoyl-quinate
(chlorogenic acid) in both slg2 and sig3 mutant lines (Fig. 6).
This might be a physiological response to cope with photo-oxida-
tive stress caused by lower levels of carotenoids in the mutants, as
phenylpropanoids (including Phe-derived flavonoids and antho-
cyanins) can also function as photoprotective metabolites
(Munoz & Munné-Bosch, 2018). Reduced levels of well known
metabolites associated with oxidative stress such as ascorbate and
putrescine in leaves from both mutant lines would also support
this view.

© 2021 The Authors
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Loss of one S/G3 gene copy in the slg2 mutant background
failed to cause a statistically significant decrease in the levels of
photosynthetic pigments or activity, even though a trend towards
reduction of chlorophyll and carotenoid levels was observed
(Fig. 8). However, complete loss of SIG3 activity in lines with
one or two functional S/G2 copies was sufficient to reduce levels
of GGPP-derived photoprotective
carotenoids and tocopherols to an extent that became detectable

isoprenoids such as
and affected photosynthesis (Fig. 5), causing sugar starvation and
the subsequent metabolic changes observed only in the sg3
mutant (Fig. 6). In agreement, the increased accumulation of
most amino acids in s/g3 leaves suggested a high proteolytic activ-
ity to generate an alternative respiratory source, a probable
response to sugar starvation derived from reduced photosynthesis
and/or photo-oxidative stress (Aradjo er al, 2011; Obata &
Fernie, 2012; Galili ez al., 2016).

The absence of any of the two individual enzymes also
decreases plastidial GGPP production in fruit, as deduced from
the levels of the main GGPP-derived metabolites (Fig. 7d;
Table S7). Tocopherol levels did not decrease in mutant fruit,
perhaps because they are mostly produced by recycling the phytyl
chain released from the chlorophylls degraded during fruit ripen-
ing. By contrast, lycopene (by far the most abundant carotenoid
in ripe fruit) and, to a lower extent, phytoene, showed reduced
levels in both mutants (Fig. 7d; Table S7). Similar to that
observed in leaves, the effect is stronger in s/g3 mutants, consis-
tent with the higher expression levels of the S/G3 compared with
SIG2 in young leaves and MG fruits (Fig. S4). While altered
levels of 3-caffeoyl-quinate and citrate were detected only in fruit
of the s/g3 mutant, the rest of the metabolic changes were similar
in slg2 and slg3 lines (Fig. 6), again supporting the conclusion
that these enzymes are redundant and interchangeable. In partic-
ular, both s/g2 and slg3 fruit showed pigmentation defects that
were associated with a decreased carotenoid accumulation (Figs 7,
9a). Because ABA is synthesised from carotenoids, its reduced
levels in GGPPS-defective ripe fruits, but not in leaves (Table 2),

New Phytologist (2021) 231: 255-272
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Fig. 8 Leaf phenotypes of tomato lines with different combinations of s/g2ands/g3 mutations. (a) Representative images of 4-wk-old plants of the
indicated lines. Mutant alleles are marked in red. (b) Total levels of photosynthetic pigments (carotenoids and chlorophylls) in young and mature leaves of
wild-type (WT) and mutant lines. Values, mean and SD of n =3 independent biological replicates are represented. (c) $PSIl in young and mature leaves of
the indicated lines. Values, mean and SD of four different leaf areas from three different plants are shown. In all plots, different letters represent statistically
significant differences (P <0.05) among means according to post hoc Tukey tests that were run once the existence of different means was established
using one-way ANOVA.

may be the result of a more substantial reduction in carotenoid
contents in mutant fruit (Fig.7) compared with leaves (Fig. 5;
Table S7). A role for ABA in promoting tomato fruit ripening
has been proposed based on the analysis of mutants or external
application of hormones and inhibitors. This, together with the

New Phytologist (2021) 231: 255-272
www.newphytologist.com

observed downregulation of ethylene-related ripening marker
genes (£8 and ACS2) in GGPPS-defective fruit (Fig. 9b), allowed
us to speculate that reduced ABA levels in the mutant fruit may
contribute to a delay in ripening, either directly or indirectly by
ethylene (Zhang er al, 2009; McQuinn e al, 2020).

© 2021 The Authors
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Fig. 9 Ripening-associated pigmentation and marker gene expression in tomato fruits with different combinations of s/lg2ands/g3 mutations. (a) Average
red colour quantification (arbitrary units) of on-vine fruit from wild-type (WT) and mutant lines at the indicated times. Values represent the mean + SD of
three different fruits (n = 3) for each point. (b) RT-qPCR analysis of ACS2 and E8 transcript levels in WT and mutant fruits collected at the indicated
developmental stages. Expression values were normalised using ACT4 and represent the mean + SD of n =3 independent biological replicates. In all plots,
asterisks indicate statistically significant differences among means relative to WT samples (¢-test: *, P <0.05; **, P<0.01). Asterisk colour represents the

genotype.

Additionally, metabolic roles of SIG2 and SIG3 in addition to
their GGPPS activity in plastids might play a role in fruits but
also in developing seeds, therefore explaining why we could not
isolate a double slg2 slg3 mutant (Table 3). The observation that
the lethal phenotype is dose dependent in an isoform-indepen-
dent fashion (i.e. can be rescued by a single genomic copy of
either S/IG2 or SI/G3) reinforces our conclusion that SIG2 and
SIG3 have functionally interchangeable roles.

