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But doing so, controlling our own fate, requires that a large fraction of us understand and appreciate
Science: How it operates. What it teaches us about the Universe, the Earth, and Life.

Kip Thorne.
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Summary

Isoprenoids form the largest family of metabolites in nature and are especially abundant and
diverse in the plant kingdom. Many plant isoprenoids with essential and specialized
functions derive from geranylgeranyl diphosphate (GGPP). The biosynthesis of this
isoprenoid precursor is catalyzed by the GGPP synthase (GGPPS) protein family. The
GGPPS family has been most studied in Arabidopsis thaliana. In this model plant, five gene
paralogs encode differentially localized GGPPS isoforms. Strikingly, only the disruption of
the gene encoding the AtG11 isoform results in lethality as it is essential for chloroplast and
embryo development. Little is known about GGPPS enzymes and their regulation in other
plant species of human interest. The goals of this thesis have been (1) to unveil the molecular
mechanism responsible for the duality of lethal phenotypes observed in AtGI11 loss-of-
function alleles, and (2) to identify the members of the GGPPS family in Solanum lycopersicum
(tomato) and characterize the contribution of the plastidial isoforms to the biosynthesis of

GGPP-derived health-promoting nutrients such as carotenoids.

In the first part of the thesis we demonstrate that the AtG11 gene produces transcripts of
different lengths that result in two differentially targeted GGPPS enzymes. Longer
transcripts encode a plastid-targeted enzyme that produces GGPP for isoprenoids involved
in photosynthesis, including chlorophylls and carotenoids. Loss of function of this activity
results in an albino-lethal phenotype. Shorter transcripts, instead, lack the first ATG codon
but are translated from a second in-frame ATG codon. The resulting protein retains GGPPS
activity but remains in the cytosol due to the loss of the N-terminal plastid-targeting peptide.
This shorter isoform produces GGPP that is required for the progression of embryo
development beyond the heart stage. In the second chapter, we show that the five putative
GGPPS-encoding genes that are present in the tomato genome encode proteins with different
subcellular localizations. Among them, three GGPPS isoforms were found to be targeted to
plastids (SIG1, SIG2 and SIG3) and to be specifically associated with carotenoid biosynthesis
in particular plant tissues. The SIG1 gene was induced during root mycorrhization where
carotenoid-derived metabolites are required. SIG2 expression was mainly associated to
photosynthetic processes, where carotenoids act as photoprotectants. Finally, SIG3 was
mostly activated during fruit ripening, when carotenoid pigments with high nutritional
value are accumulated. The isoform-specific transcriptional profiles and the differential

subcellular distribution suggest a strong subfunctionalization of these paralog genes.

The data provided in this thesis contribute to understand the complexity of the GGPPS
protein family in plants. This information will be useful to design sustainable strategies to
manipulate plants for optimal production of specific groups of GGPP-derived metabolites in

particular tissues and subcellular compartments.






Resumen

Los isoprenoides forman la familia mas amplia de metabolitos naturales y son especialmente
diversos en el reino vegetal. Muchos isoprenoides vegetales con funciones esenciales y
especializadas derivan del geranilgeranil difosfato (GGPP). La biosintesis de este precursor
es catalizada por la familia de proteinas GGPP sintasa (GGPPS), que ha sido estudiada
principalmente en Arabidopsis thaliana. Esta planta modelo consta de cinco genes paralogos
que codifican para GGPPSs con diferentes localizaciones subcelulares. Curiosamente, sélo la
ausencia del gen que codifica para la isoforma AtG11 produce letalidad, ya que es esencial
para el desarrollo embrionario y del cloroplasto. Poco se sabe acerca de las enzimas GGPPS y
su regulacion en especies vegetales de interés humano. Los objetivos de esta tesis han sido
(1) descifrar el mecanismo molecular responsable de la dualidad de fenotipos letales
observados en diferentes alelos de pérdida de funcién del gen AtG11, y (2) identificar los
miembros de la familia GGPPS en tomate (Solanum lycopersicum) y caracterizar el papel de las
isoformas plastidicas en la biosintesis de nutrientes beneficiosos para la salud que derivan

del GGPP como son los carotenoides.

En la primera parte de la tesis demostramos que el gen AtGI11 produce transcritos de
diferente longitud que resultan en dos enzimas GGPPS diferencialmente localizadas. Las
transcripciones largas se traducen en una proteina de localizacién plastidica que produce
GGPP para la sintesis de isoprenoides involucrados en la fotosintesis, como clorofilas y
carotenoides. La pérdida de funcion de esta isoforma resulta en un fenotipo albino letal. Los
transcritos cortos, en cambio, carecen del primer coddn ATG pero se traducen a partir de un
segundo codén ATG que mantiene el marco de lectura. La proteina resultante mantiene la
actividad GGPPS pero permanece en el citoplasma debido a la pérdida del péptido de
transito al plasto en la region N terminal. Esta isoforma corta produce GGPP citosdlico que
es necesario para la progresion del desarrollo embrionario mas alld de la etapa de corazon.
En el segundo capitulo mostramos que los cinco genes que codifican para posibles GGPPSs
en tomate dan lugar a proteinas con diferente distribucion subcelular. Entre ellos
encontramos que tres isoformas se localizan en plastos (SIG1, SIG2 y SIG3) y que estan
asociadas a la sintesis de carotenoides de forma especifica en diferentes tejidos vegetales. El
gen SIG1 se induce durante la micorrizacion donde se necesitan metabolitos derivados de
carotenoides. La expresion de SIG2 se asocia principalmente a procesos fotosintéticos donde
los carotenoides actian como fotoprotectores. Finalmente, encontramos que el gen SIG3 se
activa mayoritariamente durante la maduracién del fruto donde se acumulan pigmentos de
tipo carotenoide de alto valor nutricional. Los perfiles de expresion especificos y la

localizacion subcelular diferencial sugieren una fuerte subfuncionalizacion de estos genes.

Los datos presentados en esta tesis contribuyen a entender mejor la complejidad de la familia
GGPPS en plantas. Esta informacion sera ttil para disefiar estrategias genéticas para generar
plantas que produzcan metabolitos derivados de GGPP de alto interés en tejidos o

compartimentos celulares particulares de forma mas sostenible.






Table of Contents

GENERAL INTRODUCTION 1
1. Isoprenoids: a large family of both essential and specialized metabolites 3
2. Biosynthesis of isoprenoids 3
2.1. Biosynthesis of universal isoprenoid precursors 3
2.2. Biosynthesis of prenyl diphosphate intermediates 5
2.3. Types of short-chain prenyltransferases 6
2.3.1. Geranyl diphosphate (GPP) synthases 6
2.3.1. Farnesyl diphosphate (FPP) synthases 7
2.3.1. Geranylgeranyl diphosphate (GGPP) synthases 8
3. Arabidopsis thaliana GGPPS family 9
4. GGPP synthases in other crops 11
OBJECTIVES 15
CHAPTER 1 17
1. Introduction 19
2. Results 23
2.1. Different AtG11-defective alleles show a range of phenotypes from variegation 3
to embryo lethality
2.2. The distinct phenotypes of AtG11 alleles correlate with differential subcellular 04
localization and activity of the corresponding enzymes
2.3. Several transcription initiation sites in the AtG11 gene lead to the production o7
of isoforms with different N-terminal ends
2.4. AtG11 activity is essential to produce both plastidial isoprenoids and 29
unidentified extraplastidial isoprenoids required for embryo development.
3. Discussion 31
4. Materials and Methods 33
4.1. Plant material and constructs 33
4.2. GGPPS activity assays 33
4.3. Microscopy 34
4.4.5-RACE 34
4.5. Analysis of metabolite levels 35
5. Acknowledgements 35
6. References 35
7. Supplemental Information 39
CHAPTER II 47
1. Introduction 49

2. Results

52



2.1. Identification of the tomato GGPPS protein family 52
2.2. The predicted tomato GGPPS isoforms localize to different cell compartments 54
2.3. S1G1, SIG2 and SIG3 are functional GGPP-producing enzymes 56
2.4. Tissue-specific gene co-expression networks suggest functional specialization 58
of tomato GGPPS enzymes
2.5. Gene expression analyses confirm an isoform-specific association with
particular developmental processes involving an activation of carotenoid — 62
biosynthesis
2.6. A reduction of SIG3 transcript levels decreases phytoene accumulation in red 64
tomato fruits
3. Discussion 66
4. Materials and Methods 71
4.1. Plant material and growth conditions 71
4.2. Constructs 72
4.3. Phylogenetic analysis 72
4.4. Subcellular localization assays 73
4.5. Confocal microscopy 73
4.6. Stable transformation of tomato plants 73
4.7. GGPPS activity assay and product identification 74
4.8. Kinetic analyses 75
4.9. Gene Co-expression Network (GCN) analyses 75
4.10. Gene expression analysis by RT-qPCR 75
4.11. Extraction and analysis of GGPP-derived metabolites 76
5. Acknowledgements 77
6. References 77
7. Supplemental Information 85
GENERAL DISCUSSION 103
1. Subfunctionalization of plant GGPPS paralogs 105
2. The Arabidopsis GGPPS family 107
3. The tomato GGPPS family 109
4. Modulation of GGPP supply by protein-protein interactions 110
5. Open questions 111
CONCLUSIONS 113
GENERAL REFERENCES 117
Annex1 i
Annex 2 ii
Annex 3 1ii
Annex 4 iv



Table of Contents

List of Figures

GENERAL INTRODUCTION

Figure 1. Distribution of isoprenoid biosynthetic pathways in plant cells 4
Figure 2. Biosynthesis of short-chain prenyl diphosphate intermediates 6
CHAPTER 1

Figure 1. Isoprenoid biosynthetic pathways in Arabidopsis 20
Figure 2. AtG11 mutant alleles and associated phenotypes 24
Figure 3. In vitro GGPPS activity assays 26
Figure 4. Transcription and translation start sites in the AtG11 gene 28
Figure 5. Levels of MV A-derived isoprenoid products in plants with reduced AtG11 30
activity

Figure S1. Arabidopsis AtG11 gene and mutants 39
Figure 52. Sequence alignment of Arabidopsis GGPPS isoforms 40
Figure S3. Subcellular localization of AtG11-GFP and sG11-GFP fusion proteins in 41
transgenic Arabidopsis plants

Figure 54. In vitro activity of truncated AtG11 isoforms 42
Figure S5. Embryogenesis is blocked at the heart stage in the g11-3 mutant. 43
Figure S6. Developmental and metabolic phenotypes of the ggpps1-1 mutant 44
CHAPTER 11

Figure 1. Compartmentalization of isoprenoid biosynthesis in plant cells 51
Figure 2. Phylogenetic tree of Arabidopsis (At) and tomato (Sl) prenyltransferases 54
Figure 3. Subcellular localization of the tomato GGPPS candidates fused to GFP 55
Figure 4. In vitro GGPPS activity assays 57
Figure 5. Gene co-expression networks (GCNs) of tomato genes encoding plastidial 60
GGPPS enzymes in vegetative and fruit tissues.

Figure 6. Expression profiles of genes encoding tomato PSY and GGPPS paralogs 63
during different carotenoid biosynthetic processes

Figure 7. Transcript and carotenoid levels in red fruits of T1 transgenic lines 65
Figure 8. Model of the channeling of MEP-derived isoprenoid precursors towards 69
the biosynthesis of carotenoids with specific functions in particular tomato tissues

Figure S1. Sequence alignment of Arabidopsis and tomato PT proteins 85
Figure 52. Dual subcellular localization of the SIG4-GFP fusion protein. 88
Figure S3. Purification of recombinant 6xHis-tagged GGPPS proteins 89



Table of Contents

Figure S4. Transcript levels of PSY and plastidial GGPPS paralog genes in different

. 90
tomato tissues
Figure 55. Carotenoid levels in fruits from T2 transgenic lines 91
Figure S6. Chlorophyll, tocopherol and phylloquinone levels in fruits from T2 9
transgenic lines
GENERAL DISCUSSION
Figure 1. Comparative representation of our knowledge on Arabidopsis and tomato 107
GGPPS protein families
Figure 2. Transcript levels of GGPPS paralog genes in different tomato tissues 110
List of Tables
CHAPTER 1
Table 1. Families of isoprenoid biosynthetic genes in Arabidopsis with paralogs that ”
encode more than one isoform.
Table S1. Primers used in this work 45
Table S2. List of T-DNA insertion ggpps mutant lines used in this work 45
Table S3. Constructs and cloning details 45
CHAPTER 11
Table 1. List of predicted GGPPS isoforms in tomato 53
Table 2. Kinetic parameters of plastidial GGPPS enzymes 58
Table S1. List of Arabidopsis (At) and tomato (SI) prenyltransferases used for 93
sequence and phylogenetic analyses
Table S2. List of plastidial isoprenoid-related genes used for the tomato GGPPS 94
GCN analyses
Table S3. Individual GCNs of plastidial GGPPS paralogs (Guide genes) positively
co-expressed with isoprenoid-related genes (Query genes) in different tomato 98
tissues
Table S4. Primers used in this work 100
Table S5. Constructs and cloning details 101




List of Abbreviations

ABA
At

BRs
CKs
CLD
DMAPP
DXP
DXS
ER

FPP
FPPS
FARM
GAs
GAP
GPP
GGPP
GFPP
GPPS
GGPPS
GFPPS
GGR
Hl
HMG-CoA
HMGR
IPP
IDI

LB
LC-MS
LSU
MEP
MS
MVA
Os
PCR
PPi
PPP
PPPS
PSY

PT
RACE

Abscisic acid

Arabidopsis thaliana
Brassinosteroids

Cytokinins

Chain-length determination
Dimethylallyl diphosphate
Deoxyxylulose 5-phosphate
DXP synthase

Endoplasmic reticulum
Farnesyl diphosphate

FPP synthase

First aspartate-rich motif
Gibberellins

Glyceraldehyde 3-phosphate
Geranyl diphosphate
Geranylgeranyl diphosphate
Geranylfarnesyl diphosphate
GPP synthase

GGPP synthase

GFPP synthase
Geranylgeranyl reductase
Humulus lupulus
Hydroxymethylglutaryl- CoA
HMG-CoA reductase
Isopentenyl diphosphate
IPP/DMAPP isomerase

Luria-Bertani

Liquid-chromatography coupled to mass-spectrometry

Large subunit
Methylerythritol 4-phosphate
Murashige and Skoog
Mevalonic acid

Oryza sativa

Polymerase chain reaction
Inorganic pyrophosphate
Polyprenyl diphosphate
PPP synthase

Phytoene synthase
Prenyltransferase

Rapid amplification of cDNA ends

Table of Contents



Table of Contents

RT-qPCR
SARM
SC-PT

Sl

SLs

SPS

SSU
SSUI
SSUII
TLC

Real time quantitative PCR
Second aspartate-rich motif
Short-chain prenyltransferase
Solanum lycopersicum
Strigolactones

Solanesyl diphosphate synthase
Small subunit

Type I SSU

Type II SSU

Thin-layer chromatography



GENERAL INTRODUCTION

Plants are self-sufficient organisms that only use water, minerals and atmospheric
CO:z as raw materials, sunlight as energy source and photosynthesis as workforce to
produce organic matter and O, the pillars that currently sustain life on Earth.
Besides being the primary source of carbon and energy in all food chains,
photosynthetic organisms also produce the greatest diversity of biological
compounds in nature. This is the result of an evolutionary path to overcome their
sessile lifestyle and survive in almost any kind of environment. The development of
humankind has always been linked to the use of many of these plant products as
foodstuffs but also to manufacture materials or medicines throughout the history.
Nowadays, improving our understanding of how plants genuinely transform solar
power into useful metabolites is one of the major challenges for humanity to improve
our supply of valuable products and successfully fight climate change,

overpopulation, and land and water shortage threats.
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General Introduction

1. Isoprenoids: a large family of both essential and specialized metabolites

Isoprenoids (also known as terpenoids) comprise, by far, the largest family of plant
metabolites, showing a countless variety of chemical structures (Vickers et al., 2014;
Tholl, 2015). Some plant isoprenoids, considered ‘primary” metabolites, are present in
almost all plant species due to their irreplaceable functions in many vital metabolic
processes. Among such primary or essential isoprenoids, many are involved in
photosynthesis. They include chlorophylls (the main pigments involved in light
harvesting and energy transfer), phylloquinones and plastoquinones
(prenylquinones participating in the electron transport chain), and carotenoids and
tocopherols (protectants of the photosynthetic apparatus against the excess of light).
Other essential isoprenoids are ubiquinone (a prenylquinone that is fundamental in
the respiratory electron transport chain), phytosterols (lipids that stabilize and confer
fluidity to cell membranes), and many plant hormones, such as cytokinins (CKs),
brassinosteroids (BRs), gibberellins (GAs), abscisic acid (ABA) and strigolactones
(SLs). The vast majority of plant isoprenoids, however, are ‘secondary’ metabolites
that participate in very restricted and specialized processes mostly related with
plant-environment interactions. These secondary or specialized isoprenoids are
typically confined to particular plant species and/or organs and their synthesis is
usually activated in response to environmental challenges. They include volatiles,
pigments and defense molecules, many of which are highly relevant for human
needs as drugs, flavors, colorants, polymers and, more recently, as nutraceuticals or
biofuels (Pulido et al., 2012; Rodriguez-Concepcion and Boronat, 2015; Tholl, 2015).

2. Biosynthesis of isoprenoids
2.1 Biosynthesis of universal isoprenoid precursors

The stunning variety of isoprenoid biological functions is explained by the great
diversity of chemical structures encompassed in this family of metabolites. However,
despite this structural complexity, only two five-carbon (C5) universal precursors,
isopentenyl diphosphate (IPP) and its allylic isomer dimethylallyl diphosphate
(DMAPP), give rise to all isoprenoids occurring in nature. The biosynthesis of these
precursors in plant cells involves two independent pathways (Figure 1), the
mevalonic acid (MVA) pathway in the cytosol and the methylerythritol 4-phosphate
(MEP) pathway in plastids (Rodriguez-Concepcion and Boronat, 2002; Hemmerlin et
al., 2012; Rodriguez-Concepcion and Boronat, 2015). Ubiquinone, sterols or BRs

derive from MVA-derived precursors, whereas chlorophylls, phylloquinone,
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plastoquinone, tocopherols, carotenoids, ABA, SLs and GAs use the plastidial pools
of IPP and DMAPP produced by the MEP pathway (Figure 1). In the case of
secondary metabolites, most C15 sesquiterpenes, C20 diterpenes, and C30 triterpenes
derive from MV A-precursors, whereas C10 monoterpenes and C40 tetraterpenes (i.e.
carotenoid pigments) are usually synthesized from MEP-derived IPP and DMAPP
(Figure 1). Although an exchange of common precursors between cell compartments
has been demonstrated, the rate under normal conditions is not high enough to
overcome the absence of activity of one of the two pathways, thus explaining their
coexistence in plants (Bick and Lange, 2003; Schuhr et al, 2003; Rodriguez-
Concepcion, 2004, Hemmerlin et al.,, 2012; Vranova et al, 2013). The tight and

sometimes antagonist regulation of both pathways at transcriptional, post-

Cytosol MVA ﬂs tid MEP \
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Figure 1. Distribution of isoprenoid biosynthetic pathways in plant cells. IPP and DMAPP, the
universal C5 isoprenoid units, are produced by the MVA pathway in the cytosol and the MEP
pathway in plastids and can be transported between subcellular compartments (gray arrow).
Short-chain prenyl transferase (SC-PT) enzymes (in light blue) catalyze the condensation of one
to three molecules of IPP into one molecule of DMAPP producing prenyl diphosphate
intermediates of different length (i.e. C10 GPP, C15 FPP and C20 GGPP) in different cell
compartments (including cytosol, plastids and mitochondria). While GPP synthesis is mainly
plastidial, FPP and GGPP can be produced in several cell locations. Some terpene synthases can
use different prenyl diphosphates as substrates to produce longer molecules (e.g. ubiquinone can
be synthesized from FPP or GGPP). Short-chain prenyl diphosphates and their derived
isoprenoid groups are in bold letters. Isoprenoid-derived hormones are indicated in italic letters.
Solid arrows represent single enzymatic step and dashed arrows indicate multiple reactions. The
brackets on the left indicate biosynthetic steps that can occur in the cytosol and/or in the
mitochondrion. See Table of Contents for abbreviations.
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transcriptional and post-translational level finely modulates the flux of precursors

towards the final isoprenoid metabolites (Rodriguez-Concepcion and Boronat, 2015).

2.2. Biosynthesis of prenyl diphosphate intermediates

The sequential condensation of an increasing number of IPP units into one molecule
of DMAPP results in linear prenyl diphosphate intermediates, the basic backbone
structures for the majority of isoprenoid groups. These intermediates, ranging from
ten to thousands of carbon atoms, represent the starting point for the astonishing
diversification of this metabolic family since they can then undergo a series of
enzymatic modifications mainly based on self-condensation, cyclization,
isomerization, conjugation and redox reactions. They can also be incorporated to
proteins or non-isoprenoid metabolites (e.g. chlorophylls or prenylquinones) by
alkylation reactions. (McGarvey and Croteau, 1995; Tholl, 2015). The synthesis of
these branch-point precursors is mediated by prenyltransferase (PT) enzymes, also

known as isoprenyl diphosphate synthases.

PTs catalyze the elimination of the diphosphate moiety from the allylic substrate,
that remains as an allylic cation prone to be attacked by an IPP molecule. The
addition of the IPP unit generates a new 1’-4 double-bond in the product (Figure 2).
Depending on the stereochemical conformation of these double bonds formed during
the elongation of the prenyl diphosphate, PTs are classified as trans- and cis-PTs
(Ogura and Koyama, 1998; Liang et al.,, 2002; Vandermoten et al., 2009). Despite
sharing the same substrates and carrying out similar enzymatic reactions, trans- and
cis-PTs form genetically unrelated protein families with completely different protein
sequences and different catalytic and substrate binding mechanisms. In general
terms, trans-PTs are characterized for generating trans (E) double bonds in prenyl
diphosphates with lengths of up to C50, whereas cis-PTs usually produce longer
carbon chains with cis (Z) double bonds. However, exceptions to this rule include
trans-PTs and cis-PTs that produce longer (Hsieh et al., 2011) or shorter products
(Ambo et al., 2008; Sallaud et al., 2009; Schilmiller et al., 2009; Akhtar et al., 2013),
respectively. Attending to the length of their products, trans-PTs can then be divided
in short- (C10-C20), medium- (C25-C35), and long-chain PTs (C40 or longer prenyl
diphosphates). Among them, short-chain prenyltransferases (SC-PTs) synthesize C10
geranyl diphosphate (GPP), C15 farnesyl diphosphate (FPP) and C20 geranylgeranyl
diphosphate (GGPP), that represent central gears of isoprenoid metabolism
operating early in the biosynthetic pathway (Vandermoten et al., 2009; Tholl, 2015).

GPP represents the precursor of monoterpenes, FPP is used for the production of
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sesqui- and triterpenes, and GGPP is the precursor of di- and tetraterpenes (Figure 1).

IPP DMAPP
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Figure 2. Biosynthesis of short-chain prenyl diphosphate intermediates. Linear prenyl
diphosphate molecules result from the sequential addition of IPP units to DMAPP by SC-PT
enzymes (in light blue). Each IPP condensation involves the release of one PPi molecule (in gray).
Solid arrows represent one enzymatic step/molecule. See Table of Contents for abbreviations.

2.3. Types of short-chain prenyltransferases
2.3.1. Geranyl diphosphate (GPP) synthases

GPP synthases (GPPSs) catalyze the condensation of one DMAPP and one IPP
molecules to produce GPP, the precursor of all monoterpenes (also called
monoterpenoids). Plant monoterpenes are normally produced in plastids as essential
oils and volatiles that are mainly involved in allelopathic, defense or pollination
processes (Figure 1). Some of them are of industrial interest as fragrances (e.g.
geraniol), flavors (e.g. menthol) or anti-cancer drugs (e. g. vinblastine and vincristine)
(Rai et al., 2013). GPPS activity can be provided by heterodimeric or homodimeric
enzymes in plants. Heterodimeric GPPS enzymes formed by a large and a small

subunit (LSU and SSU, respectively) provide GPP in many plant species (Burke et al.,
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1999; Tholl et al., 2004; Chang et al., 2010; Rai et al., 2013; Chen et al., 2015). LSUs
display significant sequence homology to typical PTs, particularly to GGPP
synthases (see Section 2.3.3). By contrast, SSUs show lower similarity to PTs and they
are only functionally active when physically interact with the catalytic LSU monomer
determining its product specificity (Burke et al., 2004; Wang and Dixon, 2009; Tholl,
2015). Two types of SSUs exist in plants (Wang and Dixon, 2009). GPP synthesis and
gene expression of type I SSUs (SSUI) correlate well with the production of specific
monoterpenes in monoterpene-rich plants (Wang et al., 2008; Dudareva et al., 2003;
Wang and Dixon, 2009). The role of type II SSUs (SSUII) is more controversial.
Although SSUII monomers can yield GPP when interacting with LSUs (Wang and
Dixon, 2009), they have also been found to enhance the production of GGPP when
interacting with GGPP-producing LSUs in some plant species (Zhou et al., 2017;
Wang et al., 2018b).

Homodimeric GPPS enzymes found in some angiosperms and gymnosperms are
also related to GGPP-producing PTs but have suffered different evolutionary
pressure, forming two independent lineages (Hsiao et al., 2008; Schmidt and
Gershenzon, 2008; Schmidt et al., 2010; Rai et al., 2013). Recently, the activity of some
angiosperm homodimeric GPPS proteins (Bouvier et al., 2000; van Schie et al., 2007)
has been re-evaluated, showing that these PTs can actually produce long-chain
prenyl diphosphates in plastids and mitochondria (Hsieh et al., 2011; Ducluzeau et
al., 2012; Jones et al., 2013). The diversity described for GPP-producing enzymes
illustrates how difficult it is to predict and even experimentally determine the
activity of particular members of the SC-PT family and, hence, to understand their

role in plant isoprenoid metabolism.

2.3.2. Farnesyl diphosphate (FPP) synthases

FPP synthases (FPPSs) are enzymes that sequentially condense two IPP units into
one molecule of DMAPP to produce FPP. FPPSs constitute the most studied SC-PT
subfamily in many organisms, becoming a model for trans-PT mechanistic studies
(Clarke et al.,, 1987; Tarshis et al., 1994; Poulter, 2006; Tholl, 2015). FPPSs are
enzymatically active as homodimers and form small protein families in plants
(Cunillera et al., 1996; Gatffe et al., 2000; Hemmerlin et al., 2003; Richter et al., 2015).
FPP is required in the cytosol and mitochondria for the biosynthesis of primary
isoprenoids (such as phytosterols and derived BR hormones) and specialized sesqui-
and triterpenes, as well as for protein prenylation (Figure 1; (Poulter, 2006)). The

model plant Arabidopsis thaliana contains two FPPS-encoding genes, named FPS1 and
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FPS2 (Cunillera et al., 1996). While FPS2 encodes a cytosolic isozyme (FPPS2), the
FPS1 gene is transcriptionally regulated to encode long (FPPSIL) and short (FPPS1S)
isoforms that localize to mitochondria and cytosol, respectively (Cunillera et al., 1997;
Keim et al., 2012). Despite functioning in different cell compartments and showing
specific implications in some particular cell/tissue processes, single mutants hardly
differ from wild-type plants (Masferrer et al., 2002; Manzano et al., 2006; Closa et al.,
2010; Keim et al., 2012). Only double-mutants (i.e. plants completely lacking FPPS
activity) show a drastic phenotype of embryo lethality (Closa et al., 2010). FPPS
activity is also fundamental during germination, for a proper chloroplast
development and in biotic and abiotic responses (Manzano et al., 2016). This basic
need of FPP is believed to be mainly associated to the biosynthesis of phytosterols,
that are key components for the integrity of biological membranes. A strong impact
on sterol levels affects all processes in which membranes are involved such as cell
expansion and division, vacuole trafficking, fluidity, permeability or the activity of
membrane-bond proteins. The biological relevance of plant sterols would explain the
redundant roles of FPPS paralogs (Hartmann, 1998; He et al., 2003; Lenucci et al.,
2012; Horvath and Daum, 2013; Grosjean et al., 2015; Li et al., 2015).

2.3.3. Geranylgeranyl diphosphate (GGPP) synthases

GGPP synthase (GGPPS) enzymes generate GGPP by three sequential IPP
condensation steps to DMAPP, GPP and finally FPP. Together with FPP, GGPP is a
major branch-point intermediate for the biosynthesis of many essential and
specialized isoprenoid metabolites in different subcellular locations (Figure 1). GGPP
is the precursor of most essential isoprenoids synthesized in plastids, including
hormones (GAs, ABA, SLs) and photosynthesis-related isoprenoids such as
carotenoids and the side chain of chlorophylls, tocopherols, plastoquinone and
phylloquinone. In the cytosol and mitochondria, GGPP also contributes to protein
geranylgeranylation and to the production of specialized diterpenes and polyprenols
(Liang et al., 2002; Vandermoten et al., 2009; Tholl, 2015). All these GGPP-dependent
pathways require differentially localized GGPPS isoforms, that normally form gene
families. The most extensive revision of a plant GGPPS family so far has been done in

the model plant Arabidopsis thaliana.
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3. Arabidopsis thaliana GGPPS family

Although several GGPPS-encoding gene paralogs were cloned during the last decade
of the 20" century (Scolnik and Bartley, 1994, 1995, 1996, Zhu et al., 1997a, 1997b), the
tirst genome-wide list of candidates and unified nomenclature of the Arabidopsis
GGPPS family was released in 2003 (Lange and Ghassemian, 2003). Initially, twelve
genes (AtGGPPS1-12) were predicted in the genome of Arabidopsis to encode
GGPPS homologs. However, the subsequent characterization of the candidates
revealed that the Arabidopsis GGPPS family only contains five members. AtGGPPS5
was described as a pseudogene and the AtGGPPS12 isoform was later identified as a
type II SSU of a heterodimeric GPP synthase and renamed as AtSSUII (Wang and
Dixon, 2009; Beck et al., 2013). The rest of the predicted isozymes (ten) were found to
produce GGPP in vitro or to genetically complement the absence of GGPPS activity in
Escherichia coli strains engineered to produce carotenoids (Zhu et al., 1997a, 1997b;
Okada et al., 2000; Wang and Dixon, 2009; Beck et al., 2013). However, the use of
highly-sensitive analytical methods for prenyl diphosphate identification showed, in
further studies (Nagel et al., 2015, Wang et al., 2016), that six of the ten isoforms
(AtGGPPS1, and AtGGPPS6-10) produced C25 geranylfarnesyl diphosphate (GFPP)
instead of GGPP as major product in vitro. AtGGPPS8 was found to also produce
even longer prenyl diphosphates. GGPP was detected as the primary product of
AtGGPPS2, 3, 4, and 11 isoforms. Traces of GGPP were found in the product mixture
of GFPP-producing enzymes (Nagel et al., 2015; Wang et al., 2016), being up to 25%
for the AtGGPPSI isoform in Nagel et al (2015). These remnants of GGPP can explain
the in vitro and in vivo detection of GGPPS activity for these isoforms in previous
studies. After these findings AtGGPPS6, 7, 9 and 10 were renamed as AtGFPP1, 2, 3
and 4 respectively, while AtGGPP8 was considered as a polyprenyl diphosphate
synthase (AtPPPS2) (Wang et al., 2016). AtGGPPS2, 3, 4 and 11 retained the
nomenclature, as well as AtGGPPSI, since its activity differ from one study to
another and in both cases significant amounts of GGPP were detected. In summary,
based on currently available evidence we can conclude that the Arabidopsis GGPPS
family is formed by five members: AtGGPPS], 2, 3, 4, and 11.

Regarding subcellular localization, GFP-fusions of individual members of the
Arabidopsis GGPPS protein family were found in mitochondria (AtGGPPS1),
plastids (AtGGPPS2 and 11) and endoplasmic reticulum (ER; AtGGPPS3 and 4),
consistent with the cellular distribution of GGPP-consuming pathways (Okada et al.,
2000; Bick and Lange, 2003; Beck et al., 2013). Genes encoding the organellar GGPPS
enzymes (AtGGPPS1, 2 and 11) are constitutively expressed in most organs and
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tissues, with AtGGPPS11 showing the highest mRNA levels, particularly in
photosynthetic tissues. The expression of the genes encoding the ER-associated
isoforms (AtGGPPS3 and 4) is, nevertheless, restricted to siliques, flowers and roots
(Beck et al., 2013). A deeper study of the genes encoding the two plastidial isoforms
showed that the AtGGPPS2 paralog was mostly co-expressed with genes encoding
GA biosynthetic enzymes, whereas the AtGGPP11 gene was co-regulated with genes
involved in the MEP pathway and in the production of photosynthesis-related
isoprenoids (Ruiz-Sola et al., 2016a, sece Annex 1). Consistent with the described gene
expression pattern and co-regulation network, the AtGGPPS11 protein was found to
physically interact with phytoene synthase (PSY), geranylgeranyl reductase (GGR)
and solanesyl diphosphate synthase 2 (S5PS2), which are GGPP-consuming enzymes
involved in the synthesis of photosynthesis-related isoprenoids (Ruiz-Sola et al.,
2016a, see Annex 1). PSY directs the GGPP precursor to carotenoid biosynthesis, GGR
transforms GGPP into the phytyl chain of chlorophylls, tocopherols and
phylloquinone, and SPS2 uses GGPP to generate the isoprenoid side moiety of
plastoquinone. Recent results have confirmed that AtGGPPS11 and PSY work closely
together to efficiently channel GGPP into the carotenoid pathway in Arabidopsis
(Camagna et al., 2018). Finally, the interaction of AtGGPPS11 with AtSSUIL
(AtGGPPS12) was found to shift its product specificity from GGPP to GPP, probably
to face specific requirements by diverting MEP precursors to monoterpene
biosynthesis (Wang and Dixon, 2009; Chen et al., 2015). These findings evidence how
the formation of specific AtGGPPS11 protein complexes can contribute to the

production of particular classes of plastidial isoprenoids in Arabidopsis.

Unlike that observed for the two Arabidopsis FPPS isoforms, analysis of individual
mutants defective in plastidial GGPPS enzymes revealed that AtGGPPS2 and
AtGGPPS11 are far from being redundant. Despite being co-expressed with GA
biosynthetic genes, the loss of AtGGPPS2 activity did not show any detrimental
phenotype compared to wild-type plants indicating that AtGGPPS11 can rescue the
absence of this paralog (Ruiz-Sola et al., 2016a, see Annex 1). By contrast, severe
deleterious phenotypes were observed in different mutant alleles of AtGGPPS11
gene, indicating that the AtGGPPS2 isoform cannot complement the loss of
AtGGPPS11 function. Lower levels of AtGGPPS11 transcripts in the knock-down
allele ggpps11-5 resulted in plants with a pale phenotype, growth delay and smaller
mesophyll chloroplasts. These alterations were accompanied by a significant
reduction in the levels of carotenoids, chlorophylls and prenylquinones, which were

restored to wild-type levels when complementing the ggpps11-5 mutant line with the
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native gene (Ruiz-Sola et al., 2016a, see Annex 1). These findings confirmed that
AtGGPPS11 is a hub GGPPS isozyme for the production of most photosynthesis-
related plastidial isoprenoids, while AtGGPPS2 might participate in more specialized

processes.

T-DNA insertion mutants causing different truncated versions of the AtGGPPS11
protein were found, however, to result in distinct lethal phenotypes. Truncation of
the N-terminal region of the protein resulted in seedling-lethal albino phenotypes,
similar to those of knock-out mutants of the MEP pathway, confirming the relevance
of this isozyme for the biosynthesis of plastidial isoprenoids such as those involved
in photosynthetic processes (Ruppel et al., 2013). Curiously, truncation of the C-
terminal region of AtGGPPS11 was found to generate embryo-lethality (Ruppel et al.,
2013; Ruiz-Sola et al., 2016a, see Annex 1), similar to that observed in double mutants
devoid of FPPS activity (Closa et al., 2010). The molecular mechanism underlying
these differential phenotypic effects has been addressed in the first chapter of this
doctoral thesis (sce Chapter I, Annex 2).

4. GGPP synthases in other crops

While Arabidopsis is tremendously useful as a model to gain molecular and
mechanistic knowledge about basic plant metabolic processes, studies in medicinal
and crop species then allow to understand how these processes impact plant features
of specific human interest. In this framework, the analysis of GGPPS families from
several plant species should contribute to better understand how GGPP-derived

metabolites with interesting functions are produced.

Many specialized metabolites synthesized from GGPP in gymnosperms are involved
in defense against biotic stresses, including oleoresins in Picea abies or taxol in Taxus
species (Schmidt et al., 2010; Hefner et al., 1998; Liao et al., 2005). Different GGPPS
enzymes involved in the production of these compounds under particular conditions
have been reported (Schmidt et al., 2010; Hefner et al., 1998; Liao et al., 2005). The
functional specialization of the GGPPS family in medicinal plants such as
Tripterigyum wilfordii and Andrographis paniculata has also been addressed to identify
the GGPPS isoform(s) involved in the production of bioactive compounds (Zhang et
al., 2015; Wang et al., 2018a).

