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Summary

Carotenoids are isoprenoids produced by all photosynthetic and some non-
photosynthetic organisms. They have functions related to photosynthesis, photo-
protection, pigmentation and signaling. Despite humans cannot synthesize them,
carotenoids provide important nutritional and health-promoting properties, mainly
as vitamin A precursors. Plants synthesize carotenoids in plastids from geranylger-
anyl diphosphate (GGPP) synthesized by the methylerythritol 4-phosphate (MEP)
pathway. Chromoplasts are plastids specialized in carotenoid production and ac-
cumulation which are usually differentiated from pre-existing chloroplasts, but the
differentiation mechanism remains unknown. Chloroplast-to-chromoplast transi-
tion only occurs in some organs of some plant species, normally in parallel to many
other processes such as those related to fruit ripening. The goal of this thesis work
has been to characterize an artificial system of chloroplast-to-chromoplast differen-
tiation in leaves of Nicotiana benthamiana, triggered by the transient expression of the
bacterial crtB gene which encode a phytoene synthase, the first step of the carotenoid
biosynthetic pathway.

To better characterize our artificial system, we initially focused on N. benthami-
ana leaves four days after the agroinfiltration with crtB (once a yellow phenotype
was fully established), and compared them to regions of the same leaves express-
ing GFP as a control. crtB-expressing leaves accumulated phytoene, increased total
carotenoid content, stopped their photosynthetic activity and changed the morphol-
ogy of their chloroplats to chromoplast-like plastids. Strikingly, this phenotype was
only induced when crtB localized in plastids, producing phytoene from GGPP de-
rived from the MEP pathway. RNA-seq at 96 hours post-infiltration (hpi) showed
global transcription profiles with similarities to the tomato fruit ripening system
(where chloroplasts naturally differentiate into chromoplasts) but not to the leaf
senescence process in Arabidopsis thaliana (where chloroplasts degenerate to become
gerontoplasts). To support our results, a new genome of N. benthamiana was anno-
tated, using Arabidopsis genes as reference and identifying homologs for different
gene families.

The second part of the thesis was focused on describing gene expression events
during chloroplast-to-chromoplast transition. A second RNA-seq experiment was
carried out encompassing eight time-points, from 22 to 56 hpi. Analysis of these data
using the newly annotated N. benthamiana genome and comparison of the results
with RNA-seq experiments covering chloroplast-to-chromoplast differentiation in
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fruits showed that this process is very heterogenous among different plant systems,
sharing just a small proportion of their gene expression profiles. In N. benthamiana,
two peaks were found in gene expression changes that correlated with drops in pho-
tosynthetic activity: one at the beginning and another at the end of the time course,
with a relaxation in the middle. A first event of down-regulation affected primary
metabolism and chaperone gene expression, probably caused by GGPP consump-
tion or as a response to crtB presence. This down-regulation was followed by an
up-regulation correlated to the first event of phytoene accumulation and photosyn-
thesis decrease that affected MEP pathway and jasmonic acid (JA) related gene ex-
pression. The final peak of gene expression changes occurred simultaneously with
the second and definite event of photosynthesis reduction and total carotenoid in-
crease. JA hormone levels increased at this last event, while carotenoid biosynthesis
genes were not affected during the investigated time-course. Besides contributing
to a better understanding of chromoplastogenesis, these results provide in-silico cu-
rated annotations for future studies in N. benthamiana.
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Resumen

Los carotenoides son isoprenoides que tanto los organismos fotosintéticos como
algunos no fotosintéticos producen. Tienen funciones relacionadas con la fotosínte-
sis, la fotoprotección, la señalización y la pigmentación. A pesar de que los humanos
no podemos sintetizarlos, los carotenoides proporcionan propiedades nutricionales
muy favorables para nuestra salud, principalmente por su papel como precursores
de vitamina A. Las plantas sintetizan carotenoides en los plastos a partir del geranil-
geranil difosfato (GGPP) que se sintetiza a partir de la ruta del metileritritol 4-fosfato
(MEP). Los cromoplastos son plastos especializados en la producción y acumulación
de carotenoides que normalmente se originan por la diferenciación a partir de cloro-
plastos, pero el mecanismo de diferenciación no ha sido identificado. La transición
cloroplasto-cromoplasto solo ocurre en algunos órganos de algunas especies, nor-
malmente en paralelo con otros muchos procesos como todos aquellos relacionados
con la maduración del fruto. El objetivo de esta tesis doctoral ha sido la caracteri-
zación de un sistema artificial de diferenciación cloroplasto-cromoplasto en hojas de
Nicotiana benthamiana, desencadenado por la expresión transitoria del gen bacteri-
ano crtB, que codifica una fitoeno sintasa, el primer paso de la ruta biosintética de
carotenoides.

Para una mejor caracterización de nuestro sistema artificial, inicialmente nos
enfocamos en hojas de N. benthamiana cuatro días después de la agroinfiltración
con crtB (una vez que un fenotipo amarillo estaba plenamente establecido), y las
comparamos con regiones de las mismas hojas expresando GFP como control de
agroinfiltración. Las regiones que expresaban crtB acumulaban fitoeno, aumentaban
el contenido de carotenoides totales, detenían su actividad fotosintética y cambia-
ban la morfología de sus plastos hacia una similar a cromoplastos. De hecho, este
fenotipo solamente se inducía cuando crtB se localizaba en los plastos, produciendo
fitoeno a partir del GGPP derivado de la ruta del MEP. El análisis de RNA-seq a las
96 horas post-infiltración (hpi) mostró unos perfiles de transcripción globales con
similaridades con el sistema de maduración de fruto en tomate (en el que los cloro-
plastos se diferencian en cromoplastos de forma natural) pero no con el proceso de
senescencia en hojas de Arabidopsis thaliana (donde los cromoplastos degeneran a
gerontoplastos). Para respaldar nuestros resultados, anotamos un nuevo genoma
de N. benthamiana, utilizando genes de Arabidopsis como referencia e identificando
homólogos para diferentes familias génicas.
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La segunda pare de la tesis estuvo enfocada en describir los eventos de ex-
presión génica durante la transición cloroplasto-cromoplasto. Un segundo exper-
imento de RNA-seq se llevó a cabo, abarcando ocho puntos desde las 22 a las 56
hpi. Los análisis de estos datos usando el nuevo genoma anotado de N. benthamiana
y la comparación de los resultados con experimentos de RNA-seq enfocados en la
diferenciación cloroplasto-cromoplasto en frutos mostró se trata de un proceso muy
heterogéneo entre distintas especies vegetales, compartiendo solamente un pequeño
porcentaje de sus perfiles de expresión génica. En N. benthamiana, se encontraron dos
picos de cambios de expresión que correlacionan con las caídas en la actividad foto-
sintética: uno al principio y otro al final del proceso, con una etapa de relajación entre
medias. Se observó un primer evento de represión en la expresión que afectaba a la
expresión génica relacionada con el metabolismo primario y las chaperonas, proba-
blemente causado por el consumo de GGPP o por una respuesta ante la presencia de
crtB. Esta represión fue seguida de una inducción en la expresión correlacionada con
la acumulación de fitoeno y el descenso de la fotosíntesis, que afectaba a la expresión
de genes de la ruta del MEP y genes relacionados con el ácido jasmónico (JA). El pico
final de cambio en la expresión génica ocurrió simultáneamente con el segundo y
definitivo evento de reducción fotosintética y el incremento de carotenoides totales.
Los niveles hormonales de JA incrementaron en este último evento, mientras que
los genes de la biosíntesis de carotenoides no estuvieron afectados durante el exper-
imento. Además de contribuir a un mejor entendimiento de la cromoplastogénesis,
estos resultados proveen de anotaciones realizadas in-silico para futuros estudios en
N. benthamiana.
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Introduction

1.1 Introduction to carotenoids

Carotenoids are isopresnoid compounds produced by all photosynthetic organ-
isms (including plants, algae and cyanobacteria) as well as some non-photosynthetic
archaea, bacteria, fungi and animals (Rodriguez-Concepcion et al., 2018). In plants,
carotenoids can be considered as both primary (essential) and secondary (special-
ized) metabolites. Carotenoids, such as lutein, β-carotene, violaxanthin, and neox-
anthin are required for photosynthesis and photoprotection (Domonkos et al., 2013;
Hashimoto et al., 2016). The absence of carotenoids in plants, due to a genetic or
chemical inhibition of the pathway, hence results in a non-viable albino phenotype
(Pokhilko et al., 2015; Qin et al., 2007; Ruiz-Sola et al., 2016a). Also essential is
their function as precursors of important phytohormones regulating plant devel-
opment, growth or stress responses, such as abscisic acid (ABA) or strigolactones
(Hou et al., 2016; Moreno et al., 2020). Carotenoids can also be considered spe-
cialized metabolites due to their role as communication signals between plants and
their environment. Most carotenoids are pigments that provide distinctive colors to
the fruits and flowers of some plants for attracting animals for seed dispersal and
pollination (Llorente et al., 2017; Rodriguez-Concepcion et al., 2018). Addtionally,
carotenoid cleavage can generate volatile compounds that contribute to the flavor
of some flowers and fruits. These properties as natural pigments and aromas make
carotenoids an important economic target of cosmetic and food industries. How-
ever, their main interest for humans is their nutritional and health-promoting prop-
erties. Dietary carotenoids are used as precursors for the production of retinoids
(including vitamin A). Moreover, carotenoids-enriched diets reduce the risk of sev-
eral degenerative diseases, including age-related macular degeneration, cognitive
malfunctioning, cardiovascular diseases, and some types of cancer (Eggersdorfer
and Wyss, 2018; Rodriguez-Concepcion et al., 2018). Due to the importance of
carotenoids for human (and animal) health and their economic value for industry,
a large number of biotechnological strategies have been developed to enrich plant
tissues with carotenoids (Giuliano, 2017; Zheng et al., 2020). Plant carotenoid levels
are the result of three interacting variables: (1) biosynthetic rate, (2) degradation rate
and (3) storage capacity of the cell to accumulate and sequester them. Most biotech-
nological approaches to alter carotenoid contents in plants have been focused on
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manipulating their biosynthesis or degradation by overexpressing or silencing se-
quences encoding exogenous or endogenous enzymes or their regulators (Giuliano,
2017; Nisar et al., 2015; Ruiz-Sola and Rodríguez-Concepción, 2012; Shumskaya and
Wurtzel, 2013; Sun et al., 2017; Sun and Li, 2020; Zheng et al., 2020). Improving the
sink capacity of plant cells to accumulate enhanced levels o carotenoids, however,
has received much less attention, in part because of our limited knowledge on how
to manipulate this process.

1.1.1 Chemistry of carotenoids

The main structural feature of carotenoids is the system of conjugated double
bonds that forms the core of the carotenoid molecules, known as ’polyene chain’
(Figure 1.1). Carotenoids with a partially saturated polyene chain (such as phy-
toene) do not absorb light in the visible wavelength. However, they are rarities
within the carotenoid family, as desaturation steps early in the biosynthetic path-
way readily convert them into downstream products with colors in the visible (yel-
low to red) spectrum. Carotenoids can be either acyclic or cyclic attending to the
absence of presence of end rings in their structure, respectively. They are also clas-
sified as carotenes (when they only contain carbon and hydrogen) and xanthophylls
(when they also contain oxygen). Carotenoids can also have trans (E) or cis(Z) iso-
mers which can markedly differ in shape. Furthermore, some carotenoids form op-
tical isomers due to the presence of chiral centers in their molecules (Britton, 1995;
Rodriguez-Concepcion et al., 2018).

1.1.2 Biosynthetic pathway

Plants synthesize carotenoids in plastids from the isoprenoid precursors isopen-
tenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), derived from
the methylerythritol 4-phosphate (MEP) pathway (Phillips et al., 2008; Rodriguez-
Concepcion et al., 2018; Ruiz-Sola and Rodríguez-Concepción, 2012). Three IPP and
one DMAPP molecules are condensed by geranylgeranyl diphosphate (GGPP) syn-
thase to form GGPP, which is the common precursor of the carotenoids and other
photosynthesis-related plastidial isoprenoids such as chlorophylls, plastoquinone,
phylloquinones, and tocopherols, but also of the plant hormones gibberellins (Ruiz-
Sola et al., 2016a; Ruiz-Sola et al., 2016b; Zhou et al., 2017) (Figure 1.1). The first reac-
tion specific of the plant carotenoid pathway is the condensation of two molecules of
GGPP for the synthesis of the non-colored carotenoid 15-cis-phytoene, catalyzed by
the enzyme phytoene synthase (PSY). This is considered a bottleneck reaction and a
major control steop of the metabolic flux to carotenoids (Fraser et al., 2002; Ruiz-Sola
and Rodríguez-Concepción, 2012). Different enzymes catalyze the sequential desat-
uration and isomerization reactions that convert 15-cis-phytoene into the red-colored
all-trans-lycopene (Nisar et al., 2015; Rodriguez-Concepcion et al., 2018). Formation
of β- or/and ε-ionone rings in the ends of the linear lycopene molecule represents a
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branch point of the pathway leading to either α-carotene (β, ε branch) or β-carotene
(β, β branch) (Nisar et al., 2015). Hydroxylation and epoxidation of the rings in these
carotenes result in different types of xanthophylls, such as lutein from α-carotene or
zeaxanthin, violaxanthin and neoxanthin from β-carotene (Figure 1.1).

1.1.3 Breakdown pathways

The electron-rich polyene backbone of carotenoids makes them very suscepti-
ble to oxidative breakdown. Carotenoid degradation can be mediated by carotenoid
cleavage dioxygenases (CCDs) that catalyze the oxidative breakdown of carbon-
carbon double bonds in different locations of the polyene backbone to produce
carotenoid cleavage products (CCPs) containing carbonyl groups (aldehyde or ke-
tone groups) in the cleaving ends. While carotenoid levels are negatively correlated
with the activity of these enzymes in some plants and tissues, CCD-independent
degradation can be a main contributor to carotenoid loss in other cases (Adami et
al., 2013; Gonzalez-Jorge et al., 2013; Schaub et al., 2018). For example, lipoxy-
genases (LOXs) that oxidize polyunsaturated fatty acids can produce hyperperox-
ides that cause the degradation (i.e., cooxidation) of carotenoids (Chedea and Jisaka,
2013; Gao et al., 2019). Carotenoids can also be oxidized non-enzymatically by reac-
tive oxygen species (ROS) produced after photooxidative stress (Havaux, 2014). The
CCPs resulting from either CCD activity or non-enzymatic oxidation are typically re-
ferred to as apocarotenoids. Many of them have signaling roles as pigments and fla-
vors, and some have been shown to function as hormones and defense compounds
(Dhar et al., 2020; Moreno et al., 2020). The role of many other apocarotenoids, how-
ever, remains unknown.

1.1.4 Interaction with other molecules

Carotenoids can be found in plant tissues either free or associated with other
molecules (proteins, fatty acids or sugars). They can also form aggregates as a re-
sult of weak and reversible bonding by hydrogen bonds, van der Waals interac-
tions, dipole forces and the hydrophobic effects of hydrophobic molecules, their po-
lar groups and the surrounding solven (Gruszecki, 1999; Popova and Andreeva,
2013; Simonyi et al., 2003). With only some exceptions (e.g., carotenoids harbor-
ing carboxylic groups such as bixin and azafrin), free carotenoids are hydrophobic
compounds usually found in lipid-rich environments. Carotenes are typically more
lipophilic than xanthophylls (Britton, 1995). The conjugated double bonds in their
polyene chain causes rigidity of the carotenoid molecules. While cis isomers have
an angular shape and are less susceptible to aggregation, those in all-trans config-
uration typically exhibit a rod-like shape (Figure 1.1). Besides solubility, these dif-
ferences influence the ability of carotenoids to fit into cellular structures or to in-
teract with enzymes and other proteins, eventually impacting their bioaccessibility
(i.e., the amount of carotenoid released from the food matrix during digestion and
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made available for absorption) and bioavailability (i.e., the fraction that is actually
absorbed by our bodies and available for biological use).

Plant carotenoids can also be found associated to proteins (e.g., in photo-
synthetic complexes) or conjugated with sugar (e.g., glucose) or lipid (e.g., fatty
acids) moieties. Carotenoid glycosylation is most frequent in microorganisms as
a natural mechanism to increase their hydrophilicity (Wurtzel, 2019). Glycosylated
carotenoids appear to play important roles in maintaining cell wall structure and sta-
bilizing thylakoid membranes in cyanobacteria (Mohamed et al., 2005). In plants, the
best-known examples are crocins and picrocrocin, water-soluble glycosylated apoc-
arotenoids that contribute to the color and taste of the saffron (Crocus sativus) spice.
They are produced from precursors resulting from the cleavage of zeaxanthin by a
specific plastid-localized CCD enzyme (CCD2) that leave the plastid to be eventu-
ally glycosylated by identifies glycosyltransferases and then imported into vacuoles
by specific ABC transporters (Demurtas et al., 2018; Demurtas et al., 2019; Diretto et
al., 2019; López et al., 2021). While glycosylation increases water solubility and de-
creases reactivity, compartmentalization into vacuoles allows for long-term storage
and higher stability (Demurtas et al., 2019). Glycosylation of xanthophyll-derived
apocarotenoids also occurs in fruits and leaves of several plant species, presumably
as a compensatory mechanism for increased carotenoid flux (Demurtas et al., 2018;
Koschmieder et al., 2021; Lätari et al., 2015; Martí et al., 2020).

Figure 1.1: Isoprenoid biosynthesis in plants. IPP and DMAPP are produced in the cytosol
from the mevalonate (MVA) pathway and in plastids from the MEP pathway. In the cytosol
they are mainly used for sterols biosynthesis. In plastids, they are the precursors of many
different isoprenoids, including GGPP-derived photosynthesis-related compounds such as
carotenoids. Among carotenoids, carotenes and xanthophylls are boxed in orange and yel-
low, respectively.
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The most frequent type of plant carotenoid modification is esterification with
fatty acids (Britton, 1995; Rodriguez-Concepcion et al., 2018). Because the acyla-
tion reaction must necessarily be performed over a hydroxyl group, only hydroxy-
xanthophylls may become acyl esters. They are ubiquitous in foods of plant origin
(Mercadante et al., 2017). The ripening of many fruits is actually associated with
the esterification of xanthophylls, supporting the conclusion that esterification is
important to increase the carotenoid accumulation capacity of plant cells. While
association with sugars makes carotenoids more water-soluble, esterification of xan-
thophylls renders them more lipophilic and promotes their sequestration in sub-
plastidial structures (Van Wijk and Kessler, 2017). The increase in the liposolubility
compared to free xanthophylls likely improves the integration of esterified xantho-
phylls into membrane structures such as plastoglobules, which eventually results
in higher stability and enhanced bioavailability (Rodriguez-Concepcion et al., 2018;
Watkins and Pogson, 2020).

1.2 Carotenoids in plastids

In nature, plant carotenoids are exclusively produced in plastids. While
carotenoids are fairly sensitive to oxidation or isomerization by light and temper-
ature when tissues are disrupted, they are relatively stable in their natural environ-
ment (i.e., inside plastids). In fact, the storage of carotenoids is heavily influenced
by the presence of appropriate subplastidial structures that sequester them and pro-
mote their accumulation. Plastids are ubiquitous in plant cells, organs and species,
but there are different types and they can fluctuate from one type to another de-
pending on the developmental program and environmental conditions (Sadali et al.,
2019; Solymosi et al., 2018). Carotenoids are only absent in proplastids (Howitt and
Pogson, 2006; Li et al., 2016), which are undifferentiated plastids found in meristem-
atic, reproductive and dedifferentiated tissues. They act as progenitors for all the
other types of plastids (Solymosi et al., 2018; Sun et al., 2017).

Etioplasts are plastids that only occur in tissues that are not exposed to light (i.e.,
in seedlings that germinate in darkness). They develop when proplastids cannot be
differentiated into chloroplasts. Etioplasts accumulate low amounts of carotenoids
as well as the chlorophyll precursor protochlorophyllide in special structures called
prolamellar bodies (PLBs) (Solymosi and Schoefs, 2010; Sundqvist and Dahlin, 1997).
Carotenoids produced in etioplasts (such as violaxanthin and lutein) facilitate the
transition to photosynthetic development when they differentiate into chloroplasts
during de-etiolation (Park et al., 2002; Rodríguez-Villalón et al., 2009). Carotenoid
levels increase to protect plastids from photooxidative damage as protochlorophyl-
lide is converted into chlorophylls and PLBs into thylakoids during the etioplast-
to-chloroplast differentiation process (Llorente et al., 2017; Quian-Ulloa and Stange,
2021).
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Chloroplasts are photosynthetic plastids that are found in all green tissues.
Chloroplasts accumulate high levels of carotenoids, with lutein and β-carotene being
the most abundant ones (45% and 25-30% of the total, respectively) followed by vi-
olaxanthin and neoxanthin (10-15% each) in most plants (Ruiz-Sola and Rodríguez-
Concepción, 2012). These carotenoids are often associated with proteins in different
complexes of the photosynthetic apparatus (Domonkos et al., 2013; Hashimoto et al.,
2016). Xanthophylls are primarily found in the light-harvesting complexes, whereas
β-carotene is usually located in both photosystems and the cytochrome b6f complex.
Despite their high carotenoid content, chloroplast-containing tissues are green due
to the presence of chlorophylls. Carotenoids and chlorophylls are actually main-
tained in a tightly controlled proportion to ensure correct functioning of the photo-
synthetic machinery. Carotenoids function as accessory light-harvesting pigments
and contribute to the assembly, stabilization, and repair of the photosynthetic ap-
paratus (Domonkos et al., 2013; Hashimoto et al., 2016; Tóth et al., 2015). Another
essential function of carotenoids in chloroplasts is photoprotection against photoox-
idative damage. Carotenoids prevent the accumulation of ROS under high light con-
ditions via two complementary mechanisms: by dissipating excess energy as heat
(through a mechanism called as non-photochemical quenching) and by quenching
excited triplet chlorophyll and singlet oxygen (hence promoting free radical detox-
ification) (Domonkos et al., 2013; Hashimoto et al., 2016; Quian-Ulloa and Stange,
2021; Ramel et al., 2012; Ruban et al., 2012). Chloroplasts carotenoids can also be
found in the envelope membranes, which are considered as their major production
site as most carotenoid biosynthetic enzymes appear to be located there (Joyard et
al., 2009; Ruiz-Sola and Rodríguez-Concepción, 2012). They are also present at low
levels in plastoglobules, which are lipid bodies associated to thylakoids that may
function as metabolite trafficking structures to transport carotenoids and other plas-
tidial isoprenoids from their synthesis to their destination sites (Sun et al., 2017).

Developmental and environmental cues can promote the transformation of
chloroplasts into other plastid types. For example, natural or dark-induced senes-
cence transforms chloroplasts into gerontoplasts. Typically, gerontoplasts harbor
disaggregated thylakoids and huge plastoglobules that accumulate carotenoids and
their degradation products (Mulisch and Krupinska, 2013; Solymosi et al., 2018).
During senescence, the chlorophylls/carotenoids ratio decreases due to chlorophyll
degradation and carotenoid retention, and leaves turn to typical yellow and orange
autumn colors (Egea et al., 2010).

