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Summary

Isoprenoids are one of the largest families of metabolites in nature, and they are especially diverse in
the plant kingdom. Among them, carotenoids, tocopherols and phylloquinone are interesting for
their role as vitamins. Plants synthesize these compounds in chloroplasts to contribute to
photosynthesis and photoprotection. In the case of carotenoids, their highest levels are found in
specialized plastids named chromoplasts, which are typically found in non-green pigmented organs
such as flower petals and ripe fruits but only occasionally in leaves. The general goal of this thesis
has been testing new strategies for the enrichment of leafy vegetables in isoprenoid vitamins through
a system developed in our lab to induce the conversion of chloroplasts into chromoplasts in leaves.
The tool is based on the capacity of the crtB enzyme from the bacterium Pantoea ananatis to boost
the production of phytoene and the ability of leaves to convert this extra phytoene into downstream
carotenoids with the concomitant changes in plastid ultrastructure. The availability of this system
allowed to define two specific objectives: (1) to characterize the physiological context of the crtB-
induced phenotype in Nicotiana benthamiana leaves and (2) to test different strategies exploiting
this crtB-based system to improve leaf biofortification.

In the first part of the thesis, we demonstrate that the non-reversible chloroplast-to-chromoplast
differentiation phenotype triggered by plastid-localized crtB is associated with a rapid loss of
photosynthetic activity caused by the accumulation of phytoene. This phenomenon makes the
chloroplast competent for chromoplastogenesis. The transition is then completed once phytoene is
converted into downstream carotenoids by endogenous enzymes. We also demonstrate that
treatments that cause altered redox balance of the photosystems and oxidative stress facilitate
chromoplast differentiation. In the second part of the thesis, we characterize the structural changes
associated with crtB-mediated chromoplast differentiation in leaves. During the process
plastoglobules increase in number and size. Plastoglobules are used to store phytoene and other
isoprenoids (including pro-vitamin A [(-carotene, vitamin E tocopherols, and vitamin K
phylloquinone. We also show that plastoglobules are the site of localization and action of the crtB
protein and demonstrate that conditions that promote plastoglobule proliferation (such as high
light) can be used to further promote the accumulation of isoprenoid vitamins. Our results show
that the combination of crtB with genes involved in the biosynthesis of such vitamins can further
increase their levels. Lastly, we show that B-carotene can be further accumulated by combining the
crtB-mediated chromoplastogenesis with an engineered extraplastidial pathway. We also show that
the optimizations of the crtB system can be applied to biofortify edible green leafy vegetables such as

lettuce, hence contributing to the development of new functional foods.






Resumen

Los isoprenoides son una de las familias mds grande de metabolitos en la naturaleza y son
especialmente diversos en el reino vegetal. Entre ellos, los carotenoides, los tocoferoles y la
filoquinona tienen un interés especial por su papel como vitaminas. Las plantas sintetizan estos
compuestos en cloroplastos para contribuir a la fotosintesis y fotoproteccion. En el caso de los
carotenoides, sus niveles mas altos se encuentran en plastos especializados llamados cromoplastos,
que se encuentran tipicamente en organos pigmentados no verdes como pétalos de flores y frutos
maduros, pero solo ocasionalmente en hojas. El objetivo general de esta tesis ha sido probar nuevas
estrategias para el enriquecimiento de verduras en vitaminas isoprenoides a través de un sistema
desarrollado en nuestro laboratorio para inducir la conversion de cloroplastos en cromoplastos en
hojas. La herramienta se basa en la gran capacidad de la enzima crtB de la bacteria Pantoea ananatis
para producir fitoeno y la capacidad de las hojas para convertir este fitoeno adicional en carotenoides
posteriores con cambios concomitantes en la ultraestructura de los plastos. La disponibilidad de este
sistema permitié definir dos objetivos especificos: (1) caracterizar el contexto fisioldgico del fenotipo
inducido por crtB en hojas de Nicotiana benthamiana y (2) probar diferentes estrategias
aprovechando este sistema basado en crtB para mejorar la biofortificacion de hojas. En la primera
parte de la tesis, demostramos que el fenotipo no reversible de diferenciacion de cloroplasto a
cromoplasto desencadenado por crtB en plastos se asocia con una rdpida pérdida de actividad
fotosintética causada por la acumulacion de fitoeno. Este fendmeno hace que el cloroplasto pase a
ser competente para la cromoplastogénesis. Luego, la transicion se completa una vez que el fitoeno
se convierte en carotenoides posteriores mediante enzimas endogenas. También demostramos que
los tratamientos que causan un equilibrio redox alterado de los fotosistemas y un estrés oxidativo
facilitan la diferenciacion de los cromoplastos. En la segunda parte de la tesis, caracterizamos los
cambios estructurales asociados con la diferenciacion de cromoplastos mediada por crtB en hojas.
Durante el proceso, los plastoglébulos aumentan en numero y tamafio y se utilizan para almacenar
fitoeno y otros isoprenoides, incluidos B-caroteno (pro-vitamina A), tocoferoles (vitamina E) y
filoquinona (de vitamina K). Los plastoglobulos son el sitio de localizacién y accién de la proteina
crtB y demostramos que las condiciones que estimulan la proliferacion de plastoglobulos (como la
luz intensa) se pueden utilizar para promover ain mas la acumulacién de vitaminas isoprenoides.
Nuestros resultados muestran que la combinacidn de crtB con genes involucrados en la biosintesis
de dichas vitaminas puede aumentar aun mas sus niveles. Por ultimo, mostramos que [3-caroteno se
puede acumular ain mds combinando la cromoplastogénesis mediada por crtB con una via
extraplastidial sintetica. También demostramos que las optimizaciones del sistema crtB se pueden
aplicar para biofortificar vegetales de verduras como la lechuga, contribuyendo asi al desarrollo de

nuevos alimentos.
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General introduction

Plants contain sophisticated biochemical machineries intended to produce a wide array of
compounds that perform vital cellular functions. Being sessile organisms unable to flee from the
threats of the environment, plants evolved over time to build their defence weapons through a
wide secondary metabolism. Some of these compounds are so effective that have become

important to human agriculture, industry, medicine, and nutrition.

o.1. Isoprenoids in nature

Isoprenoids (also known as terpenoids) are one of the largest families of plant metabolites,
showing a wide variety of chemical structures (Vickers et al., 2014) Some plant isoprenoids are
considered “primary” metabolites and are present in almost all plant species because they have
an irreplaceable function in many vital metabolic processes. Among such essential isoprenoids,
many are involved in plastid functions (including photosynthesis and photoprotection) or
depend on the plastid for their synthesis (Rodriguez-Concepcién and Boronat, 2015) In this
category are included: chlorophylls (the main pigments involved in light harvesting and energy
transfer), phylloquinones and plastoquinones (prenylquinones that are part of the electron
transport chain system, especially associated with photosystem I, PSI), carotenoids (accessory
pigments to harvest light for photosynthesis and photoprotectants against excessive light energy)
and tocopherols (tocochromanols with an important role in the protection of membranes from
oxidation). Other essential isoprenoids are ubiquinone (a prenylquinone that is fundamental in
the respiratory electron transport chain in mitochondria), phytosterols (compounds involved in
the maintenance of membrane fluidity and stability), and several groups of plant hormones
(including brassinosteroids, cytokinins, gibberellins, and carotenoid-derived strigolactones and
abscisic acid). Most plant isoprenoids, however, are considered “secondary” metabolites and
participate in very specialized processes mostly related with plant-environment interaction.
Usually, these specialized isoprenoids are confined to specific plant species or/and tissues and
they are often produced in response to environmental challenges. In some cases, compounds
with a “primary” role in some tissues play “secondary” roles in others. For example, carotenoids
and derived cleavage products have a vital ecological role in non-photosynthetic tissues,
contributing to the colours and aromas of many fruits and flowers to attract animals for

pollination and seed dispersal. Isoprenoids with roles as pigments, volatiles and defence
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molecules are also of use for human needs as colourants, flavours, chemicals, and drugs

(Rodriguez-Concepcién and Boronat, 2015; Vickers et al., 2014).

Among essential isoprenoids involved in photosynthesis and photoprotection, carotenoids,
tocopherols and phylloquinones are particularly interesting because they have strong implication
for human and animal health as vitamins (Tetali, 2019). In the case of carotenoids, animals take
them through the diet and use them as pigments and as a source of retinoids, including vitamin
A. Only a few animals have evolved to overcome this rule. The pea aphid Acyrthosiphon pisum,
for example, produces its own carotenoids using biosynthetic genes of fungal origin that were
integrated in its genome (Moran and Jarvik, 2010). Also, photosynthetic sea slugs like Elysia
timida were reported to integrate plastids from their algal food and to maintain their full
functionality. This process, called kleptoplasty, grants the animal the possibility to use the
metabolic machinery of the chloroplasts to actively synthesize carotenoids and take advantage of
their photoprotective functions (Cartaxana et al.,, 2019). Tocopherols (vitamin E) and
phylloquinones (vitamin K1) are only synthesized by photosynthetic organisms but most of our
understanding of their chemical properties and functions come from studies in artificial

membranes and animal systems.

0.2. Isoprenoids as health promoting compounds.

Isoprenoids show biological activities which have been exploited in prevention and treatment of
human diseases (Britton, 1995). Hundreds of isoprenoid compounds and their derivatives have
been tested for their pharmacological activities. The demonstrated biological effect of various
classes of terpenoids from in vitro and in vivo studies include anti-inflammatory, anti-oxidative,
anti-aggregatory, anti-coagulative, anti-tumour, sedative, and analgesic activities (Zhao et al.,
2016). These compounds bring health benefits by interacting with key molecular players in
animal and human physiology (Nuutinen, 2018). The main biological function of carotenoids in
mammals is their role as precursors of retinoids (including vitamin A) that play fundamental
roles for vision, growth, cell differentiation, and other physiological processes (Rodriguez-
Concepcion et al., 2018). Only carotenoids with at least one B-ring without any oxygen and with a
polyenic chain with at least 11 carbon atoms can be converted into vitamin A. Thus, the most
relevant provitamin A carotenoid is B-carotene (two B-rings), but other good sources are o-
carotene (one B-ring) and some derived xanthophylls and apocarotenoids. Vitamin A is
particularly important for the correct development of sight, but non-provitamin A carotenoids
such as phytoene and lycopene are also important (Rodriguez-Concepcion et al., 2018). The

xanthophylls lutein and zeaxanthin are accumulated in the macula lutea within the eye (Ma and
2
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Lin, 2010) where they act as a filter for blue light attenuating in about 40% the light that reaches
photoreceptors reducing their damages and providing protection against photooxidation caused

by the retina simultaneous exposition to light and oxygen (ROS).

Vitamin E is the general term for tocochromanols, of which o-tocopherol has the highest
biological activity. Tocochromanols interact with polyunsaturated acyl groups and protect
membrane lipids (especially polyunsaturated fatty acids) from oxidative damage by scavenging
lipid peroxyl radicals. Termination of polyunsaturated fatty acid free radical chain reactions by
tocochromanols results in a “tocopherol radical.” In mammals, the tocopherol radical is recycled
back to the corresponding tocopherol allowing each tocopherol to participate in many lipid-
peroxidation chain-breaking events before being degraded (DellaPenna and Pogson, 2006).
Vitamin K occurs naturally in two forms. Phylloquinone (2-methyl-3-phytyl-1,4-naphtoquinone)
or vitamin Ki and menaquinones or vitamin K2. The first one is present in high amounts in green
leafy vegetables and is the form majoritarily uptaken in western diet. Physiologically, vitamin K
is known for its role as a cofactor for a series of endoplasmic enzymes involved in blood
coagulation and cell apoptosis. Some in vitro and animal studies point also to protective roles for
vitamin K against oxidative stress and inflammatory processes, two phenomena associated with

age-associated neurodegenerative diseases (DiNicolantonio et al., 2015).

A common valuable function of carotenoids together with tocochromanols and prenylquinones
is related to their antioxidant properties. In biological systems, lipids constitute most of the
cellular membranes and internal structures and lipid oxidation harms the functionality of the
membranes and their integrity. Since carotenoids, tocochromanols and prenylquinones are
stocked in these structures, they can delay the radical propagation generated by lipid oxidation
and have a recognized role as membrane antioxidants. Epidemiological studies have shown that
the consumption of carotenoid, tocopherol and phylloquinone-rich fruits and vegetables is
associated with a lower risk of cardiovascular diseases. Carotenoids and tocopherols interact with
polyunsaturated acyl groups and protect membrane lipids, especially polyunsaturated fatty acids,
from oxidative damage by scavenging lipid peroxyl radicals and chemically reacting with singlet
oxygen and other ROS. Other studies suggested an inverse relationship between the high
consumption of carotenoids, tocopherols and phylloquinones-enriched foods and a low
incidence of cancer relating their protective role to the modulation of growth factor signalling,
cell cycle progression, cell differentiation and apoptosis (Niranjana et al., 2015). It is widely
acknowledged that the consumption of these isoprenoids within a vegetal matrix is more

effective to cause health benefits than the intake of individual dietary supplements.
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0.3. Isoprenoid biosynthetic pathways

Isoprenoids are built from the head-to-tail union of various units of the 5-carbon (C5) compound
isopentenyl diphosphate (IPP) and its allylic isomer dimethylallyl diphosphate (DMAPP). In
plants, IPP and DMAPP can derive from two metabolic pathways acting in distinct cell
compartments: the cytosolic mevalonic acid pathway (MVA) and the plastidial methylerythritol
4-phosphate (MEP) pathway (Rodriguez-Concepcion and Boronat, 2002) (Figure o.1). In the
cytosolic pathway, IPP is formed from three molecules of acetyl-CoA. Two of them are combined
to generate acetoacetyl-CoA and the third molecule is then incorporated through an aldolic
addition that leads to the formation of hydroxy-3-methyl glutaryl-CoA (HMG-CoA). The
reduction of the latter by HMG-CoA reductase (HMGR) leads to the formation of mevalonic acid
(MVA) that is later transformed into compound IPP through two successive phosphorylations.
MVA-derived IPP is then isomerized to DMAPP by the enzyme IPP/DMAPP isomerase (IDI).
Two IPP molecules added to a DMAPP core form Ci5 farnesyl diphosphate (FPP), the substrate
for the formation of sesquiterpenes (Ci5) and triterpenes (C30) such as sterols (Hsieh and
Goodman, 2005). Other prenyldiphosphate precursors formed using MVA-derived IPP and
DMAPP include C20 geranylgeranyl diphosphate (GGPP) to produce C20 diterpenoids and

prenylated proteins as well as polyterpenes.

The MEP pathway starts with the production of deoxyxylulose 5-phosphate (DXP) from
glyceraldehyde-3-phosphate and pyruvate by DXP synthase (DXS). DXP is then rearranged and
reduced by the enzyme DXP reductoisomerase (DXR) to MEP. The latter is then converted into a
mixture of [PP and DMAPP in five enzymatic steps (Rodriguez-Concepcion, 2010). Even if this
pathway can produce both isoprenoid substrates at once, an isomerization activity
interconverting IPP and DMAPP is still necessary to balance the relative ratios of these two
compounds (Figure o.1). IPP and DMAPP are then condensed to form the Cio compound
geranyl pyrophosphate (GPP), the precursor of monoterpenes (Ci0). However, most plastidial
isoprenoids derive from GGPP produced by plastidial GGPP synthases (GGPPS). MEP-derived
GGPP is the common precursor of carotenoids and the prenyl moiety of chlorophylls,
tocochromanols (including tocopherols and plastochromanol-8) and prenylquinones (such as

phylloquinones, tocoquinones, and plastoquinone-9) in the plastid.
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Figure o.1. Schematic representation of the main pathways that lead to the synthesis of isoprenoid
precursors and their localization in the plant cell. IPP and DMAPP, the universal Cs isoprenoid units, are
produced by the MVA pathway in the cytosol and the MEP pathway in plastids and can be transported between the
two cellular compartments. The shikimate pathway provides moieties for the formation of tocopherols and

prenylquinones in plastids. See List of abbreviations for acronyms.

0.3.1. Carotenoid pathway

GGPP can be channelled into the carotenoid biosynthetic pathway through the action of the
enzyme phytoene synthase (PSY). This enzyme catalyses the tail-to-tail condensation of two
molecules of GGPP into 15-cis-phytoene (Rodriguez-Concepcion et al., 2018). PSY is the main
rate-limiting enzyme in the carotenoid biosynthetic flux (Fraser et al., 2002) and, for this reason,
it has been repeatedly used as a preferential target for genetic manipulation. The core carotenoid
pathway is conserved but some species can synthesize specific carotenoids via unique
biosynthetic branches generating a huge diversity of carotenoid molecules (Maresca et al., 2008).
In plants and cyanobacteria, phytoene undergoes dehydrogenation and isomerization in four
enzymatic steps to produce all-trans-lycopene (Rodriguez-Concepcion et al., 2018). The
desaturation reactions transform the colourless phytoene into the red-coloured lycopene because
they introduce a series of carbon-carbon double bonds that form the chromophore in the
carotenoid molecule. In higher plants, cyclization of the lycopene molecule ends produces two

types of rings: B or €. Introduction of B-rings transforms lycopene into y-carotene (one [B-ring)
5
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and, subsequently, B-carotene (two -rings). A second branch starts by introducing one e-ring to
produce §-carotene and then one B-ring in the other end to generate o-carotene. Introduction of
two e-rings is rare and it only occurs in a few plant species such as lettuce (Ruiz-Sola and
Rodriguez-Concepcion, 2012). After this branching step, B-carotene and a-carotene are converted
into xanthophylls (i.e., oxygenated carotenoids produced thank to ring-specific hydroxylation
reactions). Hydroxylation of B-carotene first produces B-cryptoxanthin and then zeaxanthin
while hydroxylation of o-carotene eventually leads to lutein. Other B, B-xanthophylls derived
from B-carotene include violaxanthin (originated by the epoxidation of zeaxanthin) and
neoxanthin. Both violaxanthin and neoxanthin can be used for the formation of the carotenoid-
derived hormone ABA, while B-carotene is the precursor of strigolactones (Rodriguez-

Concepcion et al., 2018) (Figure 0.2).

—— e ——
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Figure o.2. Schematic representation of carotenoid biosynthetic pathway. See List of abbreviations for acronyms.

0.3.2. Tocochromanol and prenylquinone pathways

Tocochromanols and prenylquinones have moieties derived from the MEP pathway and the
shikimate pathway (Figure 0.3). The combination of the GGPP-derived prenyl moieties phytyl
diphosphate (PPP) or solanesyl diphosphate (SPP) with chorismate-derived aromatic head
groups homogentisic acid (HGA) or 1,4-dihydroxy-2-naphthoate (DHNA) eventually forms
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tocopherols and tocoquinones (PPP and HGA), plastoquinone-9 and plastochromanol-8 (SPP
and HGA) or phylloquinones (PPP and DHNA). The precursor of HGA is p-hydroxyphenyl
pyruvate formed from chorismate via prephenate, arogenate and Tyr. However, arogenate can be
also the precursor of Phe that is the base for a multitude of secondary metabolites such as lignin
and flavonoids and, for this reason, only a small amount of photosynthetically obtained carbon is
incorporated into Tyr. The saturated tail from tocopherols is derived from PPP that is either
produced de novo from GGPP by GGPP reductase (GGR) or formed by recycling of the phytol
released from chlorophyll degradation (Figure 0.3). The enzymes phytol kinase and phytyl-P
kinase encoded by the genes VTE5 and VTES, respectively, convert phytol to PPP (DellaPenna
and Pogson, 2006; Fritsche et al., 2017; Ischebeck et al., 2006). In the first committed step of
tocopherol biosynthesis, PPP and HGA are fused by a membrane-bound homogentisate
phytyltransferase encoded by the HPT/VTE2 gene to form MPBQ (2-methyl-6-phytyl-1,4-
benzoquinol). This metabolite can be converted into dMPBQ (2,3-dimethyl-6-phytyl-1,4-
benzoquinone) by a methyltransferase encoded by VTE3 or into §-tocopherol by a tocopherol
cyclase encoded by VTE1. The latter also synthesizes y-tocopherol from dMPBQ (Collakova and
DellaPenna, 2003; Lushchak and Semchuk, 2012). Finally, a tocopherol methyltransferase
encoded by VTE4 converts 8- and y-tocopherol into - and a-tocopherol, respectively. The

antioxidant activity of a-tocopherol results in its conversion to a-tocoquinone.

The same benzene quinone ring precursor HGA can be used to synthesize plastoquinone-9 or
plastochromanol-8. MEP-derived SPP is condensed with HGA by the plastidial enzyme
homogentisate solanesyltransferase (HST) to produce 2-methyl-6-prenyl-1,4-benzoquinol
(MSBQ). Steps catalyzed by enzymes that also participate in tocopherol biosynthesis transform
MSBQ into plastoquinol 9 (VTE3), which is then cyclized into plastochromanol-8 (VTE1) or
oxydized to form plastoquinone-9 (Liu and Lu, 2016; Szymanska and Kruk, 2010). Lastly,
phylloquinone (vitamin Ki) is structurally like menaquinone (Vitamin K2), a compound that can
be synthesized by red algae, diatoms, and prokaryotes (Hu et al., 2012). In photosynthetic
organisms like plants, phylloquinone is synthesized in nine consecutive reactions from the
chorismate-derived DHNA produced by the shikimate pathway. The first four enzymes of
phylloquinone biosynthesis, which convert chorismate to o-succinylbenzoate, are nuclear-
encoded and localized in chloroplasts. The next three biosynthetic steps occur in the peroxisome
and lead to the formation of DHNA that is then transported into plastids. There, DHNA
phytyltransferase (MenA/ABC4) attaches the PPP chain to the naphthoate ring of DHNA and
then it is converted to phylloquinone after a methylation step catalysed by MenG (Shimada et al.,

2005).
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Figure o0.3. Schematic representation of prenylquinones biosynthetic pathway. See List of abbreviations for

acronyms.

0.4. Isoprenoid storage in plastids

Plastids are essential and ubiquitously found in higher plants. They vary greatly in their
morphology and function according to the ecophysiological state of the plant or its development.
Based on their morphology and functions plastids are classified in distinct subtypes. 1)
Proplastids are small, colourless, and undifferentiated that are usually present in meristematic
tissues. 2) Etioplasts occur during the growth of plants in darkness and are characterized by the
absence of chlorophylls and the presence of an internal membrane network called prolamellar
body that constitutes the precursor of the thylakoids. 3) Chloroplasts are the photosynthetic
plastids characteristic of light-grown plants; they contain the green pigment chlorophyll and an
internal system of thylakoid discs where the light reactions of photosynthesis happen. 4)
Leucoplasts are colourless plastids that can be differentiated in various subtypes depending on
the compound stored: amyloplasts if they accumulate starch, elaioplasts if they accumulate lipids
and proteoplasts if they store proteins. 5) Chromoplasts are pigmented plastids due to the
accumulation of carotenoids and the absence of chlorophylls; they are typical of ripe fruits,
flowers and some plant roots but only occasionally develop in leaves. 6) Gerontoplasts arise from
the degeneration of chloroplasts during plant senescence and show disorganized thylakoidal
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membranes and a proliferation of large plastoglobules (PG) that typically store tocopherols and
other products of the degradation of chlorophylls (Jarvis and Lopez-Juez, 2013; Sadali et al., 2019)

(Figure 0.4).

Chromoplast

Chloroplast
Proplastid \ \

\ Elaioplast
O Gerontoplasts

Amyloplast

Figure 0.4. Schematic representation of the main typologies of plant plastids. Proplastid are the common
ancestor for all the plastids except gerontoplasts and plastidial identity changes depending on the compound
accumulated (elaioplasts accumulate proteins, amyloplasts accumulate starch). Etioplasts are typically present in
young non-photosynthetic tissues and differentiate in chloroplasts upon light exposition. Chloroplasts differentiate in

chromoplasts in fruits and flowers. In old leaves chloroplasts degenerate into senescent gerontoplasts.

Plastids, particularly chloroplasts, chromoplasts and gerontoplasts, are a major site for
isoprenoids biosynthesis and storage. Etioplasts synthesize a set of carotenoids like lutein and
violaxanthin that are critical for optimizing the transition to photosynthetic development and,
together with tocopherols, are fundamental to protect seedlings emerging from a dark
environment (i.e., underground) from photodamage by avoiding the oxidation of chlorophyll
precursors and the derived ROS production (Rodriguez-Villaldn et al., 2009, Park et al., 2002).
Violaxanthin and lutein in etioplasts are also essential for the correct assembly of prolamellar
bodies. In chloroplasts, most carotenoids are often associated with proteins in different
complexes of the photosynthetic apparatus localized in the thylakoidal membranes: light-
harvesting complexes (LHCs) mostly contain xanthophylls, whereas -carotene is usually located
in both photosystems (PSI and PSII) and the cytochrome b6f complex. Lower carotenoid levels
can also be found in the envelope (Lichtenthaler, 2007). The carotenoid composition in

chloroplasts of most plant species is rather standard, and the most abundant carotenoids are
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lutein (45% of the total), B-carotene (25-30%), violaxanthin (10-15%) and neoxanthin (10-15%)
(Britton, 1995; Phillip and Young, 1995). In chloroplasts, tocochromanols are stored mainly in the
envelope and in thylakoid-derived vesicles named PG, where the enzymes necessary for their
synthesis are located. Most of the a-tocopherol synthesized is partitioned between the
chloroplast envelope and thylakoid membranes and it is stored in PG only in some cases. The
proportion with other forms of tocopherols depends on the plant species. For example, o-, -,
and y-forms of tocopherol occur in the thylakoids of spinach at molar ratios of 1:0.06:0.02,
respectively (DellaPenna and Pogson, 2006). Plastoquinones are also present in thylakoids
(where they are part of the photosynthetic electron transport chain) and in PG (where they are
stored in their non-photoactive form) (Pralon et al., 2020). Phylloquinones, on the other hand

are present mostly in PG (Van Wijk and Kessler, 2017).

Chloroplasts transform into chromoplasts by losing their chlorophyll and accumulating
carotenoid pigments during the development of many flowers and the ripening of many fruits in
a process, named chromoplastogenesis (Egea et al.,, 2010). Chromoplasts develop internal
structures that can sequester and store carotenoids while the photosynthetic membranes are

degraded (Figure o0.5).

Chloroplast ----- + Chromoplast

Plastoglobule

Ribosome Membranous

sac

aaa, \ ~ J\r\/ /
\ = % QN

) t?-
- Y
/ % \* Crystalloid
carotenoid

structures

Thylakoids
Thylakoids remains

Plastoglobuie

Figure o.5. Schematic representation of the main structural changes happening during chloroplast to
chromoplast transition (Adapted from (Egea et al., 2010)). During chromoplast development, starch grains are
broken down together with thylakoid membranes. Plastoglobules increase in size and number and carotenoids are

stored in membranous structures or in crystalloid formations.
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The main examples of chromoplast structures are crystalline bodies observed in tomato and
carrot chromoplasts, tubular structures present in some flower petals or abundant PG in
chromoplasts of some fleshy fruit such as mango (Grilli Caiola and Canini, 2004). Some of these
structures are permanent while others are transient and disappear in senescent chromoplasts.
The most common carotenoid-containing structures present in chromoplasts are PG, usually
distributed singly or in group in the chromoplast stroma. PG are plastid lipoprotein particles
surrounded by a membrane lipid monolayer and contain small, specialized proteomes and
metabolomes depending on the plastid type where they develop. While PG in chloroplasts are
associated with thylakoids and have a role in multiple developmental processes (metabolism of
prenyl lipids, redox and photosynthetic regulation; plastid biogenesis; and senescence), PG in
chromoplasts are highly enriched in carotenoid esters and enzymes involved in carotenoid
metabolism (Van Wijk and Kessler, 2017). During chromoplast maturation their number and size
increase and accumulate carotenoids partially derived from the degradation of thylakoid
membranes or synthesized anew through an internal biosynthetic machinery. Nonetheless, PG
do not necessarily contain. In the late stage of chromoplast development carotenes can
accumulate either as crystals or as long tubules because of the concentration increase (i.e.,
crystals of B-carotene in carrot roots or lycopene in tomato fruits). Tubules are thin undulated
structures with an irregular shape in the cross section. They are usually in contact with PG and
sometimes they pierce them establishing a connection between several globules. Many
chromoplasts also develop special membranes called chromoplast internal membranes (CIMs)
from invagination of plastidial envelope and from degradation of thylakoidal membranes. These
formations contain carotenoids but never contain chlorophylls. The dependence of chromoplast
structures upon the type of pigments was characterized by treating plants with bleaching
herbicides: tulip tree flowers treated with SAN 9789 (a chemical that blocks [-carotene
synthesis), for example, developed long thin tubules growing out of PG instead of B-carotene

crystals (Ljubesic et al., 1991)

The membrane structures that form in chromoplasts also contribute to carotenoid biosynthesis
through providing a proper environment to carotenoid biosynthetic enzymes, many of which are
membrane-associated (Ruiz-Sola and Rodriguez-Concepcidn, 2012). Therefore, the development
of chromoplasts results in enhanced carotenoid accumulation by combining a “pull” effect (by
providing a suitable environment for the storage of carotenoids) with a “push” effect (by
improving the activity of biosynthetic enzymes and hence the production of these compounds)
(Ruiz-Sola and Rodriguez-Concepcion, 2012). While carotenoid distribution inside chromoplasts
greatly varies and impacts plastid morphology, tocochomanols and prenylquinones are mainly

stored in PG where part of their biosynthetic machinery is also located. Depending on the degree
11



General introduction

of thylakoid degradation part of tocochromanols (mainly o-tocopherol) can also be found
associated with the residues of the membranes. (Van Wijk and Kessler, 2017; Bréhélin et al.,

2007).

During leaf senescence chloroplasts degenerate into gerontoplasts. During this conversion,
chloroplasts lose progressively their internal organization and their photosynthetic competence.
All photosynthetic pigments (chlorophylls and carotenoids) decline during senescence but
chlorophylls are degraded at a faster rate compared to carotenoids causing the typical yellow,
orange, and brown colour of autumn leaves. In many gerontoplasts the retained carotenoids are
esterified. The formation of xanthophyll acyl esters results in more stable pigments. Leaf
senescence is also associated with the formation of oxidation products of B-carotene. During the
transition from chloroplasts to gerontoplasts the breakdown of the thylakoidal membranes
provides material for the formation of a high number of small PG that, at the late stage of the
process merge to generate a low number of large osmiophilic PG that are the distinctive feature
of the gerontoplasts. Tocopherols mainly formed using phytol recycled from chlorophyll
degradation represent the main content of gerontoplast large PG but in some cases also traces of

carotenoids are present (Lichtenthaler, 2007).

0.5. Role of isoprenoids in photosynthesis and photoprotection

Many secondary isoprenoids functions are linked to light and photosynthesis. Chlorophylls
cannot absorb much light in the 450-550nm region, where carotenoids act as light-harvesting
pigments. In oxygenic photosynthetic organisms, the reaction centres and the core complexes of
the photosystems mainly contain [-carotene while the composition of the peripheral LHCs
contains a mixture of lutein, neoxanthin, zeaxanthin and violaxanthin to efficiently transfer
energy to chlorophylls (Liguori et al., 2017). The most important role of carotenoids, however, is
their photoprotective action to prevent damages related to the formation of reactive oxygen
species (ROS) by quenching excited chlorophyll triplets. When the excited state of carotenoids
relaxes to the ground state, energy is harmlessly released as heat in a process known as non-
photochemical quenching (NPQ) and based on xanthophyll cycles for optimal function (Nilkens
et al., 2010; Murchie and Niyogi, 2011). Xanthophyll cycles consist in the transformation of
epoxidized xanthophylls to de-epoxidized ones under excess light, which facilitates the
dissipation of excitation energy through a conformational change able to rearrange LHC proteins
(Latowski et al., 2011). Tocopherols, unlike carotenoids are not indispensable for photoprotection
but they can contribute to provide general protection of thylakoidal membranes through their

antioxidant action (Lichtenthaler, 2007). As for plastoquinones (PQ), they are involved in the
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electron transport chain of oxygenic photosynthesis (Liu and Lu, 2016). In plastids PQ navigate
quickly through the thylakoid lipid bilayer to shuttle electrons from PSII to PSI. The proportion
of PQ that participates in electron transport in the thylakoid membrane is considered as the
photoactive PQ pool; whereas the remaining proportion, which is approximately 60-70% of the
total PQ, constitutes the non-photoactive pool (Pralon et al., 2020). Redox state of PQ also
constitutes an important signal in the regulation of many physiological processes within the
chloroplast such as gene expression, carotenoid biosynthesis, and antioxidant activity (Suzuki et

al., 2012).

0.6. Isoprenoid biotechnology.

Currently, only a few commercially relevant carotenoids and tocopherols (including lycopene, -
carotene, lutein, capsanthin, astaxanthin, canthaxanthin and a-tocopherol) can be industrially
produced. However, their increased importance for industry and human health led to explore
multiple strategies to increase the amount of these components in plants. Different experimental
strategies have been used to enhance isoprenoid content and composition in crops, including
conventional breeding, or maker-assisted breeding, and genetic engineering. The first one
allowed over time to select improved lines, but the process is slow and time-consuming. Vitamin
A biofortification in maize, sweet potato, and cassava, however, are examples in which
conventional breeding has been a success (Hotz et al., 2012; Ceballos et al., 2013). Genetic
manipulation, on the other end, requires a short time and has been shown feasible and efficient
in many plant species. Carotenoid and tocopherols engineering strategies involve direct
intervention to boost the accumulation of target compounds by 1) increasing the metabolic flux
through the pathway by overexpressing rate-limiting enzymes and eliminating metabolic
bottlenecks ("push" strategy) 2) suppressing competing pathway downstream of branch points to
avoid the diversion of intermediates to the synthesis of other compounds or the degradation of
the compound of interest (“block” strategy) 3) creating sequestering structures to increase plastid
sink capacity to store isoprenoid compounds (“pull” approach). The combination of more than
one approach is also possible for refined control over the metabolic pathways (Botella-Pavia and

Rodriguez-Concepcidn, 2006; DellaPenna and Pogson, 2006).

In the case of carotenoid content, there are several successful examples by using push strategies.
The most famous one is maybe the “Golden Rice”: a genetically engineered rice which has the
genes necessary for (3-carotene production introduced into its genome, as rice does not naturally
express those genes in the endosperm. In the first version of Golden Rice a PSY gene from

daffodil under an endosperm-specific glutelin promotor was introduced via Agrobacterium-
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mediated transformation, as well as the crt] gene from Pantoea ananatis under the constitutive
CaMV 35S promoter and a LCYB gene from daffodil under the glutelin promoter. This strategy
produced at least one line with 1.6 pg/g of carotenoid content in the endosperm, most of that
being B-carotene (Ye and Beyer, 2000). The second version of the product saw a major
improvement in pro-vitamin A content after many plant PSY genes were tested and a maize PSY
was used. This strategy was able to produce in one line 37 pg/g (Paine et al., 2005). In other
studies, the constitutive overexpression of A. thaliana genes encoding for DXR and type I DXS in
carrot plants (Daucus carota) allowed an increase in o-carotene and f-carotene (up to 3.6 and
2.7-fold, respectively) levels in roots (Simpson et al., 2016). The overexpression of PSY-encoding
gene in carrot roots, also, led to an increase of total carotenoid content and the development of
crystalloid structures in either carrot roots or A. thaliana seedlings (Maass et al., 2009). Then, in
canola seeds (Brassica napus), the overexpression of the bacterial crtB (the bacterial phytoene
synthase) using a seed-specific promoter increased resulted in a 50-fold increase of total

carotenoid content (Shewmaker et al., 1999).

The best results for carotenoid biofortification, however, came from the combination of multiple

bacterial genes (Majer et al., 2017; Andersen et al., 2021). For example, co-overexpression of

Chlamydomonas reinhardtii p-carotene ketolase and Hematococcus pluvialis [-carotene
hydroxylase in tomato succeeded into a massive accumulation of astaxanthin in leaves and
esterified astaxanthin in fruits coupled with a 16-fold increase on total carotenoids levels (Huang
et al,, 2013). In potato, the co-expression of bacterial crtB, crtl and crtY (lycopene cyclase)
resulted in a significant increase of carotenoid content (especially [-carotene) that maintained a
relative stability during tubers propagation (Diretto et al., 2007). Other successful examples were
the use of a combination of a “push” and a “block” strategy through the silencing of the
endogenous LCYE gene expressing an antisense RNA construct that led to 14-fold more (-
carotene avoiding the conversion of lycopene in a-carotene and the use of a block strategy to
increase carotenoids amount by silencing potato B-carotene hydroxylase (BCH) gene. This
resulted in the inhibition of the conversion of P-carotene in zeaxanthin forcing a 331-fold
improvement of this carotenoid and a 2.5-fold improvement of lutein (Diretto et al., 2006). In
another example, the silencing of the gene encoding ZEP led to tubers with a 133-fold increase in
zeaxanthin content coupled with a 3.4-fold increase in B-carotene (Diretto et al., 2007; Romer

and Fraser, 2005).

The pull strategies rely mainly on the formation of suitable structures for the storage of
carotenoids (i.e., carotenoid sink) and on their stabilization to avoid their degradation. The most

promising strategy is to trigger chromoplasts differentiation in the tissue of interest. The Or gene
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encodes a protein containing DnaJ cysteine-rich zinc finger domain and was found to induce
carotenoid accumulation by triggering the differentiation of non-coloured plastids into
chromoplasts (Li et al., 2001). This discovery has made this approach feasible for some types of
plants or specific tissues, the most relevant being callus, endosperm of cereals and tubers. Or
effect seems to be context-specific, in some cases contributing to the increase of carotenoid
content by stabilizing the PSY protein (Zhou et al., 2015) in some cases triggering the
differentiation of chromoplasts. The overexpression of A. thaliana Or gene in the white
endosperm of maize and in potato tubers generated an increased total carotenoid content likely
by stabilizing the endogenous PSY protein and increasing its activity resulting in the formation
of chromoplasts (Lopez et al., 2008). The fruit specific RNAi-mediated suppression of the
morphogenesis regulatory gene DET: in tomato resulted also in an increased number of
chloroplasts per area with a higher volume generating in this way an increase in the sink capacity

of the organ (Enfissi et al., 2010).

Because of their central role in photosynthesis, the success with the carotenoid increase in green
tissues, was limited. Nonetheless, recent reports have shown that N. benthamiana leaves
overexpressing regulators of carotenoid gene expression and storage were able to double their
carotenoid content in chloroplasts, and promising results were obtained by using transcription
factors (TF) involved in plastid development and belonging to the MYB and bHLH families. For
example, the overexpression of the TF MYB7 from kiwifruit (Actinidia deliciosa) in N.
benthamiana leaves resulted in an increase between 2 and 2.5-fold times in carotenoid content,
likely because of an interaction of this factor with the promoter of the LCY-B gene. (Ampomah-

Dwamena et al., 2019; D’Amelia et al., 2019; Llorente et al., 2020; Wang et al., 2018).

Green leafy vegetables have been tested mostly for the enrichment of vitamin E and folate
(Dellapenna, 2007). There are two basic goals of vitamin E metabolic engineering in plants: 1)
increasing the flux through the vitamin E biosynthetic pathway to enhance the levels of total
tocochromanols and 2) altering the tocochromanols composition towards the o-tocopherol for
its higher antioxidant potential (Chen et al., 2006). The overexpression in tobacco leaves of
Saccaromyces cerevisiae prephenate dehydratase (PDH or tyrA) for the direct synthesis of HPP
from prephenate together with the overexpression of Arabidopsis HPPD gene resulted in an 8-
fold increase of tocochromanols in leaves with a massive accumulation of tocotrienols (Rippert et
al., 2004). On the other hand, the combined overexpression of VTE2 gene from Arabidopsis
together with the gene encoding the y-tocopherol methyltransferase enzyme (VTE4) resulted
then in a 12-fold increase in vitamin E converting the whole pool of y- and 8- tocopherol to o-

and B-tocopherols. Then overexpression of VTE1 gene in Arabidopsis leaves resulted in up to a 7-
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fold increase in tocopherols and a dramatic shift of tocopherols composition from a-tocopherol
to y-tocopherol. Playing with the genes encoding the different steps of tocopherol biosynthetic
pathway is also the way to impact tocopherol composition in plants favouring the accumulation
of a-tocopherols. The co-expression of Arabidopsis VTE3 and VTE4 genes from in soybean, for
example, resulted in a 5-fold increase of vitamin E activity with an accumulation of more than
95% of a-tocopherol in seeds changing the natural composition of soybean seeds that normally
contain 20-30% of §-tocopherols, 5% of B-tocopherol, 60-70% of y-tocopherols and 10-20% of a-
tocopherols(Van Eenennaam et al., 2003). Compared with seeds, leaves usually contain mostly o
-tocopherol so the major goal relies on the improvement of total tocopherols levels without
changing the tocopherol composition. The overexpression of tocopherol cyclase (VTE1) and y-
TMT (VTE4) was reported to have a major effect on tocopherol amount in tobacco and lettuce
leaves (Yabuta et al., 2013). In some cases, the increased amount of vitamin E can be also a
strategy to preserve the carotenoid content avoiding oxidative degradation (Che et al., 2016).
Vitamin K content, however, compared to the other two isoprenoids previously discussed, is
more difficult to improve. The reason is related to its complicated and poorly known
biosynthetic pathway that includes steps located in plants peroxisomes. Most of the strategies
that allowed to increase the amount of phylloquinones, in fact, were intended to increase the
levels of other compounds like salicylic acid and resulted in the collateral increase of vitamin K

because of alternative channelling of precursors (Babujee et al., 2010).
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Chapter 1

Objectives

Carotenoids, tocopherols and phylloquinones are plant isoprenoid compounds with a high
commercial value either from the industrial point of view or for their health-related properties
being the principal precursors and components of vitamin A, E and K, respectively. Humans
require a minimum daily intake of essential nutrients and vitamins to maintain an optimal body
state. Malnutrition has been one of the central problems of the 20th century, especially in
underdeveloped countries. In well-developed countries, the biofortification of processed foods
with micronutrients and vitamins solved part of the problem but in developing countries, the
low industrial level of the agriculture and a limited food-processing and distribution scheme led
to the failure of this strategy. To solve the necessities of these populations the direct
biofortification of the original crop is necessary (Dellapenna, 2007). Various trials were successful
in enhancing the content of isoprenoids vitamins in different plant structures like fruits, seeds, or
tubers. However, the biofortification of green leafy vegetables has been more challenging.
Indeed, this type of products would be very good candidates for biofortification because of the
faster, easier, and less expensive growth conditions of most green leaf edible products like

spinaches, lettuce, or alfalfa.

The general objective of this thesis is to test new strategies for the biofortification of leafy
vegetables. At the beginning of this work, a new tool able to induce the accumulation of high
amounts of carotenoids in green leaves was being developed in the lab. The tool is based on the
transient overexpression of the crtB gene from the bacterium P. ananatis under the control of a
strong constitutive promoter. When the encoded protein, a bacterial phytoene synthase, entered
the chloroplast, a yellow leaf phenotype was developed and the level of carotenoids was doubled

concomitantly with the transformation of leaf chloroplasts into chromoplasts (Llorente et al.,

2020). The availability of this system in the laboratory allowed to define 2 major objectives for

this thesis.

Objective 1: To characterize the physiologic context of the crtB-induced phenotypes in
leaves. The goal was to perform an in-depth analysis of the changes that crtB overexpression

caused in leaf plastid physiology.

Objective 2: To Test different strategies exploiting the crtB-based system to improve leaf

biofortification.

Environmental treatments known to influence plastid physiology and structure (such as dark-

induced like senescence, high light intensity and altered light quality) as well as metabolic
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engineering strategies will be separately explored and, if possible, combined to achieve optimal
levels of pro-vitamin A carotenoids but also vitamin E tocopherols and vitamin K phylloquinone

in leaves.
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Chapter 1. Artificial generation of chromoplasts in green leaves:
exploring the physiological context.

Note: Part of the results shown in this chapter were published in Llorente et al., 2020. See Annex I.

0.7. Introduction

Plastids comprise a group of morphologically and functionally diverse plant organelles capable of
differentiating from one plastid type to another in response to developmental and physiological
stimuli (Jarvis and Lopez-Juez, 2013; Sadali et al., 2019). These plastidial conversions are essential
to sustain many fundamental biological processes and largely contribute to cell specialization in
the different plant tissues and developmental phases. Among the different plastid types,
chromoplasts are of great importance in nature and agriculture because of their capacity to
accumulate high levels of carotenoids, plant pigments of isoprenoid nature that provide colour in
the yellow to red range (Egea et al., 2010; Sun et al., 2018). Carotenoids such as B-carotene (pro-
vitamin A) are health-promoting nutrients that animals cannot normally synthesize but take up
in their diets. They are also added-value compounds widely used in cosmetics, pharma, food, and
feed industries as natural pigments and phytonutrients (Rodriguez-Concepcion et al., 2018;

Giuliano, 2017).

Chromoplasts differentiate from pre-existing plastids such as proplastids (i.e., undifferentiated
plastids), leucoplasts (i.e., uncoloured plastids in non-photosynthetic tissues), and chloroplasts
(i.e., photosynthetic plastids). Chromoplasts usually function in the synthesis and storage of
carotenoid pigments in flowers and fruits. The Colouration of petals by chromoplasts is an
evolutionary strategy adopted by some angiosperms to attract pollinators (Egea et al., 2010)
whereas the differentiation of chromoplasts in fruit provides colour to inform animals on the
ripening stages for them to disperse the incorporated seeds (Li and Yuan, 2013; Pesaresi et al.,

2014; Llorente et al., 2016).

Only a few plant species differentiate chromoplasts in green leaves. For example, the box tree
(Buxus sempervirens L.) leaves become red during autumn and winter due to the de novo
synthesis of red carotenoids. This is a response to photoinhibitory conditions during winter
acclimation and it is reversed on exposure to warmer temperatures (Hormaetxe et al., 2004).

Structurally, the leaf chloroplasts differentiate into globular chromoplasts, which in turn de-
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differentiate into chloroplasts again in warmer weather (Koiwa et al., 1986). This provides an
interesting example of reversible chromoplast differentiation based on environmental cues
(Sadali et al., 2019; Sun et al., 2018). It is important to note that the yellow to red colours that
leaves from most plant species acquire as they senesce (e.g., in the autumn) are due to
chloroplast carotenoids becoming visible when the chlorophylls degrade. This senescence
process does not involve the transformation of chloroplasts into chromoplasts but into a
completely different type of plastids named gerontoplasts (Sadali et al., 2019; Jarvis and Lépez-

Juez, 2013)

The most prominent changes during chloroplast-to-chromoplast differentiation are the
reorganization of the internal plastid structures, together with a concurrent loss of
photosynthetic competence and overaccumulation of carotenoid pigments (Sadali et al., 2019;
Jarvis and Lopez-Juez, 2013; Egea et al., 2010; Sun et al., 2018). The remodelling of the internal
photosynthetic membrane system provides material such as lipids and proteins to build new
storage structures and thus it generates an increased metabolic sink capacity while promoting
carotenoid biosynthesis (Egea et al., 2010). The control of chromoplast differentiation hence
appears as a very promising strategy for improving the nutritional and health benefits of crops
(Sun et al., 2018). The overall process is known to involve changes in gene expression (e.g., via
retrograde signalling from plastids to the nucleus), hormonal regulation, protein quality control,
and plastid protein import (Sadali et al., 2019; Egea et al., 2010; Wurtzel, 2019; Sun et al., 2018).
However, very few inducers of chromoplast development have been identified to date.
Carotenoid-associated proteins and Orange (OR) chaperones are among the best characterized,
but they only work in some tissues like callus or cauliflower curd, and the specific mechanism by
which they promote chromoplast differentiation remains unclear (Welsch et al., 2018). The
experimental manipulation of chromoplast differentiation for fundamental studies and
biotechnological applications therefore requests a much better understanding of the

mechanisms regulating this process.

The first committed step of the carotenoid biosynthetic pathway is the conversion of
geranylgeranyl diphosphate (GGPP) to the colourless carotenoid phytoene, catalysed by
phytoene synthase (referred to as PSY in plants and crtB in bacteria) (Figure 1.1A). Virus-
mediated expression of a bacterial crtB gene in tobacco (Nicotiana tabacum and Nicotiana
benthamiana), tomato (Solanum lycopersicum), Arabidopsis thaliana and several other plants,
was found to cause leaf yellowing due to increased accumulation of coloured endogenous
carotenoids downstream of phytoene (Majer et al., 2017). Further work demonstrated that

untagged or chloroplast-targeted crtB, herein referred to as (p)crtB, but not a version retained in
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the cytosol due to the presence of an N-terminal GFP fusion, referred to as (c)crtB, were able to
trigger the conversion of chloroplasts into plastids with ultrastructural features resembling those

found in chromoplasts (Llorente et al., 2020) (Figure 1.1B). Here we used the agroinfiltration

system in N. benthamiana leaves to further investigate the dynamics of this process at the

physiological and molecular levels.
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Figure 1.1. Overexpression of crtB in N. benthamiana leaves results in a yellow phenotype. (A) Schematic view
of carotenoid biosynthetic pathway. crtB protein catalyses the conversion of GGPP into phytoene that can be
converted into downstream carotenoids (B) Leaf tissue producing crtB proteins able to enter the plastid (either for
their natural cryptic transit peptide or for the addition of a transit peptide) show a stable yellow phenotype while

leaves producing crtB protein in the cytosol or a control GFP protein stay green

0.8. Results

1.2.1. Transient expression of the bacterial crtB gene strongly and irreversibly

impacts photosynthesis
Agroinfiltration of N. benthamiana leaves with crtB or (p)crtB constructs did not initially reduce

chlorophyll levels compared to leaf tissues agroinfiltrated with GFP or (c)crtB (Llorente et al.,

2020). However, estimation of photosynthesis-related parameters such as effective quantum
yield of PSII (¢PSII) and non-photochemical quenching (NPQ) showed that both crtB and
(p)crtB, but not (c)crtB or GFP, had a dramatic impact on photosynthetic function. For instance,
¢PSII was reduced to values near o.1, typical of a non-photosynthetic tissue and coherent with
the transition from functional chloroplasts to chromoplasts (Figure 1.2A). A plastid-targeted
version of GFP did not cause any yellowing or ¢PSII defect confirming that the disturbance of

chloroplast photosynthesis observed in leaves agroinfiltrated with crtB or (p)crtB was not caused
25



Chapter 1

by the targeting and accumulation of a foreign protein in chloroplasts but specifically by crtB
activity (Figure 1.2B). Agroinfiltrated leaves did not experience re-greening and their low ¢PSII
was maintained for weeks. About a week after agroinfiltration with crtB, chlorophylls started to
decrease. Carotenoids also decreased but not as much as chlorophylls, eventually resulting in a
higher carotenoid-to-chlorophyll ratio and, therefore, a stronger yellow Colour that was clear at

16 days post-inoculation (dpi) (Figure 1.2C, 1.2D).
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Figure 1.2. Plastid-localized crtB triggers loss of photosynthetic activity. (A) Effective quantum yield (¢PSII) and
Non-photochemical quenching (NPQ) values of leaves overexpressing the indicated constructs. (B) ¢$PSII of leaves
overexpressing two versions of GFP proteins. The lower panel shows the subcellular localization of the protein
observed with the confocal microscope. (C) Visual phenotype, pigment content, and $PSII of leaves overexpressing
crtB for 16 days. Plots show the mean and SD of n=3 independent samples. Asterisks in (D) plots mark statistically

significant changes relative to o dpi (t-test, P < 0.05).
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To investigate the dynamics of the crtB-dependent chromoplast differentiation process, we next
followed the time course of photosynthetic changes along with the accumulation of the (p)crtB-
GFP protein estimated by immunoblot analysis using an a-GFP antibody. We also monitored
phytoene production and downstream carotenoid accumulation in the same samples (Figure
1.3A, B). After agroinfiltration of N. benthamiana leaves with the (p)crtB-GFP construct, the
(p)crtB-GFP protein became detectable between 36 hpi and 48 hpi and peaked 72 hpi. The
product of this protein activity, phytoene, started to accumulate at 36 hpi and suddenly
increased at 48 hpi coherently following the protein accumulation profile. Downstream
carotenoids began to increase starting from 48 hpi, i.e., they expectedly showed a slight delay
compared to phytoene accumulation. To follow the dynamics of photosynthesis as chloroplast
membranes were remodelled during chromoplastogenesis, we monitored ¢PSII, NPQ, maximum
quantum yield of PSII (Fv/Fm), de-epoxidation state of the xanthophyll cycle (DES) (Cartaxana
et al., 2019), and thylakoidal protein levels (Figure 1.3). While Fv/Fm remained unchanged until
48 hpi, ¢PSII, and NPQ started to change at 36 hpi, paralleling the onset of phytoene
accumulation. The 12-hour delay in the decrease of Fv/Fm is likely to be related to the lower
sensitivity of the Fv/Fm value over small scale changes. In the case of NPQ, the total value of
energy dissipation decreased starting from 36 hpi but the most variable component of NPQ to
decrease was the fast-developing qE. This component is dependent on proton flux through
thylakoid membrane and its decreasing could be related to the dismantling of these structures.
DES decreased in (p)crtB samples at 48 hpi compared to GFP-agroinfiltrated control samples. In
fact, in (p)crtB leaves the lack of proton motion force would result in the impossibility to
dynamically convert violaxanthin into zeaxanthin upon light stress increasing thus the DES value
(Figure 13D, E). Taken together, these results suggest that the crtB-mediated production of
phytoene causes a fast disruption of the chloroplast photosynthetic functionality (estimated as
changes in ¢PSII and NPQ values) before downstream carotenoids start to over accumulate.
Later, carotenoid overaccumulation parallels the decrease in DES and thylakoid protein levels,

likely reflecting the loss of thylakoid membranes.
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Figure 1.3: The transformation of chloroplasts into chromoplasts is characterized by deep changes in
photosynthetic apparatus connected to carotenoid accumulation in a time-dependent manner. (A) Levels of
(p)crtB-GFP protein in leaves. The protein was detected by probing the membrane with an anti-GFP antibody and
quantified based on the intensity of Rubisco (B) Absolute phytoene levels and relative downstream carotenoids and
chlorophylls levels in (p)crtB samples. Values were relativized to the one obtained in leaves sampled o hpi. The legend
shows an abbreviated name for detected carotenoids (Phyt: phytoene, vio: violaxanthin, neo:neoxanthin, lut: lutein, -
car: B-carotene, lyc: lycopene, CHL: total chlorophylls. (C) Representative chlorophyll fluorescence Images, Fv/Fm and
¢PSII values. (D) Total NPQ value in (p)crtB and GFP samples and evolutions of the different component of NPQ (qE,
ql and qZ) in (p)crtB samples. (E), Leaves producing GFP or (p)crtB treates treated as shown in the panel and then
collected to quantify their carotenoid levels. De-epoxidation state (DES) was calculated as (Zx+0.5xAx)/(Zx+Ax+Vx),
where Zx, Ax and Vx are the concentrations of zeaxanthin, antheraxanthin, and violaxanthin, respectively. All the

values shown in this figure represent mean and SD of at least 3 replicates.

1.2.2. Artificial chromoplastogenesis is exacerbated by PAP-mediated retrograde
signaling.

After having identified phytoene as one of the main factors regulating the progress of leaf
chromoplast differentiation triggered by crtB we next used Arabidopsis double mutants defective
in OR chaperones (AtOR and AtOR-LIKE) to test whether the differentiation process involved
pathways depending on these well-characterized promoters of carotenoid metabolism and
chromoplast development. OR has a stabilising effect on endogenous PSY activity allowing the
enzyme to work at higher production rates but it also appears to prevent carotenoid degradation
and to promote the differentiation of chromoplasts in different plant tissues but not in leaves
(Welsch et al.,, 2018, Sun et al., 2018). We also tested double mutants lacking cytosolic and
plastidial carotenoid cleavage dioxygenases (CCD1 and CCDg4, respectively) to investigate the
possible contribution of carotenoid degradation and/or signalling molecules derived from
enzymatic cleavage of carotenoids (i.e., apocarotenoids) in the differentiation mechanism
(Havaux, 2020). Because chloroplast transformation into chromoplasts is also expected to impact
plastid redox balance, we also used sali mutants that constitutively produce the redox-related
retrograde signal 3-phosphoadenosine 5-phosphate (PAP) (Estavillo et al., 20m). We
mechanically inoculated A. thaliana leaves from wild-type (Col o) and mutant lines (ator atrol,
ccdi ced4 and sali) with tissue from N. benthamiana leaves previously infected with a TuMV viral
vector carrying the crtB gene (TuMV-crtB). Virus-mediated production of crtB protein in double
ator atrol and ccdi ccd4 mutants resulted in leaves showing the characteristic yellow phenotype
associated with carotenoid overaccumulation and loss of photosynthetic activity observed in the
wild-type (Figure 1.4A), suggesting that signals derived from OR activity or from the enzymatic
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cleavage of carotenoids are not required for the process. In sali plants, however, this crtB-
phenotype appeared to develop faster. To quantitative support this observation, the percentage
of plants developing the characteristic yellow phenotype was counted every 5 days after
inoculation with TuMV-crtB for a total of 25 days. The slope of the line obtained by plotting the
percentage of crtB-induced phenotypes over time was found to be lower in the wild type (2.8)
than in sali plants (4.2), confirming a faster rate of chromoplastogenesis in the mutant (Figure
1.4B). Leaves from TuMV-crtB-inoculated mutant plants also showed significatively higher levels
of phytoene and total carotenoids compared to wild type controls (Figure 1.4B). From these
results we concluded that accumulation of the redox stress-related retrograde signal PAP
promotes the crtB-mediated differentiation of chromoplasts. Besides leaves, yellowing was
widespread in all other green tissues of A. thaliana wild type and mutant plants, including
cauline leaves, stems, sepals, and siliques, where it remained stable until plants died hence

confirming the inability of plants to revert over time to a chloroplast status (Figure 1.4C).
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h ]

Figure 1.4. Lack of OR protein or carotenoid cleaveage enzymes does not stop crtB protein to trigger
chromoplastogenesis but sali mutant plants show an accelerated phenotype. (A) Carotenoid relative level,
effective quantum yield (¢PSII) and representative images at 14 dpi of Arabidopsis (Col) WT and double mutant plants
grown under short day conditions (8 h of low light and 16 h of darkness) for 2 wk (WT and ccdi/ced4) or 5 wk (ator/
atorl) and then inoculated with the indicated viral vectors. (B) Carotenoid level, representative pictures of the
phenotype and speed of crtB-phenotype establishment (expressed as % of crtB phenotype) in sal 1 mutant plants
inoculated with the same viral vectors. Plot shows the mean and SD of n=3 independent samples. Carotenoid levels are
represented relative to those in WT samples inoculated with the empty vector control (TuMV). Bars represent total
carotenoid amount except phytoene (CRT) and relative phytoene level (phyt). (C) Representative Arabidopsis WT

plants at 38 dpi and particular of flower stem.

1.2.3. Endogenous hormones do not control the leaf chromoplastogenesis process

The sali mutation has been found to impact expression of genes associated with ABA and methyl
jasmonate as well as auxin homeostasis (Rodriguez-Concepcion, 2010; Chan et al., 2016; Phua et
al., 2018). Interestingly, hormones have also been described to impact chromoplast development
in plants, especially in fruits. The hormonal regulation of fruit ripening can be classified as either
ethylene-dependent (climacteric) or ethylene independent (non-climacteric). Common examples
of climacteric fruits are tomato and most stone fruits, whereas non-climacteric fruits include
citrus and pepper (Giovannoni, 2004). In climacteric fruit, the hormone ethylene induces
chromoplast differentiation and the accumulation of metabolites responsible for colour and
aroma. In non-climacteric fruit ethylene effects are usually limited to colour break, and it has no

apparent effect on the internal ripening process or fruit quality (Giovannoni, 2004; Klee and
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Giovannoni, 2om). To investigate the effect of hormones on chromoplastogenesis in leaves we
tested exogenous hormones application. The decrease rate of ¢PSII was used as a reliable
physiological marker to monitor the speed of chromoplast development considering that, in
multiple experimental settings, the pattern of photosynthetic capacity loss in (p)crtB leaves was
always comparable. We tested the effect of appropriate concentrations of various growth
regulators (Table 1) by applying the compound with a fine brush on the surface of the leaf 2
hours after the agroinfiltration with either GFP or (p)crtB (i.e, once the agroinfiltration halo was
dried). ¢PSII was calculated every 12 hours using a non-destructive Imaging PAM system to

estimate the proceeding speed of the process.

Table 1. List of compounds applied to test hormonal regulation of chromoplast development in leaves. All the
compounds were diluted to the enlisted concentration in water with the addition of 0.05% of Tween2o and then

painted with a fine brush on leaf surface.

Hormone class Compound Short name | Concentration
Cytokinins 2-isopentenyladenine 2-iP 10 pM
Cytokinins Zeatin ABA 10 pM
Ethylenes Etephon ETH 1,5 mM
Jasmonates Methyl Jasmonate MJA 100 uM
Salycilic acid Salycilic acid SA 300 uM
Abscisic acid Abscisic acid ABA 10 pM
Brassinosteroids Epibrassinolide EBR 10 pM
Gibberellins Gibberellic acid GA,; 100 uM
Gibberellins biosynthesis inhibitors Paclobutrazol PAC 10 pM
Auxins Picloram PIC 50 uM
Auxins Indole-3-acetic acid 1AA 50 uM
Auxins 2,4-Dichlorophenoxyacetic acid | 2,4-D 50 uM
Auxins biosynthesis inhibitors L-kynurenine L-Kyn 500 uM
Strigolactones GR24 GR24 100 uM
Strigolactones biosynthesis inhibitors | hydroxamic acid D2 100 upM

Most plant hormones listed in Table 1 showed no significant changes in ¢PSII or carotenoid
content compared to the leaves overexpressing (p)crtB and treated with a mock solution (Figure

1.5A). However, gibberellins promoted the establishment of the crtB-induced phenotype whereas
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auxins and strigolactones delayed it. In particular, the application gibberellic acid (GA;) resulted
in a significant decrease of ¢PSII in (p)crtB samples already at 36 hpi compared to the control.
On the other side, the application of the artificial strigolactone GR24 and of different auxins
(including the synthetic picloram, PIC) resulted in a significantly higher $PSII in all the time
points evaluated. The modulation of the chromoplastogenesis speed also affected metabolite
accumulation. At 96 hpi, GA; treatment led to a higher content of carotenoids compared to
mock-treated control leaves while the PIC and GR24 treatments resulted in lower levels (Figure
1.5B). To test whether the internal amounts of these growth regulators could also regulate the
chromoplastogenesis process we repeated the same experiment but using inhibitors of the
endogenous biosynthesis pathways of the selected hormones. We used paclobutrazol to block
gibberellin biosynthesis (Tsegaw et al., 2005). L-kynurenine to decrease the activity of key
enzymes in the indole-3-pyruvic acid pathway of auxin biosynthesis (He et al., 2011) and the
hydroxamic acid Dz to inhibit strigolactone biosynthesis through the antagonist action to the
enzymes CCD7 and CCD8 (Harrison et al., 2015). The application of these inhibitors after
agroinfiltration with (p)crtB did not show any effect on ¢GPSII or carotenoid contents compared

to plants treated with the mock solution (Figure 1.5C).

We then analysed the expression of the (p)crtB gene over time in plants treated with GA;, GR24
or PIC to investigate whether hormone application impacted chromoplastogenesis through
changes in the levels of the triggering factor. Transcripts encoding (p)crtB were reported to peak

at 48 hpi (Llorente et al., 2020) so we concentrated the analysis at o, 24, 36 and 48 hpi. The

application of GR24 and PIC resulted in a lower expression of the (p)crtB transgene in all the
evaluated time points while the application of GA; was associated with a higher expression
compared to the control. We also found a correlation between this expression pattern and
phytoene amount at 48 hpi: GA, treated plants showed a significantly higher content of phytoene
compared to the control while GR24 and PIC treated plants accumulated a much lower amount
(Figure 1.5D). These results strongly suggested that exogenous application of gibberellins, auxins
and strigolactones can influence the expression of the transgene and thus affect the

accumulation of phytoene, eventually resulting in an altered chromoplastogenesis rate.
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Figure 1.5. Exogenous application of hormones can impact chromoplast establishment by influencing
phytoene content and crtB expression. (A) Relative effective quantum yield and carotenoid levels of samples
treated with compounds enlisted in table 1. The rate of photosynthetic loss defines substances with neutral effect
(yellow line), accelerating effect (orange line) or retarding effect (green line) on crtB-phenotype. (B) Carotenoid
content of leaves overexpressing (p)cr¢B and treated with the enlisted compounds. Carotenoid levels were relatives to
the one found in leaves overexpressing (p)crtB and treated with a mock solution. (C) Application of inhibitors of
endogenous hormone synthesis does not affect chromoplast development and has no effect on photosynthetic loss and
carotenoids amount. (D) Levels of (p)crtB-encoding transcripts relative to the maximum in samples overexpressing
(p)crtB o, 24, 36 and 48h and phytoene content 48 hpi. The model in the right panel represents the possible effect of
the different compounds on chromoplasts formation: fluctuations in the expression of crtB result in variation in
phytoene level anticipating or delaying the beginning of the conversion process. Relative ¢PSII plots show the mean
and SD obtained from 3 different measures for each plant and a minimum of 3 plants (n=9) while plots of carotenoid
content show the mean and SD of 3 independent experiments (n=3). Asterisks in D plots mark statistically significant

changes relative to o dpi (t-test, P < 0.05).

1.2.4. Enhanced supply of phytoene in chloroplasts is necessary but not sufficient
to trigger chromoplastogenesis in leaves.

From all the previous results we developed the hypothesis that the increase in the levels of
phytoene could be the main factor triggering chromoplast differentiation upon crtB
overexpression. To next confirm whether impairment of chloroplast functionality was due to
phytoene overaccumulation, we used norflurazon (NF), an inhibitor of the plant phytoene
desaturase (PDS) enzyme that prevents phytoene conversion into downstream carotenoids
(Ortiz-Alcaide et al., 2019). N. benthamiana leaves were agroinfiltrated with constructs to
produce GFP, (p)crtB and PARi, an Arabidopsis transcription cofactor that promotes total
carotenoid biosynthesis but not phytoene accumulation in photosynthetic tissues (Roig-
Villanova et al., 2007). At 24 hpi, some agroinfiltrated leaves were treated with NF. Untreated
leaves transiently expressing the Arabidopsis PAR1 gene accumulated higher levels of carotenoids
downstream of phytoene but did not exhibit changes in ¢PSII compared to GFP controls. NF
treatment resulted in phytoene accumulation, reduced levels of downstream carotenoids, and
decreased ¢PSII in all the samples. The reduction in ¢PSII in these NF-treated samples correlated
with the accumulation of phytoene (the higher the levels of phytoene the stronger the reduction
of ¢PSII) (Figure 1.6). However, the reduction in $PSII was modest compared to that observed in
(p)crtB samples lacking NF in which phytoene conversion into downstream carotenoids led to
the differentiation of chromoplasts. We concluded that phytoene overaccumulation by itself

disturbs photosynthesis but does not abolish chloroplast identity, resulting in a relatively modest
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reduction in ¢PSII. The much stronger decrease in PSII that takes place in (p)crtB samples
would not be directly because of phytoene on photosynthetic activity but resulted from the
dismantling of the photosynthetic apparatus as chloroplasts accumulate downstream carotenoids
and differentiate into chromoplasts. Interestingly, PAR1-mediated accumulation of carotenoids
but not phytoene was unable to trigger the massive drop in ¢PSII and the yellow leaf phenotype
characteristic of chromoplast differentiation. We therefore conclude that the accumulation of
phytoene causes a concentration-dependent disruption of the photosynthetic identity of
chloroplasts, a condition that might be necessary for them to become chromoplasts upon the
subsequent production and accumulation of downstream carotenoids in correlation with the

physical disruption of the internal membranes system.
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Figure 1.6. Phytoene accumulation is a necessary step to impair plastid photosynthesis and allow
chromoplastogenesis. Values of ¢PSII and relative carotenoid levels in plants overexpressing GFP, PAR1 and (p)crtB
and treated with NF. Plots represent the mean and SD of at least 3 samples for experiment. The right panel resume the

experiment and show the different phenotype obtained.