Recently, the study of GGPPS enzymes in a handful of crops has revealed important
regulation mechanisms for specific GGPP allocation. It has been discovered that the

GGPPS activity in hop (Humulus lupulus), rice (Oryza sativa) and pepper (Capsicum
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annum) can be regulated by the interaction with SSU proteins (Wang and Dixon,
2009; Zhou et al., 2017; Wang et al., 2018b). Hop trichomes accumulate myrcene, a
monoterpene added as a flavor during beer production. Myrcene derives from GPP,
which is produced by the interaction between a GGPPS monomer acting as LSU
(HILSU) and a type I SSU protein (HISSUI). While the HILSU gene is constitutively
expressed to probably supply GGPP for primary biosynthetic pathways, HISSUI is
mainly expressed in trichomes, likely mediating myrcene production by changing
the product specificity of HILSU from GGPP to GPP (Wang and Dixon, 2009). In rice,
only one GGPPS isoform is targeted to plastids (OsGGPPS1). This enzyme can form
homodimers in the stroma of plastids, but it can also be physically recruited to the
thylakoid membranes by a type II SSU protein (named OsGRP). The interaction with
OsGRP improves the catalytic efficiency of OsGGPPS1 to produce GGPP (Zhou et al.,
2017). In thylakoids, the heterodimer further interacts with enzymes involved in
chlorophyll biosynthesis, suggesting that the assembly of specific multiprotein
complexes containing these enzymes might be a mechanism to efficiently control the
flux of GGPP to the production of chlorophylls when the synthesis of these pigments
is required (Zhou et al., 2017). In red pepper, carotenoid accumulation is responsible
for the characteristic color of ripe fruit. Fruit carotenoid biosynthesis was associated
to only one GGPPS isoform (CaGGPPS1), which can also interact with a type II SSU
(CaSSUII). The CaSSUII protein promotes GGPP production and also the interaction
with pepper PSY (Wang et al., 2018b). This result demonstrates again the ability of
type II SSU enzymes to recruit GGPPS monomers for the biosynthesis of specific

isoprenoid groups.

Tomato (Solanum lycopersicum) is one of the best plant systems to study the
biosynthesis of GGPP-derived plastidial isoprenoids and its regulation. In particular,
tomato carotenoids play important roles in roots (e.g. mycorrhization),
photosynthetic tissues (e.g. photoprotection), and fruits (e.g. pigmentation).
However, information on GGPPS number, distribution and function is scarce in this
species. Only two GGPPS isoforms (SIGGPPS1 and SIGGPPS2) have been identified
(Ament et al., 2006). The corresponding genes showed particular expression patterns
and responded differentially to biotic stress conditions, suggesting
subfunctionalization. However, their subcellular localization was not experimentally
confirmed and their enzymatic activity was only indirectly inferred (Ament et al.,
2006). In the second chapter of this thesis, we address the identification of the
tomato GGPPS family members, carry out the functional characterization of the
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plastidial isoforms, and provide new information about GGPP allocation for

carotenoid biosynthesis in particular tomato tissues.
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OBJECTIVES

This research work aims to deepen into the molecular regulation of GGPP supply in
different plant cell compartments for the synthesis of essential and specialized

isoprenoids. For this, the following specific objectives were established:

1. Unveil the molecular mechanism responsible for the distinct lethal
phenotypes observed in different loss-of-function alleles of Arabidopsis
thaliana GGPPS11.

2. Identify the tomato GGPPS family members, functionally characterize the
plastidial isoforms, and investigate how GGPP is allocated for carotenoid

biosynthesis in different tomato tissues.
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CHAPTER 1

A Single Arabidopsis Gene Encodes Two Differentially Targeted Geranylgeranyl

Diphosphate Synthase Isoforms.

Abstract

A wide diversity of isoprenoids is produced in different plant compartments. Most groups of
isoprenoids synthesized in plastids and some produced elsewhere in the plant cell derive
from geranylgeranyl diphosphate (GGPP) synthesized by GGPP synthase (GGPPS) enzymes.
In Arabidopsis thaliana, 5 genes appear to encode GGPPS isoforms localized in plastids (2), the
endoplasmic reticulum (2), and mitochondria (1). However, the loss of function of the
plastid-targeted GGPPS11 isoform (referred to here as AtG11) is sufficient to cause lethality.
Here we show that the absence of a strong transcription initiation site in the AtGI11 gene
results in the production of transcripts of different lengths. The longer transcripts encode an
isoform with a functional plastid import sequence that produces GGPP for the major groups
of photosynthesis-related plastidial isoprenoids. However, shorter transcripts are also
produced that lack the first translation initiation codon and rely on a second in-frame ATG
codon to produce an enzymatically active isoform lacking this N-terminal domain. This short
enzyme localizes in the cytosol and is essential for embryo development. Our results confirm
that the production of differentially targeted enzyme isoforms from the same gene is a
central mechanism to control the biosynthesis of isoprenoid precursors in different plant cell

compartments.

*The results presented in this Chapter have been published in the Plant Physiology

research journal (Annex 2).
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A Single Arabidopsis Gene Encodes Two Differentially Targeted Geranylgeranyl
Diphosphate Synthase Isoforms.
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NOTE: The experiments included in this thesis Chapter were co-designed and performed by
the PhD candidate under the supervision of the PhD director. The contribution of the rest of
the authors to the results reported here was the following: M.A.R.-S. started the project and
provided some biological materials (constructs and transgenic lines); D.M. helped with the
measurement of sterol levels; B.S., and ].B. performed prenylquinone profiling experiments;
B.L. provided technical assistance and discussion on the 5-RACE experimental design. The
published version of this Chapter complemented with additional experiments is attached as

Annex 2.

1. Introduction

Plants produce tens of thousands of isoprenoid compounds, including some that are
essential for respiration, photosynthesis, and regulation of growth and development.
Despite their structural and functional diversity, all isoprenoids derive from the
same five-carbon (C5) precursors, the double-bond isomers isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP), which can be interconverted by
IPP/DMAPP isomerase (IDI) enzymes. Plants use two unrelated pathways to
synthesize these units (Figure 1). The mevalonic acid (MVA) pathway synthesizes
IPP in the cytosol, whereas the methylerythritol 4-phosphate (MEP) pathway
supplies both IPP and DMAPP in the plastid (Bouvier et al., 2005; Vranova et al.,
2013; Rodriguez-Concepcion and Boronat, 2015). IPP and DMAPP units can be
exchanged between cell compartments to a certain level. For example, MVA-derived
IPP can be imported by mitochondria for the biosynthesis of ubiquinone (Liitke-
Brinkhaus et al., 1984; Disch et al., 1998). However, this limited exchange of common

isoprenoid precursors is not active enough to rescue a genetic or pharmacological
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blockage of one of the pathways with IPP/DMAPP produced by the non-inhibited
pathway (Bouvier et al.,, 2005; Vranova et al., 2013; Rodriguez-Concepcion and
Boronat, 2015). Addition of IPP units to DMAPP generates longer prenyl
diphosphate molecules, including C10 geranyl diphosphate (GPP), C15 farnesyl
diphosphate (FPP), and C20 geranylgeranyl diphosphate (GGPP), which are then
used in specific downstream pathways to produce particular isoprenoids (Figure 1).
FPP and GGPP pools represent nodes of the major metabolic branch points in the
isoprenoid biosynthesis network (Vranova et al, 2011; Vranova et al., 2013). As
prenyl diphosphates grow longer, however, their transport between cell

compartments becomes increasingly restrained (Bick and Lange, 2003).
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Figure 1. Isoprenoid biosynthetic pathways in Arabidopsis. Mevalonic acid (MVA) pathway
and its derived metabolites are represented on the left. Methylerythritol 4-phosphate (MEP)
pathway derivatives are depicted on the right. Solid arrows indicate single enzymatic steps and
dashed arrows represent multiple steps. HMG-CoA, hydroxymethylglutaryl-CoA; GAP,
glyceraldehyde 3-phosphate; DXP, deoxyxylulose 5-phosphate; HMGR, HMG-CoA reductase;
DXS, DXP synthase; IDI, IPP/DMAPP isomerase. See Table of Contents for the rest of
abbreviations.

The two pathways for the production of isoprenoid precursors have been extensively
studied in Arabidopsis thaliana. All the MEP pathway enzymes are encoded by nuclear
genes and imported into plastids, whereas cytosolic, endoplasmic reticulum (ER),

and peroxisomal-associated locations have been found for MVA enzymes (Pulido et
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al.,, 2012; Rodriguez-Concepcion and Boronat, 2015). The main rate-determining
enzymes of the MEP and MVA pathways are deoxyxylulose 5-phosphate synthase
(DXS) and hydroxymethylglutaryl CoA reductase (HMGR), respectively (Figure 1).
Most plants contain small gene families encoding these two enzymes (Rodriguez-
Concepcion and Boronat, 2015). While several Arabidopsis genes encode proteins
with homology to DXS, only one of them produces a functional enzyme with DXS
activity (Phillips et al., 2008b). In the case of HMGR, the HMG1 gene produces long
and short transcripts encoding two enzyme isoforms (HMGRIL and HMGRIS,
respectively) that only differ in their N-terminal region, whereas the HMG2 gene
produces only one isoform, HMGR2 (Caelles et al, 1989; Enjuto et al., 1994;
Lumbreras, 1995). The three HMGR isoforms are primarily attached to the ER and
have the same topology in the membrane, with the highly divergent N-terminal

region and the highly conserved catalytic domain exposed to the cytosol (Table 1).

Downstream enzymes such as IDI, FPP synthase (FPPS), and GGPP synthase
(GGPPS) are also encoded by small gene families in Arabidopsis and localize to
multiple subcellular compartments (Table 1). The two genes encoding IDI in
Arabidopsis, IDI1 and IDI2, produce long and short transcripts encoding enzyme
isoforms that differ in length at their N-terminal ends (Okada et al., 2008; Phillips et
al., 2008a; Sapir-Mir et al., 2008). The long IDI1 isoform is targeted to plastids, the
long IDI2 isoform is transported to mitochondria, and both short isoforms are sorted
to peroxisomes. The two genes encoding FPPS in Arabidopsis produce three
isoforms (Cunillera, 1997; Manzano et al., 2006; Keim et al., 2012). FPS1 encodes a
long isoform targeted to mitochondria (FPP1L) and a short one lacking the N-
terminal end that remains in the cytosol, whereas FPS2 only produces a cytosolic
enzyme (Table 1). Unlike IDI and FPPS, GGPPS paralogs are encoded by a high
number of genes in plant genomes, with a particularly large gene family present in
Arabidopsis (Lange and Ghassemian, 2003; Coman et al., 2014). From the twelve
initially reported genes, however, only four have been conclusively shown to encode
true GGPPS enzymes (Nagel et al.,, 2015; Wang et al., 2016). Two of them, GGPPS3
and GGPPS4, encode proteins sorted to the ER, and the other two, GGPPS2 and
GGPPS11, encode plastidial isoforms (Zhu et al., 1997a; Zhu et al., 1997b; Okada et
al., 2000; Wang and Dixon, 2009; Beck et al., 2013; Coman et al., 2014; Ruiz-Sola et al.,
2016a, see Annex 1). The GGPPS1 gene encodes the only mitochondrial member of
the family, but the in vivo activity of the protein is still unclear (Zhu et al., 1997b;
Okada et al., 2000; Beck et al., 2013; Nagel et al., 2015; Wang et al., 2016). To date, the
production of more than one enzyme isoform from a single GGPPS-encoding gene

has not been reported.

-21 -



Chapter I - Introduction

Table 1. Families of isoprenoid biosynthetic genes in Arabidopsis with paralogs that encode
more than one enzyme isoform. Abbreviations: HMGR, HMG-CoA reductase; DXS, DXP
synthase; IDI, IPP/DMAPP isomerase; FPPS, FPP synthase; GGPPS, GGPP synthase; ER,
endoplasmic reticulum. *Isoforms reported in this work. **GGPPS activity unclear.

Enzyme Gene Accession Isoform Localization
HMGR1S ER-cytosol
HMG1 At1g76490
HMGR HMGR1L ER-cytosol
HMG2 At2g17370 HMGR2 ER-cytosol
DXS DXS At4g15560 DXS Plastids
IDIHS Peroxisomes
IDI1 At5g16440
DI IDI1L Plastids
IDI2S Peroxisomes
IDI2 At3g02780 _ _
IDI2L Mitochondria
FPPS1S Cytosol
FPS1 At5g47770 _ _
FPPS FPPS1L Mitochondria
FPS2 At4g17190 FPPS2L Cytosol
GGPPS1  At1g49530 GGPPS1** Mitochondria
GGPPS2  At2g18620 GGPPS2 Plastids
GGPPS3  At2g18640 GGPPS3 ER
GGPPS
GGPPS4 At2g23801 GGPPS4 ER

GGPPS11L/ AtG11* Plastids

GGPPS11 At4g36810
GGPPS11S /sG11* Cytosol

Despite the presence of at least two GGPPS enzymes in Arabidopsis plastids,
GGPPS11 (At4¢36810, from herein referred to as AtG11) is by far the most abundant
and ubiquitously expressed paralog (Beck et al., 2013; Ruiz-Sola et al., 2016a, see
Annex 1). AtGl11 is required for the production of all major groups of plastidial
isoprenoids, including carotenoids and the side chains of chlorophylls, tocopherols,
and prenylated quinones (Ruiz-Sola et al., 2016a, see Annex 1). Strikingly, several
phenotypes have been described for AtG11-defective mutant alleles (Ruppel et al.,
2013; Ruiz-Sola et al., 2016a, see Annex 1). By carrying out a comprehensive analysis
of these alleles, we uncovered here the existence of two differentially targeted AtG11
enzymes, each of them indispensable for a distinct developmental process likely

through the production of different types of essential isoprenoids.
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2. Results

2.1. Different AtG11-defective alleles show a range of phenotypes from variegation
to embryo lethality

To better understand the role of AtGl1l, the most abundant GGPPS isoform in
Arabidopsis, we carefully revised the phenotypes associated to partial or complete
loss of function mutants (Figure 2). The ggpps11-1 mutant, originally named ggps1-1
(Ruppel et al., 2013) and here referred to as g11-1, harbors a point mutation that
changes a conserved residue (D163R) in AtG11 (Figure 2A and Figure S1). The g11-1
allele shows a temperature-dependent variegated phenotype that resembles that of
the chs5 mutant (Araki et al., 2000), later renamed as dxs-3 (Phillips et al., 2008),
which harbors a D627N mutation in DXS. It is therefore likely that the phenotype of
these mutants might be associated to the temperature sensitivity of the
corresponding mutant enzymes, both of them involved in the production of

photosynthesis-related isoprenoids (Figure 1).

A second partial loss-of-function allele, ggpps11-5 (SALK_140601, g11-5), shows a
pale phenotype and a developmental delay (Figure 5A), probably, because a T-DNA
insertion upstream the predicted ATG translation start codon (Figure 2A and Figure
S1) results in a decreased accumulation of AtG11 transcripts (Ruiz-Sola et al., 2016a,
see Annex 1). In this mutant, lower levels of AtG1l1-encoding transcripts are expected
to result in an overall reduction in the accumulation of fully active, wild-type AtG11
protein (Ruiz-Sola et al., 2016a, see Annex 1). Similarly, a general inhibition of the
MEP pathway with sublethal concentrations of the DXS inhibitor clomazone, also
results in a pale phenotype (Pulido et al., 2013; Perello et al., 2014). Therefore, the
phenotype of ¢g11-1 and g11-5 plants is consistent with the reported role of AtG11 as
the major isoform transforming MEP-derived precursors into GGPP for
photosynthesis-related isoprenoid products. Further supporting this conclusion, a
seedling-lethal albino phenotype visually identical to that of knock-out MEP
pathway mutants such as dxs-1, also known as clal (Phillips et al., 2008), was
observed in the case of the ggpps11-2 line (SALK_015098, ggpsi-2 or g11-2), which
harbors a T-DNA insertion in the N-terminal end of the protein coding region of the
AtG11 gene (Figure 2, and Figure S1) (Ruppel et al.,, 2013). By contrast, T-DNA
insertions interrupting the C-terminal end of the AtG11 protein in alleles ggpps11-3
(SALK_085914, ggps1-3 or g11-3) and ggpps11-4 (SAIL_712_D06, g11-4) cause an arrest
of embryo development (Figure 2 and Figure S1) (Ruppel et al., 2013; Ruiz-Sola et al.,
2016a, see Annex 1). This embryo lethal phenotype has never been observed in MEP
pathway mutants (Phillips et al., 2008b).
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A Figure 2. AtG11 mutant alleles and
g11-2 g11-3
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E i AtG11 position of translation start and stop
C — sG11 codons is shown with black triangles. The
)] 5 Gil1s position of T-DNA insertions is

represented with empty triangles. The
B WT g11-2 g11-3 position of the point mutation in the g11-1
allele is shown with a dashed line. Lower

bars represent encoded proteins. (B)
Phenotype of AtGll-defective mutants
either producing or not producing a sG11
protein. Representative seedlings of the
indicated genotypes grown under long-
day conditions for 10 d are shown to the

35S8:sG11-GFP

WT gii-2 g11-3 same scale. Segregating populations of

seeds in siliques of plants heterozygous
for the ¢g11-2 and g¢11-3 mutations is also
shown. Boxed seeds correspond to the
homozygous albino mutants represented

in the right. Brownish seeds did not

c produce seedlings due to a blockage in

35S:sG11-GFP embryo development at the heart stage

WT gii1-2 g11-3 (as shown in the corresponding picture).
(C) Cytosolic localization of the sG11-GFP
protein. Pictures show GFP fluorescence

from the sG11-GFP protein in stomata
from 10-d-old seedlings of the indicated
genotypes (White bars, 5 um).

2.2. The distinct phenotypes of AtG11 alleles correlate with differential subcellular
localization and activity of the corresponding enzymes

To investigate the molecular basis of the puzzling phenotype differences observed
between g¢11-2 (albino, seedling lethal) and ¢g11-3 (embryo lethal) plants (Figure 2B),
the position of the T-DNA in the mutant genomes had been previously validated in
the lab by PCR amplification and sequencing of the insertion sites (Figure SI).
Insertion of the T-DNA within the predicted plastid targeting sequence in the g11-2
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allele (Figure 2A and Figure S1) is expected to prevent the transcription of a full-
length AtG11 cDNA harboring the first ATG codon (ATGq). However, a second in-
frame ATG codon (ATGe) exists downstream the T-DNA insertion that could
potentially act as an alternative translation initiation point to generate a shorter
protein, that we named sG11 (Figure 2A and Figure S2). We speculated that this
shorter protein might not be imported to plastids as it lacked the N-terminal plastid
targeting domain. To test this prediction, the localization of GFP fusion proteins was
analyzed in transgenic Arabidopsis lines previously generated in the lab (Ruiz-Sola
et al., 2016a, see Annex 1; Ruiz-Sola et al., 2016b, see Annex 2). As shown in Figure 2C
and Figure S3, green fluorescence corresponding to the sG11-GFP protein (Ruiz-Sola
et al., 2016b, sce Annex 2) was excluded from plastids and localized in the cytosol. By
contrast, transgenic plants expressing a similar construct with the wild-type AtG11
sequence (Ruiz-Sola et al., 2016a, see Annex 1) showed a predominant association of

GFP fluorescence to plastids (Figure S3).

We next evaluated whether sG11 retained the genuine enzymatic activity of the full-
length enzyme (Figure 3). Recent in vitro activity assays followed by analysis of
reaction products by LC-MS (Nagel et al., 2015) or TLC (Wang et al., 2016) confirmed
that AtG11 synthesizes GGPP as the main product. They also revealed that other
proteins previously believed to be true GGPPS isoforms actually belong to a novel
type of prenyl diphosphate synthases that mainly produce C25 geranylfarnesyl
diphosphate (GFPP) or longer products (Nagel et al., 2015; Wang et al., 2016). The
sG11 protein lacks 19 residues predicted to be present in the N-terminal region of the
mature AtG11 enzyme (Figure 2A and Figure S2). While this N-terminal sequence is
not conserved in other GGPPS enzymes and does not include residues determining
product length (Figure S2), we aimed to experimentally confirm whether its absence
in sG11 had any impact on the ability of the protein to produce GGPP from IPP and
DMAPP. Previous experiments in the lab showed that the sG11 protein was able to
complement for the loss of GGPPS activity in E. coli strains engineered to produce
carotenoids (Ruiz-Sola et al., 2016b, see Annex 2). As a complementary approach, we
carried out in vitro activity assays like those described in Nagel et al. (2015) using
protein extracts from E. coli cells overproducing sG11 or a pseudomature form of
AtG11 lacking the predicted plastid-targeting sequence (Figure S4). Analysis of
reaction products by LC-MS detected the production of similar amounts of GGPP in
both AtG11 and sG11 extracts (Figure 3). No GPP, FPP or GFPP were detected in the
assays (Figure S4), further indicating that the sG11 protein remains as an active

GGPPS enzyme. Together, our results suggest that the lack of the N-terminal region
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in the sG11 protein produced by g11-2 plants prevents its targeting to plastids but
does not override GGPPS activity.

1.50 -
1.25 4
0
2 1.00 .
8 Figure 3. In vitro GGPPS activity assays. Protein extracts
8 0.75 - from E. coli cells overproducing similar amounts of the
0 indicated proteins or transformed with an empty vector
© 0.50 A (C) were mixed with IPP and DMAPP, and the production
< of GGPP was quantified by LC-MS. Levels are represented
0.25 - relative to those in AtG1l1 samples. Mean and SD of n=3
extracts are shown. No GGPP was detected in C samples,
0.00 - and only traces were identified in G11s extracts.
O XN X @
& &S

In the case of the g11-3 mutant, the T-DNA interrupts the sequence encoding the
highly conserved C-terminal region of AtGl1l (Figure S2), resulting in a shorter
protein that we named Gl1s (Figure 2A). Previous sequencing of the T-DNA
insertion site in the ¢11-3 genome had confirmed that the last 21 residues of the wild-
type AtG11 protein are replaced by a single serine residue in the G11s protein (Figure
S1). To test whether the loss of the C-terminal region compromised GGPPS activity in
the Gl1s protein, the corresponding DNA sequence was amplified from g¢11-3
seedlings and cloned into plasmids for E. coli expression. Activity assays showed that
the recombinant G11s protein is unable to produce GGPP (Figure 3). These results
suggest that the blockage of embryo development at the heart stage observed in the
g11-3 mutant (Figure 2B and Figure S5) and the ¢g11-4 allele (Ruiz-Sola et al., 2016a,
see Annex 1) might be due to a complete lack of AtG11 activity. This embryo lethal
phenotype was complemented by expressing a genomic AtG11 sequence including
the promoter and the full protein-coding region (Ruiz-Sola et al., 2016a, see Annex 1).
Most interestingly, embryo development was also rescued by expressing the
cytosolic sG11-GFP protein in ¢11-3 plants (Figure 2B and Figure 2C). Transgenic
g11-3 355:sG11-GFP plants, however, showed a seedling-lethal (albino) phenotype
resembling the ¢11-2 mutant. As expected, the cytosolic sG11-GFP protein was
unable to rescue the albino phenotype of the g11-2 mutant (Figure 2B). We therefore

concluded that embryo development beyond the heart stage required the presence of
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AtG11 activity in the cytosol (despite the existence of two ER-associated GGPPS
enzymes in Arabidopsis, GGPPS3 and 4), whereas photosynthetic seedling
development required the activity of AtGll in the plastid (although a second
plastidial enzyme with the same activity, GGPPS2, is found in this plant) (Table 1).

2.3. Several transcription initiation sites in the AtG11 gene lead to the production

of isoforms with different N-terminal ends

A number of Arabidopsis genes encoding isoprenoid biosynthetic enzymes have
been shown to produce transcripts of different lengths encoding isoforms with or
without N-terminal transit peptides for plastids and mitochondria (Table 1). To
determine whether a similar alternative transcription initiation mechanism also
occurs for AtG11, rapid amplification of cDNA 5 ends (5'-RACE) experiments were
performed on RNA extracted from different tissues to assess the length of AtG11
transcripts in vivo (Figure 4). The protocol used reverse primers optimized for 5'-
RACE (Figure 4A and Table S1) to amplify gene-specific PCR products while ruling
out the possibility of genomic DNA contamination (see Methods). Separation of PCR-
amplified products by gel electrophoresis showed the presence of cDNAs of different
sizes (Figure 4B), suggesting that the AtG11 gene lacks a strictly defined transcription
start site. However, amplified fragments could be grouped in two major classes:
“long” (ca. 0.5 kb or longer) and “short” (ca. 0.4 kb or shorter). The 5-RACE products
amplified from siliques were cloned and sequenced. Analysis of inserts revealed that
all the “long” products included the ATGq) codon and hence encoded the full-length
AtG11 protein. While most “short” products contained the ATGw codon with or
without a few nucleotides upstream (up to 25), some lacked ATGq) and so they can
only produce the cytosolic sG11 protein by using the ATGp codon (Figure 4A and
Figure S1). The similar pattern of “long” and “short” transcripts detected in
seedlings, rosette leaves, and flowers by 5-RACE experiments (Figure 4B) suggests
that both types of transcripts are likely produced in all tissues. To verify whether the
relative abundance of transcripts either lacking or not the ATGu codon was indeed
similar in different tissues, 5'-RACE products from seedlings were cloned and
compared with those from siliques by digestion with Ncol. As shown in Figure 4A, a
Ncol target site overlaps the ATGw codon and therefore it can be used to rapidly
identify clones lacking this sequence. In both seedlings and siliques, about 10% of the
clones could not be cleaved by Ncol, confirming that transcripts exclusively encoding

sG11 are low abundant but indeed detectable at similar levels in different tissues.
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Figure 4. Transcription and translation start sites in the AtG11 gene. (A) AtG11 gene model
showing the position of presumed translation start codons ATGq) and ATG) (in bold). The Ncol
site in the ATGqu) region is underlined. Numbers indicate the position relative to the first
nucleotide of the ATGw codon. The position of primers AtG11-R-R1 and R2 used for 5-RACE
experiments is also shown. Amplified 5-RACE products (B) were cloned and sequenced to
determine the position of transcription initiation sites. The graph represents the percentage of
transcripts found to start at the indicated position in siliques based on the analysis of 145 clones
(purple columns). The position of ATGu) and ATGe) codons and T-DNA insertion sites of the
indicated alleles is also shown. (B) Agarose gel electrophoresis of 5'-RACE products isolated from
seedlings (S), rosette leaves (RL), mature siliques (MS), young siliques (YS), and flowers (F).
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2.4. AtG11 activity is essential to produce both plastidial isoprenoids and

unidentified extraplastidial isoprenoids required for embryo development.

We next aimed to determine the nature of the isoprenoids derived from GGPP
produced by plastidial and cytosolic forms of AtG11. Previous results with the g11-5
allele showed that the pale phenotype of the mutant (Figure 5A) was due to a
decreased expression of the AtG11 gene, which caused a reduced accumulation of the
major groups of MEP-derived isoprenoids produced from GGPP in the plastid, i.e.
carotenoids, chlorophylls, tocopherols, phylloquinones, and plastoquinone (Ruiz-
Sola et al., 2016a, see Annex 1). It was also found that carotenoid levels in g11-2
seedlings were similar to those in the dxs-1 mutants (with a complete block of the
MEP pathway; Phillips et al., 2008b) but much higher than the amounts detected in
psy-1 seedlings (which show a similar albino phenotype due to a specific blockage in
the carotenoid pathway; Pokhilko et al., 2015) (Ruiz-Sola et al., 2016b, see Annex 2).
We therefore conclude that the albino phenotype of ¢11-2 seedlings is due to a
defective production of MEP-derived GGPP to feed downstream isoprenoids in the

plastid.

To identify the isoprenoid metabolite required for embryo development that is
produced from sG11-derived GGPP, it would be necessary to compare the metabolite
profile of ¢11-2 and g11-3 embryos in the transition from globular to heart stage
(Figure 2 and Figure S5). Because this is extremely challenging, we followed an
alternative approach and evaluated whether the levels of extraplastidial isoprenoids
were altered in the ¢g11-5 mutant, which is expected to produce lower amounts not
only of plastid-localized AtG11 but also of cytosolic sG11 enzymes. While MVA-
derived precursors are used to produce a wide variety of isoprenoids (Figure 1), only
sterols and ubiquinone appear to be required for proper embryo development
(Schrick et al., 2000; Okada et al., 2004). Sterols are not synthesized from GGPP but
from FPP (Figure 1). We therefore expected that reducing sG11 activity (i.e. cytosolic
GGPP production) in g11-5 seedlings would not cause a decreased sterol
accumulation. Consistently, the levels of sterols (campesterol, stigmasterol and

sitosterol) were found to be similar in wild-type and g11-5 seedlings (Figure 5B)

In the case of ubiquinone, the predominant form in Arabidopsis (UB-9) contains a
C45 solanesyl moiety synthesized by a mitochondrial polyprenyl diphosphate
synthase that elongates an initial FPP or GGPP acceptor with IPP units (Hsieh et al.,
2011; Ducluzeau et al., 2012). Mitochondria import MVA-derived IPP from the
cytosol, as they lack their own biosynthetic pathway (Liitke-Brinkhaus et al., 1984;
Disch et al., 1998). Then, specific isoforms of FPPS and GGPPS enzymes targeted to
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mitochondria (in Arabidopsis, FPPSIL and GGPPS1; Table 1) are presumed to
produce FPP and GGPP for ubiquinone synthesis. FPPS1L-defective fpsI mutants
only showed a limited decrease in UB-9 levels (Closa et al., 2010), suggesting that the
biosynthesis of the ubiquinone solanesyl chain might predominantly rely on the
supply of GGPP by GGPPS1, the only GGPPS isoform known to be targeted to
mitochondria (Beck et al., 2013; Nagel et al., 2015). However, we found that the T-
DNA insertion mutant ggpps1-1 (SAIL_559_GO01) contains wild-type levels of UB-9
(Figure 56). Levels of other GGPP-derived isoprenoids were also unaltered in ggppsI-
1 seedlings, which showed a wild-type phenotype in terms of plant growth and
development (Figure S6). Actually, the role of GGPPS1 as a true GGPPS enzyme still
remains controversial as it has not been conclusively established whether its main
product is GGPP (Wang et al., 2016) or GFPP (Nagel et al., 2015). In any case, our
data show that the product of mitochondrial GGPPS] is not required for ubiquinone
biosynthesis. Analysis of UB-9 contents in seedlings, flowers and young siliques of
the ¢11-5 mutants detected slightly reduced levels compared to wild-type samples,
but the differences were not found to be statistically significant (Figure 5C). In the
case of mutant siliques, however, the observed reduction in ubiquinone levels was
close to statistical significance (Student’s t test, p=0.051). These results together
suggest that sG11 might be somehow involved in the production of GGPP for

ubiquinone synthesis.

Figure 5. Levels of MVA-derived
isoprenoid products in plants with
reduced AtG11 activity. (A) Seedlings of
the g¢11-5 mutant and the parental
Columbia wild-type (WT) grown for 1 week
under  short-day  conditions. = These
seedlings were used for the metabolite
analyses shown in the corresponding
graphs. (B) Levels of major sterols in WT
and AtGll-defective ¢11-5 seedlings. (C)
Levels of the ubiquinone UB-9 in seedlings,
flowers and young siliques of WT and g11 -
5 plants. The graphs represent mean and SE
of at least three independent samples (n=3).
Italic numbers above the bars indicate P
values (Student’s t test) relative to WT
samples.

Relative levels
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3. Discussion

Our results support the conclusion that the Arabidopsis AtG11 gene can produce two
enzyme isoforms: one translated from the ATGw codon and carrying a plastid-
targeting peptide (AtG11), and a shorter version translated from the downstream
ATGp codon and lacking the plastid-targeting peptide (sG11). Mechanistically, the
production of these two differentially targeted isoforms might rely on both the use of
alternative transcription start sites (resulting in the synthesis of mRNAs with or
without a 5’-region encoding the plastid transit peptide) or the use of alternative
translation start sites (ATGw or ATG) in the long transcript. The NetStart algorithm
for the prediction of translation start codons in  Arabidopsis
(http://www.cbs.dtu.dk/services/NetStart/) actually gives a similar score to ATGq
(0.627) and ATGe) codons (0.651), suggesting that both could be functional in vivo. It

is remarkable that a similar situation has been reported to occur in other Arabidopsis

genes encoding key isoprenoid biosynthetic enzymes, including HMGR, IDI, and
FPPS. Unlike these other enzymes, however, no redundancy appears to occur in the
case of Arabidopsis GGPPS enzymes, as the loss of AtG1l1 cannot be rescued by
plastidial GGPPS2, ER-localized GGPPS3 and GGPPS4, or mitochondrial GGPPSI.
Furthermore, the methionine residue encoded by the ATGe) codon in AtG11 does not
appear to be conserved in the rest of isoforms confirmed to synthesize GGPP (Figure
S2), suggesting that AtG11 might be the only Arabidopsis GGPPS-encoding gene

producing more than one isoform.

Our analysis and those previously reported (Ruiz-Sola et al. 2016a, see Annex 1; Ruiz-
Sola et al. 2016b, see Annex 2), clearly show that AtG11 activity in the plastid is
indispensable for the production of plastidial isoprenoids supporting chloroplast
development and photosynthesis. The low levels of carotenoids detected in g11-2
albino seedlings (Ruiz-Sola et al. 2016b, see Annex 2) might derive from small
amounts of GGPP synthesized from MEP-derived precursors by GGPPS2 (the other
plastidial GGPPS enzyme found in Arabidopsis). In the case of the dxs-1 mutant,
however, the MEP pathway is completely blocked and hence it is most likely that
MVA-derived IPP or DMAPP precursors are transported to the plastid and used to
produce GGPP and downstream products. Alternatively, an enhanced import of
cytosolic GGPP by non-differentiated plastids like those found in the albino mutants
would make DXS and AtG11 (but not PSY) dispensable to produce carotenoids. No
clear-cut evidence is yet available, however, of an exchange of long prenyl
diphosphates such as GGPP between cell compartments (Bick and Lange, 2003). On

the other hand, sGl1 activity in the cytosol supplies the precursors for an

-31-



Chapter I - Discussion

unidentified isoprenoid metabolite that is essential for embryo development. Since
mitochondrial FPP and GGPP are not the main precursors for ubiquinone
biosynthesis, cytosolic GGPP might be transported to mitochondria and used for the
production of this respiratory metabolite. Blockage of this cytosolic source when
sG11 activity is lost could actually explain why embryo development is arrested at
the same heart stage in mutants defective in ubiquinone synthesis (Okada et al., 2004)
and sGl11 activity, i.e. g11-3 (Figure S5) and g11-4 (Ruiz-Sola et al., 2016a, see Annex
1). As complete loss of FPPS activity in Arabidopsis fps1 fps2 double mutants blocks
embryogenesis at the earlier globular stage (Closa et al., 2010), it can be concluded
that while FPP-derived isoprenoids are needed for the transition of the embryo from
globular to heart stages, progression beyond the heart stage requires ubiquinone
or/and a different metabolite produced from sGl1-supplied precursors. Thus, all
these observations suggest two possibilities. First, sGl1-derived GGPP might be
critical for the biosynthesis of ubiquinone during embryogenesis. Considering that a
ca. 50% reduction of AtG11 transcript levels in g11-5 seedlings only causes a 20-30%
decrease in plastidial isoprenoid content (Ruiz-Sola et al., 2016a, see Annex 1), the
observed 20% reduction of UB-9 levels in young siliques of the ¢g11-5 mutant might
indeed result from partly reduced sGl11 activity (and hence GGPP supply) in
developing embryos or seeds. Because other GGPPS isoforms are also expressed in
these tissues at different stages (Beck et al., 2013), it remains unclear why none of
them is able to complement the loss of sG11 activity and hence rescue embryo
development in g11-3 and g11-4 mutants. Alternatively, sG11 might produce GGPP
for another specific class of unidentified metabolites required for embryogenesis and,
perhaps, with roles in other cells and tissues during the plant life cycle, as deduced

from the wide distribution of sG11-encoding transcripts (Figure 4B).

Besides synthesizing GGPP as a homodimer, the plastidial AtG11 isoform has been
found to produce GPP upon heterodimerization with another plastidial GGPPS-like
protein, AtSSUII (Wang and Dixon, 2009; Chen et al., 2015). Whether the cytosolic
sG11 protein unveiled here also has alternative enzyme activities upon association
with other proteins remains unknown. In any case, our results support the
conclusion that the production of GGPP required for essential functions in different
cell compartments relies on the activity of AtG11 isoforms. Other GGPPS paralogs
might be maintained in the Arabidopsis genome for developmental and/or
condition-specific subfunctionalization. Future experiments, including the high-
resolution analysis of isoprenoid profiles in specialized tissues and organs (e.g.

embryos) from wild-type and GGPPS-defective mutants, should provide additional
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insights on the biological role of specific isoforms and their corresponding
downstream GGPP-derived products, further allowing to understand the astounding

complexity of the mechanisms used by plants to produce isoprenoids.

4. Materials and Methods
4.1. Plant material and constructs.

All the Arabidopsis thaliana lines used in this work are in the Columbia background.
The T-DNA insertion alleles g11-2, g11-3 and g11-5 were already available in the lab
(Pokhilko et al., 2015; Ruiz-Sola et al., 2016a, see Annex 1, Table S2). Homozygous
ggpps1-1 mutants were isolated from a segregating population of the SAIL_559_G01
line supplied by the European Arabidopsis Stock Centre (http://arabidopsis.info/).

Primers for PCR-based genotyping of the mutants and sequencing of T-DNA
insertion sites are indicated in Table S1. Constructs and cloning details are described
in Table S3. The 355:5sG11-GFP transgenic lines were generated as described (Ruiz-
Sola et al., 2016b, see Annex 2). Seeds were surface-sterilized and germinated in Petri
dishes with solid Murashige and Skoog (MS) medium without vitamins or sucrose.
After stratification for 3 days at 4 °C, plates were incubated in a growth chamber at
22 °C and illuminated for 16h (long-day) or 8h (short-day) a day with fluorescent
white light at a photosynthetic photon flux density of 60 pmol m?s..