Concluding remarks

Retention of multiple gene copies after duplication events may
allow the acquisition of new functions (neofunctionalisation) or
partitioning the ancestral functions between duplicate partners
(subfunctionalisation), by evolution of coding sequence and/or
regulatory regions. The work reported here demonstrates that the
bulk of GGPP production in tomato leaf chloroplasts and fruit
chromoplasts relies on two redundant, but cooperating, GGPPS
paralogues, SIG2 and SIG3. Additionally, the SIG1 isoform
might contribute to GGPP synthesis in root plastids. This sub-
functionalisation scenario contrasts with that described to date in
other plant species such as Arabidopsis, rice or pepper, which
produce their essential plastidial isoprenoids using a single
GGPPS isoform. However, it is likely that tomato is not an
exception. Examples of gene families encoding enzyme isoforms
located in the same cell compartment, but differing in gene
expression profiles abound in the literature. They include
deoxyxylulose 5-phosphate synthase (DXS) and PSY, the rate-de-
termining enzymes of the MEP and carotenoid pathways, respec-
tively (Walter ez al., 2015). Both DXS and PSY are encoded by
single genes in Arabidopsis, but several differentially expressed
genes in tomato. Subfunctionalisation is also widespread beyond

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

the isoprenoid pathway, contributing to the huge diversity of spe-
cialised metabolism in plants (Moghe & Last, 2015). Decipher-
ing how different plants regulate plastidial GGPP production
and channelling will be useful for future metabolic engineering
approaches targeted to manipulate the accumulation of specific
groups of GGPP-derived isoprenoids without negatively impact-
ing the levels of others.
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METHODS

Method S1. Growth conditions, sample collection and phenotypic analyses.
Tomato (Solanum lycopersicum var. MicroTom) seeds were surface-sterilized by a 15
min incubation in 25 mL of 40% bleach containing a drop of Tween-20 followed by 3
consecutive 10 min washes with sterilized milli-Q water. Sterile seeds were germinated
on plates with solid 0.5x Murashige and Skoog medium without vitamins or sucrose. The
medium was supplemented with kanamycin (100 pg/mL) when required to select
transgenic plants. After stratification at 4 °C in the dark for at least 3 days, plates were
incubated in a climate-controlled growth chamber at 24 °C with a photoperiod of 10 h of
darkness for 14 h of fluorescent white light at a photosynthetic photon flux density of 140
pumol m? s, After 1 to 2 weeks, seedlings were transferred to soil and grown under
standard greenhouse conditions (14 h light at 27 £+ 1 °C and 10 h dark at 22 £+ 1 °C).
Photosynthetic activity was assessed by measuring chlorophyll a fluorescence with a
MAXI-PAM fluorometer (Walz). The effective quantum yield ¢PSIl (AF/Fm’) of young and
mature tomato leaves was measured as (Fm’-Fs)/Fm’, where Fm’ and Fs are the
maximum and the minimum fluorescence of light exposed plants, respectively. The light
intensity chosen was 21 PAR (actinic light, AL=2). The results are presented as the
average of three biological replicates and four different leaf areas for each replicate. For
the analysis of flowering time, at least five independent plants of each genotype were
used. Flowering time was assessed by counting the number of days from germination
until the first flower was fully opened (anthesis) or the number of leaves in the plant at
this first anthesis day. Fruit pigmentation was measured using the TomatoAnalyzer 4.0
software (https://vanderknaaplab.uga.edu/tomato_analyzer.html). Average Red Color of
three different whole tomatoes was quantified using the default red color calibrator
sorted by the software as standard. For deetiolation experiments, seeds were sown on
sterile water-soaked cotton in plastic containers. After stratification, seeds were exposed
to fluorescent white light for 2-4 hours at 22°C to induce germination. The containers
were then covered with a double layer of aluminum foil and kept in darkness at 22 °C.
After one week, seedlings were exposed to light and samples were harvested after 0, 6
and 24 h. Control samples were germinated and grown under continuous light and
collected at the 0 h time point. Leaf samples were collected from four-week-old plants.
Young leaf samples correspond to growing leaflets from the fifth and sixth true leaves,
and mature leaf samples correspond to fully expanded leaflets from the third or fourth
leaf. Tomato fruit pericarp samples were collected at four ripening stages based on days
post-anthesis (DPA) or days post-breaker (DPB): mature green (~30 DPA), breaker (~35
DPA), orange (~38-40 DPA) and red (~45-50 DPA or 10 DPB). Full seedlings, leaflets,
and pericarp samples were frozen in liquid nitrogen immediately after collection, freeze-
dried and stored at -80 °C.
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Method S2. Constructs. Full-length cDNAs encoding SIG1-5 and PSY1-2 proteins
without their stop codons were amplified by PCR and cloned via BP clonase into
pDONR207 entry plasmid using Gateway (GW) technology (Invitrogen). Full-length
sequences were then subcloned through an LR reaction into pGWB405 plasmid for
subcellular localization assays, or into pPGWB414 and pGWB420 plasmids for co-
immunoprecipitation experiments. Constructs in pGWB405, pGWB414 and pGWB420
vectors harbor GFP, 3x-HA and 10x-Myc tags, respectively. These tag sequences are
fused to the C-terminus of each cloned element and the expression module is controlled
by the CaMV 35S promoter. For recombinant protein production in E. coli, SIG1-3
versions lacking the predicted transit peptide for plastid import were amplified from
pGWB405 constructs, cloned into pPDONR207 plasmid, and then subcloned into pET32-
GW plasmid (fusing a 6x-His tag at the N-terminal end of the cloned fragments) under
the control of the T7 promoter. For CRISPR-Cas9-mediated disruption of SIG2 and
SIG3, two single guide RNAs (sgRNA) sequences were designed encompassing an
EcoRlI and a Pstl restriction site for SIG2 and SIG3 genes, respectively (Figures S6 and
S7). A pair of primers for each guide was designed, denaturalized and assembled into
PENCL1.1 (pENTRY) vector previously digested with Bbsl. The entry vectors contained
the corresponding sgRNA expression cassette flanked by Bsu36l and MIul restriction
sites, and by GW recombinant sites to allow both types of interchange with a pDE-Cas9
plasmid providing kanamycin resistance (pDESTINY). The final binary vectors were
generated in a two-step cloning process that involved Bsu361 and Mlul digestion-ligation
of the first sgRNA into the pDE-Cas9 vector followed by an LR reaction to subclone the
second sgRNA of each gene into the pDE-Cas9 vector already containing the first
sgRNA. For activity assays in E. coli, full-length SIG2, SIG3, slg2-1, slg2-2, slg3-1 and
slg3-2 sequences were amplified from genomic DNA of the corresponding lines and
cloned into the Smal site of the pBluescript SK+ plasmid. All constructs were confirmed
by restriction mapping and DNA sequencing. Information about primers used and cloning
details are described in Tables S1 and S2, respectively.