In many fleshy fruits, chloroplasts differentiate into carotenoid-
overaccumulating plastids called chromoplasts. Chromoplasts, which can also
derive from other plastid types such as leucoplasts or amyloplasts, are non-
photosynthetic plastid that provide color to organs such as fruits, flowers and
storage roots (Egea et al., 2010; Li et al., 2016; Li and Yuan, 2013; Lopez-Juez
and Pyke, 2005; Sun et al., 2017). Their structure and composition, in contrast
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to chloroplasts, is very diverse. Chromoplast carotenoids can be stored in mem-
brane systems, in plastoglobules, in lipoprotein complexes forming fibrils or as
crystals. These storage structures define the type of chromoplast, which can be
classified as membranous, globular, fibrillar, or crystalline (Egea et al., 2010; Li
et al., 2016; Ljubesic et al., 1991; Sun et al., 2017). While the carotenoid composition
often determines the type of storage structure, chromoplasts harboring different
carotenoid-bearing structures and chromoplasts of different types can be found in
the same organ (Egea et al., 2010; Ljubesic et al., 1996; Jeffery et al., 2012). Globular
chromoplasts, found in saffron stigmas, mango, or citrus fruit, are enriched in
plastoglobules (Gómez-Gómez et al., 2017; Jeffery et al., 2012; Ljubesic et al.,
1996). Besides carotenoids, plastoglobules may accumulate tocopherols (Vidi
et al., 2006), phylloquinone (Lohmann et al., 2006) and plastoquinone (Havaux,
2020; Zbierzak et al., 2010). Plastoglobule morphology is very variable depending
on the nature of polar lipids and proteins that compose them, but also on the
content of carotenoids and their esterification (Ytterberg et al., 2006). For example,
tomato fruit chromoplasts show globular plastoglobules (Simkin et al., 2007)
whereas fibrillar chromoplasts are characteristic of pepper fruit (Deruere et al.,
1994). Membranous chromoplasts display concentrical multi-layer membranes
derived from a proliferation of the inner envelope membrane, where carotenoids
are accumulated. They were reported in Narcissus (daffodil) flowers (Hansmann et
al., 1987) and the orange curd of Or mutants of cauliflower (Paolillo et al., 2004).
Crystalline chromoplasts are abundant in tomato and carrot, where lycopene and
β-carotene crystals, respectively, are encased in a bilayer of lipids (Jeffery et al., 2012;
Maass et al., 2009). This heterogeneity of types and structures illustrates the huge
versatility of plastids to accumulate any kind of carotenoid, making chromoplasts
the best-known machinery for carotenoid production and storage in plants. Indeed,
promoting the differentiation of chromoplasts appears as a useful strategy for
carotenoid biofortification. Control of chromoplast differentiation has been a hot
topic for decades, but the underling mechanisms have only recently began to be
unveiled (Bian, 2012; Egea et al., 2010; Li et al., 2016; Li and Yuan, 2013; Llorente
et al., 2020; Sadali et al., 2019).

1.3 Chloroplast-to-chromoplast differentiation

1.3.1 Non-photosynthetic tissues

The above-menctioned diversity and heterogeneity of chromoplasts in the plant
kingdom makes it difficult to generalize a plan of chromoplastogenesis (Sadali et al.,
2019). Chromoplasts can differentiate from a variety of pre-existing plastids: directly
from proplastids (e.g., in papaya fruit), from amyloplasts (e.g., in red stigmas of saf-
fron or carrot roots) or from chloroplasts (e.g., in tomato fruit or daffodil flowers)
(Grilli-Caiola and Canini, 2004; Hansmann et al., 1987; Harris and Spurr, 1969; Kim
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et al., 2010; Schweiggert et al., 2011). The chloroplast-to-chromoplast differentiation
process has been best studied during fruit ripening (mostly in tomato and pepper)
from microscopic, transcriptomic, proteomic and metabolic point of views. The in-
crease on carotenoid content, the disbanding of thylakoids and the degradation of
chlorophylls are among the few common processes that have been observed during
fruit ripening of different species. Actually, the degradation of chlorophylls can be
uncoupled from chromoplast differentiation, since the tomato mutant green flesh (gf )
showed detectable levels of chlorophylls in chromoplast-containing ripe tomatoes
(Cheung et al., 1993).

In order to find specific molecular features that could be associated to chromo-
plast differentiation, the proteins from chromoplast-containing non-photosynthetic
tissues of six different crop species (tomato, papaya, watermelon, and pepper
fruits, orange cauliflower and carrot root) were compared (Wang et al., 2013). This
study showed the presence of proteins related to carotenoid biosynthesis, primary
metabolism, amino acid metabolism or protein import machinery in most of the
crops, as well as proteins related to photosynthesis, suggesting their possible rel-
evance despite the thylakoid disruption. In these systems, however, chromoplast
differentiation occurs in parallel with many other developmental processes associ-
ated to ripening that are not directly connected with the plastid conversion mecha-
nism. That makes the study of chloroplast-to-chromoplast differentiation very com-
plicated, since it cannot be separated from events unrelated to the chromoplast bio-
genesis process. For instance, studies in tomato fruit ripening have revealed the
role of hormones like ethylene or ABA, changes in the primary metabolism (e.g.,
high accumulation of hexoses, increase in the TCA cycle or degradation of starch)
or degradation of cell walls (Alexander and Grierson, 2002; Biais et al., 2014; Carrari
and Fernie, 2006; Quinet et al., 2019; Zhang et al., 2009). But other systems where
chromoplasts are also differentiated from chloroplasts show a different profile, sug-
gesting that chromoplast differentiation is not linked to these features, or that it is
very variable among different systems, or both (Klie et al., 2014).

Despite these issues, some molecular factors have been described to be gener-
ally associated to chromoplastogenesis process in different systems. Fibrillins are
plastid proteins associated to carotenoid sequestration and plastoglobule structural
development that have been found to be associated to chromoplasts (Singh and Mc-
Nellis, 2011) (Figure 1.2). For instance, fibrillin 1 (FBN1) is a major component of
the pepper fruit chromoplast fibrils (Deruere et al., 1994). Other structural proteins
like chromoplast-specific carotenoid-associated protein (CHRC) or chromoplast pro-
tein D (CHRD) have also been associated to chloroplast-to-chromoplast differentia-
tion (Kilambi et al., 2013; Leitner-Dagan et al., 2006a; Leitner-Dagan et al., 2006b).
Transgene-mediated overexpression of some of these proteins was shown to alter
carotenoid levels in tomato fruit, often through changes in chromoplast develop-
ment (Li et al., 2019; Rey et al., 2000). Some proteins involved in protein import from
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the translocons at the outer and inner chloroplast envelope (TIC and TOC, respec-
tively) are also affected in plastid transitios. In particular, SP1 (SUPRESSOR OF ppi1)
and SP1-like2 (SPL2) have shown to play a role in the chloroplast-to-chromoplast
transition in tomato by accelerating the reconfiguration of the protein import ma-
chinery (Ling et al., 2021) (Figure 1.2). Members of the protein quality control (PQC)
system have also found to be associated to chromoplast biogenesis (Figure 1.2). They
participate in the refolding and stabilization of proteins that lose their native con-
formation, or degrading mature proteins that are damaged or need to be removed
(D’Andrea and Rodriguez-Concepcion, 2019). Many plastidial chaperones are up-
regulated during tomato fruit ripening, presumably to deal with proteome changes
and protein folding stress (Barsan et al., 2010). One of the small heat shock proteins,
Hsp21, was associated to chloroplast-to-chromoplast differentiation (Neta-Sharir et
al., 2005). Other chaperones induced during the ripening like Hsp70 and ClpB3
have been described to promote proper folding and activity of biosynthetic enzymes
in the chromoplast (D’Andrea et al., 2018; Llamas et al., 2017; Pulido et al., 2016).
But among chaperones, Orange (OR) is the only one described to directly promote
chromoplast differentiation (Figure 1.2). OR and a version with a single nucleotide
polymorphism (ORHis) were found to induce carotenoid overaccumulation in or-
ange cultivars of cauliflower (Li et al., 2001; Lu et al., 2006), melon (Tzuri et al.,
2015) and other crops (Berman et al., 2017; Lopez et al., 2008; Park et al., 2015; Yaz-
dani et al., 2019). OR interacts with PSY, ensuring proper activity and preventing
degradation (Park et al., 2016; Welsch et al., 2018; Zhou et al., 2015), and it also af-
fects carotenoid degradation, plastid protein import and plastid division (Sun et al.,
2020). Nonetheless, the mechanism explaining how OR promotes chromoplast dif-
ferentiation remains unknown.

Figure 1.2: Chloroplast-to-chromoplast differentiation. Schematic representation of the
differentiation of chloroplast to chromoplasts and factors associated to the process.

1.3.2 Chromoplastogenesis in leaves

Among the different organs that have been described to differentiate chromo-
plasts, leaves are probably the rarest, as only leaves of a handful species such as
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Buxus sempervirens appear to naturally differentiate chloroplasts into chromoplasts
(Hormaetxe et al., 2004; Hormaetxe et al., 2005; Koiwa et al., 1986). An interesting
feature of this system is the capacity of regreening, i.e., the reversibility of the differ-
entiation process and the recovering of the chloroplast stage (Hormaetxe et al., 2004;
Hormaetxe et al., 2005; Koiwa et al., 1986). Recent results have shown that chromo-
plasts can also be artificially (and irreversibly) differentiated in leaves (Llorente et al.,
2020). The first observation leading to this discovery was that leaves from different
plant species turned their color from green to yellow after virus-mediated expres-
sion of a bacterial phytoene synthase, crtB (Majer et al., 2017). The strategy was
initially focused on engineering a synthetic pathway for the extraplastidial produc-
tion of carotenoids by introducing bacterial enzymes transforming cytosolic IPP and
DMAPP into GGPP (crtE), GGPP into phytoene (crtB) and phytoene into lycopene
(crtI). This approach worked successfully, inducing the accumulation of relatively
high levels of lycopene that resulted in a red coloration of the leaves (Majer et al.,
2017). The expression of crtB alone was intended as a control to confirm that single
enzymes could not produce cytosolic carotenoids due to the absence of substrates.
Yet, it induced an unexpected yellow phenotype as a result of an enhancement in
total carotenoid levels in plastids. A discussed possibility was that crtB-produced
cytosolic phytoene was activating a putative mechanism that induced chloroplasts
to overproduce carotenoids. This hypothesis was the starting point of this PhD the-
sis, that has been focused on the characterization of the chromoplastogenesis process
that crtB was inducing in the leaf.
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crtB, a bacterial phytoene synthase, was described to induce a yellow pheno-
type by increasing carotenoid levels when transiently expressed in leaves (Majer
et al., 2017). It was hypothesized that phytoene, the first committed carotenoid of
the pathway, was responsible to trigger the phenotype due to its overaccumulation,
which was not previously reported under normal conditions in leaves. Chromoplast
differentiation was proposed in our lab at the start of this PhD thesis by observing
the changes caused by crtB after agroinfiltration of N. benthamiana leaves (Llorente
et al., 2020). Because chloroplast-to-chromoplast transitions are only described in
very few cases in leaves (Koiwa et al., 1986; Hormaetxe et al., 2004; Hormaetxe et al.,
2005), we refer to the crtB-mediated process as “artificial chromoplastogenesis”. The
goal of this thesis has been to describe the molecular mechanisms supporting the
artificial chloroplast-to-chromoplast differentiation in leaves of N. benthamiana after
crtB expression. Specifically, we set up the two main objectives described below:

2.1 Objective 1

The first objective of this thesis was to characterize the artificial chromoplast
differentiation process at biochemical, molecular, metabolic and physiological lev-
els, with a main focus on the end-point, once the yellow phenotype was already
established in N. benthamiana leaves after crtB agroinfiltration.

2.2 Objective 2

The second objective was to obtain a dynamic description of the chromoplasto-
genesis process by analyzing the transcriptomic changes that occur at different times
after crtB expression in leaves of N. benthamiana.
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Chapter 1: Molecular
characterization of the
crtB-induced phenotype in
Nicotiana benthamiana leaves

3.1 crtB induces carotenoid accumulation only when acting
in the plastid

The transient expression of the Pantoea ananatis crtB gene in leaves of Nicotiana
benthamiana plants was previously reported to induce a yellow leaf phenotype and
enhanced levels of endogenous carotenoids (Majer et al., 2017). In my master dis-
sertation, I could establish that crtB only triggers the yellow phenotype when it
is located in chloroplasts, synthesizing phytoene from the pool of GGPP that de-
rives from the MEP pathway (Torres-Montilla, 2017). The unmodified bacterial crtB
was found mainly in the cytosol but also in the plastids of agroinfiltrated leaf cells
(Majer et al., 2017), suggesting that either it contains a cryptic plastid-targeting sig-
nal in its sequence or it uses a different mechanism to enter the plastid. An ex-
clusively plastid-located construct of crtB harboring a plastid targeting peptide (re-
named as (p)crtB) produced a yellow phenotype similar to that caused by crtB while
an exclusively cytosol-located construct of crtB (renamed as (c)crtB) did not trigger
the yellow phenotype (Llorente et al., 2020; Torres-Montilla, 2017). In this thesis
work, we investigated how these different versions of crtB impacted carotenoid ac-
cumulation in agroinfiltrated leaves and compared it with the effect of transiently
expressing PSY-encoding plant genes (Figure 3.1). The accumulation of phytoene,
the first committed intermediate of the carotenoid pathway (Figure 1.1), was hardly
observed in photosynthetically active chloroplasts of control N. benthamiana leaves
agroinfiltrated with GFP, likely because downstream carotenoid enzymes consume
it. The transient expression of constructs encoding crtB or (p)crtB, but not (c)crtB,
resulted in a strong accumulation of phytoene and also of endogenous downstream
carotenoids (Figure 3.1). By contrast, plant PSY genes from Arabidopsis thaliana
and Solanum lycopersicum (AtPSY and SlPSY2 respectively) did not cause such ac-
cumulation (Figure 3.2). For this reason, the induction of the yellow phenotype was
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deduced to be highly associated with the accumulation of non-colored phytoene but
caused by the enhanced production of downstream colored carotenoids in the leaf
plastids. Unlike that observed when using viral vectors (Majer et al., 2017), chloro-
phylls did not change their levels after the agroinfiltration of any crtB construct,
showing the same abundance as the GFP control (Figure 3.1).
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Figure 3.1: Carotenoids, chlorophylls and tocopherols in leaves agroinfiltrated with dif-
ferent crtB constructs. Levels of carotenoids, chlorophylls, tocopherols and ratio carotenoid-
s/chlorophylls (Car/Chl) in leaves of N. benthamiana agroinfiltrated with GFP, (c)crtB, 1S-
crtB, crtB and (p)crtB, identified with different colors.

One of the hypothesis about how crtB enters the plastids was through the en-
doplasmic reticulum (ER), according to metabolic continuity that may exist between
the ER membranes and the plastids (Mehrshahi et al., 2014). To test this possibil-
ity, we used a crtB construct fused to the transmembrane domain of the Arabidopsis
HMGR enzyme (1S domain), which anchors the protein to the cytosolic side of the
ER membrane (Ferrero et al., 2015). However, this 1S-crtB construct was not able to
induce the yellow phenotype in the leaves, and the HPLC profile of carotenoid and
related isoprenoids (chlorophylls and tocopherols) was similar to the (c)crtB con-
struct (Figure 3.1) (Andersen et al., 2021). Consequently, we concluded that crtB was
not accessing to the plastics through the ER but it might include some cryptic transit-
peptide in its sequence for the entry to the plastids, even though it was not possible
to detect it with the traditional in silico predictors (TargetP and ChloroP).
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3.1. crtB induces carotenoid accumulation only when acting in the plastid

Total Carotenoids Total Chlorophylls Total Tocopherols Ratio Car/Chl
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Figure 3.2: Carotenoids, chlorophylls and tocopherols in leaves agroinfiltrated with
AtPSY, SlPSY2 and crtB. Levels of carotenoids, chlorophylls, tocopherols and ratio
carotenoids/chlorophylls (Car/Chl) in leaves of N. benthamiana agroinfiltrated with AtPSY,
SlPSY2 and crtB, identified with different colors.

We addressed the possibility of the malfunction of (c)crtB and 1S-crtB con-
structs. Although IPP and DMAPP are produced in the cytosol via the MVA path-
way, most of these metabolic precursors are consumed to form farnesyl diphosphate
(FPP), used for the synthesis of sterols, while the pool of GGPP (i.e., the substrate for
crtB enzymes) is very limited in the cytosol. Due to this limitation of substrate, it was
troublesome to associate the undetectable production of phytoene and the absent of
phenotype in (c)crtB and 1S-crtB agroinfiltrated leaves to the inactivity of these pro-
teins or to the malfunctioning of these constructs. To resolve this question, another
bacterial enzyme (crtE) was co-agroinfiltrated to enhance the production of GGPP
from MVA-derived IPP and DMAPP in the cytosol. The results showed that both
(c)crtB and 1S-crtB were functional as the levels of phytoene were slightly but signif-
icantly increased in the presence of crtE (Figure 3.3). However, these levels were still
remarkably lower than those observed in crtB and (p)crtB agroinfiltrations, which
means that crtB is likely active in both compartments but it only induces the plastid
differentiation process by producing high levels of phytoene in the chloroplast from
MEP-derived precursors. The capacity of crtB to produce phytoene in the cytosol can
be dramatically boosted by increasing the supply of IPP and DMAPP through the co-
expression of a construct encoding a deregulated version of the main rate-limiting
enzyme of the MVA pathway (Andersen et al., 2021). While this strategy results in
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a very effective extraplastidial biofortification of leaves with cytosolic phytoene, it
is unable to trigger the yellow phenotype caused by the plastid-localized versions
of crtB (Andersen et al., 2021). These results further support our conclusion that
crtB only induces the yellow leaf phenotype resulting from endogenous carotenoid
overaccumulation when acting in plastids.

Ratio Car/Chl

Total Carotenoids

Phytoene

0.00

0.02

0.04

0.06

0

1

2

3

4

0.0

0.5

1.0

1.5

2.0

2.5

g/
m

g 
dr

y w
eig

ht

Ratio Car/Chl

Total Carotenoids

Phytoene

0

1

2

3

0.0

0.4

0.8

1.2

1.6

0.00

0.25

0.50

0.75

1.00

Ra
tio

 +
cr

rtE

Constructs (c)crtB rtB crtB (p)crtB

Figure 3.3: Phytoene, total carotenoids and ratio Car/Chl of co-agroinfiltrations with crtE.
Levels of phytoene, total carotenoids and ratio Car/Chl in leaves of N. benthamiana agroinfil-
trated with (c)crtB, 1S-crtB, crtB and (p)crtB, and co-infiltrated with crtE. All values are plot-
ted in left column, showing infiltrations without crtE in a lighter color and co-infiltrations
with crtE in a more intense color. Right columns shows the ratio of co-infiltrations values
related to single infiltrations.

3.2 crtB transforms chloroplasts into chromoplast-like plas-
tids

To study whether plastid ultrastructure was altered in crtB-producing yellow
leaf sections, transmission electron microscopy (TEM) images were taken in N. ben-
thamiana leaves agroinfiltrated with different constructs. In crtB and (p)crtB sam-
ples, TEM images showed a distinctive morphology of the plastids, which were
very different from the chloroplasts observed in the GFP agroinfiltrated controls or
in the (c)crtB samples (Figure 3.4B) (Llorente et al., 2020). These particular plas-
tids from yellow sections lack organized photosynthetic thylakoids and grana, con-
tained electron-dense (i.e., lipid-containing) membrane stacks much more tightly
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3.2. crtB transforms chloroplasts into chromoplast-like plastids

appressed than grana, and showed a proliferation of small electron-dense round
vesicles tentatively identified as plastoglobules, a morphology that resembled that
of a chromoplast-like plastid. The ultrastructure of these plastids was very different
from that of the gerontoplasts that developed in dark-incubated senescent N. ben-
thamiana leaves (Figure 3.4D). Gerontoplasts still contained thylakoids and grane,
and they showed huge plastoglobules vesicles that were very different from the
electro-dense and relatively small vesicles detected in leaves agroinfiltrated with
crtB (Figure 3.4D).

Figure 3.4: Subcelullar localization, ultrastructure and plastid morphologies observed
in agroinfiltrations. (A) GFP (green) and chlorophyll (red) fluorescence of N. benthamiana
leaves agroinfiltrated with indicated constructs at 4 days post infiltration (dpi). (B) TEM im-
ages of representative plastids and magnifications of N. benthamiana leaves agroinfiltrated
with indicated constructs at 5 days post infiltration (dpi). (C) Plastid-located GFP (green)
and chlorophyll (red) fluorescence of N. benthamiana leaves agroinfiltrated with indicated
constructs at 4 days post infiltration (dpi). (D) Gerontoplast from a N. benthamiana leaf har-
vested from the plant and kept in the dark for 10 days (senescent). Control refers to GFP
agroinfiltrated leaves in A and B, and plastid-located GFP in C.

A more dynamic study of plastid changes was carried out by staining the plastid
stroma with a plastid-targeted GFP version named (p)GFP and promoting the dif-
ferentiation of chromoplast-like plastids by co-expressing (p)crtB. The distribution
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of the stromal GFP signal was analyzed by confocal microscopy. The most promi-
nent structures were slim filaments that emerged from plastids, corresponding to
stromules (Figure 3.4C). These structures could be observed both in control (only
(p)GFP) and induced plastids (both (p)GFP and (p)crtB), but they showed a sharper
and longer pattern in the (p)crtB condition. Plastid area was also studied using GFP
and chlorophyll signals at two different magnifications (x0.75 and x2.25) and at dif-
ferent time-points from 48 to 120 hours post-infiltration (hpi). The quantification of
the areas revealed that control plastids were larger at all time-points, suggesting that
(p)crtB causes a reduction in plastid size (Supplementary Figure 1).

Figure 3.5: crtB induces chromoplast protein markers. Immunoblot analysis of chromo-
plast associated proteins (ClpB3 and fibrillin) and photosyntesis-related proteins (psbA,
AtpB and psaB).

To further confirm that the plastids observed after the overproduction of
phytoene by crtB were indeed chromoplasts, the levels of some protein mark-
ers (Figure 1.2) were studied by Western-blot. Fibrillins are structural proteins
that have been associated to chromoplasts, mainly in fruits (Deruere et al., 1994;
Langfelder and Horvath, 2008; Simkin et al., 2007; Van Wijk and Kessler, 2017). Fib-
rillin/CDSP34 proteins showed higher levels in crtB and (p)crtB treatments com-
pared to GFP and (c)crtB, consistent with the induction of typical carotenoid seques-
tering structures of chromoplasts (Figure 3.5). ClpB3, a Hsp100 chaperone reported
to be up-regulated during tomato fruit ripening (D’Andrea et al., 2018), also exhib-
ited higher protein levels in crtB and (p)crtB agroinfiltrated areas (Figure 3.5). On
the other hand, the PsbA/D1 protein, one of the core components of photosystem II
(PSII) in the antenna complex, was only detected in GFP and (c)crtB treatments, sug-
gesting the disorganization of the photosystems in crtB and (p)crtB agroinfiltrated
areas (Figure 3.5). These results concur with the disaggregation of thylakoids ob-
served in the TEM images. However, PsaB (a protein associated to the photosystem
I) and atpB (a chloroplastic ATP synthase) did not show any difference between any
treatments. That could mean that not every component related to photosynthesis
are degraded in the plastid. In summary, it was concluded that crtB was inducing a
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differentiation process when it was able to produce phytoene in the plastids, chang-
ing the morphology of these organelles and transforming them into chromoplast-
like plastids. The following rounds of experiments were performed using plastid-
targeted (p)crtB instead of the unmodified version of crtB to avoid any interference
potentially derived from the activity of the crtB enzyme in the cytosol.