In contrast with the results using crtB but similar to those with PAR1, overexpression of PSY-

encoding genes from Arabidopsis and tomato could not elicit the characteristic yellow leaf
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phenotype associated with chromoplast differentiation (Llorente et al., 2020) and resulted only in
a modest increase in total carotenoid content (Fraser et al., 2007; Latari et al., 2015).
Interestingly, the plant enzymes yielded significantly lower levels of phytoene compared to crtB
and did not substantially impact photosynthesis to the same extent as deduced from ¢PSII values

(Llorente et al., 2020). We hence speculated that phytoene might act as a metabolic threshold

switch that only alters the photosynthetic performance of chloroplasts when exceeding a certain
level. To artificially overcome this putative threshold and to introduce a situation of
photosynthetic impairment we treated N. benthamiana leaves with a sublethal dose of DCMU (3-
(3,4-dichlorophenyl)-1,1-dimethylurea, diuron), a widely used inhibitor of photosynthesis that
interrupts the photosynthetic electron transport chain at the level of PSII. The next day, treated
and untreated control leaves were agroinfiltrated with constructs encoding either GFP or the
Arabidopsis PSY enzyme. At 96 hpi, DCMU-treated GFP leaf sections showed a decrease in ¢PSII
compatible with the application of the inhibitor, but unchanged carotenoid levels compared to
untreated samples. By contrast, DCMU-treated PSY sections showed a more dramatic drop in
¢PSII and much higher levels of carotenoids than untreated PSY or GFP controls. Consequently,
PSY leaf sections treated with DCMU turned yellow, like that observed when chloroplast-to-

chromoplast differentiation was triggered by crtB in the absence of inhibitor (Figure 1.7).
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Figure 1.7. Pharmacological inhibition of photosynthetic processes allows to recover crtB-like phenotype.
¢PSII and relative carotenoid levels of plants overexpressing GFP or PSY and treated with DCMU. Plots show the mean

and SD of 3 independet samples for experiment. The right panel shows the obtained phenotypes
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In summary, our results are consistent with the existence of a two-step process responsible for
the crtB-mediated transformation of leaf chloroplasts into chromoplasts. Firstly, chloroplast
identity is weakened by overaccumulation of phytoene and, secondly, increased production of
carotenoids in pre-conditioned chloroplasts allows the differentiation of chromoplasts (Figure
1.8). Without pre-conditioning, carotenoid levels can increase but chromoplasts do not
differentiate, as shown in untreated leaves producing PAR1 or PSY. Moreover, if carotenoids
downstream of phytoene are not produced, pre-conditioned chloroplasts remain unchanged, as

shown in NF-treated (p)crtB leaves.
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Figure 1.8. Model of the chloroplast-to-chromoplast differentiation process. Plant developmental programs
create organs with different degrees of photosynthetic capacity and, hence, chloroplast identity, from strong (e.g.,
leaves) to weak (e.g., green fruits) or absent (e.g., roots). Weakening of chloroplast identity appears to be the first
phase (I) in chromoplast differentiation. In a second phase (II), developmental cues promote the expression of genes
encoding PSY and other carotenoid biosynthetic enzymes. Enhanced production of carotenoids then reprograms
plastid-to-nucleus communication, changes plastid ultrastructure, and results in the differentiation of chromoplasts,
which, in turn, promote biosynthesis and improve storage of carotenoids. The two phases can be synthetically
engineered in leaves by overproducing phytoene using crtB. When phytoene exceeds a certain level, it interferes with
the photosynthetic capacity of leaf chloroplasts. This acts as a metabolic switch that allows the formation of

chromoplasts after phytoene is converted into downstream carotenoids by endogenous enzymes.
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1.3. Discussion

The regulation of plastid identity is a core process in plants that remains poorly defined
especially because of the intersection of this process with environmental and eco-physiological
cues. Our results show that chromoplasts can be synthetically differentiated from leaf
chloroplasts in all plants tested, even though only a few species can carry on the process in
nature and only under some environmentally challenging situations (Hormaetxe et al., 2004).
The dynamic characterization of our synthetic system has allowed us to propose a model for
chromoplast differentiation that also applies to natural systems. In a first phase (I), chloroplasts
must become competent (i.e., pre-conditioned) by lowering their photosynthetic capacity,
whereas increased production of carotenoids completes the differentiation of chromoplasts in a

second phase (II) (Figure 1.8).

In the described synthetic system, phase I was very fast (hours) and required enough phytoene to
break chloroplast identity in leaves. In chloroplasts, carotenoids such as lutein, -carotene,
violaxanthin, and neoxanthin are required to maintain the properties of photosynthetic
membranes and pigment-protein complexes responsible for harvesting sunlight and transferring
excitation energy to the photosystems. Two species of carotenoids are present in the
photosynthetic membranes: carotenes and their oxygenated derivatives, xanthophylls. The main
carotene, B-carotene, is mainly associated with the core of PSI and PSII (Llorente et al., 2016;
Lado et al,, 2015) and it is present in all organisms performing oxygenic photosynthesis. The
xanthophylls (in plants mainly lutein, neoxanthin, violaxanthin and zeaxanthin) are
preferentially bound to the light-harvesting complexes (LHCs) that act as peripheral antennae
increasing the absorption cross-section of both photosystems (Xu et al., 2020; Liguori et al.,
2017). Phytoene is not normally detected in leaf chloroplasts as it is readily converted into
downstream (photosynthesis-related) carotenoids (Figure 1.2A). Overaccumulation of phytoene
(or a phytoene derivative) might somehow compete with endogenous carotenoids for their
binding to photosynthetic protein complexes and membranes, interfere with their functions, and
eventually cause the changes that we observed in photosynthetic competence (Figure 1.3C, Figure
1.6). Consistent with this hypothesis, engineered accumulation of non-chloroplast carotenoids
such as astaxanthin in plants alters the properties of thylakoids and grana and interferes with the
photosynthetic machinery at several other levels (Liguori et al., 2017; Roding et al., 2015).
Production of astaxanthin and other ketocarotenoids in tobacco resulted in leaf plastids that lost
their chloroplast features and exhibited a proliferation of disordered membrane systems and
plastoglobules and a loss of stability of PSII supercomplexes similar to our results (Xu et al.,

2020). It was described that LHCs can accommodate different xanthophylls but are unable to
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fold in presence of other carotenoids like -carotene. Also, PSII assembly has been suggested to
require the presence of carotenes while PSI is stable also in absence of carotenoids suggesting
that, in a condition of carotenoid species disequilibrium the physical structure of at least one of
the photosystems could be impaired. In our system, the sudden increase in phytoene levels
(Figure 1.3B) could alter the protein stability of the PSII by steric hindrance competing with other
carotenes for their binding site inside the complexes and triggering a series of signals that end up
lowering the photosynthetic competence, not only at the level of energy transfer but also at the
level of energy dissipation. A further confirmation of this is the major decrease in the fast-
responding component of NPQ (qE) that requires the build-up of a proton gradient and relaxes
within seconds to minutes. Usually, a decrease of pH in the thylakoid lumen is an immediate
signal of excessive light that triggers the feedback regulation of light harvesting by qE. The
development of qE is associated with the xantophyll cycle, i.e., the reversible interconversion of
zeaxanthin and violaxanthin. Under normal light, the enzyme zeaxanthin epoxidase converts
zeaxanthin to violaxanthin. When light saturation is reached, however, the proton concentration
within the thylakoid lumen increases and this induces the activation of the enzyme violaxanthin
de-epoxidase that converts violaxanthin back to zeaxanthin via antheraxanthin. Zeaxanthin has a
key role in qE because it directly quenches the singlet-excited chlorophyll and alters the
sensitivity of qE to the pH changes. In conditions where no thylakoid membranes are present or
where this proton build-up is impossible (e.g when chloroplasts are converted into
chromoplasts) the conversion of violaxanthin to zeaxanthin cannot happen and the fast-relaxing

component qE decreases (Zhao et al., 2021)(Figure 1.3D, 1.3E).

In nature, chloroplasts might become competent for differentiation into chromoplasts without
the need of a phytoene boost. In tomato and red pepper fruits, the chloroplasts of immature
green fruit are much less photosynthetically active than those of leaves (Lado et al., 2015;
Cocaliadis et al., 2014). Thus, tomato green fruit and other organs, tissues or/and developmental
stages in which chloroplast identity is weak or non-existent (e.g., in dark-grown calli, tubers, or
roots) might be considered as “naturally competent” to differentiate chromoplasts when
carotenoid biosynthesis is upregulated. In agreement with this idea, overproduction of plant PSY
enzymes resulted in chromoplast-like structures arising in green tomato fruit and non-
photosynthetic Arabidopsis tissues but had no effect on leaves (Fraser et al., 2007; Latari et al.,
2015) unless previously conditioned by shutting down their photosynthetic capacity (Figure 1.7).
Similarly, upregulation of OR triggers carotenoid overaccumulation and chromoplast
differentiation in tomato fruit, potato tubers, cauliflower curds, or Arabidopsis calli, but not in
the leaves of any of these plants (Lopez et al., 2008). OR has been shown to promote PSY activity

and stability, and some OR mutants prevent carotenoid (particularly B-carotene) metabolism
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(Welsch et al., 2018; Tzuri et al., 2015). Interestingly, OR does not appear to be required for crtB-
mediated differentiation of leaf chloroplasts into chromoplasts (Figure 1.4A). We propose that
the PSY-activating activity of OR is enough to trigger chromoplastogenesis in tissues with
“naturally competent” plastids (i.e., those with minimal chloroplast identity) but not in those
with strong photosynthetic activity, in which a much higher production of phytoene would be
needed to interfere with photosynthetic functions. A corollary to this conclusion is that the level
of phytoene reached through PSY or OR overexpression in leaves is not enough to trigger
chromoplastogenesis. It is most likely that the tight regulation of plant PSY activity by OR and
other factors could be bypassed by the bacterial crtB protein, hence allowing very high levels of
phytoene to be produced in leaves (a tissue with an active MEP pathway providing metabolic

precursors for carotenoids).

After the photosynthetic impairment provided by the phytoene boost in phase I of our system,
enhanced expression of carotenoid-related genes likely contributes to activate the endogenous
biosynthetic pathway in phase II. During this phase, carotenoid accumulation occurs
concomitantly with the remodelling of the internal plastid structures, with both factors
synergistically activating each other. Strikingly, in agroinfiltrated N. benthamiana leaves, this
process takes place before chlorophylls start to degrade (Figure 1.3B). These results confirm that,
especially in photosynthetically active leaves, chlorophyll breakdown and chromoplast
differentiation are independent processes, as already shown in mutants such as tomato green
flesh (gf), in which impairment of chlorophyll degradation during fruit ripening has no effect on
the formation of chromoplast membranes and the accumulation of carotenoids (Cheung et al.,
1993)They also show that and that the mere presence of chlorophyll does not necessarily involve
photosynthetic competence. Also, it is known from the process of senescence (which involves the
conversion from chloroplasts to gerontoplasts) that chlorophylls and carotenoids are degraded at
different rates depending on the complexes where they are associated. The permanence of
chlorophylls in crtB-overexpressing leaves might be due to a strong association of these pigments
to some complexes like LHC proteins that would degrade over longer times. The new structures
created following the disassembly of photosynthetic grana and thylakoids likely contribute to
reaching high carotenoid levels by accommodating increasing amounts of carotenoids and by
preventing their degradation (Sadali et al., 2019; Egea et al., 2010; Lado et al., 2015; Llorente et al.,
2016). They might additionally enhance carotenoid production by stimulating the activity of
endogenous carotenoid biosynthetic enzymes (including the same endogenous PSY), many of

which are membrane-associated (Ruiz-Sola and Rodriguez-Concepcion, 2012).
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The build-up of carotenoids and the structural changes associated with the chloroplast-to-

chromoplast transformation involve reorganization of the plastidial protein content but also a

global reprogramming of nuclear gene expression and primary metabolism (Llorente et al.,
2020). It is likely that implementing these changes (as well as others required to readapt plastid
protein import and quality control mechanisms to chromoplast differentiation) relies on
retrograde signals produced by differentiating plastids. Carotenoid degradation can generate
signaling molecules that regulate many developmental processes in plants, including plastid
development (Wang et al., 2019). The observation that Arabidopsis ccdi/ccd4 mutants defective
in carotenoid cleavage dioxygenase activity in the cytosol (via CCD1) and the plastids (via CCD4)
were not affected in the crtB-dependent leaf phenotype suggests that signals independent of
CCDs or carotenoids are responsible for eliciting the changes in nuclear gene expression and cell
metabolism supporting chromoplast biogenesis (Figure 1.4A). It is possible that retrograde
signals might derive from the changes occurring at the level of photosystems or the
photosynthetic electron transport chain. Indeed, the exacerbation of the crtB-dependent yellow
leaf phenotype and the enhanced accumulation of carotenoids in leaves of the sali mutant
support a role for the retrograde signal PAP, which accumulates after stress episodes causing
impairment of plastid redox homeostasis (Figure 1.3B). This process, in fact, is important for
natural chromoplast development in boxwood leaves, where the accumulation of red carotenoids
(eschscholtzxanthin, monoanhydroeschscholtzxanthin, anhydroeschscholtzxanthin) is a
response to photoinhibitory conditions during winter acclimation and it is coupled with the
operation of other photoprotective systems (Hormaetxe et al., 2004). Our experiments appear to
exclude an eventual participation of endogenous hormone signals in the artificial, crtB-
dependent chromoplastogenesis process. While transcriptomic analyses found similarities
between our crtB-induced chromoplastogenesis in leaves and the naturally occurring

chloroplast-to-chromoplast differentiation process during tomato fruit ripening (Llorente et al.,

2020) hormones reported to control the process in tomato such as ethylene did not show any
decisive impact on the crtB-mediated leaf chromoplast development. Our results showed that
the three hormones impacting leaf chromoplast formation (gibberellins, auxins and
strigolactones) were indirect regulators that altered the expression of the crtB transgene (Figure
1.5). However, other effects cannot be excluded. The exogenous application of GA; accelerated
chromoplastogenesis in N. benthamiana leaves but it was reported to have a role in delaying fruit
ripening of persimmon and colour change of citrus fruit peel (Goldschmidt, 1988) by contrasting
chlorophyll degradation and carotenoids accumulation. But other works identified a carotenoid-
associated protein in cucumber flowers named CHRC whose coding gene was early up-regulated

by the exogenous application of GA; resulting in an increased level of carotenoids (Vishnevetsky
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et al., 1997). CHRC belongs to the PAP/fibrillin family of proteins that are fundamental
components of chromoplasts (Vishnevetsky et al., 1997; Bian et al., 2011). Also, gibberellins are
reported to have a role in influencing chloroplasts division and number (Jiang et al., 2012) so the
exogenous application of GA; could simply provide a bigger pool of chloroplasts to be converted
into chromoplasts in crtB-overexpressing leaves. Opposite to gibberellins, treatment with auxins
delay chromoplast development in leaves resulting in a decreased level of carotenoids. Auxins
were identified as retardant agents in tomato fruit ripening, significantly reducing lycopene
accumulation but leading to ABA-dependent regulation of ethylene synthesis (Su et al., 2015).
The application of strigolactones also resulted in a delayed chromoplast development and a
lower content of carotenoids in leaves. However, the observation that chromoplastogenesis was
not impacted by inhibitors of endogenous hormone synthesis but correlated with exogenous
hormone effects on crtB expression and phytoene accumulation led us to conclude that the
observed effects of hormones are connected to the moment when phytoene reaches the

necessary threshold to disrupt chloroplast identity.

In summary, we show that chromoplast differentiation only requires metabolic cues (i.e., enough
phytoene and downstream carotenoid production). While our conclusions are based on a
synthetic system (i.e., the expression of a bacterial gene in leaf cells), the similarity of the
transcriptomic profiles between this process and fruit ripening (Llorente et al., 2020) strongly
supports that this is a basic general mechanism for chloroplasts to become chromoplasts. In
nature, however, developmental cues play a fundamental role by making chloroplasts competent
(phase I) and by regulating the expression of carotenoid biosynthetic genes (phase II) (Figure
1.8). Signals produced by differentiating plastids are also hardwired to the process as they
support the organellar transformation by reprogramming nuclear gene expression and whole-cell
metabolism. Besides serving to successfully address a long-standing question in plant biology
(i.e., plastid identity), the very simple and straightforward system that we describe here to induce
chloroplast-to-chromoplast differentiation on demand is a powerful biotechnological tool that
appears to work in every plant-tested so far (Majer et al., 2017). Thus, creating an organellar sink
to improve both the production and the storage of carotenoids and maybe other plastidial
phytonutrients in leaves and other chloroplast-containing tissues once their photosynthetic
activity is dispensable (e.g., just before harvesting) should allow to boost the nutritional quality
of green vegetables and forage crops. Our results with hormone application could also provide a
way to modify the rate of this biofortification process. Increasing the speed of the system could
be interesting to have high amounts of compounds of interest in a shorter time, hence saving

production costs. On the other side, slowing down the process might allow to reach an

43



Chapter 1

equilibrium between the photosynthetic requirements of the plant and the phytonutrient

enrichment.

1.4. Materials and methods

1.4.1. Plant material and growth conditions

Nicotiana benthamiana plants used for the transient expression assays were grown in a
greenhouse under standard long-day conditions (LD, 14 h light at 26 + 1°C and 10 h dark at 21 +
1°C). Arabidopsis thaliana seeds (wild type and mutants) were surface sterilized by consecutively
washing them in EtOH 70% + 0.5% Tween 20 for 5 minutes, EtOH 96% for 10 seconds and
leaving them to dry under continuous sterile air flow. Sterile seeds were sown on solid 0.5 x
Murashige and Skoog Medium (MS) without vitamins or sucrose. 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
pmol m™ s™. 7-10-day seedlings were then transferred to soil and grown under standard short-day
conditions (SD, 10 h light at 27 + 1°C and 14 h dark at 22 + 1 °C) to promote the development of a
bigger leaf surface. Growth of double mutants ccdi/ccd4 (Zhou et al., 2015) and ator/atorl
(Schaub et al., 2018) both in the Col background, was facilitated by transferring them to low light
(40 pmol photons m™ s™) 7 days after germination while sali mutant plants (also in Col
background) were grown under standard short-day conditions. 4 weeks-old plants were used for
the inoculation with the viral vector. Plant tissue of interest for further analysis was detached,
frozen in liquid nitrogen, freeze-dried for 24 hours in a laboratory freeze drier (A 2-4 LD plus,

CHRIST) and stored at -80°C until further analysis.

1.4.2. Gene constructs.

The different versions of crtB constructs (35S:crtB-pGWB405, 35S:(p)crtB-pGWB405, 35S:(p)crtB-
GFP-pGWB405, 355:GFP-crtB-pGWB506) and 35S:AtPSY-pGWB405 were already available in the
lab and where generated as described by Llorente et al., 2020. The pGTuMV-UKi and TuMV-crtB

vectors were kindly provided by prof. Jose Antonio-Daros (IBMCP-Valencia, Spain) and

generated as described by Llorente et al., 2020.
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1.4.3. Transient expression assays.

For transient expression studies using viral vectors, leaves of 4- to 6-week-old Arabidopsis plants
were mechanically inoculated with crude extracts from frozen-stored infected plant tissue and
collected upon the appearance of the yellowing phenotype as described previously (Majer et al.,
2017). For agroinfiltration assays, the second or the third youngest leaves of 4-5-week-old N.
benthamiana plants were infiltrated in the abaxial part of leaves. A. tumefaciens GV3101 strains
were transformed with constructs of interest 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. 200 pL of the grown culture were then inoculated in 15 mL of LB
media and incubated overnight at 28 °C in 300 rpm continuous agitation the day before
performing agroinfiltration. ODso, of each liquid culture was spectrophotometrically measured
and then cultures were centrifuged at 4400 rpm for 10 min. Bacterial pellets were resuspended in
infiltration buffer (10 mM MES pH 5.5-6, 10 mM MgCL, 150 uM acetosyringone) to reach a final
OD60oo of 0.5. Cultures were mixed in identical proportions for the various combinations. Gene
silencing was prevented by co-agroinfiltration with an agrobacterium strain EHA101 carrying the
helper component protease (HcPro) of the watermelon mosaic virus (WMV) in plasmid
HcProWMV-pGWB702 (a kind gift of Juan José Lopez-Moya and Maria Luisa Domingo-Calap
(CRAG-Barcelona, Spain)). For the inoculation of plants with the TuMV viral vector, N.
benthamiana plants were infiltrated with suspensions cultures of agrobacterium carrying the
assembled TuMV viral vector, following the procedure described before. 7 days after the
infiltration tissue showing clear symptoms of infection was collected and frozen in liquid
nitrogen. The same tissue was then ground and mixed with an inoculation buffer (TI: 50 mM
K;PO,, 1% PVP-10, 1% PEG-6000, 10 mM B-mercapto-ethanol, pH 8). The resulting solution was
mechanically inoculated on plant leaves with the support of silicon carbide as an abrasive agent.
For growth regulators treatments, Gibberellic Acid (GA;), Picloram (PIC) and GR24 were diluted
in water and 0.05 % Tween 20 (to lower superficial tension and delay the evaporation of the
solution) at the respective concentrations of 100 pM, 50 pM and 100 pM. The endogenous
synthesis inhibitors Paclobutrazol (PAC), L-kynurenine (L-Kyn) and D2 where diluted at the
same way at the respective concentrations of 10 pM, 500 pM and 100 pM. All the other
compounds where diluted in the same way at the concentrations enlisted in table 1. All the
substances were applied on the leaf surface with a fine paintbrush 24 h before agroinfiltration.
For pharmacological treatments, norflurazon (NF) or diuron (DCMU) were diluted in water and

0.05 % Tween 20. The treatments with NF (2 uM) were performed by infiltration with a syringe
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of leaf areas that had been agroinfiltrated with different constructs 24 h earlier. DCMU (10 pM)

was applied on the leaf surface with a fine paintbrush 24 h before agroinfiltration.

1.4.4. Transcript analyses

Total RNA was extracted from leaves with the Maxwell 16 LEV Plant RNA Kit (Promega) and
quantified with a NanoDrop (Thermo Scientific) as described (Majer et al., 2017). For reverse
transcription-quantitative PCR (RT-qPCR) analyses, the First Strand cDNA Synthesis Kit (Roche)
was used to generate cDNA according to the manufacturer’s instructions, with anchored
oligo(dT)18 primers and 500 ng of total RNA. Relative mRNA abundance was evaluated via
quantitative PCR using LightCycler 480 SYBR Green I Master Mix (Roche) on a LightCycler 480

real-time PCR system (Roche). Primers used for the experiment are enlisted in Appendix 1.

1.4.5. Metabolite analyses

Leaf carotenoids and chlorophylls were extracted in 2 mL Eppendorf tubes from 4 mg of freeze-
dried leaf tissue, using 375 pl of methanol as extraction solvent and 25 pl of 10% (w/v) solution of
canthaxanthin in chlorophorm (Sigma) as internal standard. After vortexing for 10 s and lysing
the tissue with 4 mm glass beads for 1 min at 30 Hz in a TissueLyser II (QIAGEN), 400 pL of Tris-
NaCl pH 7.5 were added followed by 1 min of TissueLyser. After this, samples were additioned
with 8oo pl of chlorophorm and processed again with the TissueLyser for 1 min. Samples were
then centrifuged for 5 min at 13,000 rpm and 4 °C. Organic phase (lower) was transferred in a
new tube and evaporated for 1 h using a SpeedVac system (Eppendorf Concentrator plus).
Extracted metabolites were then completely re-dissolved in 200 pL of acetone by sonicating them
for 15 seconds and filtered with o.2 pm filters into amber-coloured 2 mL glass vials. A 10-pl
aliquot of each sample was then injected onto an Agilent Technologies 1200 series HPLC system.
A C30 reverse-phase column (YMC Carotenoid, 250 x 4.6 mm x 3 um) was used, with three
mobile phases consisting of methanol (A), water/methanol (20/80 v/v) containing 0.2%
ammonium acetate (w/v) (B), and tert-methyl butyl ether (C). Metabolites were separated with
the following gradient: 95% A, 5% B isocratically for 12 min, a step-up to 80% A, 5% B, 15% C at 12
min, followed by a linear gradient up to 30% A, 5% B, 65% C by 30 min. The flow rate was
maintained at 1 ml/min. The HPLC equipment was coupled to a Photometric Diode Array (PDA)
detector (Santa Clara, CA) allowing the detection of the full UV-visible absorption spectra of the
different metabolites. Peak areas of chlorophylls at 650 nm, carotenoids at 472 nm (lycopene,

lutein, B-carotene, violaxanthin, neoxanthin, canthaxanthin) or 290 nm (phytoene) were
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determined using the Agilent ChemStation software. A fluorescence detector at 330 nm was used
for tocopherols identification. The quantification of the compounds of interest was done by

using a concentration curve built with a commercial standard (Sigma).

1.4.6. Photosynthetic measurements

Photosynthetic efficiencies were assessed by measuring chlorophyll a fluorescence with a MAXI-
PAM fluorometer (Heinz Walz GmbH). Leaves were placed under the camera and effective
quantum yield (AF/Fm’) was measured as (Fm’-Fs)/Fm’, where Fm’ and Fs are, respectively, the
maximum and the minimum fluorescence of light exposed plants. The light intensity chosen was
21 PAR for all the leaf areas analysed (actinic light, AL=2) as the last value able to generate a
response in the (p)crtB-infiltrated areas before having a null photosynthetic activity. Each value
is the average result of three biological replicates and three different AOI for each replicate. NPQ
was also measured using the MAXI-PAM unit. All recordings were performed every day at the
same time slot, but the order of the samples was randomized to reduce the bias related to the
length of the light stress recovery protocol. Plants were dark-adapted for 30 min before
measurement and then submitted to a continuous 8o1 PAR light (AL=17) for 10 min. After this
period plants were left recovering in darkness for 40 min. During the whole protocol, Ft was
monitored and Fm’ values were estimated with a saturating pulse (SAT) every 60 seconds. NPQ
and its relative components qE, qZ and gl were calculated as described (Coate et al., 2013) with
some modifications. Briefly: NPQ was calculated as (Fm-Fm,)/Fm, where Fm and Fm, are the
maximum fluorescence after the dark acclimation and after the light stress, respectively. The
relative contributions of qE, qZ and ql to NPQ were estimated by monitoring NPQ relaxation
kinetics in the dark: following the 10 min exposure to saturating light used to measure NPQ,
leaves were left in darkness, and Fmo was measured again after 10 and 40 min. The qE
component of NPQ relaxes within 10 min of a leaf being placed in darkness such that NPQ
persisting after 10 min in the dark consists of qZ + ql. The qZ component of NPQ relaxes within
tens of minutes so that NPQ persisting after 40 min in the dark (when the Ft value is linear)
consists of gl, which is either irreversible in the dark or requires several hours to relax.
Consequently, (ql+qZ) was calculated as (Fm-Fm,)/Fm,, where Fm, is the value of Fm measured
after 10 min in the dark following NPQ measurement. qZ was calculated as (Fm-Fm,)/Fm,, where
Fm, is the value of Fm measured after 40 min in the dark following measurement of NPQmax. qE
was calculated as NPQ-(ql+qZ) and gl was calculated as (ql+qZ)-gZ. For the calculation of the
de-epoxidation state (DES), agroinfiltrated leaf areas were exposed for 10 min to a continuous 8o1

PAR light (AL=17) in the MAXI-PAM unit, sampled under the same light and immediately frozen
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before pigment extraction and quantification. The operation of the xanthophyll cycle, comprising
the sequential de-epoxidation of the pigments violaxanthin (Vx) to antheraxanthin (Ax) and
zeaxanthin (Zx) was followed by calculating DES as (Zx+0.5xAx)/(Zx+Ax+Vx), where Zx, Ax and

Vx are the concentrations of the corresponding xanthophylls.

1.4.7. Protein extraction and analysis
For the quantification of (p)crtB-GFP protein a total protein extract was used. The detailed

protocol is enlisted in the chapter 3.
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Chapter 2. Use of light to promote the crtB-mediated transition
from chloroplast to chromoplasts.

Note: Part of the results shown in this chapter were published in Molina-Contreras et al., 2019 and

Morelli et al., 2021. See Annex II and Annex I11.

2.1. Introduction

Our previous results highlighted a fundamental role of photosynthesis in the crtB-mediated
chloroplast-to-chromoplast transition in green leaves. Weakening photosynthesis was found to
be necessary for Nicotiana benthamiana leaf chloroplasts to become competent for
chromoplastogenesis. Treatment with chemicals but also exposure to certain environmental
stimuli can be effective to downregulate photosynthesis in leaves and hence facilitate the
differentiation of chromoplasts upon crtB production. Light is the most important
environmental regulator of photosynthesis. Besides acting as the source of energy, it provides key
environmental information. When growing in search for light, plants can experience continuous
or occasional shading by other plants. Shading by nearby individuals can reduce photon supply
and hence compromise photosynthetic activity and growth, a situation that can be considered
particularly problematic in intensive cropping systems. To deal with the outcomes of mutual
shading, plants have developed response mechanisms based on the perception of light quality,
i.e., spectral information (Casal, 2013; Martinez-Garcia et al., 2010). The preferential absorbance
of red light (R) and reflection of far-red light (FR) by photosynthetic tissues results in a
decreased ratio of R to FR (R:FR) when light is reflected from or filtered through green stems and
leaves. Plants growing one next to the other will experience a moderate reduction of the R:FR
even in the absence of actual shading. We refer to this condition as proximity shade: the amount
of photons is not reduced but the plant interprets the low R:FR signal as the presence of nearby
vegetation that might become competitors for light. When the plant is actually shaded (i.e.,
covered by another plant), the light intensity decreases and R is more drastically reduced
compared to FR, resulting in a much lower R:FR. This situation is referred to as canopy shade,
and it involves a more intense plant acclimation reaction (Roig-Villanova and Martinez-Garcia,
2016) (Figure 2.1). The low R:FR signal is perceived by phytochromes, a family of photoreceptors
that function in the R and FR range (66onm and 730nm, respectively). Phytochromes exist in a

dynamic photoequilibrium between the ground state (Pr, a cytosolic inactive form) and the
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signalling state (Pfr, the biologically active form mainly found in the nucleus). The Pr form
preferentially absorbs R to form the Pfr state, which migrates to the nucleus to regulate gene
expression by interacting with specific transcription factors. Pfr preferentially absorb FR to be
converted back to Pr and migrate to the cytosol. Under sunlight (high R:FR), the active Pfr is the
most abundant, whereas exposure to low R:FR results in its inactivation by conversion to the

inactive Pr form the nucleus (Leivar and Monte, 2014).

Open field Proximity shade Canopy shade
R:FR
ratio

Figure 2.1. Schematic representation of the various shade conditions to which a plant can be subjected. In
open field plants are exposed to light with more red (R) than far-red (FR), i.e., of high R:FR. When plants grow near
each other the R:FR decreases because of a supplement of FR radiation that is reflected by neighbour plants (proximity
shade). When plants are covered by a taller plant the R:FR utterly decreases because, R, but not FR, is absorbed by the

competitor plant (canopy shade).

Plants growing in ecosystems where access to light is restricted (e.g., in forest understories) show
a shade-tolerant habit by adapting their light capture and utilization systems to low light
intensity conditions. By contrast, plants growing in open habitats are shade-avoiders (also
referred to as shade-intolerant or sun-loving). In shade-avoider plant species, such as Arabidopsis
thaliana and most sun-loving crops, perception of the low R:FR signal by the phytochromes
activates a signalling pathway that eventually triggers a set of responses known as the shade
avoidance syndrome (SAS). The most prominent phenotype following exposure to low R:FR is

elongation (e.g., of seedling hypocotyl, leaf petiole and stem internode tissues), intended to
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overgrow neighbouring competitors and outcompete them in the access to light. If the
neighbouring individuals overgrow and eventually shade the plant, the consequent reduction in
light quantity (i.e., in the amount of radiation available for photosynthesis) results in additional
and stronger SAS responses such as reduced leaf size, attenuated defence mechanisms and early
flowering (Roig-Villanova and Martinez-Garcia, 2016). The most extensively studied SAS
response by far is hypocotyl elongation in Arabidopsis. In this species, low R:FR inactivates
phytochrome B (phyB), releasing basic helix-loop-helix (bHLH) transcription factors of the
PHYTOCHROME INTERACTING FACTORs (PIFs) subfamily that can then regulate gene
expression and promote elongation growth. This elongation response is also repressed by
negative SAS regulators such as the basic leucine zipper (bZIP) transcription factor ELONGATED
HYPOCOTYL 5 (HY5), amongst many others (Cifuentes-Esquivel et al., 2013; Ciolfi et al., 2013).
Biological activity of these transcription factors can be modulated by additional components of
the SAS regulatory network such as LONG HYPOCOTYL IN FAR-RED 1 (HFR1, which binds PIFs
to prevent their binding to target genes) and PHYTOCHROME A (phyA, which gets stabilized in
shade and then promotes HY5 accumulation) (Ciolfi et al., 2013; Martinez-Garcia et al., 2014;
Yang et al., 2018) (Figure 2.2). Both HFR1 and phyA hence act as additional SAS repressors that
were recently found to be instrumental for the adaptation to shade (Molina-Contreras et al.,

2019; Paulisic et al., 2021). (Figure 2.2).

PhyB — LowRIFR — PhyA

L !

HFR1T — PIFs —» Hypocotyl | Hys

\/4 elongation

Photosynthetic
pigment
accumulation

ﬁosynthesis

Chloroplast
development

Figure 2.2. Schematic representation of the main molecular factors controlling the response to low R:FR. The
decrease in the ratio of R:FR has effect on transcription factors such as PIFs and HY5 that regulate photosynthetic

pigment accumulation and chloroplast development which likely ends up impacting photosynthesis.
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Besides elongation, another typical SAS response involves the decrease in photosynthetic
pigments levels (Roig-Villanova et al. 2007; Molina-Contreras et al., 2019; Cagnola et al., 2012;
Bou-Torrent et al., 2015). The light-induced up-regulation of transcripts for carotenoid and
chlorophyll biosynthetic enzymes during photomorphogenesis is mainly mediated by
phytochromes, PIFs of the so-called PIF quarted (PIFq, encompassing PIF1, PIF3, PIF4 and PIFs)
and HYs5 (Toledo-Ortiz et al., 2010; Bou-Torrent et al., 2015; Ortiz-Alcaide et al., 2019).These
factors also regulate chloroplast development (Leivar et al. 2012, Leivar and Monte 2014, Toledo-

Ortiz et al. 2010) (Figure 2.2)

The shade-tolerant Cardamine hirsuta, a close relative of Arabidopsis, does not elongate when
exposed to low R:FR unless the function of phyA or HFR1 is genetically lost in mutant plants

(Molina-Contreras et al., 2019, Paulisi¢ et al., 2021). Differences between shade-avoider and

shade-tolerant species are not restricted to changes in elongation after exposure to low R:FR.
Arabidopsis and Cardamine also show a differential response to low R:FR in terms of
photosynthetic pigment accumulation. Chlorophyll and carotenoid levels drop about 20 % in
Arabidopsis plants grown under low R:FR conditions, whereas the decrease is attenuated in
Cardamine plants (Molina-Contreras et al., 2019). Photoacclimation also varies in these two plant
categories: Photoacclimation is defined as the ability of green organisms to respond with specific
phenotypic adjustments to changes in the incident light. The shade-avoider Arabidopsis showed
a lower capacity to acclimate to reduced photosynthetically active radiation (low PAR) but a
higher capacity to acclimate to intense light (high PAR) compared to the shade-tolerant

Cardamine (Molina-Contreras et al., 2019). This physiological behaviour is like the one described

for shade-avoider and shade-tolerant ecotypes of Tradescantia spp. (Benkov et al., 2019).
Whether photosynthetic capacity and/or chloroplast ultrastructure is differentially impacted by

low R:FR in shade-avoider and shade-tolerant plants remains unknown.

2.1.1. An enrichment in FR also impacts the efficiency of photosynthesis.

The photosynthetic apparatus of higher plants is optimized to harvest sunlight and exploits its
energy to generate an electron flow from water to NADPH, which is then used to produce
organic molecules from CO.,. This electron transport involves the coordinated activity of several
membrane embedded complexes (PSII, the cytochrome b6f and PSI) that are functionally
connected by diffusible electron carriers, such as plastoquinone (PQ), which ensures the electron
transport between PSII and cytochrome b6f). While PSII and PSI work electrochemically in
series, the reaction centers differ in their absorption properties and use light quanta of different
wavelengths. Excitation imbalances between the two photosystems can disturb both the redox

chemistry in the transport chain and its coordination with CO, fixation. FR (700-770 nm)

56



Chapter 2

preferentially energizes PSI and it thereby oxidizes the intersystem electron carriers, including
PQ (Zhen and van lersel, 2017). Therefore, an excess of FR can also impair photosynthesis by
disrupting the energetic equilibrium between the two photosystems. Interference with the redox
state of the PQ pool is expected to impact the phytoene desaturation steps that require oxidized
PQ as an electron carrier (Ruiz-Sola and Rodriguez-Concepcion, 2012). With all this information
available we explored how different light regimes impacted photosynthesis and hence crtB-
mediated chromoplastogenesis in the leaves of different plants with the final goal of finding
optimal conditions to improve the leaf carotenoid biofortification process with minimal negative

effects on plant fitness and to better characterize the role of light in chromoplast development.

2.2. Results.

2.2.1. N. benthamiana plants exposed to FR show reduced photosynthetic
pigment content and activity.

Exposure to reduced R:FR leads to reduced photosynthetic pigment content, particularly in
shade avoider species such as Arabidopsis (Roig-Villanova et al. 2007, Cagnola et al., 2012, Bou-
Torrent et al., 2015, Molina-Contreras et al., 2019). We hypothesized that this effect might
eventually result in a photosynthetic impairment and hence could be used an optimal alternative
to the pharmacological inhibition of photosynthesis to improve crtB-mediated chromoplast
development. To test this hypothesis, 3-4 weeks old N. benthamiana plants growing in the
greenhouse were transferred for 4 days to chambers equipped with either white light (W, high
R:FR) or W supplemented with FR (W+FR, low R:FR). Plants exposed to W+FR (herein referred
to as simulated shade) displayed reduced accumulation of total chlorophylls and carotenoids
compared to controls grown under W. These results were also evident at the naked eye as W+FR
plants showed paler leaves compared to W plants (Figure 2.3A, C). Stem length was also
significantly higher in N. benthamiana plants grown under W+FR light (Figure 2.3D). These
results are consistent with the conclusion that N. benthamiana is a shade avoider plant that
responds to low R:FR by elongating and reducing the accumulation of photosynthetic pigments,
like Arabidopsis. Most interestingly, the decreased accumulation of chlorophylls and carotenoids
in N. benthamiana plants irradiated with simulated shade correlated with a significantly lower
maximum quantum yield (Fv/Fm) and effective quantum yield (¢PSII), suggesting that exposure
to low R:FR can be used to lower photosynthetic efficiency in plants (Figure 2.3C). The next set

of experiments were designed to better understand how shade impacts photosynthesis by
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exploiting genetic diversity in the response to shade generated by nature (i.e., different species

and ecotypes) and in the lab (i.e., Arabidopsis and Cardamine mutants).
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Figure 2.3. Nicotiana benthamiana reacts to shade signal lowering its pigment content and photosynthetic
competence. (A) schematic representation of the experimental setting. Plants were exposed for 4 days to either white
light or white light supplemented with FR. (B) Maximum quantum yield and effective quantum vyield calculated after
the 4 days of treatment. Plots show the mean and SD of 6 measures for each treatment (n=6). (C) Relative levels of
carotenoids and chlorophylls in plants grown under W or W+FR. Plots shows means and SD of 3 plants for
experiment. Values are relativised to the amount in plant grown under W. (D) Picture showing the different
phenotypes developed by plants grown under W or FR. Asterisks mark statistically significant changes (t-test * P <

0.05, ** P < 0.01) in plant exposed to FR relative to W.
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2.2.2. Different Brassicaceae species present divergent photoacclimation
responses

To explore the effect of shade on photosynthesis we initially screen plants of the Brassicaceae
family with the aim to classify them as shade avoider or shade tolerant based on their
photoacclimation response to different intensities of light. It was previously shown that,
compared to sun-loving Arabidopsis (At), shade-tolerant Cardamine (Ch) exhibits a better ability
to maintain photosynthesis after transfer to low PAR but a stronger chlorophyll loss when light
intensity increases (Molina-Contreras et al, 2019). To better characterize the photoacclimation
responses of these two Brassicaceae species, both At and Ch were germinated and grown for 7
days under control PAR conditions (W,,, 20-24 pmol m™ s™) and then transferred to either lower
PAR (W,, 4 pmol m?s™) or higher PAR (W.q,, 200 pmol m™ s™) for up to 7 more days. Light curve
analysis at day 3 after the transfer already showed clearly opposite responses of At and Ch (i.e., a
better photosynthetic activity of Ch compared to At when transferred to W, and a better activity
of At compared to Ch when transferred to W.,,,). Derived parameters such as maximum electron
transport rate (ETRm) and photosynthetic rate in light-limited region of the light curve («) also
illustrated that At performed better than Ch after transfer to higher light (W.) but worst after
transfer to lower light (W,). In favourable light conditions, plants tend to maintain stable values
of electron transport rate, without reaching the saturation point (i.e., the plateau typically
reached immediately before of photoinhibitory processes) (Figure 2.4A, 2.4B). Other
photosynthetic parameters such as maximum and effective quantum efficiency of PSII (Fv/Fm
and ¢PSII, respectively) also showed differences between At and Ch at day 3 after transfer, but
these differences became clearer at longer times of exposure to either W,,, or W,. Specifically,
Fv/Fm values were lower in Ch than in At after transfer to higher light, while the opposite was
observed when transferred to lower light. A similar trend was observed in the case of ¢PSII
(Figure 2.4C). These results together indicate that Ch tolerates better the transfer to lower PAR
(consistent with Ch being more tolerant to shade), while an increase in light irradiance
compromises photosynthetic efficiency in Ch more than in shade-avoider At. Based on these
results, we used light curve analysis at day 3 or earlier to estimate photoacclimation to lower PAR

and Fv/Fm measurements at day 7 to estimate photoacclimation to higher PAR.
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Figure 2.4. Arabidopsis thaliana and Cardamine hirsuta show antagonistic photoacclimation responses to
high and low PAR. (A) Light curves of Arabidopsis (At) and Cardamine (Ch) seedlings germinated and grown under
20 pmol-m-2-s-1 PAR (W20) for 7 days and then either kept under W20 or transferred to either 200 (W200) or 4 (W4)
pmol-m=2s* PAR for 3 more days. Values represent the mean and standard error of n=3 plants for treatment. (B)
Maximum relative electron transport rate (ETRm) and photosynthetic rate in the light-limited region of the light curve
(alpha) calculated from the curves shown in (A). Asterisks mark statistically significant changes (t-test * P < 0.05, ** P
< 0.01) in seedlings exposed to W, or W,q, relative to W,,. (C) Maximum photochemical efficiency of PSII in the dark-
adapted state (Fv/Fm) and effective quantum vyield calculated at growth light ($PSII) of seedlings germinated and
grown for 7 days under W,, and then transferred to either W,,, or W, for more 7 days. Data were taken at o, 3 and 7
days after the transfer. Values are mean and standard error of n=7 seedlings per treatment. Two-way ANOVA showed
that photosynthetic performance under W, is significantly increased (** P < 0.01) in Cardamine than Arabidopsis over

time while, in seedlings grown under W,,, Fv/Fm and ¢PSII are significantly higher in Arabidopsis than Cardamine.
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Besides At and Ch, the Brassicaceae family (mustards) includes many food crops (e.g.,
cauliflower, broccoli, radish, cabbage, kale, and similar green leafy vegetables) and a diversity of
wild species from forested and open habitats. As a first step to explore the possible connection
between low PAR and low R:FR responses, we analysed photoacclimation and hypocotyl
elongation in six different Brassicaceae species or accessions, including At and Ch as controls.
The selected wild mustards were Arabis alpina (Aa), two accessions of Capsella bursa-pastoris,
Freiburg-1 (Cb-F) and Strasbourg-1 (Cb-S), Capsella rubella (Cr), Nasturtium officinale (No), and
Sisymbrium irio (Si). Initially, we aimed to classify them as shade-avoider or shade-tolerant based
on photoacclimation responses. After germination and growth for 7 days under W, seedlings
were either kept under control W, or transferred to lower light (W,). Light curve analyses at day
1 after the transfer already showed differential responses that served to classify the accessions in
two groups. Like the shade-avoider At, seedlings of Cb-F, Cb-S and Cr showed a lowering of the
curve under W, conditions, whereas those of Aa, No and Si behaved as the shade-tolerant Ch and
showed virtually identical light curves under W, and W, (Figure 2.5A). ETRm and « values also
illustrated that the W, treatment led to decreased photosynthetic performance in At, Cb-F, Cb-S
and Cr but not in Ch, Aa, No and Si (Figure 2.5B). We next studied photoacclimation to
increased irradiation quantifying Fv/Fm before or after transferring 7-day-old W,,-grown
seedlings to W.,, for 7 additional days. Again, At grouped together with the two accessions of Cb
and with Cr as they acclimated much better to high PAR compared to the group formed by Ch,
Aa, No and Si. Together, these photoacclimation results led to classify the former group as shade-
avoiders, and the latter as shade-tolerant species (Figure 2.5C). This classification, however, only
partially correlated with the hypocotyl elongation response typically used to classify plants as

shade tolerant or shade avoiders (Morelli et al., 2021). Nonetheless, accessions classified as shade-

avoider exhibit a range of clear elongation responses to low R:FR whereas plant species with a
shade-tolerant photoacclimation responses display either null or mild hypocotyl elongation

when exposed to low R:FR.
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Figure 2.5. Brassicaceae plants can be grouped with either Arabidopsis thaliana or Cardamine hirsuta based
on their photoacclimation responses. (A) Light curves of Arabidopsis thaliana (At), Capsella bursa-pastoris (Cb-F
and Cb-S), Capsella rubella (Cr), Cardamine hirsuta (Ch), Arabis alpina (Aa), Nasturtium officinale (No), and
Sysimbrium imbrio (Si) seedlings germinated and grown under 20 pmol-m=-s* PAR (W,,) for 7 days and then either
kept under W,, or transferred to 4 pmol-m-=-s* PAR (W,) for 1 more day. Values represent the mean and standard error
of n=3 plants for treatment. (B) ETRm and alpha values calculated from the curves shown in (A). (C) Fv/Fm values of
seedlings grown for 7 days under W,, and then transferred to 200 pmol-m=-s* PAR (W,,) for 7 more days. Mean and
standard error of n=9 seedlings per treatment are represented. Asterisks mark statistically significant changes (t-test **

P<o0.01) in seedlings exposed to W, or W, relative to W,

2.2.3. Genetic impairment of low R:FR perception impacts elongation and
photosynthetic responses to shade but not photoacclimation capacity.

The shade-avoider or shade-tolerant elongation phenotype in response to low R:FR can be
reversed by manipulating the levels of specific SAS regulators. Previous results have shown that

At lines overexpressing HY5 (At-HY50x) display an attenuated hypocotyl response to low R:FR
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(Ortiz-Alcaide et al., 2019), whereas a similar but weaker response was observed in a quadruple
mutant defective in all members of the photolabile PIF quartet (At-pifq) (Bou-Torrent et al.,
2015). Despite the different degrees of elongation response to low R:FR, we found that these two
lines showed photoacclimation responses to lower PAR very similar to those of wild-type (At-
WT) controls. In fact, both light curves and ETRm values were almost identical in At-WT plants
and mutants hyposensitive to low R:FR (At-HY50x and At-pifq). In the case of C. hirsuta, lines
deficient in phyA (Ch-sis1) or HFR1 (Ch-hfr1) gain the ability to elongate when exposed to low

R:FR (Molina-Contreras et al., 2019; Pauli$i¢ et al., 2021). In contrast to the shade-hyposensitive

At mutants, the hypersensitive Ch mutant lines appeared to gain a partial shade-avoider
phenotype in terms of photoacclimation to low PAR, as lower values of light curves and ETRm
were observed under W, compared to W.,. However, photoacclimation to increased PAR (W)
estimated from Fv/Fm values and from chlorophyll levels (Molina-Contreras et al., 2019) was

similar for Ch-WT, Ch-sis1 and Ch-hfr1 plants (Figure 2.6A, B, C). We therefore concluded that

manipulation of the plant ability to elongate in response to proximity shade hardly impacts their
photoacclimation capacity, at least when plants are growing in the absence of the low R:FR

signal.
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Figure 2.6. Mutations that alter sensitivity to low R:FR do not impact photoacclimation responses. (A) Light
curves of Arabidopsis and Cardamine wild-type and mutant seedlings germinated and grown under 20 pmol-m-2-s* PAR
(W,) for 7 days and then either kept under W,, or transferred to 4 pmol-m=s* PAR (W,) for 1 more day. Values
represent the mean and standard error of n=3 plants for treatment. (B) ETRm values calculated from the curves shown
in (A). (C) Fv/Fm values and HPLC-determined chlorophyll levels of seedlings grown for 7 days under W,, and then

transferred to 200 pmol-m2-s* PAR (W,,) for 7 more days. Mean and standard error of n=9 seedlings (Fv/Fm) or n=3
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independent pools (HPLC) per treatment are represented. Asterisks mark statistically significant changes (t-test, *

P<0.05, * * P<0.01) in seedlings exposed to W, or W, relative to W,
5 gs exp 4

When grown under W+FR, however, Cardamine hypersensitive mutants Ch-sis1 and Ch-hfi1
displayed a stronger reduction in photosynthetic pigment contents compared to Ch-WT while
Arabidopsis hyposensitive mutants At-pifg and At-HY50x showed an attenuated reduction of
pigment contents compared to At-WT (Figure 2.7A). To test whether the observed decreases in
photosynthetic pigment levels driven by simulated shade exposure might affect photosynthetic
activity in At and Ch lines like that shown in N. benthamiana (Figure 2.3), we next measured
Fv/Fm and ¢PSII in seedlings grown either under W,, or under W.,+FR. Indeed, low R:FR was
found to result in decreased photosynthetic activity in the lines with strong pigment loss
responses independently on the species (At-WT, Ch-sis1 and Ch-hfr1) (Figure 2.7A, B, C). ETRm
and o parameters also tended to be lower in W+FR-exposed At-WT, Ch-sis1 and Ch-hf1
seedlings compared to W controls (Figure 2.7C). The effect of low R:FR on photosynthesis was
much less dramatic in the rest of the lines (At-pifg, At-HY50x and Ch-WT), which consistently

displayed a reduced impact of W,+FR exposure on their photosynthetic pigment levels.
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Figure 2.7: Activation of low R:FR signaling reduces photosynthetic activity. (A) Relative carotenoid and
chlorophyll level, (B) Fv/Fm and ¢PSII values and (C) ETRm and alpha of seedlings germinated and grown as
indicated at the top of the section. Pictures in panel B show false-Colour images of the corresponding parameter in
wild-type seedlings. Mean and standard error of n=9 seedlings per treatment are represented. Asterisks mark

statistically significant changes in W,,+FR relative to W, (t-test, * P<0.05).

2.2.4. Exposure of shade-avoider plants to low R:FR improves their
photoacclimation to low PAR.

The observation that exposure of low R:FR caused a decreased in photosynthetic activity of At-
WT seedlings and shade-hypersensitive Ch mutants prompted us to analyse whether this light
signal may also cause changes in gene expression and/or chloroplast ultrastructure. Proximity
shade signals have also found to impact photosynthesis at the level of gene expression. Analyses

of low R:FR-triggered transcriptomic changes showed reduced levels of transcripts encoding
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photosynthesis-related proteins (e.g., enzymes involved in chlorophyll and carotenoid
biosynthesis, components of the photosynthetic apparatus, and/or members of the carbon
fixation process) in several species, including alfalfa, maize, tomato, and Arabidopsis (Lorenzo et
al., 2019; Cagnola et al., 2012; Leivar et al., 2012). Interestingly, we observed that the changes in
the expression of photosynthesis-related genes triggered by low R:FR are attenuated in the At-
pifqg mutant compared to At-WT seedlings (Figure 2.8). This is particularly evident in the case of
low R:FR-repressed photosynthetic genes, suggesting that the PIF-mediated regulation of gene

expression in response to low R:FR contributes for the observed changes in photosynthesis.
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Figure 2.8. Exposure to low R:FR triggers changes in photosynthetic gene expression that are attenuated in
the hyposensitive At-pifq mutant. Data were extracted from a publicly available experiment (Leivar et al., 2012). The
data sets used were originally filtered for statistical significance (P < 0.05). At-WT and At-pifq lines were germinated
and grown under 20 pmol-m-2-s-1 PAR white light (W,,) for 2 days and exposed to low R:FR (W,,+FR) for o, 1. 3 or 24
h. Plots represent the number of differentially expressed genes (DEGs) either up-regulated or down-regulated in
W.,,+FR vs. W, that are involved in photosynthetic pigment biosynthesis (KEGG pathways athoogo6 and athoo860),

photosynthesis (athoo19s and athoo196), and carbon fixation (athoo710).
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Next, we investigated whether low R:FR exposure also resulted in changes in chloroplast
ultrastructure. Cotyledons from At-WT seedlings germinated and grown for 2 days under W,,
and then either kept in W,, or transferred to W,.+FR for 5 additional days were collected and
used for transmission electron microscopy (TEM). Chloroplasts from W+FR samples were found
to exhibit larger grana stacks and contain less and smaller plastoglobules (PG) compared to W-
grown controls (Figure 2.9). Interestingly, similar changes are associated to low PAR
photoacclimation, when plants need to increase their light harvesting complexes to maximise
their photon catching ability (Lichtenthaler, 2007; Rozak et al., 2002; Wood et al., 2018). We
therefore reasoned that exposure to low R:FR in the absence of any light intensity change might

trigger responses that anticipate a foreseeable shading involving a decrease in PAR.
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Figure 2.9. Low R:FR triggers ultrastructural changes in Arabidopsis chloroplasts. At-WT seeds were
germinated and grown under under 20 pmol-m-2-s-1 PAR (W20) for 2 days and then either kept under W20 or
transferred to low R:FR (W,,+FR) for 5 more days. Cotyledons were then used for TEM analysis of chloroplast
ultrastructure. Representative pictures at different scales (numbers indicate pum) are shown. Boxplots show
quantification of the indicated parameters from the images. Boxes show the values between the upper and the lower
quartile, the cross represents the mean, the horizontal line the median, the whiskers the upper and lower extremes.
The circles represent the single data with the ones located outside of the whiskers limit being the outliers. The area
was measured for all the PG (W,, n=87, W,,+FR n=22). For the number of grana layers, 4 major grana complexes were
measured (only those from higher magnifications were employed). For the grana thickness all the distinguishable
structures were used (W,, n=30, W,+FR n=20). For the measurements at least 6 individual chloroplasts for each

treatment were used.

To test this hypothesis, we analysed light curves of WT and mutant seedlings grown in either
W,, or W,+FR and then transferred to lower PAR (W,) for 3 days (Figure 2.10). Pre-exposure of
At-WT seedlings to low R:FR (W.,+FR) resulted in a strongly attenuated reduction in ETRm after
their transfer to lower PAR. By contrast, hyposensitive At mutants lost this photoacclimation
response to lower PAR (W,). Pre-treatment with W,.+FR had virtually no effect on the
photoacclimation of Ch-WT seedlings to lower PAR (W,) but caused a slight but significant
improvement of ETRm in shade-hypersensitive Ch mutants at day 1 after transfer to W,. When
analysing photoacclimation to higher PAR, pre-exposure of At-WT or Ch-WT seedlings to
W.o+FR resulted in no improvement compared to W,,-grown controls (Figure 2.10A). If anything,
Ch-WT seedlings grown under W,,+FR photoacclimated worse than W,,-grown seedlings when
exposed to higher light intensity (Figure 2.10B). The battery of mustards that grouped together
with At in terms of photoacclimation responses (Cb-F, Cb-S and Cr) also showed improved
photoacclimation to reduced PAR when pre-exposed to low R:FR, whereas the simulated shade

signal did not have an effect on those clustered with Ch (Aa, No and Si) (Figure 2.10C).
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Figure 2.10. Pre-exposure to low R:FR improves the photoacclimation to low PAR in shade-avoider plants. (A,
C) The indicated genotypes were germinated and grown under 20 pmol-m=2s* PAR (W,,) for 3 days, transferred to
either W,, or W,,+FR for 4 days, and then exposed to 4 pmol-m=s-' PAR (W,) for 3 more days. Mean and standard
error of ETRm values at o, 1, 2 and 3 days after transfer to W, are shown (n=3 seedlings per treatment). (B) Wild-type
Arabidopsis and Cardamine lines were germinated and grown under W,, for 2 days, transferred to either W,, or
W.,o+FR for 5 days, and then exposed to 200 pmol-m=s* PAR (W,,,) for 7 more days. Fv/Fm values and chlorophyll
levels were determined. Mean and standard error of n=7 seedlings (Fv/Fm) or n=3 independent pools (HPLC) per
treatment are represented. In (A) and (C) Two-way ANOVA showed that photosynthetic performance under Wy is
significantly increased (* P<o0.05, ** P<0.01) by W,.+FR exposure in genotypes classified as shade avoiders while, in
genotypes classified as shade tolerant the changes are not statistically significant. In (B) asterisks mark statistically
significant changes between values before and after exposing to W, for the indicated time (t-test, * P < 0.05, * * P <

0.01).

Based on these data we concluded that, detection and transduction of low R:FR signals not only
allows shade-avoider plants to overgrow their neighbours but also to pre-adapt their
photosynthetic machinery to foreseeable conditions of actual shading involving reduced PAR. By
contrast, shade-tolerant plants have a better adapted capacity to grow under reduced PAR and
do not seem to use the low R:FR signal. Also, we noticed that the exposure to a low R:FR
influences plastid ultrastructure, and this could be the reason at the base of a lower
photosynthetic competence either for a physical reason (a low-PAR-type plastid living in a
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condition of light not suitable for its acclimation state) or because of a signal derived from the

same photosystems stimulated by differential light wavelengths.

2.2.5. Simulated shade treatment facilitates the chromoplast differentiation
process but results in a lower production of total carotenoids.

After having established the relationship between a low R:FR and photosynthesis and knowing
that N. benthamiana behaves as a shade-avoider, we decided to test whether exposure to
simulated shade impacted the crtB-mediated carotenoid-overaccumulation and chromoplast
differentiation phenotype. We grew N. benthamiana plants in the greenhouse and then
transferred them to chambers under W or W+FR for 4 days. At the end of the 4-day exposure, we
agroinfiltrated half of the leaf with the (p)crtB construct and the other half with the GFP control
and then moved the plants back to the greenhouse. As expected, W+FR-exposed plants were
paler and displayed a lower photosynthetic activity compared to plants grown in W at o hpi
(Figure 2.1B). At later timepoints, ¢PSII was always lower in W+FR plants (despite the
normalization of growth light condition) and the yellow colour indicative of chromoplast
differentiation also developed faster, being clearly visible in (p)crtB leaves at 48 hpi (Figure 2.11A,
B). Despite the more evident phenotype, the final total carotenoid amount in crtB leaves pre-
exposed to W+FR was lower compared to the amount detected in control W leaves. Considering
that W+FR plants started with a reduced content of pigments, however, crtB overexpression
granted a higher percentual increase of carotenoids compared to what happened in W plants
(Figure 2.uD). These results support our model described in the previous chapter that reducing
photosynthetic activity in leaf chloroplasts could speed wup the crtB-dependent
chromoplastogenesis process. Intriguingly, a higher amount of phytoene was found at 48 and 96

hpi in W+FR plants compared to W controls (Figure 2.uC, D).
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Figure 2.11. Exposure to low R:FR impacts crtB-induced chromoplast formation. (A) schematic representation of
the experimental setting. Plants pre-exposed to FR light develop the phenotype faster than plants grown in W. (B)
effective quantum yield of plants pre-acclimated to W or W+FR and overexpressing crtB for g6h. Plots show the mean
and SD of 3 different plants for each experiment. (C) Phytoene amount determined o, 48 and 96 hpi in plant
acclimated to W or to W+FR and overexpressing crtB. Plots show the value of 3 plants for each treatment. Values are
relativised to plants acclimated to W. (D) Relative carotenoid level in plants acclimated to W or W+FR. The values are
relative to the amount detected in plants overexpressing GFP and acclimated to W. The right panel shows the relative
percentual increase of carotenoids in crtB plants acclimated to different light conditions. The legend shows a
shortened name for the carotenoids detected (Phyt: phytoene, vio: violaxanthin, neo:neoxanthin, lut: lutein, B-car: -
carotene, lyc: lycopene). Plots show means and SD of 3 plants for each treatment. In (B) and (C) Two-way ANOVA
showed that photosynthetic performance under and phytoene amount is significantly impacted (* P<o.05, ** P<0.01)

by W.o+FR exposure. In (D) asterisks mark statistically significant changes compared to the respective control for the

indicated treatment (t-test, * P <0.05, * * P < 0.01).
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We hypothesized that the W+FR treatment should also allow plant PSY enzymes to trigger the
chloroplast-to-chromoplast differentiation process in N. benthamiana leaves, in a similar fashion
to that observed with the application of the photosynthesis inhibitor DCMU (Chapter 1, Figure
1.7). Indeed, PSY-overexpressing leaf areas showed the yellow colour, photosynthetic drop, and
carotenoid overaccumulation characteristic of chromoplast differentiation only when pre-
exposed to W+FR (Figure 2.12). PSY also caused a higher amount of phytoene in leaves pre-
exposed to W+FR compared with W controls (Figure 2.12). These results again strengthened the
conclusion that interfering with chloroplast physiology can be useful to improve the strategies

for the accumulation of secondary metabolites.
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Figure 2.12. Shade effect can make chloroplasts competent for conversion into chromoplasts. Plants were
grown in W light or in W+FR for three days before infiltrating the leaves with the enlisted constructions. Plant
exposed to a low R:FR recover a crtB-like phenotype when overexpressing PSY and the infiltrated zones show a low
photosynthetic activity and an increased amount of phytoene and total carotenoids. Carotenoid levels are relative to

the one in leaves overexpressing GFP and growing in W. Asterisks mark statistically significant changes compared to

GFP (t-test, * P<o.05, * * P<o0.01).

Previous studies reported that exposure to FR light can preferentially channel the electrons to
the PSI and thus can be used to fully oxidise the PQ pool (Pralon et al., 2020). When white light
is supplemented with FR, however, the prevalence of electrons at the level of PSI, could interfere
with the normal electron transport chain ratio and generates an increase of the excitation
pressure on the PSII (i.e., the amount of energy reaching closed PSII reaction centres (Sonoike,
2011; Ziveak et al., 2014; Landi et al., 2020; Fan et al., 2007) increasing the level of reduced PQ and

thus reducing the amount of oxidised PQ required for the regeneration of desaturase enzymes
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responsible for the conversion of phytoene into downstream carotenoids (Figure 2.13A) (Ruiz-
Sola and Rodriguez-Concepcion, 2012). We therefore reasoned that the increased levels of
phytoene, but reduced levels of downstream carotenoids observed in crtB-expressing W+FR
plants compared to W controls might be due, at least in part, to a defective conversion of
phytoene. To test whether the W+FR treatment resulted in changes in the redox state of the PQ
pool, we used a parameter called 1-qP, i.e., the proportion of reaction centres that are closed
generating excitation pressure on PSII with 1 corresponds to the full closure of the centres
(Kornyeyev et al., 2010). The 1-qP value, which denotes the relative PQ reduction level, increased
during crtB-triggered chromoplast differentiation, coherently with the loss of the chloroplast
ability to handle the redox equilibrium of the PQ pool (already observed in the previous chapter
with the OJIP test). This value, however, was significantly higher in W+FR leaves, suggesting a
higher excitation pressure, more reduced PQ, and so a lower availability of oxidized PQ for
phytoene desaturation (Figure 2.13B). To indirectly test whether the activity of desaturase
enzymes that convert phytoene into lycopene was indeed altered by W+FR, we used 2-(4-
chlorophenylthio) triethylamine hydrochloride (CPTA) to prevent the conversion of lycopene
into downstream carotenoids (Figure 2.13A). Leaves from plants exposed to either W or W+FR
were infiltrated with crtB and CPTA and carotenoid levels were measured at 96 hpi. Phytoene
levels increased under W+FR compared to W whereas lycopene levels decreased, supporting the
conclusion that the simulated shade treatment inhibits the desaturation steps converting

phytoene into lycopene (Figure 2.13C).
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Figure 2.13. Shade affects the rate of conversion of phytoene into downstream carotenoids impacting
chromoplast development. (A) Schematic view of carotenoid biosynthetic pathway evidencing the effect of CPTA.
(B) 1-qP value calculated in plants overexpressing crtB and pre-acclimated with W or W+FR before the infiltration.
Plot shows the mean and SD of 3 plants for each treatment. (C) Relative levels of phytoene and lycopene in plants pre-
acclimated with W or W+FR and overexpressing crtB for 96 hours after treatment with CPTA. Levels are relative to the
amount of the two metabolites in W. Asterisks mark statistically significant changes compared to W (t-test, * P<o.05, *

* P<o.01).
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2.2.6. Exposure to high PAR «can also promote crtB-induced
chromoplastogenesis.

Photoacclimation to altered light quantity (i.e., changing PAR) also involves changes in the
photosynthetic apparatus that might weaken photosynthesis to a level that it could facilitate the
crtB-mediated chromoplastogenesis process. To test this hypothesis, we grew N. benthamiana
plants in the greenhouse and transferred them for 3 days to chambers with different light
intensities, namely control PAR (W, 50 pmol m™? s), lower PAR (W,, 10 pmol m? s”) and
higher PAR (Ws00, 500 pmol m™ s?).Then, they were agroinfiltrated with (p)crtB or GFP
constructs and returned to the greenhouse for the 4 days necessary for the yellow phenotype to
develop (Figure 2.14A). The analysis of light curves at o hpi confirmed the photoacclimation, with
a higher ETRm value in Wy, plants a lower one in W,, plants compared to the Wy, controls
(Ralph and Gademann, 2005) (Figure 2.14B). At 96 hpi, the overexpression of crtB in W,, plants
resulted in a lower accumulation of total carotenoids but a higher amount of violaxanthin
compared to Wy, plants, causing an increased ratio xanthophylls/B-carotene. By contrast, Wsqo
plants showed significantly higher levels of total carotenoids and, particularly, p-carotene
compared to W,, controls. Interestingly all the GFP sections maintained the same carotenoid
pattern at 96 hpi regardless of PAR treatment, suggesting that a photosynthetically functional
chloroplasts can fully restore the pigment composition after photoacclimation (Figure 2.14C). We
also found out that high PAR-treated plants were faster in establishing the yellow phenotype and
displayed a faster decaying of ¢PSII (Figure 2.14D). Interestingly, staining of reactive oxygen
species (ROS) with 3,3-diaminobenzidine (DAB, which produces a brown precipitate when
oxidized by H,O,) and nitrotetrazolium blue chloride (NBT, which reacts with O,- to form a dark
blue insoluble compound) showed increased levels in Ws,, plants compared to W, controls at o
hpi (Figure 2.14E). A burst of ROS was also observed during chromoplast formation in crtB-

inoculated areas of both W5, and W, plants (Figure 2.14E).
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Figure 2.14. acclimation to different light intensities impact carotenoids accumulation (A) schematic view of
the experimental setting and different light conditions. ETR vs irradiance curves of plants maintained for 3 days under
W.o, Wy and Wyeo. (B) ETRm value obtained by plotting ETR vs Irradiance curves with the mathematical plot of Platt.
Confirming the reached photoacclimation state (C) Relative levels of carotenoids in plants acclimated to different light
intensities. Values are relative to the amount detected in crtB leaf sections acclimated to Ws,. Plots show the mean and

SD of 3 plants for experiment. (D) Effective quantum yield loss in W, vs Wy, acclimated plants (E) ROS content in
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leaves determined by DAB and NBT histochemical staining and quantification by Image] software. Leaf discs
acclimated to Wy, have a higher content of ROS and develop the phenotype faster. Plots show the mean and SD of 5

different disks for every treatment.

2.3. Discussion

Changes in light quantity and quality can have a negative impact on photosynthesis. In this
Chapter, we show that this impact could be productively used to improve our crtB-based system
for chromoplast differentiation and carotenoid biofortification of leaves. According to our model
of two steps in the chloroplast-to-chromoplast conversion pathway, factors challenging leaf
photosynthetic performance (i.e., chloroplast identity) would make chloroplasts more competent
to differentiate into chromoplasts upon induction of carotenoid production (i.e., by crtB). In
Chapter 1 we showed that this increased competence could be achieved by mimicking plastidial
stress in PAP-overaccumulating sali mutants and by specifically interfering with photosynthesis
using DCMU (which interrupts the electron flow from PSII to PQ). Here we explored the effect of
light treatments and found that high light intensity, irradiation with R, and exposure to
simulated shade (W+FR) can all result in a faster rate of chloroplast-to-chromoplast
differentiation. Along the way, we learned that N. benthamiana is a shade avoider and that
photoacclimation responses to changes in light quality (low R:FR) and quantity (lower and

higher PAR) are characteristic of shade avoider and shade tolerant plants.