Method S3. RNA isolation and cDNA synthesis. Total RNA was isolated from tomato
freeze-dried tissue (seedlings, leaves or fruit pericarp) using the Maxwell® RSC Plant
RNA Kit with the Maxwell® RSC Instruments (Promega) following the manufacturer’s
instructions. RNA was quantified using a NanoDropTM 8000 spectrophotometer
(ThermoFischer Scientific) and checked for integrity by agarose gel electrophoresis. The
Transcriptor First Strand cDNA Synthesis Kit (Roche) was used to reverse transcribe 0.5
ug of extracted RNA into 20 L of cDNA, which was subsequently diluted ten-fold and
stored at -20 °C for further analysis. Relative mMRNA abundance was evaluated via Real-
Time Quantitative Polymerase Chain Reaction (RT-qPCR) in a reaction volume of 20 uL
containing 10 pL of the LightCycler 480 SYBR Green | Master Mix (Roche), 0.3 uM of
each specific forward and reverse primer (Table S1) and 5 yL of cDNA. The RT-gPCR
was carried out on a LightCycler 480 Real-Time PCR System (Roche). Three
independent biological replicates of each condition and at least two technical replicates
of each biological replicate were performed. Primer efficiencies were calculated using
serial dilutions of genomic or plasmidic DNA.

Method S4. GGPPS activity determination. Constructs to produce different truncated
GGPPS protein versions were generated in the pET32-GW vector (Table S2).
Competent E. coli Rosetta 2 (DE3) cells (Novagen) were separately transformed with
each construct and single transformants were grown overnight at 37 °C in 5 mL of LB
medium supplemented with appropriate antibiotics. Then, 250 uL of each overnight
culture were diluted in 25 mL 2xYT medium with the required antibiotics and incubated at
37 °C and 250 rpm until reaching an OD600 between 0.5 and 0.8. After inducing the
production of the recombinant proteins with 1 mM IPTG, the cultures were grown
overnight at 18 °C and 250 rpm. Bacterial cells were harvested by centrifugation at 2,000
g for 15 min and pellets were resuspended in 1 mL Assay buffer (15 mM MOPSO,
12.5% v/v glycerol, 1 mM ascorbic acid, pH 7.0, 1 mM MgCl,, 2 mM DTT). About 0.2 g of
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zirconium/silica beads 0.1 mm (BioSpec Products) were added and bacterial lysis was
carried out in two rounds of shaking for 10 s at a speed of 6.5 in a FastPrep machine
(FP120 Biol101 Savant). Cell lysates were subsequently centrifuged for 10 min at 13,000
g and 4 °C, and supernatants were collected for SDS-PAGE and GGPP activity assays.
Enzymatic assays were performed in Eppendorf tubes in a final volume of 200 uL
containing 25 pL of cell extract, 150 uM IPP and 50 uM DMAPP in Assay buffer
supplemented with 5 mM NazO4V. The reaction mix was incubated for 2 h at 30 °C in
mild agitation and stopped by adding 800 uL of 100% methanol / 0.5% formic acid. After
vortexing, samples were sonicated for 15 min and centrifuged at maximum speed for 10
min. Supernatants were then evaporated in a SpeedVac concentrator and 80 pL of
100% methanol / 0.65% formic acid were added to the remnant sample. After
centrifugation at maximum speed for 15 min, the supernatants were transferred to glass
vials. The detection of prenyl diphosphate products by Liquid Chromatography-Mass
Spectrometry (LC-MS) using XcaliburTM software (ThermoFischer Scientific) for data
acquisition and visualization. Kinetic parameters were calculated using 3 ug of purified
SIG1, SIG2, SIG3 and AtG11 enzymes. pET32 constructs were used to produce 6xHis-
tagged recombinant enzymes (Table S2) and protein purification from E. coli Rosetta
cells was carried out using nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) (Barja
and Rodriguez-Concepcion, 2020). IPP and DMAPP substrates and FPP and GGPP
standards were obtained from Echelon Biosciences.

Method S5. Subcellular localization assays. A. tumefaciens GV3101 cells were
transformed with pGWB405-based constructs (Table S2) and grown on LB plates at 28
°C for 3 days. A single PCR-confirmed colony per construct was grown overnight at 28
°C in 5 mL antibiotic-supplemented LB media and 500 pL of the grown culture were then
inoculated in 20 mL of fresh medium. After another overnight incubation, bacterial cells
were pelleted and resuspended in infiltration buffer (10 mM MES pH5.5-6, 10 mM
MgSO,, 150 uM acetosyringone) to a final OD600 of 0.5. To prevent silencing, N.
benthamiana leaves were co-infiltrated with a second Agrobacterium strain harboring a
HC-Pro silencing suppressor. A 1:1 mixture of the two cultures was infiltrated with a
syringe in the abaxial part of leaves from 4 to 6-week old N. benthamiana plants. GFP
signal and chlorophyll autofluorescence were detected with an Olympus FV 1000
confocal laser-scanning microscope using an argon laser for excitation (at 488 nm) and
a 500-510 nm filter (for GFP) or a 610—700 nm filter (for chlorophyll). All images were
acquired using the same confocal parameters.