3.3 Photosynthetic loss and positional effect in the leaf

Chromoplasts are non-photosynthetic plastids that lose their photosynthetic ca-
pacity during their development. In chloroplast-to-chromoplast transition programs
in nature, photosynthesis stops when the thylakoidal structures disaggregate. In the
case of the chromoplast-like plastids that developed in (p)crtB samples, this disag-
gregation was observed in the TEM images (Figure 3.4A), and supported by the
loss of some photosynthetic proteins (e.g., PsbA) was revealed by Western-blot (Fig-
ure 3.5). However, other photosynthesis-related proteins were not changed (e.g.,
PsaB and AtpB) (Figure 3.5) and chlorophyll levels in yellow sections were simi-
lar to those in control, chloroplast-containing samples (Figure 3.1). Therefore, we
aimed at measuring photosynthetic parameters to test whether this central determi-
nant of chloroplast identity was really stopping. For this purpose, the proportion
of absorbed light that is used in photosystem II photochemistry under normal light
conditions (named as effective quantum yield of photosystem II or φPSII) was mon-
itored in N. benthamiana leaf sections agroinfiltrated with either GFP or (p)crtB con-
structs. In a time-course from the agroinfiltration event, φPSII stayed stable in GFP
sections but it showed an abrupt decrease from 45 hpi in (p)crtB sections to reach
values close to 0 (i.e. no photosynthesis) by the end of the time-course at 96 hpi
(Figure 3.6). The disruption of photosynthesis in (p)crtB agroinfiltrated leaves is an-
other chromoplastidial feature that appends to the distinctive plastid morphology,
the enhancement of carotenoids, the yellow phenotype and the protein markers.

During the execution of these experiments, we realized that the position where
the agroinfiltration was performed in the leaf is not trivial, since the phenotype was
observed to change depending on this position. For this reason, levels of carotenoids
were studied by HPLC for GFP and (p)crtB agroinfiltrations in different leaf sec-
tions. For every condition, samples were collected from areas close to the petiole
(named as proximal) and from other areas nearby the apex (named as distal). HPLC
analysis of yellow (i.e., (p)crtB) sections showed that distal regions tended to ac-
cumulate higher levels of carotenoids and chlorophylls despite they showed a less
intense yellow color (Figure 3.7). The higher levels of chlorophylls might attenuate
the yellow phenotype caused by the accumulation of carotenoids despite they also
increase their levels. When different leaves from the same plant were compared,
leaf age was inversely correlated with the intensity of the yellow color, i.e., younger
leaves showed the most intense phenotype (Figure 3.7). The following rounds of
experiments were performed trying to apply the agroinfiltration treatments in the
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Figure 3.6: Photosynthesis stops working in crtB samples. Photosynthetic efficiency mea-
sured by φPSII values in GFP and (p)crtB agroinfiltrated leaves of N. benthamiana at different
hpi.

third leaf and the proximal position in all plants to ensure homogeneity. Also, both
hemispheres (halves) of the same leaf were used, one for (p)crtB and the other one
for the GFP control, so they could be fully comparable.

3.4 Leaf areas developing artificial chromoplasts show dra-
matic changes in nuclear gene expression

To analyze the changes in gene expression associated with the (p)crtB-mediated
differentiation of chloroplasts into chromoplasts, RNA-seq analysis was performed
comparing RNA extracted from (p)crtB vs GFP agroinfiltrated areas from the same
leaf at 96 hpi (i.e., when the yellow phenotype was very clear, the ultrastructure of
plastid was already changed, photosynthesis was abolished, and total carotenoid
levels were ∼2 times increased compared to GFP controls).

3.4.1 First analysis: Sequentia Biotech and AgriGO

The first approach for the analysis of the RNA-seq data was performed with the
Artificial Intelligence RNA-seq (AIR) software from Sequentia Biotech SL, due to the
inability to perform these analyses by myself at the beginning of my PhD. The first
step for RNA-seq analysis is the trimming of the reads for each sample, in order to

20



3.4. Leaf areas developing artificial chromoplasts show dramatic changes in
nuclear gene expression

Figure 3.7: Positional effect on agroinfiltration.(A) Total carotenoids, chlorophylls and ratio
in N. benthamiana agroinfiltrated in different positions of the leaf with (p)crtB. (B) Phenotype
of the 3rd leaf of N. benthamiana agroinfiltrated in proximal and distal positions. (C) Pheno-
type of the 5th leaf of N. benthamiana agroinfiltrated in proximal and distal positions.

remove low quality sequences. The number of reads passing the quality control step
of the AIR software was very low ( 50%), somehow questioning the reliability of the
sequencing procedure (Table 3.1). The second step was the mapping of the trimmed
reads to a reference genome. The genome that was used for the mapping was the last
published genome for N. benthamiana at that time: Niben genome v.1.0.1 (Niben101),
published in the Sol Genomics Network webpage (Fernandez-Pozo et al., 2015). The
mapping was fine, with less than 10% of unmapped sequences and almost 80% of
unique mapped reads (Table 3.1). Mapped reads were analyzed using the DESeq2
package (Love et al., 2014), setting the GFP agroinfiltrated sample as reference. The
number of Differentially Expressed Genes (DEGs) in (p)crtB compared to GFP sam-
ples was high, with 3,183 up-regulated genes and 1,803 down-regulated genes using
a fold change (FC) filter of FC ≥ 1.5 and FC ≤ 2/3 (i.e., log2FC ≥ 0.585 and log2FC ≤
-0.585), respectively. Hence, the total number of DEGs was 4,983, illustrating a large
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impact on nuclear expression.

Table 3.1: Summary of first RNA-seq analysis. Number of raw (untrimmed) and mapped
to Niben101 genome sequences per sample, and percentages of trimming and mapping.

Sample Untrimmed sequences % Trimming % Mapping Mapped sequences

GFP_96h_1 27,491,827 51.7 92.6 13,131,492
GFP_96h_2 27,644,786 45.9 93.3 11,850,312
GFP_96h_3 25,011,083 49.5 91.5 11,331,649

(p)crtB_96h_1 21,700,011 50.2 91.7 9,991,674
(p)crtB_96h_2 24,967,626 52.2 94.0 12,240,540
(p)crtB_96h_3 25,226,228 50.8 92.2 11,822,598

In order to translate lists of genes into a more comprehensible information, we
performed enrichment analysis of Gene Ontologies (GOs). GOs are divided in three
different categories: biological process (BP), molecular function (MF) and cellular
component (CC). These terms are universal for all species, and genes are associ-
ated to GO terms based on their sequence homology once a genome is annotated
(functional annotation). The GO enrichment analysis was initially performed using
AgriGO v2.0 software (Tian et al., 2017). Because the Niben101 genome was not in-
cluded in AgriGO database by the time we were doing the analysis for the first time,
our list of genes was first adapted to the previous genome version (Niben044), los-
ing about 1/3 of DEGs. These new lists of DEGs were used to perform Parametric
Analysis of Gene Set Enrichment (PAGE) analysis, using both the gene IDs and their
FC values. The output includes a list of enriched GO terms together with a p-value
indicating the significance of the enrichment and a z-score, a number that represents
the behavior of the genes that were included in a specific GO term. A GO term with
a positive z-score indicates that the genes included are mostly up-regulated, while a
negative z-score indicates the predominance of down-regulation.

The next step was to compare the resulting GO terms with those enriched dur-
ing plastidial differentiation processes in other species. As a reference system for
chloroplast-to-chromoplast differentiation, we compared tomato fruit at the Red
Ripe and Orange stages (RR and OR, corresponding to mature and differentiating
chromoplasts, respectively) with those at the Mature green stage (MG, with only
chloroplasts) (Shinozaki et al., 2018). Also, we included in the analysis the tran-
scriptome associated to gerontoplast development in Arabidopsis, comparing leaves
of 30 days (senescent) against 16 days (non-senescent) (Woo et al., 2016). The aim
of this comparison was to check if the profile of gene expression changes in our
system was more similar to the chloroplast-to-chromoplast or the chloroplast-to-
gerontoplast differentiation process. The fragments per kilobase per million mapped
reads (FPKM) lists supplied in the papers reporting the tomato ripening and Ara-
bidopsis senescence data were used to calculate the FC values manually applying
the same filter as to our data (log2FC ≥ 0.585 and log2FC ≤ -0.585) to identify
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Figure 3.8: GO terms comparison between N. benthamiana, tomato and Arabidopsis. (A)
Biological processes heatmap comparing (p)crtB vs GFP in N. benthamiana, OR and RR vs MG
in tomato fruit ripening, and senescent vs non-senescent leaves in Arabidopsis. (B) Molecular
processes heatmap comparing the four systems. Color scale shows z-score values in orange
gradient for positive and green gradient for negative.

DEGs. Then, the resulting gene IDs and their FC values were used for PAGE anal-
ysis in AgriGO v2.0. After the comparison of the GO terms from the three differ-
ent systems, the z-score of overlapping terms (i.e., those arising in the three ex-
periments and the four comparisons) were plotted on heatmaps (Figure 3.8). The
overlapped BP list was quite short (8 terms) and showed a clear similarity be-
tween tomato fruit ripening and our system (that we refer to as “chromoplastogenic
leaves”), while senescence had an opposite behavior. “Protein folding” was a pre-
dominantly up-regulated BP in chromoplastogenic leaves and ripening fruit but it
was down-regulated in senescing leaves. By contrast, phosphorylation-related and
protein modification processes were down-regulated in the two first systems, while
up-regulated in senescing leaves. The list of MF terms was longer but it could be
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grouped in blocks. Some of these blocks showed the same clear pattern of chro-
moplastogenic leaves resembling ripening fruit but differing from senescing leaves,
while others showed a more diffused positive or negative association. “Unfolded
protein binding”, transferase activities and nucleotide-related functions were up-
regulated in chromoplastogenic N. benthamiana leaves and ripening tomato fruit, but
down-regulated in senescing Arabidopsis leaves. The inverse behavior was observed
in kinase activities, receptor-related and transferase-related functions. According to
this approach, the differentiation process triggered by (p)crtB shares more resem-
blance to the chromoplast differentiation in fruits than to gerontoplast biogenesis in
leaf senescence, hence confirming our previous conclusion.

3.4.2 Niben261: new genome and annotation

A 3-month research stay at Dr. Aureliano Bombarely’s lab (University of Mi-
lan, Italy) was carried out to gain a higher quality analysis of the data. Dr. Bom-
barely had generated a new version of the N. benthamiana genome with a better
quality (Niben261), assigning the different genes to chromosomes and including
mitochondrial and plastidial DNA. For the functional annotation of the genome,
during the stay we run three BLAST searches against TAIR (Arabidopsis), Swissprot
and Trembl databases, respectively. The three outputs were integrated into a sin-
gle file with Automated Assignment of Human Readable Descriptions (AHRD) pro-
gram (https://github.com/groupschoof/AHRD), including GO annotations.
As a result, GO terms from the three different categories were linked to genes of the
Niben261 genome, based on the association of each sequence to the databases used
as reference. It is important to note here, however, that GO terms are only a simpli-
fied but incomplete way to understand transcriptomic data. For instance, only eight
of the twenty-four genes of the carotenogenic pathway in tomato are associated to
the “Carotenoid Biosynthesis Process” term in this species. Consequently, there are
two thirds of probabilities that this term would not show up to be enriched even if
the genes of the pathway are included in the input DEG list for the analysis.

Model species like Arabidopsis or tomato have been extensively studied, and
most of their genes have been validated by experimental studies, making the anal-
ysis of specific gene families more easy and accurate. Working with N. benthami-
ana implies more difficulties, as it has been scarcely studied and most of the genes
in the genome have not been characterized yet, forcing us to rely only on homol-
ogy searches and GOs. To address this problem and improve the analysis of our
data, a high-resolution phylogenetic reconstruction was performed to identify dif-
ferent N. benthamiana gene families of interest that, in principle, might be involved in
the artificial chromoplastogenesis process. Among others, we searched for the full
complement of enzymes involved in the biosynthesis of carotenoids, chlorophylls,
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hormones and isoprenoid precursors, as well as chaperones, fibrillins and phy-
tochromes. The well-annotated Arabidopsis gene lists were used as a reliable refer-
ence, using their corresponding protein (amino acid) sequences in BLASTP searches
run against N. benthamiana, S. lycopersicum and C. annuum genomes to obtain a list
of candidates for each species. This procedure was substituted for the identification
of specific protein domains using HMMER 3.3.2 software (http://hmmer.org/)
when such domains were known to define the family. The amino acid FASTA se-
quences of the three candidate lists, together with the protein query list from Ara-
bidopsis, were aligned using Guidance software (Sela et al., 2015). After that, IQtree
software (Nguyen et al., 2015) found the optimal model that fits for each analysis,
and then it was re-run to generate a phylogenetic tree. The quality of the analysis
was confirmed by checking the proper location of tomato proteins in the tree, as they
are relatively well annotated. Due to genome duplication events, it was expected to
find one or more tomato genes for each one in Arabidopsis, and 1:1:2 proportions
of tomato, pepper and N. benthamiana, respectively. The N. benthamiana genes were
named following the tomato nomenclature.

To finish the functional annotation of the Niben261 genome, an additional anal-
ysis was performed to identify transcription factors (TFs), transcriptional regulators
(TRs) and protein kinases (PKs), using the program iTAK (Zheng et al., 2016). As a
result, 2,677 TFs were found, divided in 68 families; 703 TRs classified in 25 families;
and 1,635 PKs with 123 families.

3.4.3 New analysis using Niben261

The 96 hpi RNA-seq data analysis was repeated in order to include all the new
information from Niben261. This time, instead of using AIR software from Sequen-
tia, the analyses were carried out by our own using an array of software programs
and packages for data manipulation, calculation and graphical display integrated in
Linux and R. For the trimming step, the fastq-mcf command was used to remove
low quality and too short reads. This time, more than 90% of the reads were pre-
served, compared to the ∼50% of the first (AIR) analysis (Table 3.2). The mapping
was performed with the Niben261 genome using STAR program (Dobin et al., 2013),
obtaining results that were similar to the previous ones in AIR (∼80% of uniquely
mapped reads and ∼10% of unmapped reads) (Table 3.2). However, since the num-
ber of clean trimmed reads was much higher in this new analysis, the number of
mapped reads was also higher this time (∼11 millions reads in the first approach vs
∼22 millions). The mapped reads were counted for gene expression using HTSeq
program (Anders et al., 2015), showing a similar distribution for all samples (Fig-
ure 3.9A). Principal component analysis (PCA) analysis separated two well-defined
groups: GFP samples in one side and (p)crtB samples in the other, with the first com-
ponent explaining more than the 94% of the differences (Figure 3.9B). DESeq2 was
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used again for differential expression analysis, applying the same filters as the pre-
vious approach to identify DEGs (p-value ≤ 0.05, log2FC ≥ 0.585 for up-regulation
and log2FC ≤ -0.585 for down-regulation), obtaining 3,571 and 2,269 up- and down-
regulated genes, respectively.

Table 3.2: Summary of new RNA-seq analysis. Number of raw (untrimmed) and mapped
to Niben101 genome sequences per sample, and percentaje of trimming and mapping.

Sample Untrimmed sequences % Trimming % Mapping Mapped sequences

GFP_96h_1 27,491,827 99.5 91.2 24,828,366
GFP_96h_2 27,644,786 98.9 90.9 24,912,885
GFP_96h_3 25,011,083 99.0 89.2 22,030,418

(p)crtB_96h_1 21,700,011 97.5 87.8 18,487,861
(p)crtB_96h_2 24,967,626 99.0 92.6 22,804,649
(p)crtB_96h_3 25,226,228 98.4 89.4 22,120,410

Figure 3.9: Preliminar analysis of GFP and (p)crtB samples at 96 hpi. (A) Distribution of
log2 of counts. GFP and (p) crtB transgenes were highlighted in color. (B) Distribution of
GFP and (p)crtB samples in a PCA.

In order to obtain human-readable information of these genes and to be able
to compare them with other systems, the GO terms strategy was selected again,
but with a different approach this time. Instead of using AgriGO software, topGO
package was applied in R (Alexa and Rahnenfuhrer, 2021). The use of this package
allowed us to implement the new Niben261 genome annotation that we created, ob-
taining more updated and accurate results. The number of enriched GO terms was
notably higher in the three categories (BP, MF and CC). This pipeline was also used
to analyze raw data from tomato fruit ripening and Arabidopsis leaf senescence, ob-
taining the corresponding list of DEGs and enriched GO terms. The lists of GO terms
from the four systems (chromoplastogenic N. benthamiana leaves at 96 hpi, orange
and red ripe stages in tomato and leaf senescence in Arabidopsis) were compared in
a Venn diagram, showing only a 4% of overlap among GO terms in all datasets (Fig-
ure 3.10). When comparing only chromoplastogenic systems, the overlap was even
lower, slightly higher than 2% (Figure 3.10A). However, among the 46 overlapped
processes between the four systems, 42 (91%) of them were up- or down-regulated
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both in N. benthamiana and tomato systems, while Arabidopsis showed an opposite
profile in 19 (41%) BPs (Figure 3.10B).

Figure 3.10: Low overlapping between systems. (A) Venn diagram of BPs up- and down-
regulated in N. benthamiana comparison of (p)crtB vs. GFP, tomato fruit ripening compar-
isons of OR vs. MG and RR vs MG and Arabidopsis comparison of senescent vs non-senescent
leaves. (B) UpSet diagram of the 46 overlapped BPs between the four systems. Each system
present same colors as in the Venn diagram, but are divided in two: up-regulated (above)
and down-regulated (below). Processes with the same profile in N. benthamiana and tomato,
but opposite in Arabidopsis are represented in black bars; processes with the same profile in
the four systems are represented in grey bars; processes with opposite profile in N. benthami-
ana and tomato are represented in light grey bars.

For a deeper study of gene expression at 96 hpi, the expression profiles of the
different gene families that we manually annotated in the Niben261 genome were
compared to the homologous in tomato and Arabidopsis experiments. Several genes
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of the carotenoid biosynthesis pathway showed a significant induction at 96 hpi in N.
benthamiana leaves (Figure 3.11). However, those encoding PSY showed no change
in their expression, which makes sense since there was an external enzyme produc-
ing phytoene (crtB) and hence there was no physiological requirement to induce
the expression of the endogenous phytoene-producing genes. In tomato fruit ripen-
ing, genes that encode enzymes producing phytoene and lycopene (PSY, PDS, ZDS,
ZISO and CRTISO) were up-regulated, while those encoding enzymes transforming
lycopene into downstream carotenoids were mostly down-regulated (Figure 3.11),
resulting in the characteristic accumulation of lycopene that gives the red color to
ripe tomatoes. During leaf senescence in Arabidopsis, most of the carotenoid path-
way genes were very down-regulated (Figure 3.11). Carotenoid accumulation was
only stimulated in N. benthamiana leaves and tomato fruit, but in a different man-
ner. The entrance of the pathway was fully activated with high levels of phytoene
synthases (crtB in agroinfiltrated leaves and PSY1 in tomato, producing and accu-
mulating phytoene). However, the pathway was stopped at the lycopene level in
tomato since the system is focused on the accumulation of this carotenoid, while
the synthesis of other downstream carotenoids (mainly lutein and β-carotene) takes
place in chromoplastogenic N. benthamiana leaves. On the other hand, senescence
is not a process where carotenoid production is stimulated. The gene expression
profile therefore parallel the metabolic (carotenoid) profile in these processes.

Regarding the supply of precursors for carotenoids and other isoprenoids, the
complete gene sets of the two biosynthetic pathways (MEP and MVA) were identi-
fied. Only a few isolated genes from the plastidial MEP pathway were significantly
up-regulated in N. benthamiana leaves, while most showed a strong up-regulation in
the tomato fruit (Supplementary Figure 2A). By contrast, all MEP pathway genes,
except DXS2, were down-regulated during Arabidopsis leaf senescence. The genes
from the cytosolic MVA pathway showed a more heterogenous profile in tomato,
with some isoforms up-regulated and others down-regulated, while the response
was milder in N. benthamiana and Arabidopsis (Supplementary Figure 2B). The genes
for downstream isomerases and GGPP synthases did not show differences in their
expression compared to the control in N. benthamiana, while most of them were sig-
nificantly induced or repressed in tomato fruit ripening (Supplementary Figure 2C).
The expression of these genes was also affected in leaf senescence, also showing
significant inductions and repressions. In summary, the artificial chromoplast dif-
ferentiation in leaves does not imply the intense changes on the expression of the
isoprenoid precursor biosynthetic genes that was observed in the tomato fruit ripen-
ing, but neither showed the general repression exhibited in a senescent process.

The expression of genes for fibrillins, reported to participate in carotenoid se-
questration and considered as chromoplast markers, was also addressed. Except
both FBN2 and one FBN3, all expressed fibrillin genes showed up-regulated expres-
sion in tomato fruit ripening (Figure 3.12). The expression of this family was not so
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Figure 3.11: Carotenoids gene expression in N. benthamiana, tomato and Arabidopsis.
Gene expression of carotenoid biosynthetic pathways in log2FC, in N. benthamiana compari-
son of (p)crtB vs GFP, tomato fruit ripening comparisons of OR vs. MG and RR vs. MG and
Arabidopsis comparison of senescent vs non-senescent leaves.

affected in chromoplastogenic N. benthamiana leaves, but isoforms of FBN1, FBN3,
FBN7 and FBN8 also showed an induction in their expressions. In opposition, fib-
rillin expression was mostly down-regulated in senescing Arabidopsis leaves, show-
ing also more similarities between the chloroplast-to-chromoplasts systems than the
chloroplast-to-gerontoplast transition.

Despite the unchanged levels of chlorophylls in chromoplastogenic N. benthami-
ana leaves, the interruption of photosynthesis and the loss of thylakoidal structures,
genes for the biosynthesis of chlorophylls were up-regulated (Supplementary Fig-
ure 3A). Surprisingly, most of these genes were also up-regulated in tomato, where
chlorophylls levels endure a pronounced decrease across ripening. On the other
hand, this family of genes was mostly down-regulated in senescing Arabidopsis
leaves. Genes from the chlorophyll cycle did not show any change on their ex-
pression compared to the control in N. benthamiana, while some of the homologs
in tomato and Arabidopsis do show an up-regulation (Supplementary Figure 3B).
Specific chlorophyll degradation genes were up-regulated in both N. benthamiana
and tomato, but not the same homologs (Supplementary Figure 3C). In our system,
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Figure 3.12: FBNs gene family expression in N. benthamiana, tomato and Arabidopsis.
Gene expression of FBNs in log2FC, in N. benthamiana comparison of (p)crtB vs GFP, tomato
fruit ripening comparisons of OR vs. MG and RR vs. MG and Arabidopsis comparison of
senescent vs non-senescent leaves.

the up-regulation was on CHL2a and CHL2b, that encode the hydroxymethyl chloro-
phyll a reductase, that synthesize chlorophyllide a, but the homologs in tomato were
down-regulated. Tomato fruit ripening activates the expression of PPH2, encoding
a pheophytinase that catalyzes the degradation of pheophytin into pheophorbide a,
while the homologs in N. benthamiana did not show any significant change on their
expression (Supplementary Figure 3C).