Plants have been traditionally classified as shade avoider and tolerant based mostly on their
natural habitat. Although virtually all plants are exposed to at least some degree of shade during
their lifetime some of them can develop a preference for a particular light environment. As an
ecological concept, shade tolerance refers to the capacity of a given plant to tolerate low light
levels, but it is also associated with a wide range of traits, including phenotypic plasticity to
optimize light capture. (Valladares and Niinemets, 2008). By analysing a range of caulescent
herbs, it was suggested that the elongation response upon exposure to low R:FR was dependent
on the shade habit, the shade-avoiders elongating the most and the shade-tolerants showing a
mild or no elongation response (Pauli$i¢ et al., 2021). Indeed, elongation might not be the best
solution for plants that spend all their lives under a canopy or permanently shaded by other
plants because it supposes a great energetic waste and in small herbaceous plants could not
provide an actual solution to the shading from another plant. Nonetheless, another important
parameter to ascertain the degree of shade tolerance of a plant is photoacclimation capacity,

which is essential for plant fitness in environments with changing light input conditions like
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those where nearby plants can suddenly compromise the access to an optimal amount of light
(Landi et al., 2020). By considering both parameters (the hypocotyl elongation response and the
capacity to acclimate to low or high PAR), we analysed the responses to shade of several
Brassicaceae species, including the closely related mustard model systems Arabidopsis and
Cardamine (Figure 2.4). As a rule of thumb, we observed that Cardamine and other species
showing a good photoacclimation response to lower PAR (and badly performing after transfer to
higher PAR) showed a poor or null elongation response to low R:FR, whereas shade-avoider
species like Arabidopsis showed a weak photosynthetic performance under low PAR but they
strongly elongated when exposed to low R:FR (Figure 2.5). The coordination between the
elongation and the photoacclimation responses in maintained in a wide range of mustards with a
certain degree of variability but always coherently with the hypothesis. Furthermore, mutation of
genes encoding SAS regulators can dramatically change the elongation response to low R:FR
without improving the photoacclimation phenotype. Together, these results confirm that the
capacity for photosynthetic acclimation to changing irradiance is a species-specific trend (Bailey

et al., 2001) and a reliable indicator of shade tolerance, especially in an eco-physiological context.

Our results also unveiled that an activation of low R:FR signalling in shade-avoider species such
as Arabidopsis (At-WT) and shade-tolerant Cardamine plants with mutations causing low R:FR
hypersensitivity (Ch-sis1 and Ch-hfr1) regulated photosynthesis at multiple levels (Figure 2.6,
2.7). We confirmed that exposure to W+FR caused a substantial decrease in the levels of
photosynthetic pigments (chlorophylls and carotenoids) in these lines (Bou-Torrent et al, 2015;

Molina-Contreras et al, 2019; Pauli$i¢ et al, 2021; Roig-Villanova et al, 2007) and proved that the

changes had a direct impact on decreasing photosynthetic activity. Low R:FR treatments are
known to trigger changes in gene expression within minutes (Kohnen et al., 2016). These
changes, which are often instrumental for altering rapid growth responses, such as hypocotyl or
petiole elongation, are usually mediated by PIFs (Cifuentes-Esquivel et al., 2013; de Wit et al.,
2015; Galstyan et al., 20ou). PIFs were also found to regulate longer-term changes in gene
expression such as those affecting photosynthetic genes. Because loss of PIFQ function in the At-
pifg mutant resulted in a much-attenuated response to W+FR compared to At-WT in terms of
photosynthetic gene expression, but it also prevented photosynthetic pigment and activity loss,
we propose that stabilization of PIFQ proteins following low R:FR exposure triggers a
reprogramming of photosynthesis-related gene expression that eventually results in lower
pigment levels and reduced photosynthetic activity (Figure 2.8). Based on the results obtained
with other mutants, we speculate that this signalling network is further influenced by factors
such as HFR1 and HYs5, which prevent PIF binding to target genes by heterodimerization

(Hornitschek et al., 2009) or competition for promoter binding sites (Toledo-Ortiz et al, 2014).
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Concomitant with the described molecular and physiological changes, we discovered that low
R:FR treatment of At-WT seedlings triggered ultrastructural changes in the chloroplast
endomembrane systems resembling those occurring after transfer to low PAR. Grana with more
thylakoid layers and increased thickness were observed in the chloroplasts of At seedlings
exposed to simulated shade together with a low number of small PG, characteristics that are
common to leaves that develop under low PAR. In fact, low light acclimated leaves have
chloroplasts with less PG (which are derived from thylakoid membranes) and more thylakoids
per granum because these changes in chloroplast ultrastructure contribute to optimize
photosynthesis when relatively less photons are available. (Rozak et al., 2002; Lichtenthaler,
2007; Wood et al., 2018). Based on these results, we suggest that the chloroplast ultrastructural
changes observed in At-WT plants grown under low R:FR are most likely aimed to acclimate
their photosynthetic machinery to perform better under low PAR by, for instance, allowing a
more efficient energy transfer or by avoiding the necessity of massive internal remodelling when
the light condition effectively changes (Figure 2.9). In agreement, pre-treatment with low R:FR
improved photoacclimation to low PAR of At-WT seedlings but had no effect in At mutants
defective in low R:FR signalling. Further experiments showed that the observed positive effect of
low R:FR exposure for acclimation to low PAR can be observed in At-WT plants growing under
different light conditions and in other shade-avoider Brassicaceae (Cb-F, Cb-S and Cr), but not in
shade-tolerant species such as Ch, Aa, No and Si most likely because in the latter the chloroplast
is already provided of characteristics either from the metabolic or the structural point of view

that allow it to lead with low photon flux (Figure 2.10).

Regardless of the signalling pathway connecting low R:FR perception to reduced photosynthesis
and respiration, this is likely part of an anticipation mechanism for shade-avoider plants to
prepare for the foreseeable reduction in PAR associated with shading. Indeed, low R:FR signals
are perceived before actual shading takes place and light becomes limiting, and hence they are
considered to act as a warning signal that shading might occur (Casal, 2013; Martinez-Garcia et
al, 2010). When shade-avoider plants such as Arabidopsis and most crops (including tomato,
cereals, or legumes) grow among taller plants or in a forest understory, they will use the low R:FR
signals coming from a closing canopy to elongate (to overgrow its neighbours) but also to
readapt its photosynthetic machinery to low PAR before actual shading takes place. By contrast,
shade-tolerant plants are adapted to grow under dim light and hence photoacclimation to low
PAR is hardly improved even when hypersensitive mutants that show shade-avoider responses in

terms of elongation and photosynthesis are pre-exposed to low R:FR.
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The photosynthetic responses to low R:FR irradiation have clear consequences for crtB-
dependent chromoplast development in shader avoider plants such as N. benthamiana. We
showed that the crtB-induced phenotype in shade-primed plants develops faster than in plants
grown in normal conditions of light (i.e., high R:FR) even if this phenomenon is not associated to
an eventually higher content of carotenoids downstream of phytoene (Figure 2.11). While the
faster chromoplastogenesis rate might be the consequence of chloroplasts becoming more
competent due to shade-triggered photosynthetic decline, the lower production of carotenoids is
likely an indirect effect. By applying CPTA we were able to confirm that the W+FR treatment
caused a lower rate of desaturation activities that transform crtB-produced phytoene into
lycopene (Figure 2.13). Plants irradiated with a low R:FR are naturally showing a higher flux of
electrons in the PSI (preferentially excited by this wavelength of light) and a higher rate of
reduced PQ. Because the electrons involved in the oxidation reactions catalysed by the
desaturase enzymes are subsequently transferred to reduce PQ (Sonoike, 2011) the lower pool of
oxidized PQ is certainly expected to slow down the desaturation of phytoene and hence the
production of downstream carotenoids (Figure 2.13). The higher pool of phytoene that
accumulates in shade-treated plants could also contribute to more rapidly reaching the threshold
necessary for the de-differentiation of chloroplasts. It is also expected that the accumulation of
PIFs in plants exposed to W+FR could also contribute to reduced chloroplast identity and
carotenoid accumulation, as these transcription factors are well-established repressors of
chloroplast development and photosynthetic pigment biosynthesis (Toledo-Ortiz et al., 2010,

Bou-Torrent et al., 2015).

Moving from light quality to light quantity, acclimation to high light leads to the accumulation
of B-carotene either for its antioxidant power (Miller et al., 2011) or for its association with
photosystems. On the other side low light acclimated plants accumulate a higher amount of
violaxanthin, necessary for its light harvesting properties and for being a key compound in
xanthophyll cycle (Lichtenthaler et al. 2007). Coherently with this, plants exposed to Wy, and
then agro-inoculated with crtB showed a higher level of total carotenoids with an increase of -
carotene content compared to W, controls (40% of the total carotenoid content in Wi, plants
compared to 25% in Wy, plants), while those exposed to W,, showed an increased content of
violaxanthin (40% of the total) at the expenses of B-carotene (10% of the total) despite not
increasing the total amount of carotenoids (Figure 2.14). These results together with the
increased production of ROS in Wi, leaves and the results reported in Chapter 1 with the A.
thaliana sali mutant identified the redox status of the plastid as one of the major factors
controlling chromoplast development. Multiple observations suggest that oxidative stress

regulates carotenoid biosynthesis during the chloroplast to chromoplast transition in plants. For
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example, in Reseda odorata leaves, rodoxanthin, a chromoplast-specific carotenoid, shows a de
novo accumulation following stembark removal and thus a generation of oxidative stress caused
by changes in turgor pressure (Bouvier et al., 1998). Second, in Aloe vera and Cryptomeria, stress
from drought and high irradiance or low temperatures induces the de novo accumulation of
rhodoxanthin in chloroplasts, which subsequently undergo a transformation into
photosynthetically active chlorochromoplasts (Bouvier et al. 1998). In red pepper fruits also was
demonstrated that the induction of ROS formation through the application of chemicals such as
t-tert-butyl hydroperoxide caused the pronounced induction of different carotenogenic gene
expression whereas the downregulation of the catalase system through the application of
amitrole (3-amino-1,2,4-triazole) resulted in a massive increase in expression of different
carotenogenic gene transcripts and the parallel de novo synthesis of the chromoplast-specific
carotenoid, capsanthin associated with a faster chromoplast formation in fruit pericarp (Bouvier
et al. 1998). We conclude that the oxidative stress by itself can contribute to determine the speed
of chromoplast formation in leaves and that this specific biochemical regulation is conserved
among different typologies of chromoplast differentiation (including our artificial system)
(Figure 2.14). Also, considering that the formation of chromoplasts in leaves is associated with
the loss of photosynthetic and photoprotective competence, the process itself contributes to ROS
production self-sustaining its own rhythm. Our results therefore contribute to better understand
the controversial role of photosynthesis in chromoplast development in leaves: something that is

necessary for the process but, at the end, must be lost.

2.4. Material and methods

2.4.1. Plant material and growth conditions
Arabis alpina (pep1-1 mutant) (Wang et al., 2009) Arabidopsis thaliana (Col-o accession),

Cardamine hirsuta (Oxford, Ox accession) (Molina-Contreras et al, 2019), Capsella bursa-pastoris

(accessions Strasbourg-1, Str-1 and Freiburg-1, Fre-1), Capsella rubella and Sisymbrium irio plants
were grown in the greenhouse under long-day photoperiods (LD, 16 h light and 8 h dark) to
produce seeds, as described (Gallemi et al., 2017). Seeds of C. bursa-pastoris were collected by
Ruben Alcazar (University of Barcelona, Spain) from wild populations in Strasbourg (France,
coordinates: 48.612436, 7.767881; Str-1) and Freiburg (Germany, coordinates: 47.994945, 7.861979;
Fre-1). Seeds of Capsella rubella, collected from wild populations in Crete (Greece, coordinates
35.29, 24.42; accession 879) were previously described (Koenig et al, 2019). Seeds of Sisymbrium

irio were collected from wild populations in Bellaterra (Barcelona, Spain, coordinates: 41.497731,
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2.109558). Seeds of Nasturtium officinale were provided by a seed company (www.semillasfito.es).
A. thaliana and C. hirsuta mutant and transgenic lines were previously available in our

collaborator’s laboratories (Molina-Contreras et al, 2019; Ortiz-Alcaide et al, 2019; Paulisic¢ et al,

2021).

For the light acclimation experiments seedlings were germinated and grown in Petri dishes
containing solid medium without sucrose (0.5x MS-): 2.2 g/L MS basal salt mixture (Duchefa), 1%
(w/v) agar, 0.25 g/L MES (Sigma Aldrich), pH 5.7. Normal light conditions refer to white light
(W) produced by cool-white vertical fluorescent tubes (PAR of 20-24 pmol photons m™ s, W,,)
with a R:FR of 1.5-3.3. Low light and high light conditions corresponded to W of PAR values of 4
(W,) and 200 (W,00) pmol m™ s, respectively, produced by horizontal fluorescent tubes. Low
R:FR treatment was produced by supplementing W,, with FR (W,,+FR). FR was emitted from a
GreenPower LED module HF far-red (Philips), providing a R:FR of 0.02 (Martinez-Garcia et al,
2014). Light fluence rates were measured with a Spectrosense2 meter (Skye Instruments Ltd),
which measures PAR (400-700 nm), and 10 nm windows of R (664-674 nm) and FR (725-735 nm)
regions to calculate the R:FR (Martinez-Garcia et al, 2014). Full spectra photon distribution of W
and W+FR treatments have been described elsewhere (Molina-Contreras et al, 2019). Nicotiana
benthamiana plants were grown under standard conditions as described in the previous chapter.
For the light acclimation experiments, tobacco plants were grown in a visitable cabin and then
moved to an ARALAB 600 fitoclima plant growth chamber where they were maintained for three
days in three different light conditions: Low PAR (W,,): 10 pmol photons m™ s?, normal PAR
(Wso): 50 pmol photons m? s™ and high PAR (Wse): 500 pmol m™ s* photons under a LD light
regime. After the agroinfiltration plants were all maintained in the Wi, condition. For the
simulated shade experiment plants were grown for three days in a visitable chamber in LD light
conditions supplemented with the same FR lamp described above synchronized with the
photoperiod. After the agroinfiltration plants were moved to the same light conditions
eliminating the FR. Agroinfiltration with constructs of interest was realised as described in the
previous chapter. For the CPTA treatment, the chemical was diluted in water at the final

concentration of 50 pM and infiltrated in the leaves 24 hours after the agroinfiltration.

2.4.2. Gene constructs
The crtB versions used for this study (35S:(p)crtB-GFP-pGWB405 and 35S:(p)crtB-pGWB405) and

were available in the laboratory and were obtained as described by Llorente et al. 2020.
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2.4.3. Transient expression assay

Agroinfiltration experiments were performed as described in the previous chapter. Gene
silencing was prevented by co-agroinfiltration with an agrobacterium strain EHA101 carrying the
helper component protease (HcPro) of the watermelon mosaic virus (WMV) in plasmid
HcProWMV-pGWB702 (a kind gift of Juan José Lopez-Moya and Maria Luisa Domingo-Calap
(CRAG-Barcelona, Spain)).

2.4.4. Photosynthetic measurements and pigment quantification

Whole seedlings were harvested, ground in liquid nitrogen, and the resulting powder was used
for quantification of chlorophylls and carotenoids spectrophotometrically (Bou-Torrent et al,
2015). or by HPLC as described in the previous chapter. Chlorophyll fluorescence measurements
were carried out on seedlings using a MAXI-PAM fluorometer (Heinz Walz GmbH) Briefly, for
every measurement the whole cotyledons of 7 seedlings were considered. Effective quantum
yield of photosystem II (PSII) under growth light, $PSII, was measured as AF/Fm’, where AF
corresponds to Fm’-F (the maximum minus the minimum fluorescence of light-exposed plants).
Maximum quantum yield of PSII, Fv/Fm, was calculated as (Fm-Fo)/Fm, where Fm and Fo are
respectively the maximum and the minimum fluorescence of dark-adapted samples. For dark
acclimation, plates were incubated for at least 30 minutes in darkness to allow the full relaxation
of photosystems. Light curves were constructed with 10 incremental steps of actinic irradiance
(E; o, 20, 55, 110, 185, 280, 395, 530, 610, 700 umol photons m™ s™ PAR). For each step, $PSII was
monitored every minute and electron transport rate (ETR, pmol e m? s”) was calculated as
Ex¢PSIIx0.84x0.5 (where 0.84 is light absorptance by an average green leaf and 0.5 is the fraction
of absorbed quanta available for PSII). The light response and associated parameters ETRm
(maximum electron transport rate, pmol electrons m™ s”) and alpha (&, photosynthetic rate in
light-limited region of the light curve, pmol electrons m™s™ [pumol photons m™ s™!]™!) were
characterized by fitting iteratively the model of the ETR versus E curves using MS Excel Solver
(Platt et al., 1980). The fit was very good in all the cases (r>0.98). Excitation pressure as 1-qP
where qP=(Fm'-F)/(Fm'-Fo') where Fm' and Fo' are respectively maximal and minimal

fluorescence yield of illuminated sample.

2.4.5. Microarray data analyses
Microarray data corresponding to Arabidopsis Col-o (At-WT) and At-pifq seedlings exposed to

low-R:FR for o, 1, 3 and 24 h (Leivar et al, 2012) were analysed to select for differentially expressed
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genes (DEGs) specifically related to photosynthesis. The reported list of DEGs was further
filtered using cut-offs of FDR <0.05 and log2-transformed fold change (log2FC) higher than 0.585
for upregulated genes and lower than -0.599 for downregulated genes. Then, photosynthesis-
related genes were identified by using the KEGG (Kyoto Encyclopedia of Genes and Genomes)

Mapper tool (Kanehisa and Sato, 2020).

2.4.6. Transmission electron microscopy
Transmission electron microscopy (TEM) was carried out as described (Flores-Pérez et al., 2008).
Chloroplast features in the pictures were quantified by using the FIJI-Image] software (Schindelin

et al, 2012).

2.4.7. ROS histochemical staining

H.O. stained in plant tissue by using diaminobenzidine (DAB). Briefly, N. benthamiana leaf disks
were infiltrated with a solution of 1 mg/ml of DAB-HCl, pH=3.8 by using a capped syringe
moving the plunger up and down 10-15 times. Infiltrated leaf disks were then incubated at room
temperature for 16 hours. O, was stained by using nitroblue tetrazolium (NBT). Leaf disks were
infiltrated with a solution of 0.1% NBT in 50 mM of potassium phosphate, pH=7.8 for 2 hours. In
both cases the material was distained by incubating in a solution made of ethanol:lactic
acid:glycerol, 3:1:1 for 8 hours. Once fully distained, disks where mounted on transparent paper in

60% glycerol and scanned for further analysis.
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Chapter 3. Exploiting the formation of new storage structures in
artificially obtained chromoplasts to boost the accumulation of
isoprenoid vitamins in leaves.

3.1. Introduction

The demand for plant-derived isoprenoids with vitamin activity such as carotenoids (pro-vitamin
A), phylloquinones (vitamin K1) and tocochromanols (vitamin E) dramatically increased in the
last years after the discovery of their anticarcinogenic and antioxidant effects. The improvement
of isoprenoid levels in plants can be obtained through three main different strategies: 1)
increasing the metabolic flux (push strategy), 2) suppressing competing and degradation
pathway to enhance substrate availability and avoid product degradation (block strategy) and 3)
promoting the formation of new storage structures (pull strategy). Biotechnological approaches
have shown that achieving high yields of carotenoids and tocopherols in crops following one or
several of these strategies is feasible (Botella-Pavia and Rodriguez-Concepcion, 2006).
Nonetheless, our major challenge still resides in the limited knowledge of the mechanisms and
signals controlling plant metabolism (including the interaction among metabolic pathways) and
metabolite sequestration (Dellapenna and Pogson, 2006; Rodriguez-Concepcion et al., 2018). The
“pull” strategy, based on the development of new storage structures, appears to be the most
compromised by our scarce knowledge of the underlying mechanisms despite it is particularly
promising considering the central role of plastids in both the synthesis and the storage of
secondary isoprenoids. Chloroplasts, for example, possess a complex membrane system where
carotenoids, tocopherols and prenylquinones are produced and accumulated, including the outer
and inner envelope and the thylakoid membranes (Sadali et al., 2019). The envelope membranes
are debited to protein import and have a series of channels and translocation complexes
composed by translocons at the outer and inner envelope membrane (Toc and Tic complexes,
respectively) that mediate the recognition of preproteins and their translocation across the
membrane (Breuers et al., 2012). The thylakoid membrane system is the place for the light-
dependent reactions of photosynthesis that adopts different structural states to cope with
different light conditions (Oikawa et al., 2008). Attached to the thylakoids and enclosed by a
lipid monolayer that is a continuation of the outer thylakoid membrane are also found the
plastoglobules (PG), that are basically vesicles filled with lipophilic metabolites such as
chromanols and quinones and enzymes involved in their metabolism. PG serve as dynamic lipid
reservoirs whose abundance increases under unfavourable environmental conditions and under

certain developmental stages (Van Wijk and Kessler, 2017). Despite their potential, however,
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chloroplasts cannot be fully exploited as metabolite reservoirs because of their fundamental role
as photosynthetic machinery and the delicate metabolite equilibrium that is necessary for their

functioning.

Chromoplasts, on the other hand, are more suitable for a “pull” strategy because they are
naturally differentiated for the massive accumulation of isoprenoids (especially carotenoids)
(Mellor et al., 2018). The substructures for the sequestration and storage of carotenoids serve to
classify chromoplasts as crystalline, globular, tubular, or membranous. Every structure can be
characteristic of a particular carotenoid, but more than one pigment-bearing substructures or
different types of chromoplasts can co-exist in the same plant species. Crystalline bodies are
observed, for example, in chromoplasts of tomato and carrot where the major pigments are,
respectively, lycopene and [-carotene (Harris and Spurr, 1969). Crystal structures are
accumulated inside the lumina of thylakoid-like structures that may be formed from the
degeneration of the original chloroplast thylakoids (Egea et al. 2010). As other examples, mango
fruits contain chromoplasts with a high concentration of PG where the major carotenoid
detected was p-cryptoxanthin while watermelon and butternut fruits show prominence of
membranous chromoplasts (Jeffery et al., 2012). Chromoplasts of red pepper are characterized by
many globules with fibrillar extensions of carotenoids (Laborde and Spurr, 1973). In these
chromoplasts, carotenoids, together with tocopherols and prenylquinones, are sequestered in a
central core and surrounded by a layer of polar lipids which then are surrounded by an outer
layer of fibrillins (Deruere et al., 1994). PG in red ripe pepper chromoplasts were reported to
contain several enzymes involved in carotenoid biosynthesis (Bréhélin et al., 2007). However, a

general contribution of PG to the biosynthesis of carotenoids in plastids is still unclear.

Surprisingly little is known on the factors involved in natural differentiation of chloroplasts into
chromoplasts (Sadali et al, 2019; Sun et al, 2018). Among the few molecular tools available that
allow the formation of chromoplasts, the most known is the ORANGE (OR) protein (Giuliano
and Diretto, 2007, Sun et al., 2019). The OR protein is, however, unable to trigger chromoplast
differentiation in photosynthetic tissues other than tomato green fruit. The only described tool
for the transformation of photosynthetically strong chloroplasts (such as those of leaves) into

chromoplasts is the overexpression of the bacterial crtB gene (Llorente et al., 2020).

Chromoplasts obtained through this tool showed the presence of several electrondense globules

that seemly increased in number during the chromoplastogenesis process (Llorente et al., 2020).
These structures are likely to be PG that might provide increased sink strength but also
enhanced biosynthetic capacity to produce plastidial isoprenoids other than carotenoids. In this

chapter we confirm that these structures were indeed PG and characterize their formation and
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their role in the production and accumulation of different plastidial isoprenoids in crtB-
chromoplasts. We further explore multiple connected strategies to maximise the accumulation of

such nutritionally valuable isoprenoids.

3.2. Results

3.2.1. The overexpression of crtB triggers disorganization of photosynthetic
complexes followed by proliferation of PG as leaf chloroplasts turn into
chromoplasts.

Chloroplasts present in green leaves and unripe fruits are characterized by a regular network of
thylakoidal membranes and a moderate number of PG. In chromoplasts developing in tomato
and red pepper, the number and size of PG increase (Egea et al. 2010). Transmission electron
microscopy (TEM) images of leaf areas infiltrated with Agrobacterium tumefaciens carrying a
vector overexpressing the bacterial (p)crtB gene also showed what appeared to be a proliferation

of PG among other structural features found in naturally occurring chromoplasts (Figure 3.1).

Figure 3.. Plastids obtained through crtB have different structures compared to leaf chloroplasts. TEM
pictures evidencing the main structural differences in plastids obtained through the overexpression of (p)crtB in
leaves. Magnifications show the thylakoid grana (G), membranous formations (M) and electron dense globules
identified as PG (white arrow).
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The thylakoidal membrane system in the area overexpressing (p)crtB disappeared as chloroplasts
were transformed. To quantify the thylakoid degradation, we calculated the grana lateral
irregularity (GLI) value. In a chloroplast, the grana have a highly regular structure that fits into a
cylindrical shape with very few deviations. The GLI is an estimation of the lateral irregularity of
the membranes system and is calculated as the ratio between the mean and the standard
deviation of the length of the different thylakoidal disks that compose a granum. In an ideal
situation of a highly cylindrical shape, this value is around o while in a situation of complete
irregularity the value is near 1 (Kowalewska et al., 2016). In our analysis, the GLI value for GFP
samples was around o.1 (indicating a diffused regularity in grana around the chloroplasts) but in
(p)crtB sections it increased to around 0.6, highlighting the disgregation of the thylakoidal
membranes (Figure 3.2A). Coherently with the disruption of thylakoidal membranes we found a
lower amount of galactolipids in (p)crtB samples compared to GFP controls (Figure 3.2A). In
particular, the galactolipids with a prokaryotic origin that are associated with the thylakoidal
membranes (MGDG 18:3/16:3 and DGDG 18:3/16:3) showed a reduction between 40% and 60%
compared to GFP samples (Figure 3.2A). We further analysed the differences in abundance of
marker proteins that compose the photosynthetic apparatus in leaf material overexpressing
(p)crtB and GFP for 96 hours (Figure 3.2B). We analysed PsbA as a constituent of the D1 protein
of PS2, PsaD as part of the ferrodoxin complex in PSi, PsbO as part of the oxygen splitting
complex, PetC as one of the subunits of the cytochrome b6-f complex, and Lhcb2 as a component
of the light-harvesting complex (Peltier et al., 2000). All the studied proteins showed a reduction
in the (p)crtB samples compared to GFP; the only exception was Lhcb2, that remained
unchanged between the two samples (Figure 3.2B). We further explored the evolution of some of
these marker proteins (PsbA, PetC, PsaD, and Lhcbz2) in leaf material sampled o, 24, 36, 48, 72
and 96 hours after the infiltration (hpi) with (p)crtB (Figure 3.2C). Unlike Lhcbz, that maintains
its stability over the course of the conversion from chloroplast to chromoplast-like plastids, the
other three studied proteins decreased between 36 and 48 hpi, consistent with the
photosynthetic impairment previously detected at these time points (Figure 1.3). The absence of
changes in the amount of Lhcb2 could explain the stability in chlorophyll content of (p)crtB
overexpressing leaves (Figure 1.2) as this protein is usually part of complexes that bind the

pigment (Pietrzykowska et al., 2014).
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Figure 3.2. crtB-induced chromoplast development is associated with the loss of photosynthetic membranes.
(A) Grana lateral irregularity (GLI) value calculated in plastid overexpressing (p)crtB and GFP and evidencing the
degree of degradation of thylakoidal membranes and associated to relative levels of galactolypids in (p)crtB samples.
The amount is relative to the amount detected in GFP controls (indicated by the green line) (B) Relative protein
amount in plants overexpressing cr¢B or GFP and sampled 96 hpi. (C) Protein amount o, 24, 36, 48, 72 and 96 hpi in
samples overexpressing crtB. Values are and calculated based on the intensity of Rubisco protein stained with
amidoblack staining and relative to the intensity at o hpi. Plots in (A) show mean and SD of 3 different replicates for

experiment (n=3) while plots in (B) and (C) show mean and SD of 5 replicates for each experiment (n=5).

The chromoplasts present in leaves overexpressing (p)crtB contained a higher number of
electrodense globular structures compared to chloroplasts observed in the control GFP leaves.
These globules, tentatively identified as PG, were found to be about 50% bigger and more
abundant in the chromoplasts of crtB samples compared to equivalent structures in chloroplasts
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from GFP controls (Figure 3.3A). Similarly, tomato fruit chromoplasts increase in number and
size during chloroplast-to-chromoplast transformation, consequent to the liberation of lipids
from the thylakoidal membranes (Egea et al. 2010). To further confirm their PG identity, a set of
marker proteins related to PG structure and metabolism were analysed in crtB and GFP leaves
(Figure 3.3A). They included FBNia, FBN2, and FBN4 as part of the PG core and envelope, and
VTE1 and LoxC as PG-associated enzymes involved in the metabolism of tocochromanols and
membrane lipids (Van Wijk and Kessler, 2017). In the first comparison between leaf areas
overexpressing (p)crtB and GFP sampled at 96 hpi, we observed a general increase in all the
analysed proteins. FBN1a, FBN2, FBN4 and VTE1 doubled their content in (p)crtB-overexpressing
samples while LoxC experienced a massive 6-fold increase (Figure 3.3B). When analysing a subset
of proteins in a time-course manner we observed that FBNia, FBN2 and VTE1 increased between
48 and 72 hpi while LoxC up-regulation started earlier (Figure 3.3C). These results were
confirmed using the PG marker proteins fibrillin FBN7a (PGL34) and VTE1 (Vidi et al., 2006,
2007). Both proteins were equipped with an RFP tag to allow their localization and they were
expressed under the control of glucocorticoid-induced promoters. The rationale of using induced
promoters was to prevent putative interferences with the differentiation process arising from the
constitutive presence of high levels of PG-associated proteins. Tobacco leaves were
agroinfiltrated with the RFP-fused PG marker protein constructs together with either GFP or
(p)crtB, and localization of the fluorescent marker proteins was analysed by confocal laser
scanning microscopy (CLSM) at o, 48 and 96 hpi, after their expression was induced by applying
17 B-Estradiol 24 h earlier (Figure 3.3D). The marker proteins were localized as several dots inside
the chloroplasts in a pattern compatible with the described PG localization (Vidi et al. 2006).
When the marker proteins were co-expressed with the (p)crtB protein the number of globular
formations progressively increased from an average of 2 per plastid at o hpi to an average of 5 at
96 hpi (Figure 3.3D, E). By contrast, these PG-associated signals remained unchanged in GFP
samples. Interestingly, a GFP-tagged version of (p)crtB was perfectly co-localized with the RFP-
tagged PG markers (Figure 3.3F). Co-immunoprecipitation experiments carried out in N.
benthamiana (p)crtB-GFP leaves demonstrated that crtB did not directly interact with PG or
thylakoidal proteins (Figure 3.3G), suggesting that the PG localization of crtB is an intrinsic
feature of the protein and not a consequence of its interaction with other proteins. These results
confirmed that the overexpression of crtB and the subsequent conversion from chloroplasts to
chromoplasts is associated with a proliferation of PG, globular storage structures that could also

contain the crtB protein itself.

94



12
10

Number of plastoglobules

o N oA oo

GFP

(pJertB

0.25
02

0.1
0.05

Plastoglobules area (um?)

54 kDa

101 kDa

40 kDa

40 kDa

35 kDa

Rubisco

=" — VTE1
- Ay,

- B Loxc
- e

_ FBN2
——
-. .

0 hpi

2

48 hpi

4

96 hpi

VTE1

LoxC

FBN2
——

Rubisco

6

Relative detected signal vs GFP

Relative detection signal vs 0 hpi

o . - -

FBN 7a
+

(p)ertB

VTE1

N
(p)ertB

- - . -

95

Number of globules

Number of globules

O = N W s O

O 2 R WA oo~

36 48 72

Time (hpi)

]

- S—

mamana

Chapter 3

80

96

0 hpi 48 hpi 96 hpi
i > 3
b
O hpi 48 hpi 96 hpi



FBN7a-RFP

VTE1-RFP

Chapter 3

MERGE

MERGE

G
Control: a-GFP Photosynthetic
proteins
neue " Input 1P Input P
FBN2 PsaD
40 kDa 23 kDa
60 kDa —
PsbA
FBN1a 34 kDa
35 kDa
30 kDa - =
| Lox C PetC
101 kDa 21 kDa

Figure 3.3. cartB-induced chromoplast development generates the proliferation of electrodense globular
structures. (A) Number and area of globular formations detected in TEM pictures of plastid overexpressing (p)crtB
and GFP (B) Relative PG-related protein amount in plants overexpressing (p)crtB or GFP and sampled 96 hpi. (C)
Protein evolution o, 24, 36, 48, 72 and 96 hpi in samples overexpressing crtB. Values are calculated based on the
intensity of Rubisco protein stained with amidoblack staining and relative to the intensity at o hpi (D) Confocal

microscopy pictures showing the localization of PG markers and the progressive increase of globular formation when

96



Chapter 3

overexpressing (p)crtB, blue colour corresponds to the autofluorescence of chlorophylls while red colour corresponds
to the protein tagged with RFP (E) Boxplots show the evolution of globules number o, 48 and 96 hpi in plants
overexpressing the marker only or the marker together with (p)crtB. (F) Co-localization picture of PG marker and
(p)crtB-GFP protein showing the plastoglobular localization of the latter. White bar corresponds to 5 pm. Plots in plots
in (B) and (C) show mean and SD of 5 replicates for each experiment (n=5). (G) crtB protein does not specifically
interact with PG or photosynthetic proteins. The (p)crtB-GFP protein was produced in N. benthamiana leaves and
complexes containing it were isolated by immunoprecipitation using anti-GFP magnetic beads. Protein extracts before
(Input) and after immunoprecipitation (IP) were used for immunoblotting analysis with antibodies against GFP or the

indicated endogenous proteins.

We also studied the changes in the amount of TOCi59, TOC75, TOC33, and TIC40, a set of
marker proteins of import-export complexes situated in the chloroplast envelope, a structure
supposed to be stable during chromoplastogenesis (Sadali et al., 2019). The amount of TOC159,
TOC75 and TIC40 did not change in crtB samples compared to GFP (Figure 3.4A). TOC33,
however, showed a strong decrease. When analysing a subset in a time-course manner, TOC75
and TIC4o0 confirm their stability with only a slight fluctuation over time while we confirmed
that TOC33 amount strongly decreases starting from 36 hpi (Figure 3.4B). TOC33 together with
TOCi59 and TOC75 are major TOC components mainly involved in the import of
photosynthesis-related proteins, and all three of them are targeted for ubiquitination and
degradation by the RING-type ubiquitin E3 ligase SP1 in Arabidopsis (Ling and Jarvis, 2015; Ling
et al., 2021) SP1 activity hence modifies the balance between different substrate-specific
translocons and the operation of substrate-specific protein import pathways to facilitate the
plastid differentiation (e.g., etioplasts to chloroplasts or chloroplasts to gerontoplasts). Recent
evidence also indicates that the tomato SP1 homologues regulate the transition of chloroplasts
into chromoplasts during fruit ripening (Ling et al., 2021). Upregulated levels of SP1 proteins in
tomato led to reduced levels of TOC75 but not TIC40, as expected. However, crtB-dependent
chromoplast differentiation in tobacco leaves did not involve changes in the levels of SP1 targets
such as TOC75 or TOCi59 (Figure 3.4A, B). Furthermore, virus-mediated expression of crtB in
Arabidosis mutant plants defective in SP1 resulted in leaves showing the characteristic yellow
phenotype and carotenoid overaccumulation observed in the wild-type (Figure 3.4C), suggesting
that SP1 activity is not required crtB-mediated chromoplastogenesis. We reasoned that the
decrease in TOC33 observed when crtB is expressed in tobacco leaves might be a SPi-
independent process that selectively targets this TOC component to prevent the import of
photosynthetic proteins. By using CFP-fused marker proteins of the envelope outer and inner
membranes (TOC64 and TIC40, respectively) (Breuers et al., 2012), we further confirmed a

similar localization of the markers in GFP and crtB samples at all stages (Figure 3.4D), which
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together with the absence of vesicles forming from inner envelope membranes in TEM images
(Figure 3.1) argues against the envelope membranes as major contributors to the newly-formed
internal membrane systems that develop in crtB-triggered chromoplasts. Instead, it is most likely
that the disintegration of thylakoid membranes is responsible for the formation of the dense

membrane stacks and proliferating PG observed in these plastids.
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Figure 3.4. crtB chromoplasts induce only minor changes in most envelope proteins (A) Relative protein
amount in plants overexpressing (p)crtB or GFP and sampled 96 hpi. (B) Protein evolution o, 24, 36, 48, 72 and 96 hpi
in samples overexpressing (p)crtB. Values are and calculated based on the intensity of Rubisco protein stained with
amido black staining and relative to the intensity at o hpi. (C) Pictures showing the phenotype of Arabidopsis Colo and
sp1 mutants inoculated with TuMV as a control or with TuMV-crtB and relative amount of phytoene (phyt) and total
carotenoids excluding phytoene (CRT). (D) Confocal microscopy pictures showing the localization of inner and outer
envelope markers and the absence of changes during (p)crtB overexpression. Red colour indicates the
autofluorescence of chlorophyll while the light blue colour corresponds to the CFP-tagged envelope proteins. Plots in
plots in (A) and (B) show mean and SD of 5 replicates for each experiment (n=5). Plots in (C) show mean and SD of 3

different replicates (n=3) and are relative to the ones obtained in Col o inoculated with TuMV.

3.2.2. Artificial chromoplasts accumulate isoprenoids that distribute differentially
in plastid substructures.

After having demonstrated the generation of new structures that could potentially store different
types of plastidial isoprenoids besides carotenoids, we investigated if the levels of these
metabolites were altered in artificially obtained chromoplasts (Figure 3.5B). We were able to
observe a 1.5 to 2-fold increase in the levels of total tocopherols and phylloquinone in (p)crtB-
triggered artificial chromoplasts compared to the amount observed in the green chloroplasts of
GFP control leaves. Additionally, (p)crtB-overexpressing leaves contained similar increases in the
amount of a-tocoquinone (a-TQ) and plastochromanol 8 (PC-8), a vitamin E tocochromanol
derived from plastoquinone 9 (PQ-9). Only PQ-9 was decreased in (p)crtB samples, likely as an
effect of the disgregation of thylakoidal membranes coherently with what detected in tomato
fruits in previous studies (Van Wijk and Kessler, 2017). The amount of ubiquinone (UQ), a
mitochondrial isoprenoid, did not change between the two samples and for this reason
constituted an optimal control that the observed changes in plastidial isoprenoids were likely the

result of altering the ultrastructure of plastids (Figure 3.5B).
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Figure 3.5. Artificial chromoplasts accumulate isoprenoids other than carotenoids. (A) Schematic

representation of the prenylquinones biosynthetic pathway indicating the corresponding genes for every step. (B)
UPLC-MS data showing the array of prenylquinones detected in (p)crtB-overepxressing leaves. Values are relative to

the amount present in GFP control samples (shaded in gray). Plots show the mean and SD of 3 replicates (n=3).
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Once demonstrated that chromoplast generation triggered by crtB was associated with
accumulation of a wide array of isoprenoid, we hypothesized that the different metabolites could
be distributed differently in the plastid as already described for chloroplasts and tomato fruit
chromoplasts. Van Wijk and Kessler, 2017). We performed, thus, a chloroplast fractionation by
ultracentrifuging chloroplast membranes on a sucrose gradient (Vidi et al., 2006) using material
coming from plants overexpressing (p)crtB-GFP for o, 48, and 96 hpi (Figure 3.6). The lower part
of the gradient was expected to contain the thylakoid membranes or its remnants. The
intermediate layers (15% and 20% sucrose) did not show any Colouration at o hpi while at 48 hpi
the same section of the gradient contained traces of green material and at 96 hpi acquired a
yellowish colour. The upper part of the gradient (5% sucrose) was mainly transparent but took an
oily consistency and a brownish colour as the chromoplastogenesis process advanced (Figure
3.6A). These observations suggested a possible variation of the metabolites contained in different

sections of gradient.

By probing the different fractions with antibodies against FBN1a, TOC75 and Lhcb2 (to localize
PG, envelope and thylakoidal membranes, respectively), we divided the gradient into three
differential zones: PG zone (fractions 1-10 in the 5% sucrose part of the column with FBNia),
membranous zone (fractions 11-20 in the 15% and 20% sucrose part where TOC75 but not Lhcb2
was localized), and thylakoidal zone (fractions 21-30 in the 38% and 45% sucrose gradient zones,
where only Lhcb2 was found) (Figure 3.6B). The localization of the crtB-GFP protein was
restricted to the PG fraction at 48 hpi and 96 hpi (Figure 3.6C). In the same PG fractions, we
were able to detect the PG markers FBNia and FBN2, whereas Lhcb2 and PsaD proteins were
only found in the thylakoidal fraction and Rubisco was only present in the stroma (Figure 3.6C).
These results not only validate the subplastidial fractionation method but additionally confirm

our previous conclusion that crtB specifically localizes in PG.

A

Ohpi 48 hpi 96 hpi

PG

THY
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Figure 3.6. crtB-induced chloroplast to chromoplast transition is associated with changes in internal
structures of the plastid (A) Pictures of the sucrose gradient ultracentrifugation result. Tubes containing
fractionated membranes of leaves expressing (p)crtB for o, 48 and 96 hours show different colour gradients. (B)
Western blot probing the localization of FBNia, TOC75 and Lhcb2 proteins in the gradient. (C) Western blot showing
(p)crtB-GFP protein localization in pooled fractions of the plastids. Anti-GFP binds in the pool of PG fractions co-

localising with two PG markers: FBN1a and FBN2.

We next analysed the metabolite composition of these zones by using the fractions for UPLC-MS
analysis (Figure 3.7). We observed that in the PG zone the total amount of isoprenoid
metabolites highly increased over time. The major compounds at o hpi were tocopherols while
carotenoids became the most abundant isoprenoids from 48 hpi. Large increases in the rest of

the plastidial isoprenoids were also detected at 48 hpi. At 96 hpi the levels of all the compounds
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further increased except for PQ-9. Observing the carotenoid composition in detail, we found a
significant enrichment in the amount of B-carotene at 48 hpi and 96 hpi. The presence of
phytoene was almost exclusively associated to this PG zone at the same time points (Figure 3.7),
suggesting that the crtB protein is enzymatically active in the PG. The membranous zone showed
a general decrease of tocopherols and PQ-9 and an increase of carotenoids, with the prevalent
presence of lutein (likely responsible for yellow colour of the fractions). The thylakoidal zone
hardly showed an increase in the total amount of metabolites compared with the other two
zones, suggesting that the accumulation of compounds is mainly carried on by other plastid
substructures. In this zone, only xanthophylls and tocopherols increased as chromoplasts

developed whereas PG-9 decreased (Figure 3.7).
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Figure 3.7. Isoprenoids are distributed differently in plastidial compartments, but PG are the only structure

able to store all the isoprenoids in detectable amounts. Relative levels of plastidial isoprenoids (left) and

proportion of carotenoids (right) detected in leaves overexpressing (p)crtB for o, 48 and 96 hpi. Values are relative to o

hpi. Plots show the mean and SD of values calculated from samples obtained from 3 independent fractionations. The

first row corresponds to the metabolites found in the plastoglobular fractions (PG), the second to the ones found in

the membranous fraction (MEM), and the third row corresponds to the content of the thylakoidal fractions (THY).
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These results, together, showed that crtB-triggered chromoplasts develop different internal
storage structures able to produce and store isoprenoids and confirmed that the crtB protein is
localised in PG, which are the main storage structures for these newly synthesized plastidial

isoprenoids (including phytoene and B-carotene).

3.2.3. High light acclimation and dark-induced senescence are effective for the

enrichment of leaves in plastidial isoprenoids.

After having described the major relevance of PG for plastidial isoprenoid synthesis and storage
in crtB-induced chromoplasts, we next explored strategies to improve PG accumulation with the
eventual goal of enriching leaves in these health-promoting metabolites. We started by analysing
the effect of environmental conditions able to promote the formation of PG, e.g., high-PAR
exposure and dark induced senescence (Lichtentaler et al., 2007). Other than the increase in
carotenoid content previously reported in chapter 2, the overexpression of (p)crtB in high-PAR
(Wso0) acclimated plants resulted in an increase in total tocopherols level with a prevalent
increment of a-tocopherol, likely connected to the high antioxidant activity of this compound.
The acclimation to higher intensity of light did not show any significant effect on the content of
o-TQ or PC-8 but produced a significant increase in the amount of phylloquinone (Vit-K) and
PQ-9 compared to the one present in plants grown under W, (normal PAR) generating thus a
higher improvement compared to the content in green leaves overexpressing GFP and growing
under W, (Figure 3.8). This variation can be related to the photosynthetic remodelling of the
thylakoidal apparatus. Despite the increase, PQ-9 level was still lower than the one in GFP

overexpressing plants.
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Figure 3.8. High-PAR pre-acclimation can impact the accumulation of plastidial isoprenoids. N. benthamiana
plants were grown for 3 days either under normal or high-PAR (W5, and Wi, respectively) and after the infiltration
were all moved to Wy, for 4 days. The graphs show the relative amount of plastidial isoprenoids in leaves from plants
pre-acclimated to Wy, or to Wi, that were later agroinfiltrated with GFP (green) or (p)crtB (orange) constructs and
collected at 96 hpi. Values are relative to the amount detected in GFP control samples from plants acclimated to W s.
Plots show mean and SD of 3 different plants (n=3). Asterisks mark significant differences between the amount of
metabolite detected in leaf sectors overexpressing (p)crtB in Woo-acclimated plants compared to plants acclimated to

W, and expressing the same construction. (t-test, * P<0.05).

We tested then the impact on metabolite composition of dark-induced senescence as the
biological process where the PG amount and size is maximum to allow chlorophyll degradation
products mobilization (Besagni and Kessler, 2013). GFP- and (p)crtB-overexpressing leaves were
collected from the plant at 96 hpi and kept in the dark for 10 days, which resulted in a pale
green-yellow colour (Figure 3.9A). Senescent GFP-overexpressing leaves accumulated 3-fold

times more o-TQ, 2.6-fold times more PC-8, 1.8-fold times more PQ-9, and 4.8-fold times more
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tocopherols compared to non-senescent GFP controls (Figure 3.9B). Interestingly the senescence
treatment had no effects on Vit-K content but decreased total carotenoid contents. Senescent
(p)crtB-overexpressing leaves, on the other hand, showed a higher increase in metabolite
contents compared to non-senescent GFP controls: «-TQ increased by u-fold times, PC-8 by 7.5-
fold times, and total tocopherols by u-fold times (With «-TC increasing 10-fold times).
Differently to what has been observed in GFP sectors Vit-K content also increased 2.5-fold times
in senescent (p)crtB while PQ-9 showed no changes probably because an increase was then
compensated by the natural lowering occurring during the generation of chromoplasts. (Figure
3.9B). Dark-induced senescence however also resulted in a slight loss of carotenoids in (p)crtB

sectors. The loss of carotenoid pigments is a hindrance for the applicability of this strategy.
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Figure 3.9. Senescence can drastically increase the level of some plastidial isoprenoid (A) schematic
representation of the experimental setting and phenotype of dark-induced senescent leaves. Plants were infiltrated
with (p)crtB or GFP constructs and after 4 days leaves were detached and left in darkness for 10 additional days before
sampling them for further analysis (B) Relative amount of plastidial isoprenoid identified in senescent GFP leaves
(upper panel) or in senescent (p)crtB-sectors. Values are relative to the ones found in not-senescent GFP samples

(represented by the grey square). Plots show the means and SD of 3 replicates (n=3).
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3.2.4. crtB can be combined with isoprenoid biosynthetic genes for an additional
enhancement effect

Given that the crtB-dependent increase in carotenoid level is accompanied with an increase of
other healthy isoprenoids such as tocopherols likely due to an improved storage, we speculated
that the co-overexpression of tocopherol biosynthetic genes might boost the vitamin E contents
of agroinfiltrated leaves as appropriate structures for their sequestration were in place. We tested
single genes of the tocopherol biosynthetic pathway (Figure 0.3, 3.5) in combination with the
(p)crtB gene: VTE1, VTE2, VTE3, VTE4, VTEs5, VTE6 and tyrA (a bacterial gene able to catalyse the
formation of tyrosine starting from prephenate avoiding the feedback inhibition problem related
to this compound). We also tested several gene combinations to produce exclusively a-
tocopherol: tyrA+VTE1+VTE2+VTE4+(p)crtB and VTE5+VTE1+VTE2+VTE4+(p)crtB (Figure 3.10).
The overexpression of VTE2 or VTE3 in combination with (p)crtB did not produce any relevant
increase in tocopherol content compared to the overexpression of only the (p)crtB gene. The
overexpression of the VTE1 gene together with (p)crtB increased the levels of total tocopherols by
means of increasing 3 times the amount of y-tocopherol compared to (p)crtB alone. The
overexpression of VTE4 and (p)crtB resulted in total tocopherols level comparable to the one
obtained by overexpressing (p)crtB alone but with o-tocopherol as the only tocopherol, as
expected from the known role of VTE4. The overexpression of enzymes required for the synthesis
of precursors like VTE5, VTE6 and tyrA together with (p)crtB resulted all in a similar increase in
the level of total tocopherols (1.3-fold) compared to the overexpression of the single (p)crtB gene
suggesting that the availability of substrates either from the phytol side or from the tyrosine side
is a major limiting factor to control the outcome of the tocopherol biosynthetic pathway. The
two multigene combinations tyrA+VTE1+VTE2+VTE4+(p)crtB and
VTE5+VTE1+VTE2+VTE4+(p)crtB resulted in increased levels of total tocopherols (likely because
of the higher availability of precursors) with the sole presence of a-TC due to the presence of the
VTE4 gene in the combinations (Figure 3.10A). None of the combinations analysed provided a
significant increase in the amount of o-TQ compared to the overexpression of the single (p)crtB
gene (Figure 3.10B). Vit K amount was also very stable in all the combinations except in
VTE5+(p)crtB and VTE6+(p)crtB, that resulted in an increased accumulation of this isoprenoid
vitamin likely because of the activated supply of the phytyl-PP moiety required in the
phylloquinone metabolic pathway (Figure 3.10C). PC-8 was increased by the combination of
(p)crtB and VTE1, as expected (Figure 3.10D) while PQ-9 was decreased in all the combinations

following the same trend observed when overexpressing (p)crtB alone (Figure 3.10E).
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Interestingly the co-overexpression of (p)crtB and VTE3 resulted in levels of PQ-9 comparable to
the ones observed in green leaves overexpressing GFP. According to the presence of a high
amount of a-tocopherol, the samples overexpressing tyrA+VTEi+VTE2+VTE4+(p)crtB and
VTE5+VTE1+VTE2+VTE4+(p)crtB showed the highest antioxidant activity. This information is
very relevant because the overexpression of these genes did not impact the levels of carotenoids
accumulated through (p)crtB (Figure 3.0F, G) suggesting that the increase in the levels of
tocopherols could have a protective effect against carotenoid oxidation and that the difference in

antioxidant activity of the extract would be dependent mostly on variations in vitamin E content.
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Figure 3.10. Levels of isoprenoid in crtB-chromoplasts can be improved by overexpressing genes involved in
tocopherol biosynthesis. (A,B,C,D,E) Relative amount of isoprenoids in plants overexpressing (p)crtB together with
different genes involved in tocopherol biosynthesis. Leaves were co-infiltrated with agrobacterium solutions carrying
out the plasmids of interest and leaf material was collected 96 hpi. Values are relative to GFP overexpressing sectors.
(F) Relative levels of chlorophylls and carotenoids in the same combinations (G) Relative antioxidant activity
calculated as pM of Trolox equivalent of extracts coming from plants overexpressing different combinations of genes

for 96 hours. Plots show mean and SD of 3 different replicates (n=3).

3.2.5. Physical treatments and metabolic engineering can be combined for

additional enhancement

The “pull” strategy based on treatments able to increase storage capacity (i.e., PG proliferation),
and the “push” strategy based on the overexpression of biosynthetic genes were able to improve
isoprenoid content of leaves separately. We hypothesized that the two approaches could be
combined to sum their positive outcomes. First, we tested the effect of W, pre-acclimation and
the combinations VTE1+(p)crtB, VTE4+(p)crtB, VTE5+(p)crtB and

VTE5+VTE1+VTE2+VTE4+(p)crtB (i.e., the best performing gene combinations among the ones
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previously presented). All the combinations showed an increased level of total carotenoids
(particularly B-carotene) compared to (p)crtB-overexpressing plants grown in normal light
(Figure 3.11). This increase was coherent with the one observed in the previous trial (Figure 3.8)
and highlighted the reproducibility of the treatment. Tocopherols were also increased by the
high-PAR treatment in a similar way while the combination of VTE5+VTE1+VTE2+VTE4+(p)crtB
resulted in an increased pool of a-tocopherol (Figure 3.11). The co-overexpression of (p)crtB and
VTE5 maintained the improved accumulation of vitamin K amount already observed in plants
that were not exposed to high-PAR (Figure 3.11). These results confirmed that the improvements
obtained with the pre-acclimation to high light were maintained when overexpressing

tocopherol biosynthetic genes.

B.-car a-TC y-1C a-TQ
W 000
@ CcrT PC8 PQ-9 Vit K
0000
@pcar Q aT¢c O ¥ @ aTQ / l
. ) WSGO
RT @ Pc8 @ PR9 Q VitK Agroinfiltration
Carotenoids 9 Tocopherols
s 5 2 8
T 45 2 5
a 4 a
S a5 G ¢
H 3 2 s
$ 25 s 4
] 5 I < 3
g 1‘? £ I
s os | B 2| p
& 2 S =
» ® r & ¥ P @@
& o & & @ 0 & o o O G & O
et & ¢ @ A P A
@ g ¢ g @ g
s 8
E 6 - g‘a Plastochromanol-8
[CA a
= ey [
= 4 v
“a Ed
g 3 a4
:
2 2 Y
i I g i
R 3 5 ﬂ |-}|
Q
0 =0 n
13 13
2 ® A o <, b o] ] 2 & O v
& o o bﬁ‘ 05‘ %'{\Q, ﬁx& & \Q\d‘ \a**l\ @'\(\ @*{\ 6,‘5\
o W ¢ ¢ o W ¢ ¢
2 2 7 . .
s Plastoquinone-9 s 6 Vitamin,K
& b=
G 15 & 5
@ 5
S w4
g g | e
3 S
s s’
'Tu: 05 ) e 2 I
-4 , ;E 1 -
P B & & o 0 0
{ & & & N A X k
o o g G g F ¢ o o gF E
Q° \Q\b @“6 \‘?\b ® ) é‘b" 3 o

110

&
& &
@L @ @c

o



Chapter 3

Figure 3.11. High-PAR acclimation provides additional improvement to metabolite content. Relative metabolite
levels of isoprenoids in plants acclimated to high-PAR (Ws,) for 3 days and then moved to normal-PAR (Ws,) for 96
hours to express the combination of constructs enlisted. Values are relative to the ones obtained from plants

acclimated to W, and overexpressing the control GFP. Plots show means and SD of 3 different replicates (n=3).

We then tested the effect of dark-induced senescence on the combinations of VTEi+(p)crtB,
VTE4+(p)crtB, VTE5+(p)crtB, VTE6+(p)crtB, VTE5+VTE1+VTE2+VTE4+(p)crtB. We included
VTEG6 in the combinations because of its role in the senescence process where, together with
VTE3, has a key role in the recycling of the phytol group from chlorophyll. We again observed a
slight reduction in the content of total carotenoids compared with non-senescent leaves
overexpressing (p)crtB (Figure 3.12). The increase of tocopherols, on the other hand, was drastic,
especially in the multiple combinations VTE5+VTE1+VTE2+VTE4+(p)crtB where the levels
increased 25-fold. Again, the overexpression of VIE5 and VTE6 resulted into an increased
amount of Vit K (6- and 7- fold times, respectively) (Figure 3.12). These results confirmed that,
like what deduced for high PAR treatments, the metabolic effects observed in senescent
chromoplasts can be combined with the metabolic engineering approach and that the obtained

improvements are drastic for some specifics compounds.
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Figure 3.12. Senescence provides additional improvement to metabolite content. Relative metabolite levels in
plants overexpressing (p)crtB for 96 hours and subjected to dark-induced senescence (10 days in darkness). Control
leaves overexpressing GFP or (p)crtB were collected 96 hpi and not subjected to the treatment. Values are relative to

the ones obtained from GFP control leaves. Plots show means and SD of 3 different replicates (n=3).

3.2.6. crtB overexpression can be used to biofortify edible leaves
We have previously shown that crtB overexpression was able to trigger chromoplast
differentiation and a bright yellow-orange colour in plants other than tobacco like zucchini and

lettuce (Llorente et al., 2020). We hypothesized that besides the expected carotenoid

accumulation, this strategy might also enrich the leaves in tocopherols and other isoprenoid
vitamins, making it a suitable method for multivitamin biofortification of edible leaves. The crtB
gene was expressed in two lettuce varieties (Trocadero and Romana) by infiltrating them with an

agrobacterium suspension carrying the LMV-crtB virus construct (Llorente et al., 2020). 2 weeks

after the infiltration lettuce leaves developed a yellow colour due to a 2.5-fold increase in
carotenoid content in both varieties (Figure 3.13A). Lettuce leaves also accumulated a species-
specific carotenoid named lactucaxanthin that also increased in crtB samples. We also found
increased levels of tocopherols even if, compared to N. benthamiana, the major form present was

y-tocopherol. Like that observed for N. benthamiana, crtB-induced chromoplast development in
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lettuce correlated with an increased amount of PG markers FBN1a and FBN2 (Figure 3.13B). By
contrast, a decreased amount of Lhcb2 protein was observed in lettuce leaves infected with LMV-
crtB compared to control leaves (Figure 3.13B). This result correlated with a loss of chlorophyll
content, a factor usually related with virus-induced necrosis (Majer et al., 2017) (Figure 3.13C).
This result strengthened our hypothesis of an association of chlorophyll pigments and LHC

protein complexes in N. benthamiana plants.
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Figure 3.13. crtB can improve isoprenoid content of green leafy vegetables. (A) pictures showing the yellow
Colour of lettuce leaves overexpressing crtB and their relative levels of carotenoids (upper row) and tocopherols (lower
row) compared to a control (i.e, not inoculated) leaf (B) Relative content of chlorophylls in lettuce leaves
overexpressing crtB. (C) Western blot showing the same increase of fibrillins detected in N.benthamiana and a lower

amount of Lhcb2. Plots show means and SD of 3 different replicates (n=3).

We next-tested the effect of high light acclimation on metabolite accumulation in lettuce (Figure
3.14A). We started by testing the number of days necessary for the two varieties of lettuce to

reach a stable photoacclimation state. We noticed a constant increase in the value of ETRm
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during the exposure to Ws,, but we detected no changes between 5 and 7 days of exposure
(Figure 3.14B) concluding, thus, that 5 days was the necessary time to reach a photoacclimation
state in this plant. We then exposed plants for 5 days to Wy, starting from 6 days after the
infiltration with the LMV-crtB viral vector (i.e., when the first yellow spots on the leaves were
noticed) and we left them for 2 additional days under Wi, for a recovery. We observed a colour
change of colour in Wie.-acclimated lettuce leaves from yellow to reddish-orange (Figure 3.14A).
This was likely due to an increase in carotenoid content, especially orange-colour p-carotene,
coherently with what was observed in N. benthamiana leaves. Tocopherol level was also
increased through the Wy, treatment with a small increase in the o-tocopherol fraction of
tocopherols, likely related to its high antioxidant potential necessary to cope with oxidative
stress induced by high irradiance (Figure 3.14A). In the case of the Trocadero variety the intense
reddish colour was also due to an enhanced accumulation of purple-colour anthocyanins
accumulation likely to protect the normally pale leaf (Figure 3.14C), likely to protect the normally
pale leaf of this lettuce variety. We demonstrated, thus, that crtB-mediated chromoplast
development is an effective tool for metabolites enrichment in non-experimental species and

that the isoprenoid accumulation response is conserved among different species.
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Figure 3.14. Exposure to high-PAR can improve metabolite content in lettuce. (A) Schematic representation of
the experimental setting. After agroinoculation plants were left 6 days under Wy, to allow the virus particle to
multiplicate. 6 dpi plant are moved for 5 days to W, for the high PAR treatment and then moved again to Wy, for 2
days before the sampling. The pane shows the colour of leaves overexpressing crtB after W, or W, acclimation and
respective relative carotenoid and tocopherols content. Values are relative to control, not inoculated, leaf. (B) ETRm
follow up defining the amount of time needed for photoacclimation in lettuce. (C) Relative amount of anthocyanin in

lettuce leaves exposed to different intensities of light. Plots show means and SD of 3 different replicates (n=3).

3.3. Discussion

The generation of chromoplasts is one of the most promising strategies for the biofortification of
green leaves despite the few number of tools available to date to control the process.
Chromoplasts most distinctive feature resides is their set of substructures that constitute a
suitable environment for the storage and metabolism of a wide array of metabolites, including
isoprenoids (Sadali et al., 2019). The transition from chloroplasts to chromoplasts has been
extensively characterized from the biochemical and molecular point of view mainly in fruits like
tomato, red pepper and papaya (Barsan et al., 2010, 2012; Egea et al., 2010) this process can be
different depending on the plant structures where these organelles develop (for example, flower
petal chromoplasts develop differently compared to fruit chromoplasts). Different structures can
coexist in the same chromoplast and hybrid chromoplasts with characteristics coming from
different typologies exist (Schweiggert et al., 20m). In nature, chromoplasts derived from
chloroplasts of green leaves (like the case of boxwood) are implied as a temporary measure to
respond to environmental stimuli and they tend to conserve a high number of photosynthetic
structures to revert to chloroplasts in optimal ecological situation (Hormaetxe et al., 2004). In
our crtB system, however, no re-greening process was observed meaning that the differentiation
is not subjected to a retroactive regulation like the few cases identified in nature. However, the
high number of photosynthetic structures present at the beginning of the process could interfere
with their complete degradation. The massive production of phytoene likely causes
photosynthetic apparatus proteins in the (p)crtB-overexpressing samples to decay starting at 36
hpi (Figure 3.2B, C). The loss of photosynthesis-related proteins is a commonly reported event in
several processes of chromoplastogenesis in fruits like tomato and pepper (Rodiger et al., 2021).
Interestingly, Lhcb2, one of the proteins of the light-harvesting complex, does not decrease
during the transition likely because, starting from a highly competent chloroplast, the transition
is not completely efficient and there is the permanence of proteins bound to the chlorophyll
molecule. Lhcb proteins in fact are part of the proximal antenna system and bind most of the

photosynthetic pigments (Pietrzykowska et al., 2014). The prevalence of this protein would also
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explain why the crtB-overexpressing leaves do not show a lower amount of chlorophyll compared
to normal green leaves until at least 16 days post infiltration when the leaves start to enter a

senescence process and the remaining photosynthetic complexes are dismantled (Llorente et al.

2020).

Considering the decreased amount of thylakoid specific galactolipids in crtB-overexpressing
samples (Figure 3.2A), it is logic to think that the disassembly of thylakoids can provide lipids for
the formation or the increase in size of structures like with PG. The increased number of globular
formations can be clearly observed in TEM images and in confocal microscope localization
experiments and it is coherent with PG-related proteins increase: FBN1a, FBN2 and FBN4 almost
double their amount coherently with what was detected in pepper fruits in the last stage of

ripening (Rodiger et al. 2021). Fibrillins control the formation as well as structure and shape of

the PG that have been proposed to “bud” from the thylakoid membrane. The increased presence
of these proteins in crtB-induced chromoplasts is likely to be connected either to the formation
of PG anew or to their derivation from the rests of thylakoidal membranes (Shanmugabalaji et
al., 2013). The increased levels of LoxC, a lipoxygenase debited to the liberation of lipids from the
membranes definitively highlights the massive membrane remodelling happening during the
conversion. The slight delay in the accumulation of PG-associated fibrillins and VTE1 compared
to LoxC could be identified as a “remodelling delay” or, in other words, a period necessary to
break down the previous membranes and re-use the obtained bricks to build the new storage
system (e.g., PG). Contrary to the previously enlisted proteins, envelope proteins do not normally
change during the crtB-induced chromoplastogenesis with the only exception of TOC33, which
showed a complete decay synchronized with the loss of photosynthetic processes. TOC33 is a
protein whose role is to import precursors for the establishment of the photosynthetic apparatus.
Its loss is likely to be part of a signal imposing the stop of the chloroplastic functions.
Interestingly, TOC159 did not show variations in crtB samples compared to green leaves despite
having a clear implication in de-etiolation and chloroplast biogenesis (Shanmugabalaji et al.,
2018). Other proteins of the envelope and export complex like TOC75 and TIC40 remain stable
during the conversion process indicating that a massive reorganization of the TOC complex is
not connected to changes in these two structures (Figure 3.4A, B). Our data suggest that the drop
in TOC33 is not dependent on the E3 ligase SP1 as its absence does not affect leaf chromoplast
development in Arabidopsis (Figure 3.4C). We propose the presence of multiple layers of control
operating during chromoplastogenesis, so that failure of the SP1 pathway may eventually be
compensated for by other regulatory systems, such as transcriptional control or different
proteolytic pathways (Ling et al., 2021). In the specific case of crtB-induced chromoplasts, thus, a

complete reorganization of the complexes could not be necessary once the main importer of
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photosynthetic proteins precursors (i.e., TOC33) is degraded. The lack of interactions between
crtB and the various structural proteins suggests, also, that the detected changes in protein levels
are the result of the chromoplastogenesis process and that these proteins are not recruited to

trigger the process itself.

Chromoplasts obtained through crtB also show divergences with classical chromoplasts
concerning the secondary metabolites they accumulate. The high capacity of accumulation of

carotenoids of crtB-plastids was already discussed (Llorente et al., 2020) but we additionally

observe an increased number of total vitamin E tocopherols and vitamin K phylloquinone (Figure
3.5). This metabolite enrichment can have two different explanations. First, the overexpression of
crtB could trigger an increase in the transcript levels of key biosynthetic enzymes, including
those of MEP pathway that may provide a higher availability of isoprenoid precursors that would
explain the increase in tocopherols and phylloquinones. A second reason could be due to the
proliferation of internal structures induced by crtB overexpression that could provide an
improved environment for the activity of the biosynthetic enzymes and the channelling and
storage of their intermediates and products. This is supported by the increased amount of PC-8
and o-TQ. Chromoplasts in red fruits and flowers are reported to have low amount of these two
compounds, even though, the main enzymes necessaries for their biosynthesis and redox
recycling and repair, VTE1 and NDC(j, are localized in PG (Van Wijk and Kessler, 2017). Also, the
scavenging of lipid peroxyl radicals by a-TC results in the formation of the tocopherol oxidation
product a-TQ. Therefore, the enrichment in these metabolites in chromoplasts derived from leaf
chloroplasts can be related to a double process: from one side an increased amount of storage
and synthesis sites linked to the proliferation of PG that contains the enzymes for their
biosynthetic pathways, and on the other hand the increased oxidative stress can give rise to
amount of these products as a degradation of other metabolites like tocopherols (Vidi et al.,

2006; Spicher and Kessler, 2015; Piller et al., 2014).

crtB protein was reported to be associated with inflated invaginations of the internal membrane
of the plastid envelope and with intergranal lamellae in tomato fruits. Here the protein would
work with lycopene cyclase to convert the excess of phytoene stored in PG into lycopene.
(Nogueira et al., 2013). When overexpressed in leaves, however, crtB protein localised exclusively
in the PG fraction together with typical PG marker proteins such as FBNia and FBN2. The
analysis of the isoprenoids contained in the different subplastidial fractions clearly shows that
the PG zone is the only one where all the different isoprenoids detected in crtB-chromoplasts are
accumulated as chromoplasts differentiate. PG predominantly store -carotene and phytoene

(Figure 3.7). The latter was detected in PG fractions at the same time as the detection of crtB
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protein (i.e., starting at 48 hpi) and we concluded that crtB protein is actively acting in PG to
convert GGPP into phytoene. The presence of -carotene in these structures, on the other hand,
could be explained because the concentration reached in crtB-chromoplasts is not high enough
for this compound to crystalize (like it happens in carrot root chromoplasts) and thus the
compound is moved to a highly lipophilic environment (i.e., PG) as in the cases of citrus,
pumpkin fruits and microalgae like Euglena gracilis or Dunaliella salina cells (Kato et al., 2017;
Polle et al., 2020). The identification of PG as central compartments for isoprenoid accumulation
in crtB chromoplasts granted useful insights about how to improve the system. We tested a pull
strategy and a push strategy. In the first case, we exploited the capacity of the plant to produce
more PG in response to higher light exposure as this condition is also widely reported to impact
PG proliferation (Rey et al., 2000; Van Wijk and Kessler, 2017). The effect of light acclimation on
carotenoid profile was already discussed in chapter 2 but here we showed that plants acclimated
to high PAR also showed a higher level of tocopherols and vitamin K. The synthesis of
tocopherols and phylloquinone and their accumulation in thylakoid membranes and
plastoglobules is a well-known phenomenon which has been demonstrated to occur in response
to oxidative stress coherently with the necessity of an antioxidant buffer (Vidi et al., 2007). A
certain degree of lipid peroxidation caused by higher light exposure in non-photoprotective
plastids could provide a bigger pool of precursors for phylloquinone biosynthesis. PQ-9 also
increased upon exposure to high PAR, especially in the form of plastoquinol (Figure 3.8).
Plastoquinol, which is a component of the electron transport chain in photosynthesis, was shown
to have antioxidant activity like or even higher than that of tocopherols in vitro (Kruk and
Szymanska, 2012; Szymarnska and Kruk, 2010) mainly because, in contrast to tocopherols, both
the head group and the isoprenoid side chain of plastoquinol can scavenge singlet oxygen which
makes this compound an excellent membrane-localized antioxidant. Under higher light most of
the plastoquinol is photochemically non-active and it is localized outside thylakoids in PG, which
are the storage site for the plastoquinol acting as an antioxidant in the thylakoids (Szymanska
and Kruk, 2010). High PAR-acclimated chloroplasts could be able to produce more of this
compound before having a reduction in total PQ amount debited to the transformation to
chromoplasts. Dark-induced senescence, on the other hand, was also effective in increasing the
amount of some compounds because of its drastic effect on PG proliferation (Lushchak and
Semchuk, 2012). The push strategy consisted of the overexpression of genes involved in the
synthesis of tocopherols (Figure 3.10). As previously stated, the overexpression of the (p)crtB
gene already provides enrichment in the content of total tocopherols. No significant
improvements were obtained when this gene was combined with VTE2 and VTE3. These results

agree with other studies that reported a similar fold when overexpressing VTE2 in A. thaliana or
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in tomato under a constitutive promoter (Collakova and DellaPenna, 2003). The overexpression
of VTE3, however, was able to recover the amount of PQ-9 bringing it to a similar level to the
ones of a normal green leaf being one of the genes involved in its biosynthesis. Since tocopherol
composition was not altered but there was an increase in MPBQ levels, it is logical to locate the
main focal point of tocopherol biosynthesis in the VTE1 and VTE4 genes. The overexpression of
VTE1 along with (p)crtB yielded the highest improvement in tocopherol content between all the
combinations, probably due to its localization in PG and the proliferation of these structures

when expressing (p)crtB (Vidi et al., 2006; Llorente et al., 2020). Moreover, this combination

resulted in a higher increase in y-TC than the other combinations, which corresponds with the

product of this enzyme.