4.2. GGPPS activity assays

Constructs to express different truncated AtGll versions were generated as
described in Table S3. Recombinant proteins were produced in E. coli BL21 pGROE
cells using the Overnight Express Autolnduction System 1 (Merck Millipore). After
growth for 72 h at 18 °C, bacterial cells were recovered by centrifugation and pellets
were resuspended in reaction buffer (25 mM HEPES pH 7.2, 10 mM MgCl., 10% v/v
glycerol) supplemented with 1 mg/ml lysozyme and one tablet of complete protease
inhibitor cocktail (Roche) for every 10 ml of buffer. The resuspended pellet was
incubated at 4 °C for 10 min and after a brief sonication (5 pulses of 20 s at 30 W) the
cell lysate was centrifuged at 19.000xg at 4 °C for 5 min. The supernatant was used
for SDS-PAGE, protein quantification, and GGPP activity assays as described (Nagel
et al., 2015). The reaction mix contained 10 pg of total protein from extracts showing
similar levels of recombinant protein in 200 ul of reaction buffer, 50 uM IPP and 50
uM DMAPP. After incubation for 1 h at 30 °C, the reaction was stopped by adding
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800 pl of methanol. A previously described LC-FTMS system (Henneman et al., 2008)
was adapted to detect prenyl diphosphate products. A Luna C18(2) pre-column (2.0 x
4 mm) and an analytical column (2.0 x 150 mm, 100 nm, particle size 3 pum) from
Phenomenex were used for chromatographic separation at 40 °C, using an Acquity
UPLC (H-Class), connected to an LTQ-Orbitrap XL hybrid MS system (Waters)
operating in negative electrospray ionization mode heated at 300 °C with a source
voltage of 4.5 kV for full-scan LC-MS in the m/z range 100 to 1300. The injection
volume was 10 pL. Compounds were separated by a linear gradient between
solution A (20 mM NH:HCOs with 0.1% triethylamine) and solution B
(acetonitrile/H20, 4:1 with 0.1% triethylamine). The gradient was as follows: 0-18
min: 100% A to 80% A; 18-23 min: 80% A to 0% A; 23-25 min: 0% A; 25-30 min: 0% A
to 100% A; equilibration with 100% A. Acquisition and visualization of the data were
performed using Xcalibur software (Thermo Fischer). GPP, FPP and GGPP standards

were obtained from Sigma and used for quantification.

4.3. Microscopy

Subcellular localization of the GFP fusion proteins was analyzed by direct
examination of plant tissue samples with an Olympus FV 1000 Confocal Laser
Scanning Microscope. Green fluorescence corresponding to the fusion proteins was
detected using an argon laser for excitation with blue light at 488 nm and a 500-510
nm filter, whereas a 610-700 nm filter was used for detection of chlorophyll
autofluorescence. Clearing of Arabidopsis seeds and examination of embryo
developmental stages was performed as described (Ruiz-Sola et al., 2016a, see Annex
1).

4.4.5-RACE

For Rapid Amplification of cDNA 5 Ends (5-RACE) analysis, total RNA from
different organs of wild-type plants was isolated using a RNA purification kit
(Sigma-Aldrich) and used for first-strand cDNA synthesis with the SMARTer RACE
cDNA amplification kit (Clontech). High Fidelity AccuPrime Taq DNA Polymerase
(Invitrogen) was used with primers provided in the kit and the AtG11-RACE-R1
primer (Table S1) for 5-RACE reactions, adding an initial denaturation step of 2 min
at 94°C to the recommended PCR program to activate the polymerase, and changing

the elongation temperature from 72 °C to 68 °C. PCR products were cloned into the
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cloning vector pCRII-TOPO (Invitrogen) for further restriction enzyme and

sequencing analysis using the AtG11-RACE-R2 primer (Table S1).

4.5. Analysis of metabolite levels.

Published methods were used for the extraction, separation, and quantification of
photosynthetic pigments (chlorophylls and carotenoids) (Rodriguez-Concepcion et
al., 2004), sterols (Closa et al., 2010), and prenylquinones, including ubiquinone
(Martinis et al., 2011).
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Figure S1. Arabidopsis AtG11 gene and mutants. (A) The protein coding sequence according to
TAIR v10 annotation is shown in uppercase (no introns are found). The first ATG codon (ATG))

g11-3 ~~

and the translation stop codon are marked in bold. The sequence encoding the plastid-targeting
peptide is boxed in green. A second in-frame ATG codon (ATG) is boxed with a black frame.
Transcription start sites identified by 5-RACE in siliques are marked with triangles whose color
represents the percentage of transcripts starting at the indicated position (white: <5%; gray: 5-
10%; black: >10%). T-DNA insertions are represented with arrows pointing towards the right
border. The point mutation in the g11-1 allele is boxed in gray. (B) Comparison of genomic
sequences and encoded proteins in wild-type (WT) and g11-3 plants in the region harboring the
T-DNA insertion in the mutant. The blue box marks the T-DNA sequence inserted and the
corresponding translation.
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Figure S2. Sequence alignment of Arabidopsis GGPPS isoforms. Multiple alignment was

performed using Clustal Omega with the default parameters

(http://www.ebi.ac.uk/Tools/msa/clustalo/). Red and blue arrowheads mark the position of the T-

DNA in the g11-2 and g11-3 mutants, respectively. The methionine encoded by the ATGq) codon
is boxed in black and the predicted plastid-targeting peptide is boxed in green. The conserved
FARM (first aspartate-rich motif) and SARM (second aspartate-rich motif) signatures that form
the catalytic cavity for allyl substrate binding, are boxed in gray. The fifth residue before the
FARM motif, shown to be relevant to determine the chain length of the final product, is indicated
with a blue frame. True GGPPS enzymes (i.e. those producing C20 GGPP) have a M residue in
this position, whereas the presence of smaller residues (A or S) involves a preferential production
of C25 GFPP (Nagel et al., 2015; Wang et al., 2016).
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35S:AtG11-GFP 358:sG11-GFP

Figure S3. Subcellular localization of AtG11-GFP and sG11-GFP fusion proteins in transgenic
Arabidopsis plants. Representative images from cotyledons of etiolated seedlings after 1 or 3

Cotyledon

hours of exposure to light and from leaf epidermal cells, stomata, and roots from 10-day-old
seedlings grown under long day conditions. The first column shows green fluorescence from
GFP, the second shows red autofluorescence from chlorophyll, and the third shows an overlay.
All confocal images were scanned using similar laser gain and offset settings. White bars
represent 10 um.

-4] -



Chapter I - Supplemental

AtG11 sG11 G11s C

80 AtG11
60:
40
20 =
01 I —— .
100
80 sG11
8 60 =
S
S 40 -
g “]
c 20 o
_g 0- T T T T T T T T ||| Il Il T |II| T T T
<C 100
2 80 o G11s
T o0 4
s ]
o 40 A
20 =
o] (il b | |

PP | FPP Ggpp  Standards
(C10) (C15) [(07200))

4 6 8 10 12 14 16 18 20 22
Time (min)

Figure S4. In vitro activity of truncated AtG11 isoforms. (A) SDS-PAGE of protein extracts from
E. coli BL21 pGROE cells expressing the indicated proteins (see Figure 2A). AtGl1l and Gl1s
correspond to truncated versions lacking the predicted plastid-targeting peptide and C
corresponds to empty vector control. Arrowheads mark the position of the recombinant proteins.
(B) LC-MS chromatograms showing the results from in vitro enzyme activity assays using
extracts like those shown in (A). IPP and DMAPP were used as substrates. Detection of prenyl
diphosphates was performed using m/z 518.254 (GFPP), 449.186 (GGPP), 381.123 (FPP), and
313.061 (GPP). Retention time of available standards is also shown.
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Figure S5. Embryogenesis is blocked at the heart stage in the g11-3 mutant. Pictures show
representative images of embryos in cleared seeds from heterozygous g11-3 plants. Images in the

same column correspond to seeds from the same silique that appeared either green (expected to
be either azygous or heterozygous; upper row) or white/brown (expected to correspond to
homozygous ¢g11-3 mutants; lower row, boxed in blue). Different columns correspond to siliques
at different positions in the inflorescence (i.e. seeds at different stages of development). Embryo
developmental stage in the green seed of the silique is indicated on the top. White bars, 50 um.
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Figure S6. Developmental and metabolic phenotypes of the ggpps1-1 mutant. (A) Schematic
representation of the GGPPS1 (Atl1g49530) gene according to TAIR v10 annotation. The protein
coding sequence (which lacks introns) is shown as a wider box with a red section
corresponding to the mitochondria-targeting peptide predicted with  TargetP
(http://www.cbs.dtu.dk/services/TargetP/). Translation start and stop codons are marked. The
site of the T-DNA insertion in the ggpps1-1 (SAIL_559_GO01) mutant is also shown. The exact
insertion site (shown with the encoded amino acid residues) was determined by sequencing the

region after PCR amplification with primers annealing on the T-DNA and the neighbouring
genomic region. (B) A segregating population of the SAIL,_559_GO01 line was analyzed by PCR
to identify individuals that were azygous (WT) and homozygous (ggpps1-1) for the T-DNA
insertion. Images show representative images of these individuals when grown together under
long-day conditions (LD) for 7 and 10 days. White bars represent 2 mm. (C) Levels of GGPP-
derived isoprenoids in WT and ggpps1-1 seedlings. Values are shown relative to those found in
WT plants and correspond to mean and SE of n=3 independent samples. No statistically
significant differences (t- test, p<0.05) were found between WT and ggpps1-1 samples.
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Table S1. Primers used in this work.

Use Name Sequence (5'-3")
1 AtG11-PSF  AGAAGCTTACAAGTTGTTAAATTCG
2 AtG11-5F CAGATTTCAGAAATCGCCATGG
3 AIG11-3R ATTCCCGACAAAAGGAATCG
4 LBbi GCGTGGACCGCTTGCTGCAACT
5 AGI-LP-F  AAACTGGACCTGACCACAGC
S:;Zfé’g:zg 6 AGI-RP-R  CCTCTGTCCCAACAGCTCTC
7 SAILLB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC
8 AIG11-B1-F-1 GGGGACAAGTTTGTACAAAAAAGCAGGCTGGTCTTCCGTTGTTACAAAAGAAG
9 AIG11-B2-R2 GGGGACCACTTTGTACAAGAAAGCTGGGTGTCAGTTCTGTCTATAGGCAATG
10 AtG11-B1-F-3 GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGTCGTACATCATCACCAAAGC
11 AtG11-B2-R-4 GGGGACCACTTTGTACAAGAAAGCTGGGTGTCAGGACCCTAAAAGCTGATCACGAGC
crpce 12 AGTI-RACE-R1 TECCACCGGOGAGAAGAGAGTAACGC

-
w

AtG11-RACE-R2 TCTTGAGTGGCTCACGGAGAGGAACAGC

Table S2. List of T-DNA insertion ggpps mutant lines used in this work.

Gene Gene ID Allele Genetic Original seed WT alIeIg genotyping T-DNA_genot1yp|ng
background source ID primers primers
AtGGPPS1 At1g49530 ggppsi-1  Col-0 SAIL_559_GO1 5+6 6+7
g11-2 Col-0 SALK_015098 1+3 3+4
AtGGPPS11 At4g36810 g11-3 Col-0 SALK_085914 2+3 3+4
g11-5 Col-0 SALK_140601 2+3 2+4
'See Table S1
Table S3. Constructs and cloning details.
Pl i
Use Construct Template'  Primers® Sequence® asmid Cloning method
backbone
T -
ranSgeNIC  355.5G11-GFP pSG11G : : pCAMBIA{302 col/Mung Bean
plants nuclease/ T4 ligase
In vitro pET'AtG1 1 pSG1 1G 8+9 AtG11 169-1116 pET32'GW Gateway
GGPPS pET'SG1 1 pSG1 1G 9+10 AtG1 1229-1116 pET32'GW Gateway
activity assay  pET-G11s pSG11G 8+11 AtG11460.10s0  PET32-GW Gateway

'Plasmid pSG11G reported in Ruiz-Sola et al. (2016a), Annex 1

2See Table S1

®Numbers refer to nucleotide positions in the protein coding sequence (positions 1-3 correspond to ATGp), 2
231 to ATG(y), and 1114-1116 to the TGA translation stop codon)
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CHAPTER II

Three Enzyme Isoforms Produce Geranylgeranyl Diphosphate for Plastidial

Isoprenoid Synthesis in Different Tomato Tissues

Abstract

In plants, geranylgeranyl diphosphate (GGPP) is produced by the GGPP synthase (GGPPS)
protein family and serves as a precursor for many isoprenoids, including plastid-localized
carotenoids. Here we report that the tomato (Solanum lycopersicum) genome contains five
genes encoding putative GGPPS enzymes that are differentially localized within plant cells.
In particular, isoforms SIGGPPS], 2 and 3 (or SIG1-3 in short) were found to actively produce
GGPP in plastids. Different gene expression analyses revealed that each plastidial isoform is
associated with a particular tissue-specific developmental process in which carotenoid
biosynthesis is induced. A co-regulation was also found between plastidial GGPPS paralogs
and tomato phytoene synthase (PSY) enzymes, that represent the rate-limiting step for
carotenoid biosynthesis. Thus, root mycorrhization involved the activation of SIG1 and PSY3
genes, while SIG2 and PSY2 were most strongly co-regulated during photosynthetic
processes. SIG3 and PSY1 were co-expressed in both vegetative and fruit tissues. While an
additional role for SIG2 in supplying GGPP for PSY1 activity during ripening could not be
discarded based on expression data, transgenic tomato plants with decreased SIG3 transcript
levels showed reduced accumulation of phytoene (the product of PSY activity) in ripe fruit,
supporting the conclusion that SIG3 is the main isoform producing GGPP for carotenoid
biosynthesis during ripening. Taken together, molecular and metabolic analyses indicate a
functional specialization of plastidial GGPPS isoforms in tomato through a tight spatio-

temporal transcriptional co-regulation with tomato PSY paralogs.

*The second Chapter of the thesis is a research article planned for publication.
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Three Enzyme Isoforms Produce Geranylgeranyl Diphosphate for Plastidial

Isoprenoid Synthesis in Different Tomato Tissues

M. Victoria BARJA!, Miguel EZQUERRO!, Elisenda FEIXES!, Jean Luis ALCIVAR!,

Gianfranco DIRETTO? Rumyana KARLOVA?S, Jules BEEKWILDER3, Manuel RODRIGUEZ-
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1. Program of Plant Metabolism and Metabolic Engineering, Centre for Research in
Agricultural Genomics (CRAG) CSIC-IRTA-UAB-UB, Campus UAB Bellaterra, 08193
Barcelona, Spain.

2. Italian National Agency for New Technologies, Energy, and Sustainable Development
(ENEA), Casaccia Research Centre, 00123, Rome, Italy.

3. Plant Research International, PO Box 16, 6700, AA, Wageningen, The Netherlands.

NOTE: The experiments included in this thesis Chapter were co-designed and performed by
the PhD candidate under the supervision of the PhD director. The contribution of the rest of
the authors to the results shown here was the following: M.E., E.F. and ]J.L.A provided
technical support in sample collection and qPCR analysis; G.D. helped with GCN
construction; R.K. and ].B provided technical advice and discussion on enzymatic activity

assays.

1. Introduction

Isoprenoids are biological molecules essential in all living organisms. In particular,
plants are the main source of the enormous structural and functional variety that
characterizes this family of compounds (Pulido et al., 2012; Tholl, 2015). The building
blocks for the biosynthesis of all isoprenoids are isopentenyl diphosphate (IPP) and
its isomer dimethylallyl diphosphate (DMAPP). These five-carbon (C5) universal
isoprenoid units are produced in plants by the mevalonic acid (MVA) pathway in the
cytosol and the methylerythritol phosphate (MEP) pathway in plastids (Figure 1,
Vranova et al, 2013; Rodriguez-Concepcion and Boronat, 2015). Short-chain
prenyltransferases (SC-PTs) subsequently condense one or more molecules of IPP to
one molecule of DMAPP giving rise to C10, C15 and C20 prenyl diphosphates
known as geranyl diphosphate (GPP), farnesyl diphosphate (FPP) and
geranylgeranyl diphosphate (GGPP), respectively. These intermediates represent the

immediate precursors for downstream pathways leading to the production of the
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main groups of isoprenoids (Figure 1). The SC-PT enzymes that produce each of
these precursors, namely as GPP, FPP and GGPP synthases (Figure 1), contain two
highly conserved domains essential for their catalytic activity referred to as FARM
(tirst aspartate-rich motif) and SARM (second aspartate-rich motif) (Figure S1). The
catalytic function of FARM (DDx24D, where ‘X’ is any amino acid) and SARM
(DDx2D) motifs depends on their coordination with Mg?> ions, required for the
binding of the homoallylic substrate IPP, and one of the allylic substrates (DMAPP,
GPP or FPP), allowing then the production of longer prenyl diphosphates (Marrero
et al., 1992; Tarshis et al., 1994; Song and Poulter, 1994; Koyama et al., 1996; Aaron
and Christianson, 2010). The length of the final product is mainly regulated by the
amino acid identity of the chain-length determination (CLD) motif, located upstream
to the FARM (Figure S1). In general terms, the size of the side chain of the fifth amino
acid before the FARM controls the number of IPP condensations by limiting the
dimensions of the elongation pocket (Ohnuma et al., 1996a, 1996b; Nagel et al., 2015;
Vandermoten et al., 2009). However, other residues have been demonstrated to also
regulate the product length (Tarshis et al., 1994; Wang and Ohnuma, 1999; Fernandez
et al.,, 2000). A recent study proposed a “three-floors” model and identified residues
associated with the production of C25 geranylfarnesyl diphosphate (GFPP), the
precursor of rare C50 sesterpenes (Wang et al., 2016). SC-PTs are typically found in
different cell compartments, consistent with the requirement of their specific prenyl
diphosphate products in different subcellular locations (Figure 1). Although an
important amount of information is available about SC-PTs, it is still difficult to
predict their specific product, cell targeting, and biological function with absolute
confidence relying solely on sequence homology criteria and hence, experimental
evidence is necessary in most cases (Cunillera et al., 1996, 1997; Gaffe et al., 2000;
Beck et al., 2013; Jones et al., 2013; Nagel et al., 2015; Wang et al., 2016; Zhou et al.,
2017).

Carotenoids are one of the most studied groups of plant isoprenoids. They are
greatly demanded as natural pigments (ranging from red to yellow) and provide
benefits for human health, e.g. as precursors of vitamin A and other retinoids
(Sandmann, 2015; Rodriguez-Concepcion et al.,, 2018). In plants, carotenoids have
different functions. In photosynthetic tissues they contribute to light harvesting and
photoprotection. They are also fundamental in growth regulation, since they are the
precursors of retrograde signals and phytohormones such as abscisic acid (ABA) and
strigolactones (SLs). As a secondary role, carotenoids provide distinctive colors to

flowers and fruits to attract pollinators and seed dispersal animals (Nisar et al., 2015;
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Yuan et al,, 2015). In plants, the biosynthesis of carotenoids takes place in plastids
(Ruiz-Sola and Rodriguez-Concepcion, 2012; Sun et al., 2018) and they directly derive
from GGPP, which is also used for the biosynthesis of gibberellins (GAs) and other
essential isoprenoids involved in photosynthesis, including chlorophylls,

tocopherols, and phylloquinones (Figure 1).

Cytosol MVA / Plastid MEP \
pathway pathway
\:/ _-7 CKs I_’// \\\_| .7 CKs
IPP «<—— DMAPP IPP «<—— DMAPP
x3 X3
FPPS \x2 GGPPS GPPS \x1
GGPPS
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Vv P : !
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Figure 1. Compartmentalization of isoprenoid biosynthesis in plant cells. GGPP-associated
pathways are shown in black and other short-chain prenyl diphosphates and their derivatives in
gray. Carotenoid pathway is indicated between vertical brackets. Cytosolic GGPPS is represented
in purple, mitochondrial GGPPS in red, and plastidial GGPPS in green. Phytoene synthase (PSY)
is represented in yellow. Solid and dashed arrows represent single and multiple enzymatic steps,
respectively. See Table of Contents for abbreviations.

Several GGPP synthase (GGPPS) paralogs have been retained in plants during
evolution due to the acquisition of specific functions. Many studies have shown that
different members of a GGPPS family provide GGPP for different metabolic branches
through a network that involves gene expression co-regulation and protein-protein
interactions with downstream isoprenoid biosynthetic enzymes (Beck et al., 2013;
Zhang et al., 2015; Ruiz-Sola et al., 2016a, see Annex 1; Ruiz-Sola et al., 2016b, see
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Annex 2; Zhou et al., 2017, Wang et al.,, 2018b). The allocation of GGPP into
carotenoid biosynthesis is controlled by phytoene synthase (PSY), the first enzyme of
the pathway that catalyzes the condensation of two GGPP molecules into C40
phytoene (Figure 1). It has been shown that metabolic channeling of GGPP to
carotenoids is facilitated by the physical interaction of GGPPS and PSY proteins
(Ruiz-Sola et al., 20164, see Annex 1; Camagna et al., 2018; Wang et al., 2018b).

Tomato (Solanum lycopersicum) has become one of the best plant systems to study the
biosynthesis of carotenoids and its regulation due to the variety of functions that
these isoprenoids play in photosynthetic tissues (e.g. photoprotection) but also in
roots (e.g. mycorrhization) and fruits (e.g. pigmentation). Here we report the
identification and functional characterization of the plastidial GGPPS set in tomato
and provide clues to understand how the supply of plastidial GGPP for the synthesis
of carotenoids with different biological functions in particular tissues is regulated in

this plant species.

2. Results
2.1. Identification of the tomato GGPPS protein family

Two tomato genes presumably encoding GGPPS enzymes (Solycl11g011240 and
Solyc04g079960) have been previously described (Ament et al.,, 2006; Fraser et al.,
2007; Stauder et al., 2018). To investigate the possible existence of further GGPPS-
encoding genes in the tomato genome, we used previously characterized members of
the Arabidopsis thaliana GGPPS family (Ruiz-Sola et al., 2016b, see Annex 2) as queries
(Table S1). We found six putative GGPPS paralogs named as SIGGPPSI
(Solyc11g011240), SIGGPPS2  (Solyc04g079960), SIGGPPS3  (Solyc02g085700),
SIGGPPS4  (Solyc02g085710), SIGGPPS5  (Solyc02g085720) and SIGGPPS6
(Solyc09g008920), herein referred to as SIGI1 to SIG6. The open reading frames of
these six genes were predicted to encode proteins of 365, 363, 360, 393, 373 and 334

amino acids, respectively (Table 1).

All these putative GGPPS homologs were predicted to contain a plastid-targeting
peptide except SIG5, which was predicted to localize to mitochondria according to
TargetP and ChloroP algorithms (Emanuelsson et al., 2007). The identification of these
proteins as putative GGPPS enzymes was initially based on sequence comparisons
(Figure 2). While phylogenetic analyses showed a good separation between GGPPS
candidates and other PTs, the evolutionary distinction between GGPP and GFPP
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synthases was less clear. SIG1-3 were found to cluster with true Arabidopsis GGPPS
isoforms targeted to plastids (GGPPS2 and GGPPS11, here referred to as AtG2 and
AtG11). By contrast, SIG4 and SIG5 appeared to have followed a divergent
evolutionary path and grouped separate from the cluster formed by tomato SIG1-3
and Arabidopsis GGPPS and GFPPS proteins. SIG6 was closely related to the
Arabidopsis type II GPP synthase small subunit (AtSSUII) protein, which interacts
with AtG11 generating a heterodimeric enzyme able to produce GPP in plastids
(Wang and Dixon, 2009; Chen et al., 2015).

Table 1. List of predicted GGPPS isoforms in tomato

Enzyme Abbreviation Gene ID IDflrJer]cti:i:i:(t)er]d IerF:gr;?rt\e(iQa) Prsg;tizg t(raaar;sit
GGPPS1* SIG1 Solyc11g011240  GGPP synthase 365 43
GGPPS2* SIG2 Solyc04g079960  GGPP synthase 363 63
GGPPS3* SIG3 Solyc02g085700  GGPP synthase 360 65
GGPPS4** SIG4 Solyc02g085710  GGPP synthase 393 34
GGPPS5** SIG5 Solyc02g085720  GGPP synthase 373 56
“ssui sissun  Soveosgoosozo  VER TR as 17

*GGPPS activity reported in this work
**Enzymatic activity not confirmed

While the first five tomato isoforms (SIG1-5) contain the two essential catalytic motifs
(FARM and SARM) required for prenyltransferase activity, SIG6 lacks the SARM,
again resembling AtSSUII (Figure SI). SIG1-5, but not SIG6 or AtSSUII, show a
methionine (M) in the fifth position upstream to the FARM (Figure 2 and Figure S1).
This specific M residue, shown to be essential for GGPP production, is not present in
GFPPS enzymes (Nagel et al,, 2015, Wang et al., 2016). A third difference between
SIG1-5 and SIG6 is that the former contain one CxxxC domain (where ‘X" is any
hydrophobic residue) for protein-protein interactions (Vandermoten et al., 2009;
Wang and Dixon, 2009; Zhou et al., 2017; Wang et al., 2018b), whereas two of such
domains are present in SIG6 and AtSSUII proteins (Figure S1). The phylogenetic and
sequence analyses together suggest the existence of five GGPPS paralogs (SIG1-5) in
tomato and one type II SSU (SIG6) that might heterodimerize with one or several of
the true GGPPS enzymes changing the enzyme specificity or the catalytic efficiency

to control the flux of precursors to certain isoprenoid pathways.
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Figure 2. Phylogenetic tree of Arabidopsis (At) and tomato (SI) prenyltransferases. Unrooted
Neighbor-Joining tree constructed with Arabidopsis and tomato PT protein sequences (Table S1).
The percentage of trees in which the associated sequences clustered together is indicated in each
branch. The scale bar represents the mean number of substitutions per site. The chain-length
determination (CLD) region (i.e. the FARM and the previous five residues) is indicated for each
enzyme lineage. Residues determining the product length are shown in blue (positions -4 and/or
-5 to the FARM) and aspartate residues are shown in black; ‘X’ represent any amino acid. See
Table S1 for abbreviations.

2.2. The predicted tomato GGPPS isoforms localize to different cell compartments

To experimentally determine the subcellular localization of SIG1-5 enzymes, we

fused the coding sequence of GFP to the 3’-end of the full-length cDNA sequences
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and expressed the resulting constructs under the control of the CaMV 35S promoter.
Following agroinfiltration of Nicotiana benthamiana leaves, the green fluorescence
emitted by each chimeric protein was analyzed by confocal microscopy at 3 dpi (days
post-infiltration). The GFP fusions of SIG1-3 showed a homogeneous distribution of
the GFP signal that overlapped with chlorophyll autofluorescence, confirming their
location in plastids (Figure 3). SIG4-GFP mainly exhibited a cytosolic distribution of
the GFP fluorescence signal, although green fluorescence was occasionally observed
in the chloroplasts of some cells (Figure 3 and Figure S2). Finally, the signal
corresponding to the SIG5-GFP fusion protein was detected as a punctuate pattern

typical of mitochondrial proteins (Beck et al., 2013) (Figure 3).

GFP Chlorophyli Merge

SIG1-GFP

SIG2-GFP

SIG3-GFP

SIG4-GFP

SIG5-GFP

Figure 3. Subcellular localization of the tomato GGPPS candidates fused to GEFP.
Representative confocal microscopy images of Nicotiana benthamiana leaf cells transiently
expressing tomato GGPPS-GFP fusion proteins. For each construct, green fluorescence from GFP
(first column), red autofluorescence from chlorophyll (second column) and merged channels
(third column) are shown. White arrows indicate the presence of stromules and white bars
represent 10 um.
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The subcellular compartmentalization of the tested proteins is in agreement with in
silico predictions with the only exception of SIG4-GFP, which showed a major
cytosolic localization despite having a predicted plastid-targeting signal. Since the
biosynthesis of carotenoids is exclusively plastidial in higher plants, a functional
GGPPS enzyme involved in this pathway is expected to be mainly targeted to
plastids. For this reason, we focused our research on the characterization of the
plastidial isoforms SIG1-3.

2.3. S1G1, SIG2 and S1G3 are functional GGPP-producing enzymes.

The enzymatic activity of several GGPPS candidates has been assayed in Escherichia
coli strains harboring bacterial genes for carotenoid biosynthesis but lacking GGPPS
activity (Zhu et al., 1997a, 1997b; Wang and Dixon, 2009; Beck et al., 2013; Ruiz-Sola
et al., 2016b, see Annex 2; Zhou et al., 2017). When transforming such E. coli strains
with constructs encoding an active GGPPS, the biosynthesis of carotenoids takes
place and the bacterial cells become colored. This method was used to conclude that
SIG1 and SIG2 are GGPPS enzymes (Ament et al., 2006). However, recent studies
based on liquid-chromatography coupled to mass-spectrometry (LC-MS) or thin-
layer chromatography (TLC) demonstrated that this genetic complementation
strategy is not enough to ascertain the enzymatic activity (i.e. the identity of the
product) of a particular SC-PT enzyme (Nagel et al., 2015, Wang et al., 2016). To
investigate whether SIG1, SIG2 and SIG3 are functional GGPPS enzymes (i.e. that
they actually produce GGPP as major product), we carried out in vitro activity assays
followed by the analysis of the reaction products by LC-MS. The three tomato
isoforms were separately cloned into pET32-GW without their predicted plastid-
targeting sequences and fused to a N-terminal 6x-histidine to facilitate purification
(Figure S3A and Table S5). As positive and negative controls of the activity assays,
we used constructs harboring similar versions of AtG11 and the inactive form G11s
(Ruiz-Sola et al., 2016b, see Annex 2). Whole-cell protein extracts from E. coli Rosetta
cells transformed with individual constructs and induced to produce the
corresponding recombinant proteins, were directly used for activity assays in the
presence of IPP and DMAPP. LC-MS analysis of the reaction products showed that
SIG1, SIG2, SIG3 and AtG11 (but no G11s) produced GGPP and no other detectable
prenyl diphosphate such as GPP, FPP or GFPP (Figure 4A). These results therefore

confirm that the three tomato proteins are true GGPPS enzymes.
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Figure 4. In vitro GGPPS activity assays. (A) LC-MS chromatograms. Bacterial extracts from E.
coli Rosetta cells overproducing the indicated recombinant proteins (lacking the predicted plastid-
targeting peptide and fused to an N-terminal 6x-His tag) were incubated with IPP and DMAPP
and the products were analyzed by LC-MS. AtGlls- and AtGll-producing cell extracts were
used as negative and positive controls, respectively. Three independent experiments were
performed. Prenyl diphosphates were detected using mass-to-charge (m/z) ratios: 244.998 (IPP),
313.061 (GPP), 381.123 (FPP), 449.186 (GGPP) and 518.254 (GFPP). Retention time of available
standards is also shown. (B) Optimal pH determination for the activity of each GGPPS assayed.
Purified recombinant proteins (6x-His-GGPPS) 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 and standard deviation (SD) of
three independent replicates (n=3).

In order to analyze the kinetic properties of the identified tomato GGPPS isoforms,
we then purified the recombinant proteins taking advantage of their 6x-histidine tag,
using again AtG11 as positive control (Figure S3). Enzymatic assays with the purified

recombinant enzymes carried out as described (Barja et al., 2019, see Annex 3)
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showed a similar optimal pH (around 7.5) for all the GGPPS proteins tested (Figure
4B). This result agrees with the conclusion that plastidial GGPPS activity mainly
occurs in the stroma of plastids, where the pH is around 7.8-8, unlike the usual acidic
pH of the thylakoid lumen (Hohner et al., 2016). Consistently, proteomic approaches
(Joyard et al., 2009) and confocal microscopy (Beck et al., 2013; Perello et al., 2016)
found AtGl1 in the chloroplast stroma. The homogeneous pattern of GFP
fluorescence found for SIG1-GFP, SIG2-GFP and SIG3-GFP within chloroplasts and in
stromules (Figure 3) further supports the conclusion that all these tomato GGPPS

isoforms are indeed stromal proteins.

For a deeper characterization of these enzymes, their kinetic parameters (Km and
Vmax) were then calculated for their C5 isoprenyl diphosphate precursors (IPP and
DMAPP) (Table 2). It is noteworthy that the apparent affinity for the substrates (Km)
and Vmax values are very similar among the three tomato enzymes. They are also
similar to those obtained for AtG11 here (Table 2) and elsewhere (Wang and Dixon,
2009; Camagna et al., 2018). All this information together indicates that tomato SIG1-
3 and Arabidopsis AtG11 are very similar enzymes, in agreement with their close

phylogenetic clustering (Figure 2).

Table 2. Kinetic parameters of plastidial GGPPS enzymes. Values correspond to the mean + SD
of three independent experimental replicates (n=3).

DMAPP IPP
(+100 pM IPP) (+100 uM DMAPP)
Km Vmax Km Vmax
(MM) (nmol-min'1-mg'1) (uM) (nmol-min'1-mg'1)
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 2413 +1.07

2.4. Tissue-specific gene co-expression networks suggest functional specialization

of tomato GGPPS enzymes.

It has been demonstrated that genes belonging to the same molecular process or
metabolic pathway are often highly co-expressed across different spatio-temporal
developmental stages, forming strong functional co-expression modules (Gachon et
al., 2005; Wei et al., 2006; Heyndrickx and Vandepoele, 2012; Vranova et al., 2012;
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Ruiz-Sola et al., 2016a, see Annex 1). Gene co-expression network (GCN) analyses are
a powerful tool to infer biological functions to non-characterized genes by applying
the simple concept of “guilt-by-association”, which means that a gene significantly
associated with a molecular pathway at transcriptional level may share similar
functions (Oliver, 2000). To gain further insight into the physiological function of
SIG1, SIG2 and SIG3 we performed targeted GCN analyses with plastidial isoprenoid
biosynthetic pathways in different tomato tissues. We first searched the tomato
genome for genes potentially involved in plastidial GGPP-related isoprenoid
pathways based on sequence homology. By using publicly available databases for
plant comparative genomics (PLAZA 4.0, Phytozome), we gathered tomato genes
putatively encoding the plastidial enzymes of the MEP pathway and downstream
isoprenoid pathways of carotenoids, chlorophylls, tocopherols, phylloquinone,
plastoquinone, gibberellins (GAs), strigolactones (SLs) and abscisic acid (ABA) (Table
S2). Then, we retrieved their expression dataset in different tomato tissues from
TomExpress, a public tomato RNA-seq database that provides a representative
transcriptional landscape of vegetative and reproductive developmental processes
under several environmental conditions (Zouine et al., 2017). The expression pattern
of SIG1, SIG2 and SIG3 in particular tissues was then correlated with that of the
selected isoprenoid-related genes. It was not possible to obtain GCN data for tomato
roots since only two expression values are available for each gene in the TomExpress
database. GCN analyses of vegetative (i.e. photosynthetic) and fruit tissue are shown
in Figure 5, where edges represent a positive significant co-expression with upstream
and downstream pathways of GGPPS enzymatic step (significant co-expression

relationships are listed in Table S3).

The GCN analysis of vegetative tissue showed that SIGI is hardly co-expressed with
any of the query isoprenoid biosynthetic genes, possibly indicating the absence of a
primary role of the SIG1 isoform in the production of GGPP for plastidial isoprenoid
biosynthesis in photosynthetic tissues. By contrast, SIG2 and SIG3 showed much
more connectivity, being SIG2 the paralog with the highest level of co-expression
(Figure 5a). SIG2 appeared to be significantly co-expressed with many genes from
almost all selected isoprenoid pathways, suggesting a central role of this isoform in
chloroplasts, where it might be producing GGPP for the synthesis of most
photosynthesis-related isoprenoids. In particular, SIG2 was co-expressed with most
genes of the carotenoid pathway, showing a strong correlation with PSY?2 (Figure 5a,
Table S3), the gene encoding the PSY isoform with a major role in carotenoid
biosynthesis in photosynthetic tissues (Bartley and Scolnik, 1993; Giorio et al., 2008).
Among the hormone pathways, SIG2 was only highly co-expressed with ABA
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biosynthetic genes. Few significant connections were found between SIG2 and GA
biosynthetic genes whereas no connection was observed with the SL pathway. In
these photosynthetic tissues, the SIG3 gene was mainly co-expressed with carotenoid
and chlorophyll biosynthetic pathways but at lower level than SIG2. Interestingly,
SIG3 appeared to be more connected to PSY1 than to PSY2 (Figure 5a, Table S3), the
gene that encodes the fruit-specific PSY isoform (Bartley et al., 1992; Fraser et al,,
1999; Gady et al., 2012).

When analyzing the fruit ripening GCN we observed much less connections (Figure
5b). The scarcity of nodes observed for SIG1 and SIG2 suggests a minor role for these
GGPP-producing isoforms in the fruit. A higher degree of connectivity was detected
for SIG3, even though it was much lower than that found in vegetative tissues. The
co-expression of SIG3 with PSY1 observed in the GCN analysis of photosynthetic
tissues was not detected in fruit. Interestingly, the SIG3 gene was co-expressed with
the two tomato genes encoding ORANGE (OR) proteins (SIOR1 and SIOR2) during
fruit ripening. OR proteins are chaperones that promote PSY stability and
chromoplast differentiation in carotenoid-producing tissues (Zhou et al., 2015; Park
et al., 2016; Chayut et al.,, 2017, D’Andrea et al., 2018; Welsch et al., 2018). Taken
together, the GCN analyses performed in this study suggest that SIG1 might not have
a relevant role for plastidial GGPP synthesis in vegetative tissues or fruits, SIG2
might be the main isozyme producing plastidial GGPP for photosynthesis-related
isoprenoids, and SIG3 might have a more prominent role during tomato fruit

development.