A general induction was observed on the expression of different chaperones in
N. benthamiana. We were especially interested on the HSP100 family of chaperones,
since we already studied the protein levels of ClpB3, associated to chromoplast dif-
ferentiation and reported to promote the correct folding and enzymatic activity of
DXS. Most genes from this family showed an up-regulation in the three systems,
but ClpB3 isoforms were only induced in N. benthamiana and tomato, while it was
down-regulated in Arabidopsis (Figure 3.13).

3.5 crtB transgenic lines in Arabidopsis

All previous experiments were performed using transient expression of (p)crtB
in N. benthamiana leaves. Transient expression has some disadvantages, like the in-
terference of Agrobacterium infection, the small region affected on the plant, the het-
erogeneity of the samples or the temporality of the results. Most importantly, it does
not work well in Arabidopsis, the model plant for genetic and transcriptomic studies
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Figure 3.13: HSP100 gene family expression in N. benthamiana, tomato and Arabidop-
sis. Gene expression of HSP100 in log2FC, in N. benthamiana comparison of (p)crtB vs GFP,
tomato fruit ripening comparisons of OR vs. MG and RR vs. MG and Arabidopsis compari-
son of senescent vs non-senescent leaves.

that will be essential to characterize the crtB-mediated artificial chromoplastogene-
sis process. To overcome these problems, different stable lines of Arabidopsis were
designed to express different constructs of crtB under the control of constitutive or
inducible promoters.

3.5.1 Constitutive expression

The first attempts to check whether crtB could also induce chromoplastogene-
sis in Arabidopsis were done using the 35S:(p)crtB construct, and we also used the
35S:(c)crtB construct as a control Table 3.3. The phenotype of 35S:(c)crtB lines was
undistinguishable from that of untransformed plants, with no changes in the green
color or the carotenoid content. However, 35S:(p)crtB lines showed a slightly yellow-
ish phenotype on the leaves that could be reflected on the carotenoid profile, show-
ing an accumulation of phytoene and increased levels of total carotenoids (mainly
β-carotene and lutein) that were not observed in 35S:(c)crtB lines (Figure 3.14). These
results confirmed that Arabidopsis could be used as a model plant to study crtB-
induced chromoplastogenesis.

3.5.2 Inducible expression

The constitutive expression of (p)crtB has the inconvenience of showing only
the final effect of the protein in the plant. And because chromoplastogenesis im-
pairs photosynthesis, transgenic lines with strong activity of the crtB transgen are
expected to be lethal or to show a deleterious phenotype. To be able to study the se-
quence of events from normal chloroplasts to the establishment and differentiation
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Figure 3.14: Constitutive expression of crtB in Arabidopsis. (A) Levels of carotenoids,
chlorophylls and tocopherols in transgenic lines of Arabidopsis plants expressing 35S:(c)crtB
and 35S:(p)crtB. (B) Representative leaves 38 days after germination. (C) Representative
plants 38 days after germination.

of chromoplasts, inducible lines were designed in different backgrounds of Arabidop-
sis. Two different strategies to induce the expression of (p)crtB were considered:
heat-shock induction (pHsp70:(p)crtB) and β-estradiol induction (XVE:(p)crtB) (Ta-
ble 3.3). The heat-shock inducible pHsp70:(p)crtB lines produced phytoene when ex-
posed to heat but did not develop a yellow phenotype in response to any heat treat-
ment, probably because this strategy was found to only induce the expression of the
transgene for a few minutes, while (p)crtB likely requires to be expressed for hours or
days to produce the phenotype (Figure 3.15A). For β-estradiol induction, not only
wild-type Arabidopsis plants were transformed with the XVE:(p)crtB construct, but
also a PSY-defective line to test if crtB could complement the lethal (albino) pheno-
type of this mutants (Pokhilko et al., 2015) (Table 3.3). Complementation of this mu-
tant was never observed despite β-estradiol was applied to the germination medium
at different concentrations and times. However, when wild-type plants containing
the same XVE:(p)crtB transgene were sowed in the presence of β-estradiol, dwarf
yellow seedling germinated in all strategies, but they could not grow and generate
mature plants, probably due to the lack of photosynthesis (Figure 3.15C). For a later
induction, different strategies were attempted. Plants were transferred from non-
supplemented medium to hydroponic cultures with β-estradiol (Figure 3.15B) or to
plates with β-estradiol (Figure 3.15D). In other cases, the estrogen was applied di-
rectly to the leaves of soil-grown plants with a brush or sprayed all over the plants.
However, most of the approaches did not show any phenotype, and in the few cases
when leaves turned yellow, they did not show differences in carotenoid levels (Fig-
ure 3.15). These negative results prompted us to abandon the original idea of using
Arabidopsis to study the time course of chloroplast-to-chromoplast transition at the
transcriptomic level. Instead, we turned to agroinfiltrated N. benthamiana leaves as
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the model system to address this question. The results are present in the following
Chapter.

Figure 3.15: Inducible expression of crtB in Arabidopsis. (A) Levels of carotenoids, chloro-
phylls and tocopherols in transgenic lines of Arabidopsis plants expressing XVE:(p)crtB and
pHsp70:(p)crtB. (B) Arabidopsis plants transferred to hydroponic cultures with β-estradiol. (C)
Arabidopsis plants sowed in plates with β-estradiol. (D-E) Arabidopsis plants transferred to
plates with β-estradiol. Wild-type are marked in green color, and different lines expressing
XVE:(p)crtB are marked in brown.

Table 3.3: Transgenic lines.

Construct Background Ecotype Inducible Resistance

35S:(p)crtB wild-type Col-0 No Basta
35S:(c)crtB wild-type Col-0 No Basta
XVE:(p)crtB wild-type Col-0 β-estradiol Hygromycin
XVE:(p)crtB psy Col-0 β-estradiol Hygromycin
pHsp70:(p)crtB wild-type Col-0 heat-shock Hygromycin
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Chapter 2: Dynamic analysis of
transcriptomic changes during
chloroplast to chromoplast
transition in Nicotiana
benthamiana leaves

4.1 High-resolution transcriptional analysis by RNA-seq in
N. benthamiana leaves

After comparing gene expression profiles of N. benthamiana leaves agroinfil-
trated with GFP or (p)crtB at 96 hpi (i.e., harboring either chloroplasts or differenti-
ated chromoplasts), we moved to analyze the timeline of gene expression events that
take place as chloroplasts lose their photosynthetic identity and become competent
to be transformed into chromoplasts, using our N. benthamiana leaf system.

4.1.1 Sampling, quality and clustering

N. benthamiana plants were agroinfiltrated with (p)crtB in one hemisphere of
the leaf, using the other for the agroinfiltration of GFP as control. Samples were
collected every 3 hours from 22 hpi until 46 hpi. Two additional time-points were
collected at 56 and 68 hpi. Three replicates of (p)crtB sections and the correspond-
ing GFP controls of the same leaf were collected for each of the eleven time-points.
Carotenoid levels and photosynthetic efficiency (i.e., φPSII) were measured in ev-
ery sample, showing an increasing and decreasing pattern, respectively, across the
timeline in (p)crtB samples (Figure 4.1). Phytoene levels were not reliably detected
until the second time-point (25 hpi), gradually increasing until 56 hpi, and show-
ing a decrease at the last time-point (68 hpi). Downstream carotenoids, however,
did not show a prominent increase until 40 hpi (Figure 4.1). While φPSII did not
change in GFP controls, (p)crtB samples showed a slight decrease from the third
time-point (28 hpi) until 34 dpi, followed by a lag period with no changes until 41
hpi and a prominent event of reduction at 46 hpi, arriving close to 0 from 56 hpi up
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to the end of the experiment (68 hpi) (Figure 4.1). It is possible that the initial ac-
cumulation of phytoene causes the first drop in φPSII, whereas the accumulation of
downstream carotenoids eventually leads to the second and more drastic reduction
in φPSII (Supplementary Figure 4A). When (p)crtB/GFP ratios of total carotenoids
and φPSII were plotted together, samples were linearly distributed according to time
points, from left to right (φPSII) and down to up (carotenoid levels) (Supplementary
Figure 4B). First and last time-points were clearly defined in terms of values cluster-
ing together, while samples values were more mixed across different time-points in
the middle of the process.
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Figure 4.1: Carotenoids, tocopherols and φPSII in N. benthamiana leaves agroinfiltrated
during time course. Levels of carotenoids, tocopherols and φPSII in leaves of N. benthamiana
agroinfiltrated with GFP and (p)crtB, identified with different colors.

Eight of the eleven time-points were selected for the RNA-seq analysis based
on carotenoid and φPSII data. These time points corresponded to events (i) before
phytoene accumulation and φPSII changes (22 hpi), and occurring during (ii) begin-
ning of phytoene accumulation and low slope drop of φPSII (25, and 28 hpi), (iii) lag
period (34, 37 and 40 hpi), and (iv) high slope drop in φPSII and total carotenoids
increase (46 and 56 hpi) (Supplementary Figure 4). After the sequencing, the last
pipeline with Niben261 genome applied to the 96 hpi experiments was used (sub-
section 3.4.3). After the mapping and the counting of the transcripts, all samples
showed a similar profile of their counts (Figure 4.2A). The GFP and (p)crtB trans-
genes were highlighted to check their abundance. All samples showed high levels
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of GFP transcripts, which was expected since the (p)crtB construct includes a GFP se-
quence that is transcribed but not translated. The first time-point at 22 hpi showed
lower levels of transgenes counts compared to the other samples, while these lev-
els were quite similar among the other time-points. According to this, the trans-
genes did not reach the highest levels of expression until the second time-point (25
hpi), staying at these levels until the end of the time-course (Figure 4.2A). Detectable
(p)crtB transcripts were observed in some GFP-agroinfiltrated samples, that could
imply small levels of contamination.

Figure 4.2: RNA-seq sequencing time course samples. (A) Distribution of log2 of counts in
all time points. GFP and (p)crtB transgenes were highlighted in color. (B) Distribution of GFP
and (p)crtB samples in a PCA. GFP samples are rounded in green, while (p)crtB samples are
rounded in orange.
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PCA plots were created to see the distribution of the samples. By only introduc-
ing the transcriptomic data to the PCA, PC1 (∼61% of the variation) clearly showed
the distribution of the samples according to the construct that was agroinfiltrated:
GFP samples were all plotted on the left forming a compact and well-defined group,
and (p)crtB samples were all plotted on the right but showing a higher separation
among them as expected (Figure 4.2B). These results suggest that the possible con-
tamination of GFP samples with (p)crtB constructs did not cause a relevant effect
to the samples. PC2 (∼26% of the variation) showed the differences related to the
time component, showing the series from 22 to 56 hpi from the top to the bottom of
the plot (Figure 4.2B). The (p)crtB samples could be divided in two different groups:
early samples from events (i) and (ii) (22, 25 and 28 hpi) and late samples from events
(iii) and (iv) (from 34 to 56 hpi). On the other side, GFP samples did not show
that kind of variations related to the time component, being grouped in a more sta-
ble group (Figure 4.2B). When phenotypic data (carotenoid levels and φPSII values)
was included into the PCA after a block normalization to adjust each type of data to
their size, the plot showed similar results. GFP and (p)crtB samples were still well-
separated according to the PC1 (∼72% of the variation), but this time PC2 (∼10% of
the variation) showed more diversity in GFP samples and more separation between
(p)crtB replicates than the previous PCA plot (Supplementary Figure 5).

A different approach was also performed to cluster the samples, called distance
matrix heatmap. This cluster groups the samples according to the transcriptomic
data, based on their correlation. Samples were grouped mainly based on the time
variation, where event (i) (22 hpi) samples of GFP and (p)crtB were grouped in an
independent cluster (Figure 4.3). Event (ii) samples (25 and 28 hpi) were grouped
in another cluster, also separated by the construct variant. Event (iii) 34 and 37 hpi
samples were organized in an independent cluster, although two replicates of (p)crtB
were included with event (iv) 46 and 56 hpi samples. 40 hpi samples were sepa-
rated in an independent group, while 46 and 56 hpi samples were organized by the
construct variant (Figure 4.3). Taking all the information from the different cluster
methods together, the samples were behaving as expected, as they could be easily
clustered according to the construct that was agroinfiltrated (GFP or (p)crtB) and the
time-point when they were collected.

4.1.2 Differential Expression Analysis and Gene Ontology Enrichment

Accordingly with the quality and clustering results, samples from each time-
point were treated independently for the differential expression analysis by DESeq2
(Love et al., 2014), using GFP agroinfiltrated samples as reference. After applying
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Figure 4.3: Distance matrix heatmap. Clustering of samples from time course in a distance
matrix heatmap. Samples were clustered according to the distance (the higher the distance,
the less relationship).

the same filtering as in the 96 hpi analysis (p-value ≤ 0.05, log2FC ≥ 0.585 for up-
regulation and log2FC ≤ -0.585 for down-regulation) (subsection 3.4.3), the num-
ber of up- and down-regulated DEGs at the different time-points were plotted (Fig-
ure 4.4). There were two different hotspots of induction and repression of gene ex-
pression in the time-course, but not completely synchronized. The first big increase
on gene induction was observed during event (ii), with a maximum at 28 hpi (∼2.000
DEGs) (Figure 4.4A), followed by a decrease during event (iii) with a minimum at 37
hpi (∼400 DEGs). The second hotspot of gene induction corresponded to event (iv),
reaching the maximum at the last time-point (∼2.500 DEGs). Down-regulation of
genes was already notable at the first time-point, i.e., during event (i), that showed
more than 1.500 DEGs (Figure 4.4B). Event (ii) 25 and 28 hpi time-points showed
more than 2.000 down-regulated DEGs, but the peak was at 25 hpi. The valley of
event (iii) was followed by a similar figure of more down-regulated genes during
event (iv), as the induced genes, with a maximum at 56 hpi (∼2.500 genes). The gene
expression dynamics therefore appears to be strongly linked to the profile observed
in the photosynthetic efficiency (φPSII), which in turn correlates with phytoene pro-
duction and downstream carotenoid accumulation (Figure 4.1, Figure 4.4).

To check if the profile of changes in gene expression was gradual, Venn dia-
grams were created with all sets for up- and down-regulation. The resulting com-
binations were plotted according to their abundance in particular plots performed
with the UpSetR package from R (Gehlenborg, 2019). Up-regulated genes showed a
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Figure 4.4: Distribution of DEGs in time course. Number of up- (A) and down-regulated
(B) DEGs in each time point of the time course after DESeq2 analysis.

very heterogeneous distribution with low numbers of DEGs induced in more than
one time-point. For instance, the three most abundant groups of induced DEGs were
those that were only differentially expressed in 56, 28 and 46 hpi, respectively (Fig-
ure 4.5A). However, event (iv) 46 and 56 hpi, and event (ii) 25 and 28 hpi shared
relatively high numbers of induced DEGs (651 and 333, respectively), but the num-
bers of DEGs that were differentially induced in three or more time-points were very
low (e.g., only 27 genes were induced in all time-points from 25 to 56 hpi). Down-
regulation was very heterogenous as well, but there were more genes differentially
repressed in different time-points than the induced ones (Figure 4.5B). 145 genes
were differentially down-regulated in all time-points, 82 from 25 to 56 hpi and 75
from 34 to 56 hpi.

Gene Ontology enrichment was performed with topGO (Alexa and Rahnen-
fuhrer, 2021) to see the biological processes, molecular functions and cellular compo-
nents representing the DEGs of each time-point. The distribution of the GOs among
the different time points was also analized using UpSetR package, generating the
same type of plots as before. In general, the distribution of GOs was similar to the
one observed with the DEGs, showing a predominance of GO terms that represent
DEGs from only one of the time-points and a relatively high number of terms shared
by the two timepoints that represent events (ii) and (iv). For Biological Processes
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Figure 4.5: UpSet diagram of DEGs in time course. Distribution of up- (A) and down-
regulated (B) DEGs of the different time points. Groups were distributed according to their
abundance (from left to right). Number of DEGs in each group are represented in bar plots
on the top; time points including in each group are highlighted below; number of DEGs in
each time points are represented in horizontal bar plots on the left.

(BPs) that represented up-regulated DEGs, there was a massive dominance of exclu-
sive terms (248 out of 340 terms represented a single time-point, 71%) (Supplemen-
tary Figure 6A). However, among those few GOs that represented many time-points
were interesting processes like “cell wall biogenesis” and “xyloglucan metabolic pro-
cess” from 22 to 56 hpi, “isoprenoid biosynthetic process”, “negative regulation of
endopeptidase activity” and “response to wounding” from 25 to 56 hpi, and differ-
ent terms related to photosynthesis, terpenoid and sterol metabolism, jasmonic acid
and cell wall representing 4 or more time-points (Venn_TimeCourse_BP_Up.txt).
Only 27, 10 and 16 terms were exclusively included in events (i), (ii) and (iv), re-
spectively. These terms were very diverse, but specific ones related to plastids
were included, including “chloroplast-nucleus signaling pathway” in event (i) or
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“1-deoxy-D-xylulose 5-phosphate biosynthetic process” in event (ii). Most of the
BPs that represented down-regulated genes were also exclusive, but less than the in-
duced ones (193 out of 411, 47%) (Supplementary Figure 6B). Relatively many pro-
cesses (24) were representing the first stages of the process (from 22 to 28 hpi), as
well as the full set from 22 to 56 hpi. This last group of processes was enriched
in protein folding and response to abiotic stress (Venn_TimeCourse_BP_Down.txt).
19, 16 and 13 BPs were specifically included in events (i), (ii) and (iv), respec-
tively, but they were very diverse. The GOs showed a similar profile for Molec-
ular Functions (MFs), very exclusive but more for up-regulation than down-
regulation (Supplementary Figure 6C-D). Some functions related to carotenoid path-
way were in the few cases of representing induced genes from many time-points
(Venn_TimePoints_Cornell_MF_Up.txt), while also the chaperone activities and pro-
tein folding-related functions were predominant among the most shared MFs from
down-regulated genes (Venn_TimePoints_Cornell_MF_Down.txt). Chloroplast,
membranes and cell wall were the most affected Cellular Components (CCs) for up-
regulated DEGs at the different time-points (Venn_TimePoints_Cornell_CC_Up.txt),
while the endoplasmic reticulum, different regions and components of the
cytosol and the mitochondria were more affected for the down-regulation
(Venn_TimePoints_Cornell_CC_Down.txt).

4.1.3 Incorporation of end-point results at 96 hpi

In the first chapter of this thesis, RNA-seq data from GFP and (p)crtB samples
at 96 hpi were analyzed and compared to those from plant systems in which chloro-
plasts were transformed into chromoplasts or gerontoplasts (subsection 3.4.3). Phe-
notypically, 96 hpi samples corresponded to chromoplasts based on lack of photo-
synthesis and high carotenoid contents, a condition that was already evident at the
end of event (iv), in 56 hpi samples. After adding the 96 hpi (i.e. end-point) data to
the time-course and clustering all samples in a PCA plot, unexpected results were
observed. While all samples were separated in two well-defined groups accord-
ing to the construct that was agroinfiltrated (GFP or (p)crtB) when the experiments
were analyzed separately (Figure 3.9A and Figure 4.2B), three different groups were
found when both time-course and end-point analyses were clustered together (Fig-
ure 4.6A). GFP and (p)crtB samples from the time-course experiment were still clus-
tering separately in two different groups, but samples from 96 hpi were grouped
together in an independent third group (Figure 4.6A). Only (p)crtB samples from
the 22 hpi time-point were included in this third group.

Despite this issue, DEGs from 96 hpi were compared to the other time-points to
see if there were similarities after the normalization of the data. Most DEGs at 96 hpi
were very exclusive of this stage and there was no close relationship with any of the
other time-points (Supplementary Figure 7). Even in the more specific comparison
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Figure 4.6: Comparison Time course vs end-point analyses. (A) PCA plot including tran-
scriptomic data from all samples in the time course and the end-point experiments. Green
circle surrounds GFP samples from time course; orange circle surrounds (p)crtB samples
from time course; and red circle surrounds all samples from end-point. Venn diagrams com-
paring up- and down-regulated DEGs (B) from 56 and 96 hpi, and the BPs (C), MFs (D) and
CCs (E) representing them.

with 56 hpi, overlapped DEGs were residual and there were almost the same corre-
lations of Up-Up and Down-Down than Up-Down or Down-Up (56 and 96 hpi, re-
spectively) (Figure 4.6B). When GOs from both time-points were compared, similar
results were found, with less than 10% overlapped BPs, MFs or CCs (Figure 4.6C-E).
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Both 56 and 96 hpi experiments were therefore showing different frames of the pro-
cess from the transcriptomic point of view, in spite of their phenotypical similarities.

The results suggest that once the process reaches the final phenotypic transfor-
mation of chloroplasts into chromoplasts (as deduced from the yellow color of the
tissue, higher levels of carotenoid content, and dissipation of photosynthesis), the
system does not stay static and gene expression continues changing. An alternative
explanation would be the existence of experimental differences between time-course
and end-point experiments, as samples were agroinfiltrated and collected in differ-
ent seasons of the year (with 30 months between the two experiments), different
plants were used, and different services sequenced the RNA. To distinguish between
the two possible explanations for the poor similarity of the transcriptomes from 56
and 96 hpi samples, the expression of some marker genes was tested by qPCR in a
third independent experiment. These marker genes (Chap60, Hsp18 and Hsp3) were
selected based on their opposite abundance in (p)crtB vs. GFP samples at 56 and 96
hpi (Figure 4.7). In the new experiment, N. benthamiana leaves were agroinfiltrated
with GFP and (p)crtB constructs and samples were collected at 4 time-points: 24, 48,
72 and 96 hpi. In the RNA-seq experiments, these marker genes were expressed at
lower levels in (p)crtB vs. GFP samples at the time-course event (iv), i.e., 46 and 56
hpi, but at higher levels in (p)crtB vs. GFP samples at the end-point 96 hpi. Simi-
lar results were obtained by qPCR in the third experiment (Figure 4.7), supporting
the conclusion that the observed changes in gene expression between the first two
experiments were not due to experimental variations. In conclusion, 96 hpi repre-
sents the consequences of having chromoplasts instead of chloroplasts in leaves for
several days, while the time course from 22 to 56 hpi would inform us about the
consecutive steps in the process of deconstruction of chloroplasts and their initial
transformation into chromoplasts in leaves.

4.1.4 Similarities and differences with other ripenning systems

In order to test if the synthetic conversion of chloroplasts into chromoplasts in
leaves was similar to the natural chloroplast-to-chromoplast differentiation in fruit
ripening, enriched GOs from the different time-points in our system were compared
to those representing different stages of tomato and pepper fruit ripening. To draw
more robust conclusions, two different datasets of tomato fruit ripening were in-
cluded. One of them was already used in the first part of the thesis (section 3.4)
(Shinozaki et al., 2018), while the new one derived from the original work published
by (Yazdani et al., 2019). In the second study, tomato lines overexpressing the chro-
moplastogenic chaperone ORHis were generated and RNA-seq analyses were carried
out at different fruit ripening stages. Chromoplast differentiation was ahead in this
line compared to the wild-type, so ORHis fruits were already orange at the mature
green (MG) stage while they were still green in the wild-type plants (Yazdani et al.,
2019). For our analysis, we decided to compare the transgenic fruits vs. the wild type
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Figure 4.7: Gene expression of markers genes. Transcript levels of three marker genes
measured by RNA in Transcript Per Kilobase Million (TPM) (A) and by qPCR (B), relative to
Actine (ACT) levels.

at the same ripening stage (MG and Breaker) in order to add another artificial system
of chromoplast differentiation. The same experiment of Arabidopsis leaf senescence
used for the analysis of 96 hpi samples was also included as a control of chloroplast
dismantling not leading chromoplast differentiation. In summary, we included (a)
three different systems of natural chromoplast differentiation in fruit (two in tomato
and one in pepper), comparing different ripening stages vs. MG (Breaker, Orange
and Red in tomato; Breaker and Red in pepper), (b) two different systems of syn-
thetic chromoplast differentiation (one in tomato fruit and other in leaves of N. ben-
thamiana), comparing the transgenic samples vs. the control at the same time point
(ORHis vs. wild-type in tomato; (p)crtB vs. GFP in N. benthamiana), and (c) one extra
system of leaf senescence in Arabidopsis, comparing old senescent leaves (containing
gerontoplasts) vs. mature photosynthetic leaves (containing chloroplasts). The ac-
tual data from all these experiments (González-Gordo et al., 2019; Shinozaki et al.,
2018; Yazdani et al., 2019; Woo et al., 2016) were retrieved from the SRA database
and analyzed following the same pipeline used for our own time course data.