The improvement of total tocopherol content obtained in this study is similar or larger than the
results obtained in other research, where VTE: was overexpressed in lettuce and tobacco
(Kanwischer et al., 2005; Yabuta et al., 2013). Additionally, the overexpression of VTE1 gene
provided an increase in the amount of PC-8, one of the direct products in another branch of the
pathway. The overexpression of VTE4 in combination with (p)crtB resulted in the conversion of
the entire pool of tocopherols in the a form suggesting then that, in a situation of increased
metabolic flux, provided by (p)crtB, the overexpression of VTE4 can change tocopherol
composition. The overexpression of the precursors generating genes VTE5, VTE6 and tyrA
increases in the level of total tocopherols (y- and o- in a similar fashion). This is likely because
the availability of phytol is the most limiting factor in vitamin E biosynthesis as determined by
studies in cell cultures. At the same time, the major availability of phytol allows increasing the
amount of vitamin K because of it being a common precursor in both pathways. The
overexpression of VTE5 and VTE6 allows, thus, to improve a pathway usually very difficult to
engineer. Also, the overexpression of the bacterial tyrA enzyme provides tyrosine without the
normal feedback inhibition removing the bottleneck in that side of the pathway an effect already
recorded by Lushchak and Semchuk (2012). The combination of all the genes previously enlisted
allowed to convert the whole content of tocopherols into a-tocopherol maximizing then the
amount of this compound. The prevalence of the highly antioxidant isoform is reflected by the
increased antioxidant potential of the extracts that increase with the amount of «-TC. The
combination of the physical treatments previously presented, and the metabolic engineering
strategies allowed us to combine the positive results of both strategies. The high light
acclimation results a balanced strategy able to moderately increase carotenoids, tocopherols, and
vitamin K levels while the senescence treatment was again drastic but at the expenses of the
carotenoids level that was lower compared to not-treated crtB-overexpressing sectors.

Considering that the presented senescence experiment was lasting only 10 days we can’t exclude
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that over longer periods of time the loss of carotenoid could be more drastic because of the

natural degradation occurring during the conversion to gerontoplasts (Figure 3.12).

We demonstrated also that the (p)crtB system shows a high versatility and can be applied to
edible species like lettuce. The progress of the phenotype in this species follows the same pattern
as in N. benthamiana with an increase in the level of carotenoids and an increase in the amount
of PG related proteins. Lhcb2 proteins decrease could be associated with a direct effect of the
virus similarly to what described in other virus-plant interaction (Kushwaha et al., 2019) (Figure
3.13) where the infection by chilli leaf curl virus resulted in a downregulation of photosynthesis
related genes and a degradation of photosynthetic proteins. Also, the virus-induced chlorosis
could cause a faster degradation of the chlorophyll binding protein coordinated with the loss of
chlorophyll compared to what observed in agroinfiltrated leaves. In the case of lettuce, crtB
overexpression provided an increased amount of lactucaxanthin in both varieties. This unique
carotenoid derived from e-e-carotene is reported to have a potential anti-diabetic role in humans
and a higher antioxidant activity than lycopene (Gopal et al., 2017). The overexpression of crtB,
thus, is not only able to increase the typical downstream carotenoids but in different plants can
be used to improve the levels of endogenous compounds that are specific of particular plant
species. Also, high-PAR acclimation reproduced in lettuce the same effect described for N.
benthamiana (i.e., an increase content of carotenoid, in particular P-carotene, but also of
tocopherols) confirming to be a reliable method for metabolite enrichment (Figure 3.14). In
summary, in this chapter, we were successful in determining the singular characteristics of the
artificial chromoplasts obtained through the action of crtB and to test several strategies that can

be used to further improve leaf nutritional value in a greenhouse or vertical farming context.

3.4. Material and methods

3.4.1. Plant material and growth conditions

Nicotiana benthamiana and lettuce plants (var. Trocadero and Romana) used for the transient
expression assays and for the virus inoculation were grown in a greenhouse under standard long-
day conditions (LD, 14 h light at 26 + 1°C and 10 h dark at 21 + 1°C). A. thaliana Col o and spi-1
mutants plants used for the virus inoculation were grown under standard short-day conditions
(SD, 10 h light at 27 + 1 °C and 14 h dark at 22 + 1 °C) to promote the development of a bigger leaf

surface. Spi-1 seeds were kindly provided by dr. Venkatasalam Shanmugabalaji (University of
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Neuchatel, Neuchatel, Switzerland). High PAR acclimation was performed in an ARALAB 600

fitoclima providing 500 pmol m™ s™ photons under a LD light regime.

3.4.2. Gene constructs.
The crtB versions used for this study (35S:(p)crtB-GFP-pGWB405 and 35S:(p)crtB-pGWB405)

were available in the laboratory and were obtained as described by Llorente et al. 2020. cDNA

sequences encoding for the FBN7a (PGL34), TIC40 and TOC64 proteins were amplified from A.
thaliana leaves. Transcript encoding for VTE1 protein was obtained from A. thaliana seeds
(Breuers et al., 2012, Vidi et al., 2006, Vidi et al., 2007) and VTE2, VTE3, VTE4, VTE5, VTE6
proteins from A. thaliana leaves. For the sequence encoding for the tyrA protein, a culture of E.
coli was used as a template. Primers used for this amplification are enlisted in the Appendix 1.
PCR products were cloned using the Gateway system first into plasmid pDONR-207 and then
into plasmid pGWB454 provided with an RFP fluorescent tag (Nakagawa et al., 2007) to generate
35S:VTE1-pGWB454, 355:VTE2-pGWB454, 35S:VTE3-pGWB454, 35S:VTE4-pGWB454, 35S:VTE5-
pGWB454, 35S5:VTE6-pGWB454, 35S:tyrA-pGWB454. For the co-localization experiment cDNA
sequence encoding for the FBN7a and VTE1 proteins were amplified and cloned into a pDONR-
207 plasmid and later into plasmid pGWB454. The 355:PGL34-pGWB454 generated and
35S:VTE1-pGWB454 were then used as a template to obtain the proteins fused with the
fluorescent tag by using a universal gateway primer annealing with sequence encoding RFP.
These two amplicons were then cloned into pDONR207 plasmid and then into the [ estradiol-
inducible vector pERS to obtain PGL34:RFP-pER8 and VTE1:RFP-pERS. cDNA sequence encoding
for TIC40 and TOC64 proteins were amplified and cloned into a pDONR-207 plasmid and later
into P estradiol-inducible vector pMDC7 (provided with a CFP fluorescent tag) to obtain TIC40-
pMDC7 and TOC64-pMDC7. LMV-crtB construction was kindly provided by prof. José Antonio

Daros (IBMCP, Valencia, Spain) and was obtained as described (Llorente et al., 2020).

3.4.3. Transient expression assays.

Agroinfiltration experiments were performed as described in the previous chapters. Gene
silencing was prevented by co-agroinfiltration with an agrobacterium strain EHA101 carrying the
helper component protease (HcPro) of the watermelon mosaic virus (WMV) in plasmid
HcProWMV-pGWB702 (a kind gift of Juan José Lopez-Moya and Maria Luisa Domingo-Calap
(CRAG-Barcelona, Spain)). For the inoculation of lettuce, 3 leaves of 3-4 weeks old plant were

infiltrated in, at least, 6 different spot each with the same agro-infiltration solution used for N.
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benthamiana and described in the previous chapters. TuMV-crtB virus inoculation of A. thaliana

plants was performed as described in the previous chapters.

3.4.4. Chloroplast isolation and fractionation

For the isolation of total chloroplasts, leaves were blended into a Waring mixer with 200 ml of
HB buffer (Sorbitol 450 mM, Tricine/KOH pH 8.4 20 mM, EDTA pH 8.5 1omM, NaHCO3 10 mM,
MgCl2 1mM, Na-ascorbate smM, PMSF 1imM). The mixture was then filtered through 2 layers of
cheesecloth and one layer of miracloth at 4°C and then centrifuged for 10 minutes at 2.200 rpm.
The pellet was resuspended in 2 mL of HB buffer and used to measure the chlorophyll
concentration. Then the volume was increased to 50 mL with HB buffer and the samples were
centrifuged again at 4°C at 3.600 rpm for 2 minutes. The upper phase was removed, and the
pellet resuspended into 0.6M sucrose solution (in TED buffer: Tricine pH 7.5 500mM, EDTA
20mM, DTT 20mM) to obtain a final chlorophyll concentration of 2 mg/ml. Chloroplast
suspension was then diluted with 3 volumes of TED buffer 1X, manually homogenized, and then
centrifuged for 1 hour at 27.000 rpm. The upper phase (stroma) was removed and frozen for
further analysis, the pellet was resuspended into 45% sucrose in TED buffer at a concentration of
3 mg of chlorophyll and the suspension was homogenized again in a glass potter. The obtained
resuspended membranes were then pipetted into a polycarbonate UltraClear SW28 tube. A
gradient of 5%-38% sucrose in TED buffer 1X was then layered on top of the membranes (6 ml
38% sucrose, 6 ml 20% sucrose, 4 ml 15% sucrose, 6 ml 5% sucrose). The obtained gradient was
then centrifuged at 27.000 rpm for 16 hours, single fractions, separated by density gradient
flotation, were then collected, and stored for further analysis (Vidi et al., 2006, Shanmugabalaji et

al., 2013).

3.4.5. Protein extraction and western blot

For total protein extraction approximately 5 mg of freeze-dried leaf, material was ground with
300 ul of lysis buffer (100 mM Tris-HCI pH 7.7, 2% SDS, 0.1% protease inhibitor (SIGMA),
vigorously shaken for 1 minute, and then incubated at 37°C for 30 minutes with constant shaking.
After that samples were centrifuged for 15 minutes at 10.000 g, the supernatant was collected,
and the protein amount was calculated by mixing the sample with the Bradford reagent and
measuring the optical absorbance at 595 nm. Proteins were precipitated by adding 4 volumes of
acetone and by incubating the samples at -20°C for 30 minutes. After centrifuging the samples

for 15 minutes at max speed at 4°C the upper phase was removed and the pellet washed with 500
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ul of 80% acetone, then centrifuged for 10 minutes at max speed. The pellet was then dried and
resuspended in protein loading buffer (10% SDS, sooMm DTT, 50% Glycerol, 500mM Tris-HCL,
and 0.05% bromophenol blue dye) to obtain a final concentration of 2pg/pl. Before loading the
gel, samples were boiled for 10 minutes at 95°C. For the isolation of proteins of the chloroplast
fractions, 200 pl of sucrose gradient fractions were collected and precipitated by adding acetone
as before. After the addition of loading buffer, single samples were pooled together by washing a
single sample in the successive to maximize protein amount for western blot. SDS-PAGE and
immunoblotting were performed as described (Shanmugabalaji et al. 2018). After protein
transfer, the nitrocellulose membranes were stained with amido black. To probe the blots,
primary antibodies recognizing TOCi59, TOC75, TOC33, TIC40, FBN1A, FBN2, FBN4, VTE],
LoxC, were used. To detect photosynthesis-associated proteins, antibodies recognizing RBCS,
PetC, PsaD, PSBA, PSBO, and LHCB2 were purchased from Agrisera, Sweden. Additional
antibodies recognizing anti-GFP (Sigma) were used. Secondary antibodies were anti-rabbit IgG
conjugated with horseradish peroxidase (Millipore) or anti-mouse IgG conjugated with
horseradish peroxidase (Sigma). For the Immunoprecipitation total proteins were extracted in
lysis buffer containing 50 mMTris-HCI pH 8, 150 mM NaC(l, 1% Triton X-100, 0.2% v/v protease
inhibitors (Sigma P9599), 20mM MGi32, and 10% glycerol. Anti-GFP antibodies conjugated to
microbeads (mMACS GFP-tagged beads; Miltenyi Biotec) were used to isolate the
immunoprotein complexes. The eluates were resolved by SDS-PAGE, crtB-GFP and GFP were
detected using anti-GFP antibody. The interaction with other proteins was checked by probing
the membranes with primary antibodies recognizing FBNia, FBN2, PsaD, PetC, VTE1, and LoxC
and the same secondary antibodies listed before. Chemiluminescence was detected using ECL
Plus Western Blotting Detection Reagents (Pierce) and developed using a GE Amersham

Imager600. Band intensities were quantified using ImageJ software.

3.4.6. Metabolite analyses.

Leaf areas of interest were harvested, snap-frozen in liquid nitrogen, and lyophilized until they
were completely dry. For the prenylquinone analysis approximately 7 mg of freeze-dried tissue
was mixed with 500 ul of THF:MetOH (Analytical grade, Normapur) 1:1 buffered with a 10% of
water (v/v), mixed for 1 minute at 30 mHz, centrifuged and then transferred to an amber vial for
appropriate UPLC-QTOF-MS analysis. For the metabolite analysis of the chloroplast fractions 100
ul of 5 different fractions from the PG zone, the membranous zone and the thylakoid zone were
pooled together. The sucrose was removed by adding the same volume of etil acetate, mixing
roughly and then centrifuging for 10 minutes at 14.000 rpm. The upper phase was collected and
dried to be later resuspended into 500 ul of THF:MetOH 1:1. All samples were injected into a

Waters Acquity UPLC™ (Milford, MA) coupled to a Waters Synapt G2 MS QTOF equipped with
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an atmospheric pressure chemical ionization (APCI) source. Prenyllipids were separated on an
Acquity BEH Ci18 column (50 x 2.1 mm, 1.7 pm) under the following conditions: Solvent A =
water; Solvent B = MeOH; 90-100% B in 1.5 min, 100% B for 2.5 min, re-equilibration at 9o% B for
0.5 min. The flow rate was 8oo pL/min, and the injection volume was 2.5 pL. The temperature of
the column was set to 60°C and the autosampler chamber was kept at 15°C. Standards of HPLC
grade (= 99.5%) were purchased from Sigma-Aldrich (Steinheim, Germany). PQ-9 and PC-8
standards were provided by Jerzy Kruk (Jagiellonian University, Krakéw, Poland). (Martinis et al.,
2011). For phytoene quantification in the fractions, the temperature of the column was settled at
70°C and the mobiles phases were H,O+NH,OH 0.1% (phase A) and MeOH+NH,OH 0.1% (phase
B). The flow rate was set at 0.4 mL/min and a gradient of 80-100% B in 6 min was applied,
followed by a hold at 100% for 3 min and re-equilibration at 80% B for 4 min. The injection
volume was 2.5 pL. Phytoene was monitored at 285 nm in UV (RT 8.26 min) and at m/z 545.509
in MS (RT 8.30 min) using electrospray positive ionization. The MS source parameters were set
as follows: capillary voltage +2.8 kV, cone voltage +40V, source temperature 120°C, desolvation
temperature 450°C, cone gas flow 50 L/h, desolvation gas flow goo L/h. The instrument was used
in resolution mode (RFWHM = 20’000 at m/z 556). To increase sensitivity, the enhanced duty
cycle (EDC) mode centred on m/z 545 was activated. To ensure accurate mass measurements,
the mass spectrometer was internally calibrated with a solution of leucine-enkephaline infused at
15 pL/min via the Lockspray probe. Quantification was performed by external calibration using

five calibration solutions of a phytoene reference standard ranging from o.1-20 pg/mL.

Anthocyanins were extracted as described by (Nakata et al., 2013). Briefly, freeze-dried leaves
where grinded to a fine powder and were homogenized with 5 volumes of extraction buffer (45%
MetOH, 5% Acetic acid). Samples were then centrifuged at 12.000 g for 5 minutes at room
temperature, supernatant was moved to another tube and the centrifugation was repeated. The
supernatant was then used to measure absorbance at 530 nm and 657 nm. Anthocyanin content

(Abss;o /g F.W.) was calculated by [Abss;, — (0.25 x Abses;)] x 5.

3.4.7. Microscopy

Subcellular localization of GFP, CFP and RFP-tagged proteins was observed by direct
examination of agroinfiltrated leaf tissue at 4 dpi with a Leica TCS SP8-MP Confocal Laser
Scanning Microscope. GFP fluorescence was detected using a BP515-525 filter after excitation at
488 nm while CFP was detected after excitation at 440 nm. Chlorophyll autofluorescence was
detected using a 610-700 nm filter after excitation at 568 nm. The RFP signal was detected after

excitation at 532 nm laser line and detected at 588 nm. Transmission electron microscopy was
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realized as described (Llorente et al. 2020). Subcellular structures were quantified by using the

Image] software (Schindelin et al, 2012).

3.4.8. Antioxidant capacity

Metabolite extracts prepared as described above were diluted in 400 pL of diethyl-ether and
saponified by adding 100 pL of 10%(w/v) KOH in methanol to avoid interference from
chlorophylls. Samples were left shaking for 30 min at 4 °C and then diluted with 400 pL of milliQ
water before centrifugation for 5 min at 13 ooo rpm and 4 °C. The upper phase was collected,
dried in a SpeedVac, and resuspended in 200 pL of acetone. ABTS assay to calculate the total
antioxidant capacity of the mixture was carried out as described (Re et al., 1999). Briefly ABTS*
was prepared by adding to a 7mM solution of ABTS (SIGMA), APS to a final concentration of 2.45
mM. The solution was then diluted with water to reach an absorbance of 0.700+0.020 at 30°C.
100 pl of diluted sample were added to 1 ml of ABTS°* and absorbance at 734 nm was measured
after 4 minutes. The obtained values were plotted against a standard curve made by substituting
the sample with increasing 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
concentrations: 11 pM, 22 uM, 44 pM, 88 puM to calculate the antioxidant activity as pM of Trolox

equivalents.

3.4.9. Photosynthetic measurements

Photosynthetic efficiencies for lettuce plants were assessed by measuring chlorophyll
fluorescence with a Handy-GFP fluorcam (Photon system instruments (PSI)) florometer. Light
curves were constructed with 11 incremental steps of actinic irradiance (E; o, 21, 56, 11, 186, 281,
396, 461, 531, 611, 701, 801). For each step, the effective quantum yield of PSII (AF/Fm’) was
monitored every min and electron transport rate (ETR, pmol electrons m™ s™) was calculated as
ExAF/Fm’. The maximum electron transport rate (ETRm) was calculated by fitting iteratively,
using MS Excel Solver, the model of Platt (1980) the ETR versus E curves. The fit was very good in

all the cases (r>0.98).
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Chapter 4. Carotenoid biofortification beyond plastids.

Note: Part of the results shown in this chapter were published in Andersen et al., 2021. See Annex

IV.

4.1. Introduction

Biofortification of carotenoid content in plants is an open challenge with multiple possible ways,
of which only a handful has been experimentally explored (Zheng et al., 2020). While several
successful strategies have been described for non-photosynthetic tissues, including Golden Rice,
manipulation of carotenoid levels in photosynthetic tissues has been much more challenging
because chloroplast carotenoid levels are finely balanced with those of chlorophylls for the
efficient assembly and functionality of photosynthetic complexes (Domonkos et al., 2013; Esteban
et al., 2015; Hashimoto et al., 2018). While plant carotenoids are only produced and stored in
plastids, their metabolic Cs precursors (IPP and DMAPP) are also present in the cytosol due to
the activity of the mevalonate (MVA) pathway (Rodriguez-Concepcion and Boronat, 2015)
(Figure 4.1). In the first step of the MVA pathway, two molecules of acetyl-CoA generate
acetoacetyl-CoA and then a third molecule is incorporated to produce hydroxy-3-methyl
glutaryl-CoA (HMG-CoA). The reduction of HMG-Coa catalysed by HMG-CoA reductase
(HMGR) enzymes leads to the formation of MVA, which is later transformed into IPP in three
enzymatic steps. MVA-derived IPP is interconverted into DMAPP by cytosolic IPP/DMAPP
isomerase enzymes. An attempt of using cytosolic IPP and DMAPP to produce carotenoids
outside plastids was carried out using virus-mediated expression of bacterial genes encoding
GGPP synthase (crtE), phytoene synthase (crtB) and a desaturase/isomerase transforming
phytoene into lycopene (crtl) in tobacco (Nicotiana tabacum) leaves (Majer et al., 2017) (Figure
4.1). Virus infected tissues accumulated lycopene to levels up to 10% of the total leaf carotenoid
content, but only for 1-2 days, as carotenoid-producing leaves soon became necrotized either (1)
as a side effect of the viral infection, (2) as a negative steric interference of lipophilic lycopene
with cell membrane function, or (3) because of the diversion of the metabolic substrates away
from the cytosolic isoprenoid pathways. MVA-derived IPP and DMAPP are mostly used to
produced Ci5 farnesyl diphosphate (FPP), the precursor of sesquiterpenes, triterpenes, and
sterols (the major product of the pathway), while minor levels of GGPP are synthesized for

diterpenes and protein prenylation. Although the subcellular compartmentation of the MEP
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pathway in plastids and the MVA pathway in the cytosol allows both pathways to operate
independently in plants, there is evidence that they cooperate in the biosynthesis of certain
metabolites in some plants, tissues, or/and developmental stages (Rodriguez-Concepcion and
Boronat, 2015). An uptake of IPP from the cytosol into isolated plastids was reported in several
plants (Kleinig, 1989; Soler et al., 1993) whereas the transport of IPP in the plastid-to-cytosol
direction appears to be mediated by a plastidial proton symport system (Milborrow, 2001). Other
prenyl-diphosphates of increasing size might be also exchanged between the cytosol and the
plastids, with efficiency decreasing as the molecule size increases (Hemmerlin et al., 2003). In the
case of carotenoids, the MEP pathway is the main supplier of metabolic precursors under normal
growth conditions but a minor contribution of the MVA pathway under some specific conditions

cannot be excluded (Rodriguez-Concepcidn, 2010; Ruiz-Sola et al., 2016). (Figure 4.1)
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Figure 4.1. Schematic representation of the two strategies (cytosolic and plastidic) used in this chapter for

carotenoid biofortification.

In this chapter we retook the idea of using the MVA pathway for the extraplastidial production of
carotenoids. Instead of viral vectors, we used our optimized transient expression system via
agroinfiltration in Nicotiana benthamiana leaves. As initial target carotenoid products, we
selected phytoene and lycopene. The choice of these carotenoid intermediates was based on
three main reasons. First, they are virtually absent in non-engineered leaves as they are readily
converted into downstream chloroplast carotenoids (Marano et al., 1993; Rodriguez-Concepcion

et al., 2018). Second, they are health-promoting phytonutrients that are only found in a few food
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sources (Rodriguez-Concepcion et al., 2018; Mapelli-Brahm et al., 2018; Miiller et al., 2011). And
third, their supply is essential for the eventual production of any downstream carotenoid of
interest such as B-carotene, the main precursor of vitamin A. As a proof of concept, the second
part of the work was directed to produce [B-carotene by introducing an extra step in the
engineered cytosolic pathway (the lycopene B-cyclase encoded by the bacterial crtY gene) and to

combine this strategy with the crtB-mediated differentiation of leaf chromoplasts

4.2. Results

4.2.1 Extraplastidial phytoene and lycopene accumulate at levels so high that they
eventually impact photosynthetic activity.

To produce phytoene and lycopene in the cytosol without the deleterious effects previously
observed using viral vectors (Majer et al., 2017), we used a combination of strategies using
agroinfiltration of N. benthamiana as a less aggressive transient expression system (Schwach et
al., 2005). To convert MVA-derived IPP and DMAPP into carotenoids, the bacterial Pantoea
ananatis genes encoding crtE (to produce GGPP), crtB (to transform GGPP into phytoene) and
crtl (to synthesize lycopene from phytoene) were used. Unmodified versions of these three
bacterial enzymes are active and synthesize lycopene in the cytosol of tobacco leaf cells (Majer et
al,, 2017). Only the unmodified crtB protein can be found in the cytosol and the plastid when

fused to GFP and expressed in plant cells (Llorente et al. 2020). To prevent the

chromoplastogenesis associated to crtB activity in plastids, a version of the crtB enzyme with
GFP fused to its N-terminus (referred to as GFP-crtB) was used to construct the cytosolic

pathway. This version was reported to be retained in the cytosol of agroinfiltrated N.

benthamiana leaf cells in an enzymatically active form (Llorente et al., 2020; Andersen et al.,
2021). To avoid competition for IPP and DMAPP with endogenous cytosolic isoprenoid pathways,
an extra amount of these metabolic intermediates was supplied by using a truncated version of
HMGR, the main rate-limiting enzyme of the MVA pathway. This truncated version, referred to
as tHMGR (van Herpen et al., 2010) is not feedback-regulated and localizes to the cytosol as a
soluble protein as it lacks the N-terminal transmembrane domain that anchors the enzyme to
the endoplasmic reticulum (ER) (Figure 4.2). Constructs encoding tHMGR were co-infiltrated
with those encoding the enzymes crtE (to convert IPP and DMAPP into GGPP), GFP-crtB (to

transform GGPP into phytoene) or/and crtl (to transform phytoene into lycopene) in N.
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benthamiana leaves and their carotenoid profile was analysed at different time points (Figure
4.2C). Co-agroinfiltration of constructs for tHMGR, crtE and GFP-crtB (HEcB combination) led
to a steady increase in the production of phytoene up to 7 dpi. Further addition of crtl (HEcBI
combination) resulted in the incomplete conversion of this cytosolic phytoene into lycopene,
probably reflecting differential enzymatic working rates or complications in accessing the
substrate. In these HEcBI leaves, lycopene showed a steady increase to 5 dpi and then remained
high for at least two more days before gradually fainting as the leaves started to show signals of
necrosis (Figure 4.2B). The level of cytosolic carotenoids accumulated in HEcB and HEcBI leaves

was comparable to the content of endogenous chloroplast carotenoids (Andersen et al. 2021).

Interestingly, the levels of chloroplast carotenoids in HEcB and HEcBI leaves remained
unchanged with time (Figure 4.2C), suggesting a lack of exchange of carotenoid precursors

between cytosol (where they were produced in excess) and plastids.

The massive levels of lycopene that accumulated in HEcBI N leaves resulted in a characteristic
red colour in the sectors that produced the pigment (Figure 4.2A). By contrast, HEcB areas
producing only phytoene were visually indistinguishable from agroinfiltrated control HE areas,
as expected due to the colourless nature of phytoene. Chlorophyll levels in HEcBI leaves started
to decrease at 5 dpi and by 7 dpi they had dropped about 20% (Figure 4.2C). In HEcB leaves,
however, the reduction in chlorophyll contents occurred later (at 7 dpi) and to a lower degree
(10%) compared to lycopene-producing HEcBI leaf tissues. No changes in carotenoid or
chlorophyll levels were observed in control HE leaves, suggesting that the decrease in
chlorophyll levels observed in leaves producing phytoene and lycopene is not due to the
agroinfiltration procedure but to the accumulation of those carotenoids outside chloroplasts. We
deduced that the accumulation of these compounds, despite being circumscribed to the cytosol,
might eventually impact in some way the activity of chloroplasts. To test this possibility, we next
quantified effective quantum yield of photosystem II ($PSI) at different time points after
agroinfiltration with HE, HEcB or HEcBI combinations (Figure 4.2B). Phytoene-producing HEcB
leaves only showed a statistically significant decrease in ¢PSII value at 7 dpi, whereas HEcBI
tissues producing lycopene showed a stronger reduction even at earlier time points (Figure 4.2B).
These results demonstrated that leaf cells were remaining photosynthetically active despite
accumulating phytoene and lycopene at levels like those of photosynthesis-related chloroplast

carotenoids with only a limited drop of photosynthetic functionality.

132



Chapter 4

A B
-.e.. — —— 08
HE HEcB HEcBI
06 — :
04
0.2
0
0 3 5 7
Time (dpi)
C
HE HEB HEcBI
14 45 5
.
. 12 # A
° 35 4 ® CHL
2 1 * 35
= 3 % T 5 ® CRT
¢ 08 25 P o
.Ea e 2.5 ® Phyt
a 06 2
¢ 15 ,1}’ 2 ® Lyc
S 04 g 15
E 1 W 1
02
03 . 05 -
0 0 0
3 4 5 6 7 3 4 5 6 7 3 4 5 6 7
Time (dpi)

Figure 4.2. Accumulation of extraplastidial phytoene and lycopene indirectly impacts photosynthesis. (A)
Representative pictures of N. benthamiana leaves agroinfiltrated in their lower left-hand side with constructs to
express HE, HEcB and HEcBI combinations (B) effective quantum vyield (¢pPSII) of the infiltrated area (C)
Photosynthetic pigment levels in HE, HEcB and HEcBI leaf areas at the indicated times after agroinfiltration.
Carotenoid contents (CRT) refer to endogenous (i.e., chloroplastic) species, excluding phytoene and lycopene.
Abbreviations correspond to total chlorophylls (CHL), phytoene (phyt) and lycopene (lyc). Values are the mean and
standard error of n = 3 independent samples relative to levels at 3 dpi. Asterisks mark statistically significant changes

(t-test, P < 0.05) relative to 3 dpi.

4.2.2. The engineered cytosolic pathway can be extended to produce -carotene in
the cytosol

As previously discussed, P-carotene is one of the most interesting carotenoids from the
nutritional point of view because of its prime pro-vitamin A activity (Rodriguez-Concepcion et
al. 2018). Despite the relatively high amount of this carotenoid in leaf tissues, its physical and
functional association with photosynthetic membranes can prevent its overaccumulation and
negatively impact its bioavailability. We hence decided to explore the possibility to extend the
engineered cytosolic pathway tested above by adding the P. ananatis gene encoding the lycopene
B cyclase crtY, which catalyses the conversion of lycopene into [-carotene (Figure 4.3A). After
agroinfiltrating leaves with a combination of tHMGR, crtE, GFP-crtB, crtl and crtY (combination
named HEcBIY), samples were collected for analysis at 6 dpi. The accumulation of B-carotene in
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HECBIY leaves (resulting from the sum of chloroplast levels plus engineered cytosolic contents)
was 6-fold higher than the levels measured in HE leaves (corresponding to only chloroplast
levels). The production of B-carotene in the cytosol, however, was limited by the activity of the
bacterial enzymes as deduced from the high levels of lycopene and phytoene still present in
HECBIY leaves (Figure 4.3A). The remaining amount of lycopene could also be the reason behind
the reddish Colour of the HEcBIY leaves. The loss of photosynthetic activity (¢PSII) was also
comparable to that obtained in HEcBI samples (Figure 4.3B), suggesting that the production of a
new carotenoid in the cytosol did not have additional negative effects on plastid functionality.
Having demonstrated the possibility to accumulate B-carotene in the cytosol we then checked
whether the cytosolic carotenoids were conserving an antioxidant effect. Extracts coming from
leaves accumulating phytoene, lycopene and B-carotene showed a higher antioxidant activity
compared to extracts coming from the control HE leaf, suggesting that cytosolic carotenoids
keep their bioactive properties, in particular lycopene that showed the highest antioxidant

activity (in accordance to its relative antioxidant contribution described by Muller et al. 20m)

(Figure 4.3C).
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Figure 4.3. B-carotene can be produced in cytosol by adding the crtY gene to the combination. (A Pigment
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(Phyt: phytoene, vio: violaxanthin, neo:neoxanthin, lut: lutein, B-car: B-carotene, lyc: lycopene. (B) ¢PSII value of
leaves overexpressing the HE and HEcBIY combinations of genes (C) Relative antioxidant activity in extracts from
leaves overexpressing different combinations of constructs calculated as pM of Trolox equivalents. Values are the
mean and standard error of n = 3 independent samples and relative to levels in HE. Asterisks mark statistically

significant changes (t-test, P < 0.05) relative to 3 dpi

4.2.3. Cytosolic production of carotenoids can be combined with chromoplast
development for further carotenoid enrichment of leaves

With the previous experiment we successfully demonstrated that it is possible to accumulate a
large amount of B-carotene outside a plastid context. This very promising strategy allows to pass
from a 20% to a 40% of this compound relative to the total amount of carotenoids in a green leaf
(Figure 4.2). We have also shown in previous Chapters that, when chromoplasts are
differentiated from chloroplasts in crtB-producing green leaves, B-carotene is one of the most
enriched carotenoids because of its association with globular and membranous structures. We
hypothesized that the two strategies could be combined, i.e., the plastidial crtB-mediated
conversion of chloroplasts into chromoplasts (strategy P) with the engineered cytosolic pathway
leading to B-carotene (strategy C). To explore this idea, we first tested whether using the
unmodified version of crtB known to localize in both the cytosol and the plastids and to
efficiently work in strategy P (Llorente et al. 2020) could also be used for strategy C. We
transiently overexpressed in N. benthamiana leaves a combination of tHMGR, crtE and one of
three crtB versions: unmodified crtB (HEB), cytosolic GFP-crtB (HEcB) or plastidial (p)crtB
(HEpB) (Figure 4.4A). As expected, only HEB and HEpB combinations, but not HEcB, led to a
clear visual yellow phenotype of agroinfiltrated areas, indicative of successful chromoplast
differentiation (Figure 4.4A). HPLC analysis of carotenoid contents showed that the amount of
phytoene in HEB samples was roughly the sum of the levels detected in HEcB (i.e., exclusively
cytosolic) plus those in HEpB (i.e., exclusively plastidial) (Figure 4.4B). When crtl and crtY were
added to each of the combinations, the resulting profile was also consistent with the conclusion
that unmodified crtB was working for strategies C and P with no apparent loss of efficiency
compared to GFP-crtB or (p)crtB, respectively (Figure 4.4C). The results also demonstrated an
additive phenotype, confirming the feasibility of combining the two strategies. The levels of total
carotenoids in HEBYI samples increased almost 3-fold compared to HE controls, but the increase
in pB-carotene was much higher, changing the Colour of the leaf agroinfiltration area to orange.
As expected, a drastic decrease of photosynthetic capacity was present only when the
combination contained the crtB versions able to enter the plastid to trigger chromoplastogenesis
(Figure 4.4C).
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Figure 4.4. Extraplastidial synthesis of PB-carotene can be combined with chromoplast generation for
additional improvement (A) Leaves showing the phenotype obtained through the overexpression of different
combinations (B) Carotenoid levels during the overexpression of different versions of the pathway. Values are the
mean and standard error of n = 3 independent samples relative to levels in HE. (C) Effective quantum yield in leaf

sectors overexpressing the enlisted combinations of genes.

4.2.4. Providing more plastidial precursors does not improve carotenoid levels
due to a bottleneck at the phytoene desaturation level.
The incorporation of tHMGR to increase the MVA pathway flux in the extraplastidial strategy (C)

was found to boost the production of cytosolic carotenoids (Andersen et al. 2021). We therefor

reasoned that increasing the metabolic flux through the MEP pathway might also contribute to
improve the production of plastidial carotenoids with the crtB strategy (P). The enzyme
deoxyxylulose 5-phoshate synthase (DXS) catalyzes the first and main rate-determining step of
the MEP pathway (Rodriguez-Concepcion and Boronat, 2015). We tried three different sources of
DXS activity from plants: tomato DXS1 and DXS2 and A. thaliana DXS (also referred to as CLA1)
(Lois et al., 2000; Paetzold et al., 2010). The three isoforms were transiently expressed in N.

benthamiana leaves in combination with cr¢tB-GFP to assess their effect on the final pigment
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amount. Of the three isoforms, only DXS1 led to a small but statistically significant increase in
carotenoid levels downstream of phytoene compared to using only crtB. Interestingly, DXS1 in
combination with crtB resulted in a massive accumulation of phytoene that correlated with a
faster decrease in ¢PSII compared to the single crtB overexpression (Figure 4.5A, B). The very
high accumulation of phytoene suggested the existence of a limiting step for its conversion into
lycopene and downstream carotenoids. Indeed, no improvement in the contents of -carotene or
any other carotenoid besides phytoene was observed when DXS1 was incorporated to the HEBIY

combination (named HEBIYD) (Figure 4.5C).
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Figure 4.5. An increased amount of plastidial precursors does not improve the carotenoid content of the
combined pathway. (A) Relative carotenoid levels in plants overexpressing crtB alone or in combination with
different isoforms of DXS. Values are relative to the amount detected in crtB. (B) Relative effective quantum yield in
the same samples. Only the overexpression of crtB and DXS1 can effectively accelerate the loss of photosynthetic
capacity. (C) Relative levels of carotenoids obtained by adding DXS to the HEBIY combination. Plots show means and
SD of 3 different replicates (n=3) and relative to crtB (A) or HE (C). Asterisks mark statistically significant changes (t-

test, P < 0.05) relative to o dpi.
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4.3. Discussion

In this Chapter, we show that carotenoids can be produced and accumulated in very high
amounts for over a week in the cytosol and that this strategy can be combined with the crtB-
mediated chromoplastogenesis process that also results in an enhanced production and
accumulation of carotenoids in plastids. The possibility to produce carotenoids in compartments
other than plastids open the door for multiple possibilities for the biofortification of agricultural
products. Very little attention has been paid to carotenoid biofortification of green vegetables to
date, in part because of the challenges associated with changing the balance between carotenoids
and chlorophylls (Domonkos et al., 2013; Esteban et al., 2015; Hashimoto et al., 2016; Zheng et al.,
2020). Nonetheless, recent reports have shown that N. benthamiana leaves overexpressing
regulators of carotenoid gene expression and storage were able to double their carotenoid
content in chloroplasts (Ampomah-Dwamena et al., 2019; D’Amelia et al., 2019; Llorente et al.,
2020). Our strategy C leads to a similar twofold increase in total carotenoid levels in N.
benthamiana leaves, whereas the combination of strategis C and P leads to an even higher

increase (Figure 4.4C).

The production of carotenoids in the cytosol (strategy C) offers multiple advantages over those
modifying the plastidial carotenoid content. Firstly, the composition of chloroplast carotenoids
remains unchanged and therefore their photosynthetic and photoprotective functions are not
directly impacted. Although a likely secondary effect does cause photosynthesis to slow down
(Figures 4.2, 4.3, 4.4), it is not blocked and can therefore continue to support plant growth while
the extraplastidial carotenoids are produced and stored. Secondly, strategy C separates the
carotenoid intermediates from those plastidial enzymes that convert them into downstream
products or degrade them into cleavage products, including apocarotenoid signals (Rodriguez-
Concepcion et al., 2018). While non-enzymatic degradation could still occur, it does not appear
to be a problem to achieve high titres of extraplastidial carotenoids in our system. Together with
the unexpected capacity of leaf cells to accumulate carotenoids outside chloroplasts, this resulted

in levels of cytosolic carotenoids (phytoene, lycopene and -carotene) up to 1 mg/g DW (Figure

4.4) (Andersen et al., 2021), which are in the range of those found in chromoplasts from natural
sources such as ripe tomato fruit (D’Andrea et al., 2018; Diretto et al., 2020; Flores et al., 2016;
Massaretto et al., 2018; Nogueira et al., 2013; Pankratov et al., 2016; Suzuki et al., 2015). Thirdly,
the system is very flexible, and the incorporation of additional enzymes catalysing downstream
steps is feasible so that a much broader variety of carotenoids could be produced (Nogueira et al.,
2019). Fourthly, once the pigments were synthesized in the cytosol, they maintained their high

antioxidant potential, in particular lycopene (Figure 4.2C). And finally, we demonstrate that this
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strategy can be combined with strategy P to further improve carotenoid levels of green tissues

such as leaves.

In this chapter, we have shown that leaves can be enriched with considerable amounts of
phytoene and lycopene, two carotenoids that are normally present only in trace amounts in
chloroplasts. Furthermore, this strategy C also works for -carotene, whose levels can be further
increased by combination with strategy C. Lycopene has been found to generate crystals that
break plastid membranes when present in high amounts, like in tomato fruits (Ben-Shaul and
Naftali, 1969). When produced in the leaf cytosol, lycopene also forms crystals that are very

similar to those naturally formed in the chromoplasts of tomato ripe fruit (Andersen et al. 2021).

It is likely that cytosolic lycopene is initially stored in association with cell membranes before
reaching a concentration high enough to crystallize. In the case of phytoene and p-carotene,
fruits that produce high amounts of these carotenoids store it in PG and other lipophilic vesicles
inside chromoplasts that are sometimes released into the cytosol, probably to remove excess
amounts accumulated in plastidial membranes (Lado et al., 2015; Nogueira et al., 2013). The site
where the massive amounts of cytosolic phytoene and -carotene produced in N. benthamiana
leaves are sequestered remains unknown. The amount of phytoene stored in the cytosol through
the extraplastidial pathway is far higher than the one described generated by the plastidial crtB
protein, but the impossibility to penetrate and cross the plastid envelope membranes does not
allow the trigger the chromoplastogenesis process (Figure 4.2). These data also support the
conclusion that carotenoid compounds produced with a cytosolic pathway are unable to be
translocated into the plastid and thus to greatly affect its physiology. Nevertheless, the formation
of cytosolic lycopene crystals and the accumulation of similarly high levels of phytoene and f-
carotene in extraplastidial locations had a negative effect on chlorophyll levels and
photosynthesis (Figures 4.2, 4.3, 4.4). We speculate that this is a secondary effect and that the
primary impact of extraplastidial carotenoid accumulation is in overall cell fitness. Indeed,
several signs of cell damage and senescence, including chlorosis and eventual necrosis,
developed about a week after agroinfiltration with strategy C constructs. Consistently, the
earliest changes associated with leaf senescence occur in the chloroplast and cause chlorosis
before necrotic symptoms are observed (Majer et al., 2017). It seems likely that these deleterious,
senescence-like effects might be related to cell damage caused by the disruption of normal cell
compartments, functions and/or metabolism upon accumulation of extraplastidial carotenoids.
Alternatively, signals derived from the cleavage of cytosolic phytoene, lycopene, [-carotene, or
intermediate carotenoid species might be transduced to regulate chloroplast function, including

photosynthetic activity (Avendafo-Vazquez et al., 2014; Cazzonelli et al., 2020)
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In our experiments we showed that the addition of the bacterial lycopene cyclase crtY to the
cytosolic pathway allowed to produce (-carotene in the cytosol but with a high level of lycopene
and phytoene left (Figure 4.4). The mechanism of cyclization of lycopene is quite mysterious and
at the present it is believed to be initiated by electrophilic protons. Lycopene B-cyclase is a
flavoprotein that generally has an NAD(P)/FAD-binding motif. There are aromatic and carboxyl
amino acid residues in the FAD-binding motif and catalytic domain of cyclase, and these
residues may represent negative point charges related to the coordination of the incipient
carotenoid carbocations. FAD(Hz2) and NAD(P)(H), which were identified as the cofactors, might
involve redox reactions. FAD needs to be noncovalently bound to the enzyme, and NADPH
functions as the FAD reductant. As the reaction progresses, hydrogen is not transferred from the
dinucleotide cofactors to B-carotene (Mialoundama et al., 2010). It is possible that the high
concentration of enzymes in the cytosol could lack precursors to maintain their maximum
activity so, higher the number of enzymes, lower the conversion rate to downstream products.

Alternatively, the crystallization of lycopene might prevent easy access of crtY to its substrate.

The amount of B-carotene was increased when the cytosolic version of crtB (GFP-crtB) was
substituted for the unmodified version that can enter the chloroplast through a cryptic transit
peptide and trigger the development of chromoplasts (strategy P) (Llorente et al. 2020). This led
to the accumulation of B-carotene in the cytosol and in the newly formed chromoplasts resulting
in an increased amount of this compound (Figure 4.4). The results indicate that the plastidial
MEP pathway and the cytosolic MVA pathway are compatible and can work together at the same
time without downregulating each other. The lack of improvement in B-carotene levels when
using the plastid targeted version of (p)crtB or when enhancing the flux of the MEP pathway
with DXS1 further confirmed the lack of metabolite exchange between these two pathways in our
system. By combining crtB and DXSi1 overexpression (Figure 4.5), however, we obtained a
considerably high increase in the level of phytoene. This result suggested that (1) the DXS1
enzyme was working to estimulate the MEP pathway flux, (2) that the endogenous GGPP
synthase enzymes could efficiently convert the extra supply of MEP-derived IPP and DMAPP into
GGPP, (3) that the plastid-localized crtB enzyme was able to convert enhanced levels of GGPP
into phytoene, and (4) that the conversion of phytoene into downstream carotenoids was
limiting in N. benthamiana leaves. Several explanations for the poor phytoene conversion are
possible. It has been shown that when the activity of the main rate-determining step of the
carotenoid pathway (i.e., phytoene synthase) is increased (e.g., when crtB is present), the control
of the pathway flux is shifted to downstream enzymes, many of which are under redox control
(Busch et al., 2002; Fraser et al., 2002). While it is possible that biosynthetic and storage

mechanisms could already be saturated in crtB-containing samples, thus limiting further
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increases upon enhancing the supply of phytoene with DXSi, it is also possible that this
additional phytoene cannot be easily accessed by endogenous desaturase enzymes due to
differential compartmentation. Indeed, in Chapter 3 we showed that most crtB-derived phytoene
is produced and stored in PG whereas desaturases have been mainly localized in envelope
membranes and the stroma (Ruiz-Sola and Rodriguez-Concepcion 2012; Nogueira et al., 2013).
Nonetheless, the DXSi-mediated increase in the synthesis of precursors combined with the
activity of crtB results in the accumulation of a considerable amount of phytoene that allows the
crtB-induced phenotype to proceed faster at least in the first phases of its establishment (i.e.,
when the overaccumulation of carotenoids is not the main factor controlling chromoplast
establishment but the photosynthetic impairment is connected to phytoene amount), in a
similar fashion to what observed when blocking phytoene desaturation with norflurazon

(Llorente et al. 2020) (Figure 5).

N. benthamiana is particularly well suited to produce high titres of valuable enzymes and
metabolites for molecular pharming due to a fast growth rate and a natural ability to express
heterologous gene sequences, among other traits (Lomonossoff and D’Aoust, 2016). While
agroinfiltration assays can be scaled up for industrial production of carotenoids and other
metabolites in N. benthamiana, adaptation to crops such as lettuce for human or animal
consumption should require further efforts in the development and optimization of safe and
reliable transient expression methods with no health risks. Stable expression of transgenes
appears as a valid alternative from the technical point of view. However, the poor consumer
acceptance of transgenesis has turned the attention to genome editing. New varieties of leafy
food (e.g., lettuce, spinach, cabbage, kale, chard) and forage crops (e.g., alfalfa, grasses) could be
generated by editing endogenous genes to overaccumulate carotenoids in both plastidial and
extraplastidial locations. Flux-controlling enzymes involved in isoprenoid biosynthesis (including
HMGR, GGPP synthase and phytoene synthase) are encoded by small gene families in most
plants. In the case of GGPP synthase, cytosolic isoforms are naturally present (Ruiz-Sola et al.,
2016). For the rest, CRISPR-Casg technology could be used to remove the N-terminal region from
non-essential and/or tissue-specific isoforms of HMGR (to create truncated forms similar to the
tHMGR version used here) and carotenoid biosynthetic enzymes such as phytoene synthase (to
remove the plastid transit peptide and create a cytosolic version for strategy C or to make it more
stable and active to be used in strategy C upon weakening chloroplast identity using a light
treatment like those described in Chapter 2). Furthermore, our results open the door to the
biofortification of leafy vegetables with other health-promoting isoprenoids such as tocopherols

(vitamin E) and phylloquinones (vitamin K1) by combining extraplastidial biosynthetic pathways
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using MVA-derived precursors with the crtB-mediated chromoplastogenesis system

complemented as described in Chapter 3.

4.4. Material and methods.

4-4.1. Plant material and growth conditions
Nicotiana benthamiana used for the transient expression assays were grown in a greenhouse

under standard long-day conditions (LD, 14 h light at 26 + 1°C and 10 h dark at 21 + 1°C).

4-4.2. Gene constructs

Constructions used in this study for the assembling of the extraplastidial pathway were available
in the lab and were generated as described by Andersen et al. 2020. Constructions overexpressing
the different isoforms of tomato DXS (35S:SIDXS1-pGWB21 and 35S:SIDXS2-pGWB454) were a
kindly provided by Xueni Di (IBMCP, Valencia, Spain) while 35S:AtDXS-pGWB405 was available
in the lab.

4.4.3. Transient expression assay

Agroinfiltration experiments were performed as described in the previous chapters. Gene
silencing was prevented by co-agroinfiltration with an agrobacterium strain EHA101 carrying the
helper component protease (HcPro) of the watermelon mosaic virus (WMV) in plasmid
HcProWMV-pGWB702 (a kind gift of Juan José Lopez-Moya and Maria Luisa Domingo-Calap
(CRAG-Barcelona, Spain)).

4-4.4. Photosynthetic measurements

Photosynthetic efficiencies were assessed by measuring chlorophyll a fluorescence with a MAXI-
PAM fluorimeter (Heinz Walz GmbH). Photosynthetic parameters were evaluated at o, 3, 5and 7
dpi in plants that were previously kept in darkness for at least 30 min to fully open and relax PSII
reaction centres. Effective quantum yield of PSII ($PSII) was measured as (Fm’-Fs)/Fm’, where
Fm’ and Fs are the maximum and minimum fluorescence of light-exposed plants, respectively.
The chosen light intensity was 21 PAR (AL=2). Average values were calculated from three

biological replicates with three different leaf areas for each replicate. To assess the effective
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quantum yield of PSII ($PSII) of plants overexpressing the different DXS isoforms, florescence
was measured with a Handy GFP Cam (PSI (Photon Systems Instruments) spol. s r.0.) with the

same light intensity.

4.4.5. Antioxidant capacity

Total antioxidant capacity was calculated as described in the previous chapter.

4.4.6. Metabolite analysis
Metabolite content of the leaf areas overexpressing the combinations of interest was evaluated as

described in the previous chapters.
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General discussion

5.1. Chromoplast differentiation in green leaves.

5..1. A non-reversible chloroplast-to-chromoplast differentiation phenotype
triggered by plastid-localized crtB

Chromoplasts are a very studied and yet little-known typology of plastids. They are involved in
the synthesis and storage of carotenoid pigments in flowers, roots and fruits but only
occasionally develop in leaves. The differentiation of chromoplasts is fundamental in fruit
ripening, for example in tomato or bell pepper, because it is associated with the accumulation of
several important compounds such as carotenoids and other isoprenoids (Egea et al., 2010; Li and
Yuan, 2013). As some isoprenoids have important nutritional value, chromoplast generation is

seen as an interesting strategy of biofortification.

Leaves are an interesting target for secondary metabolites enrichment because green leafy
vegetables are easy and fast to grow. Unfortunately, they are the most recalcitrant organ to
develop chromoplasts and in nature are reported few cases. Buxus sempervirens leaves, for
example, show a conversion of their chloroplasts into chromoplasts that accumulate carotenoids
to face photoinhibitory stress during winter. The photosynthetic efficiency of these leaves
progressively decreases during chromoplastogenesis accumulating high levels of carotenoids
with photoprotective activity (Hormaetxe et al., 2004). However, conversely to fruit or petal
chromoplasts, the plastids of red leaves of this species can revert to chloroplasts once the winter
is over. The synthetic system studied in this thesis work is based on the overexpression of the
bacterial gene crtB, a homologue of the plant gene PSY that codifies for the enzyme phytoene
synthase. In its natural conformation, crtB protein likely has a cryptic transit peptide that allows

it to be partially translocated inside the chloroplast (Majer et al., 2017, Llorente et al., 2020).

When this happens, the level of phytoene and subsequentially of downstream carotenoids highly
increases and the chloroplast irreversibly converts to a chromoplast, a phenotype that is visually
detectable because the leaf Colour changes from green to yellow. The differentiation process is
associated with a progressive loss of photosynthetic activity as reported in fruits like tomato or
bell pepper, where this transition naturally occurs during the ripening process (Egea et al., 2010).
The loss of chloroplast functionality however is not directly caused by the accumulation of

downstream carotenoids, but it starts with the burst in the amount of phytoene. Most
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importantly, this thesis work demonstrates that the reduction of the photosynthetic capacity of
leaf chloroplasts is not just a consequence of chromoplast differentiation but a requirement that

makes chloroplasts competent to embark in the differentiation process.

5.1.2. The crtB-mediated phytoene boost makes the chloroplasts competent to
become chromoplasts

Phytoene is a Colourless carotenoid synthesized in the first committed step of pathway. In
chloroplasts, it does not naturally accumulate as it is transformed into downstream carotenoids
of the photosynthetic apparatus, where the efficient energy transfer is guaranteed by the
presence in light harvesting complexes of B-carotene and xanthophylls (i.e., lutein, violaxanthin
and zeaxanthin). With crtB overexpression the levels of phytoene sudden increase and the
excessive presence of this intermediate could result in a disruption of the photosystem
equilibrium (Liechtenthaler et al., 2007). The functioning of a highly efficient photosynthetic
antenna, in fact, depends entirely on the specific structures of the apo-proteins of the light-
harvesting complexes that must bind sufficient pigments to maximize absorption and energy
dissipation. In plants where the carotenoid biosynthetic flux is perturbated and only one
compound is accumulated (e.g., phytoene), for example by silencing the gene codifying for
phytoene desaturase (i.e., PDS) enzyme, the thylakoidal membrane system is highly impacted
with changes in the protein composition that results in a lower photosynthetic efficiency (Wang
et al., 2010). Our results show that the higher the levels of phytoene, the higher the
photosynthetic efficiency loss. Chloroplasts, in fact, can compensate to a certain extent for the
disequilibrium in the photosynthetic apparatus composition when they retain functionality and
can redistribute the internal levels of carotenoids to avoid major fractures of the photosynthetic

apparatus (Liechtentaler et al., 2007, Xu et al., 2020).

Once photosynthesis is impaired (e.g., by high enough phytoene levels), phytoene must be
converted into downstream carotenoids for chromoplast differentiation to proceed. Therefore,
crtB-mediated chromoplastogenesis can be divided into two phases. In the first phase,
photosynthetic efficiency must be lowered, likely constituting a signal that mark the chloroplast
as “non-active”. The high availability of phytoene as a precursor, then, allows the endogenous
biosynthetic machinery to proceed and the level of downstream carotenoids increases. This event
triggers the formation of internal storage structures that in turn activate the carotenoid
biosynthetic process and the storage capacity as the chromoplasts differentiate. In a natural
context, such as during fruit ripening, the chloroplasts of green fruit exhibit fewer thylakoid

membranes and a marginal electron transport activity (i.e., photosynthetic function) (Carrara et
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al, 2001). In such naturally competent chloroplasts, the developmentally regulated
overexpression of an endogenous gene (i.e., PSY), associated with the ripening process, allows to
synthesize enough carotenoids to proceed with chromoplast differentiation (Sadali et al., 2019,

Llorente et al., 2020). The need of a low or null photosynthetic activity to proceed with

chromoplast development is also supported by the observation that the ORANGE (OR) protein
only promotes chromoplastogenesis in green fruits or non-photosynthetic tissues like tubers or

calli (Osorio, 2019).

5.1.3. Chloroplast stress is signalled to the nucleus to support chromoplast
differentiation

We propose that a crtB-dependent signal must travel from the plastid to the nucleus (i.e.,
retrograde) to unleash the observed changes in plastid ultrastructure and metabolism that take
place as chloroplasts differentiate into chromoplasts. Chemical or physical treatments able to
weaken photosynthetic activity of leaf chloroplasts facilitate transition to chromoplasts when
carotenoid biosynthesis is estimulated (e.g., by PSY overexpression) and increase the speed of the
crtB-driven process. This suggests that alterations in the redox poise and excitation balance
between photosystem II (PSII) and photosystem I (PSI) (Bellaflore et al., 2005) that promote the
formation of plastid reactive oxygen species (ROS) (Chan et al., 2016) might be part of the
signalling pathway. ROS are part of a complex net of retrograde signalling from chloroplast to
the nucleus that allows the plant to respond to perturbations in plastid function due to
environmental and developmental cues. Events such as exposure to low R:FR (Ortiz-Alcaide et
al,, 2019), high light (Estavillo et al., 2011) or phytoene overproduction by crtB lead to the
formation of ROS molecules like H.O, and O~ at PSI and singlet oxygen (,0?) at PSII, which alter
stromal redox state and plastid metabolism (Strand et al., 2015) impacting chromoplast
formation. A parallelism can be seen with natural chromoplastogenesis considering that, during
fruit ripening or flower petal development, several peaks of ROS production can be observed that
correspond to the starting point of chromoplast development (Muiioz and Munné-Bosch, 2018).
It is possible that rather that (or in addition to) losing photosynthetic identity, leaf chloroplasts
must experience a malfunctioning situation at the level of their photosynthetic chain that
produces signals of distress to the nucleus. Chloroplast stress is known to result in the
accumulation of metabolites able to regulate nuclear gene expression, including methylerythritol
2,4-cyclodiphosphate (MEcPP, a MEP pathway intermediate) (Xiao et al. 2012), B-cyclocitral
(produced by the non-enzymatic oxidative cleavage of B-carotene) (Ramel et al. 2012), and 3'-

phosphoadenosine  5-phosphate  (PAP) (Estavillo et al. 20m). The accelerated
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chromoplastogenesis observed in the PAP-overaccumulating A.thaliana sali mutant suggests that
PAP might be one of the signals sensing the chloroplast stress and transducing it to regulate
nuclear gene expression for chromoplast differentiation to occur. However, the participation of
MECcPP, B-cyclocitral, and maybe other retrograde signals cannot be excluded. Regardless of their
identity, such signals might tag the plastid as a “dead man walking” losing its identity of source
organ and starting the transition towards a sink structure (i.e., chromoplast). How fast the
chloro-chromoplast conversion can occur might therefore depend on how intense the
production of these signalling molecules is. For this reason, conditions that result in a higher
level of phytoene or conditions directly associated with ROS production at the level of the
photosystems impact the speed of chromoplast development, even if, in some cases, do not

directly affect the final carotenoid content (Figure 5.1).

Time of chromoplastogenesis progression

Figure 5.1: Representation of the schematic model that define the progression of chromoplast development
in leaves. The accumulation of ROS, changes in redox equilibrium or the impairment of photosystems trigger the

generation of plastidial signals that speed up the chromoplastogenesis process.

5.2. New ways to improve isoprenoid content in leaves.

5.2.1. Artificial chromoplasts develop structures that produce and store healthy
isoprenoids

During the natural chloroplast-to-chromoplast transition, the most conspicuous changes happen
in biochemical composition (e.g., the elevation of carotenoid contents) and structural

organization (e.g., degradation of thylakoids and development of carotenoid-sequestering
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structures) (Sadali et al., 2019). Chromoplasts internal structures allow to classify them as
crystalline, membranous, tubular, or globular. These structures accumulate different
carotenoids, depending on the chemical nature of the pigment and its concentration (Sadali et
al., 2019, Egea et al., 2010). Our crtB chromoplasts do not show crystalline formations (typically
associated with lycopene) but contain a high number of dispersed membranes and show more
and larger PG compared to green leaf chloroplasts mirrored by increased levels of PAG-
associated proteins (Van Wijk and Kessler, 2017). Additionally, most proteins markers associated
with the photosynthetic apparatus disappear during chromoplast formation, coherently with
what described for tomato or red pepper fruit (Rodiger et al., 2021). An exception is Lhcbz, which
does not change during the process likely because of an association protein-pigment that results
in the conservation of chlorophylls. On the other hand, while other studies had described a
central role for the envelope-located translocon complexes in the import-export of proteins
involved into chromoplast development (Ling et al., 2021; Rodiger et al, 2021),
chromoplastogenesis triggered by crtB does not cause changes in the levels of translocon-
associated proteins with the only exception of a downregulation of TOC33 by a SP1-independent

pathway.

The tightly packed membranes in that develop in our artificial leaf chromoplasts resemble the
ones observed in flower petals from daffodil or Thunbergia alata (Sadali et al., 2019; Ljubesic¢ et
al., 1996). The membranous and tubular chromoplasts found in these flowers, however, usually
display a low number of PG. By contrast, crtB-induced chromoplasts show more and larger PG
similar to ripe fruit chromoplasts. In other plant tissues, such as the pulp of Citrus fruits, the type
of chromoplast substructures was related to the presence of specific carotenoids. Chromoplasts
from fruit with an elevated content of colourless carotenes (e.g., phytoene) showed abundant
PG-like vesicles while other varieties with a prevalence of lycopene showed thin crystalline
formations (Lado et al., 2015). Differences in carotenoid composition or accumulation, thus, are
mirrored by the development of diverse chromoplast types, revealing the plasticity of these
organelles to rearrange carotenoids inside different structures to allow massive accumulation

and chemical stability of these lipophilic metabolites.

5.2.2. The crtB protein is localized in PG, the main storage structure for the newly
formed plastidial isoprenoids

Besides carotenoids, the globular-membranous chromoplasts that develop in crtB-producing
leaves accumulate increased levels of o-tocoquinone, plastochromanol 8, tocopherols and

phylloquinone but a lower level of platoquinones-g9. These isoprenoids are typically stored in PG
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(Van Wijk and Kessler, 2017) that, in crtB-chromoplasts are the only structures to show increased
levels of all the isoprenoids while others (e.g., the membranous formations) show almost no
detectable levels of compounds such as phylloquinone or tocoquinone. Among the carotenoid
stored, the PG fraction of synthetic chromoplasts show a prevalence of phytoene and B-carotene.
Phytoene is normally undetectable in plant leaves because it is readily converted to downstream
product but is reported to be accumulated in PG when excessively produced in tomato fruit
(Ruiz-Sola and Rodriguez-Concepcion, 2012; Nogueira et al., 2013). Interestingly, the crtB protein
was found associated with PG and internal membranes in tomato fruit chromoplasts where it
would work with endogenous enzymes to produce lycopene. In synthetic chromoplasts, most of
the crtB protein localizes in PG, and only part of its phytoene product is converted into
downstream carotenoids. PG were also described to contain enzymes involved in carotenoid
biosynthesis and degradation in some fruit chromoplasts (Brehelin et al., 2007, Rottet et al.,
2016). In leaf chromoplasts, PG-localized enymes might also convert part of the pool of phytoene
into PB-carotene. In this case these structures would increase the sink strength of the plastid and
at the same time the source strength participating actively in the synthesis and sequestration of
compounds (Vishnevetsky et al., 1997). The main proteins involved in the finalization of the
tocopherol biosynthesis pathway (i.e., VTE4 and VTE1) are localised and act in the PG (Brehelin
et al., 2007, Vidi et al., 2006). The overexpression of these genes allowed to increase the levels of
isoprenoids also in crtB-overexpressing leaves likely because of the higher availability of enzyme-
localization sites (i.e., PG). The combination with genes involved in the synthesis of
prenylquinones precursors (i.e., VTE5 and VTE6) also allowed to increase at the same time the
amount of phylloquinones and tocopherols indicating that the enrichment of leaves in multiple
vitamins is possible by using this strategy. Interestingly, none of these gene combinations
resulted in a lower amount of carotenoids compared to the overexpression of crtB alone,
suggesting that the availability of common MEP-derived precursors is not limiting. This
conclusion was supported by the experiments using DXSi1, in which carotenoids levels hardly

increased despite the supply of precursors was boosted.

It's logic to think that conditions that promote PG proliferation and enlargement such as abiotic
stress or senescence might have an impact on the content of the molecules enlisted above. Under
oxidative conditions caused by stress. PG would deliver isoprenoids to thylakoid membranes to
scavenge reactive oxygen species via the structural connection with thylakoids (Brehelin et al.,
2007). When chloroplasts harbouring increased PG levels (e.g., after high-light acclimation) are
transformed into chromoplasts, the metabolic profile adjust to the greater sink strength and
results in increased levels of carotenoids and other isoprenoids such as tocopherols or

phylloquinone. The same principle applies when leaves developing chromoplasts undergo dark
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induced senescence causing the formation of massive PG and, additionally, the mobilization of
high amount of phytol coming from chlorophyll degradation that increase the availability of
precursors for several prenylquinones (Van Wijk and Kessler, 2017). In senescent leaves, however,
carotenoids are also degraded constituting a limitations for the use of this treatment with
biofortification purposes (Rottet et al., 2016). More importantly, the use of crtB in combination
with PG-promoting treatments allowed to double the levels of carotenoids and tocopherols also
in edible species such as lettuce that mirrored the protein and metabolic profile of N.
benthamiana. Especially this plant showed higher levels of the carotenoid lactucaxanthin
indicating that the overexpression of crtB provide enough precursors to boost the synthesis of

species-specific compounds.

5.2.3. Artificial chromoplastogenesis can be combined with extraplastidial
carotenoid biosynthesis to boost the production of healthy carotenoids.

One interesting feature of the crtB system is its possibility to be combined with other strategies
to synthesize health-promoting isoprenoids. The use of a synthetic pathway engineered with
bacterial enzymes and a deregulated version of the main rate-determining enzyme of the MVA
pathway allowed the production of very high levels of phytoene and lycopene in the cytosol

(Andersen et al., 2021). Using a similar approach on the plastidial MEP pathway, however, did

not work that well because the combination of DXS and crtB results in a limited increase of
downstream carotenoids and an overaccumulation of phytoene. This bottleneck effect is likely
due to a limit in the amount of crtB-synthesized phytoene that can be converted by the
downstream enzymes that could not have access or could not handle the whole pool stored in PG
(Nogueira et al., 2013). In this thesis, the synthetic cytosolic pathway was extended by adding an
extra gene allowing the conversion of lycopene into [B-carotene, the main pro-vitamin A
carotenoid. Furthermore, the use of the original crtB protein (which localizes to both the cytosol
and plastids) allowed the production of high B-carotene levels in the cytosol and, at the same
time, triggering chromoplast development and providing additional compartments for the

storage of healthy plastidial isoprenoids, including B-carotene.

With this work, thus, we have characterized a new biotechnological tool that exhibits great
flexibility to biofortify green leaves in health-promoting isoprenoids such as pro-vitamin A
carotenoids, vitamin E tocopherols or vitamin K, and we demonstrated the possibility to use it on
edible plants. The system could be used to enrich the vitamin content in leaves once the
photosynthesis become dispensable (e.g., immediately before harvest). The possibility to
modulate the speed of the process through physical or chemical treatments would help to adapt

the yield to different species of plant or to different growth strategies (i.e., open field or
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greenhouse). For example, the exogenous application of phytohormones or the supplement with
a low R:FR, able to accelerate chromoplast development, would be handy to reach high vitamin
levels faster and reducing the cost of maintenance of plants. Also, being a system of transient

expression, the tool would avoid the generation of transgenic plants saving time and money.
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Conclusions

Conclusions

A non-reversible chloroplast-to-chromoplast differentiation phenotype is triggered in leaves

by the bacterial crtB protein acting in plastids.

The activity of crtB produces a boost in phytoene content that causes a loss of photosynthetic
activity. This makes the chloroplasts competent to become chromoplasts when phytoene is

converted into downstream carotenoids.

Altered redox balance in chloroplasts might be signalled by PAP to facilitate chromoplast

differentiation.

Application of exogenous hormones can modulate crtB expression levels, eventually

impacting phytoene amount and subsequent chromoplastogenesis speed.

Weakening of photosynthetic activity of leaf chloroplasts by chemical or physical treatments

also facilitates transition to chromoplasts.

Exposure to simulated shade (low R:FR) facilitates acclimation to low light in shade avoider
plants. It also decreases the levels of photosynthetic pigments and activity that increases the

speed of chromoplastogenesis upon activation of phytoene production.

Higher levels of reduced plastoquinone in plants exposed to low R:FR slow down phytoene
desaturation and result in increased levels of phytoene in crtB overexpressing leaves, hence

explaining the faster development of chromoplasts.