Method S6. Co-immunoprecipitation assays. Constructs encoding Myc- and HA-
tagged tomato GGPPS and PSY proteins (Table S2) were transformed into A.
tumefaciens GV3101 strains. A plasmid containing the Arabidopsis phosphoribulokinase
protein with a Myc tag (pGWB417_PRK-Myc) was kindly provided by Dr. Ernesto Llamas
and used as a negative control. Different Agrobacterium infiltration mixtures were
prepared and infiltrated into N. benthamiana leaves, and 3 days later 1.2 g of
agroinfiltrated leaf tissue was frozen in liquid nitrogen and directly stored at -80 °C until
use. For crude extracts preparation, frozen leaf samples were ground in liquid nitrogen
and incubated in 4 ml lysis buffer (50 mM Tris-HCI pH7.5, 150 mM NacCl, 5% glycerol,
0.05% NP-40, 1 mM MgCl,, 0.5 mM PMSF, 1X Sigma protease inhibitor, 10 mM DTT,
2% PVPP) at 4 °C for 15 min using a rotator to form a homogeneous suspension, that
was then pre-clarified at 3,000 g for 15 min. Supernatants were cleaned by centrifugation
at 16,000 g for 30 min and used for protein quantification. Crude extracts were then
adjusted to the same volume and protein concentration with lysis buffer lacking PVPP.
An aliquot of each adjusted crude extract was boiled for 10 min in SDS-loading buffer
and stored at -20 °C as input sample. 500 pL of each crude extract were incubated
overnight with 1 pL of monoclonal aMyc antibody (Sigma) in a rotator at 4 °C.
Immunoprecipitation of aMyc interacting protein/complexes was carried out using Pierce
Protein A/G Magnetic Beads (ThermoFischer Scientific). After pre-washing the magnetic
beads (50 mM Tris-HCI pH7.5, 500 mM NacCl, 5% glycerol, 0.05% NP-40, 1 mM MgCl,,
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0.5 mM PMSF, 1X Sigma protease inhibitor, 10 mM DTT), the Co-IP sample (crude
extract + aMyc antibody) was added and incubated with the beads at room temperature
for 1 h with shaking. The beads were then collected with a magnetic stand and
repeatedly washed with washing buffer and water. After removing the water from the last
washing step, 100 pL of SDS-PAGE loading buffer were added to the beads and boiled
for 10 min. Afterwards, the beads were magnetically removed from the supernatants
containing the immunoprecipitated complexes and stored at -20 °C. The presence of
Myc- and HA-tagged proteins in input and Co-IP samples were detected by immunoblot
analyses using 1:5000-diluted aMyc (Sigma) and 1:1000-diluted aHA (Roche) as
primary antibodies. Horseradish peroxidase (HRP)-conjugated secondary antibodies
against mouse and rat IgGs were used in a 1:10000 dilution. WesternBright ECL
Western blotting detection kit (Advansta) and Amersham ECL Prime Western Blotting
Detection Kit (GE Healthcare) were used for detection and the signal was visualized
using the ChemiDoc Touch Imaging System (Bio-Rad).