Figure 5. Gene co-expression networks (GCNs) of tomato genes encoding plastidial GGPPS
enzymes in vegetative (A) and fruit (B) tissues. Genes are represented as nodes and significant
positive co-expression relationships (p>0.55) as edges. Tomato genes encoding plastid-targeted
GGPPS isoforms are depicted as central green nodes and are referred here to as SIG1, SIG2 and
SIG3. Surrounding smaller nodes represent the genes encoding enzymes from several isoprenoid
pathways located upstream and downstream of GGPPS step in plastids. Red, green and black
edges indicate the genes positively co-expressed with SIG1, SIG2 and SIG3 genes, respectively.
Input gene abbreviations are listed in Table S2 and positive co-relation p values are shown in
Table S3. >

-60 -



Chapter II - Results

Vegetative tissue GCN %#
Tocopherol biosynthesis
Phylloquinone
chl 1l -3 & h :
de ?;322{)“ 6‘ ) % a_ ﬁ ] c’?ﬁ biosynthesis
g 2eeRRREREEEF 585
S
& e’é“‘%“:\"ﬁz;; gsv;f”’lﬁgs’v
0. L% 2° & 08
oD, o‘%.* g Ao
265" ST
%" \ o
N4 Plastoquinone @g\
10‘90‘3\‘ biosynthesis ~ +¢,’l«
Q:e%{, SFe?, MEP
§>;"'oo pathway
£
lc‘gaoll
029
)
29 1)
LoaHS
97”0
O¥0g
Chlorophyll ‘f:gj
biosynthesis s
L2THD
g:::g S — Carotenoid
MHY (f—— biosynthesis
HIHD
oW
von3 Y
A
2
A\ e
o\ 1@"\
k) \[@“
A '4‘52
<
Eh)
)
o
& Carotenoid
\4 @) i
k) &4 4\9\,&\?. 2 N degradation . .
S AN A biosynthesis
AT LA i
FEES e )
S BoSz= . 00
&0 8852222298080
R OS2288> 0050
[N ERN SP>P% 0909 25
ERTEEE5°
ABA zn 3
3% g
biosynthesis S8 ¥
SL biosynthesis
B Fruit GCN ‘
Tocopherol biosynthesis
s 2
2 Phylloqui
ylloquinone
Chlorophyll , 8 g l ! ¢
" e = biosynthesis
degradation %% é%miﬁﬁﬁ&gﬁf fogsw !
e 28
B o L I S
SR8 &”
OA_A ° »
R .
c&}(%?a. Plastoquinone
S biosynthesis
geﬁg%‘ MEP
@3’0 pathway
%.
?gl&/oo
13,999
élqo
90y © A
9 °S
250V N2
Oy, ks
‘97/13 »S
2400 o0
Yoy i 705
Chlorophyll ::I It 7"\:-?\50‘
biosynthesis qug y=3 cc o2
£2THD LcY-B1
T SIG1 sic2  sIG3 Lov-e2 Carotencid
E . i
BCH1 biosynthesis
BCH2
CYP97A3
CoeiTB
2ep, C1
25,;,21
Vog
sy
Ny 24
Sy; '84q
2
4|
o ‘,_;A\? \9\&;)0 Carotenoid GA
) 2 degradati
\s gradation )
&6“4 A\E\?"?é% 2 ,/' ? , \ %ﬁg" biosynthesis
QLo o2 ! ! AN
CLRPods, ? PR
LpERSE2 0925 %8 %®
&&AQ 53Zzz>»2000330%” %%
PR OG0 gms 0002589 kN
& U~<-<.<>>§Ugocl°_s
GPARSREXE I 5 ga >
ABR SNTEE
an >3
biosynthesis S8 X B

SL biosynthesis

-61-



Chapter II - Results

2.5. Gene expression analyses confirm an isoform-specific association with
particular developmental processes involving an activation of carotenoid

biosynthesis.

Carotenoids in tomato contribute to mycorrhizal associations, photoprotection, and
fruit pigmentation and, hence, the levels of these GGPP-derived plastidial isoprenoid
metabolites increase during root mycorrhization, seedling deetiolation, and fruit
ripening. In agreement with the rate-determining role of PSY for carotenoid synthesis
(Fraser et al., 2002), the expression of PSY-encoding genes also increase during such
developmental processes. However, not all three genes encoding tomato PSY
isoforms are up-regulated in every tissue where carotenoid biosynthesis is boosted,
but show a clear tissue-specific expression pattern. PSY1 is mainly expressed in
tomato fruit and its expression is boosted during ripening to produce carotenoids
involved in the pigmentation of this organ (Bartley et al., 1992; Fray and Grierson,
1993; Giorio et al., 2008; Kachanovsky et al., 2012). PSY2 is expressed in all tissues,
including fruit, but transcript levels are much higher than those of PSY1 in
photosynthetic tissues, where carotenoids are involved in light harvesting and
photoprotection (Bartley and Scolnik, 1993; Giorio et al., 2008). Lastly, PSY3 is mainly
expressed in roots and it is the only PSY-encoding gene induced during
mycorrhization (Walter et al, 2015; Stauder et al., 2018). We experimentally
confirmed these results by real-time quantitative PCR (qPCR) analysis using our own
tomato samples (Figure 6). Furthermore, we found that the PSY2 gene was more
upregulated than PSY1 during tomato seedling deetiolation (Figure 6B), consistent
with the proposed major role of PSY2 isoform in the production of carotenoids for
photoprotection of photosynthetic tissues. We next used the same samples to test the
expression pattern of the identified SIG1-3 genes and compare it with that of PSY1-3
genes. According to public databases, SIGI is mostly expressed in roots and leaves
while SIG2 and SIG3 are mainly expressed in leaves and fruits (Figure S4). During
root mycorrhization, where the synthesis of carotenoids is induced to produce SLs
and apocarotenoid molecules essential for the establishment of root symbiosis (Fester
et al., 2002, 2005; Baslam et al., 2013; Stauder et al., 2018), only SIG1 was upregulated,
similarly to that observed for PSY3 (Figure 6A). During seedling de-etiolation, when
carotenoid biosynthesis is boosted to protect the emerging photosynthetic apparatus
against the excess of light (Llorente et al., 2017; Pankratov et al., 2016; Rodriguez-
Villalon et al., 2009), SIG2 and PSY2 were strongly upregulated. SIG3 and PSY1 were
also induced with a similar profile during this process but at a much lower level

(Figure 6B). During tomato fruit ripening, when a massive accumulation of
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carotenoids changes the fruit color from green to orange and finally red (Klee and
Giovannoni, 2011; Yuan et al., 2015), the peak of PSY1 expression was observed at the
orange stage, when carotenoids are produced more actively (Figure 6C). In the case
of GGPPS-encoding genes, SIG2 was most strongly induced at the breaker stage
(earlier than that observed for PSY1) whereas SIG3 peaked in orange fruits with a
weaker induction (Figure 6C). Together, the qPCR-based transcriptional analyses are
highly consistent with the GCN results, revealing a tissue/process-specific role for
each individual GGPPS isoform and a strong correlation with particular PSY
isoforms. Thus, SIG1 and PSY3 likely work together in the root, and the tandem
formed by SIG2 and PSY2 might have a major function for photoprotection. More
data, however, were required to conclude whether SIG3 and PSY1 might also be a

functional module for carotenoid biosynthesis during fruit ripening.
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Figure 6. Expression profiles of genes encoding tomato PSY and GGPPS paralogs during
different carotenoid biosynthetic processes. (A) Transcript levels in non-mycorrhized (-) and
mycorrhized roots (+) at six weeks post-inoculation. (B) Transcript levels in 7-day-old etiolated
(dark-grown) seedlings at 0, 6 and 24 h after exposure to light and in controls continuously
grown in the light (L). (C) Transcript levels at different fruit ripening stages: MG, mature green;
B, breaker; O, orange; and R, red ripe. Levels were normalized using the tomato genes EXP (A, B)
or ACT4 (C) and are shown relative to those in the condition with lowest carotenoid levels, i.e.
untreated (A), non-light-exposed (B) or MG (C). Expression values represent the mean + SD of
three independent biological replicates (n=3).
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2.6. A reduction of SIG3 transcript levels decreases phytoene accumulation in red

tomato fruits.

In order to determine the implication of the two tomato ripening-induced GGPPS
genes in fruit carotenoid biosynthesis, we next generated tomato (cv. MicroTom)
stable transgenic lines harboring constructs to constitutively increase the levels of
SIG2 or SIG3. Control transgenic lines containing a plastid-targeted version of GFP
(pGFP) were also generated. Two independent T1 (hemizygous) lines of each
construct were selected for an initial characterization. Primers specific for SIG2 and
SIG3 were used for qPCR analysis of both endogenous and transgene expression in
red fruits collected from transgenic and untransformed (WT) lines. As expected,
transcripts encoding SIG2 were more abundant in 355:5IG2 fruits compared to those
from WT, 35S:;pGFP and 35S:SIG3 plants (Figure 7A). Unexpectedly, however, we
found that both 355:5IG2 and 355:5IG3 lines showed significantly reduced levels of
SIG3 transcripts in ripe fruits compared to WT and 35S:pGFP controls (Figure 7A).

Analyses of the accumulation of carotenoids in red ripe fruits of T1 transgenic and
WT plants showed that the lower accumulation of SIG3 transcripts correlated with
reduced phytoene levels in tomatoes from 355:5IG2 and 355:SIG3 lines (Figure 7B).
Phytoene is directly produced from GGPP by PSY (Figure 1) and, therefore, its levels
can better reflect GGPP availability compared to downstream carotenoids. Indeed,
lycopene, beta-carotene and lutein hardly changed in all transgenic fruits compared
to the WT (Figure 8). Characterization of carotenoid levels in fruits from T2
homozygous lines confirmed these results (Figure S5). A significant reduction of
phytoene levels was observed in orange and red fruits from both 35S5:5IG2 and
355:51G3 lines compared to WT and 35S:pGFP controls, whereas no significant
changes were observed for downstream carotenoids. Quantification of other GGPP-
derived plastidial isoprenoids such as chlorophylls, tocopherols and phylloquinone
also showed no differences between fruits from the different lines at any of the
developmental stages tested (Figure S6). We therefore concluded that
downregulation of SIG3 levels likely results in a decreased production of GGPP in
ripening fruit, leading to lower levels of phytoene. However, the reduction is not
strong enough to impact the levels of downstream carotenoids or other GGPP-

derived isoprenoids.
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Figure 7. Transcript and carotenoid levels in red fruits of T1 transgenic lines. Ripe fruits from
untransformed (WT) and T1 transgenic tomato lines carrying the indicated constructs were
collected and used for (A) qPCR analysis of transcript levels (normalized to ACT4) and (B) HPLC
analysis of the levels of the major carotenoids in ripe fruits. Values represent the mean + SD of at
least three independent biological replicates (n>3) relative to WT levels. Asterisks indicate
significant differences among means relative to WT samples (one-way ANOVA with Dunnett’s
multiple comparisons test, *p<0.05, **p<0.01).
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3. Discussion

In plants, GGPP synthesis and allocation to the different downstream pathways is
controlled by GGPPS enzyme families, whose members are regulated at
transcriptional and post-transcriptional levels (Beck et al.,, 2013; Ruiz-Sola et al.,
2016a, see Annex 1; Ruiz-Sola et al., 2016b, see Annex 2; Zhou et al., 2017; Stauder et
al., 2018, Wang et al., 2018b). Several efforts have been done since the late 90’s to
characterize the GGPPS protein family in A. thaliana, establishing the fundamental
basis for our knowledge of the regulation of GGPP biosynthesis in plants (Zhu et al.,
1997a, 1997b; Okada et al., 2000; Beck et al., 2013; Nagel et al., 2015; Ruiz-Sola et al.,
2016a, see Annex 1; Ruiz-Sola et al., 2016b, see Annex 2; Wang et al., 2016). We are
also starting to understand how GGPP-related metabolites for human interest are
produced in crops such as rice and other plants (Wang and Dixon, 2009; Zhang et al.,
2015; Zhou et al., 2017, Wang et al., 2018a, 2018b). Strikingly, little information was
available on the tomato GGPPS family despite this species is a well-established
model plant. In particular, tomato fruit ripening represents a model system for the
study of climacteric fruit development, which is a process associated with a boost in
the production of GGPP-derived carotenoids. Here we have identified the tomato
GGPPS family and characterized three plastidial GGPPS isozymes that are
specifically associated with fruit ripening and other particular developmental
processes causing an increased production of carotenoids, such as root

mycorrhization and seedling deetiolation (Figure 8).

From the six tomato GGPPS homologs initially identified in silico, SIG6 was
evolutionary related to Arabidopsis SSUII, also named AtSSUII or GGPPS12 (Figure
2 and Figure S1). Due to the absence of the second catalytic domain (SARM), these
type of enzymes are only enzymatically active when interacting with a GGPPS
enzyme, either changing its product specificity from GGPP to GPP (Wang and Dixon,
2009) or enhancing the GGPP enzymatic production in particular processes (Zhou et
al., 2017; Wang et al., 2018b). The interaction between SSUII and GGPPS monomers is
determined by the presence of two CxxxC motifs in the SSUII amino acidic sequence.
Since all these characteristics were actually detected in SIG6 (Figure S1), we renamed
this protein as SISSUII (Solyc09g008920). Nevertheless, subcellular localization,
tissue-specific gene expression and protein-protein interaction assays between SIG6
and putative GGPPS partners will be necessary to experimentally confirm whether it
acts as a heterodimeric SSUII in vivo and then, activity assays would be required to
determine the product specificity of the heterodimer formed. Heterodimer formation

actually represent an important layer of post-translational regulation to tightly
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control GGPP flux towards the required metabolic branches in several species,
including Arabidopsis, rice, and pepper (Wang and Dixon, 2009; Zhou et al., 2017;
Wang et al.,, 2018b), so it would not be surprising that tomato also shares this

regulatory mechanism.

At the protein sequence level, the rest of the GGPPS paralogs found (SIG1-5) showed
the seven domains highly conserved in SC-PTs (Koike-Takeshita et al., 1995) and all
other features known to be required for GGPPS activity (Figure S1). Moreover, they
were differentially located within plant cells (ie. in plastids, cytosol and
mitochondria). This is consistent with the need of GGPPS isozymes in several cell
compartments to feed the different organelle-specific isoprenoid pathways (Bick and
Lange, 2003; Beck et al., 2013; Ruiz-Sola et al., 2016b, see Annex 2; Zhou et al., 2017;
Wang et al,, 2018b). We confirmed that three of the five GGPPS homolog genes
identified (SIG1-3) encode functional GGPPS enzymes localized in plastids when
fused to GFP (Figure 3, Figure 4A). SIG5-GFP appeared to be targeted to
mitochondria, whereas the GFP-fused SIG4 protein, despite showing a major
preference for cytosolic location, was also observed in the chloroplasts of some N.
benthamiana cells (Figure S2). Dual subcellular localization of many isoprenoid
biosynthetic enzymes has been widely described in Arabidopsis (Cunillera et al., 1997;
Phillips et al., 2008; Sapir-Mir et al., 2008). AtG11, the only GGPPS-encoding gene
found to be essential in Arabidopsis, encodes two functional isoforms: a long one
with an N-terminal domain enabling plastidial targeting (AtG11) and a shorter one
(sG11) without such domain that localizes in the cytosol (Ruiz-Sola et al., 2016b, see
Annex 2). In many cases, the production of two differentially-targeted proteins from
the same gene is due to a weak transcription initiation site on the corresponding
gene, giving rise to some transcripts that lack the first ATG codon of the coding
sequence. Thus, translation starts from a second in-frame ATG codon producing a
shorter protein lacking the N-terminal region (which usually corresponds to the
organelle-specific transit peptide). Although a similar transcriptional regulation
could be happening for SIG4, the very low frequency of plastidial localization of the
constitutively overexpressed SIG4-GFP protein suggests a negligible contribution of
the SIG4 enzyme to the biosynthesis of carotenoids. Further investigation would be
required to ascertain whether the endogenous SIG4 gene can actually produce

transcripts of different size encoding plastidial and cytosolic versions of the enzyme.

The presence of at least three GGPPS isoforms in tomato plastids may be caused by
the acquisition of specific roles during evolution either through a differential spatio-
temporal gene expression, triggered by developmental and environmental signals, or

through specific interactions with enzymes from distinct metabolic pathways.
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Mining of public tomato gene expression databases (Tomato eFP Browser and
TomExpress), GCN analyses and qPCR assays (Figure 5, Figure 6) led us to conclude
that SIG1 likely has an important role in roots together with PSY3. This conclusion is
supported by a recent study showing that the expression of PSY3 and SIGI
coordinately responds to tomato root mycorrhization and phosphate starvation
(Stauder et al., 2018). The SIG1-PSY3 tandem might be deriving the flux of MEP-
derived precursors towards the synthesis of carotenoid-derived molecules that are
crucial for the symbiosis establishment (i.e. SL hormones and C13 a-ionol/C14
mycorradicin apocarotenoids). The possible involvement of this protein pair in the
production of ABA to face abiotic stress events in roots is yet to be determined.
However, the observation that SIG1 was only co-expressed with a few genes from the
ABA synthetic pathway in vegetative and fruit tissues (Figure 5) would be consistent
with the contribution of SIG1 to the production of ABA under certain environmental
conditions. SIGI expression was found to be induced in leaves under herbivore-
feeding, correlating with an increase in the emissions of GGPP-derived volatiles
involved in the attraction of natural enemies of the attacking insect (Ament et al.,
2006; Richter et al., 2016). It is therefore possible that this isoform might be
specialized in the formation of GGPP for the production of metabolites required in

stress situations not only in roots, but also in other plant tissues such as leaves.

In the case of SIG2, GCN analysis showed a strong relationship with most
photosynthesis-related isoprenoids in vegetative tissues (Figure 5A). This expression
pattern is very similar to that of the AtG11 gene that is highly co-expressed with most
upstream and downstream plastidial isoprenoid pathways, consistent with its
demonstrated role on the production of photosynthesis-related isoprenoids such as
carotenoids, chlorophylls or prenylquinones (Ruiz-Sola et al., 2016a, see Annex 1;
Ruiz-Sola et al., 2016b, see Annex 2). SIG3 was also highly co-expressed with genes
involved in chlorophyll and carotenoid metabolism in vegetative tissues (Figure 5A).
However, qPCR analyses revealed that SIG2 was much more strongly upregulated
during tomato seedling de-etiolation, when an enhanced production of
photosynthesis-related isoprenoids contributes to assemble a functional
photosynthetic machinery (Figure 6B). The induction profile of SIG2 was very similar
to that of photosynthesis-related PSY2, whereas SIG3 expression pattern during
deetiolation paralleled that of ripening-associated PSY1 (Figure 6B). These results
together with the GCN analyses strongly suggest a more prominent role of SIG2
compared to SIG3 in photosynthetic tissues. They also indicate that, similar to that
proposed for the SIG1-PSY3 pair, SIG2-PSY2 and SIG3-PSY1 might form modules to
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direct MEP-derived precursors into the production of specific sets of carotenoids

(Figure 8).
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The roles of SIG2 and SIG3 also seem to be interconnected during fruit ripening
(Figure 8). In the fruit, SIG3 is more highly expressed than SIG2, has a bigger node
degree, and shows a stronger co-expression with carotenoid-related genes, including
PSY1 (Figure 5B and Figure 6C). SIG2 was also induced during fruit ripening but
peaked before SIG3 and PSY1 (Figure 6C). In any case, upregulation of SIG2 and SIG3
transcript levels during ripening was much lower than that measured for the PSY1
gene (Figure 6C). At the breaker stage, the relative levels of PSY1 transcripts increase
around 30 times compared to its expression in mature-green fruits. By contrast, SIG3
expression was just 2.5-fold higher, while SIG2 was induced around 7-fold. We
speculate that SIG2 might be strongly induced at this point to help the SIG3 isoform
to supply GGPP to boost the synthesis of carotenoids. When the fruit is ripe and final
carotenoid levels have been reached, the expression of PSY1 drastically decreases.
The similar repression of SIG2 and SIG3 expression at this stage keeps supporting the
involvement of both isoforms in fruit carotenoid production (Figure 6C). However,

the observation that phytoene accumulation is reduced in ripe fruits from transgenic
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lines with higher SIG2 but lower SIG3 transcript levels (Figure 7, Figure S5) strongly
supports SIG3 as the main isoform producing GGPP for carotenoid biosynthesis

during fruit ripening (Figure 7).

Apart from transcriptional regulation, a wide range of studies have been pointing
out the existence of protein complexes regulating isoprenoid metabolism through the
allocation of the precursors into the required metabolic branches. The interaction of
different plant GGPPS enzymes with other proteins involved in isoprenoid
biosynthesis, including PSY, was demonstrated through different protein-protein
interaction approaches in the past decades (Dogbo and Camara, 1987; Camara, 1993;
Maudinas et al., 1977; Fraser et al., 2000; Ruiz-Sola et al., 2016a, see Annex1; Zhou et
al., 2017; Camagna et al., 2018; Wang et al., 2018b). In the light of our observations,
we speculate that something similar might occur between specific GGPPS and PSY
isoforms in tomato. Interaction of SIG1 and PSY3 might ensure the channelling of IPP
and DMAPP into the production of carotenoids involved in mycorrhization (Figure
8). Complexes containing either SIG2 and PSY2 or SIG3 and PSY1 might cooperate to
produce carotenoids in leaves and fruits, with the SIG2-PSY2 tandem preferentially
involved in the biosynthesis of photosynthesis-related carotenoids and the SIG3-
PSY1 pair mostly dedicated to ripening-related pigmentation (Figure 8). This
relatively simple scenario, however, can be much more complex in vivo, based on the
presence of different GGPPS-encoding genes in the same tissues and the potential of
the encoded proteins to heterodimerize among them and with other related proteins
(e.. SISSUII). The existence of tomato GGPPS metabolons can only be experimentally
ascertained, e.g. by the isolation of the GGPPS-containing protein complexes in
different tissues, followed by the sequencing of all protein interactors. Analysis of
simple and double tomato mutants lacking specific GGPPS isoforms (e.g. generated
using CRISPR-Cas9 technology) should confirm whether they have redundant roles
or, on the contrary, their function is specific for some processes or in particular
tissues. Deciphering the regulation of plastidial GGPP production and channeling
will be really useful for future metabolic engineering approaches, aimed to
manipulate the accumulation of carotenoids and other specific groups of GGPP-
derived isoprenoids. For example, in the case of carotenoids it should allow to
specifically improve the nutritional quality of tomato fruits without interfering with

other vital processes such as photoprotection, mycorrhization, or tolerance to stress.
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4. Materials and Methods
4.1. Plant material and growth conditions

Tomato (Solanum lycopersicum var. MicroTom) plants were used for most
experiments. Seeds were surface-sterilized by a 15 min incubation with 40% bleach
(and 2 drops of tween-20 every 50 mL of solution) and three consecutive 20 min-
washes with sterilized milli-Q water. Sterile-seeds were then sown in Corning®
round plates (D x H 150 mm x 25 mm, Merck) with solid Murashige and Skoog
medium without vitamins or sucrose, but adding kanamycin (100 pg/mL) when
required to select transgenic plants. After stratification for 3 days at 4 °C in the dark,
plates were incubated in a climate-controlled growth chamber at 24 °C and
illuminated for 14 h with fluorescent white light at a photosynthetic photon flux
density of 140 umol m? s'. 7-10 day seedlings were then transferred to soil and
grown under standard greenhouse conditions (14 h light at 27 + 1 °C and 10 h dark at
22 +1°C).

Fruits samples were collected at 4 ripening stages according to the days post-anthesis
(DPA): mature green (MG, ~30 DPA), breaker (BR, ~35 DPA), orange (OR, ~38-40
DPA) and red (R, ~45-50 DPA). The pericarp was separated from the rest of the fruit
and immediately frozen in liquid nitrogen and freeze-dried during 3 days in a
laboratory freeze-dryer (ALPHA 2-4 LD plus, CHRIST). Freeze-dried samples were
stored at -80 °C until further analysis. For deetiolation experiments, tomato sterilized
seeds were sown on sterile water-soaked cotton in transparent 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. Control samples were left under
continuous light conditions. After one week, etiolated seedlings were exposed to
light and samples were harvested at 0, 6 and 24 hours after illumination. Control
(non-etiolated) seedlings were collected at time-point 0 hours. Samples were frozen
in liquid nitrogen, subjected to an overnight freeze-drying and stored at -80 °C. At
least three independent biological replicates (containers) were collected for each time
point. Each biological replicate was a pool of ten tomato seedlings. Nicotiana
benthamiana plants used for transient expression assays were grown under standard
greenhouse conditions (14 h light at 26 + 1°C and 10 h dark at 21 + 1°C).
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4.2. Constructs

Full-length cDNAs encoding SIG1-5 (Table 1) were amplified from tomato cDNA and
cloned into pDONR207 entry plasmid using Gateway (GW) technology (Invitrogen,
California, USA). Full length sequences were then sub-cloned into pGWB405 plasmid
(Nakagawa et al., 2007) and used for transient expression in N. benthamiana leaves
and stable transformation of tomato plants (MicroTom). Constructs in the pGWB405
vector harbor the GFP sequence in frame at the 3’ end of each element cloned and the
expression module is controlled by the CaMV 35S promoter. pGWB405_pGFP
construct (355:pGFP) was generated by N-terminal fusion of the plastid-targeting
sequence of the Arabidopsis HDS gene (Gas et al., 2009) to GFP and it was used as an
overexpression plastidial control. For protein expression in E. coli, SIG1-3 versions
lacking the predicted transit peptide were amplified from pGWB405 constructs,
cloned into the pDONR207 plasmid and then subcloned into pET32-GW plasmid
fusing a 6x-Histidine tag at the N-terminal end of the cloned fragments. pET32-GW
constructs containing similar Arabidopsis AtG11 versions are described in (Ruiz-Sola
et al.,, 2016b, see Annex 2). Constructs were confirmed by restriction mapping and
DNA sequence analysis. Information about primers used and cloning details are

described in Supplementary Tables S4 and S5 respectively.

4.3. Phylogenetic analysis

Arabidopsis GGPPS (Beck et al., 2013; Ruiz-Sola et al., 2016b, see Annex 2) and other
PT protein sequences were retrieved from The Arabidopsis Information Resource

(https://www.arabidopsis.org/) and used as queries to search for putative tomato

homologs using BLAST against tomato genome on the Solanaceae Genomics Network

(http://solgenomics.net/) and the National Center for Biotechnology Information websites

(www.ncbi.nlm.nih.gov/). The accession numbers of the identified homologs are

listed in Table 1. The presence of transit peptides was predicted using ChloroP and
TargetP algorithms as described in (Emanuelsson et al., 2007). Protein alignments of
Arabidopsis and tomato PT sequences lacking the predicted transit peptides (Figure

S1), were performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/)

with default settings (Sievers et al., 2011; Sievers and Higgins, 2014). An unrooted
tree was then constructed using MEGA6 (Hall, 2013; Tamura et al, 2013).
Evolutionary connections among PTs were predicted by the Neighbor-Joining
method based on the Poisson model, where pairwise deletion was selected for gap

deletions. Bootstrapping was performed on 1,000 pseudoreplicates.
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4.4. Subcellular localization assays

Subcellular localization assays were performed by Agrobacterium tumefaciens-
mediated transient expression in N. benthamiana leaves (Sparkes et al., 2006). A.
tumefaciens GV3101 strains were transformed with constructs in the pGWB405 vector
and grown on Luria-Bertani (LB) agar plates with the corresponding antibiotics at 28
°C for 3 days. A single PCR-confirmed colony per construct was inoculated in 5 mL
antibiotic-complemented LB media and incubated overnight at 28 °C in 300 rpm
continuous agitation. 500 uL of the grown culture were then inoculated in 20 mL of
LB media and incubated overnight at 28 °C in 300 rpm continuous agitation. ODsoo of
each liquid culture was spectrophotometrically measured and after that, cultures
were centrifuged at 4000 rpm for 10 min. Bacterial pellets were resuspended in
infiltration buffer (10 mM MES pH5.5-6, 10 mM MgSOs, 150 uM acetosyringone) to
reach a final ODew of 0.5. To prevent silencing, leaves were co-infiltrated with an
Agrobacterium strain transformed with a vector expressing the HC-Pro silencing
suppressor (Goytia et al., 2006). A 1:1 mixture of the two cultures was infiltrated with
a syringe in the abaxial part of leaves from four to six-week old N. benthamiana
plants. Then, plants were left in the greenhouse and leaf samples were collected three

days post-infiltration (dpi) for confocal microscopy analysis.

4.5. Confocal microscopy

Subcellular localization of GFP fusion proteins was determined by analyzing
agroinfiltrated leaf samples with an Olympus FV 1000 confocal laser-scanning
microscope. GFP signal and chlorophyll autofluorescence were detected using an
argon laser for excitation (at 488 nm) and a 500-510 nm filter for detection of GFP
fluorescence and a 610-700 nm filter for detection of chlorophyll fluorescence. All

images were acquired using the same confocal parameters.

4.6. Stable transformation of tomato plants

Strain GV3101 of A. tumefaciens was used to stably transform tomato MicroTom
cotyledons with pGWB405_SIG2, SIG3 or pGFP as described in Fernandez et al
(2009). In vitro regenerated T1 tomato transgenic lines were identified based on
kanamycin resistance (100 pg/mL) and genotyping PCR, using ACTIN4
(Solyc04g011500) as an internal control. Homozygous tomato lines containing a

single T-DNA insertion were selected based on a RT-qPCR genotyping method
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optimized in our lab (see Annex 4), using tomato LAT52 (Solyc10g007270) as an
endogenous reference gene. Genotyping PCR and qPCR primers are listed in
Supplementary Table S4. At least, two independent lines of each construct were used

for further experiments.

4.7. GGPPS activity assay and product identification

Constructs to express different truncated GGPPS protein versions were generated in
pET32-GW vector as previously described (Table S5). Competent E. coli Rosetta 2
(DE3) cells (Novagen, Merck KGaA, Darmstadt, Germany) were separately
transformed with each construct to produce the recombinant proteins. Single
colonies of each individual transformant were inoculated in 5 mL of LB medium with
appropriate antibiotics and grown overnight at 37 °C. 250 uL of each pre-culture was
diluted in 25 mL 2xYT medium with the required antibiotics and incubated at 37 °C
and 250 rpm until an ODsw between 0.5 and 0.8 was reached. Then, 1 mM of IPTG
was added to induce the production of the recombinant proteins and the cultures
were incubated overnight at 18 °C and 250 rpm. Bacterial cells were harvested by
centrifugation at 3400 rpm for 15 min and pellets were resuspended in 1 mL of 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 zirconium/silica beads 0.1 mm (BioSpec Products) were
added and bacterial lysis was carried out by two rounds of shaking for 10 seconds at
speed 6.5 in a FastPrep machine (FP120 Biol01 Savant). Cell lysates were
subsequently centrifuged during 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 a final volume of 200 pL containing 25 uL of cell extract, 150 uM IPP
and 50 uM DMAPP in assay buffer supplemented with 5 mM NasO4V. The reaction
mix was incubated for 2 h at 30 °C in mild agitation and stopped by adding 800 pL 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 (Eppendorf Concentrator plus) during 4 h
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 glass vials. The detection of prenyl diphosphate products by LC-MS was
carried out as described in Ruiz-Sola et al (2016b, see Annex 2). Data acquisition and
visualization was performed using Xcalibur™ software (ThermoFischer Scientific™).
IPP and DMAPP substrates and FPP and GGPP standards were obtained from

Echelon Biosciences Inc.
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4.8. Kinetic analyses

Enzyme assays for the determination of the tomato GGPPSs kinetic properties
(optimal pH and Km and Vmax) were developed as detailed in Barja et al. 2019 (see
Annex 3) using 3 pg of purified SIG1, SIG2, SIG3 and AtGll enzymes. pET32
constructs were used to produce 6x-His-tagged recombinant enzymes (Table S5) and
protein purification from E. coli Rosetta cells was carried out using nickel-
nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) as described in Barja et al., 2019 (see
Annex 3). Protein concentration was determined according to Bradford method
(Bradford, 1976).

4.9. Gene Co-expression Network (GCN) analyses

Gene co-expression analysis was performed as previously described (Ahrazem et al.,
2018). Briefly, an ad hoc list of tomato GGPPS genes was compiled and used to
retrieve  all the expression data available for different tomato
cultivars/tissue/treatment in the TomExpress database (Maza et al, 2013).
Subsequently, pairwise Pearson correlations between each GGPPS gene and each
selected isoprenoid biosynthetic input gene (Table S2) was computed for vegetative
and fruit tissues, and Fisher’'s Z-transformation was used to test the statistical
significance of pairwise correlations. Finally, positive correlations (p>0.55) were used

to draw gene co-expression networks (Table S3).

4.10. Gene expression analysis by RT-qPCR

Total RNA was isolated from freeze-dried tissue (tomato fruit pericarp or seedlings)
using the Maxwell® RSC Plant RNA Kit with the Maxwell® RSC Instruments
(Promega) following the manufacturer’s instructions, quantified using a NanoDrop™
8000 spectrophotometer (ThermoFischer Scientific™) and checked for integrity by
agarose gel electrophoresis. The Transcriptor First Strand cDNA Synthesis Kit (Roche)
was used, considering the provided recommendations, to reverse transcribe 0.5 pg of
extracted RNA into 20 uL of cDNA, subsequently diluted ten-fold and stored at -20

°C for further analysis.

Relative mRNA abundance was evaluated via Real-Time Quantitative Polymerase
Chain Reaction (RT-qPCR) in a reaction volume of 20 pL containing 10 uL of the
LightCycler 480 SYBR Green I Master Mix (Roche), 0.3 uM of each specific forward
and reverse primers and 5 pL of prepared cDNA. The RT-qPCR was carried out on a
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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, and the mean values were used for further calculations.
Normalized transcript abundances were calculated as described previously (Simon,
2003) using tomato ACT4 (Solyc04g011500) or EXP (Solyc07g025390) as endogenous
reference genes. Primer efficiencies were calculated using serial dilutions of genomic

or plasmidic DNA. Primers used and efficiencies are listed in Table S4.

Three biological replicates of cDNA samples from roots of non-mycorrhized and
mycorrhized tomato plants were kindly provided by Dr. Juan Antonio Lopez-Réez.
Solanum lycopersicum (cv. Reimlams Rhums) plants were inoculated with the
arbuscular mycorrhizal (AM) fungus Rhizophagus irregularis (EEZ 58 strain) and
cultivated for 6 weeks under moderate drought stress. Total RNA was extracted from
roots of non-inoculated and inoculated plants and 1 pg was used to synthesize the
cDNA. More details of plant material, growth conditions and cDNA synthesis can be
found in Ruiz-Lozano et al. (2016). The cDNA received was then diluted 20 times
before performing the RT-qPCR experiments.