Plants exposed to high light conditions and experiencing more oxidative stress at the plastid

level are also faster in developing chromoplasts.

Chromoplasts differentiated after the overexpression of crtB show the proliferation of
structures used to sequestrate and store carotenoids. Thylakoidal membranes are degraded,
and new membrane formations develop, while plastoglobules increase. Envelope stays stable

during the conversion.

These artificial chromoplasts accumulate plastidial isoprenoids other than carotenoids.
While a-tocoquinone, tocopherols, plastochromanol 8, and phylloquinone double their

levels, plastoquinone-g decreases.
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Conclusions

The crtB protein is localized in plastoglobules, which are the main storage structure for the

newly formed plastidial isoprenoids, including phytoene and (-carotene.

Conditions that promote plastoglobules proliferation such high-light and dark-induced
senescence, can be used to further improve isoprenoid content in crtB leaves. Senescence,

however, results in a loss of carotenoids.

Overexpression of isoprenoid biosynthetic genes can further improve the content of these

metabolites in crtB-triggered chromoplasts.

Lettuce leaves overexpressing crtB and exposed to high light show an isoprenoid

accumulation response like N. benthamiana leaves.

Increasing supply of MEP-derived isoprenoid precursors in plastids with crtB results in much
higher levels of phytoene but not downstream carotenoids in chromoplasts, suggesting a
bottleneck in the endogenous carotenoid pathway that prevents further carotenoid

enrichment of leaves.

Carotenoids such as phytoene, lycopene and [-carotene can be accumulated in the cytosol by
building an extraplastidial synthetic pathway and enhancing the supply of isoprenoid

precursors through the cytosolic MVA pathway.

The amount of B-carotene can be further increased by using a version of the crtB protein able
to function in the cytosol with the synthetic pathway but also enter the plastid and trigger

chromoplast differentiation.

The new biotechnological tools developed here allow biofortification of leaves and green
tissues in health-promoting carotenoids (such as phytoene) and vitamins (such as f-
carotene, tocopherols and phylloquinones) once photosynthesis is dispensable (e.g., just

before harvest).
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Appendix I
List of primers used in this work
Use No. Name Sequence (5°-3°)

Cloning 1 PGL34-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCATTGATCCAACAT
Cloning 2 PGL34-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTACTGTTGTATTCAAGATT
Cloning 3 TIC40-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGAGAACCTTACCCTAGT
Cloning 4 TIC40-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTACCCGTCATTCCTGGGAAGA
Cloning 5 TOC64-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGATGGCGTCTCAAGCTGCGAA
Cloning 6 TOCé64-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTGGAATTTTCTCAGTCTCTC
Cloning 7 VTE1-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGAGATACGGAGCTTGAT
Cloning 8 VTE1-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGACCCGGTGGCTTGAAGAA
Cloning 9 VTE2-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGAGTCTCTGCTCTCTAG
Cloning 10 VTE2-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTTCAAAAAAGGTAACAGCA
Cloning 11 VTE3-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCCTCTTTGATGCTCAA
Cloning 12 VTE3-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTGATGGGTTGGTCTTTGGGAA
Cloning 13 VTE4-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAAAGCAACTCTAGCAGC
Cloning 14 VTE4-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTGAGTGGCTTCTGGCAAGTGATGAT
Cloning 15 VTES5-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCAGCAACCTTACCTCT
Cloning 16 VTES5-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTATATCCGAAACTTAAATAAG
Cloning 17 VTE6-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGCTTTCGTCGGGAAGTAG
Cloning 18 VTE6-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTTGACCCAGTTCTGGAGTAT
Cloning 19 tyrA-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGTTGCTGAATTGACCGC
Cloning 20 tyrA-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTGGCGATTGTCATTCGCCT
Cloning 21 mRFP-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTGGCGCCGGTGGAGTGGCGGC
RT-PCR | 22 crtB-F TATTGCTCGCGATATTGTGG
RT-qPCR 23 crtB-R TTTCAGGTGCCGCATAATTC
RT-gPCR 24 ACT-F TAAGGTTGTTGCACCACCAG
RT-gPCR 25 ACT-R ACATCTGCTGGAATGTGCTG
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List of constructs used in this work

Appendices

Name Plasmid Template TAG Primers Source
35S:crtB-pGWB405 pGWB405 P. ananatis genomic DNA GFP - Llorente et al., 2020
35S:(p)crtB-pGVWB405 pGWB405 P. ananatis genomic DNA GFP - Llorente et al., 2020
35S:(p)crtB-pGVWB405-STOP pGWB405 P. ananatis genomic DNA - - Llorente et al., 2020
35S:GFP-crtB-pGWB506 pGWB506 P. ananatis genomic DNA GFP - Llorente et al, 2020
35S:VTE1-pGWB454 pGWB454 A.thaliana seeds cDNA RFP 7+8 This thesis
35S:VTE2-pGWB454 pGWB454 A.thdliana rosetta leaves cDNA RFP 9+10 This thesis
35S:VTE3-pGWB454 pGWB454 Acthdliana rosetta leaves cDNA RFP 11+12 This thesis
35S:VTE4-pGWB454 pGWB454 Acthdliana rosetta leaves cDNA RFP 13+14 This thesis
35S:VTE5-pGWB454 pGWB454 Acthdliana rosetta leaves cDNA RFP 15+16 This thesis
35S:VTE6-pGWB454 pGWB454 A.thdliana rosetta leaves cDNA RFP 17+18 This thesis
35S:tyrA-pGWB454 pGWB454 E. coli genomic DNA RFP 19+20 This thesis
X:VTE1-RFP-pER8 pER8 35S:VTE1:pGWB454 RFP 7+21 This thesis
35S:PGL34-pGWB454 pGWB454 A.thdliana rosetta leaves cDNA RFP 1+2 This thesis
X:PGL34-RFP-pER8 pER8 355:PGL34:pGWB454 RFP 1+21 This thesis
X:TIC40-pMDC7 pMDC7 Acthdliana rosetta leaves cDNA CFP 3+4 This thesis
X:TOCé64-pMDC7 pMDC7 Acthdliana rosetta leaves cDNA CFP 5+6 This thesis
35S:AtPSY-pGWB405 pGWB405 A.thdliana rosetta leaves cDNA GFP - Llorente et al., 2020
35S:SIDXS1-pGWB21 pGWB21 Solanum lycopersicum fruit cONA | 10 x Myc - This thesis
35S:SIDXS2-pGWB454 pGWB454 Solanum lycopersicum fruit cDNA RFP - This thesis
35S:AtDXS-pGWB405 pGWB405 A.thdliana rosetta leaves cDNA GFP - Andersen et al., 2021
35S:(t)HMGR-pEAQ USER pEAQ USER A.thdliana rosetta leaves cDNA - - Andersen et al., 2021
35S:crtE-pGWB405 pGWB405 P. ananatis genomic DNA GFP - Andersen et al,, 2021
35S:crtl-pGWB405 pGWB405 P. ananatis genomic DNA GFP - Andersen et al,, 2021
35S:crtY-pGWB405 pGWB405 P. ananatis genomic DNA - - Andersen et al., 2021
HcPROWMV-pGWB702 pGWB702 Watermelon mosaic virus cDNA - - Domingo-Calap et al. 2021
TuMV-UK1-pG35Z pG35Z Turnip mosaic virus cDNA - - Llorente et al., 2020
TuMV-UK1-crtB-pG35Z pG35Z P. ananatis genomic DNA - - Llorente et al, 2020
LMV-crtB-pG35Z pG35Z P. ananatis genomic DNA - - Llorente et al, 2020
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Plastids, the defining organelles of plant cells, undergo physiological
and morphological changes to fulfill distinct biological functions. In
particular, the differentiation of chloroplasts into chromoplasts
results in an enhanced storage capacity for carotenoids with indus-
trial and nutritional value such as beta-carotene (provitamin A).
Here, we show that synthetically inducing a burst in the production
of phytoene, the first committed intermediate of the carotenoid
pathway, elicits an artificial chloroplast-to-chromoplast differentia-
tion in leaves. Phytoene overproduction initially interferes with
photosynthesis, acting as a metabolic threshold switch mechanism
that weakens chloroplast identity. In a second stage, phytoene con-
version into downstream carotenoids is required for the differentiation
of chromoplasts, a process that involves a concurrent reprogramming
of nuclear gene expression and plastid morphology for improved ca-
rotenoid storage. We hence demonstrate that loss of photosynthetic
competence and enhanced production of carotenoids are not just con-
sequences but requirements for chloroplasts to differentiate into
chromoplasts.

carotenoid | chromoplast | differentiation | phytoene | synthetic

lastids comprise a group of morphologically and functionally

diverse plant organelles capable of differentiating from one
plastid type to another in response to developmental and envi-
ronmental stimuli (1, 2). Such plastidial conversions are essential
to sustain many fundamental biological processes and largely
contribute to cell specialization in the different plant tissues.
Among the different plastid types, chromoplasts are of great
importance in nature and agriculture because of their capacity to
accumulate high levels of carotenoids, plant pigments of iso-
prenoid nature that provide color in the yellow to red range
(3-5). Carotenoids such as beta-carotene (provitamin A) are
health-promoting nutrients that animals cannot synthesize but
take up in their diets. They are also added-value compounds
widely used in cosmetics, pharma, food, and feed industries as
natural pigments and phytonutrients (4, 6).

Chromoplasts differentiate from preexisting plastids such as
proplastids (i.e., undifferentiated plastids), leucoplasts (i.e., un-
colored plastids in nonphotosynthetic tissues), and chloroplasts
(i.e., photosynthetic plastids). Chloroplasts transform into chro-
moplasts during the development of many flowers and fruits, but
only a few plant species differentiate chromoplasts in leaves (1,
5). The yellow to red colors that some leaves acquire as they
senesce (e.g., in the autumn or when they are exposed to con-
tinuous darkness) are due to chloroplast carotenoids becoming
visible when the chlorophylls degrade. This senescence process,
however, does not involve the transformation of chloroplasts into
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chromoplasts but into a completely different type of plastids
named gerontoplasts (1, 2).

The most prominent changes during chloroplast-to-chromo-
plast differentiation are the reorganization of the internal plastid
structures, together with a concurrent loss of photosynthetic
competence and overaccumulation of carotenoid pigments (1-3,
5,7, 8). The remodeling of the internal plastid structures generates
an increased metabolic sink capacity but it also promotes carot-
enoid biosynthesis. The control of chromoplast differentiation
appears as a very promising strategy for improving the nutritional
and health benefits of crops (5-9). The overall process is known to
involve changes in gene expression (e.g., via retrograde signaling
from plastids to the nucleus), hormonal regulation, protein quality
control, and plastid protein import (1, 3, 5). However, very few
inducers of chromoplast development have been identified to
date. Orange (OR) chaperones are among the best characterized,
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but they only work in some tissues, and the specific mechanism by
which they promote chromoplast differentiation remains unclear
(5). The experimental manipulation of chromoplast differentiation
for fundamental studies and biotechnological applications there-
fore requests a much better understanding of the mechanisms
regulating this process.

Results

The Bacterial crtB Enzyme Induces the Transformation of Leaf Chloroplasts
into Plastids of Chromoplast Features. The first committed step of the
carotenoid pathway is the conversion of geranylgeranyl di-
phosphate (GGPP) to phytoene, catalyzed by phytoene syn-
thase (referred to as PSY in plants and crtB in bacteria). We
previously found that the virus-mediated expression of a bac-
terial crtB gene in tobacco (Nicotiana tabacum and Nicotiana
benthamiana), tomato (Solanum lycopersicum), Arabidopsis
thaliana, and several other plants caused leaf yellowing due to
increased accumulation of colored endogenous carotenoids
downstream of phytoene (10). When the production of crtB was
optimized using appropriate viral vectors for specific target hosts,
an intense and widespread yellow phenotype was achieved in ed-
ible leaves such as those of lettuce (Lactuca sativa) (Fig. 14) and
green vegetables such as zucchini (Cucurbita pepo) (Fig. 1B).
These results illustrate the potential of this approach to boost the
nutritional value of green (i.e., chloroplast-containing) plant tis-
sues, which are particularly recalcitrant to carotenoid enrichment.
To further investigate the mechanism underlying the characteristic
yellow phenotype of crtB-expressing tissues, we used transmission
electron microscopy (TEM) to analyze plastid ultrastructure in
leaves from N. tabacum and Arabidopsis plants treated with crtB-
harboring viral vectors. Yellow sectors in infected leaves contained
plastids with a distinctive ultrastructure that were absent in empty
vector controls (Fig. 2 A and B). Very similar plastids were ob-
served when the crtB gene was transiently expressed from Agro-
bacterium tumefaciens-delivered vectors in agroinfiltrated N.
benthamiana leaves (Fig. 2C). These plastids were devoid of the
organized photosynthetic thylakoids and grana found in typical
chloroplasts but contained electron-dense (i.e., lipid-containing)
membrane stacks much more tightly appressed than grana (Fig.
2D). The stacks were connected by what appeared to be remnants
of thylakoid membranes. Plastids of crtB sectors also showed a pro-
liferation of small electron-dense round vesicles identified as plasto-
globules (Fig. 2). Loss of thylakoid and grana integrity as well as
proliferation of plastoglobules and new membrane systems are fea-
tures typically observed when chloroplasts differentiate into chro-
moplasts (3, 8, 11). TEM examination of dark-incubated senescent V.
benthamiana leaves showed that the plastids found in crtB-producing
cells were completely different from gerontoplasts (Fig. 2E).

To further substantiate the identity of the chromoplast-like
plastids that developed in crtB-producing leaves, we analyzed
chloroplast and chromoplast marker proteins by immunoblot
analysis (Fig. 2F). Virus- or A. tumefaciens-mediated expression
of crtB in N. tabacum or N. benthamiana leaves, respectively,
resulted in increased levels of fibrillin, a protein associated with
chromoplast development (12, 13). In contrast, the levels of D1
(also known as PsbA), a core component of photosystem II
(PSII) that is highly down-regulated during chloroplast-to-chro-
moplast differentiation (14, 15), decreased in crtB-producing
leaves (Fig. 2F). These results together suggest that expressing
the bacterial cr#B gene in leaf cells is sufficient to differentiate
chloroplasts into chromoplast-like plastids.

We next used Arabidopsis double mutants defective in OR
chaperones (AtOR and AtOR-LIKE) to test whether the dif-
ferentiation process triggered by crtB involved pathways
depending on these well-characterized promoters of chromoplast
development (5, 16). Similarly, double mutants lacking cytosolic
and plastidial carotenoid cleavage dioxygenases (CCD1 and CCD4,
respectively) were used to investigate the possible contribution of

Llorente et al.

LMV-crtB ZYMV-crtB

300 mPhytoene = Carotenoids
§ 250 -+
)
S| W
o
2 —_
Q
o 150
S
g 100 4. :
© z
& 50 A
0 T
> > > > > >
s 32 5 ¢ s ¢
=] =N} =] =N 3 30
F FT R TR T
WT ced1 ator
(Col) ccd4 atorl
o 4

TuMVv

TuMVv
-crtB

Fig. 1. Virus-mediated production of crtB causes leaf yellowing due to ca-
rotenoid overaccumulation. (A) Lettuce at 12 d postinoculation (dpi) with a
crtB-expressing Lettuce mosaic virus (LMV)-derived vector or an empty
control. (B) Zucchini from plants at 14 dpi with a crtB-expressing Zucchini
yellow mosaic virus (ZYMV)-derived vector or an empty control. (C) Carot-
enoid analysis and representative images at 14 dpi of Arabidopsis (Col) WT
and double mutant plants grown under short day conditions (8 h of low light
and 16 h of darkness) for 2 wk (WT and ccd? ccd4) or 5 wk (ator atorl) and
then inoculated with the indicated viral vectors. Plot shows the mean and SD
of n = 3 independent samples. Carotenoid levels are represented relative to
those in WT samples inoculated with the empty vector control (TuMV). (D)
Representative Arabidopsis WT plants at 38 dpi.

signaling molecules derived from enzymatic degradation of carot-
enoids in the differentiation mechanism (17-19). Virus-mediated
expression of ¢7tB in these mutants resulted in leaves showing the
characteristic yellow phenotype and carotenoid overaccumulation
observed in the WT (Fig. 1C), suggesting that OR activity or en-
zymatic cleavage of carotenoids are not required for the process.
Besides leaves, yellowing was widespread in all other green tissues,
including cauline leaves, stems, sepals, and siliques, where it
remained stable until plants died (Fig. 1D).

The crtB Enzyme Only Triggers Chloroplast-to-Chromoplast Differentiation
When Localized in Plastids. Low scores for plastidial targeting were
obtained for crtB with TargetP and ChloroP servers, indicating
a nonreliable prediction. However, the 12-aa-long noncatalytic
N-terminal region of this protein contains some features found
in plastid-targeting peptides, including five hydrophobic and
two hydroxylated residues. A C-terminal fusion of the full-
length crtB enzyme to the green fluorescent protein (crtB-GFP)
mainly localized to the cytosol in N. benthamiana leaf cells, but
some fluorescence was also detected in chloroplasts (10). By op-
timizing the transient expression conditions (using only young
leaves and adding the helper component protease of the

PNAS | September 1,2020 | vol. 117 | no.35 | 21797
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Fig. 2. Chromoplast-like plastids develop from chloroplasts in leaves producing crtB or a plastid-targeted version of the enzyme. TEM images of repre-
sentative plastids from the indicated species and treatments are shown. (A) Plastids from N. tabacum leaves collected 10 dpi with TEVANIb (empty vector) or
TEVANIb-crtB. (B) Plastids from A. thaliana (Ler) leaves inoculated with TEV (empty vector) or TEV-crtB at 15 dpi. (C) Plastids from N. benthamiana leaves
agroinfiltrated with the indicated constructs and collected at 5 dpi (first four images) or 18 dpi (Right). (D) Magnification of plastids from N. benthamiana
leaves agroinfiltrated with the indicated constructs and collected at 5 dpi. Grana are marked as “g,” membrane stacks with white arrows, and plastoglobules
with gray arrows. (E) Gerontoplast from a N. benthamiana leaf harvested from the plant and kept in the dark for 10 d (senescent). (F) Immunoblot analysis of
plastidial proteins in leaves treated as described in A and C. Coomassie blue (C-Blue) staining is shown as a loading control. (Scale bars, 1 um.)

Watermelon mosaic virus to prevent gene silencing), crtB-GFP
fluorescence was detected at a much higher intensity. This
allowed to confirm that the crtB-GFP protein was present in both
cytosol and chloroplasts of agroinfiltrated cells (SI Appendix, Fig.
S14). When GFP was fused to the N terminus of crtB, the
resulting protein (GFP-crtB) was completely excluded from
chloroplasts (SI Appendix, Fig. S14). It is therefore likely that the
bacterial crtB enzyme harbors a cryptic plastid-targeting signal in
its N terminus that becomes blocked and, hence, inactivated in the
GFP-crtB protein. To unambiguously target crtB to the chloro-
plast, we next added the plastid-targeting sequence of the Arabi-
dopsis enzyme HDS (20) to the crtB-GFP reporter. As expected,
the resulting (p)crtB-GFP protein was only found in chloroplasts
(SI Appendix, Fig. S14). Agroinfiltrated leaf tissues expressing
either crtB or (p)crtB developed the characteristic yellow pheno-
type at 4-5 d postinoculation (dpi), whereas tissues expressing the
cytosolic GFP-crtB version—renamed as (c)crtB—remained
green as the controls expressing GFP (Fig. 34). Analysis of ca-
rotenoid contents showed identical profiles for leaf sections

21798 | www.pnas.org/cgi/doi/10.1073/pnas.2004405117

agroinfiltrated with GFP and (c)crtB and confirmed that, similarly
to crtB, (p)crtB triggered carotenoid overaccumulation (Fig. 3B).
Agroinfiltration of N. benthamiana leaves with crtB or (p)crtB
constructs did not initially reduce chlorophyll levels compared to
leaf tissues agroinfiltrated with GFP or (c)crtB (Fig. 3B). How-
ever, estimation of photosynthesis-related parameters such as ef-
fective quantum yield of PSII (¢PSII) and nonphotochemical
quenching (NPQ) showed that both crtB and (p)crtB, but not (c)
crtB or GFP, had a dramatic impact on chloroplast function
(Fig. 3C). A plastid-targeted version of GFP did not cause any
yellowing or ¢PSII defect (SI Appendix, Fig. S1B), confirming that
disturbance of chloroplast photosynthesis is not caused by the
accumulation of a foreign protein in chloroplasts but specifically by
crtB. TEM analyses confirmed that (p)crtB induced the differentia-
tion of chromoplast-like plastids very similar to those found in leaf
tissues expressing the untargeted crtB enzyme, whereas only chloro-
plasts were present in leaves producing either (c)crtB or GFP
(Fig. 2 C and D). These results confirm that crtB elicits a synthetic

Llorente et al.
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Fig. 3. Leaf tissues producing crtB show a stable phenotype of high carot-
enoid levels and impaired photosynthesis. (A) N. benthamiana leaf 5 d after
agroinfiltration (dpi) with the indicated constructs in different sections. (B)
Levels of carotenoids (CRTs) and chlorophylls (CHLs) in leaf sections like those
shown in A. (C) ¢PSIl and NPQ in leaf sections like those shown in A. (D)
Changes in CRTs, CHLs, $PSlI, and carotenoid-to-chlorophyll ratio (CRTs/CHLs)
in leaf sections at different time points after agroinfiltration with crtB. A
representative leaf at 16 dpi is shown at Left. Plots show the mean and SD of
n = 3 independent samples. Values are represented relative to those in GFP
controls. Asterisks in D plots mark statistically significant changes relative to
0 dpi (t test, P < 0.05).

(i.e., nonnatural) differentiation of chromoplasts only when localized
in plastids, where carotenoids are made.

Differentiated leaf chromoplasts (Fig. 2C) and associated
features such as high carotenoid levels and low ¢PSII (Fig. 3D)
were maintained for weeks after agroinfiltration, and no rever-
sions to chloroplasts or green color were ever observed. About a
week after agroinfiltration with crtB, chlorophylls started to de-
crease. Carotenoids also decreased but not as much as chloro-
phylls, eventually resulting in a higher carotenoid-to-chlorophyll
ratio and, as a consequence, a stronger yellow color as leaves
became older (Fig. 3D). The strong yellow phenotype associated
with chromoplast differentiation and carotenoid enrichment was
also stably maintained when the cr#B gene was expressed from a
viral vector in Arabidopsis, lettuce, and zucchini (Fig. 1), strongly
suggesting that the mechanism by which crtB overexpression
eventually results in chromoplastogenesis is conserved in plants.

Synthetic Chromoplast Biogenesis Induces Profound Changes in
Nuclear Gene Expression and Primary Cell Metabolism. The vast
majority of plastidial proteins are encoded by nuclear genes (2).
We therefore reasoned that the drastic remodeling of plastidial
ultrastructure associated with crtB-triggered chromoplast dif-
ferentiation would require changes in nuclear gene expression.
RNA-sequencing (seq) analyses of N. benthamiana leaf samples
at 96 h postinfiltration (hpi) showed that about 5,000 genes were
differentially expressed in yellow (p)crtB sections compared to
green GFP controls (Dataset S1). Such a massive reprogram-
ming of gene expression included the up-regulation of 3,183
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genes and the down-regulation of 1,803 genes in chromoplast-
containing samples. Gene Ontology (GO) term enrichment
analyses (Dataset S2) showed overrepresentation of genes in-
volved in protein folding and binding to RNA and ribosomes
among those induced by (p)crtB (SI Appendix, Fig. S2). En-
richment of genes with roles in transmembrane transport, cell
signaling (protein phosphorylation, calcium binding), and nu-
clear gene expression (transcription factors) was observed among
those repressed when chromoplast biogenesis was induced (S
Appendix, Fig. S2). This profile was strikingly similar to that of
ripening tomato fruits (where chromoplasts naturally differenti-
ate from chloroplasts) but very different from that of senescent
Arabidopsis leaves (SI Appendix, Fig. S2). Many of the genes
potentially involved in carotenoid biosynthesis were up-regulated
during crtB-triggered transformation of leaf chloroplasts into
chromoplasts (SI Appendix, Fig. S3). However, the changes in
carotenoid-related gene expression detected during chromo-
plastogenesis in N. benthamiana leaves were modest compared
to those taking place in tomato ripening fruit (SI Appendix, Fig.
S3 and Dataset S3).

Energy and carbon required for carotenoid biosynthesis rely
on photosynthesis (i.e., the Calvin—Benson cycle) in chloroplasts.
Given that leaf chromoplast differentiation was associated with
impairment of photosynthesis (Fig. 3), we asked whether primary
cell metabolism might also be reprogrammed. Of 52 metabolites
detected by gas chromatography/time-of-flight/mass spectrome-
try analysis in N. benthamiana leaves (Dataset S4), 13 displayed
statistically significant changes in (p)crtB sections compared to
GFP controls (SI Appendix, Fig. S4 and Table S1). We observed
reductions in the levels of ascorbate and hexoses (glucose and
fructose, the main soluble carbohydrate stores and respiration
substrates). This, together with increments in tricarboxylic acid
(TCA) cycle intermediates (citrate, 2-oxoglutarate, and malate)
and amino acids (valine, isoleucine, aspartate, and glutamate),
suggested that sugars were used to produce ATP through the
TCA cycle to sustain amino acid and carotenoid biosynthesis
(and likely other cellular functions). Indeed, respiration rate—
determined as total oxygen consumption in the dark—was higher
in chromoplast-containing leaf tissues (SI Appendix, Fig. S4).
While an increased respiration is also associated with the onset
of carotenoid overproduction in tomato and other climacteric
fruits, the metabolic changes that we observed in (p)crtB-pro-
ducing N. benthamiana leaves are often opposite to those oc-
curring during chromoplast differentiation in tomato (11, 21). In
particular, hexoses and ascorbate do not decrease but increase.
We speculate that this might be because leaf metabolism is de-
voted to produce and export photoassimilates, whereas tomatoes
are sink organs that have been selected to accumulate sugars and
acids as positive taste attributes. In any case, our data together
show that the activity of crtB in leaf chloroplasts is sufficient to
trigger a deep reprogramming of nuclear gene expression and
whole-cell metabolism associated with the differentiation of
chromoplasts, a plastid type that is not naturally found in tobacco
or Arabidopsis leaves.

Enhanced Supply of Phytoene in Chloroplasts Can Interfere with
Photosynthesis. To investigate the dynamics of the crtB-dependent
chromoplast differentiation process, we next followed the time
course of crtB expression, phytoene production, and downstream
carotenoid accumulation after agroinfiltration of N. benthamiana
leaves with the (p)crtB construct. Transcripts encoding (p)crtB
were reliably detected at 24 hpi and peaked at 48 hpi (Fig. 44),
whereas phytoene started to accumulate between 24 and 36 hpi
and suddenly increased at 48 hpi (Fig. 4B). Downstream carot-
enoids began to increase at 48 hpi (Fig. 4B). To follow chloro-
plast membrane remodeling dynamics, we also monitored ¢PSII,
NPQ, and D1 protein levels as estimators of photosynthesis, pho-
toprotection, and photodamage, respectively. Both ¢PSII (Fig. 4C)
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Fig. 4. Time-course of chloroplast-to-chromoplast differentiation in leaves.
N. benthamiana leaves were agroinfiltrated with the indicated constructs,
and samples were collected at the indicated time points (hours after agro-
infiltration). (A) Levels of (p)crtB-encoding transcripts relative to the maximum
in (p)crtB samples. (B) Absolute phytoene levels and relative downstream
carotenoid contents in (p)crtB samples. (C) Representative chlorophyll fluo-
rescence images and ¢PSII values. (D) D1 (PsbA) protein contents. (E) Levels of
phytoene, downstream carotenoids, and ¢PSIl in (p)crtB samples relative to
those at 25 hpi. Asterisks mark significant changes relative to the 25 hpi values
(t test, P < 0.05). Note the logarithmic scale. In all of the plots, values corre-
spond to mean and SD values of n = 3 independent samples.

and NPQ (87 Appendix, Fig. S5) remained unchanged up to 36 hpi,
and then decreased as the levels of both phytoene and downstream
carotenoids increased (Fig. 4). The levels of D1 started to decrease
later, between 48 and 60 hpi (Fig. 4D), likely as a result of pho-
todamage. A higher temporal resolution analysis of both ¢PSII and
carotenoid levels between 25 and 40 hpi showed that phytoene
levels increased before ¢PSII decreased, whereas downstream ca-
rotenoids took a bit longer to accumulate (Fig. 4F). Taken to-
gether, these results suggest that the crtB-mediated production of
phytoene causes a disruption of the chloroplast photosynthetic
functionality before carotenoids start to overaccumulate.

To next confirm whether impairment of chloroplast func-
tionality was due to phytoene overaccumulation, we used nor-
flurazon (NF) to prevent phytoene conversion into downstream
carotenoids (22). N. benthamiana leaves were agroinfiltrated
with constructs to produce GFP, (p)crtB, and PARI1, an Arabi-
dopsis transcription cofactor that promotes total carotenoid
biosynthesis but not phytoene accumulation in photosynthetic
tissues (23). At 24 hpi, some agroinfiltrated leaves were treated
with NF (Fig. 5). Untreated leaves transiently expressing the
Arabidopsis PARI gene accumulated higher levels of carotenoids
downstream of phytoene but did not exhibit changes in ¢PSII
compared to GFP controls. NF treatment resulted in phytoene
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accumulation, reduced levels of downstream carotenoids, and
decreased ¢PSII in all of the samples (Fig. 5). The reduction in
¢PSII in these NF-treated samples correlated with the accumu-
lation of phytoene (the higher the levels of phytoene, the
stronger the reduction of ¢PSII). However, the reduction in
¢$PSII was modest compared to that observed in (p)crtB samples
lacking NF (Fig. 54), in which phytoene conversion into down-
stream carotenoids led to the differentiation of chromoplasts.
We concluded that phytoene overaccumulation by itself disrupts
photosynthesis but does not abolish chloroplast identity, result-
ing in a relatively modest reduction in ¢PSII. The much stronger
decrease in $PSII that takes place in (p)crtB samples would not be
directly due to the effect of phytoene on photosynthetic activity
but resulted from the dismantling of the photosynthetic apparatus
as chloroplasts accumulate downstream carotenoids and differ-
entiate into chromoplasts. Interestingly, PAR1-mediated accu-
mulation of carotenoids but not phytoene (Fig. 54) was unable to
trigger the massive drop in ¢PSII and the yellow leaf phenotype
characteristic of chromoplast differentiation (Fig. 5B). We there-
fore conclude that the accumulation of phytoene causes a
concentration-dependent disruption of the photosynthetic identity
of chloroplasts, a condition that might be necessary for them to
become chromoplasts upon the subsequent production and ac-
cumulation of downstream carotenoids.

Pharmacological Inhibition of Photosynthetic Activity Reduces the
Phytoene Threshold to Initiate Chloroplast-to-Chromoplast Transition
in Leaves. In contrast with the results using crtB but similar to those
with PARI1, overexpression of PSY-encoding genes from Arabi-
dopsis and tomato could not elicit the characteristic yellow leaf
phenotype associated with chromoplast differentiation (Fig. 5 and
SI Appendix, Fig. S6) (11, 24, 25). Interestingly, the plant enzymes
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Fig. 5. Transformation of leaf chloroplasts into chromoplasts requires a
reduction of photosynthetic capacity and production of carotenoids down-
stream of phytoene. (A) Carotenoid levels and ¢PSIl in leaves 96 h after
agroinfiltration with the indicated constructs. In all cases, plot values cor-
respond to mean and SD values of n = 3 independent samples. Asterisks in
PSII plots mark statistically significant changes relative to untreated GFP
controls (t test, P < 0.05). Samples infiltrated with NF at 24 hpi or treated
with DCMU 24 h before agroinfiltration are indicated. (B) Representative
images of agroinfiltrated leaves at 96 hpi and their corresponding chloro-
phyll fluorescence for ¢PSII.
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yielded significantly lower levels of phytoene compared to crtB
and did not substantially impact photosynthesis as deduced from
¢PSII values (Fig. 5 and SI Appendix, Fig. S6). We hence specu-
lated that phytoene might act as a metabolic threshold switch that
only alters the photosynthetic performance of chloroplasts when
exceeding a certain level. To overcome this putative threshold, we
treated N. benthamiana leaves with DCMU (3-(3,4-dichlor-
ophenyl)-1,1-dimethylurea, diuron), a widely used inhibitor of
photosynthesis that interrupts the photosynthetic electron trans-
port chain. The next day, treated and untreated control leaves
were agroinfiltrated with constructs encoding either GFP or the
Arabidopsis PSY enzyme. At 96 hpi, DCMU-treated GFP leaf
sections showed a decrease in ¢PSII but unchanged carotenoid
levels compared to untreated samples (Fig. 5). By contrast,
DCMU-treated PSY sections showed a more dramatic drop in
¢PSII and much higher levels of carotenoids than untreated PSY
or GFP controls (Fig. 54). As a consequence, PSY leaf sections
treated with DCMU turned yellow (Fig. 5B), similar to that ob-
served when chloroplast-to-chromoplast differentiation was trig-
gered by crtB in the absence of inhibitor. In summary, our results
are consistent with the existence of a two-step process responsible
for the crtB-mediated transformation of leaf chloroplasts into
chromoplasts (Fig. 6). First, chloroplast identity is weakened by
overaccumulation of phytoene and, second, increased production
of carotenoids in preconditioned chloroplasts allows the differ-
entiation of chromoplasts. Without preconditioning, carotenoid
levels can increase but chromoplasts do not differentiate, as shown
in untreated leaves producing PAR1 or PSY. Moreover, if ca-
rotenoids downstream of phytoene are not produced, precondi-
tioned chloroplasts remain unchanged, as shown in NF-treated (p)
crtB leaves (Fig. 5).

Discussion

The regulation of plastid identity is a core process in plants that
remains poorly defined. Our work shows that chromoplasts can be
synthetically differentiated from leaf chloroplasts in all plants
tested, despite this is something that only a few species can do in
nature. This synthetic system has allowed us to propose a model
for chromoplast differentiation that also applies to natural systems
(Fig. 6). In a first phase (I), chloroplasts must become competent
(i.e., preconditioned) by lowering their photosynthetic capacity,
whereas increased production of carotenoids completes the dif-
ferentiation of chromoplasts in a second phase (II).

In our synthetic system, phase I was very fast (hours) and re-
quired a sufficient amount of phytoene to weaken chloroplast
identity in leaves. In chloroplasts, carotenoids such as lutein,
beta-carotene, violaxanthin, and neoxanthin are required to
maintain the properties of photosynthetic membranes and
pigment—protein complexes responsible for harvesting sunlight
and transferring excitation energy to the photosystems (4, 26,
27). Phytoene is not normally detected in leaf chloroplasts as it is
readily converted into downstream (photosynthesis-related) ca-
rotenoids. Overaccumulation of phytoene (or a phytoene deriv-
ative) might somehow compete with endogenous carotenoids for
their binding to photosynthetic protein complexes and mem-
branes, interfere with their functions, and eventually cause the
changes that we observed in photosynthetic competence. Con-
sistent with this hypothesis, engineered accumulation of non-
chloroplast carotenoids such as astaxanthin in plants alters the
properties of thylakoids and grana and interferes with the pho-
tosynthetic machinery at several other levels (27, 28). Production
of astaxanthin and other ketocarotenoids in tobacco actually
resulted in leaf plastids that lost their chloroplast features and
exhibited a proliferation of disordered membrane systems and
plastoglobules (28, 29), similar to our results (Fig. 2).

In nature, chloroplasts might become competent for differ-
entiation into chromoplasts without the need of a phytoene
boost. In tomato, the chloroplasts of green fruit are much less
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Fig. 6. Model of the chloroplast-to-chromoplast differentiation process.
Plant developmental programs create organs with different degrees of pho-
tosynthetic capacity and, hence, chloroplast identity, from strong (e.g., leaves)
to weak (e.g., green fruits) or absent (e.g., roots). Weakening of chloroplast
identity appears to be the first phase (l) in chromoplast differentiation. In a
second phase (), developmental cues promote the expression of genes
encoding PSY and other carotenoid biosynthetic enzymes. Enhanced produc-
tion of carotenoids then reprograms plastid-to-nucleus communication,
changes plastidial ultrastructure, and results in the differentiation of chro-
moplasts, which, in turn, promote biosynthesis and improve storage of ca-
rotenoids. The two phases can be synthetically engineered in leaves by
overproducing phytoene using crtB. When phytoene exceeds a certain level, it
interferes with the photosynthetic capacity of leaf chloroplasts. This acts as a
metabolic switch that allows the formation of chromoplasts after phytoene is
converted into downstream carotenoids by endogenous enzymes.

photosynthetically active than those of leaves (8, 30). Thus, to-
mato green fruit and other organs, tissues, or/and developmental
stages in which chloroplast identity is weak or nonexistent (e.g.,
dark-grown calli, tubers, or roots) might be considered as “nat-
urally competent” to differentiate chromoplasts when carotenoid
biosynthesis is up-regulated. In agreement, overproduction of
plant PSY enzymes resulted in chromoplast-like structures aris-
ing in green tomato fruit and nonphotosynthetic Arabidopsis
tissues but had no effect on leaves (11, 24, 25) unless previously
conditioned by shutting down their photosynthetic capacity
(Fig. 5). Similarly, up-regulation of OR triggers carotenoid
overaccumulation and chromoplast differentiation in tomato
fruit, potato tubers, cauliflower curds, or Arabidopsis calli, but
not in the leaves of any of these plants (31-34). Interestingly, OR
does not appear to be required for crtB-mediated differentiation
of leaf chloroplasts into chromoplasts (Fig. 1C). OR has been
shown to promote PSY activity and stability, and some OR
mutants prevent carotenoid (particularly beta-carotene) metab-
olism (5, 16, 35, 36). Our results suggest that no extra function
would be required for OR up-regulation to cause chromoplast
development from plastids with weak or no chloroplast identity.
Interestingly, a role for OR in repressing chloroplast develop-
ment in etiolated seedlings has been recently proposed (37).

In phase II, which likely overlaps with phase I, enhanced ex-
pression of carotenoid-related genes (SI Appendix, Fig. S3) likely
contributes to activate the endogenous biosynthetic pathway.
During this phase, carotenoid accumulation occurs concomitantly
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with the remodeling of the internal plastid structures, with both
factors synergistically activating each other (Fig. 6). Strikingly, in
agroinfiltrated N. benthamiana leaves, this process takes place
before chlorophylls start to degrade (Fig. 3). These results confirm
that chlorophyll breakdown and chromoplast differentiation are
independent processes, as already shown in mutants such as to-
mato green flesh (gf), in which impairment of chlorophyll degra-
dation during fruit ripening has no effect on the formation of
chromoplast membranes and the accumulation of carotenoids
(38). The new structures created following the disassembly of
photosynthetic grana and thylakoids (Fig. 2) likely contribute to
reaching high carotenoid levels by accommodating increasing
amounts of carotenoids and by preventing their degradation (1-3,
5, 7, 8). They might additionally enhance carotenoid production
by stimulating the activity of endogenous carotenoid biosyn-
thetic enzymes (including PSY), many of which are membrane-
associated (39).

The buildup of carotenoids and the structural changes asso-
ciated with the chloroplast-to-chromoplast transformation in-
volve reorganization of the plastidial protein content (Fig. 2F)
but also a global reprogramming of nuclear gene expression (S/
Appendix, Fig. S2) and primary metabolism (SI Appendix, Fig.
S4). It is likely that implementing these changes (as well as others
required to readapt plastid protein import and quality control
mechanisms to chromoplast differentiation) relies on retrograde
signals produced by differentiating plastids. Carotenoid degra-
dation can generate signaling molecules that regulate many de-
velopmental processes in plants, including plastid development
(18, 19). The observation that Arabidopsis ccdl ccd4 mutants
defective in carotenoid cleavage dioxygenase activity in the cy-
tosol (via CCD1) and the plastids (via CCD4) were not affected
in the crtB-dependent leaf phenotype (Fig. 1C) suggests that
signals independent of CCDs or carotenoids are responsible for
eliciting the changes in nuclear gene expression and cell me-
tabolism supporting chromoplast biogenesis. The specific nature
of such signals remains to be discovered.

In summary, we show that chromoplast differentiation only
requires metabolic cues (i.e., enough phytoene and downstream
carotenoid production). While our conclusions are based on a
synthetic system (i.e., the expression of a bacterial gene in leaf
cells), the similarity of the transcriptomic profiles between this
process and fruit ripening (SI Appendix, Fig. S2) strongly sup-
ports that this is a basic general mechanism for chloroplasts to
become chromoplasts. In nature, however, developmental cues
play a fundamental role by making chloroplasts competent
(phase I) and by regulating the expression of carotenoid bio-
synthetic genes (phase II). Signals produced by differentiating
plastids are also hardwired to the process as they support the
organellar transformation by reprogramming nuclear gene
expression and whole-cell metabolism. Besides serving to suc-
cessfully address a long-standing question in plant biology
(i.e., plastid identity), the very simple and straightforward
system that we describe here to induce chloroplast-to-chromoplast
differentiation on demand is a powerful biotechnological tool that
appears to work in every plant tested so far (Fig. 1) (10). Thus,
creating an organellar sink to improve both the production and
the storage of carotenoids and other plastidial phytonutrients in
chloroplast-containing tissues once their photosynthetic activity is
dispensable (e.g., just before harvesting) should allow to boost the
nutritional quality of green vegetables and forage crops.

Materials and Methods

Plant Material and Growth Conditions. N. tabacum Xanthi nc, N. benthamiana
RDR®6i, and A. thaliana Columbia-0 (Col) and Landsberg erecta (Ler) plants
were grown under standard conditions as described previously (10, 40).
Growth of double mutants ccd? ccd4 (16) and ator ator/ (17), both in the Col
background, was facilitated by transferring them to low light (40 pmol
photons-m™2.s~") days after germination. For generating dark-induced leaf

21802 | www.pnas.org/cgi/doi/10.1073/pnas.2004405117

senescence, detached leaves were maintained inside dark, humid chambers
until visible yellowing occurred. Collected plant material was frozen in liquid
nitrogen, lyophilized, and then homogenized to a fine powder using a TissueLyser
system (Qiagen) for further analyses.

Transmission Electron Microscopy. Transmission electron microscopy of plant
leaves was performed as previously described (41).

Gene Constructs. See S/ Appendix, Materials and Methods for details.

Transient Expression Assays. For transient expression studies using viral vec-
tors, leaves of 4- to 6-wk-old N. tabacum and Arabidopsis plants were
mechanically inoculated with crude extracts from frozen-stored infected plant
tissue and collected upon the appearance of the yellowing phenotype as de-
scribed previously (10). For agroinfiltration experiments, the second or third
youngest leaves of 4- to 6-wk-old N. benthamiana plants were infiltrated with
A. tumefaciens strain GV3101 carrying vectors of interest following the pro-
cedure described previously (42). Gene silencing was prevented by coa-
groinfiltration with a strain carrying the helper component protease (HC-Pro)
of the Watermelon mosaic virus (WMV) in vector HcProWMV-pGWB702
(kindly provided by Juan José Lépez-Moya and Maria Luisa Domingo-Calap,
CRAG, Barcelona, Spain). Infiltration cultures were grown on Luria-Bertani
medium at 28 °C and used at optical density at 600 nm (ODgqo) of 0.5. For
pharmacological treatments, NF or diuron (DCMU) were diluted in water and
0.05% Tween 20. The treatments with NF (2 uM) were performed by infiltra-
tion with a syringe of leaf areas that had been agroinfiltrated with different
constructs 24 h earlier. DCMU (10 pM) was applied on the leaf surface with a
fine paintbrush 24 h before agroinfiltration.

Transcript Analyses. See S/ Appendix, Materials and Methods for details.

Protein Extraction and Immunoblot Analyses. Protein extraction, quantifica-
tion, and immunoblot analyses were performed as described (43) using anti-
fibrillin (44) or anti-PsbA serum (Agrisera).

Metabolite Analyses. Carotenoids were analyzed as previously described (40).
Phytoene was quantified using a concentration curve with a commercial
standard (Sigma). Primary metabolites were extracted and analyzed as de-
scribed in S/ Appendix, Materials and Methods.

Photosynthetic and Respiration Measurements. See S/ Appendix, Materials
and Methods for details.

Statistical Analyses. Differentially expressed genes (DEGs) were identified by
comparing crtB and GFP RNA-seq datasets with the DESeq2 statistical method
in the AIR platform. The resulting crtB/GFP list was filtered using cut-offs of
false discovery rate <0.05 and log,-transformed fold change (log,FC) >0.585
for up-regulated genes and <-0.599 for down-regulated genes. GO enrich-
ments were identified by the Parametric Analysis of Gene Set Enrichment
(PAGE) function of the AgriGO v2.0 web-based tool (bioinfo.cau.edu.cn/
agriGO/) after transforming the gene IDs to the Niben v04.4 annotation. For
the comparison of different biological systems, we selected the significantly
enriched gene ontologies from our N. benthamiana RNA-seq experiment (P
and q values <0.05) and compared their Z-score values with those obtained
from the analysis of published RNA-seq data of tomato fruit ripening and
Arabidopsis leaf senescence. In particular, we used the reads per million
mapped reads values of the total pericarp at mature green (MG), light ripe
(LR), and red ripe (RR) stages (45) and the fragments per kilobase million
mapped reads values of the 16D and 30D senescence stages (46). DEGs
resulting from LR/MG, RR/MG, and 30D/16D comparisons were filtered as de-
scribed above for N. benthamiana crtB/GFP. Student's t tests were used for the
rest of statistical analyses using GraphPad Prism 5.0a (GraphPad Software).
Carotenoid-related genes in N. benthamiana were identified by BLASTp using
tomato sequences. Heatmaps were made using the pheatmap package in R
(https://cran.r-project.org/web/packages/pheatmap/index.html).

Data Availability. RNA-seq data were deposited in the Sequence Read Archive
(SRA) database of the National Center for Biotechnology Information
(NCBI) under the accession SRP238752 (BioProject ID PRINA597608). The
rest of the data presented in the paper are available in the main text and
SI Appendix. Biological materials are available from the corresponding
authors upon request.

All study data are included in the article and S/ Appendix.
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S| Materials and Methods

Gene constructs. Viral vectors used in this study have been described (1) with the following
exceptions. A plasmid with recombinant clone TEV-GFP was constructed from plasmid pGTEVa
(2) and used for Arabidopsis Ler plants. The binary plasmid pGTuMV-UK1 was used for
Arabidopsis Col plants. Briefly, a cDNA of the UK1 isolate of Turnip mosaic virus (TuMV-UKZ;
GenBank accession number NC_002509.2) was cloned in vector pG35Z (3) flanked by the
Cauliflower mosaic virus 35S promoter and terminator. To generate the different crtB versions,
we amplified by PCR the Pantoea ananatis crtB gene (1). We also amplified cDNA sequences
encoding the plastid-targeting peptide of Arabidopsis hydroxymethylbutenyl 4-diphosphate
synthase (4), Arabidopsis PSY and tomato PSY2. Primers used for cloning procedures are listed
in SI Appendix, Table S2. PCR products were cloned using the Gateway system first into plasmid
pDONR-207 and then into plasmid pGWB405 (5) to generate 35S:crtB-pGWB405, 35S:(p)crtB-
pGWB405, 35S:(p)crtB-GFP-pGWB405, 35S:AtPSY-pGWB405, and 35S:SIPSY2-pGWB405, or
plasmid pGWB506 (5) to generate 35S:GFP-crtB-pGWB506. To generate TuMV-crtB and LMV-
crtB, the crtB sequence was cloned by Gibson assembly between positions 8758 and 8759 of
TuMV-UK1 and 9034 and 9035 of LMV after amplification with flanking sequences
complementing the TuMV-UK1 and LMV nuclear inclusion a protease (NlaPro) cleavage sites,
respectively (Sl Appendix, Table S2) to mediate the release of the crtB protein from the viral
polyproteins. ZYMV-crtB was generated as described (1).

Transcript analyses. Total RNA was extracted from leaves with the Maxwell 16 LEV Plant RNA
Kit (Promega) and quantified with a NanoDrop (Thermo Scientific) as described (1). For reverse
transcription-quantitative PCR (RT-gPCR) analyses, the First Strand cDNA Synthesis Kit (Roche)
was used to generate cDNA according to the manufacturer’'s instructions, with anchored
oligo(dT).s primers and 1 pg of total RNA. Relative mRNA abundance was evaluated via
guantitative PCR using LightCycler 480 SYBR Green | Master Mix (Roche) on a LightCycler 480
real-time PCR system (Roche). Quantification of crtB-encoding transcripts was conducted by RT-
gPCR using the ACT gene Niben101Scf03410g03002 for normalization and the primers listed in
S| Appendix, Table S2. RNAseq service was performed by Sequentia Biotech SL (Barcelona,
Spain). RNA concentration in each sample was assayed with a ND-1000 spectrophotometer
(NanoDrop) and its quality assessed with the TapeStation 4200 (Agilent Technologies). Indexed
libraries were prepared from 1 pg/ea purified RNA with TruSeq Stranded mRNA Sample Prep Kit
(Mumina) according to the manufacturer’s instructions. Libraries were quantified using the
TapeStation 4200 and pooled such that each index-tagged sample was present in equimolar
amounts, with final concentration of the pooled samples of 2 nM. The pooled samples were
subject to cluster generation and sequencing using a NextSeq 500 System (lllumina) in a 2x75
paired end format at a final concentration of 1.8 pmol. The raw sequence files generated (.fastq
files) underwent quality control analysis using FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Data analysis was performed with the online platform AIR
(www.transcriptomics.cloud) using the SolGenomics Network (https://solgenomics.net/) N.
benthamiana 1.01 (Niben v101) reference genome (6).

Metabolite analyses. Primary metabolites were extracted as described previously (7) using
approximately 20 mg of lyophilized leaf tissue. Derivatization and gas chromatography-time of
flight-mass spectrometry (GC-TOF-MS) analyses were carried out as described previously (7).
Metabolites were identified manually using the TagFinder software in combination with the
reference library mass spectra and retention indices from the Golm Metabolome Database,
http://gmd.mpimp-golm.mpg.de. The parameters used for the peak annotation of the 52
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metabolites can be found in SI Appendix, Dataset S4, which follows recommended standards on
the report of metabolite data (8). Data were normalized to the mean value of the GFP control
samples (i.e., the value of all metabolites for GFP control samples was set to 1). The means and
standard errors of five to six replicates at 96 hpi are presented in SI Appendix, Dataset S5.

Photosynthetic measurements. Photosynthetic efficiencies were assessed by measuring
chlorophyll a fluorescence with a MAXI-PAM fluorometer (Heinz Walz GmbH). Leaves were
placed under the camera and effective quantum yield (AF/Fm’) was measured as (Fm'-Fs)/Fm’,
where Fm’ and Fs are, respectively, the maximum and the minimum fluorescence of light-
exposed plants. The light intensity chosen was 21 PAR (actinic light, AL=2) as the last value able
to generate a response in the (p)crtB-infiltrated areas before having a null photosynthetic activity.
Each value is the average result of three biological replicates and three different AOI for each
replicate. NPQ was also measured using the MAXI-PAM unit. All recordings were performed
every day at the same time slot, but the order of the samples was randomized to reduce the bias
related to the length of the light stress recovery protocol. Plants were dark-adapted for 30 min
before measurement and then submitted to a continuous 801 PAR light (AL=17) for 10 min. After
this period plants were left recovering in darkness for 40 min. During the whole protocol, Ft was
monitored and Fm’ values were estimated with a saturating pulse (SAT) every 60 seconds. NPQ
and its relative components qE, qZ and gl were calculated as described (9) with some
modifications. Briefly: NPQ was calculated as (Fm-Fmg)/Fm, where Fm and Fm, are the
maximum fluorescence after the dark acclimation and after the light stress, respectively. The
relative contributions of qE, gZ and gl to NPQ were estimated by monitoring NPQ relaxation
kinetics in the dark: following the 10 min exposure to saturating light used to measure NPQ,
leaves were left in darkness, and Fmy was measured again after 10 and 40 min. The gE
component of NPQ relaxes within 10 min of a leaf being placed in darkness such that NPQ
persisting after 10 min in the dark consists of gZ + ql. The gZ component of NPQ relaxes within
tens of minutes so that NPQ persisting after 40 min in the dark (when the Ft value is linear)
consists of gl, which is either irreversible in the dark or requires several hours to relax.
Consequently, (ql+qgZ) was calculated as (Fm-Fm;)/Fm,, where Fm1 is the value of Fm measured
after 10 min in the dark following NPQ measurement. qZ was calculated as (Fm-Fm2)/Fm2,
where Fm2 is the value of Fm measured after 40 min in the dark following measurement of
NPQmax. gE was calculated as NPQ—(ql+gZ) and gl was calculated as (ql+qZ)-qZ. For the
calculation of the de-epoxidation state (DES), agroinfiltrated leaf areas were exposed for 10 min
to a continuous 801 PAR light (AL=17) in the MAXI-PAM unit, sampled under the same light and
immediately frozen before pigment extraction and quantification. The operation of the xanthophyll
cycle, comprising the sequential de-epoxidation of the pigments violaxanthin (Vx) to
antheraxanthin (Ax) and zeaxanthin (Zx) was followed by calculating DES as
(Zx+0.5xAX)/(Zx+Ax+VX), where Zx, Ax and Vx are the concentrations of the corresponding
xanthophylls.

Respiration measurements. Before respiration measurements, N. benthamiana plants were
placed in the dark for about 30 min to avoid light-enhanced dark respiration. Four leaf discs of 3.8
cm’ each were harvested from leaf sections of two different plants infiltrated with the (p)crtB
construct, weighted and placed into the respiration cuvette containing the respiration buffer (30
mM MES pH 6.2, 0.2 mM CaCl,). Oxygen uptake rates were measured in darkness using a
liquid-phase Clark-type oxygen electrode (Rank Brothers) at a constant temperature of 25°C. Dry
weights from leaf discs were determined after drying for 2 days at 60°C.
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Figure S1. Localization of GFP-tagged proteins. A, Subcellular localization of the
indicated constructs in agroinfiltrated N. benthamiana leaf cells by confocal laser
scanning microscopy. Pictures were taken 3 days after agroinfiltration (72 hpi). Bars, 20
pm. B, N. benthamiana leaf agroinfiltrated with constructs to express a plastid-targeted
version of GFP (P-GFP) or the untargeted GFP protein (upper picture). At 72 hpi, GFP
fluorescence was examined in agroinfiltrated tissue to confirm the localization of P-GFP
in chloroplasts and GFP in the cytosol (middle pictures). Effective quantum yield of PSII
was quantified at 96 hpi (lower plot).
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Figure S2. Chromoplast differentiation triggered by crtB in N. benthamiana leaves
resembles that associated to ripening in tomato fruit. Heatmap represents GO term
enrichment values (Z-scores) calculated from log2FC values in N. benthamiana leaves 4
days after agroinfiltration with (p)crtB compared to GFP (lane NbB). Data publicly
available from tomato fruit (light ripe vs. mature green, SIO, and red ripe vs. mature
green, SIR) and Arabidopsis leaves (senescent -30D- vs. controls -16D-, AtS) are also
shown. Only GO terms with a significant enrichment in the N. benthamiana experiment
are shown.
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Figure S3. Level of transcripts for carotenoid-related proteins. Heatmap represents
log2FC values in N. benthamiana leaves 4 days after agroinfiltration with (p)crtB
compared to GFP (lane NbB). Data publicly available from tomato fruit (light ripe vs.
mature green, SIO, and red ripe vs. mature green, SIR) and Arabidopsis leaves
(senescent -30D- vs. controls -16D-, AtS) are also shown. The position of enzymes in
pathways and/or the biological function of the proteins selected are indicated in the
cartoon and represented by colors. Stripped cells mark missing isogenes and their
colors correspond to the closest homolog in the genome. Asterisks mark differentially
expressed genes in the NbB lane (DESeqg2, FDR < 0.05).
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Figure S4. Chromoplast differentiation induces glycolytic and oxidative energy
metabolism. Heatmap represents statistically significant FC (fold-change) values of
metabolite levels in N. benthamiana leaves 4 days after agroinfiltration with (p)crtB
relative to those in GFP controls. Inset represents respiration rates. Mean and standard
deviation values of n = 3 independent samples are shown. Asterisk represents statistical
significance (t test, P < 0.05).
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Figure S5. Chromoplast differentiation in leaves reduces NPQ and impairs the
xanthophyll cycle. A, Non-photochemical quenching (NPQ) components in N.
benthamiana leaf sections agroinfiltrated with (p)crtB. B, Leaves producing GFP or
(p)crtB were treated as shown in the left panel and then collected to quantify their
carotenoid levels. De-epoxidation  state  (DES) was  calculated as
(Zx+0.5%AX)/(Zx+Ax+VX), where Zx, Ax and Vx are the concentrations of zeaxanthin,
antheraxanthin, and violaxanthin, respectively.
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Sl Tables

Table S1. Relative metabolite levels in N. benthamiana leaf sections infiltrated with
GFP and (p)crtB constructs. Data is presented as means + SE of five to six biological

replicates normalized to the mean level of the control GFP samples.

Metabolite GFP crtB Metabolite GFP crtB

Pyruvate 1+0.09 1.05+0.04 2-oxo-Glutarate 1+0.13 1.42+0.11
Valine 1+0.08 1.33+£0.03 Fucose 1+0.08 1.19+0.06
Glycerol 1+0.10 0.8+0.12 Phenyalanine 1+0.10 1.03+0.08
Isoleucine 1+0.11 1.38+0.1 Asparagine 1+0.16 1.43+0.18
Glycine 1+0.34 0.88+0.2 3-deoxy-Glucosone 1+0.08 0.87+0.04
Phosporic acid 1+0.08 1.2+0.08 Glycerol-3-P 1+0.10 0.89+0.08
Proline 1+0.18 1.04+0.26 Lysine 1+0.15 0.99+0.05
GABA 140.16 0.68+0.1 Dehydroascorbate 1+0.11 0.740.08
Alanine 1+0.15 1.41+0.49 Tyramine 1+0.08 1.02+0.05
Serine 1+0.14 1.01+0.11 Ascorbate 1+0.02 0.77+0.07
Succinate 1+0.10 1.1+0.11 myo-Inositol 1+0.07 0.83+0.1
Threonine 1+0.06 1.24+0.11 Tyrosine 1+0.13 1.53+0.15
Fumarate 1+0.11 0.85+0.07 trans-Caffeate 1+0.32 1.44+0.06
Maleate 1+0.12 1.28+0.12 Glucose-6-P 1+0.06 1.1+0.04
Nicotinate 1+0.07 1.08+0.1 Tryptophan 1+0.28 2.1+0.51
beta-alanine 1+0.07 1.22+0.08 Maltose 1+0.10 0.92+0.09
Erythritol 1+0.02 1.24+0.03 Trehalose 1+0.09 0.95+0.07
2-methyl-Malate 1+0.04 1.09+0.04 Glycerate 1+0.16 0.72+0.11
Aspartate 1+0.03 1.354+0.02 Malate 1+0.09 1.3340.1
Methionine 14+0.14 1.03£0.12 Threonate 1+0.11 1.24+0.09
Ornithine 1+0.18 0.91+0.06 Sucrose 1+0.11 1.14+0.06
Glutamine 1+0.21 1.66+0.7 Quinic acid, 3-caffeoyl-, cis- 1+0.07 1.07+0.07
Xylose 1+0.09 1.1340.04 Quinic acid, 3-caffeoyl-, trans- 1+0.08 1.0240.06
Glutamate 1+0.15 1.55+0.17 Fructose 1+0.10 0.56+0.04
Rhamnose 1+0.07 1.1740.05 Glucose 1+0.06 0.74+0.07
Putrescine 1+0.11 1.81+0.12 Citrate 1+0.09 2.28+0.31
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Table S2. Primers used in this work.

Name

Sequence

PacrtB_N-tag_attB1-F
PacrtB_C-tag_attB2-R
PacrtB_STOP_attB2-R
AtHDS_N-tag_attB1-F
crtB-5’-AtHDS-3’-R
AtPSY_N-tag_attB1-F
AtPSY_STOP_attB2-R
SIPSY2_N-tag_attB1-F
SIPSY2_STOP_attB2-R
PacrtE_N-tag_attB1-F
PacrtE_STOP_attB2-R
TuMV-crtB-flank-5'
TuMV-crtB-flank-3'
LMV-crtB-flank-5'
LMV-crtB-flank-3'
crtB_qgPCR-F
crtB_gPCR-R
ACT_gPCR-F
ACT_gPCR-R

5-GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAATAATCCGTCGTTACTCAATC-3’
5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTAGAGCGGGCGCTGCCAGAGATG-3’
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCTAGAGCGGGCGCTGCCAGAGATG-3’
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGACTGGAGTATTGCCAGCTC-3’
5-GATTGAGTAACGACGGATTATTCATATTCCGGATAACCGAAACTCTTCTC-3’

5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCAAGCTTAGTAGCAAGTCCTTC-3'

5 -GGGGACCACTTTGTACAAGAAAGCTGGGTTCATATCGATAGTCTTGAACTTGAAG-3’

5 -GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCTGTTGCTTTGTTGTGGGTTG-3’
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTCATGTCTTTGCTAGTGGGGAAGAAG-3’
5-GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGACGGTCTGCGCAAAAAAACAC-3’

5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTTATACTGACGGCAGCGAGTTTTTTGTC-3"

5'-GCAGGAGAA-3'
5'-GCTGAAGCTTGCGTTTACCACCAA-3'
5'-GTGGACACA-3'
5'-GACATGGACGAAGTTTATCACCAA-3'
5'-TATTGCTCGCGATATTGTGG-3'
5'-TTTCAGGTGCCGCATAATTC-3'
5'-TAAGGTTGTTGCACCACCAG-3'
5'-ACATCTGCTGGAATGTGCTG-3'
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Plastids, the defining organelles of plant cells, undergo physiological
and morphological changes to fulfill distinct biological functions. In
particular, the differentiation of chloroplasts into chromoplasts
results in an enhanced storage capacity for carotenoids with indus-
trial and nutritional value such as beta-carotene (provitamin A).
Here, we show that synthetically inducing a burst in the production
of phytoene, the first committed intermediate of the carotenoid
pathway, elicits an artificial chloroplast-to-chromoplast differentia-
tion in leaves. Phytoene overproduction initially interferes with
photosynthesis, acting as a metabolic threshold switch mechanism
that weakens chloroplast identity. In a second stage, phytoene con-
version into downstream carotenoids is required for the differentiation
of chromoplasts, a process that involves a concurrent reprogramming
of nuclear gene expression and plastid morphology for improved ca-
rotenoid storage. We hence demonstrate that loss of photosynthetic
competence and enhanced production of carotenoids are not just con-
sequences but requirements for chloroplasts to differentiate into
chromoplasts.

carotenoid | chromoplast | differentiation | phytoene | synthetic

lastids comprise a group of morphologically and functionally

diverse plant organelles capable of differentiating from one
plastid type to another in response to developmental and envi-
ronmental stimuli (1, 2). Such plastidial conversions are essential
to sustain many fundamental biological processes and largely
contribute to cell specialization in the different plant tissues.
Among the different plastid types, chromoplasts are of great
importance in nature and agriculture because of their capacity to
accumulate high levels of carotenoids, plant pigments of iso-
prenoid nature that provide color in the yellow to red range
(3-5). Carotenoids such as beta-carotene (provitamin A) are
health-promoting nutrients that animals cannot synthesize but
take up in their diets. They are also added-value compounds
widely used in cosmetics, pharma, food, and feed industries as
natural pigments and phytonutrients (4, 6).

Chromoplasts differentiate from preexisting plastids such as
proplastids (i.e., undifferentiated plastids), leucoplasts (i.e., un-
colored plastids in nonphotosynthetic tissues), and chloroplasts
(i.e., photosynthetic plastids). Chloroplasts transform into chro-
moplasts during the development of many flowers and fruits, but
only a few plant species differentiate chromoplasts in leaves (1,
5). The yellow to red colors that some leaves acquire as they
senesce (e.g., in the autumn or when they are exposed to con-
tinuous darkness) are due to chloroplast carotenoids becoming
visible when the chlorophylls degrade. This senescence process,
however, does not involve the transformation of chloroplasts into

21796-21803 | PNAS | September 1,2020 | vol. 117 | no. 35

chromoplasts but into a completely different type of plastids
named gerontoplasts (1, 2).

The most prominent changes during chloroplast-to-chromo-
plast differentiation are the reorganization of the internal plastid
structures, together with a concurrent loss of photosynthetic
competence and overaccumulation of carotenoid pigments (1-3,
5,7, 8). The remodeling of the internal plastid structures generates
an increased metabolic sink capacity but it also promotes carot-
enoid biosynthesis. The control of chromoplast differentiation
appears as a very promising strategy for improving the nutritional
and health benefits of crops (5-9). The overall process is known to
involve changes in gene expression (e.g., via retrograde signaling
from plastids to the nucleus), hormonal regulation, protein quality
control, and plastid protein import (1, 3, 5). However, very few
inducers of chromoplast development have been identified to
date. Orange (OR) chaperones are among the best characterized,
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Plants have evolved two major ways to deal with nearby vegetation or shade: avoidance and tolerance. Moreover, some
plants respond to shade in different ways; for example, Arabidopsis (Arabidopsis thaliana) undergoes an avoidance response
to shade produced by vegetation, but its close relative Cardamine hirsuta tolerates shade. How plants adopt opposite
strategies to respond to the same environmental challenge is unknown. Here, using a genetic strategy, we identified the C.
hirsuta slender in shade1 mutants, which produce strongly elongated hypocotyls in response to shade. These mutants lack
the phytochrome A (phyA) photoreceptor. Our findings suggest that C. hirsuta has evolved a highly efficient phyA-dependent
pathway that suppresses hypocotyl elongation when challenged by shade from nearby vegetation. This suppression relies, at
least in part, on stronger phyA activity in C. hirsuta; this is achieved by increased ChPHYA expression and protein
accumulation combined with a stronger specific intrinsic repressor activity. We suggest that modulation of photoreceptor
activity is a powerful mechanism in nature to achieve physiological variation (shade tolerance versus avoidance) for species

to colonize different habitats.

INTRODUCTION

Understanding how plants colonize different habitats requires
identifying the genetic differences underlying physiological vari-
ation between species. In this work, we focus on angiosperm
responses to changes in light produced by nearby vegetation,
perception of which alerts the plant to potential resource com-
petition by other plants. Nearby vegetation is perceived as
changes in light parameters: whereas sunlight has a high red light
(R) to far-red light (FR) ratio (R:FR > 1.1), proximity to vegetation
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lowers this ratio (Smith, 1982). Because vegetation specifically
reflects FR, proximity to other plants initially results in a mild re-
duction in R:FR (<0.7) due to the FR enrichment. Eventually, when
the vegetation canopy closes, sunlight is filtered by photosyn-
thetic tissues, strongly reducing the intensity of the PAR (400-700
nm, which includes blue and R) while marginally affecting FR. As
aresult, R:FR resulting from natural canopy shade typically drops
to lower values (<0.05; Smith, 1982; Casal, 2012; Martinez-Garcia
etal., 2014; de Wit et al., 2016). In the laboratory, both vegetation
proximity and canopy shade can be simulated by providing
plants grown under white light (W; high R:FR) varying amounts
of supplemental FR (W+FR; low or very low R:FR) while
maintaining total PAR, a treatment known as simulated shade
(Casal, 2012; Roig-Villanova and Martinez-Garcia, 2016).

Plants have two main strategies to acclimate to vegetation
proximity and shade: avoidance or tolerance. In the early stages of
development, shade-avoider species invest energy into pro-
moting elongation to overgrow their neighbors as part of the so-
called shade avoidance syndrome (SAS). By contrast, shade-
tolerant plants adopt other physiological and metabolic re-
sponses to adapt to a highly conservative utilization of resources,
commonly accompanied by very low growth rates (i.e., do not
involve promotion of elongation growth; Smith, 1982; Valladares
and Niinemets, 2008).
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Background: Plant development is strongly influenced by the proximity of other plants, as neighboring vegetation
might shade and reduce light availability. Not enough light may compromise photosynthesis and hence plant growth.
The so-called shade-avoiding species respond to vegetation proximity by trying to escape it. These responses include
increased elongation (to overgrow neighboring competitors for light), reduced levels of photosynthetic pigments (to
adjust photosynthesis to the available light) or flowering induction (to ensure a next generation). This is the case in
Arabidopsis thaliana, in which exposure to plant shade leads to shade-avoidance responses. Those plants growing in
forest understories or next to other plants tolerate and do not elongate in response to neighboring vegetation. One of
these species is Cardamine hirsuta, whose hypocotyls are unresponsive to plant shade.

e e S|

Question: We wondered how the elongation response is oppositely regulated in these plants. As these two species
are closely related, we aimed to know if C. hirsuta uses the same or different components to regulate its hypocotyl
elongation response to plant shade as A. thaliana.