The GO enrichment analyses resulted in long and heterogenous list of GOs in
all systems. For simplification, the medium (0.7) filter of REVIGO software (Supek et
al., 2011) was applied to all of them to reduce the redundancy. We were only focused
on BPs since this is the most meaningful category for our purpose of understanding
the biology of the chromoplastogenesis process, and we divided the terms in up-
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and down-regulated, regarding the DEGs that they were representing. Fruit ripen-
ing systems showed a similar number of BPs representing the up-regulated DEGs in
their different stages, while N. benthamiana showed the above-mentioned profile of
two peaks, with the largest number of BPs at 96 hpi (Figure 4.8A). On the other hand,
down-regulated BPs had a different profile among the systems. Tomato fruit ripen-
ing was again very homogeneous, while pepper fruit ripening and the synthetic
differentiation of chromoplasts in ORHis tomato showed an increment through the
process (Figure 4.8B). A two peaks profile was defining the process in N. benthami-
ana again, but the largest number of terms was at the beginning (25 hpi). Arabidopsis
showed the highest number (2-fold) of BPs affected, both up- and down-regulated
(>200 terms each).

In order to compare the presence of specific GO terms in the different sys-
tems, some categories were created regarding the sets that each term was repre-
senting. “Exclusive” refers to those that were only represented in a single set;
“Tomato-Ripening” was given to those terms that were present in more than one
set exclusively from the tomato fruit ripening systems; “Pepper-Ripening” was sim-
ilar to the previous one, but only from the pepper system; terms from “Ripening”
category were those terms that represented more than one set of samples in the
tomato and pepper fruit ripening and not in any artificial chromoplast differentia-
tion system (tomato ORHis fruit or N. benthamiana agroinfiltrated leaves); “Nicotiana-
independent” were terms that were representing different sets of samples from any
of the systems except for N. benthamiana; “OR-Dependent” represented terms from
both sets of the artificial chromoplast differentiation in ORHis tomato and not from
any other system; “Ripening-independet” was given to BPs included in the two ar-
tificial systems and leaf senescence but not in any of the fruit ripening sets; “Nico-
tiana” terms were representing more than one set from the N. benthamiana system
alone; “Fruit-independent” was given to terms that were representing only in N. ben-
thamiana and Arabidopsis, the two leaf systems; and “Spread” were those terms that
could not be included in any of the categories described before, since these terms
were spread across all systems. After labeling all terms from the different systems
according to this categorization, the results were plotted to see the distribution of
categories in each set, both for up- and down-regulated processes (Figure 4.8). The
distribution of the different categories among the systems was very heterogeneous.
Only tomato fruit ripening showed a very similar profile in all samples, with a low
proportion of “exclusive” terms. This homogeneity among the two different exper-
iments of ripening in tomato fruit indicates a big consistence of the approach and
that the experimental noise was not significant. On the other hand, fruit ripening in
pepper showed a notable disparity compared to tomato. The number of “exclusive”
terms was high (from 30 to 50%) and the number of terms shared with tomato was
low. Hence, it can be seen that fruit ripening works differently in different species,
even from the same family, so the chromoplastogenesis-derived processes represent
a small proportion of similarities. Even more disparate was the ORHis transgenic

46



4.1. High-resolution transcriptional analysis by RNA-seq in N. benthamiana leaves

Figure 4.8: Distribution GO terms in different plastid transition experiments. Absolute
and relative abundance of up- (A) and down-regulated (B) BPs in different sets of experi-
ments. Absolute abundances are colored according to the different experiments, while rela-
tive abundances are colored according to the different categories of distribution of GO terms.

vs. wild-type comparisons in tomato, specially at the Breaker stage. Although same
conditions were used in one of the tomato fruit ripening experiments, performed
by the same researchers at the same time, the overexpression of ORHis causes a big
impact on the fruit that did not correspond to an acceleration of the fruit ripening
program. However, the most distinct system was the leaf senescence in Arabidopsis,
showing 2/3 of “exclusive” terms and less than 10% of “Spread” terms. N. ben-
thamiana samples contained a considerable proportion of “Nicotiana” and “Spread”
terms, while the “Exclusive” category was relatively low. Also “Fruit-independent”
terms were not abundant, showing a bigger resemble with the chromoplast differ-
entiation systems than with Arabidopsis, despite they were the only two systems in
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leaves. Only the 96 hpi time point was considerable different, representing a more
independent event. In summary, there is a low level of similarities between differ-
ent systems showing chloroplast-to-chromoplast differentiation, but there is still a
correlation between them that did not correspond to the non-chromoplast system.

Figure 4.9: Selection of "Spread" GO terms. Subset of terms from Supplementary Figure 8
and Supplementary Figure 9, distributed in up- (A) and down-regulated (B) BPs in the dif-
ferent sets of samples, differenciated in "early" (green) and "late" (orange). Background was
colored according to data sets (Figure 4.8).

Terms that were representing the four chromoplastogenic systems were very
scarce, encompassing only “rhythmic process” for up-regulation, and “microtubule-
based process”, “auxin-activated signaling pathway”, “sterol biosynthetic process”
and “pre-replicative complex assembly involved in nuclear cell type DNA replica-
tion” for down-regulation (Supplementary Figure 8 and Supplementary Figure 9).
All the terms from this category were re-categorized depending on the time-points
of N. benthamiana that were represented: if only terms from time course samples
were represented, they were labeled as “early” processes; if they represented only
end-point at 96 hpi, the category was “late”; and if they represented time-points dis-
persed throughout both experiments, they were named as “disperse”. There was
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4.1. High-resolution transcriptional analysis by RNA-seq in N. benthamiana leaves

a high number of terms that did not show a clear association with other systems.
Tomato was the most robust system, showing a big homogeneity and abundance of
terms shared with N. benthamiana. In order to simplify and facilitate the interpre-
tation of information, a subset of terms was performed according to the correspon-
dence with tomato ripening systems: “early” processes that were also representing
a Breaker stage of tomato, and “late” processes that were also representing any Or-
ange or Red stages of tomato (Figure 4.9). The resulting lists of BPs was not very
informative, since most of them were not representing both experiments of tomato
fruit ripening, nor pepper or transgenic ORHis tomato systems. In conclusion, the
diversity of processes among different systems showed the heterogeneity of chro-
moplastogenesis, without a well-defined transverse associated pattern to explain it.
For that reason, we decided to focus on our most comprehensive approach, the 22 to
56 hpi time course, in order to obtain the most informative description of our system
and to simplify its complexity.

4.1.5 Weighted Gene Co-Expression Network Analysis: all genes

The ensemble of time-points from 22 to 56 hpi included all events from the in-
crease of phytoene production and accumulation after (p)crtB expression to the chro-
moplast establishment in a yellow leaf, with higher carotenoid levels and without
photosynthesis. As it was shown before, the chromoplastogenesis process contin-
ued after the last time-point (56 hpi), but we decided to not include the additional
samples of 96 hpi in order to focus on the critical steps that determine the disman-
tling of chloroplasts and the initial build-up of chromoplasts (subsection 4.1.3, sub-
section 4.1.4). The application of GO terms that represented the DEGs from the dif-
ferent time-points was not efficient due to the low level of overlapped processes and
the difficulties to find any dynamics of events from the beginning to the end of the
process. A new approach based on the clustering of genes according to their co-
expression profiles was applied to the data. This method, named Weighted Gene
Co-expression Analysis (WGCNA) (Langfelder and Horvath, 2008), is included in
a package from R that takes normalized expression values from all samples as in-
put, creates groups (or clusters) of genes based on their co-expression, and asso-
ciates them to the phenotypic data that was also provided (e.g. sampling time, type
of construct or carotenoid levels). A total of twenty-two clusters were generated,
each one identified with a color, and correlated with the phenotypic data (Supple-
mentary Figure 10). Average expression of all genes from a cluster was plotted for
each sample, in order to see the profiles of each cluster with respect to time and
construct variables (Figure 4.10). Only six of the modules showed a clearly differen-
tial expression profile in control (GFP) vs. (p)crtB samples throughout time: "cyan"
cluster showed higher levels of expression in (p)crtB samples in the first time-points;
"lightcyan" contained genes more expressed in (p)crtB samples at the end of the time
course; "lightyellow" was a very interesting cluster with higher expression levels in
(p)crtB samples from the 28 hpi until the end; "magenta" cluster were genes showing
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a peak of expression at 28 hpi only in (p)crtB; "pink" cluster were genes induced in
GFP samples from 34 hpi forward, but not in (p)crtB; and "tan" was a cluster with
down-regulated genes in (p)crtB samples at the two last time-points. The content of
DEGs of these clusters was contrasted and showed a correlation with the dynamics
observed before (Figure 4.10). Hubgenes at each cluster were defined as those genes
with a high Module Membership (≥ 0.8) that better represented the profile of the
cluster. Hubgenes were then correlated to the expression value of the (p)crtB trans-
gene to find those that were more related to the treatment (GeneSignificance ≥ 0.2).
Some of these hubgenes were related to isoprenoid biosynthesis in some clusters,
like “magenta” or “lightyellow” Tables HubGenes.
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Figure 4.10: Modules from WGCNA analysis with all genes. Average expression of genes
included in each sample from time course RNA-seq analysis is showed in green for GFP
and orange for (p)crtB, for each module from WGCNA analysis. Bar plots shows the abun-
dance of DEGs in each comparison of RNA-seq, classified in up-regulated (orange), down-
regulated (green) or not differentially expressed (grey).
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4.1. High-resolution transcriptional analysis by RNA-seq in N. benthamiana leaves

To study the biological processes that were representing each cluster, GO en-
richment was performed with topGO package (Alexa and Rahnenfuhrer, 2021). The
"cyan" module showed an enrichment in GO terms related to cell wall, illustrat-
ing that (p)crtB impacts biology of this structure at the beginning of the process
(first three time-points) (Supplementary Figure 11). The "magenta" module (induc-
tion at 28 hpi) was enriched in many metabolic processes, with a predominance of
the biosynthetic ones (Supplementary Figure 12). Other biosynthetic processes like
MEP-pathway or terpenoids, together with biotic stress related processes, were rep-
resenting the "lightyellow" module (Supplementary Figure 13). The induction of
processes at the end of the time course in (p)crtB ("lightcyan" module) was mainly
defined by response to biotic defense processes (Supplementary Figure 14), while
a greater diversity of processes was down-regulated at this stage (Supplementary
Figure 15). Protein folding related processes were the most prevalent GO terms en-
riched in the "pink" module, as well as some abiotic stress and energy production
related processes, indicating that these were down-regulated events during chromo-
plast differentiation (Supplementary Figure 16).

4.1.6 Weight Gene Co-Expression Network Analysis: DESeq2

All previous information was collected focusing on modules that showed a vis-
ible association with the ‘construct’ variable (i.e., those that showed clear differences
in (p)crtB vs GFP). However, most of them were a consequence of the ‘time’ variable,
showing the dynamic of gene expression throughout the time-points, with no differ-
ences between constructs. Even in the modules of interest, not all genes showed
significant differences. Therefore, we decided to do a new WGCNA analysis focus-
ing only on genes that were differentially expressed in (p)crtB vs GFP at least in one
time-point. Instead of using all expressed genes as input, a prior analysis was done
with DESeq2, using all samples in a special design in order to obtain DEGs according
to the ‘construct’ variable towards the ‘time’. The resulting genes were significantly
and differentially expressed in (p)crtB samples compared to GFP at some time-point.
Then, this list was used as input for WGCNA to cluster these DEGs in new modules,
according to their expression profiles. As a result, twenty-one new modules were
generated, identified with colors again and correlated to phenotype data (Supple-
mentary Figure 17). They were also plotted to show the average expression of all
genes in each sample, to see the profiles of the expression with respect to the ‘time’
and ‘construct’ variables (Figure 4.11). There were some correspondence between
the previous modules and the new ones, like cyan vs. greenyellow, magenta vs.
pink, lightyellow vs. midnightblue or pink-purple (previous vs. new, respectively).
However, in this second analysis all modules were meaningful as they only con-
tained DEGs (Figure 4.11). The top up- and down-regulated hubgenes (positive and
negative, respectively) were listed for the different modules, showing some enrich-
ments like protease inhibitors in midnightblue module, or heat-shock proteins in
purple (Tables of HubGenes approaches). To organize these new modules into a
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Figure 4.11: Modules from WGCNA analysis with DEGs. Average expression of genes
included in each sample from time course RNA-seq analysis is showed in green for GFP
and orange for (p)crtB, for each module from WGCNA analysis. Bar plots shows the abun-
dance of DEGs in each comparison of RNA-seq, classified in up-regulated (orange), down-
regulated (green) or not differentially expressed (grey).

logic story-telling mode, the most meaningful ones were ordered according to their
profile of expression FC in (p)crtB vs. GFP in a heatmap, and gathered in eight func-
tional groups (Figure 4.12):

• Group 1: Contained magenta and purple modules, that were characterized by
the down-regulation of their genes all over the time course.

• Group 2: Corresponded to the yellow module, which showed a slight up-
regulation at the beginning, followed by a neutral expression in the middle
and a final down-regulation at the end of the time course.

• Group 3: Contained black, green and red modules, that showed a profile sim-
ilar to the previous group, but with a more marked initial up-regulation, and
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4.2. The role of specific functional families of genes

a down-regulation restricted to the last time-point.

• Group 4: Restricted to the greenyellow module, in which the up-regulation
was more intense at the first time-points, specially at the 28 hpi, and the down-
regulation was also restricted to the last time-point.

• Group 5: Pink module, that was similar to Group 4 but it showed a more
remarkable up-regulation at the 28 hpi time point.

• Group 6: A small group that only contained the midnightblue module, con-
sisting of up-regulated genes from the 28 hpi forward.

• Group 7: Another very small group, only with the lightyellow module. These
genes showed a down-regulation at the beginning of the time course, followed
by an up-regulation at the end.

• Group 8: The largest group, composed by brown, turquoise and blue mod-
ules. The expression of the genes was characterized by a slight down-
regulation at the beginning, a neutral expression in the middle and an up-
regulation by the end of the process (opposite to groups 2 and 3).

Enriched GO terms representing each group were obtained, and a significant
diversity of them was found (Supplementary Figure 18, Supplementary Figure 19,
Supplementary Figure 20, Supplementary Figure 21, Supplementary Figure 22, Sup-
plementary Figure 23, Supplementary Figure 24, Supplementary Figure 25). Venn
diagrams of the different GOs were created in order to check if there were many
overlapped terms (Tables GitHub). Most of the terms were exclusive representing
only one group, but some metabolic and stress related processes were overlapped in
two or three different groups (Supplementary Figure 26).

4.2 The role of specific functional families of genes

Previous approaches let us to obtain a general overview of the differentiation of
chromoplasts from pre-existing chloroplast in leaves of N. benthamiana, comparing it
to other systems. Considering these results, different functional groups were iden-
tified to be particularly involved in the process. We annotated the corresponding
genes in the new N. benthamiana genome, in order to study their pattern of expres-
sion in the samples from 22 to 56 hpi. The expression data were plotted in a heatmap,
using all the information we have previously generated: all possible groups of sam-
ples for the FC expression (attending to the time-point that they were collected or
how they were grouping in the PCA analysis, mixing samples from different time-
points), including asterisks for those that were significantly expressed in that group,
adding two columns to indicate the module where each gene was clustered in both
WGCNA approaches (first approach using all expressed genes and the second when
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Figure 4.12: Heatmap of modules from second WGCNA analysis. Row normalized expres-
sion of genes included in the different modules from WGCNA analysis.

only DESeq2 significantly expressed DEGs were used) and the subcellular location
of the encoding protein, predicted with TargetP 2.0 (Armenteros et al., 2019).

4.2.1 Carotenoids

Despite the (p)crtB-dependent phytoene overproduction and accumulation and
the 2-fold increase of total carotenoids by the end of the time course (Figure 4.1),
the expression of most of the endogenous carotenoid biosynthetic genes was not af-
fected in any point of the time-course experiment (Figure 4.13). Upstream lycopene
there was no affection at all, while some of the downstream genes showed changes
on their expression by the end of the time course, most of them downregulated.
However, they were not clustered in the same module, and most of them were not
included in the DESeq2 modules, showing that they did not show a common expres-
sion profile and their expression was not significantly different between (p)crtB and
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4.2. The role of specific functional families of genes

GFP samples throughout time. This is a clear example of the limitations of gene ex-
pression changes as readouts of actual biological changes (e.g., an active carotenoid
synthesis occurs without major changes in the expression of biosynthetic genes).
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Figure 4.13: Carotenoid biosynthesis gene expression in the time course. FC values of
(p)crtB vs. GFP comparison in each comparison (time points and alternative groups based
on PCA plot) of carotenoid biosynthesis genes. Asterisks indicate a gene was significantly
expressed in that specific comparison. Rows are labelled indicating if a gene was included
in a module from the first WGCNA analysis, where all expressed genes were included
(WGCNA 1), in a module from the second WGCNA analysis, where only DEGs were in-
cluded (WGCNA 2), and the predicted subcellular location, according to TargetP 2.0 soft-
ware (Prediction).

4.2.2 MEP pathway

Genes encoding MEP pathway enzymes involved in the production of
carotenoid precursors in plastids, showed a significant pattern of induction at the 25
and 28 hpi (Figure 4.14A). In particular, genes encoding isoforms of rate-determining
enzymes such as DXS, HDS and HDR were included in the magenta module of the
first WGCNA approach and the pink module of the second, both showing a very
marked induction at 28 hpi (Figure 4.14A). Genes encoding DXR and another HDS
isoforms, despite not been included in these modules, also showed a significant up-
regulation at this period. Different genes encoding GGPPS isoforms are predicted to
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be present in the N. benthamiana genome. From them, a few are encoded by genes
that also showed this up-regulation profile and were included in the magenta and
pink modules (Figure 4.14C).

Figure 4.14: Isoprenoid-related gene expression in the time course. FC values of (p)crtB
vs. GFP comparison in each comparison (time points and alternative groups based on PCA
plot) of genes encoding enzymes from MEP pathway (A), MVA pathway (B), GGPPS, FPPS
and IDI (C), and tocopherol biosynthesis (D). Asterisks indicate a gene was significantly ex-
pressed in that specific comparison. Rows are labelled indicating if a gene was included
in a module from the first WGCNA analysis, where all expressed genes were included
(WGCNA 1), in a module from the second WGCNA analysis, where only DEGs were in-
cluded (WGCNA 2), and the predicted subcellular location, according to TargetP 2.0 soft-
ware (Prediction). Labels are showed in Figure 4.13.

4.2.3 MVA pathway

Most genes encoding the enzymes that produce IPP and DMAPP in the cy-
tosol through the MVA pathway showed the same pattern of expression, being in-
cluded in the brown module from the first WGCNA approach and the brown or
turquoise modules from the DESeq2 approach (Figure 4.14B). They showed a sig-
nificant downregulation from at the beginning of the time course (events (i) and
(ii), corresponding to the first three time-points), changing to an up-regulation at the
very end, with no significant differences of expression compared to the control at the
middle lag period. Genes encoding for isomerases converting IPP to DMAPP (IPPI)
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and FPP synthases (FPPS) showed an expression profile similar to that described for
MVA pathway genes (Figure 4.14C).

4.2.4 Tocopherols, plastoquinones and phylloquinones

There are different pathways that use the plastidial pool of GGPP derived from
the MEP pathway, including those producing tocopherols, plastoquinones and phyl-
loquinones (Figure 1.1). VTE genes from the tocopherol pathway showed no rele-
vant expression changes, each one clustering in a different module (Figure 4.14D).
Genes encoding enzymes for the biosynthesis of plastoquinone and phylloquinone
are lacked a clear pattern of differential expression (Figure 4.15). The only excep-
tion was DHNAT, which encodes a peroxisomal enzyme upstream the integration
of GGPP derived products into the phylloquinone pathway. This gene was overex-
pressed at 28 hpi and it was included in magenta and pink modules.

Figure 4.15: Plastoquinone and phylloquinone biosynthesis gene expression in the time
course. FC values of (p)crtB vs. GFP comparison in each comparison (time points and alter-
native groups based on PCA plot) of genes encoding enzymes from plastoquinone (A) and
phylloquinone (B) biosynthetic pathways. Asterisks indicate a gene was significantly ex-
pressed in that specific comparison. Rows are labelled indicating if a gene was included
in a module from the first WGCNA analysis, where all expressed genes were included
(WGCNA 1), in a module from the second WGCNA analysis, where only DEGs were in-
cluded (WGCNA 2), and the predicted subcellular location, according to TargetP 2.0 soft-
ware (Prediction). Labels are showed in Figure 4.13.

4.2.5 Fibrillins, stromules and membrane remodelling proteins

Fibrillins are structural proteins that have been associated to chromoplast dif-
ferentiation and carotenoid storage (Figure 1.2). Their protein level was found to
increase in (p)crtB samples (Figure 3.4). Consistently, a few genes encoding FBN2,
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FBN6 and FBN9 isoforms showed a weak but significant induction during the late
stages of the time course (Figure 4.16A). Stromules are structures that expand from
plastids and showed a different morphology in (p)crtB samples compared to the GFP
controls (Figure 3.4C). However, most of the genes associated to stromules showed
a very low expression in all samples, they were not included in any module from
the first WGCNA approach (that only had a filter regarding the low expression of
genes), and most of their expression was not differentially significant in any time-
point (Figure 4.16B). Exceptions include CHUP1 homologs that were slightly but sig-
nificantly induced during event (ii) as well as kinesin 4 homologs belonging to Group
8 of genes showing a slight down-regulation att the beginning, a neutral expression
in the middle and an up-regulation by the end of the process (Figure 4.16B). Endo-
somal sorting complexes required for transport (ESCRT) comprise cytosolic proteins
that constitute a machinery involved in the membrane remodeling, related to dif-
ferent cellular processes. Many of the genes encoding ESCRT proteins showed a
common pattern of expression, being included in the turquoise module of the first
WGCNA approach and showing an initial down-regulation in the first time-points
of the time course, changing to the up-regulation at the very end (Supplementary
Figure 27).