Method S7. Isoprenoid analysis. Carotenoids, chlorophylls and tocopherols were
extracted as follows. A mix was prepared in 2 mL Epperdorf tubes with ca. 4 mg of
freeze-dried leaf tissue, 375 pL of methanol as extraction solvent and 25 puL of a 10 %
(w/v) solution of canthaxanthin (Sigma) in chloroform as internal control. After vortexing
the samples for 10 s and lysing the tissue with 4 mm glass beads for 1 min at 30 Hz in
the TissueLyser Il (Qiagen), 400 pL of Tris-HCI pH:7.5 were added and the samples
were again mixed for 1 min in the TissueLyser. Next, 800 pL of chloroform were added
and the mixture was again shaken for 1 min in the TissueLyser. Samples were then
centrifuged for 5 min at maximum speed at 4 °C. The lower organic phase was placed in
a new 1.5 mL tube and evaporated using a SpeedVac. Fruit isoprenoids were extracted
using 15 mg of freeze-dried tissue and 1 ml of hexane/acetone/methanol 2:1:1 as
extraction solvent. After vortexing and lysing the tissue with the TissuelLyser as
described for leaves, 100 pL of milli-Q water were added. Then, 1 min of TissueLyser
was carried out again and samples were centrifuged for 3 min at 500 g and 4 °C. The
organic phase was transferred to a 1.5 mL tube and the rest was re-extracted by adding
1 mL of hexane/acetone/methanol 2:1:1 solvent, TissueLyser-mixing for 1 min and
centrifuging for 5 min at maximum speed and 4 °C. The new organic phase was mixed
with that previously extracted and evaporated using the SpeedVac system. Extracted
metabolites from leaf and fruit pericarp samples were resuspended in 200 uL of acetone
by using an ultrasound bath (Labolan) and filtered with 0.2 um filters into amber-colored
2 mL glass vials. Separation and detection was next performed using an Agilent 1200
series HPLC system (Agilent Technologies). Eluting chlorophylls and carotenoids were
monitored using a photodiode array detector whereas tocopherols were identified using
a fluorescence detector. Peak areas of chlorophylls (650 nm), carotenoids (470 nm for
lycopene, lutein, B-carotene, violaxanthin, neoxanthin and canthaxanthin or 280 nm for
phytoene), and tocopherols (330 nm) were determined using the Agilent ChemStation
software. Quantification was performed by comparison with commercial standards
(Sigma).
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Figure S1. Subcellular localization of tomato GGPPS proteins. Representative
confocal microscopy images of N. benthamiana leaf cells transiently expressing the
indicated GFP fusion proteins are shown. For each construct, GFP fluorescence (GFP),
chlorophyll autofluorescence (CHL) and merged images of them either alone
(GFP+CHL) or overlapped with the bright field image (GFP+CHL+BF) are shown for the
same field. Bars, 10 pym.
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Figure S2. Purification of recombinant GGPPS proteins for in vitro activity assays.
(A) Schematic representation of the purified GGPPS enzyme versions lacking the
predicted plastid-targeting peptide and fused to a 6xHis-tag (blue) in the N-terminal end.
(B) Coomassie-Blue stained SDS-PAGE of total protein extracts from E. coli Rosetta
cells transformed with constructs to express the indicated GGPPS versions or an empty
plasmid (marked as “-“). After IPTG induction, a 10 pL aliquot of each culture was boiled
for 10 min in SDS-loading buffer and run in a gel. A protein size ladder is shown in the
left. (C) Coomassie-Blue stained gels showing the purification steps of the indicated
proteins. The enzymes were purified from soluble lysates (Lys) of E. coli cells
overproducing the corresponding recombinant protein. Lysates were separately
incubated with Ni-NTA beads and the staining of the flow-through (FT) shows that most
of the recombinant protein was retained in the Ni-NTA column. After several washes with
20 mM imidazole to remove non-specific proteins attached to the column, His-tagged
enzymes were eluted using 150 mM imidazole. Purified proteins were then desalted,
guantified and stored with glycerol 40% in the freezer until use for activity assays.
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Figure S3. Biochemical activity of purified recombinant GGPPS proteins. (A) LC-
MS chromatograms of reaction products. Extracts of E. coli cells overproducing the
indicated recombinant proteins (with an N-terminal 6x-His tag instead of their predicted
plastid-targeting peptide) were incubated with IPP and DMAPP. Prenyl diphosphate
products in the in vitro assays were detected by LC-MS using mass-to-charge (m/z)
ratios of 313.061 (GPP), 381.123 (FPP), 449.186 (GGPP) and 518.254 (GFPP).
Retention times and m/z values of available standards is also shown in the bottom plot.
(B) Optimal pH determination for the activity of each GGPPS assayed. Purified
recombinant proteins were incubated with IPP and DMAPP under different pH
conditions. Activity values are represented as the percentage of activity relative to the
maximum activity obtained. Data correspond to the mean + SD of n=3 independent
replicates.
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Figure S4. Transcript levels of tomato genes in different tissues. Abbreviations:
DPA, days post-anthesis; IG, immature green; MG, mature green; B, breaker; O, orange,
R, red; YL, young leaves; ML, mature leaves. (A) RNAseq data retrieved from the
Tomato eFP Browser database (http://bar.utoronto.ca/efp _tomato/cqi-bin/efpWeb.cai).
Plots show the transcript levels of SIG1-3, E8 (Solyc09g089580) and ACS2
(Solyc01g095080) genes in root, leaf, flower and fruit pericarp during ripening.
Expression data are represented as RPKM (Reads per Kilobase of transcript per Million
mapped reads). (B) RNAseq data obtained from Genelnvestigator
(https://genevestigator.com/). Plots show the transcript levels of SIG1-3 genes in fruit
pericarp and seeds during development. Levels are represented as log, TPM
(Transcripts per Million mapped reads). (C) RT-gPCR analysis of SIG2 and SIG3
transcript levels in young and mature leaves from WT plants. Expression values were
normalized using ACT4 and and they are shown relative to YL samples. Data
correspond to the mean+SD of n=3 independent biological replicates.
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Figure S5. Gene co-expression network (GCN) analysis of tomato plastidial
GGPPS genes in leaf and fruit tissues. Pairwise Pearson correlations (p) between the
expression of genes encoding GGPPS isoforms and enzymes from the indicated
plastidial isoprenoid pathways upstream and downstream of GGPP are represented as a
heatmap. Gene abbreviations and accessions are listed in Table S4, leaf and fruit
datasets used for the analysis are indicated in Table S5, and positive co-relation p
values are shown in Table S6.
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S1G2 GTTATGGAAAAAGAAGAATTTAATTTCAAGGTTTACGTAGCTGAARAGGCG
slg2-1 GTTATGGAAAAAGAAGAATTTAATTTCAAGGTTTACGTAGCTGAARAGGCG
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5162 ATTTGTGTAAATAAAGCTTTGGATGAGGCTATAATGGTAAAAGACCCACCTAAGATCCATGAAGCAATGCGTTATTCGCT
slg2-1 ATTTGTGTAAATAARAGCTTTGGATGAGGCTATAATGGTAAAAGACCCACCTAAGATCCATGAAGCAATGCGTTATTCGCT
slg2-2 ATTTGTGTAAATARAGCTTTGGATGAGGCTATAATGGTAAAAGACCCACCTAAGATCCATGAAGCAATGCGTTATTCGCT
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S51G2 TCTCGCCGGCGGGAAGAGAGTCCGGCCGATGCTCTGTCTTGCTGCCTGTGAACTTGTTGGGGGAAACCAAGGGAATGCTA
slg2-1 TCTCGCCGGCGGGAAGAGAGTCCGGCCGATGCTCTGTCTTGCTGCCTGTGAACTTGTTGGGGGAAACCAAGGGAATGCTA
slg2-2 TCTCGCCGGCGGGAAGAGAGTCCGGCCGATGCTCTGTCTTGCTGCCTGTGAACTTGTTGGGGGAAACCAAGGGAATGCTA
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SIG2 CRISPR Geno F