4.11. Extraction and analysis of GGPP-derived metabolites

Carotenoids, chlorophylls, tocopherols and phylloquinone were extracted in 2 mL
Eppendorf tubes from 15 mg of freeze-dried tomato pericarp tissue, using 1 ml of
hexane/acetone/methanol 2:1:1 as extraction solvent and 15 pg of canthaxanthin
(Sigma) as internal control. After vortexing for 10 secs and lysing the tissue with 4
mm glass beads for 1 min at 30 Hz in a TissueLyser II (QIAGEN), 100 uL of water
were added. Then, 1 min of TissueLyser was carried out again and samples were
centrifuged for 3 min at 3,000 rpm and 4 °C. Organic phase (upper) was kept in a
new tube and the rest was re-extracted with 1 mL hexane/acetone/methanol 2:1:1, 1
min of TissueLyser and centrifuging for 5 min at maximum speed and 4 °C. The new
organic phase was mixed with that previously extracted and evaporated for 1 h using
a SpeedVac system (Eppendorf Concentrator plus). Extracted metabolites were then
completely re-dissolved in 150 pL of acetone and filtered with 0.2 um filters into
amber-colored 2 mL glass vials. Separation and detection of isolated compounds was
performed from 33 pL of prepared samples using an Agilent 1200 series HPLC system
(Agilent Technologies) as described previously (Fraser et al., 2000). The HPLC
equipment was coupled to a Photometric Diode Array (PDA) detector, allowing the

detection of the full uv-visible absorption spectra of carotenoids and chlorophylls.
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Tocopherols and phylloquinone were identified using a fluorescence detector at 330
and 420 nm, respectively. Chromatogram visualization and data analysis were

performed using the Agilent ChemStation software.
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Figure S1. Sequence alignment of Arabidopsis and tomato PT proteins. Multiple sequence
alignment was carried out using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) with
default settings. The predicted targeting peptides were removed for the protein alignment.
Numbers at the beginning of each sequence indicate the first amino acid aligned. Numbers at the

end of each sequence indicate protein length. Icons represent the species. The seven domains
highly conserved in PTs are underlined. The interaction CxxxC (x = any hydrophobic residue)
motifs are highlighted in pink. The catalytic motifs FARM (first aspartate-rich motif) and SARM
(second-aspartate rich motif) are boxed in black. Mutated SARM signatures are indicated in red.
The CLD (chain-length determination) region is marked in blue, highlighting the residues at
positions —4 and /or -5 relative to the FARM which have been shown to be critical for the final
length of the synthesized product. GGPPS enzymes have a methionine (M) in that position
(boxed in blue).
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GFP Chlorophyll Merge

Figure S2. Dual subcellular localization of the SIG4-GFP fusion protein. Confocal microscopy
images of N. benthamiana leaf cells transiently expressing the SIG4 isoform fused to GFP are shown.
The first column shows green fluorescence from GFP, the second shows red autofluorescence from
chlorophyll and the third represents the overlay of the two channels. Section (A) shows the most
commonly observed localization of the SIG4-GFP protein (in the cytosol), whereas section (B) shows
plastidial localization of the protein in some cells. White bars indicate the magnification of the images.
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Figure S3. Purification of recombinant 6xHis-tagged GGPPS proteins. (A) Schematic
representation of the purified GGPPS enzyme versions (lacking the predicted plastid-targeting
peptide and fused to a 6xHis-tag in the N-terminal end). (B) Coomassie-Blue staining gels
showing the purification of the indicated truncated proteins. The enzymes were purified as
described (Barja et al.,, 2019, see Annex 3) from soluble lysates (Lys) of E. coli Rosetta cells
overproducing the recombinant protein. Lysates were separately incubated with Ni-NTA beads
and the staining of the flow-through (FT) shows that 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, quantified and stored with glycerol 40% at < -20 °C.
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Figure S4. Transcript levels of PSY and plastidial GGPPS paralog genes in different tomato
tissues. Expression data were retrieved from the Tomato eFP Browser database
(http://bar.utoronto.ca/efp tomato/cgi-bin/efpWeb.cgi). Graphs show the transcript levels of
PSY1-3 and SIG1-3 in roots, leaves and red ripe fruits. Results are represented as the percentage

of expression of each gene per tissue. Thus, 100% of the expression of each gene represents the
sum of the expression in each selected tissue. PSY1 gene, for example, is only expressed in fruits
(100% of expression) while around the 75% of SIG2 expression is detected in fruits and the 25% in
leaves. See Table 1 for accessions.
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Figure S5. Carotenoid levels in fruits from T2 transgenic lines. Levels of individual carotenoids

were measured in mature green (MG), orange (O) and red (R) fruit pericarp samples of WT,
35S8:;pGFP, 355:5IG2 and 35S:SIG3 lines. At least two independent transgenic lines per construct
were used for the HPLC analyses. The graphs represent the mean + SD of three independent

biological replicates (n=3). Values represent percentage relative to total carotenoid contents of

WT MG fruits. Asterisks indicate significant differences among means relative to WT samples in

each ripening stage (one-way ANOVA with Dunnett’s multiple comparisons test, *p<0.05,

*p<0.01).
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Figure S6. Chlorophyll, tocopherol and phylloquinone levels in fruits from T2 transgenic lines.
Levels of total chlorophylls, total tocopherols and phylloquinone were analyzed in the pericarp of
mature green (MG), orange (O) and red fruits of WT, 355:pGFEP, 355:5IG2 and 355:5IG3 lines. The same
samples as those used for carotenoid analysis in Figure S5 were used. The graphs represent the mean +
SD of three independent biological replicates (n=3). Values represent percentage of total contents
relative to WT levels in MG fruits. No significant differences among means relative to WT samples
in each ripening stage were found (one-way ANOVA with Dunnett’s multiple comparisons test).
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Table S1. List of Arabidopsis (At) and tomato (S1) prenyltranferases used for sequence and
phylogenetic analyses. Abbreviations: PT (prenyltransferase); FPP(S), farnesyl diphosphate
(synthase); GGPP(S), geranylgeranyl diphosphate (synthase); GFPP(S), geranylfarnesyl diphosphate
(synthase); SPS; solanesyl diphosphate synthase; PPP, polyprenyl diphosphate synthase; DPS,
decaprenyl diphosphate syntahse; SSU, small subunit; C, cytosol; ER, endoplasmic reticulum; M,
mitochondria; P, plastid

o Gore D e el e Retes
FPP synthases
AtFPPSA At5g47770 384 41 M+C Cunillera et al., 1996; 1997
AtFPPS2 At4g17190 342 - C Cunillera et al., 1996; Keim et al., 2012
SIFPPS1 Solyc12g015860 342 - c* Gaffe et al., 2000
SIFPPS2 Solyc10g005810/20 389 114 M** Gaffe et al., 2000
GGPP synthases
AtGGPPS1 At1g49530 336 29 M \?\f::ge;ta;f_,z:g?é Nagel et al., 2015;
AtGGPPS2 At2g18620 347 39 P \?\f::ge;ta;f_,z:g?é Nagel et al., 2015;
AtGGPPS3 At2g18640 372 22 C-ER Beck et al., 2013; Wang et al., 2016
AtGGPPS4 At2g23800 376 24 C-ER Beck et al., 2013; Wang et al., 2016
AtGGPPS11 At4g36810 371 56 pic  pooketal, 201 %;Oﬁlgge('l\e; ab 22?1 5
SIG1* Solyc11g011240 365 43 P Ament et al., 2006; This study
SIG2* Solyc04g079960 363 63 P Ament et al., 2006; This study
SIG3* Solyc02g085700 360 65 P This study
SIG4** Solyc02g085710 393 34 C-ER*™ This study
SIG5** Solyc02g085720 373 56 M** This study
GFPP synthases
AtGFPPS1 At3g14530 360 39 P \E,’f::ge;tae'{l’_ 22%11%; Nagel et al.,, 2015;
AtGFPPS2 At3g14550 360 39 P \E,’f::ge;tae'{l’_ 22%11%; Nagel et al., 2015;
AtGFPPS3 At3g29430 357 a7 P \E,’f::ge;tae'{l’_ 22%11%; Nagel et al., 2015;
AtGFPPS4 At3g32040 360 72 P \E,’f::ge;tae'{l’_ 22%11%; Nagel et al.,, 2015;
Long-chain PTs
AtSPS1 At1g78510 406 71 C-ER Jun et al., 2004; Hirooka et al., 2005
AtSPS2 At1g17050 417 60 P Jun et al., 2004; Hirooka et al., 2005
AtPPPS1/AtSPS3 At2g34630 422 88 P Ducluzeau et al., 2012
AtPPPS2 At3g20160 344 40 P Beck et al., 2013; Wang et al., 2016
SISPS Solyc07g061990 398 44 P Jones et al., 2013
SIDPS Solyc08g023470 415 55 M Jones et al., 2013
Type Il SSUs
AtSSUII At4g38460 326 33 P Wang and Dixon, 2009; Chen et al., 2015
SIG6 / SISSUll* Solyc09g008920 334 17 p** This study

*Activity reported in this work
**Prediction. Needs experimental confirmation
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Table S2. List of plastidial isoprenoid-related genes used for the tomato GGPPS GCN analyses.
Arabidopsis genes were used as queries to search for tomato homologs in PLAZA 4.0

(https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v4 dicots/) and

Phytozome

(https://phytozome.jgi.doe.gov/pz/portal.html#). Genes are organized by pathways.

Input gene Gene ID Description
MEP pathway
DXS1 Solyc01g067890 1-deoxy-D-xylulose-5-phosphate (DXP) synthase 1
DXS2 Solyc11g010850 1-deoxy-D-xylulose-5-phosphate (DXP) synthase 2
DXS3a Solyc01g028900 1-deoxy-D-xylulose-5-phosphate (DXP) synthase 3a
DXS3b Solyc089066950 1-deoxy-D-xylulose-5-phosphate (DXP) synthase 3b
DXR1 Solyc03g114340 DXP reductoisomerase 1
DXR2 Solyc069060860 DXP reductoisomerase 2
MCT Solyc01g102820 2-C-methyl-D-erythritol 4-phosphate cytidyltransferase
CMK Solyc01g009010 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase
MDS Solyc08g081570 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase
HDS Solyc11g069380 4-hydroxy-3-methylbut-2-enyl diphosphate synthase
HDR Solyc01g109300 4-hydroxy-3-methylbut-2-enyl diphosphate reductase
IDI1 Solyc08g075390 Isopentenyl diphosphate isomerase 1
IDI2 Solyc059055760 Isopentenyl diphosphate isomerase 2
IDI3 Solyc04g056390 Isopentenyl diphosphate isomerase 3
GGPP biosynthesis
G1 (SIG17%) Solyc11g011240 GGPP synthase 1
G2 (SIG2%) Solyc04g079960 GGPP synthase 2
G3 (SIG3%) Solyc02g085700 GGPP synthase 3
G4 (SIG4™) Solyc02g085710 Putative GGPP synthase 4
G5 (SIG5™) Solyc02g085720 Putative GGPP synthase 5
Carotenoid biosynthesis
PSY1 Solyc03g031860 Phytoene synthase 1
PSY2 Solyc02g081330 Phytoene synthase 2
PSY3 Solyc01g005940 Phytoene synthase 3
PDS Solyc03g123760 Phytoene desaturase
ZDS Solyc01g097810 Zeta-carotene desaturase
Z-1SO Solyc12g098710 15-cis-zeta-carotene isomerase
CRTISO1 Solyc10g081650 Carotenoid isomerase 1
CRTISO2 Solyc05g010180 Carotenoid isomerase 2
LCY-B1 Solyc04g040190 Lycopene beta-cyclase 1
LCY-B2 Solyc10g079480 Lycopene beta-cyclase 2
LCY-E Solyc12g008980 Lycopene epsilon-cyclase
BCH1 Solyc069036260 Carotene beta-hydroxylase 1
BCH2 Solyc03g007960 Carotene beta-hydroxylase 2
CYP97A3 Solyc04g051190 Carotene hydroxylase (cytochrome P450)
CYP97B3 Solyc05g016330 Carotene hydroxylase (cytochrome P450)
CYP97C1 Solyc10g083790 Carotene hydroxylase (cytochrome P450)
ZEP1 Solyc06g060880 Zeaxanthin epoxidase 1
ZEP2 Solyc02g090890 Zeaxanthin epoxidase 2
VDE Solyc04g050930 Violaxanthin de-epoxidase
NSY1 Solyc02g089050 Neoxanthin synthase 1
NSY2/ABA4 Solyc02g063170 Neoxanthin synthase 2
NSY3 Solyc03g034240 Neoxanthin synthase 3
Gibberellin (GA) biosynthesis
CPSH Solyc069084240 Ent-copalyl diphosphate synthase 1
CPS2 Solyc08g005710 Ent-copalyl diphosphate synthase 2
CPS3 Solyc09g065230 Ent-copalyl diphosphate synthase 3
KS1a Solyc07g066670 Ent-kaurene synthase 1a
KS1b Solyc08g005720 Ent-kaurene synthase 1b
GA3 Solyc04g083160 Ent-kaurene oxidase
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KAO1 Solyc01g080900 Ent-kaurenoate oxidase 1
KAO2 Solyc08g007050 Ent-kaurenoate oxidase 2
KAO3 Solyc12g006460 Ent-kaurenoate oxidase 3
KAO4 Solyc10g007860 Ent-kaurenoate oxidase 4
GA200x1 Solyc03g006880 Gibberellin 20-oxidase 1
GA200x2 Solyc09g009110 Gibberellin 20-oxidase 2
GA200x3 Solyc11g072310 Gibberellin 20-oxidase 3
GA200x4 Solyc069035530 Gibberellin 20-oxidase 4
GA200x5 Solyc01g093980 Gibberellin 20-oxidase 5
GA200x6 Solyc06g050110 Gibberellin 20-oxidase 6
GA200x7 Solyc11g013360 Gibberellin 20-oxidase 7
GA3ox1 Solyc069066820 Gibberellin 3-oxidase 1
GA3ox2 Solyc03g119910 Gibberellin 3-oxidase 2
GA30x3 Solyc00g007180 Gibberellin 3-oxidase 3
GA3ox4 Solyc01g058250 Gibberellin 3-oxidase 4
GA3o0x5 Solyc059052740 Gibberellin 3-oxidase 5
Orange proteins
Ort Solyc03g093830 Orange 1
Or2 Solyc09g010110 Orange 2
Strigolactone (SL) biosynthesis
MAX3 (CCD7) Solyc01g090660 More axillary branches 3 (carotenoid cleavage dioxygenase 7)
MAX4 (CCD8) Solyc089066650 More axillary branches 4 (carotenoid cleavage dioxygenase 8)
MAX1 Solyc08g062950 More axillary branches 1
Abscisic acid (ABA) biosynthesis
ABA1/ZEP Solyc02g090890 Zeaxanthin epoxidase 2
ABA4/NSY2 Solyc02g063170 Neoxanthin synthase 2
NSY4 Solyc02g086050 Neoxanthin synthase 4
NSY3 Solyc03g034240 Neoxanthin synthase 3
NSY5 Solyc06g074240 Neoxanthin synthase 5
NCED2 Solyc08g016720 9-cis-epoxycarotenoid dioxygenase 2
NCED3 Solyc07g056570 9-cis-epoxycarotenoid dioxygenase 3
NCED6 Solyc05g053530 9-cis-epoxycarotenoid dioxygenase 6
ABA2a Solyc04g071940 Xanthoxin dehydrogenase
ABA2b Solyc04g071960 Xanthoxin dehydrogenase
ABAZc Solyc10g085380 Xanthoxin dehydrogenase
ABA2d Solyc11g018600 Xanthoxin dehydrogenase
AAO3a Solyc11g065920 Abscisic aldehyde oxidase 3a
AAO3b Solyc11g065930 Abscisic aldehyde oxidase 3b
ABA3 Solyc079g066480 Molybdenum cofactor sulfurare
CYP707A1 Solyc04g078900 ABA 8’-hydorxylase (ABA80x)
CYP707A2 Solyc08g075320 ABA 8’-hydorxylase (ABA80x)
CYP707A3a Solyc01g108210 ABA 8’-hydorxylase (ABA80x)
CYP707A3b Solyc08g005610 ABA 8’-hydorxylase (ABA80x)
CYP707A3c Solyc04g071150 ABA 8’-hydorxylase (ABA80x)
CYP707A3d Solyc04g080650 ABA 8'-hydorxylase (ABA80Xx)
Carotenoid degradation
CCD1A Solyc01g087250 Carotenoid cleavage dioxygenase 1A
CCD1B Solyc01g087260 Carotenoid cleavage dioxygenase 1B
CCD4A Solyc08g075480 Carotenoid cleavage dioxygenase 4A
CCD4B Solyc08g075490 Carotenoid cleavage dioxygenase 4B
MAX3 (CCD7) Solyc01g090660 More axillary branches 3 (carotenoid cleavage dioxygenase 7)
MAX4 (CCD8) Solyc089066650 More axillary branches 4 (carotenoid cleavage dioxygenase 8)
NCDE2 Solyc08g016720 9-cis-epoxycarotenoid dioxygenase 2
NCDE3 Solyc07g056570 9-cis-epoxycarotenoid dioxygenase 3
NCDE6 Solyc059053530 9-cis-epoxycarotenoid dioxygenase 6
CCDX Solyc089066720 Carotenoid cleavage dioxygenase

Chlorophyll biosynthesis

HEMA1

Solyc04g076870

Glutamyl tRNA reductase 1
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HEMA2
HEMAS3
GSA
HEMB
HEMC
HEMD
HEME1
HEME2
HEMF
HEMG1
HEMG2
CHLH
CHLI
CHLD
CHLM
CHL27-CRD
DVR
PORA
PORB
PORC
CHLG1
CHLG2
CAO1
CAO2
GGDR1
GGDR2

Chlorophyll degradation

Solyc01g106390
Solyc01g089840
Solyc049g009200
Solyc08g069030
Solyc079g066470
Solyc04g079320
Solyc10g007320
Solyc069g048730
Solyc10g005110
Solyc01g079090
Solyc03g005080
Solyc04g015750
Solyc10g008740
Solyc04g015490
Solyc03g118240
Solyc10g077040
Solyc01g067290
Solyc12g013710
Solyc07g054210
Solyc10g006900
Solyc059024190
Solyc09g014760
Solyc069g060310
Solyc11g012850
Solyc01g088310
Solyc03g115980

Glutamyl tRNA reductase 2

Glutamyl tRNA reductase 3
Glutamate-1-semialdehyde 2, 1 aminomutase
5-aminolevulinate dehydratase
Porphobilinogen deaminase
Uroporphyrinogen Ill synthase
Uroporphyrinogen Il decarboxylase 1
Uroporphyrinogen Ill decarboxylase 2
Coproporphyrinogen |l oxidase
Protoporphyrinogen IX oxidase 1
Protoporphyrinogen IX oxidase 2

Mg chelatase H subunit

Mg chelatase | subunit

Mg chelatase D subunit

Mg protoporphyrin IX methyltransferase
Mg protoporphyrin IX monomethylester cyclase
Divinyl reductase

Protochlorophyllide reductase A
Protochlorophyllide reductase B
Protochlorophyllide reductase C
Chlorophyll synthase 1

Chlorophyll synthase 2

Chlorophyll a oxigenase 1

Chlorophyll a oxigenase 2
Geranylgeranyl reductase 1
Geranylgeranyl reductase 2

CHL1
CHL2a
CHL2b
CHL2c

CLD1
SGR1
SGR2
SGR3

PPH

PAO1

PAO2

PAO3
RCCR

PK1
PK2
NYC1
CBR/NOL
HCAR

Tocopherol biosynthesis

Solyc099065620
Solyc069053980
Solyc09g082600
Solyc129g005300
Solyc02g070490
Solyc08g080090
Solyc129056480
Solyc04g063240
Solyc01g088090
Solyc119g066440
Solyc04g040160
Solyc129096550
Solyc03g044470
Solyc03g071720
Solyc09g018510
Solyc07g024000
Solyc059g032660
Solyc09g091100

Chlorophyllase 1

Chlorophyllase 2a

Chlorophyllase 2b

Chlorophyllase 2c

Chlorophyll dephytyllase

Stay-green 1, Non-yellowing 1
Stay-green 2, Non-yellowing 2
Stay-green 3, Non-yellowing 3
Pheophytine pheophorbide hydrolase
Pheophorbide a oxygenase 1
Pheophorbide a oxygenase 2
Pheophorbide a oxygenase 3

Red chlorophyll catabolite reductase
Phytol kinase 1

Phytol kinase 2

Chlorophyll b reductase

Chlorophyll b reductase

Chlorophyll a reductase

GGDR1
GGDR2
HPPD1/PDS1a
HPPD2/PDS1b
VTE2
VTE3a
VTE3b
VTE1
VTE4a
VTE4b
VTE4c
VTE4d

Solyc01g088310
Solyc03g115980
Solyc059g041200
Solyc07g045050
Solyc07g017770
Solyc03g005230
Solyc09g065730
Solyc089g068570
Solyc089g076360
Solyc04g063230
Solyc08g077240
Solyc03g116150

Phylloquinone biosynthesis

Geranylgeranyl reductase 1
Geranylgeranyl reductase 2
4-hydroxyphenyl pyruvate dioxygenase 1
4-hydroxyphenyl pyruvate dioxygenase 2
Homogentisate phytyltransferase
MPBQ/MSBQ methyltransferase
MPBQ/MSBQ methyltransferase
Tocopherol cyclase
Delta/gamma-tocopherol methyltransferase
Delta/gamma-tocopherol methyltransferase
Delta/gamma-tocopherol methyltransferase
Delta/gamma-tocopherol methyltransferase

ICS1/MENF

Solyc06g071030

Isochorismate synthase 1
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2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylic-acid synthase

1

2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylic-acid synthase

2

2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylic-acid synthase

3

O-succinylbenzoyl-CoA ligase
1,4-dihydroxy-2-naphthoyl-CoA synthase
1,4-dihydroxy-2-naphthoyl-CoA thioesterase 1
1,4-dihydroxy-2-naphthoyl-CoA thioesterase 2
1,4-dihydroxy-2-naphthoyl-CoA thioesterase 3
DHNA phytyl transferase
2-phytyl-1,4-naphthoquinone methyltransferase

PHYLLO/MEND1 Solyc04g005190
PHYLLO/MEND2 Solyc04g005200
PHYLLO/MEND3 Solyc04g005180
AAE14 Solyc029g069920
DHNS/MENB Solyc059g005180
DHNAT1 Solyc02g078410
DHNAT2 Solyc03g006440
DHNAT3 Solyc03g006450
ABC4 Solyc01g105460
MENG Solyc12g019010
Plastoquinone biosynthesis
HPPD1/PDS1a Solyc059g041200
HPPD2/PDS1b Solyc07g045050
SPS1 Solyc07g061990
PDS2/HST Solyc03g051810
VTE3a Solyc03g005230
VTE3b Solyc09g065730

4-hydroxyphenyl pyruvate dioxygenase 1
4-hydroxyphenyl pyruvate dioxygenase 2
Solanesyl diphosphate synthase 1
Homogentisate solanesyl transferase
MSBQ/MPBQ methyltransferase
MSBQ/MPBQ methyltransferase

*Activity reported in this work
**Prediction. Needs experimental confirmation
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Table S3. Individual GCNs of plastidial GGPPS paralogs (Guide genes) positively co-expressed
with isoprenoid-related genes (Query genes) in different tomato tissues. Significant pairwise
Pearson (p) correlations (p>0.55) between guide and query genes are shown. See Table S2 for gene

description.
Guide gene Query gene Gene ID Pez;?on Guide gene Query gene Gene ID Pe?Son
Vegelative tissue GCN Vegelative tissue GCN
G1(SIG1) ABA2c Solyc10g085380 0.64 SGR1 Solyc08g080090 0.96
CHLM Solyc03g118240 0.67 CCD4B Solyc08g075490 0.96
PAO3 Solyc12g096550 0.96
G2 (SIG2) HEMF Solyc10g005110 0.60 PAO1 Solyc11g066440 0.96
GA3 Solyc04g083160 0.60 CLD1 Solyc02g070490 0.97
CHLH Solyc04g015750 0.60 Or1 Solyc03g093830 0.97
BCH2 Solyc03g007960 0.60 CYP97A3 Solyc04g051190 0.97
CHLD Solyc04g015490 0.65 SPSH Solyc07g061990 0.97
GA3ox1 Solyc06g066820 0.65 NYC1 Solyc07g024000 0.97
HEMB Solyc08g069030 0.66 LCY-E Solyc12g008980 0.98
NSY1 Solyc02g089050 0.68 DXS3b Solyc08g066950 0.98
PDS2/HST Solyc03g051810 0.69 CYP97CA Solyc10g083790 0.98
SGR3 Solyc04g063240 0.69 CYP97B3 Solyc05g016330 0.98
DXR1 Solyc03g114340 0.69 Z-1SO Solyc12g098710 0.98
CMK Solyc01g009010 0.70 PSY2 Solyc02g081330 0.98
ABA1/ZEP Solyc02g090890 0.71 HCAR Solyc09g091100 0.98
AAO3b Solyc11g065930 0.72 CRTISO2 Solyc05g010180 0.99
KS1b Solyc08g005720 0.74
CHLI Solyc10g008740 0.74 G3 (SIG3) RCCR Solyc03g044470 0.60
VTE4d Solyc03g116150 0.75 DHNS/MENB  Solyc05g005180 0.60
CYP707A3b Solyc08g005610 0.75 HEME2 Solyc06g048730 0.60
MDS Solyc08g081570 0.75 TPS27 Solyc02g079910 0.60
PHYLLO/MEND1  Solyc04g005190 0.75 GGDS8 Solyc07g064660 0.60
PK1 Solyc03g071720 0.76 PSY1 Solyc03g031860 0.60
CHLGH1 Solyc05g024190 0.76 NSY3 Solyc02g086050 0.61
FDS2 Solyc12g015860 0.77 CYP97CA Solyc10g083790 0.64
HEMA1 Solyc04g076870 0.77 CRTISO1 Solyc10g081650 0.65
PSY1 Solyc03g031860 0.79 VTE4a Solyc08g076360 0.66
GA200x4 Solyc06g035530 0.80 GSA Solyc04g009200 0.67
CHL27-CRD Solyc10g077040 0.81 HEME1 Solyc10g007320 0.67
CPS2 Solyc08g005710 0.82 MDS Solyc08g081570 0.70
CAOa Solyc06g060310 0.82 CMK Solyc01g009010 0.73
FDS3 Solyc10g005810 0.84 CHLGH1 Solyc05g024190 0.75
PHYLLO/MEND3  Solyc04g005180 0.84 VDE Solyc04g050930 0.76
NSY5 Solyc06g074240 0.85 PK1 Solyc03g071720 0.77
CYP707A1 Solyc04g078900 0.86 ACS12 Solyc03g007070 0.77
CHLA1 Solyc09g065620 0.86 CHLD Solyc04g015490 0.79
DHNAT3 Solyc03g006450 0.87 Or2 Solyc09g010110 0.81
HPPD1/PDS1a  Solyc05g041200 0.88 CHLM Solyc03g118240 0.84
IDI1 Solyc08g075390 0.88 GA200x1 Solyc03g006880 0.87
HEMD Solyc04g079320 0.89 MAX3 (CCD7)  Solyc01g090660 0.88
PORA Solyc12g013710 0.89 CHLI Solyc10g008740 0.88
ZEP1 Solyc06g060880 0.89 HEMF Solyc10g005110 0.89
LCY-B1 Solyc04g040190 0.90 CBR/NOL Solyc059032660 0.97
NSY4 Solyc03g034240 0.91
DXS2 Solyc11g010850 0.92
Fruit GCN
AAO3a Solyc11g065920 0.92 G1(SIG1) AAO3b Solyc11g065930 0.59
PPH Solyc01g088090 0.92
CHL2c Solyc12g005300 0.92 G2 (SIG2) CMK Solyc01g009010 0.56
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VTE4b
ABA2b
HEMG2
MENG
VTE3a
PDS
PORB
CHL2a
VTE4c
CAOb
HDS
NCED2
PORC
ABA3
HPPD2/PDS1b
NCED3

Solyc04g063230
Solyc04g071960
Solyc03g005080
Solyc12g019010
Solyc03g005230
Solyc03g123760
Solyc07g054210
Solyc06g053980
Solyc08g077240
Solyc11g012850
Solyc11g069380
Solyc08g016720
Solyc10g006900
Solyc07g066480
Solyc07g045050
Solyc07g056570

0.92
0.93
0.94
0.94
0.94
0.94
0.94
0.94
0.95
0.95
0.95
0.95
0.95
0.95
0.96
0.96

G3 (SIG3)

CLD1

MENG
PDS

BCHA1

DHNAT1
CRTISO1
SGR1
Z-1SO
Or1
Or2
KS1b
BCH2
GA3o0x4
CYP707A3c
CMK

Solyc02g070490
Solyc12g019010
Solyc03g123760
Solyc06g036260

Solyc02g078410
Solyc10g081650
Solyc08g080090
Solyc12g098710
Solyc03g093830
Solyc09g010110
Solyc08g005720
Solyc03g007960
Solyc01g058250
Solyc04g071150
Solyc01g009010

0.57
0.60
0.71
1.00

0.55
0.56
0.57
0.61
0.64
0.67
0.68
0.70
0.71
0.74
0.76
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Table S4. Primers used in this work

Use # Name Sequence (5'-3"'

1 SIG1-attB1-F  GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGGCATTTTTAGCTACCATTTCTG
2 SIGi-atB2-R  GGGGACCACTTTGTACAAGAAAGCTGGGTGATTCTGTCGATTTGCAATATAACTAGC
3 SIG2-attBi-F  GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAGATCTATGAACCTTGTTGATTC
4 SIG2-atB2-R  GGGGACCACTTTGTACAAGAAAGCTGGGTGATTTTGACGATTAGCAATGTAATCTG
5 SIG3-attBi-F  GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAGTCTTTCAACAACAATTACAAC
6 SIG3-atB2-R  GGGGACCACTTTGTACAAGAAAGCTGGGTGATTCTCTCTGTAAGCAATATAATTTG
7  SIG4-attBi-F  GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGGCCCATACTAAGTCAAATAGG
8 SIG4-atB2-R  GGGGACCACTTTGTACAAGAAAGCTGGGTCTTTTTGCCGATGAAGAACGAAATC
9 SIG5-attB1-F  GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGTCTATGCGAAAAGGTGTAATCC

Cloning 414 giGs-attB2-R ~ GGGGACCACTTTGTACAAGAAAGCTGGGTCTTTTTGCCGATGAAGAAGAAAATC
11 SIG1(-tp)-attB1-F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCTAGCGATGTTGCGAACTC
12 SIG1stop-attB2-R GGGGACCACTTTGTACAAGAAAGCTGGGTGTCAATTCTGTCGATTTGCAATATAAC
13 SIG2(-tp)-attB1-F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGTTATGGAAAAAGAAGAATTTAATTTC
14 SIG2stop-attB2-R GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAATTTTGACGATTAGCAATG
15 SIG3(-tp)-attB1-F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCAATGGAGTTTAAAGAATACG
16 SIG3stop-attB2-R GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAATTCTCTCTGTAAGCAATATAATTTG
17 AtHDS-attB1-F  GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGACTGGAGTATTGCCAGCTC
18 AtHDS-attB2-R  GGGGACCACTTTGTACAAGAAAGCTGGGTGATTCCGGATAACCGAAACTCTTCTC
19 SIPSY1-gPCR-F ACAGGCAGGTCTATCCGATG
20 SIPSY1-gPCR-R ACGCCTTTCTCTGCCTCATC
21 SIPSY2-gPCR-F CAGGGCTCTCCGATGAAGAC
22 SIPSY2-gPCR-R CACCGGCCATCTACTAGCAG
23 SIPSY3-GPCR-F TTGGATGCAATAGAGGAGAATG
24 SIPSY3-QPCR-R ATTGAATGGCTAAACTAGGCAAAG
25 SIG1-gPCR-F  GGCCTTTGAACATGTGGCTACC
26 SIG1-gPCR-R  ACTCGCCAAGTCCACAATTTGC

RT-gPCR 27 SIG2-gPCR-F  AAAGTCATCGTCGGAGCTCG
28 SIG2-gPCR-R  GTTTAGCTTCGCCGTTGAGC
29 SIG3-gPCR-F  AGGAGGTGCACCAGATGAAG
30 SIG3-gPCR-R  TCAGCAACCAAGTCCTTCCC
31 SIEXP-gPCR-F  GCTAAGAACGCTGGACCTAA
32 SIEXP-gPCR-R TGGGTGTGCCTTTCTGAATG
33 SIACT-gPCR-F  CCTTCCACATGCCATTCTCC
34 SIACT-gPCR-R CCACGCTCGGTCAGGATCT
35 SIG1-gPCR-F  GGCCTTTGAACATGTGGCTACC
36 SIG2-gPCR-F  AAAGTCATCGTCGGAGCTCG

Genotyping 37 SIG3-GPCRF  AGGAGGTGCACCAGATGAAG

PCR 38 eGFP-qPCR-2R TCTCGTTGGGGTCTTTGCTC
39 ACT_genot F  GTGAAAAGATGACCCAGATTATG
40 ACT_genot R CACGCTCGGTCAGGATCTTCATC
41 Lati-F AGACCACGAGAACGATATTTGC

Genotyping 42 Lat2.1-R GCCTTTTCATATCCAGACACAC

9PCR® 43 npt1-5-F GACAGGTCGGTCTTGACAAAAAG
44 npt1-3-R GAACAAGATGGATTGCACGC

'Gateway recombination sites in bold

®Described in Annex 4
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Table S5. Constructs and cloning details.

Use Construct Template Primers® Sslgl:‘eerége bzlc?lftgg ir?e

35S8:SIG1-GFP  Tomato root cDNA 1+2 SIG 14,1995 pGWB405

Subcellular 355:51G2-GFP  Tomato flower cDNA 3+4 SIG21.1089 pGWB405

'0;222327n 355:SIG3-GFP  Tomato flower cDNA 5+ 6 SIG31.1080 pGWB405

Transgenic ~ 395:SIG4-GFP  Tomato flower cDNA 7+8 SIG44.1179 pGWB605

plants 3558:SIG5-GFP  Tomato flower cDNA 9+10 SIG54.1119 pGWB605

358:pGFP Arabidopsis cDNA 17 + 18 AtHDS 147 pGWB405

6xHis-SIG1 35S:SIG1-GFP 11 +12 SIG1130-1098 pET32-GW

6xHis-SIG2 35S:S1G2-GFP 13+14 SIG2190-1092 pET32-GW

Invitro GGPPS 4o siG3 355:SIG3-GFP 15416  SIG3161085  PET32-GW
activity assays

pET-AtG11’ - - AtG11460.1116 PET32-GW

pET-G11s’ - - AtG11160.1050 PET32-GW

'Constructs reported in Ruiz-Sola et al. (2016b), Annex2

°See Table S1

®Numbers indicate the first and last nucleotide positions cloned from the coding sequence of the

indicated gene.

-101 -



Chapter II - Supplemental

-102 -



GENERAL DISCUSSION

- 103 -



General Discussion

- 104 -



General Discussion

1. Subfunctionalization of plant GGPPS paralogs

In plants, GGPP is a central diversification point for the synthesis of isoprenoids,
some of which are essential to sustain life on earth. Unlike other enzymes catalyzing
earlier isoprenoid biosynthetic steps, encoded by one or two genes (Goldstein and
Brown, 1990; Phillips et al., 2008; Closa et al., 2010; Vranova et al., 2013), GGPPS
activity relies on a higher number of genes (Coman et al.,, 2014; Ruiz-Sola et al,,
2016b, see Annex 2). The presence of several gene paralogs (i.e. intraspecific homolog
genes) in a genome results from duplications of genes, genomic fragments or whole-
genomes. Unlike ortholog genes (homolog genes in different species) that display
similar biological roles, paralog genes normally endure in the genome of a plant
species if they acquire advantageous specialized functions that improve the
performance of the organism against different environmental conditions (Studer and
Robinson-Rechavi, 2009). If this is not the case, a paralog will suffer deleterious
mutations becoming an inactive pseudogene (“pseudogenization”), something that
likely occurred in the case of the Arabidopsis GGPPS5 gene (Beck et al., 2013). There
are different ways for a paralog to specialize: it can either evolve towards a complete
new function, leaving the original role to another paralog (“neofunctionalization”),
or it can retain the ancestral function but specialize in specific cell compartments,
tissues or processes (“subfunctionalization”) (Lynch and Conery, 2000; Lynch and
Force, 2000; Innan and Kondrashov, 2010).

While a single GGPPS copy gene is present in green algae, several GGPPS paralogs
exist in most plants, likely arising during the diversification of land plants. Several
molecular changes in important GGPPS protein motifs conferred new and more
specialized functions to some paralogs, giving rise to SSU, PPPS or GFPPS enzymes
in many plant species (Wang and Dixon, 2009; Coman et al., 2014; Nagel et al., 2015).
While GGPP-producing enzymes contain three highly conserved motifs (FARM,
SARM and the CxxxC upstream to the FARM), SSU proteins acquired a second
CxxxC motif upstream to the SARM but accumulated inactivating mutations in the
catalytic domains. Thus, type I SSU proteins lost both FARM and SARM and type 11
SSU proteins lost only the SARM (see Chapter II, Fig. S1). These changes allowed the
proteins to heterodimerize with GGPPS monomers through the CxxxC motifs and
either produce much more specialized metabolites such as GPP-derived
monoterpenes or enhance GGPP synthesis for particular isoprenoid branches. On the
other hand, other GGPPS paralogs that retained the canonical catalytic domains
experienced mutations in the chain-length determination (CLD) region that encoded

smaller amino acids, hence allowing the production of longer prenyl diphosphates in
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the elongation cavity. The change of the methionine (M) present in the fifth position
upstream to the FARM, for a serine (5) or an alanine (A), enabled the protein to
produce C25 GFPP or longer prenyl diphosphates (PPPs), respectively, generating
new groups of PTs (see Chapter II, Fig.2 and Fig. S1; Hsieh et al., 2011; Nagel et al.,
2015; Wang et al., 2016). Other paralogs not only gained an A in the CLD region but
lost the first CxxxC, producing even longer prenyl diphosphates such as solanesyl
diphosphate (SPP), required for the synthesis of respiratory or photosynthetic
electron transfer molecules, including ubiquinone and plastoquinone (Ducluzeau et
al., 2012; Jones et al., 2013). All these molecular modifications illustrate the strong
neofunctionalization of the GGPPS-like homologs during the evolution of land
plants, which likely contributed to enabling a quick adaptation to the new
environmental challenges. The analysis of these sequence features allowed us to
predict that Arabidopsis sG11 retained GGPPs activity and that tomato SIG1-SIG5
genes encoded GGPPS enzymes, predictions that were later confirmed. Although
similar sequence-based reasoning led us to conclude that SIG6 is a SSUII protein, this

still requires experimental approaches.

Among the paralogs that show GGPPS activity, different layers of regulation led to a
subfunctionalization that allowed their retention in the genome of a plant species.
The very first layer of subfunctionalization is the transcriptional regulation of
different paralog genes, which were found to show specific expression patterns
strictly controlled by different developmental or environmental stimuli in several
plant species (Ament et al., 2006; Beck et al., 2013; Zhang et al., 2015; Wang et al.,
2018b, 2018a). Once they are transcriptionally activated, another layer of
subfunctionalization appears, which corresponds to the subcellular localization of
the synthesized GGPPS isoform. The acquisition of organelle-targeting signals in the
coding sequence of a gene paralog can provide specialized functions in particular cell
compartments, again facilitating its functional retention in the genome. Both,
Arabidopsis and tomato show these two subfunctionalization mechanisms for the
GGPPS gene family (Figure 1). A third layer of subfunctionalization corresponds to
interactions of GGPPS isoforms with specific protein partners to modulate enzyme
activity and divert the flux of precursors towards particular GGPP-consuming

downstream pathways (Figure 1).
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Figure 1. Comparative representation of our current knowledge on Arabidopsis and tomato
GGPPS protein families. In this Figure, GGPPS isoforms lack the prefix of the species (indicated
with images) for simplicity. Single asterisks indicate the isoforms analyzed in this study and
double asterisks indicate results that require confirmation. Cytosolic-ER, mitochondrial and
plastidial enzymes are represented in purple, red and green circles, respectively. Solid arrows
represent single enzymatic steps, dashed arrows indicate multiple enzymatic steps and dotted
grey lines highlight differentially localized GGPPS isoforms encoded by the same gene. Enzymes
marked in bold indicate physical interaction with the upstream GGPPS isoform. Underlined
enzymes represent positive co-expression and putative protein-protein interaction with the
upstream GGPPS isoform. Question marks indicate hypothetical associations.