Figure 4.16: Fibrillins biosynthesis and stromules-related gene expression in the time
course. FC values of (p)crtB vs. GFP comparison in each comparison (time points and al-
ternative groups based on PCA plot) of genes encoding enzymes from fibrillins biosynthesis
(A) and related to stromules (B). Asterisks indicate a gene was significantly expressed in that
specific comparison. Rows are labelled indicating if a gene was included in a module from
the first WGCNA analysis, where all expressed genes were included (WGCNA 1), in a mod-
ule from the second WGCNA analysis, where only DEGs were included (WGCNA 2), and
the predicted subcellular location, according to TargetP 2.0 software (Prediction). Labels are
showed in Figure 4.13.
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4.2.6 Cell wall

Cell wall related genes were affected at different levels in the exploring ap-
proaches (e.g., comparing the system in N. benthamiana to others, included in over-
lapped groups of genes from different time-points or in specific modules from the
WGCNA analysis). Exploring the genes that encode biosynthetic enzymes of the
cell wall, most were observed to have a very low expression, not been included in
any module (Supplementary Figure 28A). Among the expressed genes, a significant
overexpression was observed at the 25-28 hpi in many of them, although they were
not included in the magenta-pink (previous-later) modules as it would have been
expected.

4.2.7 Circadian clock, protein import, PIFs, light receptors and autophagy

Different results suggested that the artificial chromoplast differentiation in
leaves of N. benthamiana might impact the circadian clock, hence creating a mismatch
between GFP and (p)crtB samples. Circadian clock associated genes were identified,
but most of their expression was too low and they were not included in any mod-
ule of WGCNA analysis (Supplementary Figure 28B). Those that were more highly
expressed did not show a significant pattern of expression nor were included in any
of the meaningful modules from any WGCNA approach. Protein import from cy-
tosol to plastids was another interesting functional group that we wanted to study,
since chromoplast differentiation relies on it (Figure 1.2). Genes encoding translo-
cons on the inner and outer chloroplast membranes (TIC and TOC, respectively)
were studied, but any of them showed a significant expression at any time-point or
showed a co-expressed pattern, since they were spread in many different modules
(Figure 4.17A). Interestingly, a N. benthamiana homolog of SP1 (Figure 1.2) was found
to be weakly but significantly up-regulated at 28 hpi (Figure 4.17A). Phytochromes,
cryptochromes and phytochrome interacting factors (PIFs) are known to regulate
chloroplast development and hence were thought to potentially modulate the chro-
moplast differentiation process. However, most of the genes encoding them showed
very low levels of expression or lacked any particular profile associated to (p)crtB
samples (Figure 4.17B-C). Another biological group that was retrieved from previ-
ous GO terms analyses was “autophagy”. Autophagy-regalated (ATG) genes were
identified and studied in N. benthamiana, and most of them showed a co-expression
associated to the turquoise module of the first WGCNA approach, but they were not
associated to (p)crtB samples since they were not included in DESeq2 modules or
showed any differentially significant expression at any time-point (Supplementary
Figure 28C).

59



Results II

Figure 4.17: Protein import, PIFs and light receptors gene expression in the time course.
FC values of (p)crtB vs. GFP comparison in each comparison (time points and alternative
groups based on PCA plot) of genes encoding proteins from the inner and outer translo-
cons (TIC and TOC) (A), phytochrome interacting factors (PIFs) (B) and light receptors (phy-
tochromes and cryptochromes) (C). Asterisks indicate a gene was significantly expressed in
that specific comparison. Rows are labelled indicating if a gene was included in a module
from the first WGCNA analysis, where all expressed genes were included (WGCNA 1), in a
module from the second WGCNA analysis, where only DEGs were included (WGCNA 2),
and the predicted subcellular location, according to TargetP 2.0 software (Prediction). Labels
are showed in Figure 4.13.

4.2.8 Protein folding

Previous approaches showed an enrichment in protein folding related terms
representing downregulating genes throughout the process. Chaperones are pro-
teins involved in protein folding and unfolding, so we were interested in identifying
the different families of chaperones in N. benthamiana. Some genes from the fam-
ily of BAG chaperones showed up-regulations at the beginning of the time-course,
while others were always down-regulated (Supplementary Figure 32A). Most of
the genes encoding chaperonin-60, DNAJ proteins, prefoldins and rotamases did
not show an affected expression at any time-point, but those that did were down-
regulated and associated to pink-purple (previous-later) modules, that were those
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consisting in down-regulated genes (Supplementary Figure 32, Supplementary Fig-
ure 33, Supplementary Figure 34A). DNAJ includes Orange and Orange-like (OR
and ORL, respectively) proteins, none of the N. benthamiana homolog genes showed
differences between (p)crtB samples and the GFP control at any time-point (Sup-
plementary Figure 33). The expression of cyclophilin family genes was mostly not
affected (Supplementary Figure 34B). On the other hand, many of the genes encod-
ing small chaperonins (Cpn10), Hsp20, Hsp90, Hsp90 co-chaperones and Hsp100
showed a significant down-regulation in most of the time-points and were included
in the pink-purple modules (Figure 4.18A-D, Supplementary Figure 35). Most of
the genes encoding Hsp70 family showed the same down-regulation profile as the
previous families, but there was a group of genes encoding for proteins known as
luminal binding proteins (BiPs) that were included in the blue module of the DE-
Seq2 WGCNA analysis, showing a significant up-regulation in the second half of the
time-course (Supplementary Figure 36A). That profile was also observed in genes
encoding protein disulfide-isomerase (PDI) family, containing genes clustered in the
same module and showing the same significant up-regulation (Supplementary Fig-
ure 36B).

4.2.9 Chlorophylls

Although chlorophyll levels did not change during artificial chromoplastogene-
sis in N. benthamiana leaves unlike in other chromoplast differentiation processes, we
were interested on the genes encoding enzymes from the biosynthesis and degra-
dation of chlorophylls. Genes involved in biosynthesis of chlorophyll a showed a
common pattern of expression. Most of them were included in the blue module of
the first approach of WGCNA but their expression was not significantly different
between (p)crtB and control samples according to DESeq2 analysis (they were not
included in any module in this approach) (Supplementary Figure 37A). Genes en-
coding enzymes involved in the chlorophyll cycle between chlorophyll a and chloro-
phyll b did not show any significant difference (Supplementary Figure 37B). Genes
encoding enzymes of the degradation of chlorophylls were generally not affected
either. However, genes encoding isoforms of pheophytinase (PPH), that catalyze
the conversion of pheophytin to pheophorbide a and showed an overexpression at
25-28 hpi, included in the magenta-pink (previous-later) modules of WGCNA (Sup-
plementary Figure 37C).

4.2.10 Photosynthesis and antenna proteins

Despite the decrease on photosynthetic activity during the artificial chromo-
plastogenesis process, that ended up with no activity at all by the end of it, some
terms related to photosynthesis were associated to induced genes in previous anal-
ysis. Genes encoding proteins from the antenna complex were identified, and they
showed a co-expression pattern, included in turquoise and blue modules in the first
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Figure 4.18: Cpn10, Hsp90, Hsp100 and Hsp20 gene expression in the time course. FC val-
ues of (p)crtB vs. GFP comparison in each comparison (time points and alternative groups
based on PCA plot) of genes related to Cpn10 (A), and Hsp90 (B), Hsp100 (C) and Hsp20
(D) chaperone families. Asterisks indicate a gene was significantly expressed in that spe-
cific comparison. Rows are labelled indicating if a gene was included in a module from the
first WGCNA analysis, where all expressed genes were included (WGCNA 1), in a mod-
ule from the second WGCNA analysis, where only DEGs were included (WGCNA 2), and
the predicted subcellular location, according to TargetP 2.0 software (Prediction). Labels are
showed in Figure 4.13.

WGCNA approach (Supplementary Figure 38). Many of them showed a significant
up-regulation at the 40-46 hpi, that disappeared at the 56 hpi (Supplementary Fig-
ure 38). Photosynthesis-related candidate genes were also identified and showed
the same profile, most of them included in the blue module of the first WGCNA
approach (Supplementary Figure 39). However, a portion of these genes were also
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significantly up-regulated still at the 56 hpi.

4.2.11 Calvin-Benson cycle and primary metabolism

The huge network of genes involved in primary metabolism and the Calvin-
Benson cycle was estimated by looking for the candidates homologous in
N.benthamiana in order to see specific profiles of expression associated to the pre-
vious information analyzed. Initially, not all genes were identified for their specific
function, due to the massive amount. Once the expression values in the time course
were assigned to each candidate, they were clustered according to that (Supplemen-
tary Figure 40, Supplementary Figure 41). In heatmaps were observed clusters of
genes with a plastid signal peptide showing the same pattern of expression as the
photosynthetic and antenna complex genes, assigned to the blue and turquoise mod-
ules of the first WGCNA approach and to any or green modules of the DESeq2 ap-
proach, exhibiting a general significant up-regulation throughout the time course,
except for the last time-point. Most of these genes encode members of the Calvin
cycle (e.g., subunits of Rubisco, transketolases or aldolases) or other genes related to
trioses and pentoses phosphate like glyceraldehyde dehydrogenase or chloroplas-
tidial malic enzyme. Other clusters showed a profile similar to the MVA pathway,
with genes included in modules from the Group 8 of the DESeq2 approach (blue,
brown and turquoise), exhibiting an early down-regulation from the 22 to the 28
hpi, that was diluted after that and many of them being up-regulated by the last
time-point at 56 hpi (Supplementary Figure 40, Supplementary Figure 41). Most of
the enzymes encoded by these genes were predicted to be cytosolic or mitochondrial
and were identified to play a core role in metabolism. In general, these data show
a scenario marked by a general transcriptional shut down of primary metabolism
at the very beginning of the time course, including glycolysis and tricarboxylic acid
(TCA) cycle (Figure 5.1). Finally, the other cluster interesting for our purpose was
one that showed an up-regulation at 25-28 hpi time-points and some of their genes
were included in the magenta module of the first WGCNA approach, like MEP path-
way or JA related genes (Supplementary Figure 41). Some of these genes encode
enzymes involved in the biosynthesis of serine and tetrahydropholate (THF) related
reactions, that participate in the metabolism of amino acids and nucleotides. Also re-
actions related to transport of metabolites through compartments like 2-oxoglutarate
to glutamate, pyruvate to malate or the biosynthesis of citrate were represented (Fig-
ure 5.1).

4.2.12 Hormones

Biosynthetic genes from different families of hormones were identified in or-
der to study their possible association to chromoplast differentiation. Most of the
genes involved in the synthesis of abscisic acid (ABA), auxins, brassinosteroids and
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cytokinins showed low levels of expression, but some of those that were more ex-
pressed showed an up-regulation at the 25-28 hpi, despite only few were included
in the magenta-pink modules (previous-later analysis of the WGCNA) (Supplemen-
tary Figure 29A-B, Supplementary Figure 30A-B). The genes related to the synthe-
sis of strigolactones, did not appear to be affected, since most of them were very
lowly expressed and the others showed a disperse pattern of expression (Supple-
mentary Figure 30C). Genes encoding the first to enzymes of the GGPP-dependent
gibberellin pathway, CPS and KS, were down-regulated from 25 hpi (Supplementary
Figure 31A), whereas those encoding enzymes that produce active gibberellins from
inactive intermediates (GA20ox and GA3ox) were included in the Group 8 (subsec-
tion 4.1.6). Similarly, genes encoding some isoforms of the pathways producing sali-
cylic acid and ethylene were included in the Group 8 (Supplementary Figure 31B-C).

Figure 4.19: Jasmonic acid related gene expression in the time course. FC values of (p)crtB
vs. GFP comparison in each comparison (time points and alternative groups based on PCA
plot) of genes related to jasmonate biosynthesis (A), JAZs (B) and jasmonate response (C).
Asterisks indicate a gene was significantly expressed in that specific comparison. Rows
are labelled indicating if a gene was included in a module from the first WGCNA analy-
sis, where all expressed genes were included (WGCNA 1), in a module from the second
WGCNA analysis, where only DEGs were included (WGCNA 2), and the predicted sub-
cellular location, according to TargetP 2.0 software (Prediction). Labels are showed in Fig-
ure 4.13.

Jasmonic acid (JA) was the hormone that showed the most consistently affected
profile in the expression of its biosynthetic genes. Many of them were highly up-
regulated and associated to magenta-pink modules (previous-later approaches of
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WGCNA), with a peak of expression during event (ii) at 25-28 hpi (Figure 4.19A).
Genes encoding JAR1 isoforms, that catalyze the synthesis of the only known JA
derivative needed for JA signaling, JA-isoleucine (JA-Ile), were however not af-
fected. The expression of JAZ proteins (also named Tify), transcription factors in-
volved in the repression of the JA response, showed a very similar profile, with a
high up-regulation and included in the same modules (Figure 4.19B). The SCF com-
plex, comprised by COI1, CUL1, SPK and RBX, involved in the degradation of JAZ
proteins, did not show any change in the expression of their genes (Figure 4.19C).
By contrast, some MYB2 related genes showed a particular overexpression at 25-28
hpi (Figure 4.19C). Other genes involved in the response to JA did not show very
remarkable changes on their expression, with the exception of some genes encoding
ATAF, that included the NAC domain and showed a down-regulation at the first
time-points (Figure 4.19C).

4.3 Hormone quantification

Due to the affections observed in genes encoding biosynthetic enzymes from
some hormone families (e.g., gibberellins and jasmonates), a new time course exper-
iment was performed following the same procedure as before, i.e., infiltrating GFP
and (p)crtB constructs in the same leaf of N. benthamiana and collecting samples at
25, 35, 45 and 96 hpi. Collected samples were then used to extract and quantify
representative hormones, including auxin (indole-3-acetic acid [IAA]), gibberellins
(gibberellin A1 [GA1] and GA4), cytokinins (isopentenyl-adenine [iP], trans-zeatin
[tZ] and dihydrozeatin [DHZ]), jasmonic acid (JA), abscisic acid (ABA) and sali-
cylic acid (SA). Hormones directly derived from MEP pathway products, such as
DMAPP-derived citokinins (iP, tZ) and GGPP-derived gibberellins (GA1 and GA4)
already showed lower levels in (p)crtB samples compared to GFP in the first time
point (Figure 4.20). However, iP stayed at low levels in (p)crtB samples in the fol-
lowing time points, while the others recovered. Actually, gibberellins increased at
later time-points (45 hpi) and GA4 showed over 2-fold increase levels in (p)crtB at
the end of the time course (Figure 4.20). IAA, SA, ABA and JA showed an increase
profile throughout the time course, but it was only significant in the case of JA, that
showed a ca. 4-fold increase in (p)crtB at 96 hpi (Figure 4.20).
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Figure 4.20: Hormone quantification. (A) Levels of nine different hormones from six differ-
ent families in GFP (green) and (p)crtB (orange) samples during a time course. (B) Relative
levels of same values in (p)crtB/GFP ratio per biological replicate. Auxins: IAA (indole-
3-acetic acid); gibberellins: GA1 (gibberellin A1) and GA4; cytokinins: iP (isopentenyl-
adenine), tZ (trans-zeatin) and DHZ (dihydrozeatin); JA (jasmonic acid); ABA (abscisic acid);
SA (salicylic acid).

66



Discussion

5.1 crtB triggers chromoplast differentiation in leaves

Leaves are ubiquitous organs in the plant kingdom. Despite their diversity in
shapes, sizes and number (from the pointed needles in pine trees to the huge buoy-
ant leaves of Victoria amazonica), most of them share a common function: photosyn-
thesis (Nikolov et al., 2019). This feature is easily recognized from their green color,
caused by the abundance of chlorophylls in the thylakoids, that are in charge of light
harvesting. In leaves, plastid transitions are only observed when chloroplasts are
made (from proplastids during leaf development or etioplasts during de-etiolation)
or destroyed (during senescence, when chloroplasts transition to gerontoplasts).
Hardly ever chloroplasts modify their identity in healthy mature leaves (Dhami and
Cazzonelli, 2020; Sun et al., 2017; Torres-Montilla and Rodriguez-Concepcion, 2021).
The differentiation of chromoplasts in leaves of N. benthamiana from pre-existing
chloroplasts described in this thesis work hence represents a novel and innovative
system.

In general, carotenoid content is not altered in chloroplasts, probably to keep
a proper balance with chlorophylls for effective light harvesting and protection
against oxidative stress (Ruiz-Sola and Rodríguez-Concepción, 2012). The intro-
duction of crtB, an external phytoene synthase that produced phytoene in massive
amounts, was found to force the accumulation of this metabolite and feed the en-
dogenous carotenoid pathway. Phytoene is reported to be hardly present under
normal conditions in mature leaves. As the first committed intermediate of the
pathway, it acts as a bottleneck regulating the flux, and it is consumed as soon as
it is produced (Ruiz-Sola and Rodríguez-Concepción, 2012; Rodriguez-Concepcion
et al., 2018). PSY overexpression was reported to show no phenotype in Arabidopsis
leaves (Zhou et al., 2015), while it caused dwarfism in tomato plants caused by a
reduction in gibberellins due to the redirection of metabolites (Fray et al., 1995). The
transient expression of Arabidopsis PSY and tomato PSY2 in leaves of N. benthamiana
did not show any phenotype either, and only caused a minor phytoene accumulation
(Llorente et al., 2020) (Figure 3.2). Only in systems that are not specialized in pho-
tosynthetic activity (e.g., fruits, roots or callus), PSY overexpression was reported
to trigger an increase in carotenoid content that could eventually lead to chromo-
plast differentiation (Fraser et al., 2007; Schaub et al., 2018; Maass et al., 2009). These
results suggest that plant PSY enzymes might have a very strict regulatory system
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that controls their activity, both transcriptionally and post-transcriptionally, adjust-
ing the production of phytoene in a very strict manner. As a candidate, it has been
already described an E3 ubiquitin ligase in tomato named Plastid Protein Sensing
RING E3 ligase 1 (PPSR1) that regulates carotenoid biosynthesis by mediating the
degradation of PSY1 by ubiquitination (Wang et al., 2020). This putative regulatory
system would act only in mature chloroplasts of photosynthetic tissues, attenuat-
ing its control in conditions where plastids need to transit from one type to another,
like de-etiolation, fruit ripening or petal formation. Additionally, the Orange protein
(OR) is an important post-transcriptional regulator of PSY (Li et al., 2001; Lu et al.,
2006; Sun et al., 2020). OR is a chaperone that has been reported to prevent PSY mis-
folding and degradation, hence ensuring its proper activity and stability (Park et al.,
2016; Welsch et al., 2018; Zhou et al., 2015). While OR is the only protein proposed to
directly promote chromoplast differentiation, it is not essential for chromoplast dif-
ferentiation in N. benthamiana leaves, since crtB-mediated chromoplastogenesis was
also reported in Arabidopsis ator atorl defective double mutants completely devoid
of OR activity (Llorente et al., 2020). Furthermore, expression of genes for OR ho-
mologs was not found to change during chloroplast-to-chromoplast transition in N.
benthamiana (Supplementary Figure 32). These results suggest that the role of OR
might be mostly related to PSY protection against the regulatory system that im-
pedes its activity, but it is not require for chromoplastogenesis per se when another
enzyme produces enough phytoene (e.g., crtB).

Sequence differences between plant PSY and bacterial crtB (Supplementary Fig-
ure 42) might allow the bacterial enzyme to escape from the plant regulatory system
even in photosynthetic leaves (Kato et al., 2016; Misawa et al., 1990). There have
been previous approaches using crtB as a strategy for carotenoid biofortification in
different plant tissues, but the dramatic effect that we observed upon its constitu-
tive expression in leaves was never reported. Bacterial genes (e.g., crtE, crtB or crtI)
have been widely used in multiple organisms (including plants) for production of
carotenoids (Aluru et al., 2008; Diretto et al., 2007; Ravanello et al., 2003). It was spec-
ulated that these bacterial enzymes might physically interact to form a metabolon
when they act together in plant cells, channeling the universal isoprenoid precursors
(IPP and DMAPP) to the synthesis of carotenoids (Nogueira et al., 2013; Andersen et
al., 2021). When crtB was also expressed with a fruit specific promoter and fused to
the plastid transit peptide from SlPSY1 in tomato, increased levels of carotenoids
were observed without changes in the expression of the endogenous carotenoid
biosynthetic genes or other related isoprenoids (Fraser et al., 2002). This strategy
was also used in combination with crtE and crtI expression, observing perturbations
in the expression of the carotenoid pathway genes, phytoene accumulation in plas-
toglobules, and changes in membrane components (Nogueira et al., 2013). Under a
fruit specific promoter, crtB only induces remarkable changes in non-photosynthetic
tissues, in like manner than PSY overexpression (Fraser et al., 2007; Lätari et al.,
2015; Maass et al., 2009). Using the 35S constitutive promoter for crtB expression
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and pea rbcS transit peptide to target the enzyme to plastids, a notable increase in
carotenoids levels, mostly sequestered in crystal forms, and lycopene accumulation
(absent in wild-type lines) were reported in citrus calli (Cao et al., 2012).

The first time that we observed crtB to trigger unusual changes in plant leaves
was in a work in which crtB was expressed with the 35S promoter in plant leaf tis-
sue with no other transgenes (Majer et al., 2017). The purpose of that work was the
production of lycopene in the plant cell cytosol using the bacterial enzymes crtE,
crtB and crtI in their original form, i.e., without added plastid-targeting peptides.
The approach of expressing crtB alone was thought just as a control for the agroin-
filtration, but a strong yellow phenotype in crtB-producing leaf areas was surpris-
ingly found. The yellow phenotype is a consequence of the increase in the levels
of carotenoids, in particular lutein (yellow) and β-carotene (orange). Chlorophylls
were reported to decrease in viral infections (Majer et al., 2017), but transient ex-
pression of crtB by agroinfiltration did not show this effect (Llorente et al., 2020),
showing that chlorophyll levels are not directly impacted by crtB production (Fig-
ure 3.1). It was previously described that chlorophylls degradation is not required
for chromoplast differentiation during fruit ripening in tomato (Cheung et al., 1993).

Different hypotheses were thought to explain how crtB induces the yellow phe-
notype. (1) The first one was the possibility that phytoene was produced in the
cytosol, triggering some effect from there. This hypothesis was soon rejected since
crtB was only found to induce the yellow phenotype when localized to the plas-
tids (Llorente et al., 2020) (Figure 3.4). Although the exclusively (c)crtB version
was found to be active in the cytosol, the levels of accumulated phytoene when co-
expressed with crtE were not very high (Figure 3.3). These results could be a conse-
quence of the lower abundance of IPP and DMAPP derived from the MVA pathway
in the cytosol compared to the plastidial pool derived from the MEP pathway (Ruiz-
Sola and Rodríguez-Concepción, 2012). In support to this conclusion, when (c)crtB
works together with a truncated version of HMGR (the main regulatory enzyme of
the MVA pathway) and crtE (a bacterial GGPP synthase), it is able to accumulate
20-fold higher levels of phytoene in the cytosol compared to crtB in plastids without
major effects on endogenous downstream carotenoid contents or leaf color (Ander-
sen et al., 2021). (2) The second possibility was that phytoene accumulation inside
plastids could per se cause the observed effects. This possibility was also discarded
since norflurazon (NF), an inhibitor of phytoene desaturation, has been frequently
used in leaves causing phytoene accumulations but not downstream carotenoid ac-
cumulation or leaf yellowing (Andersen et al., 2021; Simkin et al., 2000; Simkin et
al., 2003). (3) The third hypothesis was the crtB-derived phytoene could feed the
endogenous carotenoid pathway. This theory was supported by the obervation that
NF prevents the crtB phenotype to develop (Llorente et al., 2020). (4) The last hy-
pothesis is related to the consumption of the plastidial pool of GGPP, derived from
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the MEP pathway. Besides carotenoids, this pool is used for the biosynthesis of dif-
ferent metabolites like gibberellins, tocopherols, plastoquinone, phylloquinones or
chlorophylls (Figure 1.1) (Ruiz-Sola and Rodríguez-Concepción, 2012).