S1G2 TGGCGGCTGCTTGTGCTGTTGAGATGATACATACTATGTCTCTAATTCATGATGATTT
slg2-1 TGGCGGCTGCTTGTGCTGTTGAGATGATACATACTATGTCTCTAATTCATGATGATTT
slg2-2 TGGCGGCTGCTTGTGCTGTTGAGATGATACATACTATGTCTCTAATTCATGATGATTT
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S1G2 TCCGCCGTGGGAAGCCGACGAATCATAAAGTGTACGGTGAGGATGTGGCGGTCCTCGCCGGAGATGCGCTACTTGCTTT
slg2-1 TCCGCCGTGGGAAGCCGACGAATCATAAAGTGTACGGTGAGGATGTGGCGGTCCTCGCCGGAGATGCGCTACTTGCTTT
slg2-2 TCCGCCGTGGGAAGCCGACGAATCATAAAGTGTACGGTGAGGATGTGGCGGTCCTCGCCGGAGATGCGCTACTTGCTTT
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S1G2 CGCATTCGAGTACCTCGCTACCGCTACAACCGGAGTTTCTCCGTCGAGGATCCTCGTTGCTGTCGCCGAATTGGCGAAAT
slg2-1 CGCATTCGAGTACCTCGCTACCGCTACAACCGGAGTTTCTCCGTCGAGGATCCTCGTTGCTGTCGCCGAATTGGCGAAAT
slg2-2 CGCATTCGAGTACCTCGCTACCGCTACAACCGGAGTTTCTCCGTCGAGGATCCTCGTTGCTGTCGCCGAATTGGCGAAAT
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SgRNA-1 PAM
—

S1G2 CTGTTGGAACGGAAGGGTTAGTAGCTGGACAAGTAG--CGGATTTAGCTTGTACTGGTAACCCTAATGTGGGATTAGARA
slg2-1 CTGTTGGAACGGAAGGGTTAGTAGCTGGACAAG———=—=—— === == o
slg2-2 CTGTTGGAACGGAAGGGTTAGTAGCTGGACAAGG GAATTTAGCTTGTACTGGTAACCCTAATGTGGGATTAGARA
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EcoRI SgRNA-2 PAM
—
S1G2 TGCTTGAATTCATTCACATACACAAAACGGCGGCGTTGCTAGAAGCTTCCGTTGTAATCGGAGCAATCCTCGGCGGCGGA
S1g2-1 @ e GGCGGCGGA
S1g2-2 s e oo o
S1G2 GCTGATGAAGAAGTGGATAAGT TAAGGAGATTTGCCCGATGCATCGGTTTATTGTTTCAGGTAGT TGATGATATCCTTGA
slg2-1 GAAGAAGTGGATAAGTTAAGGAGATTTGCCCGATGCATCGGT TTATTGTTTCAGGTAGTTGATGATATCCTTGA
S51g2-2 @ mm— oo o
SIG2 CRISPR Geno R
S51G2 CGTGACAAAGTCGTCGTCGGAGCTCGGAAAAACCGCCGGAAAAGATTTGGC] AAGCTGC
slg2-1 CGTGACAAAGTCGTCGTCGGAGCTCGGAAAAACCGCCGGAAAAGATTTGGC] AAGCTGC
§1g2-2 @ mmmm e CGTTTGGC] AAGCTGC
LR E RS EEE SRS SRR EREEEEEEEEEEEES