2. The Arabidopsis GGPPS family

Regarding Arabidopsis GGPPS-encoding genes, it was shown that whereas the
paralogs encoding mitochondrial (AtGGPPS1) and plastidial (AtGGPPS2 and AtG11)
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enzymes were ubiquitously expressed, the genes encoding the ER-targeted isoforms
(AtGGPPS3 and AtGGPPS4) were restricted to specific tissues from specific organs
(Beck et al., 2013). Evolutionary analyses of the Arabidopsis GGPPS gene sequences
and expression patterns revealed that AtGGPPS2 and AtG11 are the oldest paralogs,
indicating that the firstly needed GGPPS activity was related to plastidial isoprenoid
metabolism (Coman et al., 2014). The analysis also showed that the highest levels of
expression of AtG11 would reflect that it is the paralog that retained most of the
ancestral function. Later emerged genes (AtGGPPS3 and 4) and finally AtGGPPS1
show other cellular locations and lower transcript levels and/or specialized
expression patterns, indicating that newly acquired genes must be specialized once
the essential original function is covered (Coman et al., 2014). Analysis of AtGGPPS2
and AtG11 mutants showed that only the AtGll enzyme is essential for plant
development (providing GGPP for primary isoprenoids involved in photosynthesis
and embryo development) and suggested that AtGGPPS2 might have a specific role
in the secondary metabolism despite being constitutively expressed (Ruiz-Sola et al.,
2016a, see Annex 1; Ruiz-Sola et al., 2016b, see Annex 2). The essential function of
AtGl11 in photosynthesis completely fits with the evolutionary analyses, explaining
why this isoform is ubiquitously expressed in Arabidopsis and why the plastidial
GGPP pool was initially required before gaining more paralogs and functions.
However, we reported here that the essential function of the AtGI1 gene during
embryo development gene relies on another layer of transcriptional regulation found
for the first time for a GGPPS gene. We discovered that the AtG11 gene produces
transcripts of different lengths that encode active GGPPS enzymes with essential
functions in different cell compartments. Longer transcripts are translated into a
plastid-targeted AtGl1 protein that supplies GGPP for photosynthesis-related
isoprenoids, while shorter transcripts lacking the first ATG codon encode a version
that lacks the N-terminal signaling peptide and remains in the cytosol to produce
GGPP for embryo development (Ruiz-Sola et al., 2016a, see Annex 1; Ruiz-Sola et al.,
2016b, see Annex 2).

It is possible that, during the evolution of the Arabidopsis GGPPS gene family, the
initial role of AtG11 was to supply GGPP in plastids but it acquired a new one in the
cytosol by using a second ATG codon downstream the one used to encode the full-
length AtG11 protein. The use of an alternative translation start site might had been
selected before the specialization of AtGGPPS2 and before the appearance of the ER-
isoforms. These results together let us conclude that Arabidopsis gene family is

formed by five transcriptionally regulated genes that encode six differentially
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localized protein isoforms with particular functions, illustrating again the complexity

that characterizes plant metabolism (Figure 1).

3. The tomato GGPPS family

In the case of the tomato GGPPS family, of which there was very limited information
at the beginning of this doctoral thesis, we found similar mechanisms regulating
GGPP biosynthesis through the specialization of different paralogs. As previously
mentioned we identified five GGPPS-like homologs which, accordingly to gene
expression databases (e.g. TomExpress), show particular expression patterns. SIG1 was
mostly expressed in roots and leaves, while SIG2 and SIG3 showed many similarities
at transcriptional level. They were constitutively expressed, showing the highest
levels of transcripts among tomato GGPPS paralogs. Both genes were strongly
expressed in leaves and were induced during fruit ripening. SIG4 was expressed in
flowers, while SIG5 had a peak of expression in roots and was repressed during fruit
ripening (Figure 2). In terms of organelle-targeting we found again plastidial (SIG1-
3), cytosolic (51G4) and mitochondrial (SIG5) isoforms, and even dual targeting of
SIG4, that was also detected in chloroplasts (Figure 1). Our phylogenetic analyses
have shown that plastid-targeted tomato GGPPS proteins are closely related to the
plastidial isoforms from Arabidopsis. By contrast, SIG4 and 5 show quite a big
evolutionary divergence from their paralogs indicating a different selective pressure

and again clues of subfunctionalization (see Chapter II, Fig. 2).

Gene expression analyses of the plastidial paralogs suggest that SIG2 might be the
tomato equivalent of AtGll, performing most of the original GGPPS function in
photosynthetic tissues (see Chapter II, Fig. 5). Our results also suggest that SIG1 and
SIG3 might have acquired more specialized functions in roots and fruits,
respectively. In agreement with this conclusion, the transcriptional pattern of the
plastidial GGPPS-encoding genes was finely-regulated and specifically activated in
particular spatio-temporal conditions to enhance the biosynthesis of carotenoids with
very specific functions (i.e. photoprotection, myccorhization, or pigmentation), hence
explaining why tomato maintains three plastidial isoforms. The results further
illustrate the plasticity of the GGPPS gene family to rapidly acquire new roles during
evolution and support the adaptation of the organism to particular environmental

conditions.
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Figure 2. Transcript levels of GGPPS paralog genes in different tomato tissues. RNAseq data
were retrieved from the Tomato eFP browser database (http://bar.utoronto.ca/efp tomato/cgi-
bin/efpWeb.cgi). Graphs show the transcript levels of SIG1-5 and SISSUII in root, leaf, flower and
fruit (MG, mature green; B, breaker; B+10 days). Expression data are represented as RPKM
(Reads per Kilobase of transcript per Million mapped reads). For accessions: see Chapter I, Table
1.

4. Modulation of GGPP supply by protein-protein interactions

Several lines of evidence demonstrated that GGPPS proteins can interact with other
enzymes catalyzing upstream and downstream biosynthetic steps in the plastids of
different plant species (Dogbo and Camara, 1987, Camara, 1993; Maudinas et al,,
1977; Fraser et al., 2000; Ruiz-Sola et al., 2016a, see Annex 1; Zhou et al., 2017;
Camagna et al., 2018; Wang et al., 2018b). In the case of Arabidopsis, AtG11 has been
found to interact with PSY, GGR and SPS2 enzymes (Ruiz-Sola et al., 2016a, see
Annex 1; Camagna et al., 2018), presumably to directly provide GGPP for the
production of specific groups of photosynthesis-related plastidial isoprenoids. This is
consistent with its house-keeping role during photosynthetic-associated
development. GGPPS-PSY containing protein complexes were also isolated from

tomato chloroplasts and fruit chromoplasts (Maudinas et al., 1977; Fraser et al., 2000).
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The transcriptional co-regulation of different tomato GGPPS and PSY paralogs
reported in this work suggests that specific protein pairs could be formed to produce
carotenoids depending on the tissue and the developmental process (sece Chapter II,
Fig. 6). Thus, SIG1-PSY3 would produce carotenoids for mycorrhization in roots,
SIG2-PSY2 would be most relevant for photoprotection in photosynthetic tissues, and
the production of carotenoids for fruit pigmentation during ripening would mainly
rely on the SIG3-PSY1 tandem. It is most likely that these GGPPS paralogs could also

interact with other proteins besides PSY.

Interaction of GGPPS enzymes with some proteins has been shown to facilitate the
assembly of specific multienzyme complexes and modulate the enzymatic activity of
different GGPPS paralogs to face particular demands. This is the case of SSU
proteins, GGPPS-descending enzymes that evolved, together with specific GGPPS
paralogs, to post-translationally regulate the allocation of isoprenoid precursors. This
mechanism was identified in Arabidopsis, hop, rice and pepper (Wang and Dixon,
2009; Zhou et al., 2017; Wang et al., 2018b), but nothing has been reported in tomato
yet. Here, we propose the existence of a SSUII homolog in tomato that contains all
the structural characteristics to putatively interact with GGPPS monomers (see
Chapter II). Further studies will be required to identify the specific GGPPS paralogs
that by subfunctionalization acquired the ability to interact with SISSUII, perhaps to
produce GPP or GGPP in specialized metabolons.

5. Open questions

Experiments are currently ongoing in our lab to (1) determine the specific roles of the
tomato plastid-localized GGPPS enzymes (by generating and analyzing loss-of-
function mutants by CRISPR-Cas9), (2) confirm their isoform-specific interaction
with PSY paralogs (by pull-down experiments in E. coli and N. benthamiana cells
expressing tagged proteins), and (3) identify new protein partners (by co-
immunoprecipitation of protein complexes from different tissues of tomato plants
stably transformed with constructs to produce GFP-tagged GGPPS isoforms).
Isolating GGPPS-containing metabolons in vivo, however, is a huge challenge since
they are often assembled under really specific conditions or in very restricted tissues

(e.g. in hop trichomes or in thylakoids of rice chloroplasts).

While the existence of several GGPPS-encoding genes has been demonstrated in
many plant species, the biological roles of paralogs with restricted, confined, or

specialized expression profiles remains virtually unknown. Moreover, so far, only
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plastidial GGPPS paralogs have been deeply characterized beyond gene expression
analyses, probably because of their higher expression levels and their involvement in
primary processes, where an impact is more easily detectable (e.g. AtG11 knock-
down and knock-out mutants or rice OsGGPPS1 overexpression or downregulation
display visual phenotypes). In this thesis, we discovered the existence and essential
function of the Arabidopsis sG11 cytosolic protein for embryo development but we
could not identify the GGPP-derived isoprenoid responsible for that phenotype,
since metabolic measurements in embryos at specific developmental stages is
extremely tricky. Future technological advances such as single-cell metabolomics

should provide the tools to address this question in the future.

Evolutionary mechanisms like those reported here for GGPPS enzymes have been
also described for many gene paralog families involved in different steps of
isoprenoid metabolism (Vranova et al., 2012, 2013; Rodriguez-Concepcion and
Boronat, 2015). These mechanisms contribute to build an intricate network of
regulation of plant isoprenoid metabolism, that ultimately leads to an immense
amount and diversity of functional structures. Understanding this regulatory
network of isoprenoid biosynthesis in different plant species will definitely help us to
improve plant traits such as crop yield, nutritional quality, stress resistance or the

production of useful compounds in a more sustainable manner.
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10.

The only essential GGPPS gene in Arabidopsis (AtG11) encodes two differentially
targeted GGPP-producing enzymes. The presence of alternative transcription
initiation sites results in transcripts of different sizes, some of which lack the first

ATG codon but use a second in-frame ATG codon to produce a shorter protein.

The long AtG11 isoform is targeted to plastids and its loss of function causes an
albino-lethal phenotype consistent with this isoform providing GGPP for the

production of photosynthesis-related plastidial isoprenoids.

The short AtG11 isoform remains in the cytosol because it lacks the N-terminal
plastid-targeting signal. The GGPP produced by this cytosolic isoform is required
for embryo development, perhaps because it is used for the production of

ubiquinone or/and another isoprenoid in the cytosol or the mitochondria.

The tomato genome contains five genes encoding putative GGPPS enzymes and
one gene encoding a type II SSU protein that might influence the activity of the
GGPPS isoforms by forming heterodimers.

The tomato GGPPS isoforms are mainly located in plastids (SIG1, SIG2 and SIG3),
cytosol (51G4) and mitochondria (SIG5) when fused to GFP.

The three plastidial isoforms only produce GGPP in vitro with similar kinetic

parameters compared to AtG11.

GCN analyses suggest functional association of SIG2 to plastidial isoprenoid
biosynthesis in photosynthetic tissues and SIG3 to carotenoid biosynthesis in

fruits.

Analyses of gene expression during carotenoid biosynthesis in different tissues
showed similar co-expression profiles of particular genes encoding GGPPS and
PSY isoforms. SIGI is co-induced with PSY3 during mycorrhization in roots, SIG2
and PSY?2 are similarly upregulated in de-etiolating seedlings, and SIG3 and PSY1

show parallel induction profiles during fruit ripening.

Reduced SIG3 transcript levels correlate with decreased phytoene levels in fruit,
suggesting that the SIG3 isoform diverts GGPP to PSY1 for carotenoid
biosynthesis during ripening.

Particular GGPPS and PSY isoforms might physically interact in tomato to ensure
the channelling of IPP and DMAPP into the production of carotenoids in a tissue-
specific manner. Interaction of SIG1 and PSY3 would be most relevant in roots,

whereas complexes containing either SIG2 and PSY2 or SIG3 and PSY1 might

cooperate to produce carotenoids in leaves and fruits.
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Introduction

Summary

e Most plastid isoprenoids, including photosynthesis-related metabolites such as carotenoids
and the side chain of chlorophylls, tocopherols (vitamin E), phylloquinones (vitamin K), and
plastoquinones, derive from geranylgeranyl diphosphate (GGPP) synthesized by GGPP syn-
thase (GGPPS) enzymes. Seven out of 10 functional GGPPS isozymes in Arabidopsis thaliana
reside in plastids. We aimed to address the function of different GGPPS paralogues for plastid
isoprenoid biosynthesis.

e We constructed a gene co-expression network (GCN) using GGPPS paralogues as guide
genes and genes from the upstream and downstream pathways as query genes. Furthermore,
knock-out and/or knock-down ggpps mutants were generated and their growth and
metabolic phenotypes were analyzed. Also, interacting protein partners of GGPPS11 were
searched for.

e Our data showed that GGPPS71, encoding the only plastid isozyme essential for plant
development, functions as a hub gene among GGPPS paralogues and is required for the pro-
duction of all major groups of plastid isoprenoids. Furthermore, we showed that the GGPPS11
protein physically interacts with enzymes that use GGPP for the production of carotenoids,
chlorophylls, tocopherols, phylloquinone, and plastoquinone.

e GGPPS11 is a hub isozyme required for the production of most photosynthesis-related iso-
prenoids. Both gene co-expression and protein—protein interaction likely contribute to the
channeling of GGPP by GGPPS11.

against herbivores and pathogens, in attracting pollinators and
seed-dispersing animals, and as allelochemicals that influence

Isoprenoids are the most functionally and structurally diverse
group of plant metabolites reported to date. They are produced
in all living organisms, but their abundance and variety in plants
is unparalleled (Croteau ez al., 2000; Bouvier et al., 2005; Pulido
etal., 2012). From the 10s of 1000s of plant isoprenoid com-
pounds, only a few can be considered as ‘primary’ metabolites,
that is, those that are essential for plant function and are therefore
common to all plant species. These include molecules involved in
respiration, photosynthesis, and regulation of growth and devel-
opment (Fig. 1). The others are specialized metabolites whose
biosynthesis is usually restricted to specific plant families or even
to particular species. They typically function in protecting plants

*These authors contributed equally to this work.
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competition among plant species. Large numbers of specialized
isoprenoid metabolites have a commercial value as flavours, pig-
ments, polymers, or drugs (Gershenzon & Dudareva, 2007;
Kirby & Keasling, 2009).

Despite their structural and functional diversity, all iso-
prenoids are derived from the same five-carbon (C5) precursors,
isopentenyl diphosphate (IPP) and its isomer dimethylallyl
diphosphate (DMAPP), also called isoprene units (Fig. 1). The
addition of IPP units to DMAPP generates prenyl diphosphate
molecules of increasing size such as geranyl diphosphate (GPP,
C10), farnesyl diphosphate (FPP, C15) and geranylgeranyl
diphosphate (GGPP, C20). These are the starting points for the
production of the huge variety of isoprenoids found in plants.
Consistent with the compartmentalization of most metabolic

© 2015 The Authors
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Fig. 1 Isoprenoid biosynthesis in plant cells. The universal C5 isoprenoid precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP)
can be synthesized by the MVA pathway in the cytosol or the methylerythritol 4-phosphate (MEP) pathway in plastids, and then transported among cell
compartments. Addition of IPP molecules to DMAPP produces prenyl diphosphates of increasing chain length, such as geranyl diphosphate (GPP, C10),
farnesyl diphosphate (FPP, C15) and geranylgeranyl diphosphate (GGPP, C20). These are the starting points for the production of particular groups of
isoprenoids, including the plant hormones brassinosteroids (BRs), cytokinins (CKs), gibberellins (GAs), abscisic acid (ABA) and strigolactones (SLs). GGPP is
synthesized in different compartments by GGPP synthase (GGPPS) enzymes (the numbers refer to the Arabidopsis thaliana isoforms). Some of the
enzymes that channel GGPP to specific isoprenoid pathways are indicated: SPS2, solanesyl diphosphate synthase 2; GGR, geranylgeranyl reductase; PSY,
phytoene synthase. Dashed arrows indicate multiple steps. Grey arrows represent transport of isoprenoid precursors between cell compartments. Plastid
GGPPS paralogues expression pattern (i.e. root, flower, seed and other plant organs) and expression intensity (i.e. black squares, high; dark grey squares,

medium; light grey squares, low) are shown in the pictogram.

pathways in plants (Lunn, 2007), different steps of plant iso-
prenoid biosynthesis can take place in different plant tissues and
subcellular compartments. All land plants use two different path-
ways for the production of the same universal isoprene units
(Fig. 1). The mevalonic acid (MVA) pathway synthesizes
cytosolic IPP for the production of sterols, brassinosteroids,
sesquiterpenes, and prenyl moieties used for protein modifica-
tion. MVA-derived IPP is also transported to mitochondria for
the biosynthesis of ubiquinone (Disch ez al., 1998). Plastid IPP

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust

and DMAPP precursors are synthesized by the methylerythritol
4-phosphate (MEP) pathway (Fig. 1).

The main groups of plastid isoprenoids, including photosyn-
thesis-related metabolites such as carotenoids and the side chain
of chlorophylls, tocopherols (vitamin E), phylloquinones (vita-
min K), and plastoquinones, are derived from GGPP synthesized
by GGPPS enzymes (Fig. 1). Twelve paralogous GGPPS genes
(GGPPS1-GGPPS12) exist in the genome of the model plant
Arabidopsis thaliana (Lange & Ghassemian, 2003). However,

New Phytologist (2016) 209: 252-264
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GGPPS12 (At4g38460) does not show GGPPS activity and
GGPPS5 (At3g14510) is likely a pseudogene (Okada ez al., 20005
Wang & Dixon, 2009; Beck ezal., 2013; Coman ezal., 2014).
The remaining 10 GGPPS isozymes produce GGPP % vitro and/
or in vivo and localize to different subcellular compartments
(Zhu eral., 1997a,b; Okada ez al., 2000; Wang & Dixon, 2009;
Beck etal, 2013). GGPPS2 (Ar2g18620), GGPPS6
(At3g14530), GGPPS7 (At3g14550), GGPPS8 (A3g20160),
GGPPS9 (At3g29430), GGPPS10 (At3g32040) and GGPPS11
(At4g36810) are plastid enzymes. Among these plastid isoforms,
only GGPPS2 and GGPPS11 are ubiquitously expressed, but
GGPPS11 produces much higher mRNA levels than any of the
other paralogues in most organs, especially in photosynthetic tis-
sues (Fig. 15 Beck eral,, 2013). Expression of genes encoding the
GGPPS6, 7, 8,9, and 10 isoforms was confined to specific organs
and developmental stages, with higher levels in roots, developing
seeds, and flowers (in particular, GGPPS6 and 7). Together, the
Arabidopsis GGPPS paralogues show significantly different quan-
titative and tissue-specific expression patterns. Based on their
expression patterns, we hypothesized that GGPPS11 might be
responsible for the housekeeping production of GGPP in chloro-
plasts, whereas other plastid-localized GGPPS isozymes might
have specific and/or minor roles in the tissues where they are
expressed (Beck ezal., 2013).

To address the relevance of the different GGPPS paralogues
for plastid isoprenoid biosynthesis in Arabidopsis, we constructed
a gene co-expression network (GCN) and linked individual
enzymes to GGPP-consuming downstream pathways and to the
upstream pathways. Furthermore, knock-out and/or knock-down
mutants for each plastid GGPPS gene were generated and their
growth and metabolic phenotypes were analyzed. Our results
show that GGPPS11 is a hub gene and GGPPS11 is required for
the production of all major groups of plastid isoprenoids and is
the only plastid isozyme essential for plant development. Consis-
tent with the connection at the gene expression level unveiled by
the GCN, we also found that GGPPS11 can physically interact
with enzymes that use GGPP for the production of photosynthe-
sis-related isoprenoids, suggesting a mechanism for the channel-
ing of GGPP to specific downstream pathways.

Materials and Methods

Plant material and growth conditions

Arabidopsis thaliana (L.) Heynh plants were grown either on
Murashige-Skoog (MS) medium (Duchefa) containing 0.8% w/v
plant agar or on soil in a climate-controlled growth chamber at
22°C under long-day (16h:8h, light:dark) or short-day
(8h:16h, light: dark) conditions. For methyl viologen treat-
ments, seeds were surface-sterilized and sown on a sterile mesh of
filter paper or synthetic fabric (Sefar Nitex 03-100/44) on top of
solid MS medium in square culture dishes. Following stratifica-
tion for 3 d at 4°C in the dark, plates were incubated vertically at
22°C under long-day photoperiod for 5 d. Then, the mesh with
the plants was transferred to new plates containing solid MS
medium either supplemented or not with 5 pM methyl viologen
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and grown under long-day conditions for 5 additional days.
Seeds from Arabidopsis insertion lines belonging to SALK, SAIL,
FLAG, and SM collections (Supporting Information Table S1;
Tissier etal, 1999; Samson etal., 2002; Sessions etal, 2002;
Alonso eral., 2003) were obtained from Torrey Mesa Research
Institute  (http://www.syngenta.com/), from the European
Arabidopsis Stock Center (http://arabidopsis.info/), and from the
INRA (http://urgv.evry.inra.fr/FLAGdb). The original genetic
background of these lines is indicated in Table S1. The loss-of-
function T-DNA lines FLAG134B10 (ggpps2), SAIL1148_A03
(gepps6), and FLAG470E09 (ggpps8) were back-crossed four
times to the Columbia (Col-0) accession. Then, heterozygous
plants were allowed to self-pollinate and the homozygous lines
were identified in the progeny by segregation analysis and PCR-
based genotyping (see Table S2 for primers). A GGPPS9-specific
95-bp fragment in the 3’-UTR was amplified (see Table S2 for
PCR primers) and cloned into the pHellsgate8 vector (Helliwell
& Waterhouse, 2003) to generate lines defective in GGPPS9 by
RNA interference (RNAI; see Table S3 for cloning details). Con-
structs containing the GGPPS11 promoter and/or coding region
were also constructed as described in Table S3 and then used for
Agrobacterium-mediated transformation of Arabidopsis wild-type
(Col-0) and GGPPS11-defective mutant plants.

Homozygous transgenic lines containing a single T-DNA inser-
tion were selected based on the segregation of the corresponding
resistance marker. In the case of T-DNA insertion mutants, the
chi-squared goodness of fit test was performed with 1 degree of
freedom and 95% interval of confidence to verify the Mendelian
segregation of the associated resistance (Table S1). In the case of
the ggpps11-5 mutant, where silencing of the kanamycin resistance
gene was observed, PCR-based genotyping results were scored. In
the case of the null ggpps1-3 and ggppsl1-4 mutants, the number
of green vs brown seeds was scored. Homozygous mutant lines
were confirmed by PCR-based genotyping (Fig. Sla; Table S2). In
most cases, reverse transcription RT-PCR was used to confirm the
absence of transcripts in mutant lines using cDNA isolated from
roots as template and primers spanning the T-DNA insertion site
(Fig. Sla; Table S2). When necessary to amplify low abundance
transcripts, nested PCR was carried out using 1 pl of the RT-PCR
product as template (Fig. S1a; Table S2). The transcript down-reg-
ulation in GGPPS9 RNAI lines (Fig. S1b) was assessed by
TaqMan® RT-qPCR (Applied Biosystems, Foster City, CA, USA)
using cDNA isolated from roots as template, and UPL6 (Universal
Probe Library, F. Hoffmann-La Roche, Basel, Switzerland). The
transcript down-regulation in ggppslI-5 plants was assessed as
described (Rodriguez-Villalon et al., 2009). Primer sequences are
listed in Table S2. The IMAGE] software (http://imagej.nih.gov/ij/)
was used for measurements of plant morphological traits (e.g.

cotyledon length).

GCN analysis

The GCN was generated as described in Coman eral. (2014). In
brief, the AtIPD database (Vranova et al, 2011) was used to assem-
ble a list comprising the guide genes (GGPPS2, GGPPS6-
GGPPS11) and the query genes (genes encoding the MVA and the
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MEP pathway enzymes and enzymes from downstream biosyn-
thetic pathways). The Arabidopsis Developmental Baseline dataset
generated within the AtGenExpress Consortium was used (Schmid
etal., 2005). Next, the pairwise Pearson correlation between each
guide and query genes was computed and Fisher’s Z-transforma-
tion was employed to test if the pairwise correlations were signifi-
cant. The family wise error was controlled using Holm—Bonferroni
correction. The GGPPS GCN was built based on the corrected 7-
values from the significance test as estimator of significant positive
co-expression between pairs of genes (i.e. P-values <0.05 indicate
significantly co-expressed genes). The GGPPS GCN was displayed
as undirected graph with nodes representing genes and edges repre-
senting significant correlation between pair of genes (i.e. P-value

<0.05) using Cytoscape (Shannon ez al., 2003).

Microscopy

Clearing of Arabidopsis ovules was performed as described (Stan-
geland & Salehian, 2002) with some modifications: Hoyer’s solu-
tion contained 66.7 g chloral hydrate and 8.3 ml glycerol
dissolved in 25 ml water. Siliques were dissected with hypoder-
mic needles or ovules were taken out of siliques and cleared for
several hours or overnight. Embryo development was studied
microscopically with a Zeiss Axioplan 2 microscope equipped
with differential interference contrast optics. Pictures were taken
with the connected Axiocam Hrc (Carl Zeiss, Jena, Germany).

For determination of chloroplast size and abundance, wild-
type and ggppsl1-5 lines were grown for 7 d under long-day con-
ditions. Then, whole seedlings were embedded in 5% (w/v)
agarose blocks and 200 um cross-sections of their cotyledons
were obtained with a Vibratome Series 1000 Sectioning System.
Sections were observed with a Olympus FV 1000 Confocal Laser
Scanning Microscope (Tokyo, Japan). Chloroplasts were identi-
fied based on chlorophyll autofluorescence. Pictures of chloro-
plasts from different stomata and mesophyll regions were taken
and used to count chloroplasts with the Image] software. To esti-
mate chloroplast area, only the largest chloroplast of each guard
cell and the five largest chloroplasts in the pictures of the meso-
phyll region were used for Image] calculations.

Extraction and analysis of metabolites

Seedlings were grown for 10d on MS medium supplemented
with 1% of sucrose and frozen in liquid nitrogen before analysis.
Frozen plant material from seven biological replicates was ground
and 100 mg samples were resuspended in 1 ml of extraction mix-
ture 1 (methanol/chloroform/water 2.5:1:1) containing two
internal standards at 1 pg ml ™! concentration, corticosterone and
Cl17-choline. After mixing and sonication, samples were cen-
trifuged for 3 min at 20 000 g at 4°C. The supernatants were
transferred to fresh tubes and 200 pl water and 400 pl chloro-
form were added. The tubes were briefly vortexed and then cen-
trifuged again. Approximately 500 pul of the organic lower phase
was transferred to a fresh tube. The pellet resulting from the first
extraction was re-extracted with 300 pl of extraction mixture 2
(2-propanol/hexane/water 5:2:2.5). Samples were vortexed,
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sonicated, and centrifuged and the resulting supernatants were
pooled to the organic phase. Extracts were dried by a speed-vac-
uum centrifugation at 20°C for ¢. 2 h. The dry pellets were then
resuspended in 200 pl of a 7 : 3 chloroform/2-propanol solution.
After vortexing, sonication, and centrifugation, 140 ul were
transferred to a glass vial for UPLC-MS analysis in a system con-
sisting of a Waters Acquity ultra high performance liquid chro-
matograph (UPLC) and a Bruker quadrupole time-of-flight
(QTOF) high-resolution mass spectrometer equipped with elec-
trospray ionization source. An Acquity BEH C8 2.1 x 100 mm,
1.7 um column from Waters was used in the study. The two sol-
vents used for gradient elution were A (H,O +1% ammonium
acetate + 0.1% acetic acid) and B (acetonitrile/isopropanol (7 : 3)
+1% ammonium acetate +0.1% acetic acid). A further
metabolic analysis of ggpps11-5 plants was performed by extract-
ing and quantifying photosynthetic pigments (chlorophylls and
carotenoids) and prenylquinones as described (Rodriguez-Con-
cepcion et al., 2004; Martinis ez al., 2011).

Yeast two-hybrid assays

The split-ubiquitin system was used as described (Obrdlik ezal,
2004). ORFs were truncated by the length of putative transit pep-
tides predicted by ChloroP (Emanuelsson ezal., 1999) which was
55 aa for G11, 57 aa for phytoene synthase (PSY), 43 aa for GGR
and 59 aa for SPS2, as described in Table S3. The cDNAs were
cloned into pNXgate for Nub-GGPS11 or pMetYCgate for Cub
fusions and transformed into the yeast strain THY.AP4 (Nub) or
THY.AP5 (Cub), respectively. Separate strains carrying Nub and
Cub fusions were mated and the resulting diploid cells were cul-
tured in synthetic complete medium lacking leucin and trypto-
phane. Interaction growth tests were performed on synthetic
minimal agar, supplemented with 150 pM methionine for PSY-
Cub combinations to reduce a weak background activation of the
reporter gene. For B-galactosidase assays and phytoene extraction,
yeasts were cultivated overnight in synthetic complete medium sup-
plemented with adenine and histidine at 28°C. B-Galactosidase
activity was determined in triplicates as described (Obrdlik ez al,
2004) and expressed relative to cell density measured at 600 nm.
Phytoene was quantified as described (Welsch ez al., 2010).

Bimolecular fluorescence complementation (BiFC)

Constructs for BiFC experiments were generated in pSPYNE(R)
173 and pSPYCE(MR) vectors (Waadt ¢z al., 2008) as described
in Table S3. Onion (Allium cepa) epidermal peels were
microbombarded with DNA-coated 1 puM gold microcarriers
using a Biolistic PDS-1000/He system (Bio-Rad) and incubated
at 22°C in the dark for 24 h before observation with a Leica
(Leica Microsystems CMS GmbH, Mannheim, Germany) TCS
4D Confocal Laser Scanning Microscope.

Gene ID numbers
AGI locus identifiers of the GGPPS characterized in this study
are: GGPPS1 (GGPPS6 in Zhu et al., 1997b; Okada ez al., 2000)
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is At1g49530; GGPPS2 is Ar2g18620; GGPPS3 (GGPPS4 in
Okada ezal., 2000) is At2g18640; GGPPS4 (GGPPS5 in Zhu
etal, 1997a; GGPPS2 in Okada eral, 2000) is At2g23800;
GGPPS6 is At3gl4530; GGPPS7 (GGPPS3 in Okada eral.,
2000) is At3g14550; GGPPS8 is At3g20160; GGPPS9 is
At3g29430; GGPPS10 is At3g32040; GGPPS11 (GGPPSI in
Okada et al., 2000) is At4g36810; GGPPS12 is Atdg38460.

Results

GGPPS11 is a hub gene in the modular GGPPS gene co-ex-
pression network

Gene co-expression networks (GCNs) may be indicative for
modular organization and functional relationships between genes
(Oliver, 2000). Genes associated with the same metabolic path-
way are highly co-expressed across various spatial, temporal and/
or environmental conditions compared to genes from different
pathways (Gachon ezal., 2005; Wei et al., 2006; Heyndrickx &
Vandepoele, 2012). Here we have used a targeted GCN analysis
to predict the association of individual plastid GGPPS isozymes
with pathways in the isoprenoid metabolism.

As input expression dataset for the targeted GCN analysis we
used the Developmental Baseline microarray compendium,
which contains gene expression information for various stages of
Arabidopsis development from embryogenesis to senescence as
well as for various organs and tissues (Schmid ezal, 2005). As
guide genes we used the GGPPS genes that encode plastid
isozymes (GGPPS2 and GGPPS6 to GGPPS11). As query genes,
we used the genes encoding the enzymes from the plastid MEP
pathway and the cytosolic MVA pathway and the enzymes from
downstream plastid biosynthetic pathways for the production of
carotenoids, chlorophylls, plastoquinone, phylloquinone, toco-
pherols, gibberellins, abscisic acid (ABA) and strigolactones (SLs;
Table S4). To build the targeted GCN, the correlation of tran-
script profiles between guide and query genes was assessed and
tested for statistical significance (Coman ez al., 2014).

The GGPPS GCN has in total 73 nodes and 83 edges repre-
senting significant co-expression (P-value<0.05; Table S5)
between the GGPPS genes encoding plastid isozymes and genes
from the MEP pathway, the MVA pathway and biosynthetic
pathways downstream of GGPPS (Fig. 2a). The GGPPS GCN
shows a modular organization. The major component in the net-
work with the highest connectivity is GGPPS11, which accounts
for 68.6% of total edges in the GCN. The remaining GGPPS
paralogues on average account for only 6.2% of total edges
(Fig. 2a). The high node degree of GGPPS11 indicates the central
relevance of this gene for GGPP synthesis in plastids. The small
node degree of GGPPS2 and GGPPS6 to GGPPSIO0 suggests a
minor role for these paralogues in Arabidopsis plastid GGPP syn-
thesis, in agreement with gene expression profiles (Beck ezal.,
2013).

We next mapped GCN onto the isoprenoid metabolic path-
way network (Vranova ez al., 2011) to determine the involvement
of GGPPSI1I and other GGPPS paralogues in different pathway
branches. GGPPS11, which is the most ubiquitously expressed
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plastid GGPPS paralogue and the only one highly expressed in
green tissues (Fig. 1; Beck eral, 2013), is significantly co-ex-
pressed with all genes encoding MEP pathway enzymes and
almost all genes from pathways synthesizing photosynthesis-re-
lated isoprenoids (Fig. 2b; Table S6). This is in agreement with
similar network studies of the GGPPS genes that used different
data sets and calculation methods (Wille eral, 2004; Gilbert
etal., 2009; Meier et al., 2011; Lonzano & Swirszcz, 2012; Yang
etal., 2014). Only few significant connections exist between
GGPPS11 and genes from the hormone biosynthetic pathways
(gibberellins, ABA and strigolactones).

The other plastid GGPPS genes are significantly co-expressed
with only a few genes from downstream plastid pathways.
GGPPS2, GGPPS6/GGPPS7, GGPPS8 and GGPPS10 have simi-
lar co-expression pattern and they are co-expressed with genes
encoding gibberellin 3-oxidase 1 (GA3ox1, Atlgl5550) and gib-
berellin 3-oxidase 2 (GA30x2, Ar1g80340) from the GA biosyn-
thetic pathways and with isochorismate synthase 2 (/CS2,
MENF2, Atlg18870) from the phylloquinone biosynthetic path-
way. GGPPS2 and GGPPS8 to GGPPSI0 are co-expressed with
the 5-aminolevulinate dehydratase (HEMB2, Arlg443180) from
the chlorophyll biosynthetic pathway (Fig. 2b). Interestingly,
GGPPS2, GGPPS6/GGPPS7 and GGPPSIO are co-expressed
with genes encoding enzymes in the cytosolic MVA pathway
(Fig. 2) but not with genes encoding enzymes in the MEP path-
way. Cross-compartment transport of prenyl diphosphate inter-
mediates has been reported (Bick & Lange, 2003; Fliigge & Gao,
2005) and therefore GGPPS2, GGPPS6/GGPPS7 and
GGPPS10 might use precursors derived from the cytosolic MVA
pathway. This would be consistent with the expression patterns
of the GGPPS2, GGPPS6/GGPPS7 and GGPPSI0 genes, which
appear to be confined to nongreen tissues (Beck ez al., 2013). Yet,
GGPPS11 might be the main isozyme that uses IPP and
DMAPP precursors produced via the MEP pathway for GGPP
biosynthesis and the main one contributing GGPP for the syn-
thesis of photosynthesis-related isoprenoids (Fig. 2; Table S6).