The confirmation that chloroplasts differentiate into chromoplasts upon the
expression of crtB in leaves was made attending to the results from different ap-
proaches, including electron microscopy (TEM), chlorophyll fluorescence (PAM),
Western-blot and RNA-seq. The definition of a chromoplast is ambiguous, en-
globing any plastid with no photosynthetic activity, synthesizing and accumulating
carotenoids and showing a disorganized morphology without functional thylakoids
(Li et al., 2016; Sun et al., 2017; Torres-Montilla and Rodriguez-Concepcion, 2021).
The plastid ultrastructure observed in crtB agroinfiltrated leaves did not correspond
to the natural chromoplasts observed in leaves of Buxus sempervirens, since these last
ones showed a massive proliferation of huge electrodense plastoglobules spread in-
side the plastids (Koiwa et al., 1986). The reversible differentiation of chloroplasts
to chromoplasts in textitB. sempervirens was described as a response to light stress,
accumulating these plastids in cell layers just below the epidermis (Hormaetxe et al.,
2005). By contrast, the artificial chromoplast found in crtB-producing leaves never
reverted to chloroplasts (Llorente et al., 2020), suggesting that the mechanism con-
trolling this two different situations might not be the same. In any case, our results
suggest a general mechanism for chromoplast differentiation that might be applied
to all plant systems (Llorente et al., 2020). We propose that the process can be di-
vided in two phases. In the first one (phase I), chloroplasts must become competent
(i.e., preconditioned) by lowering their photosynthetic capacity, hence weakening
their chloroplast identity. In a second stage (phase II), an increased production of
carotenoids is necessary and sufficient to complete the differentiation process.

5.2 Heterogeneity of chloroplast-to-chromoplast systems

While the proposed two-phase mechanism to transform chloroplasts into chro-
moplasts is likely general among plants, our work also reveals that the molecular
pathways involved in each step of the process can vary widely among plant species
and organs. The RNA-seq analyses performed during this thesis illustrate a learn-
ing path in bioinformatics, starting from simple and assisted approaches focused on
obtaining DEGs lists and the GO terms representing them, to the application of clus-
tering methods and phylogenetic analysis to extract more resolutive information. In
the last decades, transcriptomics have evolved from the initial Sanger methods to the
next generation sequencing (NGS) that improved the price and speed of the analy-
sis, arriving to the current third generation sequencing, that are capable to obtain a
higher quality by obtaining much longer reads (Dijk et al., 2018). The two RNA-seq
experiments analyzed in this thesis were made using Illumina sequencing (NGS) by
two different services. Despite the differences in the sequence procedure, the results
should be similar from the technical point of view, since they were relativized to the
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control (GFP) samples, agroinfiltrated in the same leaf used for the (p)crtB treatment.
A proof of concept performed with the data from two tomato fruit ripening RNA-
seq experiments performed in different labs showed that the enriched GO terms
were quite homogenous among them (Figure 4.8). By contrast, tomato fruit ripening
systems did not share many similarities compared to pepper fruit ripening. Despite
both species belong to the Solanaceae family and show differentiation from chloro-
plasts to chromoplasts during their ripening, tomato is climacteric while pepper is
nonclimacteric (Paran and Van Der Knaap, 2007), although it has been also reported
an induction of ethylene biosynthesis genes in pepper (Osorio et al., 2012). Both
tomato and pepper ripening share the up-regulation of carotenoid biosynthesis and
cell wall disassembly, so both species may conserve ethylene signaling components
but differ in hormonal regulation (Osorio et al., 2012). But also many other differ-
ences have been reported between both systems, such as sugar metabolism, amino
acid content, polyphenols, and redox metabolism (Calumpang et al., 2020; Osorio et
al., 2012; Rödiger et al., 2020). Since two apparently similar processes including the
ripening-dependent chloroplast to chromoplast differentiation disguise many differ-
ences, it should not be surprising the relatively small amount of shared GO terms
between natural (tomato, pepper) and artificial (N. benthamiana) chromoplast differ-
entiation systems (Figure 4.8). Interestingly, the overexpression of ORHis in tomato,
that accelerates the differentiation of chloroplasts into chromoplasts, showed more
similarities with N. benthamiana than with tomato fruit ripening. The fact that the
process of senescence in leaves of Arabidopsis was the most different system also
emphasizes the importance of those GO terms that were shared by most of the sets
in the chromoplastogenic systems. In summary, chloroplast-to-chromolast differ-
entiation seems to be a very heterogenous process that differs depending on the
system where it occurs. The most conserved terms in all studied chromoplastogen-
esis systems in this study were protein refolding, isoprenoid biosynthesis and cho-
rismate biosynthesis (end product of the shikimate pathway and precursor for the
phenylalanine, tryptophan, tyrosine, p-aminobenzoic acid, plastoquinone and other
quinones, and salicylic acid) (Buchanan et al., 2015) among induced processes (Sup-
plementary Figure 8), and anthocyanin biosynthesis, transmembrane transport, and
regulation of transcription as repressed (Supplementary Figure 9).

5.3 Description of the chloroplast-to-chromoplast transition
in leaves of N. benthamiana

Chromoplast differentiation in leaves of N. benthamiana has been eventually
characterized in this thesis work from the point of view of the different families
of genes that were identified. All the information obtained from the different anal-
yses applied to the data were summarized in a heatmap for each family, plotting
the fold-change (FC) values for each comparison and indicating if the gene was
differentially expressed according to DESeq2 analysis (Love et al., 2014). Also, the
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modules to which each gene was clustered were included, attending to two differ-
ent approaches for WGCNA analysis, using all expressed genes and just including
those that were differentially expressed according to construct and time variables.
WGCNA has been recently used for many transcriptomic analysis, especially when
several samples are analyzed and they are affected by different conditions, such as
genotypes, time-points or treatments (Liu et al., 2021; Loudya et al., 2021; Shinozaki
et al., 2018). FC based analyses just give a view of the comparison of two conditions,
while WGCNA allows to understand how was the pattern of expression of a gene
in the full experiment, and which other genes were co-expressed (Langfelder and
Horvath, 2008).

Despite the increase in different carotenoids downstream of crtB-produced phy-
toene, notably lutein or β-carotene (Figure 4.1), the expression of the biosynthetic
genes hardly changed during the time course (Figure 4.13). This suggests that the
capacity of the endogenous biosynthetic enzymes was not saturated, since they
were able to synthesize more product when provided with an enhanced supply
of substrate without requiring an overexpression. On the other hand, many of the
carotenogenic genes showed a slight but statistically significant up-regulated expres-
sion in (p)crtB samples compared to the GFP controls at 96 hpi. Summarizing, the
transition from chloroplasts to chromoplasts in leaves caused by the overproduction
of phytoene involves an increased production of downstream carotenoids that, ini-
tially, does not require an up-regulated expression of endogenous carotenoid biosyn-
thetic genes. However, once the chromoplasts have already being established, these
genes increase their expression, hence contributing to an increased metabolic flux
through the carotenoid pathway. Despite the stagnation of carotenogenic genes in
the initial steps of the chloroplast-to-chromoplast transition, there was an upstream
response from both MVA and MEP pathway for the synthesis of IPP and DMAPP.
The response, however, was different in each compartment, probably related to the
primary metabolic precursors of each pathway. The MVA pathway and primary
metabolism suffered a very early response, downregulating most of the steps from
glycolysis to the TCA cycle. By contrast, genes involved in photosynthesis, pho-
torespiration and Calvin cycle were not affected at this early point in which photo-
synthesis was not affected yet. This means that gene expression was responding to
the initial production of phytoene or the presence of crtB protein itself (there were al-
ready high levels of crtB transcript, so crtB protein was probably already produced)
or to something else not measured. Our main hypothesis is that the consumption of
GGPP by crtB in the plastid somehow results in a downregulation of cytosolic path-
ways consuming pyruvate, one of the precursors of the MEP pathway (Figure 5.1).
The rapid crtB-dependent decrease in MEP pathway products is supposed by the
low levels of MEP-derived cytokinins (Kasahara et al., 2004; Sakakibara, 2006) and
gibberellins (Hedden, 2020) hormones at 25 hpi also showed decrease levels at 25
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hpi (Figure 4.20). The presumed retrograde pathway connecting an increased con-
sumption of GGPP in plastids with changes in nuclear gene expression remains un-
known. Leaves are the main photosynthetic machinery, representing the supply of
energy and carbon for the plant (Nikolov et al., 2019; Paul and Pellny, 2003). There-
fore, turning off the primary metabolism out of plastids might be a stress response
to an unexpected deprivation of precursors in plastids in a theoretical source tissue.

Figure 5.1: Metabolism diagram. Diagram showing representative reactions of metabolism
in chloroplast, cytoplasm and mitochondria at three different events of the time course:
Beginning or event (i) (22 hpi), early or event (ii) (25-28 hpi) and late of event (iv) (46-56
hpi). Green arrows represent down-regulated reactions, and orange arrows represent up-
regulated reactions. Green GGPP represents its consumption, while orange phytoene and
carotenoids represents their over-production and accumulation.

After the first changes in gene expression characterized by down-regulation,
there was a new episode represented by genes included in the magenta-pink mod-
ules (first and second approaches of the WGCNA, respectively), showing an up-
regulation at 25-28 hpi and probably responding to the onset of phytoene accumu-
lation. Among other processes, genes from the MEP pathway, primary metabolism
and jasmonic acid (JA) biosynthesis and signal transduction were particularly rep-
resented in this list (Figure 4.14, Figure 4.19,Figure 5.1). Genes encoding isoforms of
DXS, HDS and HDR were responding from the MEP pathway, probably to activate
the flux towards IPP and DMAPP synthesis. The induction of the MEP pathway ex-
pression was observed in other plastid transitions involving an activated production
of cartotenoids like chloroplast to chromoplast in fruit ripening or etioplast to chloro-
plast in de-etiolation (Chenge-Espinosa et al., 2018; Lois et al., 2000; Rodríguez-
Villalón et al., 2009; Shinozaki et al., 2018). The sequential response of MVA pathway
before and MEP pathway after was also observed during de-etiolation in rice (Xin et
al., 2021). Also genes involved in primary metabolism were included in this induc-
tion, most of them related to amino acid biosynthesis and the synthesis of molecules
involved in transport of carbon between cellular compartments, like 2-oxoglutarate,
malate, trioses phosphate, phosphoenolpyruvate, citrate, glutamate and aspartate
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(Buchanan et al., 2015). All these metabolites were found to be accumulated in
crtB agroinfiltrated leaves at 96 hpi (Llorente et al., 2020), and some of them were
also reported to accumulate during tomato fruit ripening (Carrari and Fernie, 2006;
Quinet et al., 2019). Actually, citrate and malate were reported to be the two main
organic acids accumulated in both tomato and pepper ripe fruits and they were the
only two intermediaries of the TCA cycle that showed increased levels at 96 hpi, so
they emerge as important organic acids in chromoplast development (Llorente et al.,
2020; Osorio et al., 2012).

On the other hand, the JA response was very intense, englobing biosynthetic
genes and JAZ genes (Figure 4.19). JAZ proteins repress JA responses by blocking
MYB2, the main activator of JA-responsive genes (Huang et al., 2017; Wasternack
and Song, 2017). JA-Ile, an isoleucine conjugated of JA, mediates JAZs degrada-
tion by the SCF complex, leaving MYB2 free of the inhibition, which activates JA-
responsive genes (Figure 5.2). However, JAR1 homolog genes putatively encoding
the enzyme that produces Ile-JA in the last step of the biosynthetic pathway (Waster-
nack and Hause, 2013; Wasternack and Song, 2017) were hardly induced during
the artificial chromoplastogenesis in N. benthamiana.The JMT gene, involved in the
synthesis of the methyl ester of jasmonates (MeJA), by contrast, was strongly in-
duced (Ruan et al., 2019). In a time course performed in Arabidopsis where MeJA
was applied to the leaves, there was no induction of MEP pathway genes at any
time point (data obtained from Hickman et al., 2017), so both responses might be re-
acting to the same stimulus, not one to the other. While the MEP pathway is fed by
the plastidial pool of pyruvate and glyceraldehyde 3-phosphate, JA is synthesized
from α-linolenic acid derived from the plastidial shikimate pathway (Rodriguez-
Concepcion et al., 2018; Ruiz-Sola and Rodríguez-Concepción, 2012; Wasternack and
Hause, 2013; Wasternack and Hause, 2019). Although the induction of expression of
JA-related genes started at 25 hpi, some of them stayed induced until the end of the
time course. Actually, the levels of JA were especially elevated in (p)crtB samples
at 45 and 96 hpi, despite there were no induced genes at 96 hpi. The most promi-
nent action of JAs is response to stress, but they are also involved in many processes
like seed germination, growth, stamen development, and senescence (Wasternack
and Song, 2017). Regarding leaf development, JAs repress leaf expansion and plant
growth (Yang et al., 2012; Zhang and Turner, 2008). However, most of the action
of JAs require their interaction with COI and the SFC complex to degrade JAZs, in
order to stop their inhibition of the response (Huang et al., 2017; Wasternack and
Song, 2017). Most JAZ-encoding genes were also up-regulated during event (ii),
i.e., at 25 and 28 hpi, and also at event (iv), from 40-46 hpi, suggesting that they
might respond to drops in photosynthetic activity (Figure 4.19). A lower photosyn-
thetic performance under the same light coditions usually leads to oxidative stress,
a condition that might be linked to the production of JA, while JAZ proteins might
be degraded at protein level and the induction of the expression be a response to
that degradation. JAs compete with gibberellins, inhibiting many processes that the
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other promote and vice versa (Huang et al., 2017). Therefore, the induction of JAs
could also be a response to the early decrease in gibberellin content as their antago-
nist.

Figure 5.2: JA signaling model. Simplified model of JA-Ile perception and signaling via the
SCFCOI1–JAZ co-receptor complex. JAZs repress positive regulators of JA signaling MYC2
together with NINJA and TOPLESS (TPL). When Jasmonate biosynthesis is induced and JA-
Ile is produced, it enters into nucleus and recruit JAZs to the SCF-complex, which ubiquiti-
nates JAZs, tagging them for their degradation throught the 26S proteasome. COI1, ASK2,
CULLIN1, Rbx, and E2 are components of the SCFCOI1 complex. Ub, ubiquitin. [Modified
from Wasternack and Song, 2017].

The induction episode at 25-28 hpi was concomitant to the first affections in
photosynthetic activity, which was reduced in crtB samples. Nevertheless, genes en-
coding for photosynthesis or light complexes did not show any repression; on the
contrary, their expression was induced until 46 hpi (Supplementary Figure 38, Sup-
plementary Figure 39). This is consistent with the idea that plastids were loosing
their identity as chloroplasts, but the cell tried to avoid it by inducing the expres-
sion of the photosynthesis-related genes. The second phase of photosynthesis drop
was at 46 hpi, and the φPSII values were already 0 at 56 hpi. At this point, the in-
duction of photosynthesis-related genes stopped, assuming the impossibility to re-
turn to the previous “normality” as a chloroplast. That corresponded to the second
peak of changes in gene expression at event (iv). Most of the photosynthesis-related
and light complexes-related genes were assigned to blue and turquoise models of
the first WGCNA analysis (Supplementary Figure 38, Supplementary Figure 39).
Most of chlorophyll biosynthesis genes, MVA pathway genes, Calvin-Benson genes
and many genes encoding primary metabolism enzymes were also included in these
modules (Figure 4.14B, Supplementary Figure 37A, Supplementary Figure 40, Sup-
plementary Figure 41). The general profile of these genes was down-regulation in
events (i) and (ii) for the genes encoding proteins with non-plastidial prediction,
turning to an up-regulation at event (iv), while those encoding plastidial predicted
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proteins showed an up-regulation at 40-46 hpi. These dynamics of gene expression
illustrate a coordinate process in a compartment-dependent manner.

Chaperones showed a particular pattern of expression during the chromo-
plast transition in N. benthamiana. In particular, genes encoding heat-shock pro-
teins (Hsp20s, Hsp70s, Hsp90s and Hsp100s) and small chaperonins (Chap20s and
Chap60s) were in general down-regulated in all time-points of the time course (from
22 to 56 hpi), but then they showed a remarkable up-regulation at 96 hpi (Figure 4.18,
Supplementary Figure 36). Chaperones participate in signaling and developmental
processes (Jacob et al., 2017; Xu et al., 2012). A complex formed by the Hsp90 co-
chaperon SGT1b, Hsp70 and Hsp90 was reported to be involved in JA signaling by
stabilizing COI1 (Zhang et al., 2015). The two SGT1b homologs in N. benthamiana
showed a downregulation at the beginning of the time course and most of the genes
encoding Hsp70s and Hsp90s were constantly downregulated, while none of the
three COI isogenes showed any perturbance in their expression, compared to GFP
samples (Figure 4.19C). Hsp70s and Hsp100s are involved in protein folding and
degradation of enzymes from major metabolic pathways, including MEP pathway
and carotenoids (Llamas et al., 2017; Pulido et al., 2016; Rodriguez-Concepcion et al.,
2019). While plastidial Hsp100 chaperones of the ClpC and ClpD type unfold protein
for delivery to the Clp protease complex, which mediates the degradation of DXS
and PSY, ClpB-type Hsp100 can refold them back to their active form. Most of these
plastidial chaperones and their adaptors are induced during tomato fruit ripening,
while a reduced activity of the Clp protease complex actually impairs chromoplast
differentiation (D’Andrea et al., 2018; D’Andrea and Rodriguez-Concepcion, 2019;
Sato et al., 2012; Shinozaki et al., 2018). However, most of the N. benthamiana ho-
mologs decrease rather than increase during the time course. Strikingly, experiments
of pathogen infection in tomato leaves showed that different chaperones are down-
regulated in infected samples compared with mock treatments (Genevestigator data
from Badet et al., 2017; Yang et al., 2015). Since the expression of chaperones was
affected from the first time-point of the time course, they might also be responding
to the presence of (p)crtB or the consumption of the plastidial pool of GGPP. As a
bacterial enzyme, crtB protein structure might be inducing a pathogen infection re-
sponse. This response, related to an unexpected stress in the plant, might cause the
reduction of the protein folding machinery that might be contributing to the loss
of the chloroplast identity and boosting the transition to chromoplasts. But when
the chromoplasts were already formed, this pattern is reversed and the expression
of chaperones is induced, probably to maintain proteostasis in a similar way of a
chromoplast from a tomato ripe fruit.

In summary, our transcriptomic analyses represent two different stages of the
process: the transition from a chloroplast to a chromoplast, and the establishment of
a chromoplast in a leaf. The first one is represented in Figure 5.3 and was character-
ized by an unexpected shock of an exogenous enzyme that consumed the plastidial
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Figure 5.3: Model of chloroplast-to-chromolast transition events in N. benthamiana.
Schematic representation of events during chloroplast-to-chromoplast transition in N. ben-
thamiana leaves. In orange are highlighted up-regulated events, while down-regulated are
highlighted in green.

pool of GGPP and produced phytoene, turning off primary metabolism in the cy-
tosol and the chaperone system immediately . Then, biosynthetic genes for MEP
pathway, JAs and specific primary metabolites (e.g., organic acids) induced their ex-
pression as phytoene was accumulated. That created a first affection to photosynthe-
sis, that nuclear expression tried to avoid by inducing photosynthesis-related genes.
That first shock was followed by a reduction of gene expression, but the transition
did not stop since crtB was still producing phytoene, so a second peak of expres-
sion was overlapped with the 2-fold increase of carotenoids and the total dissipation
of photosynthesis. This transition took part with no changes in the expression of
carotenoid biosynthetic genes and the constant repression of the chaperone system.
On the other hand, the expression profile of most of the genes was the complete
opposite once chromoplasts were already established.

5.4 Functional annotation of the N. benthamiana genome

The annotation of the genome of N. benthamiana in the course of this thesis al-
lowed us to describe the system with an unprecedent resolution. The previously
published genome was Niben.v1.0.1, which was publicly released in 2014 in the
Solgenomics webpage (Bombarely et al., 2012; Fernandez-Pozo et al., 2015). This ver-
sion was not included in most of the widely used bioinformatic tools like Mapman
(RRID:SCR_003543), KEGG or Panther (Kanehisa, 2019; Kanehisa and Goto, 2000;
Thomas et al., 2003), and most of their genes were not properly mapped or/and
annotated. The release of the new Niben.v2.6.1 assembly by Prof. Aureliano Bom-
barely allowed a higher coverage of the genome (61,411 sequences vs. 56,094 in the
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previous version), including 83 sequences from the plastome and assigning the nu-
clear sequences to each of the 19 chromosomes. While this new genome remains
unavailable for the general scientific community, we had access to it thanks to the
collaboration with Prof. Bombarely initiated by my 3-month research stay in his lab
at the University of Milan.

The lack of agreement for genome annotations have generated many issues that
hinder the scientific advance and progress. Since the first plant genome was se-
quenced in 2000, more than 300 plant species have been sequenced (Kersey, 2019;
The Arabidopsis Genome Initiative, 2000) and the aim is to increase these number to
reach the 10.000 plant species sequenced and even all eukaryotes in the next decade
(Lewin et al., 2018; Twyford, 2018). Many of these plants have been sequenced more
than once by different scientific teams, using different techniques and annotation
codes. Moreover, there are different online databases to compile assemblies and
annotations from different plants, some of them generalistic (e.g., NCBI, Ensembl
Plants or Phytozome) while others are restricted for subsets of plants species (e.g.,
The Arabidopsis Information Resource or Sol Genomics Network), each one using
their own annotations (Agarwala et al., 2018; Fernandez-Pozo et al., 2015; Goodstein
et al., 2012; Kersey et al., 2018; Lamesch et al., 2012). This diversity extremely ham-
pers the unification of all available data. Most of the published genome assemblies
have been more focused in gene discovery than gene functional annotation, which
requires an extra effort in curation (Kersey, 2019). One of the most widely used
tools for functional studies are Gene Ontologies (GO), that associate genes to pro-
cesses, functions and compartments in an universal language of terms (Carbon et al.,
2017). The ideal scenario would be that all genes were associated to GO terms, and
that most of these associations were validated by experimental evidence. For Ara-
bidopsis, the best known plant species, >94% of the protein-coding genes have been
associated to GO terms, and half of the total genes include validated annotations
(Kersey, 2019). In stack contrast, the majority of the sequenced plant species (includ-
ing N. benthamiana) show a much lower percentage of genes associated to GO terms
and include very limited -if any- experimental validation. The functional annotation
of the new N. benthamiana genome carried out in this thesis work facilitated access
to available tools for transcriptomic analyses, but GO term enrichment analysis in-
cludes many assumptions that made them useful for preliminary analysis only, not
for studies in detail. In order to obtain the most accurate information from specific
functional groups in the absence of any experimental data, phylogenetic analyses
using well annotated species are the most robust approach to identify the best can-
didate genes. To illustrate it with an example, the functional annotation based on
GO terms associated twelve N. benthamiana genes to the “Carotenoid Biosynthesis
Process” term (GO:0016117), while the following construction of the phylogeny of
the carotenoid biosynthetic pathway revealed that it actually contained forty differ-
ent genes. This fact illustrates the inconvenience of basing any analysis just in GO
enrichment, that would imply the loss of more than 2/3 of the information. For the
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last years, efforts have been done regarding the unification of data and the genera-
tion of tools that allow the easy and efficient curation of genes for different species.
The last frontier is the involvement of the scientific community and the aim to make
things better.
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Conclusions

1. The bacterial phytoene synthase crtB triggers chloroplast-to-chromoplast dif-
ferentiation in leaves of N. benthamiana, but only when it localizes in plastids,
producing phytoene from the pool of GGPP derived from the MEP pathway.