Findings: Using a genetic approach, we identified C. hirsuta mutants with a restored ability to elongate hypocotyls in
response to plant shade. We named these mutants slender in shade 1 (sis1), which were deficient in the photoreceptor
phytochrome A (phyA). Because phyA was already known to inhibit the shade-induced elongation of Arabidopsis
seedlings, our results indicate that shade avoidance and tolerance in these plants have shared components to regulate
this divergent response. In addition, phyA is more active in Cardamine than Arabidopsis, which results from a higher
expression and a stronger intrinsic activity of this photoreceptor in Cardamine compared to Arabidopsis.

Next steps: Our knowledge can help attenuate plant responses to shade. As most crops are shade-avoiding species,
this knowledge can result in shade-tolerant crop varieties that grow well at high planting density, maximizing land use.
It can also lead to engineering shade-avoiding beneficial weeds (that provide refuge to beneficial animals or enhance

soil quality) to thrive in shaded or semi-shaded areas to be used in conservation agriculture approaches.

Analyses of the shade-avoider Arabidopsis (Arabidopsis thali-
ana) laid the basis for our knowledge of the genetic components
and mechanisms involved in the regulation of the SAS (Martinez-
Garcia et al., 2010; Casal, 2012; Roig-Villanova and Martinez-
Garcia, 2016). The shade signal is perceived by the phytochrome
photoreceptors: phytochrome B (phyB) and phyA have major and
antagonistic roles (respectively) in hypocotyl elongation, the most
conspicuous Arabidopsis response to low R:FR (Mathews, 2010;
Casal, 2012). Lowering the R:FR to resemble either vegetation
proximity or canopy shading deactivates phyB in wild-type
seedlings, resulting in the hypocotyl elongation promotion. By
contrast, phyA accumulates and is strongly activated under very
low R:FR to prevent excessive seedling elongation (Martinez-
Garcia et al., 2014; Yang et al., 2018). Consistent with this, Ara-
bidopsis phyB-deficient mutants display constitutive shade re-
sponses under high R:FR, whereas phyA mutant seedlings show
enhanced hypocotyl elongation only under very low R:FR con-
ditions, which indicates that phyA antagonizes phyB activity under
these specific canopy shade conditions (Yanovsky et al., 1995;
Casal et al., 2014; Martinez-Garcia et al., 2014; Yang et al., 2018).

SAS responses are mainly initiated because of the interaction
of active phytochromes with PHYTOCHROME INTERACTING
FACTORSs (PIFs), eventually triggering rapid changes in the ex-
pression of dozens of genes that implement the SAS responses.
Genetic analyses in Arabidopsis indicate that PIFs, which are
basic helix-loop-helix transcription factors, have a role in posi-
tively regulating the shade-triggered hypocotyl elongation. The
active form of phyB interacts with PIFs and inhibits their tran-
scriptional activity (Martinez-Garcia et al., 2010; Casal, 2012).
After exposure to shade, the proportion of active phyB decreases
and PIF activity increases. Enhanced PIF binding to G-boxes of
auxin biosynthetic genes (e.g., YUCCA genes) then promotes
their expression, which results in a rapid (1-4 h) increase in free

indole-3-acetic acid (IAA) that is required for the promotion of shade-
induced hypocotyl elongation (Tao et al., 2008; Hornitschek
et al., 2012; Li et al., 2012; Bou-Torrent et al., 2014). In addition,
nuclear-pore complex components and chloroplast-derived sig-
nals also prevent an excessive response to shade, providing
additional regulatory levels of this response (Gallemi et al., 2016;
Ortiz-Alcaide et al., 2019).

There are, however, still major gaps in understanding the ge-
netic and molecular regulation of SAS and, by extension, shade-
tolerance traits. Comparative analyses using shade-avoiding and
shade-tolerant species is expected to identify regulators of traits
associated with shade tolerance habits (Gommers et al., 2013).
Indeed, a comparative transcriptomic approach using two Ge-
ranium species with divergent petiole responses to shade unveiled
components that might suppress growth in the shade-tolerant
species (Gommers et al., 2017, 2018). The use of related species
that are amenable for genetic analyses is expected to push this
effort further to find regulatory components used in nature to
modulate these divergent responses. This is what we are ad-
dressing in this work.

Comparing Arabidopsis and its close relative Cardamine hirsuta
to understand the genetic basis for trait diversification between
species is a powerful strategy to understand the evolution of
morphological traits. Key to this approach is the wide morpho-
logical and physiological diversity between these species, such as
differences in leaf morphology and seed dispersal mechanism
among others (Barkoulas et al., 2008; Hay et al., 2014; Vlad et al.,
2014; Hofhuis et al., 2016; Vuolo et al., 2016). Like Arabidopsis, C.
hirsuta has a short generation time, small size, inbreeding habit,
abundant progeny, and ease of large-scale cultivation (Hay et al.,
2014; Hay and Tsiantis, 2016). It is a diploid species with a small
genome and eight chromosomes that has been completely se-
quenced (Gan et al., 2016). Genetic transformation by floral
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dipping, a dense genetic map, and chemically mutagenized
populations provide the tools to identify the genetic components
and molecular mechanisms underlying diversification or mor-
phology and response to environment (Hay and Tsiantis, 2016). C.
hirsuta is an invasive herbaceous plant that can grow in open sun
but is often found in shaded or semishaded areas. Indeed, C.
hirsuta does not need much light to grow, and their stems become
purplish (likely to prevent oxidative damage) in strong sun (http://
edis.ifas.ufl.edu/pdffiles/EP/EP51100.pdf; http://practicalplants.
org/wiki/Cardamine_hirsuta; http://www.asturnatura.com/especie/
cardamine-hirsuta.html; http://dnr.wi.gov/topic/Invasives/documents/
classification/LR_Cardamine_hirsuta.pdf; https://www.wildfooduk.
com/edible-wild-plants/hairy-bittercress/). These observations
are consistent with C. hirsuta being shade-tolerant (Bealey and
Robertson, 1992). In agreement, whereas seedlings of Arabi-
dopsis elongate in response to shade, those of C. hirsuta are
unresponsive to the same stimulus (Hay et al., 2014).

The divergent hypocotyl response to shade of Arabidopsis and
C. hirsuta species led us to take a comparative approach to un-
derstand the genetic basis of the evolution of this physiological
trait. We found that C. hirsuta has acquired a highly efficient phyA-
dependent pathway that represses hypocotyl elongation and
other SAS-associated responses when exposed to simulated
shade. After complementing Arabidopsis phyA mutant plants with
endogenous or C. hirsuta phyA molecules, we concluded that
these two photoreceptors are not exchangeable. Differences in
phyA intrinsic activity hence contribute to a different response of
C. hirsuta and Arabidopsis to shade exposure.

RESULTS

C. hirsuta Seedlings Perceive Low R:FR but Do Not Elongate

A recent study revealed that different species of the Tradescantia
genus with divergent tolerance to shade showed clear differences
in maximum quantum efficiency of photosystem Il (F/F,) upon
variations of the growth light (Benkov et al., 2019). In particular, the
sun-resistant T. sillamontana (a succulent growing in semidesert
regions of Mexico and Peru, hence adapted to high light in-
tensities) was more tolerant to changes in irradiation intensity
(i.e., showed a more constant F/F, ) than the shade-tolerant T.
fluminensis (habitant of tropical rainforests and other shaded
areas in southeastern Brazil and hence adapted to grow under low
light intensities).

Using a similar experimental system, we aimed to confirm
whether C. hirsuta is a shade-tolerant plant compared with Ara-
bidopsis (a broadly accepted shade-avoider). Indeed, when wild-
type seedlings of these two species (ChWT and AtWT) were
transferred from normal W to conditions in which PAR was first
increased 10-fold (high light [HL]) and then reduced fivefold rel-
ative to W (low light [LL]) or vice versa, F /F,, changes were much
more pronounced in ChWT (Supplemental Figure 1A). The lower
capacity of ChWT to adapt to intense irradiation was confirmed by
the bleaching symptoms (e.g., lower chlorophyll contents) ob-
served in ChWT (but not in AtWT) upon transferring to HL
(Supplemental Figure 1B). Ch'"WT seedlings only showed a better
performance than AtV when transferred from W to LL. Rapid light
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curve analysis confirmed that Ch"WT was better able to maintain its
level of photosynthetic activity under LL conditions than AtWT
(Supplemental Figure 1C), as expected for a shade-tolerant plant
(Han et al., 2015).

Besides differentially responding to decreased light quantity,
plant species from open habitats show a stronger elongation
response to reduced R:FR (i.e., light quality) compared with those
from woodland shade habitats (Smith, 1982; Gommers et al.,
2017). Further supporting the conclusion that C. hirsuta tolerates
shade, Ch'T failed to elongate their hypocotyls when exposed to
arange of low R:FR treatments (i.e., W+FR) that mimic vegetation
proximity (intermediate or low R:FR; 0.09-0.07) and canopy shade
(very low R:FR; 0.02; Figure 1; Supplemental Figure 2). W-grown
Ch"WT hypocotyls, as well as cotyledons, are substantially longer
than those of AtWT growing under the same conditions. ChWT
hypocotyls were also longer than those of AtYT when growing
in the dark (Figure 1C), indicating that C. hirsuta is overall bigger
than Arabidopsis. More importantly, when treated with growth
stimulants, such as gibberellic acid (Hay et al., 2014) or picloram (a
synthetic auxin), hypocotyls of both species elongate (Figure 1D).
We therefore concluded that the elongation of C. hirsuta hypo-
cotyls is not generally compromised, arguing against the possi-
bility that this species displays a constitutive SAS phenotype.

In Arabidopsis, exposure to simulated shade also triggers the
elongation of leaf petioles. We quantified the elongation response
of the petiole and rachis in 2-week-old Ch"WT and AtWT plants
subjectedto 7 d of high (W) or low (W+FR) R:FR. In agreement with
previous studies (Kozuka et al., 2010; Sasidharan et al., 2010; de
Wit et al., 2015), shade-treated AtWT leaves showed substantially
longer petioles than those of plants grown under W. Petiole and
rachis length in Ch'WT, however, was similar in leaves from plants
grown under W or W+FR (Figure 1E; Supplemental Figure 3).
These results together suggest that elongation responses to low
R:FR are dramatically arrested in C. hirsuta plants.

C. hirsuta Shows Other Attenuated Responses to Shade

Beyond elongation responses, low R:FR triggers areductioninthe
levels of photosynthetic pigments (i.e., carotenoids and chlor-
ophylls; Roig-Villanova et al., 2007; Cagnola et al., 2012; Bou-
Torrent et al., 2015). While these pigments were also significantly
reduced in shade-treated ChWT seedlings (Figure 1F), the de-
crease was less prominent than in AtVT. These results indicated
that not all SAS responses are equally compromised in C. hirsuta.

We next used RNA sequencing (RNA-seq) to compare the
genome-wide expression patterns of 7-d-old AtWT and ChWT
whole seedlings in W versus 1 h of simulated shade (W+FR;
Figure 2). Incorporating knowledge about gene orthology, 432
differentially expressed genes (DEGs) were categorized as rapidly
regulated by shade in one species or in both. Plotting the W+FR
versus W fold change in C. hirsuta against the same ratio in
Arabidopsis resulted in a linear regression equation with a slope of
0.54 (Figure 2B), which supported that shade-modulated changes
in gene expression are also attenuated in C. hirsuta compared
with Arabidopsis. In Arabidopsis, shade treatment induced 246
genes (fold change > 1.5, P < 0.05) and repressed 58 genes (fold
change =1.5,P <0.05). InC. hirsuta, this same treatment induced
181 genes and repressed 54 genes (Supplemental Figure 4A;
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Supplemental Data Sets 1to 4). Fromthe set ofinduced DEGs, 102
responded in both species. They included several of the well-
known shade-marker genes in Arabidopsis and other species,
such as ARABIDOPSIS THALIANA HOMEOBOX PROTEIN2
(ATHB2), BRASSINOSTEROID-ENHANCED EXPRESSIONT,
BES1-INTERACTING MYC-LIKE1, LONG HYPOCOTYL IN FR1,
and XYLOGLUCAN ENDOTRANSGLYCOSYLASE7 (Ueoka-
Nakanishi et al., 2011; Karve et al., 2012; Cifuentes-Esquivel
et al., 2013; Procko et al., 2014).

Gene Ontology (GO) and MapMan-Bin (MMB) functional pre-
diction of these upregulated gene groups indicated that terms
related to auxin were significantly overrepresented (Supplemental
Data Sets 5 and 6), suggesting an early role for auxins in both
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Figure 1. Arabidopsis and C. hirsuta Differ in the Hypocotyl Elongation
Response to Neighboring Vegetation.

(A) Phenotype of representative seedlings of AtWT and Ch'WT after 3 d grown
in W and retained in W (left panels) or transferred to W+FR (R:FR of 0.02;
right panels) until day 7. Bar = 5 mm.

(B) Hypocotyl length of day-7 AtWT and Ch"T seedlings grown for the last
4 d under the indicated R:FR.

(C) Hypocotyl length of day-4 At"T and ChWT seedlings grown in darkness.
(D) Hypocotyl length of day-7 AtWT and ChWT seedlings grown under W in
medium supplemented with increasing concentrations of picloram (PIC).
(E) Petiole and rachis length of 3-week-old leaves of AtVT and Ch"WT plants
grown for the last 7 d under the indicated R:FR.

(F) Carotenoid (CRT) and chlorophyll (CHL) levels of AtWT and ChWT
seedlings grown in W and W+FR (as detailed in [A]).

Values are means and st of three to five independent samples. As-
terisks indicate significant differences (**, P <0.01) relative to W-grown
plants.
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Figure 2. Arabidopsis and C. hirsuta Seedlings Respond to Neighboring
Vegetation by Altering Gene Expression.

(A) RNA-seq was performed with RNA extracted from AtWT and ChWT
seedlings that were grown in W for 7 d and then treated for 1 h with W+FR
(R:FR = 0.02). White circles indicate the moment of harvesting for RNA
extraction. Three independent biological replicates were used for each
genotype and treatment.

(B) Correlation between log-transformed fold change of 432 DEGs in AtWT
and ChWT. The estimated regression equation is shown at the top of
the graph.

(C) IAA content in At"T and ChWT seedlings grown and harvested as in-
dicated in (A). Whole seedlings were collected and lyophilized to measure
IAA levels. Data are presented as means and st of three (AtWT) or four (Ch'WT)
biological replicates. DW, dry weight.

(D) Effects of W+FR treatment on PIL 7 and ATHB2 expression in AtVT and
ChWT seedlings (R:FR = 0.02). W-grown day-7 seedlings of Col-0 and
Oxford were treated for 0, 1, 4, and 8 h with W+FR. Transcript abundance,
normalized to EF1a, is shown. Values are means and se of three in-
dependent RT-gPCR biological replicates relative to values at 0 h for each
species.

In (C) and (D), asterisks indicate significant differences (**, P < 0.01 and
*, P < 0.05) relative to 0-h samples.
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Arabidopsis and C. hirsuta. Indeed, W+FR treatment for 1 h in-
creased auxin (IAA) levels not only in AtWT, as published (Tao et al.,
2008; Hornitschek et al., 2012; Bou-Torrent et al., 2014; Hersch
et al., 2014), but also in whole Ch'WT seedlings (Figure 2C).

Using public transcriptomic data, we identified a group of 13
genes whose expression was induced in Arabidopsis wild-type
seedlings but notin mutants that do not accumulate auxins (shade
avoidance3-2 and pif7-1) after 1 h of shade treatment (Tao et al.,
2008; Li et al., 2012; Bou-Torrent et al., 2014). Based on our
RNA-seq data, the expression of these genes was significantly
upregulated in AtWT and, to a lower extent, Ch"WT seedlings
(Supplemental Figure 5), consistent with the observed increase in
IAA content in both species. Since only Arabidopsis elongates in
response to shade exposure, either the observed early changesin
gene expression and auxin levels are not reflecting the differences
in hypocotyl growth between these species or the elongation is
a consequence of differential later events.

In our RNA-seq analyses, 55 and 49 DEGs were specifically
repressed in either AtWT or ChWT seedlings, respectively, and just 3
genes were repressed in both species. Regarding upregulated
genes, 142 and 79 DEGs were specifically induced eitherin AtV or
ChWT, respectively (Supplemental Figure 4A). GO and MMB
functional prediction of the 142 DEGs specific for AtWT showed
genes related to several aspects of plant development, whereas
the 79 DEGs specifically induced in ChWT showed enrichment
for genes related to the photosynthetic machinery. Particularly,
C. hirsuta rapidly responds by inducing the expression of
genes encoding components of both PSI and PSIl, the NADH
dehydrogenase-like complex (involved in chlororespiration),
and both small and large subunits of plastidial ribosomes
(Supplemental Figure 5B; Supplemental Data Sets 5 and 6).
Whether these rapid changes are maintained after prolonged
exposure to shade or have any functional relevance is unknown.
Nonetheless, these transcriptome differences support that the
two mustard species employ alternative strategies to adapt to
plant proximity and shade that go further from the modulation of
elongation growth.

Comparative approaches have been used before to investigate
the differential responses to shade of related species. Tran-
scriptomic analyses using two Geranium species that display
divergent shade-induced petiole elongation (G. pyrenaicum as
a shade avoider or responsive and G. robertianum as a shade
tolerant) identified a series of 31 upregulated genes that included
a number of candidate regulators of differential shade avoidance
(Gommers et al., 2017). In these two species, putatively orthol-
ogous transcript groups (OMCL) were defined, and the best
BLAST hit with the Arabidopsis transcriptome was used to name
Geranium OMCL groups (Gommers et al., 2017). When we
compared our lists of shade-regulated genes with the Geranium
OMCLs differentially regulated after 2 h of low R:FR in the petioles,
we found that the number of genes upregulated in both shade-
tolerant and shade-avoider species was higher for the AtVT/ChWT
pairthan between the Geranium species (Supplemental Figure 4C;
Supplemental Data Sets 7and 8). GO analyses did not identify any
function from the lists of genes specifically induced in either G.
pyrenaicum or G. robertianum. Overlap was very limited between
the sets of repressed genes. Together, the contrasting rapid
shade-induced gene expression changes might either support
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differences in the early molecular mechanisms between the
Geranium and mustard groups or just reflect the differences in
tissues (whole seedlings versus leaf petioles) and/or shade and
growth conditions (continuous light versus photoperiod) between
experiments.

We also analyzed the changes in gene expression of PIF3-LIKE1
(PILT)and ATHB2, two typical shade-marker genes, in response to
longer (up to 8 h) exposure to low R:FR. Expression of PIL1 and
ATHB2 was rapidly induced in both mustard seedlings after
simulated shade exposure. However, the relative induction of the
expression of these genes was attenuated in Ch"WT compared with
AtWT (Figure 2D). Together, our results indicate that C. hirsuta
seedlings sense plant proximity and respond molecularly and
metabolically to it; however, this signal does not promote hypo-
cotyl elongation in C. hirsuta as it does in the shade-avoider
Arabidopsis.

Shade-Induced Elongation in C. hirsuta Is Repressed

To explain the hypocotyl elongation differences between Arabi-
dopsis and C. hirsuta, we hypothesized two mutually exclusive
mechanisms: (1) uncoupling: shade perception is specifically
unplugged from the endogenous mechanisms of control of hy-
pocotyl elongation; and (2) suppression: there are mechanisms
that strongly suppress the shade-induced elongation of hypo-
cotyls. To distinguish between these possibilities, a genetic
screening looking for C. hirsuta seedlings with long hypocotyls
under simulated shade (>6 mm long) was performed, using an
ethyl methane sulfonate-mutagenized population (Vlad et al.,
2014). If suppression mechanisms exist, then loss-of-function
mutants that unleash shade-induced hypocotyl elongation might
be recovered. Indeed, from the various long-hypocotyl seedlings
identified, we focused on two slender in shade (sis) mutants,
shown to be recessive and allelic. After backcrossing these
mutants twice with the Ch"WT plants, homozygous mutants had
slightly longer hypocotyls in W than the wild type and had very long
hypocotyls under W+FR. We named the mutants as sis7-7 and
sis1-2 (Figure 3). These results indicated that (1) loss-of-function
(recessive) mutations support the “suppression” mechanisms in
C. hirsuta to establish shade tolerance and (2) a single gene, SIST,
is able to repress the elongation response to shade in C. hirsuta.

As a first step to explore SIS7 identity, we determined whether
light perception was altered in sis7 mutants by analyzing hypo-
cotyl length after deetiolation under monochromatic lights. We
noticed that Ch"WT seedlings were quite hyposensitive to R
compared with AtWT (Figure 3B), suggesting that an attenuated
phyB signaling might result in a constitutive SAS hypocotyl re-
sponse, causing the observed suppression of the shade-induced
hypocotyl elongation. Considering the relationship between the
attenuated responsiveness to R and the strength of the shade-
induced hypocotyl elongation of the weak phyB-4 and strong
phyB-1 Arabidopsis mutant seedlings (Figures 3C and 3D), the
hyposensitivity to R observed in Ch"WT might contribute but is not
enough to fully suppress the shade-induced hypocotyl elongation
in this species. Therefore, additional components are required to
establish the shade-tolerant hypocotyl habit in C. hirsuta. Indeed,
mutant sis7 seedlings, although slightly hyposensitive to R and
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Figure 3. Mutant sis7 Seedlings of C. hirsuta Are Deficient in phyA Activity.

(A) Phenotypes of representative seedlings of ChWT, sis7-1, and sis1-2 after 3 d grown in W and retained in W (white panels) or transferred to W-+FR (R:FR of
0.02; pink panels) until day 7. All panels are to the same scale.

(B) Hypocotyl length of AtVT, phyA-501 (Arabidopsis), ChWT, sis7-1, and sis 7-2 (C. hirsuta) lines grown for 4 d in darkness (Dark) or under monochromatic FR
(2.6 pmol m=2 s77), R (38.9 umol m~2 s~ "), and blue light (B; 1.9 pmol m=2 s~ 7).

(C) Hypocotyl length of Arabidopsis Landsberg erecta (Ler), phyB-4, and phyB-1 seedlings grown for 4 d in darkness or under monochromatic R (40.6 pmol
m~—2s77).

(D) Hypocotyl length of Arabidopsis Ler, phyB-4, and phyB-1 seedlings under the indicated R:FR. Seedlings were grown for 2 d in W (R:FR > 2.5) and then
kept in W (R:FR > 2.5) or transferred to W+FR (R:FR of 0.06 or 0.02) until day 7.

(E) Schematic diagram of the lesions found in the ChPHYA gene in the sis7-1 and sis7-2 alleles compared with the wild-type sequence (Ch"WT) and the
predicted changes in the amino acid sequence.

(F) Immunoblot detection of phyA and tubulin with mouse monoclonal anti-phyA (073D) and anti-TUB antibodies in extracts of etiolated seedlings of Ch'WT,
sis1-1, and sis1-2 lines.

blue light, were fully blind to FR compared with Ch'"WT seedlings phyA activity or signaling. Sequencing of the C. hirsuta PHYA

(Figure 3B). (ChPHYA) gene from sis1-1 and sis71-2 plants showed point
A very similar pattern of response was also shown by Arabi- mutations (transitions) that introduced either a nonsense mutation
dopsis phyA-deficient phyA-501 seedlings (Figure 3B; Li et al., in GIn-935 (in sis1-1) or a missense mutation in the conserved Gly-

2011), which suggested that sis7 seedlings might be deficient in 913 (in sis1-2; Figure 3E; Supplemental Figure 6A). Immunoblot
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analyses using a specific monoclonal antibody against phyA
(073D) indicated that only sis7-1 was lacking phyA (Figure 3D).
Consistent with this, C. hirsuta lines with reduced activity of phyA
by overexpressing an RNA interference construct directed toward
the ChPHYA gene (line 35S:RNAIi-ChPHYA) also resulted in a sis
phenotype (Supplemental Figures 6B to 6D). Together, these
results indicated that sis7 are C. hirsuta phyA-deficient mutants
(for clarity, we will keep the sis7 mutant name in this article to
distinguish it from the phyA mutants from Arabidopsis). They also
suggested that shade tolerance in C. hirsuta might be caused by
the existence of a phyA-dependent suppression mechanism that
represses the hypocotyl elongation response to shade.

Molecular analyses showed that the relative induction of PIL7
and ATHB2 expression was enhanced in both sis7 mutants
compared with ChWT seedlings after more than 4 h of simulated
shade exposure (Figure 4). This relatively late effect of ChPHYA
absence (sis7) on gene expression is consistent with what was
observed in Arabidopsis phyA mutants (Ciolfi et al., 2013). We also
measured the levels of photosynthetic pigments (carotenoids and
chlorophylls) after long-term exposure to low R:FR in wild-type
and phyA-deficient Arabidopsis and C. hirsuta seedlings. Simu-
lated shade triggered a stronger decrease in the accumulation of
these pigments in phyA-501, sis1-1, and sis7-2 seedlings com-
pared with wild-type controls (Figure 4B), hence indicating that
phyA represses this trait in both species, likely to avoid exag-
gerated losses of photosynthetic pigments in response to veg-
etation proximity and shade.

PhyA represses the shade-induced hypocotyl elongation in
Arabidopsis caused by the deactivation of phyB only under
conditions that mimic closed canopies (i.e., under very low R:FR;
Yanovsky et al., 1995; Casal et al., 2014; Martinez-Garcia et al.,
2014). Indeed, Arabidopsis phyA-deficient mutants behaved al-
most like AtWT seedlings under various shade-mimicking con-
ditions except for the lowest R:FR tested (Figure 4C). By contrast,
C. hirsuta sis1 mutants behaved differently than Ch'WT under all the
low R:FR applied (Figure 4D), indicating that phyA has a broader
role in suppressing the shade-induced hypocotyl elongation in C.
hirsuta than in Arabidopsis.

C. hirsuta Has Higher phyA Activity Than Arabidopsis

Our results suggested the possibility that phyA activity is higher in
the shade-tolerant C. hirsuta than in the shade-avoider Arabi-
dopsis. Higher phyA activity can be achieved by at least two al-
ternative and nonexclusive ways: higher phyA levels and/or higher
specific (intrinsic) activity of the photoreceptor. To analyze these
possibilities, we first aimed to compare PHYA expression levels in
AtWT and Ch'"WT seedlings. Data extracted from our RNA-seq
experiment indicated that the expression of several commonly
used reference genes, such as EF1a or YLS8 (Hornitschek et al.,
2009; Kohnen et al., 2016; Gallemi et al., 2017), was within the
same range (Supplemental Table 1). Then, we quantified PHYA
expression levels in At"T and ChWT seedlings growing under W
or W+FR (Figure 5) using primers that recognize the sequences
of the target gene (PHYA) and three normalizer genes (EF1a,
SPC25, and YLSS8) in both species (Supplemental Figure 7).
Expression of PHYA was significantly higher in C. hirsuta than in
Arabidopsis seedlings (two-way ANOVA tests, P < 0.05) in
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Figure 4. C. hirsutasis1 Seedlings Are Impaired in Their Tolerance to Plant
Proximity.

(A) Effects of W+FR treatment on PIL7 and ATHB2 expression in ChWT
sis1-1 and sis1-2 seedlings. Seedlings were grown as in Figure 2D.
Transcript abundance, normalized to EF1q, is shown. Values are means
and st of three independent RT-gPCR biological replicates relative to
values at 0 h for each genotype. Asterisks indicate significant differences
(**, P < 0.01) relative to 0-h samples.

(B) Carotenoid (CRT) and chlorophyll (CHL) levels of AtWT and phyA-501
Arabidopsis and ChWT, sis7-1, and sis7-2 C. hirsuta seedlings grown in W
and W+FR (as detailed in Figure 1A). Values are means and st of five
independent samples. Asterisks indicate significant differences (*, P <0.05
and ™, P < 0.01) relative to W-grown plants.

(C) and (D) Hypocotyl length of day-7 AtWT, phyA-501 (Arabidopsis; [C])
and ChWT,sis7-1,andsis7-2 (C. hirsuta; [D]) seedlings grown forthe last 4 d
under the indicated R:FR. Asterisks indicate significant differences (*, P <
0.05 and **, P < 0.01) relative to the corresponding wild-type plant grown
under the same R:FR. In (D), asterisks apply for both sis7 mutants.

seedlings of different ages grown under W or W+FR conditions
(Figure 5B).

Higher expression of PHYA in C. hirsuta might result in higher
phyA protein levels, contributing to an increased phyA activity in
this species. Ourimmunoblot analyses showed that PHYA protein
levels were significantly higher in C. hirsuta than in Arabidopsis
etiolated seedlings (Figure 5D). More importantly, whereas PHYA
levels almost disappear after 6 h of W exposure in both species, C.
hirsuta seedlings maintained higher PHYA levels than Arabidopsis
when exposed to W+FR for 6 to 10 h (Figures 5C and 5D). To-
gether, these results support that PHYA levels in C. hirsuta are
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Figure 5. C. hirsuta Seedlings Have Higher phyA Levels Than Those of
Arabidopsis.

(A) Cartoon showing the design of the experiment. AtWT and ChWT, grown
as in Figure 1A, were harvested at the indicated times of W or W+FR
treatments (asterisks) for RNA extraction.

(B) Evolution of PHYA transcript levels in AtVT and ChWT seedlings grown
as detailed in (A). Primers used (Supplemental Figure 8A) allow quantifying
and comparing expression levels by RT-gPCR between both species.
PHYA transcript abundance was normalized to three reference genes
(EF1a, SPC25, and YLSS8). Values are means and sk of three independent
RT-gPCR biological replicates relative to PHYA transcript levels of day-3
Arabidopsis seedlings. Two-way ANOVA showed that PHYA levels are
significantly different (**, P < 0.01) between species under either W or
W+FR.

(C) Immunoblot detection of phyA and tubulin with the antibodies indicated
in Figure 3C in extracts of AtWT and ChWT seedlings grown as detailed at the
top of the panel: 5-d-old etiolated seedlings were exposed to W light, and
material was harvested before and after 6 h of W exposure (arrows).

(D) Evolution of relative phyA protein levels (PHYA:TUB) in At"T and ChWT
seedlings exposed to simulated shade, as detailed at the top of the panel:
5-d-old etiolated seedlings were exposed to W+FR light, and material was
harvested before and after 6, 8, and 10 h of simulated shade exposure
(arrows). Values are means and s of four independent biological replicates
relative to PHYA:TUB levels of etiolated AtWT seedlings. Two-way ANOVA
showed that relative PHYA levels under W+FR are significantly increased
(**, P < 0.01) in C. hirsuta over Arabidopsis.

generally higher than in Arabidopsis seedlings, even under shade
conditions. This observation is consistent with the strongest
difference in hypocotyl length under W of wild-type and phyA-
deficient seedlings from C. hirsuta compared with Arabidopsis
(Figures 4C and 4D; Supplemental Figure 6D; Martinez-Garcia
etal., 2014). Furthermore, transgenic overexpression of PHYA has
been shown to attenuate shade-triggered hypocotyl elongation in
Arabidopsis seedlings and stem elongation in other species
(Heyeretal., 1995; Robson et al., 1996; Roig-Villanovaetal., 2006).

To compare AtphyA and ChphyA specific (intrinsic) activities,
complementation analyses of the Arabidopsis phyA-501 mutant

were performed with the AtPHYA or ChPHYA gene under the
control of the endogenous promoter of AtPHYA (pAtPHYA:
AtPHYA or pAtPHYA:ChPHYA, respectively). The resulting lines
were named as phyA>AtPHYA and phyA>ChPHYA (Figure 6). We
obtained a total of five independent phyA>AtPHYA lines and
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Figure 6. ChphyA Has a Stronger Activity Than AtphyA in Repressing
Shade-Induced Hypocotyl Elongation.

(A) Cartoon detailing the constructs used to complement Arabidopsis
phyA-501 mutant plants.

(B) Relative PHYA:TUB in etiolated seedlings of AtWT, phyA-501, and
selected phyA>AtPHYA (blue bars) and phyA>ChPHYA (red bars) com-
plementation lines. Seedlings were grown as indicated in Supplemental
Figure 8. Values are means and st of four independent biological replicates
relative to PHYA:TUB levels of etiolated AtWT seedlings.

(C) Cartoon illustrating how phyA activity in simulated shade was estab-
lished as differences in hypocotyl length between simulated shade- and
W-grown seedlings (Hypyy. rg-Hypy)- Seedlings were grown for 2 d under
W and then for another 5 d under W or W+FR (R:FR = 0.02), when hy-
pocotyls were measured.

(D) Hypy.rr-Hypy in seedlings of AtWT, phyA-501, and selected
phyA>AtPHYA (blue bars) and phyA>ChPHYA (red bars) complementation
lines. Values are the difference of means of hypocotyl length between
seedlings grown under W+FR (Hyp,y,rg) and under W (Hyp,,). s were
propagated accordingly.

(E) Cartoonillustrating how phyA activity in deetiolation was established as
differences in hypocotyl length between dark- and FR-grown seedlings
(Hypp-Hyper)- Seedlings were grown as indicated in Figure 3B.

(F) Hypp-Hypeg in seedlings of AtWT, phyA-501, and selected phyA>AtPHYA
(blue bars) and phyA>ChPHYA (red bars) complementation lines.
Values are the difference of means of hypocotyl length between seed-
lings grown in the dark (Hypp) and under FR (Hypg). SE were propagated
accordingly.

In (C) and (E), mutant phyA-501 seedlings have no phyA activity.
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seven independent phyA>ChPHYA lines with different transcript
and protein levels (Supplemental Figure 8). To estimate PHYA
protein levels, we used etiolated seedlings, as phyA is photolabile.
Because PHYA expression is repressed by light via phyA and
phyB (Cantén and Quail, 1999), RNA was extracted from seed-
lings either grown in the dark or under W+FR (Supplemental
Figure 8A). PHYA expression in seedlings grown in these
two conditions correlated positively in both phyA>AtPHYA (R? =
0.79) and phyA>ChPHYA (R? = 0.79) lines (Supplemental
Figure 8B). The slope of these equations, however, was signif-
icantly higher (P < 0.05) for phyA>AtPHYA (7.49) than for
phyA>ChPHYA (2.81). Specifically, phyA>AtPHYA and phyA>
ChPHYA lines with comparable PHYA expression levels in the
dark showed lower PHYA expression under simulated shade
when complemented by ChPHYA (phyA>ChPHYA) compared
with AtPHYA (phyA>AtPHYA). These results pointed to a
stronger activity for the ChphyA protein in repressing its own
(PHYA) expression.

For the comparison of AtphyA and ChphyA activities, we ini-
tially studied their effects on the promotion of the shade-induced
hypocotyl elongation in transgenic lines. AtYT and phyA-501
seedlings were incorporated as controls. In these experiments,
the difference in hypocotyl length between seedlings grown under
W+FRversus W (Hypy,..rg-Hyp) provided values indicative of the
complementation level (or phyA biological activity) for the re-
sponse analyzed. Consequently, in these analyses, the lower the
Hypw.rr-HYpy value, the higher the phyA activity. Opposite to
that observed with transcript levels (Supplemental Figure 8C),
Hypyy, rr-Hypyy correlated well with ChPHYA but not with AtPHYA
protein levels (Supplemental Figure 8D). These results together
indicate that the two photoreceptors are not fully exchangeable
and suggest different intrinsic qualities (i.e., biological activity)
between the phyA receptors of Arabidopsis and C. hirsuta.

When lines with comparable PHYA protein levels were selected
(Figure 6B), the response to shade (Hypyy.rs-Hypy) was more
strongly attenuated by ChPHYA (Figures 6C and 6D). As an ad-
ditional way to test for phyA activity, we estimated hypocotyl
elongation in seedlings etiolated (Hypp) and deetiolated under
monochromatic FR (Hypgg). In this case, the higher the difference
between these two values (Hypp-Hypgg), the stronger the activity
of phyA. Similar to the shade-response analyses, ChphyA showed
a stronger activity than AtphyA in deetiolating seedlings under FR
(Figures 6E and 6F). A good correlation between these two phyA-
mediated responses was also found when all the lines were
considered together (Supplemental Figure 8E), reinforcing our
interpretation that ChphyA s intrinsically more active than AtphyA.

The expression of dozens of auxin-responsive genes is re-
pressed by phyA after just 1 h of very low R:FR treatment (Yang
et al., 2018). As an additional and complementary test of
phyA biological activity different from hypocotyl elongation,
we evaluated the repressive effect of AtphyA and ChphyA on
the expression of these genes. First, we selected 7-AMINO-
CYCLOPROPANE-1-CARBOXYLATE SYNTHASE8 (ACSS),
GRETCHEN HAGEN3.3 (GH3.3), INDOLE-3-ACETIC ACID
INDUCIBLE19 (IAA19), and IAA29, four auxin-responsive
genes described as repressed phyA targets (Yang et al., 2018).
As expected, the shade-induced expression of these genes was
attenuated in AtMT compared with phyA-501 seedlings, but under
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our shade conditions, the differences were most obvious after
long exposure to W+FR (Figure 7).

The expression of the same genes was next quantified in
seedlings from the various phyA>AtPHYA and phyA>ChPHYA
lines grown for 24 h under W+FR. When plotting transcript levels
of phyA target genes as a function of PHYA expression in these
lines, the clouds of data corresponding to phyA>ChPHYA lines
(red) were separated from those of phyA>AtPHYA lines (blue;
Figure 7B). Importantly, the expression of all phyA target genes
tested was overall lower in phyA>ChPHYA than in phyA>AtPHYA,
indicating that ChphyA repressed more efficiently gene expres-
sion than AtphyA (Figure 7B). Consistent with this conclusion, the
expression of these and other phyA target genes (Yang etal.,2018)
was attenuated in shade-induced seedlings of ChWT compared
with AtWT (Supplemental Figure 9). Together, these data further
support that ChphyA is intrinsically more active than AtphyA.

DISCUSSION

Currently, the genetic basis of shade tolerance is poorly un-
derstood. To address this open question, we have focused on
comparative analyses of the hypocotyl response to shade in
young seedlings of two related mustards, Arabidopsis and C.
hirsuta. Shade avoidance and tolerance are ecological concepts
originated from the natural habitats of plant species (Callahan
etal., 1997). Hence, defining the shade habit of a species is difficult
because shade tolerance is not an absolute value but a relative
concept; indeed, plants may exhibit different strategies during the
juvenile and adult phases of their lives (Valladares and Niinemets,
2008). Despite the uncertainty, Arabidopsis is generally consid-
ered as a shade avoider and itis a model broadly used to study the
SAS hypocotyl response, but there is little information referring to
its physiological shade-responsiveness habit. C. hirsuta, by
contrast, has been previously described as a shade-tolerant
species whose hypocotyls are unresponsive to shade (Bealey
and Robertson, 1992; Hay et al., 2014), but little is known about
other shade-response mechanisms. Here, we confirm that, as
expected for a shade-tolerant species, C. hirsuta showed a much
better capacity to acclimate to LL than to HL compared with
Arabidopsis (Supplemental Figure 1). Most strikingly, C. hirsuta
seedlings failed to elongate in response to simulated proximity or
canopy shade (Figure 1). Such a dramatic hypocotyl elongation
response compared with Arabidopsis makes these two related
species good candidates for comparative analyses of divergent
responses to shade.

Our comparative and genetic analyses suggest that the ab-
sence of a shade-induced hypocotyl elongation in C. hirsuta is not
caused by defects in the rapid biosynthesis of auxin in seedlings
(Figure 2). Although we cannot exclude local defects in auxin
biosynthesis (e.g., in hypocotyls) that might be masked by col-
lecting whole seedlings, our conclusion is consistent with the lack
of effect of phyA on the rapid shade-induced biosynthesis of auxin
(Yang etal., 2018). On the contrary, we favor that the differences in
hypocotyl elongation between these species is the result of
asuppression mechanism sustained by the stronger activity of the
ChphyA photoreceptor, likely enhanced by the attenuated
ChphyB activity (Figure 3B). A stronger intrinsic (specific) re-
pressor activity of ChphyA would result in a strong suppression of
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Figure 7. ChphyA Has a Stronger Activity Than AtphyA in Repressing
Shade-Induced Expression of ACS8, GH3.3, IAA19, and IAA29 Genes.

(A) Effects of phyA in the shade-induced expression of ACS8, GH3.3,
IAA19, and IAA29. W-grown day-5 seedlings of AtWT and phyA-501 were
treated for 0, 1, 8, and 24 h with W+FR (R:FR = 0.02), when material was
harvested for RNA extraction, as indicated at the top of the panel. Tran-
script abundance, normalized to EF1q, is shown. Values are means and se
of three independent RT-gPCR biological replicates relative to values at O h

the elongation of C. hirsuta seedlings when exposed to shade
(Figure 8). The underlying mechanism likely relies, at least partly,
upon suppression of auxin signaling via phyA directly binding and
stabilizing AUX/IAA proteins, as has been shown in Arabidopsis
(Yangetal.,2018). In this scenario, ChphyA seems to suppress not
auxin biosynthesis but signaling more strongly than AtphyA, as
deduced from the results with transgenic lines (Figure 7B) but also
from the stronger repression in shade of auxin-responsive genes
with a putative role in auxin signaling (e.g., several IJAA and SAUR
genes) detected in ChWT compared with AtVT (Supplemental
Figure 9).

AtphyA and ChphyA might achieve different activities by
changes in particular residues that could alter susceptibility to
posttranslational modifications. For instance, phyA stability, Pfr-
to-Prreversion rate upon shade treatment, and/or interaction with
protein partners (e.g., PIF1/PIF3, FHY1/FHL, and AUX/IAA) affect
phyA activity in Arabidopsis (Kim et al., 2004; Seo et al., 2004;
Dieterle et al., 2005; Genoud et al., 2008; Oka et al., 2012; Sheerin
etal., 2015). Theseintrinsic differences might be also enhanced by
changes in protein abundance of phyA and/or other components
inits signaling pathway specifically acting in light-grown seedlings
(see below). Comparison of the amino acid sequences of AtphyA
and ChphyA, however, did not point to any obvious specific
residue or region that could be responsible for the observed in-
trinsic differences in activity (Supplemental Figure 10). This is an
issue that would need future research.

The genetic mechanisms underlying physiological evolution
remain largely unknown, but changes in the timing, location, and
levels of gene expression (i.e., cis-regulatory evolution of key
genes) have caused much of morphological evolution changes
(Carroll, 2008). Our data on PHYA expression and PHYA protein
levels (Figure 5) agree with this view, but they go a step beyond by
showing that differences in protein (ChphyA and AtphyA) intrinsic
activities also contribute to differential responses to shade (Fig-
ures 6 and 7). As both components (levels versus intrinsic activity)
are intimately connected (e.g., phyA represses its own expression
in a light-dependent manner), at this stage it is difficult to quantify
the specific contribution of each one. Moreover, additional
components might contribute: while we show that phyA is
a central component of a range of regulators that can be mod-
ulated in nature to implement shade tolerance, the observation

for AtWT. Asterisks indicate significant differences (**, P < 0.01 and *, P <
0.05) between phyA-501 and AtWT seedlings exposed for the same time
to W+FR.

(B) Correlation between ACS8, GH3.3, IAA19, and IAA29 expression and
relative levels of PHYA protein in the seedlings of AtWT, phyA-501, and
phyA>AtPHYA (blue lines and dots) and phyA>ChPHYA (red lines and dots)
complementation lines. Gene expression was quantified in W-grown day-5
seedlings exposed to W+FR (R:FR = 0.02) during 24 h, as indicated at the
top of the panel. Transcript abundance was normalized to EF1«. Relative
phyA protein levels (PHYA:TUB; data already shown in Supplemental
Figure 8) were estimated in etiolated seedlings. Values are means and st of
three independent RT-qPCR biological replicates relative to values of AtWT,
The estimated regression lines for the phyA>AtPHYA (blue line) and
phyA>ChPHYA (red line) complementation lines are shown for each
correlation.

120z AInr z1 uo 3sanb Aq 00.5865/6¥92/ L L/1€/o101HE/||99]d/W 00 dno-dlwepede)/:sdiy wody papeojumod



activity and/or levels

sis1, phyA

PHYA

. ChWT.....
e ARWT oo

358

Hypocotyl elongationE
after W+FR

Figure 8. Model of How Increased phyA Activity in C. hirsuta Might Im-
plement the Shade Tolerance of Hypocotyl Elongation.

Increases in phyA activity caused by the constitutive overexpression of
PHYA also attenuate the shade-induced hypocotyl elongation in trans-
genic plants, and it results in partially tolerant Arabidopsis seedlings.

that none of the phyA>ChPHYA lines display a shade-tolerant
habit (Supplemental Figure 8D) strongly suggests that additional
downstream components of the shade-regulatory network are
also participating in suppressing this response in C. hirsuta (e.g.,
differences in phyB activity). Indeed, it cannot be excluded that the
mutant screen, despite identifying an important regulator, did not
establish the causal difference between the two species in terms
of shade-induced hypocotyl elongation. Nonetheless, our results
unveil the importance of modulating photoreceptor activity as
a powerful evolutionary mechanism in nature to achieve physi-
ological variation between species, hence enabling the coloni-
zation of new, different habitats. In addition, searching for
variability in phyA function could provide a suitable tool to modify
the impact of neighbors’ cues in crops to minimize yield losses.

METHODS

Plant Material and Plant Growth Conditions

Plants of Arabidopsis (Arabidopsis thaliana) Col-0 (AtWT) phyA-501 (in the
Col-0 background), phyB-1, phyB-4 (both phyB-deficient lines are in the
Landsberg erecta background), and Cardamine hirsuta, of the reference
Oxford accession (Ch"WT), have been described (Reed et al., 1993; Hay
et al., 2014; Martinez-Garcia et al., 2014). Plant growth conditions have
been described elsewhere (Martinez-Garcia et al., 2014; Gallemi et al.,
2016). Normal light conditions refer to W produced by cool-white vertical
fluorescent tubes (PAR of 20-24 umol m—2 s~). LL and HL conditions
corresponded to PAR values of 4 and 200 umol m—2 s~', respectively.
Shade treatments in seedlings were provided by enriching W (R:FR of 2.5)
with different intensities of FR LEDs (730-nm peak; Philips Greenpower
Research modules) to produce the indicated R:FR (0.091-0.021) without
altering PAR. Light spectra are presented in Supplemental Figure 2. For
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estimating petiole and rachis length, rosette plants were grown under
along-day (16 h of light, 8 h of dark) photoperiod, in which W was generated
by cool-white horizontal fluorescent tubes (PAR of ~100 umolm—2s~1, R:
FR of 3.0); for shade treatments, W was supplemented with FR (W+FR,
PAR of ~100 umol m~=2 s~', R:FR of 0.05). Fluence rates were measured
with a Spectrosense2 meter associated with a four-channel sensor (Skye
Instruments), which measures PAR (400-700 nm) and 10-nm windows in
the blue (464-473 nm), R (664-673 nm), and FR (725-734 nm) regions
(Gallemi et al., 2017). Light spectra were generated using a Flame Model
Spectrometer with Sony Detector (FLAME-S; Ocean Optics).

Hypocotyl, Petiole, and Rachis Measurements

For hypocotyl measurement, ~30 seeds of each genotype were germi-
nated on the plates for observing the seedling phenotype and at least 20
seedlings were measured for quantification of hypocotyl length. All ex-
periments were repeated at least three times with consistent results.
Hypocotyl measurements from all the different experiments were averaged
(Supplemental Data Set 9). For petiole measurement, ~30 seeds of each
genotype were germinated under continuous W. One week later, 20
seedlings in a similar stage of development were transferred to individual
pots and moved to a long-day growth chamber (R:FR of 3.0). After 1 week,
half of the rosette plants stayed under W and the other half were moved to
a W+FR shelf (R:FR of 0.05). After 1 week of differential R:FR treatment,
leaves were harvested and petiole was measured; in the case of complex
leaves from C. hirsuta, rachises were measured, covering the distance from
the base of the leaf to the base of the main leaflet (Supplemental Figure 3). At
least eight leaves were measured for quantification of petiole and rachis
length for each leaf number. Experiments were repeated four times with
consistent results. Petiole and rachis measurements from all four ex-
periments were averaged (Supplemental Data Set 9).

Photosynthetic Pigment Quantification and
Chlorophyll Fluorescence

Whole 7-d-old seedlings of the indicated genotypes grown under W or
W+FR (Figures 1 and 4) or transferred to HL conditions (Supplemental
Figure 1B) were harvested, ground in liquid nitrogen, and the resulting
powder was used for quantification of chlorophylls and carotenoids
spectrophotometrically or by HPLC, as described (Bou-Torrent et al.,
2015).

Fluorescence measurements were performed on seedlings grown
under different light regimes using a MAXI-PAM fluorometer (Heinz Walz).
For every measurement, the whole cotyledons of seven seedlings were
considered. F,/F, was calculated as (F,, — F)/F,,, where F and F are the
maximum and minimum fluorescence of dark-adapted samples, re-
spectively. Fordark acclimation, plates were incubated for at least 30 minin
darkness to allow the full relaxation of photosystems. Rapid light curves
were constructed with 10 incremental steps of actinic irradiance (E; 0, 1, 21,
56,111,186,281,396,531,and 701 wmol photons m—2s~1). For each step,
the effective quantum yield of PSII (AF/F,,") was monitored every 1 min, and
relative electron transport rate was calculated as £ X AF/F,'. The light
response was characterized by fitting iteratively, using MS Excel Solver, the
model of Platt et al., (1980) to relative electron transport rate versus E
curves. The fit was very good in all the cases (r > 0.98).

Expression Analyses by RT-qPCR and RNA-Seq

RNA was extracted from whole seedlings of Arabidopsis and C. hirsuta
(grown as detailed in each experiment, three biological replicates per time
point, each biological replicate composed of 30-40 seedlings) using
commercial kits (RNAeasy Plant Mini kit, Qiagen; or the semiautomatic
Maxwell SimplyRNA kit, Promega). For real-time gPCR analysis, 2 ng of

120z AInr z1 uo 3sanb Aq 00.5865/6¥92/ L L/1€/o101HE/||99]d/W 00 dno-dlwepede)/:sdiy wody papeojumod



2660 The Plant Cell

RNA was reverse-transcribed using the M-MLV Reverse Transcriptase
(Invitrogen) or Transcriptor First Strand cDNA synthesis (Roche). Reference
genes used were UBQ10, EF1a, SPC25, and/or YLS8 (Supplemental
Table 2).

For RNA-seq analyses, quantification of gene expression was per-
formed as indicated elsewhere (Gan et al., 2016) and detailed in the
Supplemental Data. From the lists of genes, we selected as differen-
tially expressed those whose fold change was significantly (adjusted
P < 0.05) higher than 1.5 (Supplemental Data Sets 1 and 3) or lower than
0.67 (Supplemental Data Sets 2 and 4) in seedlings treated for 1 h
with W+FR compared with those grown under W in either C. hirsuta
(Supplemental Data Sets 1 and 2) or Arabidopsis (Supplemental Data
Sets 3 and 4).

GO and MapMan Analysis

A strict synteny-based approach was used to identify conserved orthologs
betweenthe two species. The Arabidopsis orthologs of the C. hirsuta genes
were used for getting the GO term annotations and MMBs. The GO term
annotations for Arabidopsis genes, used as a reference, were obtained
from the Gene Ontology Consortium (http://www.geneontology.org/;
Ashburner et al., 2000). The results are presented as Supplemental Data
Set 5. For the MMB analyses, each list of genes was submitted to the
Mercator gene function prediction pipeline (Lohse et al., 2014), which
annotates the query genes with the hierarchical ontology MMBs (Thimm
et al., 2004; Klie and Nikoloski, 2012). Based on these MMB annotations,
exact Fisher’s tests for function enrichment within the six groups of DEGs
were performed and interpreted (Supplemental Data Set 6).

Protein Extraction and Immunoblot Analysis

Methods for extracting and detecting phyA protein levels in Arabidopsis or
C. hirsuta seedlings (Martinez-Garcia et al., 1999; Gallemi et al., 2017) are
as follows. Protein extracts from C. hirsuta seedlings analyzed in Figure 3
and Supplemental Figure 6 were prepared following the direct extract
protocol (Martinez-Garcia et al., 1999) with the modifications described
below. Extracts were prepared from Ch"WT, sis7, and RNAi-ChPHYA
seedlings germinated and grown in the dark for 4 d. Ten seedlings per
genotype were harvested in the dark and extracted in 1.5-mL microfuge
tubes containing 300 pL of Laemmli buffer supplemented with prote-
ase inhibitors (10 ng/mL aprotinin, 1 ng/mL E-64, 10 ng/mL leupeptin,
1 ng/mL pepstatin A, and 100 uM PMSF). These extracts were preparedin
duplicate and similar results were observed. Plant material was ground
using disposable grinders in the Eppendorf tube at room temperature
until the mixture was homogeneous (usually less than 15 s). Once all the
samples were prepared, tubes were placed in boiling water for 3 min.
Tubes were centrifuged in a microfuge at maximum speed (13,000g,
10 min) immediately before loading. Fifteen microliters of each extract,
equivalent to ~0.5 seedlings, was loaded per lane in an SDS-8% PAGE
device.

Protein extracts analyzed in Figure 5 were prepared from At"T and ChWT
seedlings grown as indicated in the figure legend. Extracts were obtained
from four biological replicates. Protein extracts analyzed in Figure 6 were
prepared from AtWT, phyA-501, phyA>AtPHYA, and phyA>ChPHYA
seedlings germinated and grown in the dark for 4 d, as described (Gallemi
et al., 2017). Extracts were obtained from three biological replicates. Each
biological replicate was obtained from ~100 seedlings. Protein concen-
tration in these extracts was determined using the Pierce BCA Protein
Assay kit (catalog number 23225). Five or 7.5 ng of each extract was loaded
per lane in an SDS-8% PAGE device.

Immunoblot analyses of PHYA and TUB were performed at the same
time with the antibodies (073D, commercial anti-TUB) and dilutions in-
dicated elsewhere (Martinez-Garcia et al., 2014). Anti-mouse horseradish

peroxidase-conjugated antibody (Promega) was used as a secondary
antibody. ECL or ECL-plus chemiluminescence kits (GE Healthcare) were
used for detection. Signal was visualized and quantified using the
ChemiDoc Touch Imaging System (Bio-Rad).

Hormone Analyses

Hormone extraction and analysis were performed as described
(Durgbanshi et al., 2005) with a few modifications. Briefly, 0.02 g of dry
tissue (~150 AtWT seedlings and 100 ChWT seedlings) was extracted in
1 mL of ultrapure water after spiking with 50 ng of [2H,]IAA in a ball mill
(MillMix20, Domel). After centrifugation at 4000g at 4°C for 10 min, su-
pernatants were recovered and pH adjusted to 3 with 30% (v/v) acetic acid.
The water extract was partitioned twice against 2 mL of diethyl ether, and
the organic layer was recovered and evaporated under vacuum in a cen-
trifuge concentrator (Speed Vac, Jouan). Once dried, the residue was
resuspended in a 10:90 methanol:water solution by gentle sonication. The
resulting solution was filtered through 0.22-um polytetrafluoroethylene
membrane syringe filters (Albet) and directly injected into an ultraperfor-
mance LC system (Acquity SDS, Waters). Chromatographic separations
were performed on areverse-phase C18 column (gravity, 50 X 2.1 mm, 1.8-
um particle size, Macherey-Nagel) using a methanol:water (both supple-
mented with 0.1% acetic acid) gradient at a flow rate of 300 wL/min. IAA
was quantified with a triple quadrupole mass spectrometer (Micromass)
connected online to the output of the column though an orthogonal Z-spray
electrospray ion source.

Data Availability

The lllumina RNA-seq reads are available from the website http://chi.
mpipz.mpg.de/assembly. Source code of BAMLINK is available at http://
chi.mpipz.mpg.de/software. The data that support the findings of this
study are also available from the corresponding author on request.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or the C. hirsuta (http://chi.mpipz.mpg.de/assembly) databases
under the following accession numbers: AtATHB2 (At4g16780), ChATHB2
(CARHR223400), AtPIL1 (At2g46970), ChPIL1 (CARHR142340), AtUBQ10
(At4g05320), AtPHYA (At1g09570), ChPHYA (CARHR009540), ACS8
(At4g37770), GH3.3 (At2g23170), IAAT9 (At3g15540), IAA29 (At3g15540),
AtEF1a (At5g60390), ChEF1a (CARHR274060 and CARHR274080),
SPC25 (At2g39960), ChSPC25 (CARHR134880 and CARHR134890),
YLS8 (At5g08290), and ChYLS8 (CARHR204840).

Supplemental Data

Supplemental Figure 1. Photosynthetic-related responses of A.
thaliana and C. hirsuta seedlings to changing light conditions.

Supplemental Figure 2. Light spectra of the treatments used in
this study.

Supplemental Figure 3. Longitudinal length of A. thaliana and C.
hirsuta leaves respond differently to simulated shade.

Supplemental Figure 4. A. thaliana and C. hirsuta seedlings change
gene expression differently in response to simulated shade.

Supplemental Figure 5. The expression of a set of shade-induced but
auxin-dependent genes, identified in A. thaliana, is also shade-induced
in C. hirsuta.

Supplemental Figure 6. Reduction of phyA activity in C. hirsuta
seedlings results in a sis phenotype.

120z AInr z1 uo 3sanb Aq 00.5865/6¥92/ L L/1€/o101HE/||99]d/W 00 dno-dlwepede)/:sdiy wody papeojumod



Supplemental Figure 7. Partial alignment of ChPHYA/AtPHYA,
ChEF1a/AtEF1a, ChSPC25/AtSPC25 and ChYLS8/AtYLS8 sequences.

Supplemental Figure 8. Strategies to compare biological activity
between AtphyA and ChphyA in transgenic lines.

Supplemental Figure 9. The expression of a set of shade-induced
phyA-repressed genes, identified in A. thaliana, is attenuated in C.
hirsuta.

Supplemental Figure 10. Alignment of C. hirsuta and A. thaliana phyA
amino acid sequences.

Supplemental Table 1. RPKM of eight genes commonly used for
normalizing in RT-gPCR analyses.

Supplemental Table 2. Primers used in this work.

Supplemental Data Set 1. Bioset of up-regulated genes in C. hirsuta
seedlings in response to simulated shade.

Supplemental Data Set 2. Bioset of down-regulated genes in C.
hirsuta seedlings in response to simulated shade.

Supplemental Data Set 3. Bioset of up-regulated genes in A. thaliana
seedlings in response to simulated shade.

Supplemental Data Set 4. Bioset of down-regulated genes in A.
thaliana seedlings in response to simulated shade.

Supplemental Data Set 5. Results of Venn diagrams of the GO
categorization.

Supplemental Data Set 6. Functional enrichment groups based on
the MapMan-Bin analyses.

Supplemental Data Set 7. Bioset of shade-regulated OMCL
groups in Geranium pyrenaicum petioles in response to simulated
shade.

Supplemental Data Set 8. Bioset of shade-regulated OMCL groups in
Geranium robertianum petioles in response to simulated shade.

Supplemental Data Set 9. Summary of statistical tests.
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Photoreceptor Activity Contributes to Contrasting Responses
to Shade in Cardamine and Arabidopsis Seedlings

Maria Jose Molina-Contreras, Sandi PaulisSi¢, Christiane Then, Jordi Moreno-
Romero, Pedro Pastor-Andreu, Luca Morelli, Irma Roig-Villanova, Huw Jenkins,
Asis Hallab, Xiangchao Gan, Aurelio Gomez-Cadenas, Miltos Tsiantis, Manuel
Rodriguez-Concepcion, Jaime F. Martinez-Garcia

SUPPLEMENTAL METHODS

Generation of C. hirsuta RNAi-ChPHYA plants

To generate an RNAI construct to silence the endogenous ChPHYA, a
fragment of 256 bp was PCR-amplified using the primers CTO31 and CTO32
(Supplemental Table 2) and cDNA from C. hirsuta seedlings treated with 1 h of
W+FR as a template. This ChPHYA region, corresponding to the first 256 bp of
the cDNA, was selected because it showed less similarity with other
phytochrome genes. PCR product was directionally subcloned into pCRII-TOPO
to generate pCT16. The pCT16 fragment was sequenced to confirm its identity.
An EcoRI fragment of pCT16 was subcloned into the same sites of pPENTR3C
vector (Invitrogen), flanked by the attL1 and attL2 sites, to give pCT18. Using
the Gateway LR Clonase Il (Invitrogen), in vitro recombination with the RNAI
destination vector pB7GWIWGZ2(I), containing attR1 and attR2 sites, generated
pCT31 (35S:attB1<RNAI-ChPHYA<attB2), which confers phosphinothricin
(PPT) resistance in plants. This binary vector was introduced in Agrobacterium
tumefaciens CsgC; (pGV2260) by electroporation, and transformed colonies
were selected in YEB media supplemented with Rifampicin (100 pg/mL),
Kanamycin (25 pg/mL) and Spectinomycin (100 pg/mL). C. hirsuta wild-type

plants (Ch""

) were transformed by floral dipping and transgenic seedlings were
selected in media containing PPT (50 pg/mL). Transgene presence in T1 plants
was verified by PCR analysis using specific primers on plant genomic DNA
isolated from young leaves. Only lines with a single T-DNA insertion (as
estimated from the segregation of the marker gene in T2 populations) were

eventually selected, as described (Roig-Villanova et al., 2006).
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Generation of A. thaliana phyA-501 lines transformed with
pAtPHYA:AtPHYA and pAtPHYA:ChPHYA

As a source of the A. thaliana PHYA gene promoter (pAtPHYA), we
employed the plasmid APAG (pAPAG, kindly provided by A. Nagatani, Kyoto
University, Japan), which contains 2.9 kb of the promoter region (Toledo-Ortiz
et al., 2010). A Xhol-BamHI fragment of pAPAG was subcloned in pBS-SK+
(Stratagene) digested with the same enzymes, generating pMJ70, which allows
to get an Xbal fragment covering ~2.0 Kbp of the pAtPHYA (from ATG to
-2,029; see below).

As a source of AtPHYA, we employed vector pET-PHYA (kindly provided
by P. Quail, UC-Berkeley, CA, USA), which contains the whole ORF of AtPHYA
in pET3c to be expressed in E. coli (Somers et al., 1991). pET-PHYA was
digested first with Nhel (and blunt-ended with Klenow, Nhelbe) and next with
BamHI. The Nhel®-BamHI fragment, which contains the whole ORF of
AtPHYA, was then cloned in pBS-SK+ (Stratagene) digested with EcoRV and
BamHI, generating pMJ77. A Sall-Notl fragment of pMJ77 was subcloned into
the same sites of pPENTR3C (attL1<ccdB<attL2; Invitrogen), generating pMJ78,
which contains AtPHYA flanked by recombination sites (attL1<AtPHYA<attL?2).

The whole ChPHYA coding sequence was amplified using specific primer
CTO31 and MBO9 (Supplemental Table 2), and cDNA isolated from etiolated
seedlings as DNA template. The resulting fragment was cloned into pCRII-
TOPO to give pMJ65. After sequencing several independent colonies, we
focused in pMJ65.2 (it contained no or silent mistakes between the ATG and a
unique Avrll site within the ChPHYA) and pMJ65.6 (it contained no or silent
mistakes between the unique Avrll site and the stop codon). An Xbal-Avrll
fragment of pMJ65.2 was subcloned into the same sites of pMJ65.6 vector,
generating pMJ67, which contains the whole ORF of ChPHYA with no or silent
mistakes. An EcoRI fragment of pMJ67 was directionally subcloned into the
same sites of pENTR3C, generating pMJ72, which contains ChPHYA flanked
by recombination sites (attL1<ChPHYA**?<attL2). pMJ72 was digested with
Xbal, refiled with Klenow and religated, to generate pMJ74
(attL1<ChPHYA<attL2), which removes an Xbal site located after the stop

codon but before the attL2 site.
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The gateway binary vector NOB936 (Galbiati et al., 2013), was digested
with Aatll (to release the SEEDSTICK promoter) and re-ligated to generate
pIR101. Using the Gateway LR Clonase Il (Invitrogen), in vitro recombination
between pIR101 (attRl<ccdB<attR2) and pMJ74 (attL1<ChPHYA<attL2),
generated pMJ83 (attB1<ChPHYA<attB2). An Xbal fragment of pMJ70,
containing pAtPHYA, was directionally cloned in pMJ83 digested with the same
restriction enzyme, producing pMJ84 (pAtPHYA:attB1<ChPHYA<attB2).

Using the Gateway BP Clonase Il  (Invitrogen), pMJ384
(PAtPHYA:attB1<ChPHYA<attB2) was recombined with pDONR207
(attPl<ccdB-CmR<attP2) to generated pMJ85 (pAtPHYA:attR1<ccdB-
CmR<attB2), which was recombined (LR clonase) with pMJ78
(attL1<AtPHYA<attL2) to generate pMJ86 (pAtPHYA:attB1<AtPHYA<attB2).

These binary vectors (pMJ84 and pMJ86) were introduced in
Agrobacterium tumefaciens Cs3C;  (pGV2260) by electroporation, and
transformed colonies (selected in YEB media supplemented with 100 pg/mL
Rifampicin,25 pg/mL Kanamycin and 100 pug/mL Spectinomycin), were used to
transform A. thaliana phyA-501 plants by floral dipping (Figure 6A). Transgenic
seedlings were selected in media containing PPT (50 pg/mL); and characterized
as indicated before for C. hirsuta. Only lines with a single T-DNA insertion were
eventually selected, as described (Roig-Villanova et al., 2006).

RNA sequencing analyses

We collected Illumina short-read transcription sequences for each
sample with 3 biological replicates. Paired-end reads were aligned to the
reference genome (tairl0 for A. thaliana and CHIV1 for C. hirsuta) using

TopHat2 (Kim et al.,, 2013) with parameters “--max-multihits 10 --coverage-
search --microexon-search --mate-std-dev 40 --max-intron-length 30000”. Raw
read counts per gene were quantified with HTSeq v0.5.4pl (http://www-

huber.embl.de/users/anders/HTSeq) using the "--stranded=no -t CDS " option.

To facilitate cross-species comparisons, the reads within UTR regions were not
taken into account since UTR regions are generally more divergent than CDS
regions.

Differential expression between samples from the same species was

determined using DESeq (Anders and Huber, 2010). We found the most
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sensitive parameter settings for the function estimateDispersions were
method="blind", and sharingMode="fit-only" (Mott et al., 2014). The interspecific
comparison of gene expression was based on 20,284 orthologous genes,
generated previously (Gan et al., 2016), with a reciprocal gene sequence
similarity searching. The comparison of the lists of differentially expressed
genes (DEGs) in C. hirsuta and A. thaliana (Supplemental Data Sets 1-4)
resulted in six categories of genes: fours groups of DEGs (up- or down-
regulated) in one species but not in the other, and two group of DEGs (up- or

down-regulated) in both species.
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SUPPLEMENTAL FIGURE LEGENDS

Supplemental Figure 1 (Supports Figure 1). Photosynthetic-related responses
of A. thaliana and C. hirsuta seedlings to changing light conditions. (A)
Maximum photochemical efficiency of PSII in the dark-adapted state (Fv/Fm) of
seedlings germinated and grown for 7 days under W (20-24 PAR, white) and
then either transferred to high light (HL, 200 PAR, yellow) for 7 more days
followed by low light (LL, 4 PAR, grey) for another week (left plot) or first to LL
and then to HL (right plot). Values represent mean and standard error of n=7
seedlings per treatment. (B) Chlorophyll levels in A. thaliana and C. hirsuta
seedlings transferred from W to HL for 7 days as described in A. Mean and
standard deviation of n=3 pools of seedlings are represented relative to the
levels in W-grown seedlings. (C) Rapid light curves of relative photosynthetic
electron transport rate (rETR) versus incident photon irradiance (PAR) in A.
thaliana (left) and C. hirsuta (right) seedlings germinated and grown for 7 days
under W and then exposed for one day to either W or LL. Values shown are

mean and standard error of n = 5 samples.

Supplemental Figure 2 (Supports Figure 1). Light spectra of the treatments
used in this study. Spectral photon distribution of control white light (R:FR =
5.83, upper), low R:FR (0.055, middle) and very low R:FR (R:FR = 0.020, lower)
treatments. Units of irradiance are given per nm. Bars indicate wavelengths

used for estimating the R:FR.

Supplemental Figure 3 (Supports Figure 1). Longitudinal length of A. thaliana
and C. hirsuta leaves respond differently to simulated shade. (A) Aspect of
representative leaves of A. thaliana (left) and C. hirsuta (right). A red-dotted line
illustrates the limits of the organs measured in A. thaliana (petiole) and C.
hirsuta (petiole and rachis). Heteroblastic leaf series of A. thaliana (B) and C.
hirsuta (C) wild-type genotypes of plants grown under W or W+FR. The two
cotyledons and rosette leaves 1 to 9 (A. thaliana) or 1 to 8 (C. hirsuta) are
shown from left to right. Leaves used to measure petiole and rachis length are

indicated with numbers. Scale baris 1 cm.
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Supplemental Figure 4 (Supports Figure 2). A. thaliana and C. hirsuta
seedlings change gene expression differently in response to simulated shade.
(A) Venn diagram representing the overlap of simulated shade-regulated genes
(up- and down-regulated genes) between AtY" and Ch"" seedlings grown as
indicated in Figure 2A. (B) Venn diagrams representing the overlap in
significantly overrepresented gene ontology (GO) biological process (left) and
molecular function (right) terms among genes up-regulated by the W+FR
treatment only in AtYT or Ch"Y", or in both species. (C) Shade-induced changes
in A. thaliana and C. hirsuta gene expression profiles differ from those of two
Geranium species displaying divergent responses to vegetation proximity. Venn
diagrams representing the overlap of up- (left) and down-regulated (right) genes
in response to simulated shade between At"" and Ch"' seedlings, and G.

pyrenaicum (Gpyr) and G. robertianum (Grob) petioles (Gommers et al., 2017).