Mutants in the GGPPS genes confirm essentiality of
GGPPS11

To test if the function of GGPPS11 is essential compared with
other plastid GGPPS, we established a collection of full loss-of-
function mutants for plastid GGPPS genes (Figs 3, S1; Table S1).
Homozygous lines with a single T-DNA inserted in the coding
region could be obrtained for all genes except GGPPS9 and
GGPPS11 (see the Materials and Methods section and Fig. S1a).
The absence of detectable full-length transcripts in ggpps2,
2opps6, gapps7, gepps8 and ggppsI0 mutants was confirmed by
standard reverse transcription PCR (RT-PCR), indicating that all
are null mutants (see the Materials and Methods section and
Fig. Sla). The two available T-DNA insertion mutants for
GGPPS11 were ggppsl1-3 (SALK_085914) and ggppsii-4
(SAIL_712_D06) according to the annotation by Ruppel ezal.
(2013). Because no T-DNA insertion line for GGPPS9 could be
identified in public repositories, we generated RNAI lines for this
paralogue (see the Materials and Methods section and Fig. S1b).
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A 95 nucleotide tag located in the 3'UTR region of GGPPS9was ~ with 21% and 16% of transcript wild-type levels, respectively

selected to ensure specific targeting of this paralogue. Two inde- (Fig. S1b).

pendent homozygous lines with the lowest transcript levels were All lines used in this work were either originally in the Col-0
selected for further analysis, the ggpps9-1 and ggpps9-6 RNAi lines  background or back-crossed into Col-0 to ensure comparability
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Fig.2 The Arabidopsis GGPPS gene co-expression network. Genes are shown as nodes and statistically significant positive co-expression relationships (P-
value <0.05) are shown as edges. The GGPPS genes encoding plastid isozymes are indicated in green (dark green, GGPPS11; GGPPS2; light green,
GGPPS6-10). GGPPS6 and GGPPS7 are ambiguously amplified by the same probe set on the Affymetrix™ (Santa Clara, CA, USA). microarray and are
referred here to as ‘GGPPS6/7'. The grey nodes represent the genes encoding enzymes from the methylerythritol 4-phosphate (MEP) and the mevalonic
acid (MVA) pathways and from biosynthetic pathways located downstream of geranylgerany! diphosphate synthase (GGPPS). Only significant co-
expression edges between GGPPSs and genes from isoprenoid pathway are shown (i.e. co-expression between GGPPs are not depicted here). (a) The
modular co-expression network of the GGPPSs encoding plastid isozymes during Arabidopsis development is shown. GGPPSTT has the highest
connectivity and is a hub in the gene co-expression network envisioning an essential role owed to its high nonoverlapping connectivity. The remaining
paralogues form overlapping modules. (b) The co-expression network of the GGPPSs encoding plastid isozymes, mapped onto the metabolic pathway of
isoprenoid biosynthesis is shown. The plastid compartment is delimited by the grey dotted line. The MEP and the MVA pathways upstream of GGPPS and
the downstream biosynthetic pathways that use GGPP as precursor are schematically represented. Multiple nodes aligned horizontally represent isozymes

and the direction of the biosynthetic process is indicated by red arrows. GGPPS11 has the highest connectivity (green edges). Gene abbreviations are

included in Supporting Information Table S6.

between the mutant lines (see the Materials and Methods section
and Table S1). All ggpps mutants had segregation ratios consistent
with single locus recessive nuclear mutations (Table S1). Mutant
lines for GGPPS2, GGPPS6, GGPPS7, GGPPS8, GGPPS9, or
GGPPS10 did not show any developmental defects compared to
wild-type plants. Homozygous geppsII-3 and ggppsii-4 lines
could not be identified in the F2 progeny. Even screening of a
larger population of 87 F2 ggppsi1-4 seedlings grown on antibi-
otic selection media using PCR genotyping revealed no homozy-
gous mutant plants. Similar results were reported by Ruppel ez al.
(2013) from genotyping a segregating ggppsl1-3 population. In
siliques of heterozygous geppsl1-3 and ggppsi1-4 plants, 19%
(n=2286) and 22% (n=2021), respectively, of developing seeds
were white, and at a later stage brownish and shrunken (Fig. 3b),
suggesting defective homozygous embryo and/or seed develop-
ment. To discriminate between these two possibilities, we ini-
tially examined embryo development in siliques from
heterozygous plants. Approx. 20% of the embryos in these
siliques were found to be arrested at the heart stage (Fig. 3¢). The
arrested embryos could not develop further and seeds with those
aborted embryos eventually collapsed and dried (Fig. 3b). The
embryo lethal phenotype of the ggppsii-4 allele was comple-
mented by expressing a genomic fragment with the GGPPS11
gene (G111 minigene), including the promoter and protein coding
region (Fig. S2). We therefore conclude that the embryo lethal
phenotype of these plants was specifically caused by a loss of
GGPPS11 activity and hence that GGPPS11 activity is essential
during embryo development.

Reduced GGPPS11 levels in the ggpps11-5 allele result in
pale plants with smaller mesophyll chloroplasts

We next searched the SALK collection of T-DNA insertion lines
(Alonso ez al., 2003) for potential knock-down mutants to under-
stand the contribution of GGPPS11 to the production of plastid
isoprenoids. Line SALK_140601 was selected and confirmed to
contain a T-DNA 148 bp upstream of the first ATG codon in
the GGPPS11 gene by sequencing the insertion site in the
genome of homozygous plants. The new insertion allele was
named ggppsl1-5 (Fig. 3a). Unlike the variegated phenotype of
the ggppsli-1 mutant, a likely knock-down allele with a point
mutation in the coding region of the GGPPS11 gene (Ruppel
etal., 2013), ggppsli-5 plants were paler than the wild-type
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(Figs 3d, S2, S3). But similar to ggppsIi-1 plants, ggppsii-5
seedlings were smaller than the wild-type, had shorter roots, and
showed a developmental delay when growing in long or short
days (Figs 3d, S2, S3). The number of chloroplasts appeared to
be similar in wild-type and ggppsi1-5 plants (Fig. S4). Also simi-
larly, guard cell chloroplasts in the mutant had a wild-type size.
However, chloroplasts in mesophyll cells were found to be
smaller in ggpps11-5 plants (Fig. S4). Consistently, the white sec-
tors of ggppsl1-1 leaves showed an improper development of
mesophyll chloroplasts but normal-appearing guard cell chloro-
plasts (Ruppel ez al., 2013).

Reverse transcription quantitative PCR (RT-qPCR) analysis of
GGPPS11 transcript levels in wild-type and ggppsiI-5 seedlings
showed substantially reduced levels in mutant plants before and
after de-etiolation (Fig. 3¢). The visual phenotype of the ggppslI-
5 mutant was fully complemented by expressing either the G171
minigene (Fig. S2) or the GGPPS11 coding region fused to the
green fluorescent protein (GFP) reporter under the transcrip-
tional control of the constitutive 35S promoter (¢g/1 +SG11G
lines; Figs 3d, S3), demonstrating that it was specifically caused
by a defective GGPPS11 expression.

Metabolite analysis confirms the essential role of GGPPS11
in plastid isoprenoid metabolism

We next analyzed the level of photosynthesis-related isoprenoid
in  wild-type, ggppsiI-5, and complemented
(¢11 + SG11G) lines using high pressure liquid chromatography
(HPLC) and UPLC-MS (see Materials and Methods). Levels of

chlorophylls (2 and &), carotenoids (B-carotene, violaxanthin,

metabolites

neoxanthin, and lutein) and prenylquinones such as tocopherols
(a-tocopherol and y-tocopherol), plastoquinones (plastochro-
manol-8 and plastoquinone-9) and phylloquinone were signifi-
cantly reduced in ggppsii-5 seedlings, whereas complemented
lines showed a metabolite profile similar to that of wild-type con-
trols (Figs4, S5). It is likely that the observed reduction of
chloroplast size (Fig. S4) and photosynthesis-related metabolites
(Figs 4, S5) in ggpps11-5 plants could have an impact on photo-
synthetic rate, as previously reported for another GGPPS11-de-
fective allele (Ruppel eral, 2013). We additionally evaluated
whether the metabolic, physiological, and developmental changes
associated with a reduction in GGPPSI11 activity in the ggppslI-
5 mutant had an impact on the protection against oxidative
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stress. We addressed this question by comparing the response of by methyl viologen was similar in wild-type and ggppsi -5 plants
wild-type and mutant plants to treatment with methyl viologen ~ based on the reduction of root growth and shoot fresh weight
(also known as paraquat, a widely used inductor of oxidative  (Fig. S3). Together, metabolite and phenotypic analysis of the
stress in the chloroplast). The response to oxidative stress caused  ggppsI1-5 mutant suggests that partial loss of GGPPS11 function
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Fig. 3 Collection of ggpps mutants. (a) Schematic representation of mutations disrupting the plastid geranylgeranyl diphosphate synthase (GGPPS) genes.
ggpps2 (FLAG_134_B10), ggpps6 (SAIL_1148_A03), ggpps7 (SALK_119280), ggpps8 (FLAG_470_EQ09), ggpps9-1 and ggpps9-6 (RNAI), ggpps10
(SM_3_32015), ggpps11-3 (SALK_085914), ggpps11-4 (SAIL_712_DO06) and ggpps11-5 (SALK_140601). The genomic location of the T-DNA insertion
lines and of the gene specific tag selected as target for RNAi mediated silencing, are shown and marked by an arrowhead. Gene models are according to
TAR v10 Arabidopsis thaliana genome annotation and are shown in 5’-3 orientation. Coding regions are shown in grey and untranslated regions are
shown in black. (b) Representative images of wild-type (WT) siliques and the segregating population of seeds in siliques of heterozygous ggpps77-3 and
ggpps11-4 full loss-of-function mutant plants. White and brownish seeds are observed in both mutant backgrounds. (c) Representative images of embryos
in the segregating population of seeds found in siliques of heterozygous ggpps717-4 plants at different stages of development. Images in the same column
correspond to green or white/brown seeds of the same silique. Similar results were obtained for the ggpps77-3 line. Bars, 20 um. (d) Partial loss-of-function
ggpps11-5 mutant plants show pigmentation and growth defects. Representative images of WT, mutant ggpps77-5, and complemented g77 + SG171G
seedlings grown for 7 d under long-day conditions (LD, upper panel) and for 4 wk under short-day (SD) or 3 wk under LD (lower panel) conditions. (e)
Reverse transcription quantitative (RT-q)PCR analysis of GGPPST1 transcript levels of WT and ggpps77-5 mutant plants. The graph on the right represents
GGPPS11 transcript levels of 4-d-old etiolated WT and ggpps717-5 seedlings immediately before and after illumination with white light for 6 h. The graph
on the left represents GGPPS11 transcript levels in WT and ggpps11-5 seedlings grown for 11 d under SD or 7 d under LD photoperiod. The UBC/UBC21/

PEX4 (At5g25760; Czechowski et al., 2005) gene was used for normalization. Data correspond to mean and standard deviation of n =4 independent
samples. Asterisks mark statistically significant differences (P <0.05) relative to WT samples.
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Fig. 4 Plastid isoprenoid levels are reduced in ggpps17-5 plants.
Arabidopsis thaliana wild-type (WT), mutant ggpps717-5, and
complemented g77 + SG717G seedlings grown for 7 d under short-day
conditions were used to quantify the levels of the indicated groups of
plastid isoprenoids. Data of individual metabolites are shown in Fig. S5.
Values are shown relative to those found in WT plants and correspond to
mean and standard deviation of n =8 (carotenoids and chlorophylls) or

n =4 (tocopherols and plastoquinones) independent samples. Asterisks
mark statistically significant differences (P <0.05) relative to WT samples.
Absolute levels in WT plants are as follows: carotenoids,

137.9+7.0ug g ' FW; chlorophylls, 177.8 + 8.9 ug g~ ' FW; tocopherols,
6.14+0.2pgg ' FW; plastoquinones, 9.3 +0.9 ug g™ ' FW.

reduces the supply of GGPP for the production of photosynthe-
sis-related metabolites, which in turn would negatively impact
chloroplast development and photosynthetic efficiency and even-
tually cause the growth defects observed in the ggpps! -5 mutant.

In principle, reduced production of gibberellins (Fig. 1) could
also contribute to reduced growth. However, experiments with
the ggpps11-1 mutant allele, which has a stronger growth and pig-
mentation phenotype compared to ggppsi I-5, indicated that fur-
ther reduction in GGPPS11 activity did not significantly affect
gibberellin-controlled processes such as seed germination,
hypocotyl elongation, or flowering (Ruppel ez al., 2013). Consis-
tent with the conclusion that GGPPS11 does not significantly
contribute to the biosynthesis of these hormones, mutant
ggpps11-5 seedlings showed wild-type levels of transcripts from

New Phytologist (2016) 209: 252-264
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most gibberellin producing and inactivating pathway genes used
as markers for GA contents (Curaba ez al., 2004; Eriksson et al.,
2006; Fig. S6).

We also tested whether ggpps2, gapps6, gapps7, gappsS, ggpps9
and ggpps10 mutants were compromised in the synthesis of pho-
tosynthesis-related isoprenoid metabolites. Profiling of chloro-
phylls (2 and &), carotenoids (B-carotene, neoxanthin) and
prenylquinones (phylloquinone) using UPLC-MS (see the
Materials and Methods section) showed that none of the mutants
except ggpps8 (in which a small decrease in chlorophyll 4 level
was detected) had significantly decreased levels of these iso-
prenoid metabolites (Fig. S5). These results are consistent with
the GCN prediction that GGPPS11 is the main plastid GGPPS
isozyme that produces a common pool of GGPP substrate for the
biosynthesis of photosynthesis-related isoprenoids (Fig. 1).

GGPPS11 interacts with plastid enzymes that use GGPP as
substrate

GGPPS enzymes have been found in multienzyme complexes
containing phytoene synthase (PSY) and other isoprenoid biosyn-
thetic enzymes in chromoplasts (Maudinas ezal., 1977; Dogbo
etal., 1988; Camara, 1993; Fraser ezal, 2000). Based on our
GCN analysis and metabolite profiling data, we reasoned that
GGPPS11 might interact with PSY but also with other enzymes
that use GGPP as a substrate for the production of downstream
isoprenoids in Arabidopsis chloroplasts (Fig. 1). To test this possi-
bility, we used g/ + SGIIG plants for immunoprecipitation
assays. Transgenic lines expressing a GFP-tagged version of
deoxyxylulose 5-phosphate, the first enzyme of the MEP pathway
(Pulido eral., 2013), were used as controls for immunoprecipita-
tion experiments with a commercial anti-GFP serum. Analysis of
co-immunoprecipitated proteins by mass spectrometry detected
the presence of GGR (Atlg74470) and SPS2 (Atlg78510) only
in g11 +SGI11G samples. GGR produces the phytyl moiety of
chlorophylls, tocopherols and phylloquinone (Keller ez al., 1998)
and, SPS2 specifically converts GGPP into solanesyl diphosphate
for the production of photoactive plastoquinone (Block ezal,
2013; see Fig. 1). However, PSY was not detected among

the co-immunoprecipitated  proteins.  Furthermore, the

© 2015 The Authors
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Fig.5 Geranylgeranyl diphosphate synthase 11 (GGPPS11) interacts with phytoene synthase (PSY), GGR, and SPS2 in vivo. (a) Growth of yeast strains
co-expressing the indicated proteins on synthetic minimal medium. Empty vectors expressing Nub (N-terminal ubiquitin moiety) or Cub (C-terminal
ubiquitin moiety) alone were used as negative controls, and constructs with the KAT1 protein, known to homodimerize, were used as a positive control.
Growth indicates interaction. (b) Quantification of interaction by B-galactosidase activity from yeast strains co-expressing the indicated proteins. (c) Levels
of phytoene (produced by the PSY enzyme from GGPP) in yeast cells co-expressing the indicated proteins. Values in (b, ¢) correspond to mean and
standard deviation of n =3 independent samples. (d) Bimolecular fluorescence complementation (BiFC) experiments in onion (Allium cepa) epidermal
tissue. Cells were co-bombarded with a construct to transiently express the full-length GGPPS11 protein with its C-terminus fused to the C-terminal
domain of YFP (G11-CY) together with plasmids expressing full-length PSY, GGR or SPS2 proteins with their C-termini fused to the N-terminal half of YFP
(PSY-NY, GGR-NY and SPS2-NY, respectively) or a negative control (C-NY). An extra plasmid encoding a cytosolic DsRed marker protein was also
included to mark transformed cells. Panels show merged images obtained by observation of DsRed fluorescence (red), yellow fluorescent protein (YFP)
fluorescence (green, indicative of positive interaction), and bright field. Green fluorescent dots correspond to plastids (leucoplasts). Bars, 20 um.

immunoprecipitation results were not consistently reproducible, To verify that the observed interaction of GGPPS11 with
perhaps due to transient or unstable nature of the interactions or ~ GGPP-consuming enzymes occurs under appropriate physio-
to their dependence on specific growth conditions or cell types. logical conditions (i.e. inside plastids in living plant cells), we

As an alternative and more robust approach to evaluate the carried out bimolecular fluorescence complementation (BiFC)

interaction between GGPPS11 and downstream enzymes, we  assays (Ohad eral, 2007). Onion (Allium cepa) epidermal peels
used yeast two-hybrid (Y2H) analysis. Because PSY enzymes have =~ were microbombarded with particles coated with constructs
been found associated to membranes in all plastid types (Dogbo ~ expressing GGPPS11 fused to the C-terminal domain of the
etal., 1988; Bonk etal, 1997; Fraser etal., 2000; Welsch et al., yellow fluorescent protein (YFP) (G11-CY) and the interacting
2000; Li ez al., 2008), we used a split-ubiquitin membrane-based ~ enzymes fused to the N-terminal half of YFP (PSY-NY, GGR-
Y2H system (Obrdlik ezal, 2004). A clear interaction between NY, and SPS2-NY). As shown in Fig. 5(d), BiFC experiments
Arabidopsis GGPPS11 and PSY enzymes was detected by growth ~ confirmed the interaction of Arabidopsis GGPPS11 with PSY,
in selective medium (Fig. 5a) and P-galactosidase activity =~ GGR, and SPS2 in the plastids of plant cells.

(Fig. 5b) of yeast strains co-expressing GGPPS11 fused to the
N-terminal ubiquitin moiety (Nub-G11) and PSY fused to the
C-terminal ubiquitin moiety (PSY-Cub). The fusion proteins
maintained their enzymatic activity, as demonstrated by the accu-  Using GCN  (Fig. 2), mutant analyses (Figs3, $2-S4) and
mulation of phytoene (the product of PSY) in yeast strains  metabolite profiling (Figs 4, S5) we demonstrated the central role
expressing both Nub-G11 and PSY-Cub (Fig. 5¢), while this was ~ of the GGPPS11 isozyme for the synthesis of photosynthesis-re-
not observed in yeasts co-expressing Nub and PSY-Cub. Y2H  lated isoprenoids and hence for chloroplast and plant develop-

Discussion

experiment further confirmed the interaction of GGPPS11 with ment. Furthermore, immunoprecipitation, Y2H, and BiFC
GGR, another membrane-associated enzyme (Peltier ezal., 2004;  assays (Fig. 5) provided evidence that GGPPSI1 interacts with
Joyard etal., 2009; Tanaka ezal., 2010). However, interaction enzymes that use GGPP as substrate.

with SPS2 could not be evaluated with this experimental system The remaining individual plastid GGPPS enzymes appear to
because the SPS2-Cub fusion alone showed a very strong activa- ~ be dispensable for the synthesis of major plastid isoprenoids
tion of the reporter genes (Fig. 5). and for normal plant growth and development. So far we can
© 2015 The Authors New Phytologist (2016) 209: 252-264
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only speculate on their function. Multiple paralogues are gen-
erally maintained in the genome if they confer a selective
advantage, such as a better performance under certain condi-
tions, gene dosage or reducing metabolic cross talk by associa-
tion with different metabolic fluxes (Force ezal, 1999).
Expression of the GGPPS2 and GGPPS6 to GGPPSIO par-
alogues is restricted to specific tissues and developmental stages
mainly in flowers, seeds and in roots (Beck ezal, 2013) and
correlates, in general, with the developmentally regulated syn-
thesis of hormones (Bennett ez al, 2006; Nambara & Marion-
Poll, 2006; Floss & Walter, 2009; Ruyter-Spira ezal., 2013;
Seto & Yamaguchi, 2014). Expression of genes encoding GA
biosynthetic enzymes do correlate with GGPPS-encoding genes
in the GCN. Nevertheless, ggpps mutants do not show any
apparent change from the normal phenotype that would imply
GA, ABA or strigolactone hormone deficiencies. Since these
plastid GGPPS isozymes seem to be redundant in their func-
tion, combinations of multiple mutants will have to be gener-
ated in order to reveal their function.

Our data provide evidence that GGPPS11 can interact with
the three enzymes that channel GGPP to the production of
major photosynthesis-related isoprenoids: PSY to carotenoids,
GGR to chlorophylls, tocopherols, phylloquinones and SPS2
to plastoquinones (Fig. 1). The formation of multienzyme
complexes containing GGPPS11 and particular GGPP-con-
suming enzymes could ensure an efficient allocation of sub-
strates into particular pathways, a mechanism to control
metabolic flux to specific isoprenoid biosynthetic pathways in
addition to the co-regulation of gene expression. Our data are
consistent with the existence of multienzyme complexes con-
taining GGPPS and PSY in chromoplasts that are specialized
in the production and accumulation of high amounts of
carotenoids (Maudinas eral, 1977; Dogbo eral, 1988;
Camara, 1993; Fraser eral, 2000; Ruiz-Sola & Rodriguez-
Concepcidn, 2012). It is therefore possible that complexes con-
taining GGPPS11 and GGR might be found in tocopherol-
rich seeds, whereas complexes containing PSY, GGR, or/and
SPS2 might form, albeit transiently, in the chloroplasts of pho-
tosynthetic tissues. The formation of a particular complex
might be determined by the abundance of the corresponding
GGPP-consuming enzyme in a given plastid, cell, tissue, organ,
or developmental stage. It is possible that competition among
different enzymes for GGPPS11 binding is also part of a regu-
latory mechanism to balance the production of different types
of isoprenoid products. These possibilities require further
experimental analysis.

In summary, our data confirm the central role of GGPPS11
for the synthesis of plastid isoprenoids. The essential nature of
this particular GGPPS isozyme was demonstrated by in silico
analysis and confirmed genetically based on the severe develop-
mental phenotype of the ggppsi 1 null mutants and metabolically
using the knock-down ggpps!1-5 allele. Furthermore, the forma-
tion of multienzyme complexes containing GGPPS11 and partic-
ular GGPP-consuming enzymes could be an additional
mechanism besides the gene co-expression to control metabolic
flux to specific isoprenoid biosynthetic pathways.

New Phytologist (2016) 209: 252-264
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Figure S1. Mutants of the plastid GGPPS2,6-10 isoforms. (a) PCR genotyping of T-DNA insertion
lines disrupting GGPPS2, GGPPS6, GGPPS7, GGPPS8 and GGPPSI0 genes (left panel) and RT-PCR
with corresponding cDNAs (right panel). For genotyping, the state of the transgene allele as
heterozygous or homozygous was analysed using combinations of gene specific primers (GSPs) and a
primer annealing to the left border of the T-DNA (LB). As control, the same GSPs were used with
genomic DNA isolated from wild type Col-0 plants (WT). Homozygous mutant lines for ggpps2,
88ppso6, ggpps7, ggppsS and ggppsl0 are shown. In the RT-PCR, full length cDNA spanning the T-
DNA insertion site for each mutant could not be amplified, whereas in the control Col-0 (WT) the
respective transcripts were present. (b) Transcript down-regulation in ggpps9-1 and ggpps9-6 stable
RNAI lines. The actin (ACT2; At3g18780) gene was used for normalization. Data correspond to mean
and standard deviation of n=5 independent samples. GGPPS9 transcript levels are down-regulated to
21% in ggpps9-1 and to 16% in ggpps9-6 compared to the WT levels.
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Figure S2. Complementation of GGPPS11-defective mutants with the G111 minigene. The promoter
and coding region of the GGPPSII gene (GII minigene) was amplified from the genome of Col-0
plants, cloned in a binary vector, and used to transform heterozygous ggppsl -4 (a) and homozygous
ggppslI-5 (b,c) lines. (a) Rescue of the embryo lethal phenotype of the ggppsli-4 allele with the G11
minigene. The graph shows the percentage of aborted seeds in siliques from heterozygous ggppsi -4
lines either untransformed or transformed with the G// minigene (T1 population, in which a ~6.25 % of
aborted seeds was expected assuming complementation). Between 420 and 856 seeds were counted from
each plant. (b) Representative images of seedlings from wild type (WT), mutant ggppslI-5, and
complemented ggppsI -5 lines harbouring the G// minigene. Plants were grown for 7 days under short
day (SD) or long day (LD) photoperiod. (c) Representative individuals of the indicated lines grown for 3
weeks under LD.
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Figure S3. Phenotype of seedlings and adult plants with altered GGPPS11 levels grown under
different photoperiods. (a) Representative images of wild type (WT), mutant ggppslI-5 and
complemented seedlings of the indicated lines grown for 7 days under short day (SD) or long day (LD)
photoperiod. (b) Representative individuals of the indicated lines grown for 4 weeks under SD or 3
weeks under LD. (c) Estimation of seedling size (D, distance between the tips of cotyledons; see red
arrow on (a)) for the indicated lines grown for 7 days under SD or LD conditions. Values correspond to
mean and standard deviation of at least n=25 seedlings. Asterisks mark statistically significant
differences (p<0.05) relative to WT samples. (d) GGPPS11 transcript levels in WT, ggppsli-5 and
complemented seedlings of the indicated lines grown for 7 days under LD photoperiod. The
UBC/UBC21/PEX4 (At5g25760) gene was used for normalization. Data correspond to mean and
standard deviation of n=4 independent samples. Asterisks mark statistically significant differences
(p<0.05) relative to WT samples. (e) Root length and shoot weight of WT, ggppsii-5 and
complemented seedlings grown for 5 days under LD and then transferred to plates supplemented (+) or
not (-) with 5 uM methyl viologen (MV). After 5 more days under LD, the length of the roots was
monitored before removing them to quantify the fresh weight of the remaining shoot tissue. Data
correspond to mean and standard deviation of at least n=45 individuals in 5 independent samples.
Asterisks mark statistically significant differences (p<0.05) relative to WT samples.
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Figure S4. Chloroplast size in stomata and mesophyll cells. (a) Representative images of chloroplasts
from WT and ggppsli-5 stomata (upper panels) and mesophyll cells (lower panels). Bar, 10 um. (b)
Chloroplast area. Values correspond to mean and standard error of n=9 (guard cells) or n=45 (mesophyll
cells) chloroplasts from 3 different sections of 3 cotyledons from independent plants. Asterisk marks
statistically significant difference (p<0.01) relative to the WT. (c) Chloroplast concentration in the
mesophyll. Values correspond to mean and standard error of n=6 pictures from 3 different sections of the
cotyledons from 2 independent plants. No statistically significant differences between WT and mutant
samples were found.
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Figure SS. Levels of individual plastid isoprenoids. (a) Schematic representation of GGPP-consuming
pathways. (b) Levels of individual plastid isoprenoids in wild type (WT), mutant ggppsli-5, and
complemented g//+SG1IG seedlings grown for 7 days under short day. Values are shown relative to
those found in WT plants and correspond to mean and standard deviation of n=8 (carotenoids and
chlorophylls) or n=4 (tocopherols and plastoquinones) independent samples. Asterisks mark statistically
significant differences (p<0.05) relative to WT samples. (c) Levels of individual plastid isoprenoids in
WT and mutant ggpps2, ggpps6, ggpps7, ggrpsS, ggprps9, ggpps10 and ggppslI-5 seedlings grown for
10 days under long day photoperiod. Data are represented relative to those of WT plants and correspond
to mean and standard deviation of n=7 independent samples. Asterisks mark statistically significant
differences (p<0.05) relative to WT samples.
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Figure S6. Level of transcripts encoding gibberellin pathway genes. Transcripts of different
Arabidopsis genes encoding enzymes involved in the production of biologically active gibberellins
(GA200x and GA3ox) or in their inactivation (GA20x) were quantified by RT-qPCR in samples from
wild type (WT) and mutant ggppsli-5 seedlings grown for 11 days under short day. The
UBC/UBC21/PEX4 (At5g25760) gene was used for normalization. Data correspond to mean and
standard deviation of n=4 independent samples. No statistically significant differences (p<0.05) were
found between WT and mutant seedlings.
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Table S1. List of ggpps mutant lines used in this work and their segregation ratios.

Mendelian
Original S ti monogenic
Genetic rlgm? Original Seed ) egre.ga ton 2 g.
Gene AGI Allele Genetic Mutagen Resistance | (resistant X recessive
Background Source ID . .
Background /sensitive) segregation
(005 =3.84)
GGPPS2 At2g18620 ggpps2 Col0 Ws T-DNA FLAG_134 _B10| Kanamycin 3,18 0,35 yes
GGPPS6 | At3g14530 | ggpps6 Col0 Col3qrt1 T-DNA |SAIL 1148 A03| PPT(Basta) 2,57 0,24 yes
GGPPS7 At3g14550 ggpps7 Col0 Col0 T-DNA SALK_119280 | Kanamycin 2,75 0,04 yes
GGPPS8 At3g20160 ggpps8 Col0 Ws T-DNA FLAG_470_EQ09 | Kanamycin 3,56 1,79 yes
GGPPSY At3g29430 ggpps9-1 Col0 Col0 RNA! !n house Kanamyc!n 3,01 0,9 yes
ggpps9-6 Col0 Col0 RNAI in house Kanamycin 4,88 0,06 yes
GGPPS10 | At3g32040 | ggppsi0 Col0 Col0 T-DNA | SM 3 32015 | PPT(Basta) 4,26 0,16 yes
ggpps1i-3 Col0 Col0 T-DNA SALK_085914 | Kanamycin | 3.24(*1) 3,37E-11 yes
GGPPS11 | At4g36810 | ggpps11-4 | Col3grtl | Col3qrtl T-DNA | SAIL_712 D06 | PPT(Basta) | 3.55(*1) |2,78407E-14 yes
ggpps1i-5 Col0 Col0 T-DNA SALK_140601 | Kanamycin 1.8 (*2) 0,3 yes

(*1) Segregation analysis based on the number of green vs. brown seeds

(*2) Segregation analysis based on the PCR-based genotyping




Table S2. Primes used in this work.

Use No. | Name Sequence (5'-3')
1 G11-5F GATTTCAGAAATCGCCATGG
2 |G11-3R ATTCCCGACAAAAGGAATCG
3 G11-Spel-3R | AACACACTAGTGTTCTGTCTATAGG
4 | G11 prom-5F | CCGCTCGAGGAAACTCACACCCACACAC
5 | G11 prom-3R | GACTAGTGGCGATTTCTGAAATCTG
6 G11-Spel-5F | GAAACTAGTATGGCTTCAGTGACTCTAG
7 | G11-Smal-3R | CACCCCGGGGTTCTGTCTATAGG
8 PSY-Spel-5F AACACTAGTATGTCTTCTTCTGTAGCAGTGTTATGG
9 | PSY-Smal-3R | TCGCCCGGGTATCGATAGTCT
10 | GGR-Spel-5F | CAAACTATGATGGCGACGACGGTTACACTCAAATC
11 | GGR-Smal-3R | TGTCCCGGGAACACTAAGCTTCTCAATCTCTCTC
12 | SPS2-Spel-5F | GTCACTATGATGATGATGTCATGTCG

Cloning 13 |SPS2-Smal-3R | TTGCCCGGGATCAATCCTTTCAAGATTAAACATTAC

14 | G11-B1 ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGTCTTCTTCCGTTGTTACAAAAG
15 |G11-B2 TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTAGTTCTGTCTATAGGCAATGTAATT
16 |PSY-B1 ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGTCTTTTGTAAGGAACCGAAGTAG
17 | PSY-B2 TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTATATCGATAGTCTTGAACTTGAAG
18 | GGR-B1 ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGGCAGCCAGAGCCACTCCCAAAC
19 | GGR-B2 TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTAAACACTAAGCTTCTCAATCTCTC
20 |SPS2-B1 ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGAGAGCTGTTCCGGCTAAATCC
21 |SPS2-B2 TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTAATCAATCCTTTCAAGATTAAAC
22 | G9-a CCGCTCGAGGGTCCATTAGATTGATCC
23 | G9-b CGCGAATTCCGTAATACTAAAATGCAAGC
24 | G9-c GCTCTAGAGGTCCATTAGATTGATCC
25 | G9-d CGCAAGCTTCGTAATACTAAAATGCAAGC
26 | M13-R GTCATAGCTGTTTCCTG
27 | G2-F GCACTTAGCAACGTCAACGGCTG
28 | G2-R CCAGCAAAAGCCATTGTCGGAG
29 | G6-F CTAGGTGTATTGGACTACTGTTTC
30 |G6-R GCACACTTTCAACATGAGCTGGC
31 |G7-F AAGTTCTATTAGAGACGGTG
32 |G7-R GACATGGCAGTAGCCTCGTC

Genotyping 33 | G8-F CACCATGGAAAATCGAGAAGTTTTTGTT
34 | G8-R TCAGTTTTGTCTGTTGACAATGTAATC
35 | G10-F GATGATCCGTTCTGTAACTGAGC
36 | G10-R ACGTTATAATGGACACAGAGAG
37 |Salk-LBbl GCGTGGACCGCTTGCTGCAACT
38 | Sail-LB TAGCATCTGAATTTCATAACCAATCTCGATACAC
39 |SM-LB TACGATAACGGTCGGTACGG
40 |Flag-LB TCCAGGGCGTGTGCCAGGTGC




Use No. | Name Sequence (5'-3')

41 | G2-F ATGACTACACTCAATCTATCAATT
42 | G2-R CTAATTCTGTCTTTTGGCAATGTAATT
43 | G6-F CATGAGAGAGATGATCACACAGC
44 | G6-R CCTCACCTCACAAGACGCAGGGC
45 | G7-F AAGTTCTATTAGAGACGGTG
46 | G7-R GAGATGATCACACGGCATAG
47 | G8-F ATGGAAAATCGAGAAGTTTTTGTT
48 | G8-R TCAGTTTTGTCTGTTGACAATGTAATC

RT-PCR 49 | G10-F TGTGCTCTCACCTCACAAGG
50 |G10-R TCAGTTGTGTCTGCAAGCAATGTAGC
51 | G2-n-F GCACTTAGCAACGTCAACGGCTG
52 | G2-n-R CTAATTCTGTCTTTTGGCAATGTAATT
53 | G6-n-F TCAGTTGTGTCTGCAAGCAATGTAGCT
54 | G6-n-R AGGCAGCGGCAGTTTTAG
55 | G7-n-F AAGTTCTATTAGAGACGGTG
56 |G7-n-R CGCCTCCCACAAGCTCGCAGACG
57 | G10-n-F TGTGCTCTCACCTCACAAGG
58 | G10-n-R TCAGTTGTGTCTGCAAGCAATGTAGC
59 | G9-F TTAGGAGCCATAATGGGAGGT
60 |G9-R TCGCATATTTTCTTAGCTTTTCG
61 |G11-F CCTCTTTCGATTTCATGTCGT
62 |G11-R ATTAGTCAACAAAGCTTTAGATTCAGC
63 | GA20ox1-F CTTCCATCAACGTTCTCGAGC
64 | GA20ox1-R GGTTTTGAAGGTCGATGAGAGG
65 | GA20ox2-F AGAAACCTTCCATTGACATTCCA
66 | GA20ox2-R AGAGATCGATGAACGGGACG

RT-gPCR 67 | GA3ox1-F CATCCCATTCACCTCCCACACTCTCACATAC

68 | GA3ox1-R AGGAGAAGGAGCAGCGGAGAAGAGGAG
69 | GA3ox2-F GACTTGCTCCACATTTTAACCAACGGAATCTTC
70 | GA30ox2-R CCACAGGTAAGCCATTGAGAACCGAGATC
71 | GA20x2-F GCAGGAGGCTATTGGCTTCTTCG
72 | GA20x2-R CTGAGGATTAGCATTGAGGAGGAGATAC
73 | GA20x4-F AGTGTAAGGCATAGAGCATTGAC
74 | GA20x4-R TACAACCGTGGCTGATTCATC
75 | UBC-F CTGCTTGGACGCTTCAGTCTG
76 | UBC-R CGCAGTTAAGAGGACTGTCCG




Table S3. Constructs and cloning details.

cDNA/no stop

Use Construct Temolate Primers Insert or PCR Plasmid Cloning
P (see Table S5) product backbone method
. GGPPS11(_1345)-1160 pCR2.1 TOPO TA
CR-G11l-p+cds| Genomic DNA 4+2 .
P P promoter+CDS TOPO cloning
pCR-G11-p Genomic DNA 445 GGPPS11¢1s4s)y(yy | PCR2.1 TOPOTA
promoter TOPO cloning
pCR-G11l-cds+ | Seedling cDNA 1+3 GGPPS1141160 pCR2.1 TOPOTA
Initial cDNA/no stop TOPO cloning
cloning . PSY1.1311 pCR2.1 TOPO TA
pCR-PSY-cds+ Seedling cDNA 8+9 CDNA/no stop TOPO cloning
. GGR1.1401 pCR2.1 TOPO TA
pCR-GGR-cds+ Seedling cDNA 10+11 CDNA/No stop TOPO cloning
. SPP2; 1551 pCR2.1 TOPO TA
CR-SPS2-cd Seed| DNA 12+13
P cas® cedling ¢ * cDNA/no stop TOPO cloning
. GGPPS91140 1235 Xbal [/ Xhol /
pG9-GST Seedling cDNA 22+23+24+25 DNA pHellsgate 8 EcoRl / Hindlll
Transgenic - GGPPS11(.949y-1160 | PCAMBIA13
G11 minigene | pTOPO-G11-p+cds 26+2 BamHI| / Pml |
plants & P P promoter+CDS 02 /
GGPPS11; 1169 pCAMBIA13
pSG11G pTOPO-G11-cds+ CDNA/No stop 02 Ncol / Spel
GGPP511213_1160 in vivo
Nub-G11 CR-G11-cd 14+15 NXgat
PR P cds * cDNA/no stop pRAgate recombination
PSY210_1311 in vivo
pPSY-Cub pCR-PSY-cds+ 16+17 CDNA/no stop pMetYCgate recombination
Y2H-SUS
GGR129_1401 in vivo
pGGR-Cub pCR-GGR-cds+ 18+19 CDNA/No stop pMetYCgate recombination
SP52177_1251 in vivo
pSPS2-Cub pCR-SPS2-cds+ 20421 CDNA/No stop pMetYCgate recombination
pG11-CY pTOPO-G11-cds 6+7 CDS/no stop pSYCE Spel / Smal
GGPPSlll_lleo
pG1l1-NY pTOPO-G11-cds 6+7 CDS/no stop pSYNE Spel / Smal
PSY1-1311
pPSY-NY pTOPO-PSY-cds CDNA/No stop pSYNE Spel / Smal
PSY1-1311
pPSY-CY pTOPO-PSY-cds CDNA/No stop pSYCE Spel / Smal
BiFC
GGR1.1401
pGGR-NY pTOPO-GGR-cds CDNA/No stop pSYNE Spel / Smal
GGR1.1401
pGGR-CY pTOPO-GGR-cds CDNA/No stop pSYCE Spel / Smal
SPSZ1-1251
pSPS2-NY pTOPO-SPS2-cds CDNA/No stop pSYNE Spel / Smal
pSPS2-CY pTOPO-SPS2-cds - SPS21.1251 pSYCE Spel / Smal




Table S4. List of GCN input genes. Genes are grouped by pathways according to AtIPD (*).
Genes which are part of several pathways are included in each pathway group (e.g. Atlg74470).
AGI, Arabidopsis Genome Initiative gene code.