S51G2 TGGGATTGGAAAAGGCTAAGGAATTTGCGGCGGAGCTCAACGGCGAAGCTAAACAACAGCTGGCGGCGTTTGATTCACAC
slg2-1 TGGGATTGGAAAAGGCTAAGGAATTTGCGGCGGAGCTCAACGGCGAAGCTAAACAACAGC TGGCGGCGTTTGATTCACAC
slg2-2 TGGGATTGGAAAAGGCTAAGGAATTTGCGGCGGAGCTCAACGGCGAAGCTAAACAACAGC TGGCGGCGTTTGATTCACAC
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S1G2 AAAGCTGCTCCATTGATTGCTTTAGCAGATTACATTGCTAATCGTCAAAA 1092
slg2-1 AAAGCTGCTCCATTGATTGCTTTAGCAGATTACATTGCTAATCGTCAAAATTAA 976
slg2-2 AAAGCTGCTCCATTGATTGCTTTAGCAGATTACATTGCTAATCGTCAAAATTAA 891
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Figure S6. DNA sequence alignment of SIG2 CRISPR mutants. Alignment was
performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) with default
settings. The sequence encoding the predicted plastid-targeting peptide is boxed in
green. Designed single-guide RNAs (sgRNA) and genotyping oligonucleotides are
highlighted in blue and purple, respectively. The designed sgRNAs encompass an EcoRI
restriction site (underlined in black). Protospacer adjacent motifs (PAM) are highlighted
in red. Translation stop codons are boxed and marked in bold. Sequences changes due
to CRISPR-Cas9 are depicted in yellow. Numbers at the end of each sequence indicate
DNA sequence length.
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51G3 80
s1g3-1 80
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SgRNA-1
51G3 TGTCTCAGCTCTTC 160
s1g3-1 160
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PAM
—
51G3 TTACAARGEACCARCARAGCAACAGCARGARACAAGC AATGGAGT TTAAAGAATACGTTCTTGARAAGGCTGTTTCTGTC 240
51g3-1 B 163
S1g3-2 @ Ao oo - 163
rxk Pstl SgRNA-2
51G3 AACAAGGCTTTGGAATCTGC;LTCTCTATCAAGGAACCGGTCATGATTCATGAGTCCATGAGGTACTCTCTTCTTGCTGG 320
S1G3=1 e TGG 166
S1g3-2 s GG 165
PAM o
—
51G3 TGGGAAAAGAATTAGACCCATGTTGTGTATAGCTGCTTGTGAGCTTGT TGGTGGGGTTGAGTCCACAGCCATGCCAGCAG 400
s1g3-1 TGGGAAAAGAATTAGACCCATGTTGTGTATAGC TGCTTGTGAGCTTGT TGGTGGGGTTGAGTCCACAGCCATGCCAGCAG 246
s51g3-2 TGGGAAAAGAATTAGRCCCATGTTGTGTATAQCTGCTTGTGAGCTTGT TGGTGGGGTTGAGTCCACAGCCATGCCAGCAG 245
Kk kkkk ok ok okkokk kK LR RS SRR SRR RS SRS SRS SRS E SRS SRR RS EEEEEEEEEEEEEEEEEEEES]
51G3 CTTGTGCTGTTGAAATGATTCACACCATGTCTTTGATTCATGATGACCTTCCTTGTATGGATAATGATGATCTTAGAAGA 480
s1g3-1 CTTGTGCTGTTGAAATGATTCACACCATGTCTTTGATTCATGATGACCTTCCTTGTATGGATAATGATGATCTTAGAAGA 326
s51g3-2 CTTGTGCTGTTGAAATGATTCACACCATGTCTTTGATTCATGATGACCTTCCTTGTATGGATAATGATGATCTTAGAAGA 325
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SIG3 CRISPR Geno F
51G3 GGGARACCTACAAATCACAAGATTTATGGGGAGGATGTGGCTGTTTTAGCAGGGGATGCA 560
s1g3-1 GGGAAACCTACAAATCACAAGATTTATGGGGAGGATGTGGCTGTTTTAGCAGGGGATGCA 406
51g3-2 GGGARACCTACAAATCACAAGATTTATGGGGAGGATGTGGCTGTTTTAGCAGGGGATGCA 405
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-—
51G3 CATTGCTACTCATACAAAAGGGGTTTCTTCTGATAGAATTGTGAGGGTGATTGGTGAGT TGGCGAAGTGTATTGGGG 640
s1g3-1 CATTGCTACTCATACAAAAGGGGTTTCTTCTGATAGAATTGTGAGGGTGATTGGTGAGT TGGCGAAGTGTATTGGGG 486
51g3-2 CATTGCTACTCATACAAAAGGGGTTTCTTCTGATAGAATTGTGAGGGTGATTGGTGAGTTGGCGAAGTGTATTGGGG 485
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51G3 CAGAGGGACTTGTAGCTGGTCAGGTTGTAGATATAATTTCAGAAGGCATTTCTGATGTTGATTTGAAGCATTTAGAGTTC 720
s1g3-1 CAGAGGGACTTGTAGCTGGTCAGGTTGTAGATATAATTTCAGAAGGCATTTCTGATGTTGATTTGAAGCATTTAGAGTTC 566
51g3-2 CAGAGGGACTTGTAGCTGGTCAGGTTGTAGATATAATTTCAGAAGGCATTTCTGATGTTGATTTGAAGCATTTAGAGTTC 565
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51G3 ATTCATCTGCACAAGACTGCAGCTTTGTTAGAAGGGTCAGTGGTGCTAGGGGCTATATTAGGAGGTGCACCAGATGAAGA 800
s1g3-1 ATTCATCTGCACAAGACTGCAGCTTTGTTAGAAGGGTCAGTGGTGCTAGGGGCTATATTAGGAGGTGCACCAGATGAAGA 646
s51g3-2  ATTCATCTGCACAAGACTGCAGCTTTGTTAGAAGGGTCAGTGGTGCTAGGGGCTATATTAGGAGGTGCACCAGATGAAGA 645
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51G3 TGTGGAAAAGCTAAGAAAATTTGCAAGATGTATTGGTTTGTTATTTCAAGTTGTGGATGATATTCTTGATGTCACAAAGT 880
s1g3-1 TGTGGAAAAGCTAAGAAAATTTGCAAGATGTATTGGTTTGT TATTTCAAGTTGTGGATGATATTCTTGATGTCACARAGT 726
s1g3-2 TGTGGAAAAGCTAAGAAAATTTGCAAGATGTATTGGTTTGTTATTTCAAGTTGTGGATGATATTCTTGATGTCACAAAGT 725
RS SRR S SRS E SRS E SRR E RS SR EEE RS SR RS EEEEREEEEEEEEEREEEEEEEEEEEEEES
51G3 CTTCTCAGCAATTGGGGAAAACAGCTGGGAAGGACTTGGTTGCTGATAAGGTAACTTATCCCAAACTGATAGGTATTGAG 960
s1g3-1 CTTCTCAGCAATTGGGGAAAACAGCTGGGAAGGACTTGGTTGCTGATAAGGTAACTTATCCCAAACTGATAGGTATTGAG 806
s51g3-2 CTTCTCAGCAATTGGGGAAAACAGCTGGGAAGGACTTGGTTGCTGATAAGGTAACTTATCCCAAACTGATAGGTATTGAG 805
LRSS SRS SRS SRS SRS E RS SRR SRS E SRR SRS E SRS EEEEREREEEEEEREEEEEEEEEEEEEEES
51G3 AAATCTAGGGAGTTTGCTGAGGAGTTAAACAAAGAAGCGAAAGCTCAGCTTGTTGGATTTGATCAAGAGAAAGCAGCTCC 1040
s1g3-1 ARATCTAGGGAGTTTGCTGAGGAGTTAAACAAAGAAGCGAAAGCTCAGCTTGTTGGATTTGATCAAGAGAAAGCAGCTCC 886
s1g3-2  AMATCTAGGGAGTTTGCTGAGGAGTTAAACAAAGAAGCGAAAGCTCAGCTTGTTGGATTTGATCAAGAGAAAGCAGCTCC 885
RS S SRS RS SRS SRR RS EEESEEE SRR EE SRR RS SRS RS EEEEREEEEEEEEEREEEEEEEEEESEEES
5163 ATTGTTTGCTCTTGCARATTATATTGCTTACAGAGAGAATTAR] 1083
s1g3-1 ATTGTTTGCTCTTGCAAATTATATTGCTTACAGAGAGAATTAA 929
s1g3-2  ATTGTTTGCTCTTGCAAATTATATTGCTTACAGAGAGAATTAA 928
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Figure S7. DNA sequence alignment of SIG3 CRISPR mutants. Alignment was
performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) with default
settings. The sequence encoding the predicted plastid-targeting peptide is boxed in
green. Designed single-guide RNAs (sgRNA) and genotyping oligonucleotides are
highlighted in blue and purple, respectively. The designed sgRNAs encompass a Pstl
restriction site (underlined in black). Protospacer adjacent motifs (PAM) are highlighted
in red. Translation stop codons are boxed and marked in bold. Numbers at the end of
each sequence indicate DNA sequence length.
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51G2 MEKEEFNFKVYVAEKA 80
slg2-1 MEKEEFNFKVYVAEKA 80
slg2-2 MEKEEFNFKVYVAEKA 80