Supplemental Figure 5 (Supports Figure 2). The expression of a set of shade-
induced but auxin-dependent genes, identified in A. thaliana, is also shade-
induced in C. hirsuta. Expression values were obtained from (1) RNA-seq data
on AtV (Col-0), pif7-1 and sav3-2 (Li et al., 2012), (2) Affymetrix array data on
At"T and sav3-2 (Bou-Torrent et al., 2014; Tao et al., 2008), and RNA-seq data
on AtYT and Ch"'" (Supplemental Data Sets 1-4). (A) Venn diagram analyses
were used to identify a set of 13 genes significantly induced in response to 1h of
shade in At"T but not in sav3-2 and pif7-1 mutant seedlings. (B) Fold change
induction of the expression of the indicated set of 13 genes after 1 h of low
R:FR in At"T (Col-0), pif7-1 and sav3-2 (Li et al., 2012) (upper graph), At"" and
sav3-2 (Bou-Torrent et al., 2014; Tao et al., 2008) (middle graph), and At"'" and
Ch"T (lower graph; in this experiment, expression of IAA6, SAUR46 and
At3g28420 was not found as shade induced). Asterisks indicate those values
shown to be significantly induced by shade in the corresponding statistics

analyses.

Supplemental Figure 6 (Supports Figure 3). Reduction of phyA activity in C.
hirsuta seedlings results in a sis phenotype. (A) Alignment of PHYA amino acid

sequences around the G913 (red arrow) identified as mutated in the PHYA

6
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gene of sisl-2 plants from a broad range of angiosperms plant species:
Arabidopsis lyrata (A. lyrata, 1122 residues), Arabidopsis thaliana (A. thaliana,
1122 residues), Brassica rapa (B. rapa, 1210 residues), Carica papaya (C.
papaya, 986 residues), Capsella rubella (C. rubella, 1122 residues), Cardamine
hirsuta (C. hirsuta, 1122 residues), Citrus sinensis (C. sinensis, 1117 residues),
Manihot esculenta (M. esculenta, 1123 residues), Oryza sativa (O. sativa, 1128
residues), Populus trichocarpa (P. trichocarpa, 1126 residues), Phaseolus
vulgaris (Ph. vulgaris, 1123 residues), Solanum lycopersicum (S. lycopersicum,
1123 residues), Solanum tuberosum (S. tuberosum, 1123 residues), Sorghum
bicolor (S. bicolor, 1131 residues), Thellungiella halophila (T. halophila, 1122
residues) and Zea mays (Z. mays, 1131 residues). (B) ChPHYA gene
expression analysis in 6-day-old etiolated seedlings of wild-type (Ch"") and
three independent RNAi:ChPHYA lines. Transcript abundance, normalized to
ChEFlea is shown. Values are means and s.e.m. of three independent RT-
gPCR biological replicates relative to Ch"" values. Asterisks indicate significant
differences (**p<0.01) relative to Ch"" levels. (C) Immunoblot detection of
PHYA (upper band) and tubulin (lower band) with mouse monoclonal anti-PHYA
and anti-TUB antibodies in extracts of 6-day-old etiolated seedlings of Ch"'",
and three independent RNAIi:ChPHYA lines. (D) Hypocotyl length of d7

hWT

seedlings of C and three independent RNAi:ChPHYA lines grown as

indicated in Figure 1A. Asterisks indicate significant differences (**p<0.01)

relative to ChV'"

growing under the same light conditions.

Supplemental Figure 7 (Supports Figure 5). Partial alignment of
ChPHYA/AtPHYA, ChEF1ao/AtEF1a, ChSPC25/AtSPC25 and ChYLS8/AtYLS8
sequences. The location of the common primers used to quantify and compare

expression levels by RT-qPCR between species is shown.

Supplemental Figure 8 (Supports Figure 6). Strategies to compare biological
activity between AtphyA and ChphyA in transgenic lines. (A) Cartoons
describing the growth conditions employed to analyze the expression of
AtPHYA and ChPHYA and/or phyA protein levels in the different lines analyzed.
Etiolated seedlings were grown for 4 days in the dark before harvesting (white
asterisk, upper panel) for RNA and protein extraction. Seedlings were grown for

7
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2 days under W then for 5 additional days under W+FR before harvesting (white
asterisk, lower panels) for RNA extraction. (B) Correlation between levels of
PHYA expression in seedlings grown under simulated shade (PHYA w.rr) and
in darkness (PHYA p). (C-E) Correlation between Hypw:rr-Hypw (estimated
phyA activity in simulated shade) and relative levels of PHYA expression in (C)
etiolated seedlings (PHYA p, left panel) or seedlings grown under simulated
shade (PHYA w.rr, right panel), (D) relative phyA protein levels in etiolated
seedlings (PHYA:TUB), and Hypp-Hyper (estimated phyA activity during
seedling de-etiolation under FR) for the different lines analyzed. In B to E, the
estimated regression equation (top of graph) and the estimated R? values are
shown for each plot, and grey arrows indicate the lines shown in Figure 6. (F)
Summary of the correlations observed between the estimated AtphyA and
ChphyA biological activities and transgenic PHYA expression and phyA protein
levels in the various phyA>AtPHYA and phyA>ChPHYA complementation lines.
Only positive correlations, indicated with discontinuous green lines with arrows

in both ends, are shown.

Supplemental Figure 9 (Supports Figure 7). The expression of a set of shade-
induced phyA-repressed genes, identified in A. thaliana, is attenuated in C.
hirsuta. (A) Fold change induction after 1 h of low R:FR of the expression of the
top genes induced in phyA-211 (but not in AtY") (Yang et al., 2018) (upper
graph), and At"T and Ch"" (lower graph). (B) Fold change induction after 1 h of
low R:FR of the expression of the top genes (and GH3.3) more induced in
phyA-211 than AtY"T (Yang et al., 2018) (upper graph), and At"" and Ch""
(lower graph). In A and B, only those genes found as shade induced in At"" or
Ch"T are included. Asterisks indicate those values shown to be significantly
induced by shade in At"" or ch"".

Supplemental Figure 10 (Supports Figures 6 and 7). Alignment of C. hirsuta
and A. thaliana phyA amino acid sequences. The three different types of point
differences found are highlighted in green, pink or blue colors. In red are
pointed the two residues in the ChphyA sequence mutated in sis1l-1 and sis1-2

lines.
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Supplemental Figure 1. (Supports Figure 1)

Photosynthetic-related responses of A. thaliana and C. hirsuta seedlings to changing light
conditions. (A) Maximum photochemical efficiency of PSIl in the dark-adapted state (Fv/Fm) of
seedlings germinated and grown for 7 days under W (20-24 PAR, white) and then either
transferred to high light (HL, 200 PAR, yellow) for 7 more days followed by low light (LL, 4 PAR,
grey) for another week (left plot) or first to LL and then to HL (right plot). Values represent mean
and standard error of n=7 seedlings per treatment. (B) Chlorophyll levels in A. thaliana and C.
hirsuta seedlings transferred from W to HL for 7 days as described in A. Mean and standard
deviation of n=3 pools of seedlings are represented relative to the levels in W-grown seedlings. (C)
Rapid light curves of relative photosynthetic electron transport rate (rETR) versus incident photon
irradiance (PAR) in A. thaliana (left) and C. hirsuta (right) seedlings germinated and grown for 7
days under W and then exposed for one day to either W or LL. Values shown are mean and
standard error of n = 5 samples.
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Supplemental Figure 2. Light spectra of the treatments used in this study. Spectral photon
distribution of control white light (R:FR = 5.83, upper), low R:FR (0.055, middle) and very low R:FR
(R:FR = 0.020, lower) treatments. Units of irradiance are given per nm. Bars indicate wavelengths
used for estimating the R:FR.
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A. thaliana C. hirsuta
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Supplemental Figure 3. (Supports Figure 1)

Longitudinal length of A. thaliana and C. hirsuta leaves respond differently to simulated shade. (A)
Aspect of representative leaves of A. thaliana (left) and C. hirsuta (right). A red-dotted line
illustrates the limits of the organs measured in A. thaliana (petiole) and C. hirsuta (petiole and
rachis). Heteroblastic leaf series of A. thaliana (B) and C. hirsuta (C) wild-type genotypes of plants
grown under W or W+FR. The two cotyledons and rosette leaves 1 to 9 (A. thaliana) or 1 to 8 (C.
hirsuta) are shown from left to right. Leaves used to measure petiole and rachis length are
indicated with numbers. Scale bar is 1 cm.
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Supplemental Figure 4. (Supports Figure 2)

A. thaliana and C. hirsuta seedlings change gene expression differently in response to simulated
shade. (A) Venn diagram representing the overlap of simulated shade-regulated genes (up- and
down-regulated genes) between AtWT and ChWT seedlings grown as indicated in Figure 2A. (B)
Venn diagrams representing the overlap in significantly overrepresented gene ontology (GO)
biological process (left) and molecular function (right) terms among genes up-regulated by the
W+FR treatment only in AtWT or ChWT, or in both species. (C) Shade-induced changes in A.
thaliana and C. hirsuta gene expression profiles differ from those of two Geranium species
displaying divergent responses to vegetation proximity. Venn diagrams representing the overlap of
up- (left) and down-regulated (right) genes in response to simulated shade between AtWT and ChWT
seedlings, and G. pyrenaicum (Gpyr) and G. robertianum (Grob) petioles (Gommers et al., 2017).
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Supplemental Figure 5. (Supports Figure 2)

The expression of a set of shade-induced but auxin-dependent genes, identified in A. thaliana, is
also shade-induced in C. hirsuta. Expression values were obtained from (1) RNA-seq data on AtWT
(Col-0), pif7-1 and sav3-2 (Li et al., 2012), (2) Affymetrix array data on AtWT and sav3-2 (Bou-
Torrent et al., 2014; Tao et al., 2008), and RNA-seq data on AtYT and ChWT (Supplemental Data
Sets 1-4). (A) Venn diagram analyses were used to identify a set of 13 genes significantly induced
in response to 1h of shade in AtWT but not in sav3-2 and pif7-1 mutant seedlings. (B) Fold change
induction of the expression of the indicated set of 13 genes after 1 h of low R:FR in At"WT (Col-0),
pif7-1 and sav3-2 (Li et al., 2012) (upper graph), AtWT and sav3-2 (Bou-Torrent et al., 2014; Tao et
al., 2008) (middle graph), and AtYT and ChWT (lower graph; in this experiment, expression of IAAG6,
SAUR46 and At3g28420 was not found as shade induced). Asterisks indicate those values shown
to be significantly induced by shade in the corresponding statistics analyses.
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Supplemental Figure 6. (Supports Figure 3)

Reduction of phyA activity in C. hirsuta seedlings results in a sis phenotype. (A) Alignment of
PHYA amino acid sequences around the G913 (red arrow) identified as mutated in the PHYA gene
of sis1-2 plants from a broad range of angiosperms plant species: Arabidopsis lyrata (A. lyrata,
1122 residues), Arabidopsis thaliana (A. thaliana, 1122 residues), Brassica rapa (B. rapa, 1210
residues), Carica papaya (C. papaya, 986 residues), Capsella rubella (C. rubella, 1122 residues),
Cardamine hirsuta (C. hirsuta, 1122 residues), Citrus sinensis (C. sinensis, 1117 residues),
Manihot esculenta (M. esculenta, 1123 residues), Oryza sativa (O. sativa, 1128 residues), Populus
trichocarpa (P. trichocarpa, 1126 residues), Phaseolus vulgaris (Ph. vulgaris, 1123 residues),
Solanum lycopersicum (S. lycopersicum, 1123 residues), Solanum tuberosum (S. tuberosum, 1123
residues), Sorghum bicolor (S. bicolor, 1131 residues), Thellungiella halophila (T. halophila, 1122
residues) and Zea mays (Z. mays, 1131 residues). (B) ChPHYA gene expression analysis in 6-
day-old etiolated seedlings of wild-type (Ch"T) and three independent RNAi:ChPHYA lines.
Transcript abundance, normalized to ChEFle is shown. Values are means and s.e.m. of three
independent RT-gPCR biological replicates relative to ChWT values. Asterisks indicate significant
differences (**p<0.01) relative to ChWT levels. (C) Immunoblot detection of PHYA (upper band) and
tubulin (lower band) with mouse monoclonal anti-PHYA and anti-TUB antibodies in extracts of 6-
day-old etiolated seedlings of ChWT, and three independent RNAi:ChPHYA lines. (D) Hypocotyl
length of d7 seedlings of ChWT and three independent RNAi:ChPHYA lines grown as indicated in
Figure 1A. Asterisks indicate significant differences (**p<0.01) relative to Ch"WT growing under the
same light conditions.
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ChPHYA  AGCGTTCGGATAACAAATGAGACCGGAGAAGAAGTCATGTCTGATACTTTGTATGGAGACAGTAT 3029
AtPHYA  AGTGTTCGGATAACAAATGAGACCGGAGAAGAAGTAATGTCTGACACTTTGTATGGAGACAGTAT 3029
MJO75> <MIOT6
ChPHYA  TAGGCTTCAACAAGTCTTGGCAGATTTCATGCTCATGTCTGTAAACTTTACACCATCCGGAGGTC 3094
AtPHYA  TAGGCTTCAACAAGTCTTGGCAGATTTCATGCTGATGGCTGTAAACTTTACACCATCCGGAGGTC 3094
AtEFla  TCATCAAGAACATGATTACTGGTACCTCCCAGGCTGATTGTGCTGTTCTTATCATTGACTCCACC 357
ChEFla  TCATCAAGAACATGATTACTGGTACCTCCCAGGCCGATTGTGCTGTCCTTATCATTGACTCCACC 357
SPO102> <SPO103
AtEFla  ACTGGAGGTTTTGAGGCTGGTATCTCTAAGGATGGTCAGACCCGTGAGCACGCTCTTCTTGCTTT 422
AtEFla  ACTGGAGGATTTGAAGCTGGTATCTCTAAGGATGGTCAGACCCGTGAGCACGCTCTTCTTGCGTT 422
AtSPC25 GATCCAAAATCAATCTCAGCTGGGAAGTCAGTTCAGCTCACCAAAAGTGTCACCCAATGGTTCAC 485
ChSPC25 GATCCGAAATCAATCTCAGCTGGGAAGTCGGTTCAGCTCACCAAAAGTGTCACCCAATGGTTCAC 485
SPO113> " <spo114
AtSPC25 GAAAGATGGAGTTCTTGTTGAGGGTTTATTCTGGAAAGACGTAGAAGCACTAATCAAGAACTATG 550
ChSPC25 GGAAGATGGAGTTCTTGTTGAGGGTTTATTCTGGAAAGACGTGGAAGCACTAATCAAGAACTATT 550
AtYLS8  AACAACAAGATCAACTGGGCTCTCAAGGACAAGCAGGAGTTCATTGATATCATTGAGACTGTCTA 359
ChYLS8  AACAACAAGATCAACTGGGCTCTCAAGGACAAGCAAGAGTTCATTGATATCATTGAAACTGTCTA 359
AtYLS8  CCGTGGTGCAAGGAAGGGTCGTGGGTTGGTGATTGCTCCAAAAGATTACTCCACCAAATACCGTT 424
AtYLS8  CCGTGGTGCTAGAAAGGGTCGTGGGTTGGTGATTGCTCCAAAAGATTACTCCACCAAGTACCGCT 424

Supplemental Figure 7. (Supports Figure 5)

Partial alignment of ChPHYA/AtPHYA, ChEFl1a/AtEFla, ChSPC25/AtSPC25

and

ChYLS8/AtYLS8 sequences. Location of the common primers used to quantify and compare
expression levels by RT-gPCR between species is shown.
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Supplemental Figure 8. (Supports Figure 6)

Strategies to compare biological activity between AtphyA and ChphyA in transgenic lines. (A)
Cartoons describing the growth conditions employed to analyze the expression of AtPHYA and
ChPHYA and/or phyA protein levels in the different lines analyzed. Etiolated seedlings were grown
for 4 days in the dark before harvesting (white asterisk, upper panel) for RNA and protein
extraction. Seedlings were grown for 2 days under W then for 5 additional days under W+FR
before harvesting (white asterisk, lower panels) for RNA extraction. (B) Correlation between levels
of PHYA expression in seedlings grown under simulated shade (PHYA ,,.rr) and in darkness
(PHYA p). (C-E) Correlation between Hyp,,.rr-Hypy, (estimated phyA activity in simulated shade)
and relative levels of PHYA expression in (C) etiolated seedlings (PHYA p, left panel) or seedlings
grown under simulated shade (PHYA ,.rr, right panel), (D) relative phyA protein levels in etiolated
seedlings (PHYA:TUB), and Hypp-Hypgr (estimated phyA activity during seedling de-etiolation
under FR) for the different lines analyzed. In B to E, the estimated regression equation (top of
graph) and the estimated R? values are shown for each plot, and grey arrows indicate the lines
shown in Figure 6. (F) Summary of the correlations observed between the estimated AtphyA and
ChphyA biological activities and transgenic PHYA expression and phyA protein levels in the
various phyA>AtPHYA and phyA>ChPHYA complementation lines. Only positive correlations,
indicated with discontinuous green lines with arrows in both ends, are shown.
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Supplemental Figure 9. (Supp<(()rt;E Figure 7)
The expression of a set of shade-induced phyA-repressed genes, identified in A. thaliana, is
attenuated in C. hirsuta. (A) Fold change induction after 1 h of low R:FR of the expression of the
top genes induced in phyA-211 (but not in At"T) (Yang et al., 2018) (upper graph), and AtWT and
ChWT (lower graph). (B) Fold change induction after 1 h of low R:FR of the expression of the top
genes (and GH3.3) more induced in phyA-211 than AtWT (Yang et al., 2018) (upper graph), and
AtWT and ChWT (lower graph). In A and B, only those genes found as shade induced in AtWT or
ChWT are included. Asterisks indicate those values shown to be significantly induced by shade in
AtWT or ChWT,
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ChPHYA MSGSRPSQSSEGSRRSRHSARI IAQTTVDAKLHADFEESGSSFDYSTSVRVTGPVVENQP 60
ATPHYA MSGSRPIQSSEGSRRSRHSARI IAQTTVDAKLHADFEESGSSFDYSTSVRVTGPVVENQP 60

ChPHYA PRSDKVTTTYLHH IQKGKL IQPFGCLLALDEKTFKV IAYSENAPELLTMASHAVPSVGEH 120
ATPHYA PRSDKVTTTYLHH IQKGKL IQPFGCLLALDEKTFKV IAYSENASELLTMASHAVPSVGEH 120

ChPHYA PVLGIGTDIRSLFTAPSASALQKALGFGDVSLLNPILVHCKTSAKPFYAIMHRVTGSIIV 180
ATPHYA PVLGIGTDIRSLFTAPSASALQKALGFGDVSLLNPILVHCRTSAKPFYAIRHRVTGSI Il 180

ChPHYA DFEPVKPYEVPMTAAGALQSYKLAAKAITRLQSLPSGSMERLCDTMVQEVFELTGYDRVM 240
ATPHYA DFEPVKPYEVPMTAAGALQSYKLAAKAITRLQSLPSGSMERLCDTMVQEVFELTGYDRVM 240

ChPHYA  AYKFHEDDHGEVVSEVTKPGLEPYLGLHYPATDIPQAARFLFMKNKVRMIVDCNAKHARY 300
AtPHYA  AYKFHEDDHGEVVSEVTKPGLEPYLGLHYPATD IPQAARFLFMKNKVRMIVDCNAKHARV 300

ChPHYA LQDEKLSFDLTLCGSTLRAPHSCHLQYMANMDS IASLVMAVVVNEEDGEGDAPDSTTQPQ 360
ATPHYA LQDEKLSFDLTLCGSTLRAPHSCHLQYMANMDS IASLVMAVVVNEEDGEGDAPDATTQPQ 360

ChPHYA KRKRLWGLVVCHNTTPRFVPFPLRYACEFLAQVFAIHVNKEVELENQEVEKNILRTQTLL 420
ATPHYA KRKRLWGLVVCHNTTPRFVPFPLRYACEFLAQVFAIHVNKEVELDNQMVEKNILRTQTLL 420

=%k [s

ChPHYA  CDMLMRDAPLG IVSQSPNIMDLVKCDGAALLYKDKIWKLGTTPSPFHLQETASWLYEYHT 480
AtPHYA  CDMLMRDAPLGIVSQSPNIMDLVKCDGAALLYKDKIWKLGTTPSEFHLQEIASWLCEYHM 480

KAk

ChPHYA DSTGLSTDSLHDAGFPKALBLGDSVCGMAAVR I SSKDMI FWFRSHTAGEVRWGGAKHDPD 540
ATPHYA DSTGLSTDSLHDAGFPRALSLGDSVCGMAAVR I SSKDMI FWFRSHTAGEVRWGGAKHDPD 540

=k

ChPHYA DRDDARRMHPRSSFKAFLEVVKTRSLPWKDYEMDAIHSLQL I LRNAFKDBESTDVNTKEI 600
ATPHYA DRDDARRMHPRSSFKAFLEVVKTRSLPWKDYEMDAIHSLQL I LRNAFKDSETTDVNTKMI 600

x= =%

ChPHYA  HSKLNELKIDGIQELEAVTSEMVRLIETATVPILAVDSDGLVNGWNTKIAELTGLPVDEA 660
AtPHYA  ¥SKLNDLKIDGIQELEAVTSEMVRLIETATVPILAVDSDGLVNGWNTKIAELTGLSVDEA 660

Sk Kk m FAhkk

ChPHYA IGKHELTLVEDSSVE I VKRMLENALEGTEEQNVQFE I KTHLSRADAGP ISLVVNACASRD 720
ATPHYA IGKHELTLVEDSSVE I VKRMLENALEGTEEQNVQFE I KTHLSRADAGP ISLVVNACASRD 720

B

ChPHYA LHENVVGVCFVAHDLTGQKTVMDKFTRIEGDYKATIQNPNPLIPPIFGTDEFGWCTEWNP 780
ATPHYA LHENVVGVCFVAHDLTGQKTVMDKFTRIEGDYKATIQNPNPLIPPIFGTDEFGWCTEWNP 780

ChPHYA  AMSKLTGLKREEVMDKMLLGEVFGTQKSCCRLKNQEAFVNLGIVLNBAVTSQESEKVSFA 840
AtPHYA  AMSKLTGLKREEV[IDKMLLGEVFGTQKSCCRLKNQEAFVNLGIVLNNAVTSQDPEKVSFA 840

ChPHYA FFTRGGKYHMECLLCVSKKLDREGVVTGVFCFLQLASHELQQALHVQRLAERTALKRLKAL 900
ATPHYA FFTRGGKYMECLLCVSKKLDREGVVTGVFCFLQLASHELQQALHVQRLAERTAVKRLKAL 900

ChPHYA  AYIKRQI RNPL*I MFTRKMMEGTELGPEQRRI L.TSALCQKQLSKVLDDSDLES 11EGC 960
AtPHYA  AYIKRQIRNPLSGIMFTRKMIEGTELGPEQRRILQTSALCQKQLSKLDDSDLESIIEGC 960

ChPHYA LDLEMKEFSLNEVLTASTSQVMMKSNGKSVRITNETGEEVMSDTLYGDS IRLQQVLADFM 1020
ATPHYA LDLEMKEFTLNEVLTASTSQVMMKSNGKSVRITNETGEEVMSDTLYGDS IRLQQVLADFM 1020

ChPHYA LMSVNFTPSGGQLTVAASLRKDQLGRSVHLAYLE IRLTHTGAGMPEFLLNQMFGTEEDVS 1080
ATPHYA LMAVNFTPSGGQLTVSASLRKDQLGRSVHLANLE IRLTHTGAGIPEFLLNQMFGTEEDVS 1080

e =

ChPHYA EEGLSLMVSRKLVKLMNGDVQYLRQAGKSSFIITAELAAANK 1122
ATPHYA EEGLSLMVSRKLVKLMNGDVQYLRQAGKSSFI ITAELAAANK 1122

Supplemental Figure 10. (Supports Figure 6)

Alignment of C. hirsuta and A. thaliana phyA amino acid sequences. The three different types of
point differences found are highlighted in green, pink or blue colors. In red are pointed the two
residues in the ChphyA sequence mutated in sis1-1 and sisl1-2 lines.
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Supplemental Table 1 (Supports Figure 5). RPKM of eight genes commonly
used for normalizing in RT-gPCR analyses. Data were extracted from our RNA-
seq experiments in A. thaliana and C. hirsuta seedlings, described in Figure 2A.
Transcript levels (read counts) were normalized as RPKM (Reads Per Kilobase
of transcript, per Million mapped reads). The expression of most of the
orthologous pairs of genes (e.g.,, a_1 vs. c_1) was within the same range.
Shade treatment was not affecting the expression of these normalizing genes in
any of the two species. As a positive control, PIL1 expression was incorporated

(row in grey).

RPKM
AYT-0h AT -1 h WH+FR
repl rep2 rep3 repl rep2 rep3
EFla |At5g60390 (a_1) 1439.643 1642.496 2047.051 1797.248 1625.529 1862.771
SPC25 |At2g39960 (a_2) 62.396 66.872 76.918 83.291 77.484 78.664
YLS8 [At5g08290 (a_3) 115.577 109.004 142.605 132.587 109.305 130.746
PP2A |At1g13320 (a_4) 23.699 26.735 23.152 25.637 23.123 23.009
SAND [At2g28390 (a_5) 17.314 20.024 18.496 21.273 21.726 25.085
UBC |At5¢g25760 (a_6) 52.030 51.076 45.266 64.194 55.429 55.481
APX3 |At4g35000 (a_7) 85.285 85.520 113.034 92.083 85.010 88.498
ACT2 |At3g18780 (a_8) 386.295 378.730 431.258 407.656 386.058 436.198
PIL1  |At2g46970 1.202 1.007 0.710 45.187 55.811 51.400
ch¥T-0h Ch"T-1h W+FR
repl rep2 rep3 repl rep2 rep3
CARHR274060 +
EFla |CARHR274080 (c_1) 1599.331 1589.089 1741.301 1839.943 1584.613 1656.329
CARHR134880 +
SPC25 [CARHR134890 (c_2) 38.307 27.580 35.691 40.726 38.702 40.127
YLS8 [CARHR204840 (c_3) 127.433 95.962 122.678 135.796 127.408 121.078
PP2A |CARHRO013700 (c_4) 35.479 32.030 39.510 35.357 35.165 32.101
SAND |CARHR121340 (c_5) 16.898 15.447 17.226 18.281 14.384 14.221
UBC |CARHR187650 (c_6) 48.770 45.744 57.398 55.274 69.315 64.938
APX3 |CARHR243280 (c_7) 205.188 178.722 183.599 179.091 188.908 170.422
ACT2 |CARHR094190 (c_8) 1017.891 965.459 1073.328 983.693 1018.058 813.392
PIL1 |CARHR142340 0.409 0.128 0.130 14.255 20.875 14.204

22
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Supplemental Table 2. Primers used in this work. Primers for transcript level
analyses by RT-qPCR of A. thaliana ATHB2, PIL1 and UBQ10 have been

described elsewhere (Gallemi et al., 2016; Gallemi et al., 2017).

Primers used for cloning

Gene name
(AGI) Name, oligonucleotide sequences (5’—3’)
ChPHYA CTO31, ATG-TCC-GGG-TCT-AGG-CCG-AG

CTO32, GAA-CCG-AAG-GGC-TGA-ATC-AGC-T

MBQO9, CAT-CCA-TAT-TTA-CAG-CTC-CAG

Primers used for gPCR analyses

Gene name
(AGI) Name, oligonucleotide sequences (5’—3’)
AtATHB2 MGO26, GGA-GGT-AGA-CTG-CGA-GTT-CTT-ACG
(At4g16780) MGOZ27, TGC-ATG-TAG-AAC-TGA-GGA-GAG-AGC
ChATHB2 CTO39, AGC-CCA-CCC-ACT-ACT-TTG-ACC
CTO40, CGT-GGC-AGC-TTG-ATT-TGG-T
BO87, GGA-AGC-AAA-ACC-CTT-AGC-ATC-AT
'(D:At\tPZI;697O) BO88, TCC-ATA-TAA-TCT-TCA-TCT-TTT-AAT-TTT-
GGT-TTA
CTO17, GAA-GAC-CCC-AAA-ACA-ACG-GTT
ChPiLL CTO18, CCC-TCA-TCG-TAC-TCG-GTC-TCA
AtUBQ10 BO40, AAA-TCT-CGT-CTC-TGT-TAT-GCT-TAA-GAA-G
(At4g05320) BOA41, TTT-TAC-ATG-AAA-CGA-AAC-ATT-GAA-CTT
AtPHYA and MJO75, TCG-GAT-AAC-AAA-TGA-GAC
ChPHYA MJO76, CGG-ATG-GTG-TAA-AGT-TTA
AtEFla BO95, TGG-TGT-CAA-GCA-GAT-GAT-TTG-C
(At5g60390) B0O96, ATG-AAG-ACA-CCT-CCT-TGA-TGA-TTT-C
ChEF1q CTO9, GGC-CGA-TTG-TGC-TGT-CCT-TA

CTO10, TCA-CGG-GTC-TGA-CCA-TCC-TTA

AtEFlo and ChEFla

SP0O102, ATG-ATT-ACT-GGT-ACC-TCC-CAG-GC

SPO103, CTC-ACG-GGT-CTG-ACC-ATC-CT

23
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ACSS8 JRO46, GCA-GCC-AAT-TTC-CAA-AGA-GA
(At4g37770) JRO47, CGA-CAT-GAA-ATC-CGC-CAT-AG
GH3.3 JRO38, TTC-TCC-CTC-ATC-ATG-AAG-TCC
(At2923170) JRO39, AAC-GGT-TAA-GCC-CAG-CAT-AG

IAA19 NCO89, TGC-TCT-TGA-TAA-GCT-CTT-CGG-TT
(At3915540) NCO90, TCT-TTC-AAG-GCC-ACA-CCG-AT

IAA29 MGO38, CTT-CCA-AGG-GAA-AGA-GGG-TGA
(At3915540) MGO39, TTC-CGC-AAA-GAT-CTT-CCA-TGT-AAC

SPC25 (At2g39960)
and ChSPC25

SPO113, ATC-AAT-CTC-AGC-TGG-GAA-GTC

SPO114, TCT-TTC-CAG-AAT-AAA-CCC-TC

YLS8 (At5g08290)
and ChYLS8

SPO115, AGA-TCA-ACT-GGG-CTC-TCA-AGG

SPO116, TTG-GAG-CAA-TCA-CCA-ACC-CAC
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Light signals generated by vegetation shade facilitate acclimation to low

light in shade-avoider plants.
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Plastids, the defining organelles of plant cells, undergo physiological
and morphological changes to fulfill distinct biological functions. In
particular, the differentiation of chloroplasts into chromoplasts
results in an enhanced storage capacity for carotenoids with indus-
trial and nutritional value such as beta-carotene (provitamin A).
Here, we show that synthetically inducing a burst in the production
of phytoene, the first committed intermediate of the carotenoid
pathway, elicits an artificial chloroplast-to-chromoplast differentia-
tion in leaves. Phytoene overproduction initially interferes with
photosynthesis, acting as a metabolic threshold switch mechanism
that weakens chloroplast identity. In a second stage, phytoene con-
version into downstream carotenoids is required for the differentiation
of chromoplasts, a process that involves a concurrent reprogramming
of nuclear gene expression and plastid morphology for improved ca-
rotenoid storage. We hence demonstrate that loss of photosynthetic
competence and enhanced production of carotenoids are not just con-
sequences but requirements for chloroplasts to differentiate into
chromoplasts.

carotenoid | chromoplast | differentiation | phytoene | synthetic

lastids comprise a group of morphologically and functionally

diverse plant organelles capable of differentiating from one
plastid type to another in response to developmental and envi-
ronmental stimuli (1, 2). Such plastidial conversions are essential
to sustain many fundamental biological processes and largely
contribute to cell specialization in the different plant tissues.
Among the different plastid types, chromoplasts are of great
importance in nature and agriculture because of their capacity to
accumulate high levels of carotenoids, plant pigments of iso-
prenoid nature that provide color in the yellow to red range
(3-5). Carotenoids such as beta-carotene (provitamin A) are
health-promoting nutrients that animals cannot synthesize but
take up in their diets. They are also added-value compounds
widely used in cosmetics, pharma, food, and feed industries as
natural pigments and phytonutrients (4, 6).

Chromoplasts differentiate from preexisting plastids such as
proplastids (i.e., undifferentiated plastids), leucoplasts (i.e., un-
colored plastids in nonphotosynthetic tissues), and chloroplasts
(i.e., photosynthetic plastids). Chloroplasts transform into chro-
moplasts during the development of many flowers and fruits, but
only a few plant species differentiate chromoplasts in leaves (1,
5). The yellow to red colors that some leaves acquire as they
senesce (e.g., in the autumn or when they are exposed to con-
tinuous darkness) are due to chloroplast carotenoids becoming
visible when the chlorophylls degrade. This senescence process,
however, does not involve the transformation of chloroplasts into

21796-21803 | PNAS | September 1,2020 | vol. 117 | no. 35

chromoplasts but into a completely different type of plastids
named gerontoplasts (1, 2).

The most prominent changes during chloroplast-to-chromo-
plast differentiation are the reorganization of the internal plastid
structures, together with a concurrent loss of photosynthetic
competence and overaccumulation of carotenoid pigments (1-3,
5,7, 8). The remodeling of the internal plastid structures generates
an increased metabolic sink capacity but it also promotes carot-
enoid biosynthesis. The control of chromoplast differentiation
appears as a very promising strategy for improving the nutritional
and health benefits of crops (5-9). The overall process is known to
involve changes in gene expression (e.g., via retrograde signaling
from plastids to the nucleus), hormonal regulation, protein quality
control, and plastid protein import (1, 3, 5). However, very few
inducers of chromoplast development have been identified to
date. Orange (OR) chaperones are among the best characterized,
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Carotenoids are natural pigments whose properties as provi-
tamin A and health-promoting phytonutrients make them ideal
targets for biofortification. Here, we show that plastids spe-
cialized in carotenoid overaccumulation named chromoplasts
can be synthetically produced in plant tissues that do not
naturally develop them. We further demonstrate that differ-
entiation of chromoplasts from leaf chloroplasts not just causes
but requires both a reduction in photosynthetic activity and a
stimulation of carotenoid biosynthesis in a process hardwired
to a major reprogramming of global gene expression and cell
metabolism. The synthetic system that we report here should
allow to boost the nutritional quality of green vegetables and
forage crops once their photosynthetic activity is dispensable
(e.g., just before harvesting).
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Abstract

When growing in search for light, plants can experience continuous or occasional shading by other plants. Plant proximity
causes a decrease in the ratio of R to far-red light (low R:FR) due to the preferential absorbance of R light and reflection of
FR light by photosynthetic tissues of neighboring plants. This signal is often perceived before actual shading causes a reduc-
tion in photosynthetically active radiation (low PAR). Here, we investigated how several Brassicaceae species from different
habitats respond to low R:FR and low PAR in terms of elongation, photosynthesis, and photoacclimation. Shade-tolerant
plants such as hairy bittercress (Cardamine hirsuta) displayed a good adaptation to low PAR but a poor or null response
to low R:FR exposure. In contrast, shade-avoider species, such as Arabidopsis (Arabidopsis thaliana), showed a weak photo-
synthetic performance under low PAR but they strongly elongated when exposed to low R:FR. These responses could be
genetically uncoupled. Most interestingly, exposure to low R:FR of shade-avoider (but not shade-tolerant) plants improved
their photoacclimation to low PAR by triggering changes in photosynthesis-related gene expression, pigment accumulation,
and chloroplast ultrastructure. These results indicate that low R:FR signaling unleashes molecular, metabolic, and develop-
mental responses that allow shade-avoider plants (including most crops) to adjust their photosynthetic capacity in antici-
pation of eventual shading by nearby plants.

Introduction outcomes of mutual shading plants have developed re-

Light is essential for plants as a source of energy and envi-
ronmental information. Shading by nearby individuals can
reduce light quantity (i.e. photon supply) and hence com-
promise photosynthetic activity and growth, a problematic
situation in intensive cropping systems. To deal with the

sponse mechanisms based on the perception of light quality,
i.e. spectral information (Casal, 2013; Martinez-Garcia et al,
2010). The preferential absorbance of red (R) light and re-
flection of far-red (FR) light by photosynthetic tissues results
in a decreased ratio of R to FR (R:FR) when light is reflected
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from or filtered through green stems and leaves. The low
R:FR is a very reliable light signal that announces the close
presence of nearby plants that may compete for resources.

Plants growing in ecosystems where access to light is re-
stricted (e.g. in forest understories) show a shade-tolerant
habit by adapting their light capture and utilization systems
to low light intensity conditions. In contrast, plants growing
in open habitats are shade-avoiders (also referred to as
shade-intolerant or sun-loving). In shade-avoider plant spe-
cies, such as Arabidopsis (Arabidopsis thaliana) and most
sun-loving crops, perception of the low R:FR signal by the
phytochrome photoreceptors activates a signaling pathway
that eventually triggers a set of responses known as the
shade-avoidance syndrome (SAS). The most prominent phe-
notype following exposure to low R:FR is elongation (e.g. of
seedling hypocotyl, leaf petiole, and stem internode tissues),
intended to overgrow neighboring competitors and outcom-
pete them in the access to light. If the neighboring individu-
als overgrow and eventually shade the plant, the
consequent reduction in light quantity (i.e. in the amount
of radiation available for photosynthesis) results in addi-
tional and stronger SAS responses such as reduced leaf size,
attenuated defense mechanisms, and early flowering (Roig-
Villanova and Martinez-Garcia, 2016).

The most extensively studied SAS response by far is hypo-
cotyl elongation in A. thaliana (At). In this species, low R:FR
inactivates phytochrome B (phyB), releasing
PHYTOCHROME INTERACTING FACTORs (PIFs) that can
then regulate gene expression and promote elongation
growth. This response is also repressed by negative SAS reg-
ulators such as ELONGATED HYPOCOTYL 5 (HY5),
amongst many others (Cifuentes-Esquivel et al, 2013; Ciolfi
et al, 2013). Biological activity of these transcription factors
can be modulated by additional components of the SAS reg-
ulatory network such as LONG HYPOCOTYL IN FAR-RED 1
(HFR1, which binds PIFs to prevent their binding to target
genes) and phytochrome A (phyA, which gets stabilized in
shade and then promotes HY5 accumulation; Ciolfi et al,
2013; Martinez-Garcia et al, 2014; Yang et al, 2018). Both
HFR1 and phyA hence act as additional SAS repressors that
were recently found to be instrumental for the adaptation
to shade. Indeed, the shade-tolerant hairy bittercress
(Cardamine hirsuta), a close relative of At, does not elongate
when exposed to low R:FR unless the function of phyA or
HFR1 is genetically lost in mutant plants (Hay et al, 2014
Molina-Contreras et al,, 2019; Paulisic et al, 2021).

Differences between shade-avoider and shade-tolerant spe-
cies are not restricted to changes in elongation after expo-
sure to low R:FR. Photoacclimation (i.e. the ability of plants
to adjust photosynthesis to changes in the incident light
with specific phenotypic changes) also diverges. Variation of
photoacclimation responses among species on day-to-week
time scale has been associated to two main strategies
(Murchie and Horton, 1997; Ptushenko and Ptushenko,
2019). The first one consists of an alteration of photosyn-
thetic pigment content, which positively corresponds with

Morelli et al.

photosynthetic capacity. The second one involves changes
in the photosynthetic machinery, which appears to be more
important in plant species from environments where tem-
poral and spatial variations in light irradiance are common,
e.g. margins of woodlands. Combinations of these two main
strategies give rise to the observed diversity in photoacclima-
tion. In the case of At and C hirsuta (Ch), a differential re-
sponse to low R:FR in terms of photosynthetic pigment
accumulation has been observed. Chlorophyll and caroten-
oid levels drop about 20% in At plants grown under low
R:FR conditions, whereas the decrease is attenuated in Ch
plants (Molina-Contreras et al, 2019). Whether photosyn-
thetic capacity and/or chloroplast ultrastructure is differen-
tially impacted by low R:FR in these species remains
unknown. In terms of light quantity, the shade-avoider At
showed a lower capacity to acclimate to reduced photosyn-
thetically active radiation (low PAR) but a higher capacity to
acclimate to intense light (high PAR) compared to the
shade-tolerant Ch (Molina-Contreras et al, 2019). A similar
physiological behavior has been described for shade-avoider
and shade-tolerant species of the genus Tradescantia
(Benkov et al, 2019), a model to study the ecology of pho-
tosynthesis and the mechanisms of photoacclimation in
plants (Ptushenko and Ptushenko, 2019). The possible con-
nections between low R:FR signaling and photoacclimation
responses in plants remain, however, virtually unknown.
Here, we explored natural and engineered genetic diversity
to investigate this connection using different Brassicaceae
species.

Results

Different Brassicaceae species present divergent
photoacclimation responses

We previously showed that, compared to sun-loving At Col-
0, shade-tolerant Ch Ox exhibits a better ability to maintain
photosynthesis after transfer to low PAR but a stronger
chlorophyll loss when light intensity increases (Molina-
Contreras et al,, 2019). To better characterize the photoaccli-
mation responses of these two Brassicaceae species, both At
and Ch were germinated and grown for 7 d under control
conditions of a photosynthetic photon flux density (PPFD)
in the PAR region of 20-24 pmol m 2 s~ (W,). Then they
were transferred to either lower PAR (W,, PPFD of 4 umol
m~ > s~ ") or higher PAR (W,0 PPFD of 200 pmol m—> s~ ")
for up to seven more days (Figure 1). Light curve analysis at
day 3 after the transfer already showed clearly opposite
responses of At and Ch, i.e. a better photosynthetic activity
of Ch compared to At when transferred to W, and a better
activity of At compared to Ch when transferred to W,q
(Figure 1A). Derived parameters such as maximum electron
transport rate (ETRm) and photosynthetic rate in light-lim-
ited region of the light curve (alpha) also illustrated that At
performed better than Ch after transfer to higher light
(Wag0) but worst after transfer to lower light (W
Figure 1B). Other photosynthetic parameters such as maxi-
mum quantum efficiency of PSIl (Fv/Fm) and light use
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Figure 1 Arabidopsis thaliana and Cardamine hirsuta show antagonistic photoacclimation responses to higher and lower PAR. A, Light curves of
At and Ch seedlings germinated and grown under white light of 20-pumol-m™2.s~" PPFD (W,,) for 7 d and then either kept under W, or trans-
ferred to either 200 (W) or 4 (W,) pmol-m~2s~" PPFD for 3 more days. Values represent the mean and standard error of n = 3 plants for treat-
ment. B, ETRm and photosynthetic rate in the light-limited region of the light curve (alpha) calculated from the curves shown in (A). Asterisks
mark statistically significant changes (t test *P < 0.05, **P < 0.01) in W, or W, relative to W, C, Maximum photochemical efficiency of PSIl in
the dark-adapted state (Fv/Fm) and effective quantum yield calculated at growth light (OPSII) of seedlings germinated and grown for 7 d under
W, and then transferred to either W,o, or W, for seven more days. Data were taken at 0, 3, and 7 d after the transfer. Values are mean and stan-
dard error of n =7 seedlings per treatment. Black asterisks mark statistically significant differences between At and Ch at each time point (t test
*P < 0.05, **P < 0.01). Red asterisks indicate statistically significant differences between genotypes over time (two-way ANOVA, **P < 0.01).

efficiency of PSIl (DPSII) also showed differences between At
and Ch at day 3 after transfer, but these differences became
clearer at longer times of exposure to either W,o, or Wy
(Figure 1C). Specifically, Fv/Fm values were lower in Ch than
in At after transfer to higher light, while the opposite was
observed when transferred to lower light. A similar trend
was observed in the case of ®PSII (Figure 1C). These results
together indicate that Ch tolerates better the transfer to
lower PAR (consistent with Ch being more tolerant to
shade), while an increase in light irradiance compromises
photosynthetic efficiency in Ch more than in shade-avoider
At. Based on these results, we used light curve analysis at
day 3 or earlier to estimate photoacclimation to lower PAR
and Fv/Fm measurements at day 7 to estimate photoaccli-
mation to higher PAR.

Besides At and Ch, the Brassicaceae family (mustards)
includes many food crops (e.g. cauliflower, broccoli, radish,
cabbage, kale, and similar green leafy vegetables) and a di-
versity of wild species from forested and open habitats. As a
first step to explore the possible connection between low
PAR and low R:FR responses, we analyzed photoacclimation

and hypocotyl elongation in six different Brassicaceae species
or accessions, including At and Ch as controls. The selected
wild mustards were alpine rock cress (Arabis alpina, Aa),
two accessions of shepherd’s purse (Capsella bursa-pastoris),
Freiburg-1 (Cb-F) and Strasbourg-1 (Cb-S), pink shepherd’s-
purse (Capsella rubella, Cr), watercress (Nasturtium officinale,
No), and London rocket (Sisymbrium irio, Si). Initially, we
aimed to classify them as shade-avoider or shade-tolerant
based on photoacclimation responses. After germination
and growth for 7 d under W, seedlings were either kept un-
der control W,, or transferred to lower light (W,). Light
curve analyses at day 1 after the transfer already showed dif-
ferential responses that served to classify the accessions in
two groups (Figure 2). Similar to the shade-avoider At, seed-
lings of Cb-F, Cb-S, and Cr showed a lowering of the curve
under W, conditions, whereas those of Aa, No, and Si be-
haved as the shade-tolerant Ch and showed virtually identi-
cal light curves under W, and W, (Figure 2A). ETRm and
alpha values also illustrated that the W, treatment led to
decreased photosynthetic performance in At, Cb-F, Cb-S,
and Cr but not in Ch, Aa, No, and Si (Figure 2B;
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Figure 2 Brassicaceae plants can be grouped with either A. thaliana or C. hirsuta based on their photoacclimation responses. A, Light curves of
Arabidopsis thaliana (At), Capsella bursa-pastoris (Cb-F and Cb-S), Capsella rubella (Cr), Cardamine hirsuta (Ch), Arabis alpina (Aa), Nasturtium
officinale (No), and Sysimbrium irio (Si) seedlings germinated and grown under white light (W,,) for 7 d and then either kept under W, or trans-
ferred to lower PAR (W,) for one more day. Values represent the mean and standard error of n =3 plants for treatment. B, ETRm values calcu-
lated from the curves shown in (A). C, Fv/Fm values of seedlings grown for 7 d under W,, and then transferred to higher PAR (W) for seven
more days. Mean and standard error of n =9 seedlings per treatment are represented. Asterisks in (B) and (C) mark statistically significant changes

(t test, **P < 0.01) relative to Wa.

Supplemental Figure S1). We next analyzed photoacclima-
tion to increased irradiation quantifying Fv/Fm before or af-
ter transferring 7-d-old W,y-grown seedlings to W,qo for
seven additional days. Again, At grouped together with the
two accessions of Cb and with Cr as they acclimated much
better to high PAR compared to the group formed by Ch,
Aa, No, and Si (Figure 2C). Together, these photoacclimation
results led to classify the former group as shade-avoiders,
and the latter as shade-tolerant species.

Photoacclimation responses can be uncoupled from
shade-driven hypocotyl elongation

Next, we investigated whether the classification of the se-
lected mustard species as shade-avoider or shade-tolerant

based on their photoacclimation features corresponded with
their elongation response to low R:FR. After germination
and growth for 3 d under W,, (RFR=1.5-3.3), seedlings
were either kept under W,, or transferred to FR-supple-
mented W, (W,o+FR, RIFR =0.02) for four additional days,
and then hypocotyl length was measured (Figure 3). Similar
to At, the Cb-F accession showed a strong hypocotyl elonga-
tion response, whereas Cb-S, Cr, and No elongated moder-
ately in response to low R:FR. In contrast, Ch, Aa, and Si did
not elongate in response to low R:FR (Figure 3A). These
results confirm that the elongation response to low R:FR
cannot be fully predicted based on the photoacclimation
phenotype of a particular accession. Nonetheless, accessions
classified as shade-avoider based on their photoacclimation

120Z AeN £1 uo Jesn VAN Aq G111 229/9029em/sAydid/c60L 0L /1op/afoie-soueape/sAyd|d/woo dno-olwspese//:sdiy woly pepeojumod



Plant Physiology, 2021 Vol. 0, No. 0

PLANT PHYSIOLOGY 2021: Page 5 of 15 5

B

E"ﬂ"j;lil:l:l:l W, [] D‘%*’:];EEED W, [
[ woe+FR [ [T wye+FR [
Cr P
PN ke
At \‘/‘ P m E 4 - —
ey | Ch si | £ =
> {)]
O | O O O O O & $ " =
= ]
e Cb-S & e : - ’_H
)-S [o]
Q.
.7" .}‘ f R <> No Z o I— , A
. # A\ %— § L§
pol 2y >
O m 0O @ O @ T 2 I
—— 10 MM O . £ 14 il
£ 12 B
Es o E 20 - £ 1: ]
£ £ = i sk
£ 6 £ 16 — 2 6
) o 1 > ]
% sk sk * g 12 ] o 4
- 4 - 1 ] 2
z g o ininl
o 2 - L - Q ] T 0 T T
2 TR | | | E § T
-3 0 T T T E 0 ] g ? ;
¥ ? £ £ = -
At Cb-F Cb-S Cr Ch Aa No Si © O %)

Figure 3 The hypocotyl elongation response to low R:FR is plastic in Brassicaceae plants. A, The indicated genotypes were germinated and grown
under W, for 3 d and then either kept under W, or transferred to low R:FR (W,,+FR) for four more days. Then, pictures were taken and hypo-
cotyl length was measured. B, Hypocotyl length of the indicated mutants grown as indicated in (A). In both (A) and (B), mean and standard error
of measurements from at least 20 seedlings in n =3 independent experiments per treatment are represented. Asterisks mark statistically signifi-

cant changes in W,o+FR relative to W, (t test, *P < 0.05, **P < 0.01).

behavior (i.e. poor photoacclimation to decreased PAR but
good photoacclimation to increased PAR) exhibit a range of
elongation responses to low R:FR (ie. from moderate to
strong elongation), whereas plant species with a shade-toler-
ant photoacclimation responses display either no elongation
or a mild shade-avoider phenotype in terms of hypocotyl
elongation when exposed to low R:FR (e.g. No).

The shade-avoider or shade-tolerant elongation phenotype in
response to low RFR can be reversed by manipulating the levels
of specific SAS regulators. Previous results have shown that At
lines overexpressing HY5 (At-HY50x) display an attenuated hypo-
cotyl response to low RFR (Ortiz-Alcaide et al, 2019), whereas a
similar but weaker response was observed in a quadruple mu-
tant defective in all members of the photolabile PIF quartet
(PIFQ), PIF1, PIF3, PIF4 and PIFS (At-pifg; Figure 3B). Despite the
different degrees of elongation response to low RFR, these two
lines showed photoacclimation responses to lower PAR very
similar to those of wild-type (At-WT) controls (Figure 4). Both
light curves (Figure 4A) and ETRm values (Figure 4B) were al-
most identical in A-WT plants and mutants hyposensitive to
low RFR. In the case of Ch, lines deficient in phyA (Ch-sis1) or
HFR1 (Ch-hfr1) gain the ability to elongate when exposed to
low RFR (Molina-Contreras et al, 2019; Paulisic et al, 2021;
Figure 3B). In contrast to the shade-hyposensitive At mutants,

the hypersensitive Ch mutant lines appeared to gain a partial
shade-avoider phenotype in terms of photoacclimation to low
PAR, as lower values of light curves (Figure 4A) and ETRm
(Figure 4B) were observed under W, compared to Wy,
However, photoacclimation to increased PAR (W,q) estimated
from Fv/Fm values and also from chlorophyll levels (Molina-
Contreras et al, 2019) was similar for Ch-WT, Ch-sis1, and Ch-
hfr1 plants (Figure 4C). We therefore concluded that manipula-
tion of the plant ability to elongate in response to proximity
shade hardly impacts their photoacclimation capacity, at least
when plants are growing in the absence of the low R:FR signal.

Activation of low R:FR signaling causes a decrease in
pigment levels and photosynthetic activity

Low R:FR signals not only influence hypocotyl elongation
but they are also known to reduce the contents of photo-
synthetic pigments (chlorophylls and carotenoids) in many
plant species (Roig-Villanova et al, 2007; Cagnola et al,
2012; Patel et al, 2013; Bou-Torrent et al, 2015 Molina-
Contreras et al, 2019). The reduction is observed in both
elongating (At-WT) and nonelongating (Ch-WT) seedlings,
but it is stronger in the former (Figure 5). Cardamine hirsuta
mutants that gained the ability to elongate in response to
shade, such as Ch-sis1 and Ch-hfr1, also displayed stronger
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Figure 4 Mutations that alter sensitivity to low R:FR do not impact photoacclimation responses. A, Light curves of At and Ch wild-type and mu-
tant seedlings germinated and grown under W, for 7 d and then either kept under Wy, or transferred to lower PAR (W,) for one more day.
Values represent the mean and standard error of n =3 plants for treatment. B, ETRm values calculated from the curves shown in (A). C, Fv/Fm
values and HPLC-determined relative chlorophyll levels of seedlings grown for 7 d under W,, and then transferred to higher PAR (W,q,) for seven
more days. Mean and standard error of n =9 seedlings (Fv/Fm) or n =3 independent pools (HPLC) per treatment are represented. Asterisks in
(B) and (C) mark statistically significant changes (t test, *P < 0.05, **P < 0.01) relative to Wy.

reductions in photosynthetic pigment contents relative to
Ch-WT after low R:FR exposure (Figure 5A; Molina-
Contreras et al, 2019). Conversely, At mutants with a re-
duced ability to elongate in response to shade, such as At-
pifq and At-HY50x (Figure 3B), showed attenuated reduction
of pigment contents relative to At-WT when exposed to
low R:FR (Figure 5A).

To test whether decreases in photosynthetic pigment lev-
els driven by simulated shade exposure might affect photo-
synthetic activity, we next measured Fv/Fm and ®PSII in
seedlings grown either under W,, or under W,,+FR
(Figure 5B; Supplemental Figure S2A). Indeed, low R:FR was
found to result in decreased photosynthetic activity in the
lines with strong pigment loss responses independently on
the species (At-WT, Ch-sis1, and Ch-hfr1). ETRm and alpha
parameters also tended to be lower in W+FR-exposed At-
WT, Ch-sis1, and Ch-hfr1 seedlings compared to W controls
(Figure 5C; Supplemental Figure S2B). The effect of low R:FR
on photosynthesis was much less dramatic in the rest of the
lines (At-pifg, At-HY50x, and Ch-WT), which consistently
displayed a reduced impact of W,,+FR exposure on their
photosynthetic pigment levels (Figure 5).

Proximity shade signals have also been found to impact
photosynthesis at the level of gene expression. Analyses of
low R:FR-triggered transcriptomic changes showed reduced
levels of transcripts encoding photosynthesis-related pro-
teins (e.g. enzymes involved in chlorophyll and carotenoid
biosynthesis, components of the photosynthetic apparatus,
and/or members of the carbon fixation process) in several
species, including alfalfa (Lorenzo et al, 2019), maize (Shi
et al, 2019), tomato (Cagnola et al, 2012), and At (Leivar
et al, 2012). Interestingly, the changes in the expression of
photosynthesis-related genes triggered by low R:FR are at-
tenuated in the At-pifg mutant compared to At-WT seed-
lings (Figure 6). This is particularly evident in the case of low
R:FR-repressed photosynthetic genes (Figure 6), suggesting
that the PIF-mediated regulation of gene expression in re-
sponse to low R:FR is instrumental for the observed changes
in photosynthesis (Figure 5).

Exposure of shade-avoider plants to low R:FR
improves their photoacclimation to low PAR
The observation that exposure of low RiFR caused a de-
creased in photosynthetic activity of At-WT seedlings and
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Figure 5 Activation of low R:FR signaling reduces photosynthetic pig-
ment levels and activity. A, The indicated genotypes were germinated
and grown under W,, for 3 d and then either kept under W,, or
transferred to low R:FR (W,o+FR) for four more days. Then, the levels
of photosynthetic pigments (carotenoids and chlorophylls) were
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shade-hypersensitive Ch mutants prompted us to analyze
whether this light signal may also cause changes in chloro-
plast ultrastructure. Cotyledons from At-WT seedlings ger-
minated and grown for 2 d under W, and then either kept
in W, or transferred to W,o+FR for five additional days
were collected and used for transmission electron micros-
copy (TEM). Chloroplasts from low R:FR-exposed samples
were found to exhibit larger grana stacks and contain less
and smaller plastoglobules compared to W-grown controls
(Figure 7). Interestingly, similar changes are associated to
low PAR photoacclimation (Rozak et al,, 2002; Lichtenthaler,
2007; Wood et al., 2018). We therefore reasoned that expo-
sure to low R:FR in the absence of any light intensity change
might trigger responses to anticipate a foreseeable shading
involving a decrease in PAR. To test this hypothesis, we ana-
lyzed light curves of WT and mutant seedlings grown in ei-
ther W55 or Wye+FR and then transferred to lower PAR
(W,) for 3 d (Figure 8). Pre-exposure of At-WT seedlings to
low R:FR (W,o+FR) resulted in a strongly attenuated reduc-
tion in ETRm after their transfer to lower PAR (Figure 8A).
In contrast, At mutants with reduced SAS elongation
responses also lost the response to low R:FR in terms of im-
proved photoacclimation to lower PAR (W, Figure 8A). Pre-
treatment with W,+FR had virtually no effect on the pho-
toacclimation of Ch-WT seedlings to lower PAR (W,) but
caused a slight but significant improvement of ETRm in
shade-hypersensitive Ch mutants at day 1 after transfer to
W, (Figure 8A). When analyzing photoacclimation to higher
PAR, pre-exposure of At-WT or Ch-WT seedlings to
W,o+FR resulted in no improvement compared to Wy
grown controls (Figure 8B). If anything Ch-WT seedlings
grown under W,,+FR photoacclimated worse than Wy
grown seedlings when exposed to higher light intensity
(Figure 8B).

The battery of mustards that grouped together with At in
terms of photoacclimation responses (Cb-F, Cb-S, and Cr;
Figure 2; Supplemental Figure S1) also showed improved
photoacclimation to reduced PAR when pre-exposed to low
R:FR, whereas the simulated shade signal did not have an ef-
fect on those clustered with Ch (Aa, No, and Si; Figure 8A).
This low R:FR-dependent phenotype was independent of
the growing light intensity and photoperiod, as it was also
observed in At-WT seedlings growing under W,y or
Wa00+FR for 8 h or 16 h a day (i.e. under long day or short
day conditions, respectively) and then transferred to W;s
(Supplemental Figure S3). Because both the response of
shade-avoider plants to low R:FR and the acclimation to low
light involve a reduced respiration rate to cope with the lim-
ited generation of photoassimilates and hence contribute to

quantified spectrophotometrically. B, Fv/Fm values of seedlings germi-
nated and grown as indicated in (A). Lower pictures show false-color
images in wild-type seedlings. (C) ETRm values of seedlings germi-
nated and grown as indicated in (A). Mean and standard error of
n =3 independent pools of seedlings (A) or n =9 seedlings (B and C)
per treatment are represented. Asterisks mark statistically significant
changes in W,o+FR relative to W (t test, *P < 0.05).
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Figure 6 Exposure to low R/FR triggers changes in photosynthetic gene expression that are attenuated in the hyposensitive At-pifg mutant. Data
were extracted from a publicly available experiment (Leivar et al, 2012). At-WT and At-pifq lines were germinated and grown under 19
pmol-m~2s~" PAR white light (W0, R:FR of 6.48) for 2 d and exposed to low R:FR (W,o-+FR, R:FR of 0.006) for 0, 1, 3, or 24 h. Plots represent the
number of DEGs either up- or downregulated in W,,+FR versus W,, that are involved in photosynthetic pigment biosynthesis (Kyoto
Encyclopedia of Genes and Genomes pathways ath00906 and ath00860), photosynthesis (ath00195 and ath00196), and carbon fixation

(ath00710).

carbon balance (Cagnola et al, 2012; Casal, 2013), we next
measured changes in respiration in whole wild-type At and
Ch seedlings exposed or not to low R:FFR and then trans-
ferred to reduced PAR (Supplemental Figure S4). In Wy
controls, respiration (estimated as total oxygen consumption
in darkness) was reduced in At seedlings when they were
moved to W,. When exposed to W,,+FR, however, respira-
tion was already lower and did not significantly change after
transferring to lower PAR. In contrast, Ch seedlings showed
similar respiration values in all conditions (Supplemental
Figure S4). Based on these data we conclude that detection
and transduction of low R:FR signals not only allows shade-
avoider plants to overgrow their neighbors but also to pre-
adapt their photosynthetic and respiratory machinery to
foreseeable conditions of actual shading involving reduced
PAR. In contrast, shade-tolerant plants have a better
adapted capacity to grow under reduce PAR and do not
seem to use the low R:FR signal.

Discussion

Plants have been traditionally classified as shade avoider and
tolerant based mostly on their natural habitat, although vir-
tually all plants are exposed to at least some degree of shade
during their lifetime. As an ecological concept, shade

tolerance refers to the capacity of a given plant to tolerate
low light levels, but it is also associated with a wide range of
traits, including phenotypic plasticity to optimize light cap-
ture (Valladares and Niinemets, 2008). Analyzing a range of
caulescent herbs, it was suggested that the elongation re-
sponse upon exposure to low R:FR was dependent on the
shade habit, the shade-avoiders elongating the most and the
shade-tolerant showing a mild or no elongation response
(Smith, 1982). Indeed, elongation might not be the best so-
lution for plants that spend all their lives under a canopy or
permanently shaded by other plants. Another important pa-
rameter to ascertain the degree of shade tolerance of a plant
is photoacclimation capacity, which is essential for plant fit-
ness in environments with changing light input conditions
(e.g. those where the growth of nearby plants may suddenly
compromise access to light). By taking into account both
parameters (the hypocotyl elongation response and the ca-
pacity to acclimate to low or high PAR), here we analyzed
the shade tolerance of several Brassicaceae species, including
the closely related mustard model systems At and Ch. As a
rule of thumb, we observed that Ch and other species show-
ing a good photoacclimation response to lower PAR (and
badly performing after transfer to higher PAR) showed a
poor or null elongation response to low R:FR (Figures 2 and
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Figure 7 Low R:FR triggers ultrastructural changes in At chloroplasts. At-WT seeds were germinated and grown under W, for 2 d and then either
kept under Wy, or transferred to low R:FR (W,o+FR) for 5 more days. Cotyledons were then used for TEM analysis of chloroplast ultrastructure.
Representative pictures at different scales (numbers indicate micrometer) are shown. Boxplots show quantification of the indicated parameters
from the images. Boxes show the values between the upper and the lower quartile, the cross represents the mean and the horizontal line the me-
dian. Whiskers (the upper and lower extremes) and circles represent single data and the ones located outside of the whiskers limit are the outliers
(data with the same numerical value are visualized as a single point). For quantifying grana thickness, all the distinguishable structures were used
(W4 n =30, W5,+FR n = 20). For quantifying grana layers, four major grana complexes from higher magnifications were measured. For quantify-
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plastoglobules (W, n = 87, W,0+FR n = 22). PG, plastoglobules; G, grana.
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Figure 8 Pre-exposure to low R:FR improves the photoacclimation to low PAR in shade-avoider plants. A, The indicated genotypes were germi-
nated and grown under Wy, for 3 d, transferred to either W,, or W,o+FR for 4 d, and then exposed to W,. Mean and standard error of ETRm val-
ues at 0, 1, 2, and 3 d after transfer to W, are shown (n =3 seedlings per treatment). Asterisks indicate statistically significant differences between
treatments (W, or W,o+FR) over time (two-way ANOVA, *P < 0.05, **P < 0.01). B, Wild-type At and Ch lines were germinated and grown under
W, for 2 d, transferred to either W,, or W,o+FR for 5 d, and then exposed to W,q, for 7 more days. Fv/Fm values and HPLC-quantified chloro-
phyll levels were determined. Mean and standard error of n =7 seedlings (Fv/Fm) or n =3 independent pools (HPLC) per treatment are repre-
sented. Asterisks mark statistically significant differences between values before and after exposure to W, (t test, *P < 0.05; **P < 0.01).

3). Mustards such as At that photoacclimated poorly to R:FR, but there were exceptions of poorly elongating species
lower PAR but better to higher PAR tended to more con-  such as No (Figures 2 and 3). Furthermore, mutation of
spicuously elongate their hypocotyls in response to low  genes encoding SAS regulators can dramatically change the
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elongation response to low R:FR without improving the
photoacclimation phenotype (Figure 4). Together, these
results confirm that the capacity for photosynthetic acclima-
tion to changing irradiance is a species-specific trend (Bailey
et al, 2001) and a reliable indicator of shade tolerance. The
shade-induced hypocotyl elongation response should only
be used as a complementary phenotype to classify a plant
as shade-tolerant (badly adapted to higher PAR exposure,
well adapted to live under lower PAR and poorly responsive
to low R:FR) or shade-avoider (well adapted to higher PAR,
poor performers under lower PAR that elongate when ex-
posed to low R:FR).

Our results also unveiled that an activation of low R:FR
signaling in shade-avoider species such as AtAt-WT and
shade-tolerant Ch plants with mutations causing low R:FR
hypersensitivity (Ch-sis1 and Ch-hfr1) regulated photosyn-
thesis at multiple levels. We confirmed that exposure to
W-+FR caused a substantial decrease in the levels of photo-
synthetic pigments (chlorophylls and carotenoids) in these
lines (Roig-Villanova et al, 2007; Bou-Torrent et al, 2015;
Molina-Contreras et al, 2019; Paulisic et al, 2021) and
proved that the changes had a direct impact on decreasing
phytosynthetic activity (Figure 5). Low R:FR treatments are
known to trigger changes in gene expression within minutes
(Kohnen et al,, 2016). These changes, which are often instru-
mental for altering rapid growth responses, such as hypo-
cotyl or petiole elongation, are usually mediated by PIFs
(Hornitschek et al, 2009; Galstyan et al, 2011; Cifuentes-
Esquivel et al, 2013; de Wit et al,, 2015; Gallemi et al, 2017).
PIFs were also found to regulate longer-term changes in
gene expression such as those affecting photosynthetic
genes (Figure 6). Because loss of PIFQ function in the At-
pifg mutant resulted in a much attenuated response to
W-FR compared to At-WT in terms of photosynthetic
gene expression (Figure 6) but it also prevented photosyn-
thetic pigment and activity loss (Figure 5), we propose that
stabilization of PIFQ proteins following low R:FR exposure
triggers a reprogramming of photosynthesis-related gene ex-
pression that eventually results in lower pigment levels and
reduced photosynthetic activity. Based on the results
obtained with other mutants (Figure 5), we speculate that
this signaling network is further influenced by factors such
as HFR1 and HY5, which prevent PIF binding to target genes
by heterodimerization (Hornitschek et al,, 2009) or competi-
tion for promoter binding sites (Toledo-Ortiz et al, 2014),
respectively.

Concomitant with the described molecular and physiolog-
ical changes, we discovered that low R:FR treatment of At-
WT seedlings triggered ultrastructural changes in the chloro-
plast endomembrane systems resembling those occurring af-
ter transfer to low PAR (Figure 7). Grana with more
thylakoid layers and increased thickness were observed in
the chloroplasts of At seedlings exposed to simulated shade.
In contrast, chloroplasts from tobacco (Nicotiana tabacum)
leaves that received end-of-day-FR treatments (considered
to induce similar shade responses as low R:FR) showed fewer
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thylakoid layers per granum but more small grana spread
throughout the chloroplast compared to end-of-day R con-
trols (Kasperbauer and Hamilton, 1984). While these differ-
ences in chloroplast ultrastructure might derive from
distinct treatments being applied to diverse species, both
solutions likely contribute to optimize photosynthesis in the
shade, when relatively less photons would strike a leaf.
Indeed, leaves that develop under low PAR have chloroplasts
with less plastoglobules (which are derived from thylakoid
membranes) and more thylakoids per granum (Rozak et al,
2002; Lichtenthaler, 2007; Wood et al,, 2018). Based on these
results, we suggest that the chloroplast ultrastructural
changes observed in At-WT plants grown under low R:FR
are most likely aimed to acclimate their photosynthetic ma-
chinery to perform better under low PAR by, for instance,
allowing a more efficient energy transfer. In agreement, pre-
treatment with low R:FR improved photoacclimation to low
PAR of At-WT seedlings but had no effect in At mutants
defective in low R:FR signaling (Figure 8). Further experi-
ments showed that the observed positive effect of low R:FR
exposure for acclimation to low PAR can be observed in At-
WT plants growing under different light conditions
(Supplemental Figure S3) and in other shade-avoider
Brassicaceae (Cb-F, Cb-S, and Cr), but not in shade-tolerant
species such as Ch, Aa, No, and Si (Figure 8A).