Affymetrix™ Affymetrix™
Pathway AGI Pathway AGI
Probeset ID Probeset ID
MEP PATHWAY CHLOROPHYLL BIOSYNTHESIS
245281 at At4g15560 264660_at At1g09940
247401_at At5g62790 256020_at At1g58290
267220 at At2g02500 264085_at At2g31250
266863 _at At2g26930 252318 at At3g48730
260324 _at At1g63970 247392_at At5g63570
247637 at At5g60600 245245 at At1g44318
253235 at At4g34350 260370_at At1g69740
MVA PATHWAY 246033 at At5g08280
248779 at At5g47720 245042_at At2g26540
248690_at At5g48230 255826 _at At2g40490
254845 _at At4g11820 257219 at At3g14930
259983 _at At1g76490 264820_at At1g03475
264856 _at At2g17370 255402_at At4g03205
246778 at At5g27450 255537 _at At4g01690
246286 _at At1g31910 250221 _at At5g14220
266414 at At2g38700 250243 _at At5g13630
251881 at At3g54250 254623 at At4g18480
GGPP BIOSYNTHESIS 248920 _at At5g45930
265924 at At2g18620 261695_at At1g08520
258121 _s_at At3g14530 254105_at At4g25080
258121 _s_at At3g14550 251664 _at At3g56940
257117 at At3g20160 250006_at At5g18660
256738 at At3g29430 264839 _at At1g03630
256684 at At3g32040 253871 _at At4g27440
246198 at At4g36810 248197 at At5g54190
GIBBERELLINS BIOSYNTHESIS 246308 _at At3g51820
255461_at At4g02780 245242 _at Atlg44446
262891 at At1g79460 260236_at At1g74470
246864 _at At5g25900 CAROTENOID BIOSYNTHESIS
264586 _at At1g05160 250095 _at At5g17230
266335 at At2g32440 245284 at At4g14210
259453 at At1g44090 259092_at At3g04870
259714 at At1g60980 260821 at At1g06820
254065 at At4g25420 246411 _at At1g57770
250611 at At5g07200 247936 _at At5g57030
248371 _at At5g51810 259140_at At3g10230
261768 at At1g15550 246268 _at At1g31800
260299 _at At1g80330 251969_at At3g53130
260300_at At1g80340 254020_at At4g25700
254397 at At4g21690 248311 _at At5g52570
PLASTOQUINONE BIOSYNTHESIS 247025 _at At5g67030
263122_at At1g78510 264799 _at At1g08550
262526_at Atl1g17050 263873 at At2g21860
248207 _at At5g53970 255857 _at At1g67080
262635_at At1g06570 STRIGOLACTONE BIOSYNTHESIS
258755 at At3g11945 266129 at At2g44990
251118 at At3g63410 253398 at At4g32810
TOCOPHEROL BIOSYNTHESIS 267380_at At2g26170
248207 at At5g53970 ABA BIOSYNTHESIS
262635 at At1g06570 259669 _at At1g52340
266938 at At2g18950 263570_at At2g27150
251118 at At3g63410 256190_at At1g30100
253394 at At4g32770 255857 _at At1g67080
262875 _at At1g64970 260797 _at At1g78390
260236_at Atl1g74470 257280_at At3g14440
PHYLLOQUINONE BIOSYNTHESIS 257242 _at At3g24220
261428 at At1g18870 254668 at At4g18350
262177 at Atl1g74710 247025 _at At5g67030
259643 at At1g68890
252293 at At3g48990
264920 _at At1g60550
245484 at At4g16210
264963 at At1g60600
263044 at At1g23360
260236 at At1g74470

(*) Vranova, E., Hirsch-Hoffmann, M., Gruissem, W. (2011). AtIPD: A Curated Database of Arabidopsis
Isoprenoid Pathway Models and Genes for Isoprenoid Network Analysis. Plant Physiol 156: 1655-1660.



Table S5. The GGPPS GCN representing significant co-expression relationships. The
GGPPS paralogs (“Guide Gene”) significantly co-expressed with genes encoding enzymes in the
MVA pathway, MEP pathway and downstream pathways using GGPP as precursor ("Query
Gene").

Guide Gene Query Gene Guide Gene Query Gene
At1g78510 At1g44318
Atlg74470 At1g15550
At4g27440 GGPPS2 At1g80340
At5g54190 At1g18870
At3g51820 At5g27450
Atl1g44446 At2g38700
At2g32440 At1g15550
At1g68890 At1g80340
At1g60550 At1g18870
At1g60600 At5g27450
At1g23360 GGPPS6/7 At2g38700
At4g15560 At5g48230
At2g26930 At4g11820
At4g34350 At1g31910
At1g64970 At3g54250
At3g11945 Atl1g44318
At3g63410 GGPPS8 At1g80340
At2g18950 At1g18870
At5g62790 At1g15550
At2g02500 GGPPS9 At1g44318
At1g63970 At5g27450
At5g60600 At2g38700
At1g52340 GGPPSIO Atl1g44318
At1g17050 At1g15550
At5g17230 At1g80340
At4g14210 At1g18870
At3g04870
At1g06820

GGPPS11 Atl1g57770
At5g57030
At3g10230
At1g31800
At3g53130
At4g25700
At5g67030
At1g08550
At2g21860
At1g67080
At1g58290
At3g48730
At5g63570
At1g69740
At5g08280
At2g26540
At2g40490
At3g14930
At1g03475
At4g01690
At5g14220
At5g13630
At4g18480
At5g45930
At1g08520
At4g25080
At3g56940
At5g18660
At1g03630




Table S6. Gene abbreviations used in Figure 2.

Gene AGI Description

AACT2 At5g48230 acetoacetyl-CoA thiolase 2

HMGS At4g11820 3-hydroxy-3-methylglutaryl-CoA synthase

MK At5g27450 mevalonate kinase

PMK Atl1g31910 phosphomevalonate kinase

MPDC1 At2g38700 mevalonate diphosphate decarboxylase 1
MPDC2 At3g54250 mevalonate diphosphate decarboxylase 2
DXS At4g15560 1-deoxy-D-xylulose-5-phosphate synthase
DXR At5g62790 DXP reductoisomerase

MCT At2g02500 2-C-methyl-D-erythritol 4-phosphate cytidyltransferase
CMK At2g26930 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase
MDS At1g63970 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase
HDS At5g60600 4-hydroxy-3-methylbut-2-enyl diphosphate synthase
HDR At4g34350 HMBPP reductase

KAO2 At2g32440 ent-kaurenoic acid oxidase 2

GA3ox1 At1g15550 gibberellin 3-oxidase 1

GA3ox2 At1g80330 gibberellin 3-oxidase 2;

GGR Atlg74470 geranylgeranyl reductase

SPS1 Atl1g78510 solanesyl-diphosphate synthase 1

SPS2 Atlg17050 solanesyl-diphosphate synthase 2

HST At3g11945 homogentisate solanesyltransferase

VTE2 At2g18950 homogentisate phytyltransferase

VTE3 At3g63410 MSBQ/MPBQ methyltransferase

VTE4 Atl1g64970 delta/gamma-tocopherol methyltransferase
MENF2 Atl1g18870 isochorismate synthase 2

MEND At1g68890 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase (PHYLLO)
MENB Atl1g60550 1,4-dihydroxy-2-naphtoyl-CoA synthase
MENA At1g60600 1,4-dihydroxy-2-naphthoate phytyltransferase
MENG At1g23360 demethylphylloquinone methyltransferase
HEMA1 At1g58290 glutamyl-tRNA reductase 1

GSA1 At5g63570 glutamate-1-semialdehyde 2,1-aminomutase
GSA2 At3g48730 glutamate-1-semialdehyde 2,1-aminomutase
HEMB1 At1g69740 5-aminolevulinate dehydratase

HEMB2 At1g44318 5-aminolevulinate dehydratase

HEMC At5g08280 porphobilinogen deaminase

HEMD At2g26540 uroporphyrinogen lll-synthase

HEME1 At3g14930 uroporphyrinogen 1l decarboxylase

HEME2 At2g40490 uroporphyrinogen Il decarboxylase

HEMF Atl1g03475 coproporphyrinogen Il oxidase

HEMG1 At4g01690 protoporphyrinogen IX oxidase

HEMG2 At5g14220 protoporphyrinogen IX oxidase

CHLH At5g13630 magnesium chelatase H subunit

CHL11 At4g18480 magnasium chelatase | subunit

CHL12 At5g45930 magnasium chelatase | subunit

CHLD At1g08520 magnesium chelatase D subunit

CHLM At4g25080 Mg-protoporphyrin IX methyltransferase

CRD At3g56940 Mg-protoporphyrin IX monomethylester cyclase
PORA At5g54190 protochlorophyllide reductase A

PORB At4g27440 protochlorophyllide reductase B

PORC At1g03630 protochlorophyllide reductase C

DVR At5g18660 divinyl reductase

CAO Atlgd4446 chlorophyll a oxygenase

CHLG At3g51820 chlorophyll synthetase

ABA2 At1g52340 short-chain alcohol dehydrogenase activity
PSY At5g17230 phytoene synthase

PDS At4g14210 phytoene desaturase

ZDS At3g04870 zeta-carotene desaturase

CRTISO1 At1g06820 carotenoid isomerase 1

CRTISO2 At1g57770 carotenoid isomerase 2

LYCh AT3g10230 lycopene beta-cyclase

LYCe At5g57030 lycopene epsilon-cyclase

ZE At5g67030 zeaxanthin epoxidase

VDE At1g08550 violaxanthin de-epoxidase

VDEr At2g21860 violaxanthin de-epoxidase related gene

NS Atl1g67080 neoxanthin synthase

LUTS Atl1g31800 carotene hydroxylase CYP97A3

BCH1 At4g25700 carotene hydroxylase

LUT1 At3g53130 carotene hydroxylase CYP97C1
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A wide diversity of isoprenoids is produced in different plant compartments. Most groups of isoprenoids synthesized in
plastids, and some produced elsewhere in the plant cell derive from geranylgeranyl diphosphate (GGPP) synthesized by GGPP
synthase (GGPPS) enzymes. In Arabidopsis (Arabidopsis thaliana), five genes appear to encode GGPPS isoforms localized in
plastids (two), the endoplasmic reticulum (two), and mitochondria (one). However, the loss of function of the plastid-targeted
GGPPS11 isoform (referred to as G11) is sufficient to cause lethality. Here, we show that the absence of a strong transcription
initiation site in the G11 gene results in the production of transcripts of different lengths. The longer transcripts encode an
isoform with a functional plastid import sequence that produces GGPP for the major groups of photosynthesis-related plastidial
isoprenoids. However, shorter transcripts are also produced that lack the first translation initiation codon and rely on a second
in-frame ATG codon to produce an enzymatically active isoform lacking this N-terminal domain. This short enzyme localizes in
the cytosol and is essential for embryo development. Our results confirm that the production of differentially targeted enzyme
isoforms from the same gene is a central mechanism to control the biosynthesis of isoprenoid precursors in different plant cell

compartments.

Plants produce tens of thousands of isoprenoid com-
pounds, including some that are essential for respi-
ration, photosynthesis, and regulation of growth and
development. Despite their structural and functional
diversity, all isoprenoids derive from the same five-
carbon precursors, the double-bond isomers isopentenyl
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diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), which can be interconverted by IPP/
DMAPP isomerase (IDI) enzymes. Plants use two un-
related pathways to synthesize these units (Fig. 1). The
mevalonic acid (MVA) pathway synthesizes IPP in the
cytosol, whereas the methylerythritol 4-phosphate
(MEP) pathway supplies both IPP and DMAPP in the
plastid (Bouvier et al., 2005; Vranova et al., 2013;
Rodriguez-Concepcién and Boronat, 2015). IPP and
DMAPP units can be exchanged between cell com-
partments to a certain level. For example, MV A-derived
IPP can be imported by mitochondria for the biosyn-
thesis of ubiquinone (Liitke-Brinkhaus et al., 1984;
Disch et al., 1998). However, this limited exchange of
common isoprenoid precursors is not active enough to
rescue a genetic or pharmacological blockage of one of
the pathways with IPP/DMAPP produced by the
noninhibited pathway (Bouvier et al., 2005; Vranovéa
et al., 2013; Rodriguez-Concepcién and Boronat, 2015).
Addition of IPP units to DMAPP generates longer
prenyl diphosphate molecules, including C10 geranyl
diphosphate (GPP), C15 farnesyl diphosphate (FPP),
and C20 geranylgeranyl diphosphate (GGPP), which
are then used in specific downstream pathways to
produce particular isoprenoids (Fig. 1). FPP and
GGPP pools represent nodes of the major metabolic
branch points in the isoprenoid biosynthesis network
(Vranova et al., 2011; Vranovd et al., 2013). As prenyl
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Figure 1. Isoprenoid biosynthetic pathways and acetyl-CoA

enzymes in Arabidopsis. Solid arrows indicate H
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diphosphates grow longer, however, their transport
between cell compartments becomes increasingly re-
strained (Bick and Lange, 2003).

The two pathways for the production of isoprenoid
precursors have been extensively studied in Arabi-
dopsis (Arabidopsis thaliana; Fig. 1). All the MEP path-
way enzymes are encoded by nuclear genes and
imported into plastids, whereas cytosolic, endoplasmic
reticulum (ER), and peroxisomal-associated locations
have been found for MV A enzymes (Pulido et al., 2012;
Rodriguez-Concepcién and Boronat, 2015). The main
rate-determining enzymes of the MEP and MVA
pathways are deoxyxylulose 5-phosphate synthase
(DXS) and hydroxymethylglutaryl-CoA reductase
(HMGR), respectively (Fig. 1). Most plants contain
small gene families encoding these two enzymes
(Rodriguez-Concepcién and Boronat, 2015). While
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several Arabidopsis genes encode proteins with ho-
mology to DXS, only one of them produces a functional
enzyme with DXS activity (Phillips et al., 2008a). In the
case of HMGR, the HMGI gene produces long and
short transcripts encoding two enzyme isoforms
(HMGRI1L and HMGRIS, respectively) that only differ
in their N-terminal region, whereas the HMG2 gene
produces only one isoform, HMGR2 (Caelles et al,,
1989; Enjuto et al., 1994; Lumbreras et al., 1995). The
three HMGR isoforms are primarily attached to the ER
and have the same topology in the membrane, with the
highly divergent N-terminal region and the highly
conserved catalytic domain exposed to the cytosol.
Downstream enzymes such as IDI, FPP synthase
(FPPS), and GGPP synthase (GGPPS) are also encoded
by small gene families in Arabidopsis and localize to
multiple subcellular compartments (Fig. 1). The two
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genes encoding IDI in Arabidopsis, IDI1 and IDI2,
produce long and short transcripts encoding enzyme
isoforms that differ in length at their N-terminal ends
(Okada et al., 2008; Phillips et al., 2008b; Sapir-Mir et al.,
2008). The long IDI1 isoform is targeted to plastids, the
long IDI2 isoform is transported to mitochondria, and
both short isoforms are sorted to peroxisomes. The two
genes encoding FPPS in Arabidopsis produce three
isoforms (Cunillera et al., 1997; Manzano et al., 2006;
Keim et al., 2012). FPS1 encodes a long isoform targeted
to mitochondria (FPP1L) and a short one lacking the
N-terminal end that remains in the cytosol, whereas
FPS2 only produces a cytosolic enzyme (Fig. 1). Unlike
IDI and FPPS, GGPPS paralogs are encoded by a high
number of genes in plant genomes, with a particularly
large gene family present in Arabidopsis (Lange and
Ghassemian, 2003; Coman et al.,, 2014). From the
12 initially reported genes, however, only four have
been conclusively shown to encode true GGPPS en-
zymes (Nagel et al., 2015; Wang et al., 2016). Two of
them, GGPPS3 and GGPPS4, encode proteins sorted to
the ER, and the other two, GGPPS2 and GGPPS11, en-
code plastidial isoforms (Okada et al., 2000; Beck et al.,
2013; Coman et al., 2014; Ruiz-Sola et al., 2016). The
GGPPS1 gene encodes the only mitochondrial member
of the family, but the in vivo activity of the protein is
still unclear (Zhu et al., 1997; Okada et al., 2000; Beck
et al.,, 2013; Nagel et al., 2015; Wang et al., 2016). To
date, the production of more than one enzyme isoform
from a single GGPPS-encoding gene has not been
reported.

Despite the presence of at least two GGPPS enzymes
in Arabidopsis plastids, GGPPS11 (At4g36810, from
herein referred to as G11) is by far the most abundant
and ubiquitously expressed isoform (Beck et al., 2013;
Ruiz-Sola et al., 2016). G11 is required for the pro-
duction of all major groups of plastidial isoprenoids,
including carotenoids and the side chains of chlo-
rophylls, tocopherols, and prenylated quinones (Ruiz-
Sola et al., 2016). Strikingly, several phenotypes have
been described for Gll-defective mutant alleles
(Ruppel et al., 2013; Ruiz-Sola et al., 2016). By car-
rying out a comprehensive analysis of these alleles,
we uncovered here the existence of two differentially
targeted G11 enzymes, each of them indispensable
for a distinct developmental process likely through
the production of a different group of essential iso-
prenoids.

RESULTS AND DISCUSSION

Different G11-Defective Alleles Show a Range of
Phenotypes from Variegation to Embryo Lethality

To better understand the role of G11, the most abun-
dant GGPPS isoform in Arabidopsis, we carefully re-
vised the phenotypes associated to partial or complete
loss-of-function mutants (Fig. 2). The ggpps11-1 mutant,
originally named ggps1-1 (Ruppel et al., 2013) and here
referred to as g11-1, harbors a point mutation that

Plant Physiol. Vol. 172, 2016
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Figure 2. G11 mutant alleles and associated phenotypes. A, G711
gene model according to TAIR v10 annotation. The protein-coding
sequence (which lacks introns) is shown as a wider box with a green
section corresponding to the predicted plastid targeting sequence.
The position of translation start and stop codons is shown with black
triangles. The position of T-DNA insertions is represented with white
triangles. The position of the point mutation in the g77-7 allele is
shown with a dashed line. Lower bars represent encoded proteins. B,
Phenotype of G11-defective mutants either producing or not pro-
ducing a sG11 protein. Representative seedlings of the indicated
genotypes grown under long-day conditions for 10 d are shown to
the same scale. Segregating populations of seeds in siliques of plants
heterozygous for the g717-2 and g17-3 mutations is also shown.
Boxed seeds correspond to the homozygous albino mutants repre-
sented in the right. Brownish seeds did not produce seedlings due to
a blockage in embryo development at the heart stage (as shown in
the corresponding picture). C, Cytosolic localization of the sG11-
GFP protein. Pictures show GFP fluorescence from the sG11-GFP
protein in stomata from 10-d-old seedlings of the indicated geno-
types (bars, 5 um).
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changes a conserved residue (D163R) in G11 (Fig. 2A;
Supplemental Fig. S1). The g11-1 allele shows a tem-
perature-dependent variegated phenotype that resem-
bles that of the chs5 mutant (Araki et al., 2000), later
renamed dxs-3 (Phillips et al., 2008a), which harbors a
D627N mutation in DXS. It is therefore likely that the
phenotype of these mutants might be associated to the
temperature sensitivity of the corresponding DXS or
G11 mutant enzymes, both of them involved in the pro-
duction of photosynthesis-related isoprenoids (Fig. 1).

A second partial loss-of-function allele, ggpps11-5
(SALK_140601, g11-5), shows a pale phenotype and a
developmental delay, likely because a T-DNA insertion
upstream of the predicted ATG translation start codon
(Fig. 2A; Supplemental Fig. S1) results in a decreased
accumulation of G11 transcripts (Ruiz-Sola et al., 2016).
In this mutant, lower levels of G11-encoding transcripts
are expected to result in an overall reduction in the
accumulation of fully active, wild-type G11 protein
(Ruiz-Sola et al., 2016). Similarly, a general inhibition of
the MEP pathway with sublethal concentrations of the
DXS inhibitor clomazone also results in a pale pheno-
type (Pulido et al., 2013; Perell6 et al., 2014). Therefore,
the phenotype of g11-1 and g11-5 plants is consistent
with the reported role of G11 as the major isoform
transforming MEP-derived precursors into GGPP for
photosynthesis-related isoprenoid products. Further
supporting this conclusion, a seedling-lethal albino
phenotype visually identical to that of knockout MEP
pathway mutants such as dxs-1, also known as clal
(Phillips et al., 2008a), was observed in the case of the
ggpps11-2 line (SALK_015098, ggps1-2 or g11-2), which
harbors a T-DNA insertion in the N-terminal end of
the protein coding region of the G11 gene (Fig. 2;
Supplemental Fig. S1; Ruppel et al., 2013). By contrast,
T-DNA insertions interrupting the C-terminal end of
the G11 protein in alleles ggpps11-3 (SALK_085914,
ggps1-3 or g11-3) and ggpps11-4 (SAIL_712_D06, g11-4)
cause an arrest of embryo development (Fig. 2;
Supplemental Fig. S1; Ruppel et al., 2013; Ruiz-Sola
et al.,, 2016). This embryo lethal phenotype has never
been observed in MEP pathway mutants (Phillips et al.,
2008a).

The Distinct Phenotypes of G11 Alleles Correlate with
Differential Subcellular Localization and Activity of the
Corresponding Enzymes

To investigate the molecular basis of the puzzling
phenotype differences observed between g11-2 (albino,
seedling lethal) and g11-3 (embryo lethal) plants (Fig.
2B), we first validated the position of the T-DNA in the
mutant genomes by PCR amplification and sequencing
of the insertion sites (Supplemental Fig. S1). Insertion of
the T-DNA within the predicted plastid targeting se-
quence in the g11-2 allele (Fig. 2A; Supplemental Fig.
S1) is expected to prevent the transcription of a full-
length G11 ¢cDNA harboring the first ATG codon
(ATGy)). However, a second in-frame ATG codon
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(ATG,)) exists downstream of the T-DNA insertion that
could potentially act as an alternative translation initi-
ation point to generate a shorter protein, which we
named sG11 (Fig. 2A; Supplemental Fig. S2). We
speculated that this shorter protein might not be
imported into plastids as it lacked the N-terminal
plastid-targeting domain. To test this prediction, a
DNA sequence encoding sG11 was generated by re-
moving the ATG;, codon. The generated sequence
was then fused to the N terminus of the GFP reporter
in the pCAMBIA1302 vector to obtain the 355:5G11-
GFP construct. As shown in Figure 2C and Supplemental
Figure S3, green fluorescence corresponding to the sG11-
GFP protein was excluded from plastids and localized in
the cytosol of cells from Arabidopsis plants trans-
formed with the construct. By contrast, transgenic
plants expressing a similar construct with the wild-
type G11 sequence (Ruiz-Sola et al., 2016) showed a
predominant association of GFP fluorescence to plas-
tids (Supplemental Fig. S3).

We next evaluated whether sG11 retained the genu-
ine enzymatic activity of the full-length enzyme (Fig. 3).
Recent in vitro activity assays followed by analysis of
reaction products by liquid chromatography-mass
spectrometry (LC-MS; Nagel et al., 2015) or thin-layer
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Figure 3. GGPPS activity assays. A, In vitro assays. Protein extracts
from E. coli cells overproducing similar amounts of the indicated
proteins or transformed with an empty vector (C) were mixed with IPP
and DMAPP, and the production of GGPP was quantified by LC-MS.
Levels are represented relative to those in G11 samples. Mean and sp
of n= 3 extracts are shown. No GGPP was detected in C samples, and
only traces were identified in G11s extracts. B, In vivo assays. Bacterial
cells were cotransformed with pACCRT-BI (which lacks a functional
GGPPS-encoding gene to produce lycopene) together with a plasmid
expressing the indicated G11 isoform or an empty vector (C). Positive
transformants were used to measure lycopene levels by normalizing
A, to bacterial growth (OD 600 nm). Levels are represented rela-
tive to those in G11 samples. Data correspond to the mean and sp of
n = 10 independent transformants. Asterisks mark statistically sig-
nificant differences from the C control (P < 0.05, one-tailed Student’s
t test assuming equal variances).
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chromatography (Wang et al., 2016) confirmed that G11
synthesizes GGPP as the main product. They also
revealed that other proteins previously believed to be
true GGPPS isoforms actually belong to a novel type of
prenyldiphosphate synthases that mainly produce C25
geranylfarnesyl diphosphate (GFPP) or even longer
products (Nagel et al., 2015, Wang et al., 2016). The
sG11 protein lacks 19 residues predicted to be present in
the N-terminal region of the mature G11 enzyme (Fig.
2A; Supplemental Fig. S2). While this N-terminal se-
quence is not conserved in other GGPPS enzymes and
does not include residues determining product length
(Supplemental Fig. S2), we aimed to experimentally
confirm whether its absence in sG11 had any impact on
the ability of the protein to produce GGPP from IPP and
DMAPP. In vitro activity assays like those described in
Nagel et al. (2015) were carried out using protein ex-
tracts from Escherichia coli cells overproducing sG11 or
a pseudomature form of G11 lacking the predicted
plastid-targeting sequence (Supplemental Fig. S4).
Analysis of reaction products by LC-MS detected the
production of similar amounts of GGPP in both G11
and sG11 extracts (Fig. 3A). No GPP, FPP, or GFPP were
detected in the assays (Supplemental Fig. S4), further
indicating that the sG11 protein remains an active
GGPPS enzyme. To next determine whether sG11 could
also produce GGPP in vivo, we used a heterologous
system based on carotenoid (lycopene) production in
E. coli strains carrying the pACCRT-BI vector (Beck
et al., 2013). Plasmids encoding the full-length G11 or
sG11 proteins were used together with pACCRT-BI to
cotransform E. coli cells. While cells cotransformed with
pACCRT-BI and an empty plasmid control synthesized
minor amounts of lycopene due to the presence of only
trace levels of GGPP in the bacteria (Vallon et al., 2008),
those harboring G11 and sG11 constructs showed sig-
nificantly increased levels of the carotenoid (Fig. 3B),
supporting the conclusion that sG11 synthesizes GGPP
in vivo. Together, our results suggest that the lack of the
N-terminal region in the sG11 protein produced by
g11-2 plants prevents its targeting to plastids but does
not override GGPPS activity.

In the case of the g11-3 mutant, the T-DNA interrupts
the sequence encoding the highly conserved C-terminal
region of G11 (Supplemental Fig. S2), resulting in
a shorter protein that we named G11s (Fig. 2A).
Sequencing of the T-DNA insertion site in the g11-3
genome confirmed that the last 21 residues of the wild-
type G11 protein are replaced by a single Ser residue
in the Gl1s protein (Supplemental Fig. S1). To test
whether loss of the C-terminal region compromised
GGPPS activity in the G11s protein, the corresponding
DNA sequence was amplified from g11-3 seedlings and
cloned into plasmids for E. coli expression. Both in vitro
(Fig. 3A) and in vivo (Fig. 3B) activity assays showed
that the recombinant G11s protein is unable to produce
GGPP. These results suggest that the blockage of em-
bryo development at the heart stage observed in the
g11-3 mutant (Fig. 2B; Supplemental Fig. S5) and the
g11-4 allele (Ruiz-Sola et al., 2016) might be due to a
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complete lack of G11 activity. This embryo-lethal phe-
notype was complemented by expressing a genomic
G11 sequence including the promoter and the full
protein-coding region (Ruiz-Sola et al., 2016). Most in-
terestingly, embryo development was also rescued by
expressing the cytosolic sG11-GFP protein in g11-3
plants (Fig. 2, B and C). Transgenic g11-3 355:sG11-GFP
plants, however, showed a seedling-lethal (albino)
phenotype resembling the ¢g11-2 mutant. As expected,
the cytosolic sG11-GFP protein was unable to rescue the
albino phenotype of the g11-2 mutant (Fig. 2B). We
therefore concluded that embryo development beyond
the heart stage required the presence of G11 activity in
the cytosol (despite two ER-associated GGPPS enzymes
exist in Arabidopsis, GGPPS3 and 4), whereas photo-
synthetic seedling development required the activity
of G11 in the plastid (despite a second plastidial
enzyme with the same activity, GGPPS2, is found in
this plant).

Several Transcription Initiation Sites in the G11 Gene Lead
to the Production of Isoforms with Different
N-Terminal Ends

A number of Arabidopsis genes encoding isoprenoid
biosynthetic enzymes have been shown to produce
transcripts of different lengths encoding isoforms with
or without N-terminal transit peptides for plastids and
mitochondria (Fig. 1). To determine whether a similar
alternative transcription initiation mechanism also
occurs for G11, rapid amplification of cDNA 5" ends
(5'-RACE) experiments were performed on RNA
extracted from different tissues to assess the length
of G11 transcripts in vivo (Fig. 4). The protocol used
reverse primers optimized for 5'-RACE (see Fig. 4A;
Supplemental Table S1) to amplify gene-specific PCR
products while ruling out the possibility of genomic
DNA contamination (see “Materials and Methods”).
Separation of PCR-amplified products by gel electro-
phoresis showed the presence of cDNAs of different
sizes (Fig. 4B), suggesting that the G11 gene lacks a
strictly defined transcription start site. However, am-
plified fragments could be grouped in two major
classes: “long” (approximately 0.5 kb or longer) and
“short” (approximately 0.4 kb or shorter). The 5'-RACE
products amplified from siliques were cloned and se-
quenced. Analysis of inserts revealed that all the “long”
products included the ATG;) codon and hence encoded
the full-length G11 protein. While most “short” pro-
ducts contained the ATG;, codon with or without a few
nucleotides upstream (up to 25), some lacked ATG;,
and so they can only produce the cytosolic sG11 protein
by using the ATG, codon (Fig. 4A; Supplemental Fig.
S1). The similar pattern of “long” and “short” tran-
scripts detected in seedlings, rosette leaves, and flowers
by 5'-RACE experiments (Fig. 4B) suggests that both
types of transcripts are likely produced in all tissues. To
verify whether the relative abundance of transcripts
either lacking or not the ATG, codon was indeed
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Figure 4. Transcription and translation start sites in the G177 gene.
A, G171 gene model showing the position of presumed translation
start codons ATG;, and ATG, (in bold). The Ncoal site in the ATG,;,
region is underlined. Numbers indicate the position relative to
the first nucleotide of the ATG;, codon. The position of primers
G11-R-R1 and R2 used for 5'-RACE experiments is also shown.
Amplified 5'-RACE products (B) were cloned and sequenced to
determine the position of transcription initiation sites. The graph
represents the percentage of transcripts found to start at the in-
dicated position in siliques based on the analysis of 145 clones
(purple columns). The position of ATG;, and ATG,, codons and
T-DNA insertion sites of the indicated alleles is also shown. B,
Agarose gel electrophoresis of 5’-RACE products isolated from
seedlings (S), rosette leaves (RL), mature siliques (MS), young
siliques (YS), and flowers (F).

similar in different tissues, 5'-RACE products from
seedlings were cloned and compared with those from
siliques by digestion with Ncol. As shown in Figure 4A,
a Ncol target site overlaps the ATG, codon, and
therefore it can be used to rapidly identlizy clones lack-
ing this sequence. In both seedlings and siliques, about
10% of the clones could not be cleaved by Ncol, con-
firming that transcripts exclusively encoding sG11 are
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low abundant but indeed detectable at similar levels in
different tissues.

G11 Activity Is Essential to Produce Both Plastidial
Isoprenoids and Unidentified Extraplastidial Isoprenoids
Required for Embryo Development

We next aimed to determine the nature of the iso-
prenoids derived from GGPP produced by plastidial
and cytosolic forms of G11. Our previous results with
the g11-5 allele showed that the pale phenotype of the
mutant was due to a decreased expression of the G11
gene, which caused a reduced accumulation of the
major groups of MEP-derived isoprenoids produced
from GGPP in the plastid, i.e. carotenoids, chlorophylls,
tocopherols, phylloquinones, and plastoquinone (Ruiz-
Sola et al., 2016). To verify whether the albino pheno-
type of g11-2 seedlings was the result of a blockage in
the production of plastidial GGPP-derived isoprenoids,
we analyzed the levels of carotenoids in the g11-2 mu-
tant (Fig. 5). As controls, we used dxs-1, a MEP pathway
null mutant with a complete loss of DXS activity
(Phillips et al., 2008a), and psy-1, a knockout mutant in
which a specific blockage in the carotenoid pathway
results in a similar albino phenotype (Pokhilko et al.,
2015; Fig. 5A). Analysis of g11-2 seedlings showed low
but detectable levels of carotenoids such as lutein,
B-carotene, and B,B8-xanthophylls (Fig. 5B). The levels
of all these metabolites in g711-2 seedlings were similar
to those in the dxs-1 mutants but much higher than the
amounts detected in psy-1 seedlings. The results sug-
gest that loss of G11 or DXS activity do not completely
block the production of carotenoids in seedlings (as the
loss of PSY activity does). The carotenoids detected in
g11-2 seedlings might derive from small amounts of
GGPP synthesized from MEP-derived precursors by
GGPPS2 (the other plastidial GGPPS enzyme found in
Arabidopsis). In the case of the dxs-1 mutant, however,
the MEP pathway is completely blocked, and hence it is
most likely that MV A-derived IPP or DMAPP precur-
sors are transported to the plastid and used to produce
GGPP and downstream products. Alternatively, an
enhanced import of cytosolic GGPP by nondifferentiated
plastids like those found in the albino mutants would
make DXS and G11 (but not PSY) dispensable to pro-
duce carotenoids. In any case, such a residual production
of plastidial isoprenoids is clearly insufficient to support
photosynthetic development. We therefore conclude
that the albino phenotype of g11-2 seedlings is due to a
defective production of GGPP and downstream isopre-
noids in the plastid.

To identify the isoprenoid metabolite required for
embryo development that is produced from sG11-
derived GGPP, it would be necessary to compare the
metabolite profile of g11-2 and g11-3 embryos in the
transition from globular to heart stage (Fig. 2;
Supplemental Fig. S5). Because this is extremely
challenging, we followed an alternative approach
and evaluated whether the levels of extraplastidial
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isoprenoids were altered in the g71-5 mutant, which is
expected to produce lower amounts not only of plastid-
localized G11 but also of cytosolic sG11 enzymes. While
MVA-derived precursors are used to produce a wide
variety of isoprenoids (Fig. 1), only sterols and ubiqui-
none appear to be required for proper embryo devel-
opment (Schrick et al., 2000; Okada et al., 2004). Sterols
are not synthesized from GGPP but from FPP (Fig. 1).
We therefore expected that reducing sG11 activity (i.e.
cytosolic GGPP production) in g11-5 seedlings would
not cause a decreased sterol accumulation. Consis-
tently, the levels of sterols (campesterol, stigmasterol,
and sitosterol) were found to be similar in wild-type
and g11-5 seedlings (Fig. 5C).

In the case of ubiquinone, the predominant form in
Arabidopsis (UB-9) contains a C45 solanesyl moiety
synthesized by a mitochondrial polyprenyl diphos-
phate synthase that elongates an initial FPP or GGPP
acceptor with IPP units (Hsieh et al., 2011; Ducluzeau
et al., 2012). Mitochondria import MV A-derived IPP
from the cytosol, as they lack their own biosynthetic
pathway (Liitke-Brinkhaus et al., 1984; Disch et al.,
1998). Then, specific isoforms of FPPS and GGPPS
enzymes targeted to mitochondria (in Arabidopsis,
FPPS1L, and GGPPS1; Fig. 1) are presumed to produce
FPP and GGPP for ubiquinone synthesis. FPPS1L-
defective fps1 mutants only showed a limited decrease
in UB-9 levels (Closa et al., 2010), suggesting that the
biosynthesis of the ubiquinone solanesyl chain might
predominantly rely on the supply of GGPP by GGPPS1,
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Figure 5. Levels of MEP-derived and
MVA-derived isoprenoid products in
plants with reduced G11 activity. A,
Seedlings of the indicated mutants and
the parental Columbia wild-type (WT)
grown for 1 week under short-day con-
ditions. These seedlings were used for
the metabolite analys