RS RS SRS E RS RS E SRS SRS E SRS SRS RS EE SRR EREEEEEEEREEEEEEEEEEEE]

Cxxx FARM
I I

51G2 ICVNKALDEAIMVKDPPKIHEAMRYSLLAGGKRVRPMLCLAACELVGGNQGNAMAAACAVEMIHTMSLIHDRZOWRDDD 160
slg2-1 ICVNKALDEAIMVKDPPKIHEAMRYSLLAGGKRVRPMLCLAACELVGGNQGNAMAAACAVEMIHTMSL IH DDl 160
slg2-2 ICVNKALDEAIMVKDPPKIHEAMRYSLLAGGKRVRPMLCLAACELVGGNQGNAMAAACAVEMIHTMSL I H|BRiNg 160

LR RS SRS SRS SRS RS ESEREE RS R RS EEEEEE SRR EE S

SgRNA-1

51G2 LRRGKPTNHKVYGEDVAVLAGDALLAFAFEYLATATTGVSPSRILVAVAELAKSVGTEGLVAGOVADLACTGNPNVGLEM 240
slg2-1 LRRGKPTNHKVYGEDVAVLAGDALLAFAFEYLATATTGVSPSRILVAVAELAKSVGTEGLVAGQGRRS * - ——————-—-~~ 228
slgz-2 LRRGKPTNHKVYGEDVAVLAGDALLAFAFEYLATATTGVSPSRILVAVAELAKSVGTEGLVAGQG* —=———=—-=---—-~ 225
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SgRNA-2 SARM
I
51G2 LEFIHIHKTAALLEASVWIGAILGGGADEEVDKLRRFARCIGLLFQVVBIMBY TKS S SELGKTAGKDLAVDKTTYPKLL 320
slg2-1 228
slgz-2 225
51G2 GLEKAKEFAAELNGEAKQQLAAFDSHKAAPLIALADYIANRON* 363
SI1g2-1  mmmm e 228
S1g2-2 s 225
SgRNA-1

S1G3 SALLTKEQESKSKKQAMEFKEYVLEKAVSV 80
slg3-1 GKELDPCCV*—=—=—==——————— 65
slg3-2  MSLSTTITTWGYTHHPFSDVGNKGRSRFRSPGFMPHLKMKFFTNPSSLSVSALLRWEKN* —=———--—--—m—mm 59

R RS RS SRS RS SRR R R RS SRR SRR EEEE RS EST T

SgRNA-2 CxxxC FARM
I
S1G3
S1g3=1 e 65
S1g3-2 @ s 59
S1G3 GKPTNHKIYGEDVAVLAGDALLALAFEHIATHTKGVSSDRIVRVIGELAKCIGAEGLVAGQVVDIISEGISDVDLKHLEF 240
S1g3=1 e 65
S1g3-2 @ s 59
SARM
I

S1G3 IHLHKTAALLEGSVVLGAILGGAPDEDVEKLRKFARC IGLLFQVVEINBMRVTKS SQOLGKTAGKDLVADKVTYPKLIGIE 320
S1g3-1 @ s 65
S1g3=2 e e 59
S1G3 KSREFAEELNKEAKAQLVGFDQEKAAPLFALANYIAYREN* 360
s§1g3-1  —mmmmmmmm e 65
S1g3-2  —mmmmmmmmm e m 59

Figure S8. Protein alignments of WT and mutant SIG2 (A) and SIG3 (B) sequences.
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) with default settings was
used for the alignment. The predicted targeting peptide, the region of the designed
sgRNAs and the catalytic motifs FARM and SARM are boxed in green, blue and black,
respectively. The protein-protein interaction CxxxC motifs (x = any hydrophobic residue)
are highlighted in pink. Numbers at the end of each sequence indicate protein length.
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Figure S9. Fruit ripening initiation and progression in WT and mutant plants.
Histograms represent the number of days to reach Breaker (B), Orange (O) and Red (R)
fruit stages represented as days post-anthesis (DPA) or days post-breaker (DPB). On-
vine (A) and off-vine (B) measurements are shown. For on-vine measurements, flowers
were marked in anthesis and followed in planta. For off-vine measurements fruits were
harvested at the B stage. The meanzSD values and the sample size (n) are shown in
each histogram. Asterisks indicate statistically significant differences among means
relative to WT samples (one-way ANOVA followed by Dunnett’s multiple comparisons
test, *p<0.05, **p<0.01).
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Figure S10. Relative levels of plastidial isoprenoids in mature green fruits from WT
and mutant lines. Values correspond to the mean+SD of at least three independent
biological replicates (n=3) relative to WT levels. No statistically significant differences
among means were found (one-way ANOVA).
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Figure S11. PCR-based genotyping of non-germinating F2 seeds from the cross of
slg2-2 and slg3-1 mutant plants. (A) Non-germinating seeds were manually open to
show the phenotype of their embryos. Only seed #4 showed a green embryo. (B)
Scheme representing the SIG2 and SIG3 genes and the genotyping results. Blue
arrowheads indicate the position of the designed sgRNAs to generate deletions, and
black arrows represent primer pairs used for PCR-based genotyping. Gel pictures show
the PCR amplification products from samples of the embryos shown in (A). The position
of amplicons from WT and mutant genes (in black and red, respectively) is indicated.

TABLES S1-S11- see Excel file
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