At low irradiances, a proper balance between carbon allo-
cation to growth and to respiration is important to meet
the challenges associated with a shade environment. Wild-
type At (shade-avoider) but not Ch (shade-tolerant) seed-
lings showed a drop in dark respiration when irradiation
was reduced (Supplemental Figure S4), likely to reduce car-
bon loss for a better carbon balance. This adaptive mecha-
nism might contribute to explain why shade-avoider and
shade-tolerant species appear to show little or no differences
in carbon balance under low light conditions (Sterck et al,
2013; Pons and Poorter, 2014). Similar to that observed for
photosynthetic activity (Figure 8), the respiration drop ob-
served in At-WT seedlings was attenuated by pre-exposure
to low R:FR (Supplemental Figure S4). Interestingly, there is
evidence for the specific activation/deactivation of respira-
tory pathways by the phytochrome system at different levels
(Ribas-Carbo et al, 2008; Igamberdiev et al, 2014).
Regardless of the signaling pathway connecting low R:FR
perception to reduced photosynthesis and respiration, this is
likely part of an anticipation mechanism for shade-avoider
plants to prepare for the foreseeable reduction in PAR asso-
ciated with shading. Indeed, low R:FR signals are perceived
before actual shading takes place and light becomes limiting,
and hence they are considered to act as a warning signal
that shading might occur (Martinez-Garcia et al, 2010;
Casal, 2013). When shade-avoider plants such as At and
most crops (including tomato, cereals, or legumes) grow
among taller plants or in a forest understory, they will use
the low R:FR signals coming from a closing canopy to elon-
gate (to overgrow its neighbors) but also to readapt its pho-
tosynthetic and respiratory machinery to low PAR before
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actual shading takes place. In contrast, shade-tolerant plants
are adapted to grow under dim light and hence photoaccli-
mation to low PAR is hardly improved even when hypersen-
sitive mutants that show shade-avoider responses in terms
of elongation (Figure 3) and photosynthesis (Figure 6) are
pre-exposed to low R:FR (Figure 8).

While the observed decrease in respiration and photosyn-
thetic pigment and activity levels in shade-avoider plants
appears to be part of the anticipation mechanism to an
eventual reduction in PAR, a too committed response might
be detrimental if light conditions change (e.g if shading
does not occur or shade plants become exposed again to di-
rect sunlight). We have previously shown that a compensa-
tion mechanism exist that represses the response to low
R:FR when the photosynthetic capacity of chloroplasts is
compromised (Ortiz-Alcaide et al, 2019). The retrograde (i.e.
chloroplast-to-nucleus) pathway that adapts low R:FR per-
ception and signaling to the photosynthetic status of the
plant involves the antagonistic factors PIFs and HY5, which
also participate in retrograde signaling when underground
seedlings are illuminated and start their photomorphogenic
(i.e. photosynthetic) development (Ruckle et al, 2007;
Martin et al, 2016; Xu et al, 2016; Ortiz-Alcaide et al., 2019).
The balance of positive and negative regulators together
with the chloroplast-mediated control of SAS likely contrib-
ute to prevent an excessive response to shade, hence pre-
venting photooxidative damage (resulting from light
intensity exceeding the photosynthetic capacity of the plant)
and facilitating the return to high R:FR conditions if the low
R:FR signal disappears (e.g. if a commitment to the shade-
avoidance lifestyle is unnecessary). Together, our work dem-
onstrates that regulation of photosynthetic (chloroplast)
performance is both an output and an input of the re-
sponse of plants to shade. Our results therefore contribute
to a better understanding of how plants respond to shade, a
knowledge that will contribute to optimally grow crop
plants closer together or/and under canopies (e.g. in inter-
cropping settings).

Materials and methods

Plant material and growth conditions

Alpine rock cress (Arabis alpina, pep1-1 mutant; Wang et al,,
2009), Arabidopsis (Arabidopsis thaliana, Col-0 accession),
hairy bittercress (Cardamine hirsuta, Oxford, Ox accession;
Molina-Contreras et al, 2019), shepherd’'s purse (Capsella
bursa-pastoris, accessions Strasbourg-1, Str-1 and Freiburg-1,
Fre-1), pink shepherd’s-purse (Capsella rubella), and London
rocket (Sysimbrium irio) plants were grown in the green-
house under long-day photoperiods (16-h light and 8-h
dark) to produce seeds, as described (Gallemi et al, 2017).
Seeds of C. bursa-pastoris were collected by Ruben Alcazar
(University of Barcelona, Spain) from wild populations in
Strasbourg (France, coordinates: 48.612436, 7.767881; Str-1)
and Freiburg (Germany, coordinates: 47.994945, 7.861979;
Fre-1). Seeds of C. rubella, collected from wild populations in
Crete (Greece, coordinates 35.29, 24.42; accession 879) were
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previously described (Koenig et al, 2019). Seeds of S. irio
were collected from wild populations in Bellaterra
(Barcelona, Spain, coordinates: 41.497731, 2.109558). Seeds of
watercress (Nasturtium officinale) were provided by a seed
company (www.semillasfito.es). Arabidopsis thaliana and Ch
mutant and transgenic lines were previously available in our
laboratories (Molina-Contreras et al, 2019; Ortiz-Alcaide
et al, 2019; Paulisic et al,, 2021).

For the light acclimation experiments seedlings were ger-
minated and grown in Petri dishes containing solid medium
without sucrose (0.5x MS): 2.2 gL~ MS basal salt mixture
(Duchefa), 1% (w/v) agar, 0.25 g-L~" 2-(N-morpholino)etha-
nesulfonic acid (MES; Sigma Aldrich), pH 5.7). Normal light
conditions refer to white light (W) produced by cool-white
vertical fluorescent tubes of a photosynthetic photon flux
density in the PAR region (PPFD) of 20-24 umol m2 s~
(W) with a R:FFR of 1.5-3.3. Low light and high light condi-
tions corresponded to W of PPFD of 4 (W,) and 200 (Waq0)
pmol m~? s~ ', respectively, produced by horizontal fluores-
cent tubes. Low R:FR treatment was produced by supple-
menting W,, with FR (W,,+FR). FR was emitted from a
GreenPower LED module HF FR (Philips), providing a R:FR
of 0.02 (Martinez-Garcia et al, 2014). For the light acclima-
tion experiments shown in Supplemental Figure S3, seedlings
were germinated and grown in Petri dishes, as previously de-
scribed, but exposed to long-day (16-h light/8-h darkness)
or short-day (8-h light/16-h darkness) photoperiods. The
light part of the photoperiod was produced by cool-white
horizontal fluorescent tubes of 200-210 pmol m~2 s~ of
PPFD (W) with R:FR of 2-3.5). In that case, low light con-
ditions corresponded to values of 15 umol m~2 s~' PPFD
(W5s). In this set-up, low R:FR treatment was produced by
supplementing W,y with the same FR lamps described
above (W,0o+FR), obtaining a R:FR of 0.2-0.25. Light fluence
rates were measured with a Spectrosense2 meter (Skye
Instruments Ltd), which provides PPFD (400-700 nm), and
photon flux density in 10 nm windows of R (664-674 nm)
and FR (725-735 nm) regions to calculate the R:FR
(Martinez-Garcia et al, 2014). Full spectra photon distribu-
tion of W and WHFR treatments have been described else-
where (Molina-Contreras et al, 2019).

Measurement of hypocotyl length

For hypocotyl measurement, about 30 seeds of each geno-
type were germinated and grown on plates containing 0.5x
MS solid media. For quantification of hypocotyl length, at
least 20 seedlings were analyzed with the FlJl-Image] soft-
ware (Schindelin et al, 2012), as described (Roig-Villanova
et al, 2019). All experiments were repeated at least three
times with consistent results. Hypocotyl measurements from
all the different experiments were averaged.

Photosynthetic measurements and pigment
quantification

Whole seedlings were harvested, ground in liquid nitrogen,
and the resulting powder was used for quantification of
chlorophylls and carotenoids either spectrophotometrically
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or by high performance liquid chromatography (HPLC) as
described (Bou-Torrent et al, 2015). Chlorophyll fluores-
cence measurements were carried out on seedlings using a
MAXI-PAM fluorometer (Heinz Walz GmbH) as described
(Molina-Contreras et al, 2019). Briefly, for every measure-
ment the whole cotyledons of seven seedlings were consid-
ered. Effective quantum vyield of photosystem Il (PSIl) under
growth light, ®PSII, was measured as AF/Fm’, where AF cor-
responds to Fm'—F (the maximum minus the minimum
fluorescence of light-exposed plants). Maximum quantum
yield of PSIl, Fv/Fm, was calculated as (Fm—Fo)/Fm, where
Fm and Fo are, respectively, the maximum and the mini-
mum fluorescence of dark-adapted samples. For dark accli-
mation, plates were incubated for at least 30 min in
darkness to allow the full relaxation of photosystems. Light
curves were constructed with 10 incremental steps of actinic
irradiance (E 0, 20, 55, 110, 185, 280, 395, 530, 610, 700
umol photons-m™ s~ 'of PPFD). For each step, ®PSIl was
monitored every minute and electron transport rate (ETR)
was calculated as Ex®PSIIx0.84 x 0.5 (where 0.84 is the
light absorptance by an average green leaf and 0.5 is the
fraction of absorbed quanta available for PSIl). The light re-
sponse and associated parameters ETRm (maximum elec-
tron transport rate) and alpha (photosynthetic rate in light-
limited region of the light curve) were characterized by fit-
ting iteratively the model of the rETR versus E curves using
MS Excel Solver (Platt et al, 1980). The fit was very good in
all the cases (r > 0.98).

Respiration measurements

Seedlings were germinated and grown on 0.5x MS plates, as
described (Supplemental Figure S4). Before the measure-
ments, seedlings were placed in the dark for about 30 min
to avoid light-enhanced dark respiration. Five to 10 seedlings
were then collected, immediately weighed, and placed into
the respiration cuvette containing the respiration buffer (30-
mM MES, pH 6.2, 0.2-mM CaCl,). Oxygen uptake rates were
measured in darkness using a liquid-phase Clark-type oxygen
electrode (Rank Brothers Ltd.) as previously described
(Florez-Sarasa et al, 2009) at a constant temperature of
23°C.

Microarray data analyses

Microarray data corresponding to Col-0 At-WT and At-pifg
seedlings exposed to low-R:FR for 0, 1, 3, and 24 h (Leivar
et al, 2012) were analyzed to select for differentially
expressed genes (DEGs) specifically related to photosynthe-
sis. The reported list of DEGs was further filtered using cut-
offs of FDR <0.05 and log2-transformed fold change higher
than 0.585 for upregulated genes and lower than —0.599 for
downregulated genes. Then, photosynthesis-related genes
were identified by using the Kyoto Encyclopedia of Genes
and Genomes Mapper tool (Kanehisa and Sato, 2020).
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Transmission electron microscopy

TEM was carried out as described (Flores-Perez et al., 2008).
Chloroplast features in the pictures were quantified by using
the Fl)I-image) software (Schindelin et al, 2012).

Accession numbers

Sequence data from this article can be found in the EMBL/
Genbank and C. hirsuta genetic and genomic resource
(http://chi.mpipzmpg.de) data libraries under the following
accession numbers: AT1G02340 (AtHFR1), AT5G11260
(AtHYS), AT2G20180  (AtPIF1), AT1G09530  (AtPIF3),
AT2G43010 (AtPIF4), AT3G59060 (AtPIF5), CARHR001660
(ChHFR1), and CARHR009540 (SIS1/ChPHYA).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Alpha values calculated from
the light curves shown in Figure 2A.

Supplemental Figure S2. Activation of low R:FR signaling
reduces photosynthetic activity.

Supplemental Figure S3. Pre-exposure to low R:FR
improves photoacclimation to lower PAR in A. thaliana
plants grown under photoperiods.

Supplemental Figure S4. Exposure to low R:FR differen-
tially impacts respiration rate of shade-avoider and shade-
tolerant plants.
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Supplemental Figure S1. Alpha values calculated from the light curves shown in Fig. 2A corresponding to
Arabidopsis thaliana (At), Capsella bursa-pastoris (Cb-F and Cb-S), Capsella rubella (Cr), Cardamine hirsuta
(Ch), Arabis alpina (Aa), Nasturtium officinale (No), and Sysimbrium irio (Si) seedlings germinated and grown
under W, for 7 days and then either kept under W, or transferred to lower PAR (W,) for 1 more day. Values
represent the mean and standard error of n=3 plants for treatment. Asterisks mark statistically significant

changes (t test ** P<0.01) relative to W,



Supplemental Figure S2
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Supplemental Figure S2. Activation of low R:FR signaling reduces photosynthetic activity. (A) ¢PSII
values of seedlings germinated and grown as indicated in Fig. 5A and summarized at the top of the section.
Lower pictures show false-color images of this parameter in wild-type seedlings. (B) Alpha values of seedlings
germinated and grown as indicated in A. Mean and standard error of n=9 seedlings per treatment are
represented. Asterisks mark statistically significant changes in W,,+FR relative to W, (t test, *P<0.05).
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Supplemental Figure S3. Pre-exposure to low R:FR improves photoacclimation to lower PAR in
Arabidopsis thaliana plants grown under photoperiods. A. thaliana plants were germinated and grown
under 200 pmol-m=2-st PAR (W,y,) for (A) 3 or (B) 11 days, transferred to either W,y, or W,+FR for 4 days,
and then exposed to 15 pmol-m-2.s1 PAR (W) for 3 more days. Mean and standard error of ETRm values at 0,
1, 2 and 3 days after transfer to W5 are shown (n=3 seedlings per treatment). Asterisks indicate statistically
significant differences between treatments (W,q, or W,4,+FR) over time (two-way ANOVA, ** P<0.01).
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Supplemental Figure S4. Exposure to low R:FR differentially impacts respiration rate of shade-avoider
and shade-tolerant plants. A. thaliana (At-WT) and C. hirsuta (Ch-WT) seedlings were germinated and
grown under W,, for 3 days, transferred to either W,, or W,,+FR for 4 days, and then exposed to lower PAR
(W,) for 3 more days. Mean and standard error of respiration rate values (expressed as pmol O,-gFW-1-h1) at 0
and 3 days after transfer to W, are shown (n=8 seedlings per treatment). Different lowercase letters denote
significant differences among means according to one-way ANOVA followed by a Tuckey post-hoc test (P=0.05).
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Plastids, the defining organelles of plant cells, undergo physiological
and morphological changes to fulfill distinct biological functions. In
particular, the differentiation of chloroplasts into chromoplasts
results in an enhanced storage capacity for carotenoids with indus-
trial and nutritional value such as beta-carotene (provitamin A).
Here, we show that synthetically inducing a burst in the production
of phytoene, the first committed intermediate of the carotenoid
pathway, elicits an artificial chloroplast-to-chromoplast differentia-
tion in leaves. Phytoene overproduction initially interferes with
photosynthesis, acting as a metabolic threshold switch mechanism
that weakens chloroplast identity. In a second stage, phytoene con-
version into downstream carotenoids is required for the differentiation
of chromoplasts, a process that involves a concurrent reprogramming
of nuclear gene expression and plastid morphology for improved ca-
rotenoid storage. We hence demonstrate that loss of photosynthetic
competence and enhanced production of carotenoids are not just con-
sequences but requirements for chloroplasts to differentiate into
chromoplasts.

carotenoid | chromoplast | differentiation | phytoene | synthetic

lastids comprise a group of morphologically and functionally

diverse plant organelles capable of differentiating from one
plastid type to another in response to developmental and envi-
ronmental stimuli (1, 2). Such plastidial conversions are essential
to sustain many fundamental biological processes and largely
contribute to cell specialization in the different plant tissues.
Among the different plastid types, chromoplasts are of great
importance in nature and agriculture because of their capacity to
accumulate high levels of carotenoids, plant pigments of iso-
prenoid nature that provide color in the yellow to red range
(3-5). Carotenoids such as beta-carotene (provitamin A) are
health-promoting nutrients that animals cannot synthesize but
take up in their diets. They are also added-value compounds
widely used in cosmetics, pharma, food, and feed industries as
natural pigments and phytonutrients (4, 6).

Chromoplasts differentiate from preexisting plastids such as
proplastids (i.e., undifferentiated plastids), leucoplasts (i.e., un-
colored plastids in nonphotosynthetic tissues), and chloroplasts
(i.e., photosynthetic plastids). Chloroplasts transform into chro-
moplasts during the development of many flowers and fruits, but
only a few plant species differentiate chromoplasts in leaves (1,
5). The yellow to red colors that some leaves acquire as they
senesce (e.g., in the autumn or when they are exposed to con-
tinuous darkness) are due to chloroplast carotenoids becoming
visible when the chlorophylls degrade. This senescence process,
however, does not involve the transformation of chloroplasts into

21796-21803 | PNAS | September 1,2020 | vol. 117 | no. 35

chromoplasts but into a completely different type of plastids
named gerontoplasts (1, 2).

The most prominent changes during chloroplast-to-chromo-
plast differentiation are the reorganization of the internal plastid
structures, together with a concurrent loss of photosynthetic
competence and overaccumulation of carotenoid pigments (1-3,
5,7, 8). The remodeling of the internal plastid structures generates
an increased metabolic sink capacity but it also promotes carot-
enoid biosynthesis. The control of chromoplast differentiation
appears as a very promising strategy for improving the nutritional
and health benefits of crops (5-9). The overall process is known to
involve changes in gene expression (e.g., via retrograde signaling
from plastids to the nucleus), hormonal regulation, protein quality
control, and plastid protein import (1, 3, 5). However, very few
inducers of chromoplast development have been identified to
date. Orange (OR) chaperones are among the best characterized,
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Summary

Carotenoids are lipophilic plastidial isoprenoids highly valued as nutrients and natural pigments.
A correct balance of chlorophylls and carotenoids is required for photosynthesis and therefore
highly regulated, making carotenoid enrichment of green tissues challenging. Here we show that
leaf carotenoid levels can be boosted through engineering their biosynthesis outside the
chloroplast. Transient expression experiments in Nicotiana benthamiana leaves indicated that
high extraplastidial production of carotenoids requires an enhanced supply of their isoprenoid
precursors in the cytosol, which was achieved using a deregulated form of the main rate-
determining enzyme of the mevalonic acid (MVA) pathway. Constructs encoding bacterial
enzymes were used to convert these MVA-derived precursors into carotenoid biosynthetic
intermediates that do not normally accumulate in leaves, such as phytoene and lycopene.
Cytosolic versions of these enzymes produced extraplastidial carotenoids at levels similar to those
of total endogenous (i.e. chloroplast) carotenoids. Strategies to enhance the development of
endomembrane structures and lipid bodies as potential extraplastidial carotenoid storage
systems were not successful to further increase carotenoid contents. Phytoene was found to be
more bioaccessible when accumulated outside plastids, whereas lycopene formed cytosolic
crystalloids very similar to those found in the chromoplasts of ripe tomatoes. This extraplastidial
production of phytoene and lycopene led to an increased antioxidant capacity of leaves. Finally,
we demonstrate that our system can be adapted for the biofortification of leafy vegetables such
as lettuce.

Introduction

biosynthetic pathway) are colourless (Rodriguez-Concepcion
et al., 2018).

Carotenoids are lipophilic isoprenoids distributed throughout all
kingdoms of life. Plants and some bacteria, archaea and fungi
can biosynthesize these compounds de novo, whereas the vast
majority of animals acquire them through their diet (Rodriguez-
Concepcion et al., 2018; Zheng et al., 2020). Carotenoids are
an essential part of the human diet, acting as precursors of
retinoids (including vitamin A) and health-promoting molecules.
They are also economically relevant as natural pigments that
provide colours in the yellow to red range to many fruits,
vegetables, seafood, fish, poultry and dairy products. One
example is lycopene, which gives rise to the red colour in ripe
tomatoes. Carotenoids with a shorter conjugation length such
as phytoene (the first committed intermediate of the
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In plants, carotenoids are synthesized in plastids from the
universal C5 isoprenoid precursors isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP) produced by the
methylerythritol 4-phosphate (MEP) pathway (Figure 1). Other
plastidial isoprenoids, such as monoterpenoids and the prenyl
moieties of chlorophylls and tocopherols, are produced using the
same pool of substrates. In the cytosol, a second pool of IPP and
DMAPP is synthesized by the mevalonic acid (MVA) pathway for
the production of sesquiterpenoids and triterpenoids (including
sterols). Plastid-localized isoforms of geranylgeranyl diphosphate
(GGPP) synthases catalyse the condensation of three IPP and one
DMAPP into one C20 GGPP. Two GGPP molecules are then
converted into one C40 phytoene by phytoene synthase.

© 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd.
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Desaturation and isomerization of phytoene produce lycopene, a
linear carotenoid whose ends may then be cyclized into 8 and/or ¢
rings. The formation of two B rings results in the production of B-
carotene, from which B-p xanthophylls such as violaxanthin and
neoxanthin are formed through oxidation. The formation of one
B and one g ring leads to the production of lutein, the most
abundant xanthophyll in photosynthetic tissues (Figure 1a). In
chloroplasts, carotenoids are involved in light harvesting and
photoprotection against excess light, and their levels are finely
balanced with those of chlorophylls for the efficient assembly and
functionality of photosynthetic complexes (Domonkos et al.,
2013; Esteban et al., 2015; Hashimoto et al., 2016). Carotenoids
can also be produced and stored at high levels in chromoplasts,
which are specialized plastids found in some non-photosynthetic
tissues of flowers, fruits and other carotenoid-accumulating
tissues (Sadali et al., 2019; Sun et al., 2018).

Several biotechnological strategies have been tested to enrich
plant-derived feed and food products with carotenoids to
improve their nutritional and economic value (Alos et al., 2016;
Zheng et al., 2020). While highly successful results have been
obtained in non-photosynthetic tissues, including Golden Rice,
manipulation of carotenoid levels in photosynthetic tissues has
been much more challenging. We have investigated methods to
produce carotenoids in green tissues without interfering with
photosynthetic function by moving their biosynthesis away from
the chloroplast. The cytosol was a logical choice since the
metabolic precursors of carotenoids (IPP and DMAPP) are already
present due to the activity of the MVA pathway (Figure 1a). A
previous attempt using virus-mediated expression of bacterial
enzymes encoding GGPP synthase (crtE), phytoene synthase (crtB)
and a desaturase/isomerase transforming phytoene into lycopene
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(crtl) resulted in the production of lycopene in the cytosol of
tobacco (Nicotiana tabacum) cells (Majer et al., 2017). Virus-
infected tissues accumulated lycopene to levels up to 10% of the
total leaf carotenoid content, but only for 1-2 days, as
carotenoid-producing leaves soon became necrotized. Such
deleterious phenotype may be caused by side-effects of the viral
infection, by the diversion of metabolic substrates away from
cytosolic isoprenoid pathways, and/or by negative interference of
the lipophilic lycopene with cell membrane function. Here we
tested new strategies to circumvent these problems using
phytoene and lycopene as the target products. The choice of
these carotenoid intermediates (Figure 1a) was based on three
main reasons. First, they are virtually absent in non-engineered
leaves as they are readily converted into downstream chloroplast
carotenoids (Domonkos et al., 2013; Esteban et al, 2015;
Hashimoto et al., 2016; Rodriguez-Concepcion et al., 2018).
Second, their supply is essential for the eventual production of
any downstream carotenoid of interest. And third, they are
health-promoting phytonutrients that are only found in a few
food sources (Melendez-Martinez et al., 2015; Melendez-
Martinez et al., 2018; Muller et al., 2011; Rodriguez-Concepcion
et al., 2018).

Results

Agroinfiltrated leaves can produce extraplastidial
phytoene and lycopene at levels similar to those of
endogenous chloroplast carotenoids

To produce phytoene and lycopene in the cytosol without the
deleterious effects previously observed using viral vectors (Majer
et al, 2017), we tested a combination of strategies using
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Figure 1 Schematic representation of the pathways and enzymes related to this work. (a) Carotenoid biosynthesis and related isoprenoid pathways in
plants. Inhibitors of the MVA pathway (mevinolin, MEV), the MEP pathway (fosmidomycin, FSM) and the carotenoid pathway (norflurazon, NF) are boxed in
black. HMG-CoA, hydroxymethylglutaryl coenzyme-A; MVA, mevalonic acid; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; FPP, farnesyl
diphosphate; GGPP, geranylgeranyl diphosphate; GAP, glyceraldehyde 3-phosphate; MEP, methylerythritol 4-phosphate. Enzymes produced in our system
are shown in colour: tHMGR, truncated HMG-CoA reductase; crtk, bacterial GGPP synthase; crtB, bacterial phytoene synthase; crtl, bacterial desaturase/
isomerase; TXS, taxadiene synthase. The green box encloses reactions taking place in plastids. (b) Proteins used in this work. HMGR1S, crtE, crtB and crtl are
unmodified enzymes. The rest are either truncated or fusion proteins. Boxes represent different enzymes and tags drawn to scale.
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agroinfiltration of Nicotiana benthamiana as a less aggressive
transient expression system (Schwach et al.,, 2005). Plasmid
vectors expressing the constructs under the control of the
constitutive cauliflower mosaic virus 355 promoter together with
a plasmid carrying the viral RNA silencing suppressor HCPro were
used for transformation of Agrobacterium tumefaciens strain
GV3101. N. benthamiana leaves were infiltrated with A. tume-
faciens cultures carrying the selected constructs in identical
proportions. To convert MVA-derived PP and DMAPP into
carotenoids, the bacterial Pantoea ananatis genes encoding crtE
(to produce GGPP), crtB (to transform GGPP into phytoene) and
crtl (to synthesize lycopene from phytoene) were used (Fig-
ure 1a). Unmodified versions of these three bacterial enzymes are
active and synthesize lycopene in the cytosol of tobacco leaf cells
(Majer et al., 2017). In the case of crtB, however, part of the
protein is targeted to chloroplasts (Figure 2) (Llorente et al.,
2020). To prevent this, we tested a version of the crtB enzyme
with GFP fused to its N-terminus referred to as GFP-crtB
(Figure 1b), which is retained in the cytosol of agroinfiltrated N.
benthamiana leaf cells (Figure 2) (Llorente et al., 2020). When we
compared the production of phytoene by crtB and GFP-crtB
enzymes at 5 days post-infiltration (dpi) (Figure 3), the amounts
were 10-fold higher in the case of the unmodified crtB enzyme.
This could be due to the N-terminal GFP tag interfering with crtB
activity. Alternatively, the localization of at least some crtB protein
in chloroplasts (Figure 2) might involve access to a higher supply
of GGPP for phytoene production. Consistent with the latter
hypothesis, inhibition of the MEP pathway with fosmidomycin
(Figure 1a) strongly decreased the production of phytoene by crtB
but not by GFP-crtB (Figure 3a). A similar result was observed
when plastidial GGPP levels were decreased by co-expressing a
Taxus baccata gene encoding taxadiene synthase (Figure 3b), a
chloroplast-targeted enzyme that directly converts MEP-derived
GGPP into the non-native diterpene taxadiene (Besumbes et al.,
2004) (Figure 1a). These results support the conclusion that
unmodified crtB produces most of the detected phytoene from
plastidial GGPP. In agreement, specific blockage of cytosolic IPP
and DMAPP supply with the MVA pathway inhibitor mevinolin
(Figure 1a) decreased the production of phytoene by GFP-crtB
but not by crtB (Figure 3a). Conversely, increasing cytosolic GGPP
levels by co-agroinfiltration of the crtE enzyme resulted in a
marginal increment in the production of phytoene by crtB while it
doubled the levels of phytoene synthesized by GFP-crtB (Fig-
ure 3b). These results indicate that GFP-crtB is enzymatically
active and uses MVA-derived GGPP precursors to produce
phytoene.

To minimize competition with endogenous cytosolic iso-
prenoid pathways (Figure 1a), we next increased MVA pathway
flux using a truncated version of hydroxymethylglutaryl CoA
reductase (HMGR), the main rate-limiting enzyme of the MVA

Figure 2 Subcellular localization of GFP-tagged proteins. N.
benthamiana leaves were agroinfiltrated with constructs to express the
indicated proteins and investigate their subcellular distribution based on
GFP fluorescence by confocal microscopy at 3 dpi. Pictures show Z-stacks
of selected regions of leaf cells displaying GFP fluorescence either alone (in
green; left panels) or in combination with chlorophyll autofluorescence (in
red; right panels). Arrows mark chloroplasts showing GFP fluorescence.
Scale bars are 10 pm.

© 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 19, 1008-1021



(a) (b)
80 - 8 -
s 3
2 60 - 6 3
2 E
g | * | * 2
0
§40' 4 - %
2 | | —
2
S 20 - 2 - g
> =
S ) i [oX
0 - 0 -
o > 5 >
8 + 8 + ¥
crtB GFP-crtB

80

60

40

20

Extraplastidial carotenoid synthesis 1011

. 16 - 16 -
4 : .
. 12 - * 42 -
* 1 L
i 8 - 8 -
- 4 - 4 -
. 0 . O n
S5 O W S 0 W S w
= X = X ¥ = E
s R $EREPOER
o o o
crtB GFP-crtB 1S-crtB

Figure 3 Supply of isoprenoid precursors is limiting for phytoene biosynthesis in the cytosol. N. benthamiana leaves were agroinfiltrated with the indicated
constructs and samples were collected at 5 dpi for HPLC analysis. (a) Phytoene accumulation in leaf areas expressing either crtB or GFP-crtB, after treatment
with the indicated inhibitors of the MEP or MVA pathways (FSM and MEV, respectively) or a mock solution (control). (b) Phytoene accumulation in leaf areas
expressing crtB, GFP-crtB or 15-crtB either alone (control) or together with yew TXS or bacterial crtE. Plots show the mean and standard error of n = 4
independent samples. Asterisks mark statistically significant changes relative to control samples (t-test, P < 0.05).

pathway (Rodriguez-Concepcion and Boronat, 2015). In partic-
ular, we used the Arabidopsis thaliana HMGR1 enzyme
(At1976490) lacking the N-terminal regulatory domain (Fig-
ure 1b). This truncated version, referred to as tHMGR (Cankar
et al., 2015; van Herpen et al., 2010), is not feedback-regulated
and localizes to the cytosol as it lacks the N-terminal transmem-
brane domain that anchors the enzyme to the endoplasmic
reticulum (ER). Constructs encoding tHMGR were co-infiltrated
with the corresponding bacterial enzymes into N. benthamiana
leaves and their carotenoid profile was analysed at 5 dpi
(Figure 4). Co-agroinfiltration of constructs for tHMGR, crtE and
GFP-crtB (HEB combination) led to an astounding accumulation
of phytoene (Figure 4a). While addition of the crtE enzyme
doubled the production of phytoene compared to GFP-crtB
alone (EB relative to B, respectively; Figure 3b), a dramatic 200-
fold increase in phytoene levels was detected in HEB samples
additionally producing tHMGR (Figure 4b). Strikingly, this newly
produced cytosolic phytoene increased total carotenoid levels by
more than 60%. Further addition of crtl (HEBI combination)
resulted in the production of very high levels of lycopene but
also phytoene, probably reflecting incomplete enzymatic

conversion by crtl (Figure 4b). The level of cytosolic carotenoids
accumulated in HEBI leaves was similar to the total amount of
endogenous chloroplast carotenoids (Figure 4b). In particular,
lycopene levels were in the same range of those found in
chromoplasts from natural sources specialized for the accumu-
lation of high lycopene levels such as tomato ripe fruit (D’Andrea
et al., 2018; Diretto et al., 2020; Flores et al., 2016; Massaretto
et al.,, 2018; Nogueira et al., 2013; Pankratov et al., 2016;
Suzuki et al., 2015).

Enhancing the development of endomembrane
structures does not improve carotenoid contents

Next, we evaluated the potential of anchoring the bacterial
enzymes to cell endomembranes while stimulating the prolifer-
ation of such lipid-storage structures to accommodate even
higher carotenoid levels without interfering with other cell
functions. To do this, we used the N-terminal 178 aa sequence
of the Arabidopsis HMGR1S isoform. This sequence (named 1S)
lacks any catalytic activity, but it includes transmembrane
domains for ER membrane anchoring and is sufficient to stimulate
a massive proliferation of ER-derived membranes and vesicular

Figure 4 Extraplastidial carotenoids are produced at levels similar to those naturally found in chloroplasts. N. benthamiana leaf areas agroinfiltrated with
different combinations of constructs were collected at 5 dpi for HPLC analysis. (a) HPLC chromatograms of HE, HEB and HEBI samples at 280 nm (to detect
phytoene) and 470 nm (to detect coloured carotenoids). The non-plant carotenoid canthaxanthin is used as an internal standard. (b) Levels of carotenoids
in leaf areas agroinfiltrated with the indicated combinations. (c) Levels of phytoene and lycopene in leaf areas expressing untagged enzymes (+) or versions
with N-terminal GFP or 1S sequences. (d) Levels of phytoene and lycopene in HEBI leaf areas either co-infiltrated or not with a set of three more proteins
promoting lipid body formation (indicated as + OWD). Levels are expressed relative to those without OWD. In all cases, plots represent the mean and

standard error of n > 3 independent samples.
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structures (Ferrero et al., 2015). Indeed, N-terminal fusion of the
1S sequence to GFP resulted in the localization of the resulting
1S-GFP protein in highly fluorescent bodies corresponding to
these proliferating structures (Figure 2). A very similar distribution
was observed for 1S-crtE-GFP. In the case of the 1S-crtB-GFP and
1S-crtl-GFP fusions, however, the fluorescent bodies were not
observed and the proteins localized only in ER membranes
(Figure 2).

The combination tHMGR, 1S-crtE and 1S-crtB (HE;B4) pro-
duced 0.06 mg of phytoene per g of DW (or 60 ng/g DW), which
is about 15-fold lower than that produced by the HEB samples
(Figure 4c) but fivefold higher than that produced by crtk and 15-
crtB (Figure 3b). These results suggest that the addition of the 1S
domain to crtB or crtE does not block their enzymatic activity, but
rather inhibits correct use of the extra MVA-derived precursors
that result from tHMGR activity. Consistent with this interpreta-
tion, when tHMGR and 1S-fused crtE, crtB and crtl enzymes were
used (HE;B4l; combination), the production of lycopene showed a
dramatic drop (Figure 4c). By using only one of the three bacterial
enzymes fused to 1S, however, different effects were observed.
The use of 1S-crtk did not have a significant impact compared to
crtE, but a reduction occurred when crtl was substituted with 15-
crtl, and a major inhibition resulted from using 1S-crtB in place of
GFP-crtB (Figure 4c).

As an alternative strategy to improve carotenoid storage in
extraplastidial compartments, we next stimulated the prolifera-
tion of oleosin-coated lipid bodies. The strategy, based on the co-
agroinfiltration of sequences encoding oleosins, diacylglycerol
acyltransferase, and the transcription factor WRINKL1, has
recently been reported as contributing successfully to the storage
of lipophilic MVA-derived sesquiterpenes (Figure 1a) in N. ben-
thamiana leaves (Delatte et al., 2018). Addition of the plasmids
encoding these proteins to the HEBI mix, however, was detri-
mental to lycopene accumulation and neutral for phytoene
(Figure 4d).

Extraplastidial phytoene and lycopene accumulation
eventually reduce chlorophyll contents and
photosynthetic activity

The massive levels of lycopene that accumulated in N. benthami-
ana leaves agroinfiltrated with HEBI constructs resulted in a
characteristic red colour in the sectors that produced the pigment
(Figure 5). By contrast, HEB areas producing only phytoene were
visually indistinguishable from agroinfiltrated control HE areas, as
expected due to the colourless nature of phytoene (Figure 5a). At
the cell level, tubular structures of distinctive red colour were
observed inside HEBI cells (Figure 5b), suggesting that they might
correspond to lycopene crystals. The red colour of lycopene-
accumulating areas was stable for about a week and then it
gradually fainted. Leaf pigmentation actually paralleled the
accumulation profile of lycopene, which steadily increased to 5
dpi, and then remained high for at least two more days
(Figure 5¢). Interestingly, the levels of endogenous (i.e. chloro-
plastidial) carotenoids in HEBI leaves remained unchanged,
whereas chlorophyll levels started to decrease at 5 dpi and by 7
dpi they had dropped about 20% (Figure 5¢). Phytoene produc-
tion in N. benthamiana leaves agroinfiltrated with HEB constructs
appeared to be still active at 7 dpi (Figure 5c). Similar to lycopene-
producing HEBI leaf tissues, HEB areas accumulating cytosolic
phytoene showed a decrease in chlorophyll levels and no changes
in chloroplast-associated carotenoids. In this case, however, the
reduction in chlorophyll contents occurred later (at 7 dpi) and to a
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lower degree (10%) compared to lycopene-producing HEBI leaf
tissues (Figure 5¢). No changes in carotenoid or chlorophyll levels
were observed in control HE leaves (Figure 5c¢), suggesting that
the decrease in chlorophyll levels observed in leaves producing
phytoene and lycopene is not due to the agroinfiltration
procedure but to the accumulation of those carotenoids outside
chloroplasts. Analysis of chloroplast ultrastructure by transmission
electron microscopy (TEM) of leaf cells at 7 dpi showed a higher
abundance of plastoglobules in HEB chloroplasts compared to HE
controls (Figure 5d). The development of plastoglobules was
more evident in HEBI chloroplasts, which also showed a
decreased abundance of thylakoid membranes and grana (Fig-
ure 5d).

To check whether the changes in leaf chlorophyll levels and
chloroplast ultrastructure caused by extraplastidial accumulation
of phytoene and lycopene had any impact on photosynthesis,
we next quantified effective quantum yield of photosystem Il
(PSII) at different time points after agroinfiltration with HE, HEB
or HEBI combinations (Figure 5e). Phytoene-producing HEB
leaves only showed a statistically significant decrease in the
$PSIl value at 7 dpi, whereas HEBI tissues producing lycopene
showed a stronger reduction even at earlier time points
(Figure 5e). While our results demonstrate that leaf cells remain
photosynthetically active despite accumulating phytoene and
lycopene at levels similar to those of photosynthesis-related
chloroplast carotenoids (i.e. lutein, p-carotene, violaxanthin and
neoxanthin), they also show that chloroplast features are altered
by the accumulation of phytoene and, particularly, lycopene in
extraplastidial locations.

Phytoene shows improved bioaccessibility when
accumulated outside plastids

Phytoene is a health-promoting carotenoid naturally found in
some non-green fruits and vegetables such as tomatoes but
normally absent from leaves (Melendez-Martinez et al., 2015;
Melendez-Martinez et al., 2018). The accumulation of phytoene
in HEB leaves reached levels of ca. 1 mg/g DW, similar or even
higher than those found in ripe tomatoes (D'Andrea et al., 2018;
Diretto et al., 2020; Flores et al., 2016; Massaretto et al., 2018;
Nogueira et al., 2013; Pankratov et al., 2016; Suzuki et al., 2015).
However, it was unknown whether the subcellular localization of
phytoene might impact its bioaccessibility (i.e. the quantity
released from the plant matrix in the gastrointestinal tract that
becomes available for absorption and eventual biological activity).
To address this question, we compared bioaccesibility of
extraplastidial phytoene from agroinfiltrated HEB leaves and
plastidial phytoene from non-infiltrated leaves treated with
norflurazon (NF), an inhibitor of phytoene desaturation (Fig-
ure 1a). N. benthamiana leaves were infiltrated either with A.
tumefaciens cultures carrying the HEB constructs or with NF and
collected 5 days later. Non-infiltrated leaves were also collected
as a control, and tissue from all samples was freeze-dried and
ground to a fine powder that was used for both HPLC and in vitro
digestion assays (Figure 6). HPLC analysis of the samples showed
that the NF treatment resulted in the accumulation of some
phytoene and only caused a slight reduction in the levels of
downstream carotenoids compared to control leaves (Figure 6a).
The levels of phytoene in HEB leaf samples were much higher
than those in NF-treated samples, whereas the amount of
chloroplast carotenoids remained unchanged compared to con-
trol leaves (Figure 6a). To facilitate bioaccesibility comparisons,
we mixed 1 volume of lyophilized HEB tissue with 5 volumes of

© 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 19, 1008-1021



1014 Trine B. Andersen et al.

(@ HE HEB
-

HEBI

(c)

° THE 5 1 HEB « STHEBI  «
@ 1 l =
Q 44 m Iycopene 4 -

% 1 @ phytoene
& 3 4 A carotenoids
£ | A chlorophylls
2
o 2
()]
= 1
T 1 A
o !
0 T T T T 0 T T T T
3 4 5 6 7 3 4 5 6 7
days after infiltration (dpi)

(d) HE HEB HEBI (e)

oPSII

0.2
0.1
0 T T T T T T T

01 2 3 45 6 7
days after infiltration (dpi)

Figure 5 Accumulation of extraplastidial phytoene and lycopene indirectly impacts photosynthesis. (a) Representative pictures of N. benthamiana leaves
agroinfiltrated in their lower left-hand side with constructs to express HE, HEB and HEBI combinations. The lower panels show a magnification of the
agroinfiltrated areas. (b) Picture of a leaf cell from a HEBI-infiltrated area. Note the distinctive red tubular structure within the cell, likely to be a large
lycopene crystal. Scale bar is 10 um. () Photosynthetic pigment levels in HE, HEB and HEBI leaf areas at the indicated times after agroinfiltration.
Carotenoid contents refer to endogenous (i.e. chloroplastic) species, excluding phytoene and lycopene. Values are the mean and standard error of n > 3
independent samples relative to levels at 3 dpi. Asterisks mark statistically significant changes (t-test, P < 0.05) relative to 3 dpi. (d) TEM images of
representative chloroplasts from leaf areas like those shown in (a) at 7 dpi. Arrows mark plastoglobules in HEB and HEBI chloroplasts. Scale bars are 1 um.
(e) Effective quantum yield of PSII (¢PSll) in leaf sections agroinfiltrated with the indicated combinations. Plots represent the mean and standard error of
n > 3 independent samples. Asterisks mark statistically significant changes (t-test, P < 0.05) relative to O dpi.
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Figure 6 Bioaccessibility of phytoene changes depending on its subcellular accumulation site. N. benthamiana leaves were agroinfiltrated with HEB
constructs to produce extraplastidial phytoene or treated with norflurazon (NF) to accumulate phytoene inside chloroplasts and collected 5 days later. Non-
infiltrated, untreated leaves were collected at the same time as a control (sample C). Freeze-dried tissue from these leaf samples was ground and used for
both for HPLC and bioaccessibility analysis. A sample combining one part of HEB and five parts of C ground tissue (named HEB/5C) was also used for
experiments. (a) HPLC analysis of carotenoids in the indicated samples. (b) Bioaccessibility of the carotenoids shown in (a). Values correspond to the mean
and standard error of n = 3 independent samples per treatment represented relative to those of NF-treated leaves. Asterisks mark statistically significant

changes relative to NF-treated samples (t-test, P < 0.05).

control tissue to create a new sample (named HEB/5C) with levels
of extraplastidial phytoene similar to the plastidial phytoene
contents of NF samples (Figure 6a). Then, a standardized in vitro
method that simulates digestion was used to estimate the
bioaccessibility of phytoene in leaves when accumulated either
inside or outside plastids (NF-treated leaves or HEB and HEB/5C
samples, respectively). Using this in vitro method, which repro-
duces physiological conditions in vivo by using specific digestive
enzymes under conditions mimicking oral, gastric and small
intestinal digestion phases, bioaccessibility of phytoene was
found to be 60-70% higher in HEB and HEB/5C samples
compared to NF-treated leaves (Figure 6b). By contrast, bioac-
cessibility of the endogenous (chloroplast) carotenoids was similar
in all the samples (Figure 6b). The results support the conclusion
that extraplastidial accumulation improves phytoene bioaccessi-
bility.

Cytosolic lycopene crystals in leaves are similar to those
present in tomato fruit chromoplasts and contribute to
increase antioxidant capacity

Like phytoene, lycopene is associated with health benefits but its
bioaccessibility is much lower in part because lycopene-rich
products such a ripe tomato fruits accumulate this carotenoid as
intraplastidial crystals (Cooperstone et al., 2015; Mapelli-Brahm
et al., 2018). To test whether the tubular structures that were
visible in HEBI cells (Figure 5b) correspond to lycopene crystal-
loids, we initially recorded the absorption spectra of N. ben-
thamiana HE, HEB and HEBI leaves and then calculated the
difference spectra for HEB-minus-HE and HEBI-minus-HE (Fig-
ure 7a). The HEBI-HE difference spectrum exhibited two peaks in
the carotenoid region at 528 and 568 nm, that were absent in

the HEB-HE spectrum. This indicates the presence of a new
carotenoid species absorbing in this region in HEBI. The peaks are
coincident with the 0-1 and 0-0 vibronic transitions, respectively,
reported for lycopene crystalloids in tomatoes (Ishigaki et al.,
2017, Llansola-Portoles et al., 2018). To analyse the features of
the HEBI lycopene crystals further, we turned to resonance
Raman spectroscopy, a technique that provides rich information
about the vibrational properties of carotenoids. The vibrational
modes in the v; region, around 1520 cm™, arise from stretching
vibrations of the double bonds of the linear carotenoid skeleton
(Koyama and Fujii, 1999; Robert, 1999). Resonance Raman
spectra at 77 K upon 514.5 and 577 nm excitation were
recorded for HEBI and control HE leaves, and compared with
that of ripe tomatoes (Figure 7b). At 514.5 nm, both HE and HEBI
leaves exhibit a wide v; mode but with somewhat shifted maxima
— 1525.8 cm™ in HE and 1523.8 cm™ in HEBI. An even lower
frequency is observed in the case of ripe tomato fruit (peak at
1521.5 cm™: Figure 7b), as previously described (Llansola-Por-
toles et al., 2018). HE samples excited at 577 nm exhibited a wide
vibrational mode, peaking at the same frequency as at 514.5 nm
(1525.8 cm™). In contrast, the v; mode for HEBI at 577 nm is
significantly narrower and down-shifted to 1513.1 cm™, over-
lapping with the spectrum of tomatoes at this wavelength
(Figure 7b). Note that the signals recorded in leaves for 577 nm
excitation are very noisy, as they overlap with the blue tail of the
large chlorophyll fluorescence signal. Taken together, these data
indicate that HEBI leaves exhibit contributions both from chloro-
plast carotenoids and from a new red-absorbing species. This red-
shifted carotenoid dominates the spectrum at 577 nm, as it is in
pre-resonance with its 0-0 absorption transition at 568 nm (see
above) giving a narrow v; contribution at 1513.1 cm™, as
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Figure 7 Lycopene crystalloids in HEBI leaves are similar to those in
tomato fruit chromoplasts. (a) Absorption difference spectra of N.
benthamiana leaves (HEB and HEBI-minus-HE) obtained at room
temperature in reflectance mode. (b) 77 K resonance Raman spectra in
the v; region for N. benthamiana HE and HEBI leaves and red (ripe) tomato
fruit at 514.5 and 577 nm excitation.
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Figure 8 Cytosolic production of phytoene and lycopene contribute to
biofortification. (a) Antioxidant capacity of N. benthamiana HE, HEB and
HEBI leaves. Values correspond to the mean and standard error of n = 3
independent samples represented relative to those of control (HE) leaves.
(b) Levels of carotenoids in lettuce leaves agroinfiltrated with the indicated
combinations of constructs. Mean and standard error of n > 4
independent samples are represented relative to those in HE leaves.

observed in tomatoes. A mixture of both carotenoid populations
(new red species and chloroplast carotenoids) is observed when
exciting HEBI at 514.5 nm, as this wavelength is midway between
the newly observed 0-1 band (528 nm) and the 0-0 transitions of
photosynthetic carotenoids (~500 nm and below). In this case, v,
exhibits a frequency intermediate between 1513.1 cm™ (red
species) and 1525.8 cm™' (chloroplast carotenoids; see HEB at this
wavelength). The marked similarity between the extraplastidial
lycopene crystals formed in HEBI leaves and the lycopene
crystalloids naturally present in ripe tomatoes, in terms of their
vibrational and electronic properties, indicates a very similar
organization and aggregation state in both cases.

Lycopene is a major contributor to the antioxidant properties of
carotenoid-containing foods (Mdller et al., 2011). In agreement,
the accumulation of lycopene in HEBI leaves resulted in an
astounding 80% increase in antioxidant activity of the leaf tissue
as determined using the Trolox equivalent antioxidant capacity
(TEAC) test (Figure 8a). Also consistent with the much lower
antioxidant capacity of phytoene (Mdiller et al., 2011), the TEAC
value of phytoene-producing HEB leaves was only 30% higher
than that of HE controls (Figure 8a).

Cytosolic carotenoid production in edible lettuce leaves

Our strategy of engineering a synthetic cytosolic pathway to
boost carotenoid levels in green (i.e. chloroplast-containing)
tissues could be readily applied to the biofortification of edible
leafy vegetables. As a proof of concept, we tested whether
agroinfiltration could also work to transiently express the required
genes in romaine lettuce (Lactuca sativa), a widely consumed and
inexpensive salad vegetable with a relatively low nutritional value
(Mou, 2009). Lettuce leaves were found to be more difficult to
agroinfiltrate than those of N. benthamiana, but vacuum agroin-
filtration was successful in transiently expressing HEB and HEBI
combinations leading to extraplastidial phytoene and/or lycopene
overproduction in some leaf areas (Figure 8b). The levels of total
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carotenoids (i.e. extraplastidial and chloroplastic) were clearly
enhanced in agroinfiltrated areas, although the accumulation of
phytoene and/or lycopene was lower than that achieved in N.
benthamiana.

Discussion

In this paper, we show that carotenoids can be produced and
accumulated in very high amounts for over a week in the cytosol
of leaf cells. We demonstrate major improvements compared to
our first attempts in N. tabacum using viral vectors carrying
untagged crtk, crtB and crtl enzymes (Majer et al., 2017). First,
agroinfiltration of N. benthamiana leaves was found to be a much
faster and reliable method to test enzyme combinations with
minimal interference from chlorosis and necrosis. Second, using
the GFP-crtB protein ensured cytosolic localization of the
phytoene-producing crtB enzyme (Llorente et al., 2020). Third,
adding a deregulated version of the HMGR enzyme (tHGMR)
boosted cytosolic GGPP supply to reach much higher phytoene
and lycopene levels than those achieved in our previous work.
Fourth, extraplastidial carotenoid levels remained high for much
longer that when using viral vectors. And fifth, we showed that
the accumulation of these extraplastidial carotenoids provides
nutritional benefits that can be transferred to leafy vegetables
such as lettuce, hence demonstrating the feasibility of using this
strategy for food biofortification.

Rapid testing of different gene combinations by agroinfiltration
led to establish that a major limiting step for carotenoid
biosynthesis outside plastids was the supply of their metabolic
precursors (Figure 3). To enhance the production of these
precursors, we used a truncated form of HMGR, considered to
be the main rate-determining enzyme of the MVA pathway
(Rodriguez-Concepcion and Boronat, 2015). This truncated form
(tHMGR) retains the cytosolic domain bearing its catalytic activity
but lacks the N-terminal 1S region required to anchor the enzyme
to the ER (Figure 1). As the N-terminal region is also key for the
regulation of HMGR enzyme levels and activity, the tHMGR
protein is a deregulated and more stable version of the enzyme
(Doblas et al., 2013; Leivar et al., 2011; Pollier et al., 2013;
Rodriguez-Concepcion and Boronat, 2015). The use of tHMGR
enzymes has already been shown to increase the production of
MVA-derived isoprenoids such as sesquiterpenes and sterols
(Figure 1) (Andersen et al., 2017; Cankar et al., 2015; Chappell
et al., 1995; Harker et al., 2003; van Herpen et al., 2010; Lee
et al., 2019; Wu et al., 2006; Yin and Wong, 2019). The highest
increases have been typically obtained in transient expression
assays with N. benthamiana leaves similar to those used in our
work. In particular, addition of Arabidopsis tHMGR to agroinfil-
trated gene combinations caused a 37-fold increase in endoge-
nous sesquiterpenes levels (Cankar et al., 2015) and boosted the
production of exogenous sesquiterpenes (i.e. those not naturally
found in N. benthamiana) up to 300-fold (van Herpen et al.,
2010). The ca. 100-fold increase in phytoene levels observed after
incorporating tHMGR with the combination of GFP-crtB and crtE
(i.e. HEB vs. EB; Figures 3b and 4b) falls within the same range.

Unlike sesquiterpenoids, carotenoids such as phytoene and
lycopene are not naturally produced in the cytosol of plant cells.
We therefore reasoned that the levels of carotenoids accumu-
lated outside plastids could be further increased by improving the
capacity of leaf cells to sequester and store these lipophilic
isoprenoids through the development of ER-derived membrane
systems and lipid bodies. Fusion of the 1S domain of the
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Arabidopsis HMGR1S isoform to crtE successfully targeted the
resulting enzyme to the ER, and also stimulated a massive
development of ER-derived membranes and vesicular structures
similar to those observed with the 1S-GFP protein (Figure 2)
(Ferrero et al., 2015). In the case of crtB and crtl, however, the
proteins 1S-crtB-GFP and 1S-crtl-GFP were targeted to the ER
membranes but did not stimulate the proliferation of fluorescent
bodies (Figure 2), perhaps because they were produced at lower
levels than the 1S-crtE-GFP fusion. Consistently, the number of
cells showing detectable GFP fluorescence was much lower in leaf
areas agroinfiltrated with 1S-crtB-GFP or 1S-crtl-GFP compared to
those agroinfiltrated with 1S-crtE-GFP or 1S-GFP. In addition, the
fusion to 1S did not have a substantial impact on crtE activity (i.e.
in the production of GGPP) but it dramatically prevented the
conversion of GGPP into phytoene and had a negative impact on
the synthesis of lycopene from phytoene (Figure 4c). It is possible
that cytosolic (i.e. soluble) GFP-crtB and crtl enzymes could
associate for efficient channelling of GGPP provided by either
soluble or membrane-bound crtE to lycopene, which would then
be released to form crystals. Indeed, it has been suggested that
these bacterial enzymes might interact to form a multiprotein
complex and/or create a microenvironment to function as a
metabolon for efficient substrate channelling when produced
inside plastids (Nogueira et al., 2013; Ravanello et al., 2003). ER-
membrane association might prevent such direct interaction of
the enzymes, negatively impacting lycopene production. The
observation that ER-targeting of crtB results in a dramatic block of
phytoene production in samples containing soluble tHMGR
(Figure 4c) but not in those harbouring only the endogenous
ER-anchored HMGR enzymes (Figure 3b) further supports the
conclusion that high phytoene (and lycopene) titres require a
completely soluble synthetic pathway for efficient metabolite
channelling.

Another remarkable observation of our work was that prolif-
eration of ER-derived membrane structures (e.g. in leaf areas
expressing 1S-crtk) or lipid bodies did not provide an advantage
for the accumulation of extraplastidial carotenoids (Figure 4). This
might not be so surprising in the case of lycopene, which was
later found to form cytosolic crystals (Figure 7). It is likely,
however, that lycopene produced in HEBI leaves is initially stored
in association with cell membranes before reaching a concentra-
tion high enough to crystallize. In the case of phytoene, fruits that
produce high amounts of this carotenoid store it in lipophilic
vesicles inside chromoplasts that are sometimes released into the
cytosol, probably to remove excess amounts accumulated in
plastidial membranes (Lado et al., 2015; Nogueira et al., 2013).
Whether the massive amounts of phytoene produced in HEB and
HEBI cells are sequestered in cell membrane systems other than
those derived from the ER (e.g. vacuoles or plasma membrane)
remains unknown. However, the observation that the bioacces-
sibility of phytoene produced in HEB leaves is significantly higher
than that accumulated in the plastids of NF-treated leaves
(Figure 6b) suggests that phytoene might be less tightly associ-
ated to membranes when produced and stored at extraplastidial
locations.

Regardless of the storage mechanism, the accumulation of
extraplastidial carotenoids in our system achieved levels compa-
rable to those of endogenous chloroplast carotenoids and,
significantly, these levels remained high for over a week. This
represents a dramatic increase in stability relative to our previous
results using viral vectors, when lycopene levels dropped soon
after the leaves exhibited a red colour (Majer et al., 2017). It is
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possible that crystallization of lycopene in HEBI leaves after
reaching levels similar to those found in tomato fruit chromo-
plasts could contribute to its higher stability, as crystals are
metabolically and osmotically inert and probably less prone to
oxidative or enzymatic degradation. Nevertheless, the formation
of cytosolic lycopene crystals in HEBI cells and the accumulation of
similarly high levels of phytoene in HEB cells had a negative effect
on cell fitness. Indeed, several signs of cell damage, including
chlorosis and eventual necrosis, developed about a week after
agroinfiltration in HEB and HEBI leaves. The reduction in
chlorophyll levels, the increased number of chloroplast plas-
toglobules, the decreased abundance of thylakoids and grana,
and the defects in photosynthetic activity detected in these leaves
(Figure 5) strongly suggest that extraplastidial accumulation of
lycopene and, to a lesser extent, phytoene triggered a leaf
senescence process. Indeed, the earliest changes associated with
leaf senescence occur in the chloroplast and cause chlorosis
before necrotic symptoms are observed (Tamary et al., 2019). It
seems likely that these deleterious, senescence-like effects
observed in HEB and HEBI leaves might be related to cell damage
caused by the disruption of normal cell compartments, functions
and/or metabolism upon accumulation of extraplastidial iso-
prenoids. Alternatively, signals derived from the cleavage of
cytosolic phytoene, lycopene or intermediate carotenoid species
might be transduced to regulate chloroplast structure and
function, including photosynthetic activity (Avendano-Vazquez
et al., 2014; Cazzonelli et al., 2020).

Very little attention has been paid to carotenoid biofortification
of green vegetables to date, in part because of the challenges
associated with changing the balance between carotenoids and
chlorophylls (Alos et al., 2016; Domonkos et al., 2013; Esteban
et al.,, 2015; Hashimoto et al., 2016; Zheng et al., 2020).
Nonetheless, recent reports have shown that N. benthamiana
leaves overexpressing regulators of carotenoid gene expression
and storage were able to double their carotenoid content in
chloroplasts (Ampomah-Dwamena et al., 2019; D’Amelia et al.,
2019; Llorente et al., 2020; Wang et al., 2018). Here we report a
similar twofold increase in total carotenoid levels in N. benthami-
ana leaves (Figure 4b). Despite the defects on cell function
described above, our system for cytosolic production of
carotenoids offers multiple advantages over those modifying
the plastidial carotenoid content. Firstly, the composition of
chloroplast carotenoids remains unchanged in our system (Fig-
ure 5¢) and therefore their photosynthetic and photoprotective
functions are not directly impacted. Although a likely secondary
cell damage-associated effect does cause photosynthesis to slow
down (Figure 5e), it is not blocked and can therefore continue to
support plant growth while the extraplastidial carotenoids are
produced and stored. Secondly, our system separates the
carotenoid intermediates from those plastidial enzymes that
convert them into downstream products or degrade them into
cleavage products, including apocarotenoid signals (Rodriguez-
Concepcion et al., 2018). While non-enzymatic degradation
could still occur, it does not appear to be a problem to achieve
high titres of extraplastidial carotenoids in our system. Together
with the unexpected capacity of leaf cells to accumulate
carotenoids outside chloroplasts, this resulted in levels of
phytoene and lycopene up to 1 mg/g DW, in the range of those
found in chromoplasts from natural sources such as ripe tomato
fruit (D'Andrea et al., 2018; Diretto et al., 2020; Flores et al.,
2016; Massaretto et al., 2018; Nogueira et al., 2013; Pankratov
et al., 2016; Suzuki et al., 2015). Thirdly, the system is very

flexible, and the incorporation of additional enzymes catalysing
downstream steps is feasible so that a much broader variety of
carotenoids could be produced (Nogueira et al., 2019). Finally, we
demonstrate that this system can be adapted to the bioengi-
neering of leafy vegetables such as lettuce, improving their
antioxidant capacity, bioaccessibility and overall nutritional
quality.

N. benthamiana is particularly well suited to produce high titres
of valuable enzymes and metabolites for molecular pharming due
to a fast growth rate and a natural ability to express heterologous
gene sequences, among other traits (Lomonossoff and D’'Aoust,
2016). While agroinfiltration assays can be scaled up for industrial
production of carotenoids and other metabolites in N. benthami-
ana, adaptation to crops such as lettuce for human or animal
consumption should require further efforts in the development
and optimization of safe and reliable transient expression
methods with no health risks. Stable expression of transgenes
appears as a valid alternative from the technical point of view.
However, the poor consumer acceptance of transgenesis has
turned the attention to genome editing. New varieties of leafy
food (e.g. lettuce, spinach, cabbage, kale, chard) and forage
crops (e.g. alfalfa, grasses) could be generated by editing
endogenous genes to overaccumulate carotenoids in extraplas-
tidial locations. Flux-controlling enzymes involved in isoprenoid
biosynthesis (including HMGR, GGPP synthase and phytoene
synthase) are encoded by small gene families in most plants. In
the case of GGPP synthase, cytosolic isoforms are naturally
present (Ruiz-Sola et al., 2016). For the rest, CRISPR-Cas9
technology could be used to remove the N-terminal region from
non-essential and/or tissue-specific isoforms of HMGR (to create
truncated forms similar to the tHMGR version used here) and
carotenoid biosynthetic enzymes such as phytoene synthase (to
remove the plastid transit peptide and create a cytosolic version).
Furthermore, our results open the door to the biofortification of
leafy vegetables with other health-promoting isoprenoids such as
tocopherols (vitamin E), phylloquinones (vitamin K1) and plasto-
quinone by engineering extraplastidial biosynthetic pathways
using MVA-derived precursors.

Methods
Plant material, growth conditions and treatments

Nicotiana benthamiana RDR6i, tomato (Solanum lycopersicum)
MicroTom and lettuce (Lactuca sativa) Romaine plants were
grown in a greenhouse under standard long-day conditions as
described (D'Andrea et al., 2018; Llorente et al., 2016; Majer
et al., 2017). For N. benthamiana agroinfiltration, the second or
third youngest leaves of 4-5-week-old plants were infiltrated with
LB-grown cultures of Agrobacterium tumefaciens strain GV3101
cells transformed with the plasmids of interest as described
(Sparkes et al., 2006). Cultures were typically used at an optical
density at 600 nm of 1 and mixed in identical proportions for the
various combinations. Gene silencing was prevented by co-
agroinfiltration with the A. tumefaciens strain EHA101 carrying
the helper component protease (HCPro) of the watermelon
mosaic virus (WMV) in plasmid pGWB702-HCProWwMYV (the kind
gift of Juan José Lopez-Moya and Maria Luisa Domingo-Calap).
For pharmacological treatments, stock solutions of mevinolin
(MEV), fosmidomycin (FSM) and norflurazon (NF) prepared as
described (Llamas et al., 2017; Perello et al., 2014) were diluted in
water and 0.05 % Tween 20 right to final concentrations of
10 um MEV, 200 pm FSM and 20 pum NF. Working solutions were
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then infiltrated with a syringe. Infiltration of MEV and FSM was
carried out in leaf areas that had been agroinfiltrated with
different constructs 24 h earlier. Agroinfiltration of lettuce was
performed by vacuum as described (Yamamoto et al., 2018).

Constructs

A truncated version of Arabidopsis thaliana HMGR1 (At1g76490)
missing the N-terminal 164 aa, referred to as tHMGR (Cankar
et al., 2015), was cloned into a pEAQ-USER version of the pEAQ-
HT vector kindly provided by George Lomonossoff (Luo et al.,
2016; Peyret and Lomonossoff, 2013). Full-length sequences
encoding Pantoea ananatis crtk, crtB and crtl enzymes were
amplified by PCR from plasmid pACCRT-EIB and cloned using the
Gateway system into plasmid pDONR207 as described (Majer
et al., 2017). Plasmid pGWB506 was used to generate construct
35S:GFP-crtB and plasmid pGWB405 to generate constructs 35S:
Crtk, 35S:crtE-GFP, 35S:crtB, 35S:crtB-GFP, 35S:crtl and 35S:crtl-
GFP (Majer et al., 2017; Nakagawa et al., 2007). Some of these
constructs were later used to generate 1S-tagged versions by
fusing the sequence encoding the first 178 aa residues of the A.
thaliana HMGR1S isoform to the N-terminal region of the crtE,
crtB or crtl enzymes using overlap extension PCR. Plasmid pCA-
TXS-His (Besumbes et al., 2004) was used for the expression of a
yew (Taxus baccata) sequence encoding TXS. Constructs to
stimulate lipid body formation (Delatte et al., 2018) were kindly
provided by Maria Coca and Tarik Ruiz.

Microscopy

Subcellular localization of GFP-tagged proteins was observed by
direct examination of agroinfiltrated leaf tissue at 3 dpi with a
Leica TCS SP5 Confocal Laser Scanning Microscope. GFP fluores-
cence was detected using a BP515-525 filter after excitation at
488 nm, whereas chlorophyll autofluorescence was detected
using a LP590 filter after excitation at 568 nm. For light
microscopy, leaves were cut into small pieces and cells were
separated as described (Lu et al., 2017). Transmission electron
microscopy (TEM) of agroinfiltrated leaf areas was performed as
described (D’'Andrea et al., 2018).

HPLC analysis of pigments

Leaf areas of interest were harvested, snap-frozen in liquid
nitrogen and lyophilized until they were completely dry. Approx-
imately 4 mg of this freeze-dried tissue (corresponding to samples
from different leaves pooled together) was mixed with 375 plL of
methanol and 25 uL of a 10 % (w/v) solution of canthaxanthin
(Sigma) in chloroform. Extraction and separation of chlorophylls
and carotenoids were then performed as described (Emiliani
et al.,, 2018). Eluting compounds were monitored using a
photodiode array detector. Peak areas of chlorophylls at
650 nm and carotenoids at 470 nm (lycopene, lutein, B-carotene,
violaxanthin, neoxanthin, canthaxanthin) or 280 nm (phytoene)
were determined using the Agilent ChemStation software.
Quantification was performed by comparison with commercial
standards (Sigma).

UV-Vis absorption and resonance Raman

Absorption spectra were measured using a CARY5000 UV/Vis/NIR
spectrophotometer (Agilent). Because the analysed tissues were
not transparent, we used an integration sphere in reflectance
mode, transforming into absorbance using the Kubelka — Munk
function (Nobbs, 1985). Resonance Raman spectra were recorded
at room temperature and 77 K, the latter with an LN2-flow
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cryostat (Air Liquide). Laser excitations at 488, 501.7 and
514.5 nm were obtained with an Ar + Sabre laser (Coherent),
and at 577 nm with a Genesis CX STM laser (Coherent). Output
laser powers of 10-100 mW were attenuated to <5 mW at the
sample. Scattered light was focused into a Jobin-Yvon U1000
double-grating spectrometer (1800 grooves/mm  gratings)
equipped with a red-sensitive, back-illuminated, LN2-cooled
CCD camera. Sample stability and integrity were assessed based
on the similarity between the first and last Raman spectra.

Photosynthetic measurements

Photosynthetic efficiencies were assessed by measuring chloro-
phyll a fluorescence with a MAXI-PAM fluorimeter (Heinz Walz
GmbH). Photosynthetic parameters were evaluated at 0, 3, 5 and
7 dpi in plants that were previously kept in darkness for at least
30 min to fully open and relax PSIl reaction centres. Effective
quantum vyield of PSII (§PSIl) was measured as (Fm’'—Fs)/Fm’,
where Fm’ and Fs are the maximum and minimum fluorescence
of light-exposed plants, respectively. The chosen light intensity
was 21 PAR (AL = 2). Average values were calculated from three
biological replicates with three different leaf areas for each
replicate.

Antioxidant capacity

Carotenoid extracts prepared as described above were diluted in
400 pl of diethyl ether and saponified by adding 100 uL of 10%
(w/v) KOH in methanol to avoid interference from chlorophylls.
Samples were left shaking for 30 min at 4 °C and then diluted
with 400 uL of milliQ water before centrifugation for 5 min at
13 000 rpm and 4 °C. The upper phase was collected, dried in a
SpeedVac and resuspended in 200 L of acetone. Total antiox-
idant capacity of the mixture was carried out as described (Re
et al., 1999).

Bioaccessibility assays

N. benthamiana leaves were either agroinfiltrated with constructs
encoding tHMGR, crtE and GFP-crtB (HEB) to produce extraplas-
tidial phytoene or syringe-infiltrated with a 20 um NF solution in
water and 0.05 % Tween 20 to accumulate plastidial phytoene
by preventing its conversion into downstream carotenoids.
Samples from several HEB and NF-treated leaves were collected
5 days after infiltration; non-infiltrated leaves were also collected
as controls. Bioaccessibility assays were carried out as described
(Estevez-Santiago et al., 2016) using lyophilized tissue samples.

Statistical analyses

Student’s t-tests were used for statistical analyses using Prism
5.0a (GraphPad) and Office Excel 2010 (Microsoft).
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