2. The chromoplastogenesis process is associated with carotenoid overaccumu-
lation and a yellow phenotype that varies depending on the age of agroinfil-
trated leaves and position of the agroinfiltrated area on the leaf.

3. Chromoplast differentiation is not a fixed developmental program per se but
a very heterogenous process in different plant systems, showing many differ-
ences and particularities at the gene expression level.

4. In N. benthamiana leaves, crtB-dependent artificial chromoplastogenesis shows
an early burst on gene expression linked to an initial drop in photosynthesis
followed by a lag period and a second peak of gene expression changes and
loss of photosynthetic activity.

5. The expression of genes encoding carotenogenic enzymes is not affected dur-
ing the chloroplast-to-chromoplast transition, but it is induced once chromo-
plasts are developed.

6. The consumption of GGPP by crtB at the beginning of the process is linked to
a decrease in MEP-derived gibberellins and cytokinins, and a down-regulation
of genes encoding enzymes of related cytosolic pathways.

7. Chaperone gene expression is globally down-regulated all over the
chloroplast-to-chromoplast transition.

8. The initial photosynthesis drop associated to the accumulation of phytoene
correlates with an induction of genes encoding MEP pathway enzymes and
genes involved in the production and signaling of jasmonates via JAZs. Jas-
monic acid accumulates later during chromoplastogenesis.

9. Many of the genes that are down-regulated during the initial stages are later
up-regulated during the second and last photosynthesis drop, suggesting an-
tagonistic responses. After this, many genes also show opposite expression
trends as chromoplast differentiation is completed.

10. The new Niben261 genome provides a manually curated annotation of over 50
gene families, available for the scientific community.
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Materials and methods

7.1 Plant Material and Growth Conditions

N. benthamiana wild type and RDR6i were grown under standard greenhouse
conditions (14 h light at 26 ± 1◦C and 10 h dark at 22 ± 1◦C, with 50-60% of relative
humidity). Arabidopsis lines used in this thesis were in the Columbia-0 (Col-0) back-
ground, grown under long day (LD) conditions (8 h in darkness and 16 h under flu-
orescent white light at a photosynthetic photon flux density (PPFD) of 60 molm-2s-1).
Arabidopsis seeds were sterilized immersing them in 1 mL 70% ethanol and shaking
for 5 minutes, then they were immersed in 1 mL 100% ethanol for 1 minute and
finally they were dried in a laminar flow hood cabinet. Seeds were sown on ster-
ile Murashige and Skood with 1% agar and no sucrose, adding the corresponding
antibiotic for the selection of transgenic lines and mutants. Sown plates were strat-
ified for 2 days at 4◦C in the dark before transferring them to LD grow chambers.
Different approaches were performed for the induction with 17β-estradiol (Sigma),
applying it at the growing medium plates, spraying plants of different growths, us-
ing a brush to apply it to the leaves and transferring plants to hydroponic mediums
of liquid Murashige and Skood with the 17β-estradiol, everything at different con-
centrations, from 5 to 100 ◦M. Heat-shock inductions were performed transferring
plants to 42◦C chambers for 1 h.

7.2 Transient expression assays

For transient expression, Agrobacterium tumefaciens strain GV3101 carrying vec-
tors of interest were grown at 28◦C shaking overnight, and optical density (OD)
was measured at 600 nm. Volume was adjusted for a final OD of 0.5, centrifuge 10
min at 4000 rpm and resuspended in 10 mL agroinfiltration solution (10 mM MES-
NaOH, 150μM acetosyringone and 10 mM MgCl2). The cultures were incubated
shaking 2h at 28◦C and infiltrated with 5 mL syringes. 3rd and 4th leaves were used,
infiltrating both hemispheres of the leaf at the proximal region (one construct per
hemisphere) in small wounds previously made with a needle. When N. benthamiana
wild-type plants were used, gene silencing was prevented co-agroinfiltrating with
a strain carrying the helper component protease (HC-pro) of the Watermelon mosaic
virus (WMV) cloned in vector pGWB702, kindly provided by Juan José Lopez Moya
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and Maria Luisa Domingo Calap. Material was collected at corresponding time cut-
ting the agroinfiltrated area with scissors and transferred it to 2 mL Eppendorf tube,
freezing it immediately in liquid nitrogen, followed by 24 h freeze-drying.

7.3 Gene Constructs

Table 7.1: DNA constructs

Constructa Vector namea Bacterial selection Marker for plant

eGFP pB7FWG2 Spc Km
crtB pDONR207 Genta -
(p)crtB pDONR207 Genta -
1S-crtB pDONR207 Genta -
crtB-Ctag pDONR207 Genta -
(p)crtB-Ctag pDONR207 Genta -
SlPSY2-Ctag pDONR207 Genta -
pHsp70 pDONR221-P1-P4 Km -
(p)crtB pDONR221 Km -
tNOS pDONR221-P3-P2 Km -
35S:crtB pGWB405 Spc Km
35S:(p)crtB pGWB405 Spc Km
35S:1S-crtB pGWB405 Spc Km
35S:(c)crtB pGWB506 Spc Hyg
35S:crtB pGWB605 Spc BASTA
35S:(p)crtB pGWB605 Spc BASTA
XVE:crtB pER8 Spc Hyg
pHsp70:crtB pGWB501 Spc Hyg
35S:AtPSY pGWB405 Spc Km
35S:SlPSY2 pGWB405 Spc Km

aIn orange are highlighted those constructs generated in this study. In black are
construct previously generated in the lab.

7.4 Gene Expression Analysis

Total RNA was extracted from grinded lyophilized tissue (∼4 mg) using the
Maxwell RSC Plant RNA Kit (Promega). RNA was quantified using a NanoDrop
(Thermo Scientific) and its integrity was analyzed running 2 μL in an agarose gel
electrophoresis. The cDNA synthesis was performed according to the recommen-
dations of the Transcriptor First Strand cDNA synthesis Kit (Roche) or NZY First-
Strand cDNA Synthesis Kit (NZYtech). RT-qPCR was done in a total reaction of 20
μL in 96 wells plates or 10 μL in 384 wells plates using LightCycler 480 SYBR Green
I Master (Roche) on a LightCycler 480 Real-Time PCR System (Roche). Relative ex-
pression of target genes was calculated using NbACT expression as reference.
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Table 7.2: cDNA synthesis

Reagent Volume (μl) Thermocycling conditions

Template RNA ( 1 μg) Up to 11 5 minutes 55◦C
Oligo dT 1
Nuclease-free water Up to 13

Buffer (1X) 4 30 minutes 4◦C
dNTPs (1 mM) 2 5 minutes 65◦C
RNase Inhibitor (4U/ μl) 0.5
RTase (10U) 0.5
Final volume 20

Table 7.3: qPCR mix reaction

Reagent Volume (μl) for 96 plates Volume (μl) for 384 plates

SYBR Green I Master Mix 10 5
Primer Fw (300 nM) 0.6 0.3
Primer Rv (300 nM) 0.6 0.3
Template cDNA (50 ng) 1 2
Nuclease-free water 7.8 2.4
Final volume 20 10

Table 7.4: qPCR program

Step Temperature Time Cycles

Taq activation 95◦C 10 minutes 45
Primer Fw (300 nM) 95◦C 10 seconds
Primer Rv (300 nM) 60◦C 30 seconds

Table 7.5: qPCR primers

Gene AGI Locus Primers used for qPCR (Fw/Rv) Reference

ACT Niben261Chr01g0820008.1 5’ TAAGGTTGTTGCACCACCAG 3’ This study
5’ ACATCTGCTGGAATGTGCTG 3’

Chap60B Niben261Chr03g1204001.1 5’ TCCCTGCGATTAAGGACAAG 3’ This study
5’ TTCCTGCATTTTGGGCTATC 3’

Hsp18 Niben261Chr12g0008007.1 5’ TGCTGCAGATTAGGGGAGAG 3’ This study
5’ GGCAACCTAAATCGCCTAAG 3’

Hsp3 Niben261Chr04g1789009.1 5’ CAGTGGGGAGAGAAGCAGAG 3’ This study
5’ TCTGGCAGCCTAAACCTTCTC 3’

7.5 Metabolite Analysis

Leaf carotenoids, tocopherols and chlorophylls were extracted as described by
Morelli, 2021: 4 mg of freeze-dried leaf tissue was used in 2 mL Eppendorf tubes,
adding 375 μL of methanol as extraction solvent and 25 μL of 10% (w/v) solution
of canthaxanthin in chloroform (Sigma) as internal standard. 10 seg shaking in vor-
tex were followed by lysing of the tissue with 4 mm glass beads for 1 min at 30 Hz
in a TissueLyser II (QIAGEN), the addition of 400 μL of Tris-NaCl pH 7.5, 1 min at
30 Hz in TissueLyser II, the addition of 800 μL of chloroform and another final 1
min at 30 Hz in TissueLyser II. Samples were centrifuged 5 min at 13,000 rpm in cold
(4μC). The lower organic phase was transferred in a new 1.5 mL Eppendorf tube and
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evaporated for 1 h in a SpeedVac system (Eppendorf Cooncentrator plus). 200 μL of
acetone were added for the solution of the dry metabolites, sonicating them for 15
seg seconds to collect all material from the walls of the tube, and finally the solution
was filtered with 0.2 μm filters into amber-colored 2 mL glass vials. A 10 μL 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 μm) 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 by 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, carotene, violaxanthin, neoxanthin, canthaxanthin) or 290 nm
(phytoene) were determined using the Agilent ChemStation software. A fluores-
cence detector at 330 nm was used for tocopherols identification. For quantification,
samples only containing canthaxanthin were ran at the begging and end of the ex-
periment, in order to calculate the average of material that was degraded during the
run. The peak of each metabolite was relativized to the peak of canthaxanthin of
each sample, the average canthaxanthin calculated for degradation, and the dried
weight of each sample, to obtain the final values in μg of metabolite per mg dry
weight of tissue.

For hormones extraction, 20 mg of grinded lyophilized agroinfiltrated leaves
of N. benthamiana were suspended in 80% methanol – 1% acetic acid, containing
internal standards and mixed by shaking during one hour at 4◦C. The extract was
kept at -20◦C overnight and then centrifuged, collecting the supernatant and drying
it in a vacuum evaporator. The dry residue was dissolved in 1% acetic acid and run
through an Oasis HLB (reverse phase) column, as described in ((Seo et al., 2011).

For gibberellins, auxins, abscisic acid, salicylic acid and jasmonic acid (JA) quan-
tification, the dried eluate was dissolved in 5% acetonitrile – 1% acetic acid, and
hormones were separated using an autosampler and a reverse phase UHPLC chro-
matography (2.6 μg Accucore RP-MS column, 100 mm length x 2.1 mm i.d.; Ther-
moFisher Scientific) with a 5 to 50% acetronitrile gradient containing 0.05% acetic
acid, at 400 μL/min over 21 min.

For cytokinins, the extracts were additionally passed through an Oasis MCX
(cationic exchange) and eluted with 60% methanol – 5% NH4OH to obtain the ba-
sic fraction containing cytokinins. The final eluate was dried and dissolved in 5%
acetonitrile – 1% acetic acid, to finally separate cytokinins with a 5 to 50% acetoni-
trile gradient over 10 min. The hormones were analyzed with a Q-Exactive mass
spectrometer (Orbitrap detector; ThermoFisher Scientific) by targeted Selected Ion

86



7.6. Protein Analysis

Monitoring (SIM). The concentrations of hormones in the extracts were determined
using embedded calibration curves and the Xcalibur 4.0 and TraceFinder 4.1 SP1
software. The internal standards for quantification of each of the different plant hor-
mones were the deuterium-labelled hormones, except for JA, for which dhJA was
used.

7.6 Protein Analysis

Total protein extracts were obtained from ∼5 mg of N. benthamiana grinded
lyophilized leaves. The tissue was resuspended in 2 mL Eppendorf tube in 300 μL
cold TKMES homogenization buffer (100 mM Tricine-potassium hydroxide pH 7.5,
10 mM KCl, 1 mM MgCl2, 1mM EDTA, and 10% [w/v] sucrose) supplemented with
0.2% (v/v) Triton X-100, 1 mM DTT, 100 μg/mL PMSF, 3 μg/mL E64, and 1X Sigma
plant protease inhibitor. The sample was vortexed for resuspension and homoge-
nization, and centrifuged at 12,000 rpm for 10 minutes at 4◦C. The supernatant was
transferred to a new Eppendorf tube, and another centrifuge was performed in the
same conditions. This process was repeated 3-4 times, until no pellet was observed,
collecting a final volume of ∼200 μL. Protein concentration was determined using
the kit Coomasie Plus (Bradford) Assay Kit (Thermo Scientific). Measurements were
performed in a total volume of 200 μL of Bradford with 2 μL of 1:4 dilution of protein
extract in a 96 well plate using the SpectraMax M3 multi-mode microplate reader
(Molecular Devices). A standard curve was performed using diluted albumin (BSA)
standards from the kit, as follows in the kit protocol. 4 technical replicates for each
measure were made. After quantification, loading buffer 4X was added (250 mM
Tris-HCl pH 6.8, 4% 2-mercaptoethanol, 8% [v/v] sodium dodecyl sulfate [SDS],
0.02% [w/v] bromophenol blue, and 40% [v/v] glycerol, in milli-Q) and the solu-
tion was boiled at 96◦C for 5 min. Samples were run at 120 V in 1.5 mm SDS-PAGE
gel (4% upper stacking gel solution: 4% [v/v] acrylamide, 25% [v/v] upper buffer
pH 6.8, 0.1% [v/v] TEMED, 0.05% [v/v] ammonium persulfate [APS]; 10% running
gel solution: 10% [v/v] acrylamide, 25% [v/v] lower buffer pH 8.8, 0.05% [v/v]
TEMED, 0.05% [v/v] ammonium persulfate [APS]). Proteins were electrotransferred
to hybond-P polyvinylidene difluoride membranes (Amersham) using a Trans-Blot
Turbo Transfer System (Bio-Rad) 12 min at 2.5 A constant and 25V. Membranes were
blocked for 1 h in 5% (w/v) powder milk in 1% (v/v) phosphate buffered saline
(PBS) + 0.5% (v/v) Tween 20, and then incubated overnight at 4◦C with the corre-
sponding primary antibody. Incubation with the horseradish peroxidase-conjugated
secondary antibody (1:10,000) was performed for 1 h at room temperature. Detection
of protein bands was performed using the WesternBright ECL Western blotting de-
tection kit (Advansta). Chemiluminescent signals were visualized using ChemiDoc
System (Bio-Rad).
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Table 7.6: Antibodies used

Antibody Dilution Origin Protein Supplier
concentration

ClpB3 1:2,000 Rabbit 30 μg Agrisera
AtpB 1:5,000 Rabbit 5 μg
PsbA 1:2,000 Rabbit 5 μg
PsaB 1:2,000 Rabbit 5 μg
Fibrillin 1:4,000 Rabbit 5 μg

7.7 Confocal Microscopy Analysis

GFP and chlorophyll fluorescence were determined with a Leica TCS SP5 confo-
cal microscope for subcellular localization, using an argon laser for excitation at 488
nm and 450-490 nm filter for detection of GFP fluorescence, and 610-700 nm filter for
detection of chlorophyll fluorescence.

7.8 Transmission Electron Microscopy

Agroinfiltrated regions of N. benthamiana leaves were cut in small rectangles
(∼0.5 x 0.2 mm) and fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 100
mM sodium cacodylate buffer pH 7.4. in vacuum for 4 hours. Samples were post-
fixated in 1% buffered OsO4 for 1 h, rinsed in water, dehydrated in a gradient of
acetone, and embedded in Spurr’s resin. After microtomy, ultrathin sections were
stained with 2% uranyl acetate for 30 min followed by 2.6% lead citrate for 10 min.
Samples were observed using a FEI Tecnai G2 F20 electron microscope operating at
200 keV and recorded using FEI Eagle 4 k x 4 k CCD camera.

7.9 Photosynthetic measurements

Chlorophyll fluorescence measurements were carried out as explained by
Morelli, 2021: using a MAXI-PAM fluorometer (Heinz Walz GmbH). N. benthamiana
leaves were placed under the camera and maximum quantum yield of PSII, Fv/Fm,
was calculated as (Fm - F0)/Fm, where Fm and F0 are respectively the maximum and
the minimun fluorescence of dark-adapted samples, after a pulse of actinic light. The
light intensity used for the measurements was 21 PAR for all leaf areas analyzed as
the last value able to generate a response in the (p)crtB-infiltrated areas before hav-
ing a null photosynthetic activity. Each value is the average result of three technical
replicates in the same leaf and three biological replicates from different plants. Ef-
fective quantum yield of photosystem II (PSII) under growth light, φPSII, was mea-
sured as ΔF/Fm’, where ΔF corresponds to Fm’ - F (the maximum minus the mini-
mum fluorescence of light-exposed plants), applying pulses of actinic light every 30
second until the values where stabilized, taking the last measure of the serie.
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7.10 RNA-seq Analysis

RNA was extracted as described for gene expression analysis. Quality was mea-
sured obtaining the RNA Integrity Number (RIN) with the Agilent 2100 Bioana-
lyzer System using the Plant RNA Nano program. Sequentia Biotech SL (Barcelona,
Spain) performed the 96 hpi analysis. Indexed libraries were prepared from 1 μg/ea
purified RNA with TruSeq Stranded mRNA Sample Prep Kit (Illumina), according
to the manufacturer’s intructions. Libraries were quantified using the TapeStation
4200 (Agilent Technologies) 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 (Illumina) in a 2x75 paired end format at a final concentration
of 1.8 pmol. The raw sequences files generated (.fastq files) underwent quality con-
trol 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 N. benthami-
ana v1.01 (Niben v101) reference genome (Bombarely et al., 2012). For time course
analysis, strand-specific RNA-seq library preparations were performed as described
in (Zhong et al., 2011) with 24 independently bar-coded samples multiplexed and
sequenced (75bp, single end) on one lane of the Illumina NextSeq 500/500 platform.

7.10.1 Trimming

To clean the data, fastq-mcf command was used to discarding sequences with
a quality lower than 30 and shorter than 50 bp. A fasta file containing Illumina
adapter sequences was used to identify them. Compressed fasta files were generated
as output with .fq.gz extension.

This is an example of the code used for the trimming:

Listing 7.1: Trimming

fas tq −mcf −q 30 − l 50 −o f i lename_q30_l50 . fq . gz
a d a p t e r f i l e . f a s t a f i lename . f a s t q . gz

7.10.2 Mapping

Trimmed sequences were mapped to the reference genome using STAR (Dobin
et al., 2013). First, the reference genome was indexed, and then each sequence was
mapped to it. Then, .fq.gz trimmed files were aligned to the reference genome using
the index, generating the corresponding BAM file.

This is an example of the code used to create the index of the genome and for
the mapping of trimmed sequences from a sample:
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Listing 7.2: Mapping

STAR −−runThreadN 8 −−runMode genomeGenerate
−−genomeDir i n d e x d i r e c t o r y
−−genomeFastaFiles referencegenome . f a s t a
−−s jdbGTFf i le referencegenome . g t f
−−genomeSAindexNbases 12

STAR −−runThreadN 8 −−genomeDir in d e x d i r e c t o r y
−− r e a d F i l e s I n f i lename_q30_l50 . fq . gz
−−outFileNamePrefix p r e f i x f o r o u t p u t f i l e
−−readFilesCommand " gunzip −c "
−−outSAMtype BAM SortedByCoordinate

7.10.3 Quantification

Gene counts were obtained from BAM files using HTSeq (Anders et al., 2015).

This is an example of the code used to quantify genes in one sample:

Listing 7.3: Quantification

htseq −count − f bam −m union − i ID −a 10 −−type=mRNA
−−stranded no fi lename . bam $ r e f e r e n c e g f f
f i lename . counts

7.10.4 Differential Expression Analysis

To obtain lists of DEGs, DESeq2 package was used in R following the in-
struction of the manual (Love et al., 2014). For the lists of DEGs in time
points or alternative group comparisons, ∼Construct design was used within the
DESeqDataSetFromHTSeqCount function, using GFP samples as reference. The
different groups obtained from these comparisons were those attending to the time-
points per se, but also some creating alternative groups depending of the clustering
in the PCA plots (Table 7.7)

To obtain the list of DEGs according to Time and Constructs variables (i.e., those
genes differentially expressed in (p)crtB samples compared to GFP throughout the
time course) used for the second WGCNA analysis, all samples were used and the
design was changed to ∼Construct+TimePoint+Construct:TimePoint.
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Table 7.7: Samples included in DESeq2 comparisons

Comparison GFP samples (p)crtB samples

22h 22h-1, 22h-2, 22h-3 22h-1, 22h-2, 22h-3

22h-25h 22h-1, 22h-2, 22h-3 22h-1, 22h-2, 22h-3
25h-1, 25h-2 22h-1, 25h-2

25h 25h-1, 25h-2, 25h-3 25h-1, 25h-2, 25h-3

25h-28h 25h-1, 25h-2, 25h-3 25h-1, 25h-2, 25h-3
28h-1, 28h-2, 28h-3 28h-1, 28h-2, 28h-3

25h-28h 25h-3 25h-3
28h-1, 28h-2, 28h-3 28h-1, 28h-2, 28h-3

28h 28h-1, 28h-2, 28h-3 28h-1, 28h-2, 28h-3

34h 34h-1, 34h-2, 34h-3 34h-1, 34h-2, 34h-3

34h-37h 34h-2, 34h-3 34h-2, 34h-3
37h-1, 37h-3 37h-1, 37h-3

37h 37h-1, 37h-2, 37h-3 37h-1, 37h-2, 37h-3

34h-37h-40h 34h-3 34h-3
37h-1, 37h-3 37h-1, 37h-3
40h-1 40h-1

40h 40h-1, 40h-2, 40h-3 40h-1, 40h-2, 40h-3

40h-46h 40h-2, 40h-3 40h-2, 40h-3
46h-2, 46h-3 46h-2, 46h-3

46h 46h-1, 46h-2, 46h-3 46h-1, 46h-2, 46h-3

46h-56h 46h-1 46h-1
56h-1, 56h-2, 56h-3 56h-1, 56h-2, 56h-3

56h 56h-1, 56h-2, 56h-3 56h-1, 56h-2, 56h-3

7.10.5 WGCNA

For the creation of the gene-coexpression modules, WGCNA package was used
in RStudio (Langfelder and Horvath, 2008). Tutorials from the authors were fol-
lowed, using the automatic, one-step network construction and module detection
with a power of 12, according to the recommendations of the developers (our sam-
ple size was 48 samples), TOMtype= "signed", maxBlockSize= 20000, minModule-
Size=30, reassignThreshold= 0, mergeCutHeight= 0.25 and verbose= 3 arguments
for the blockwiseModules function.

7.10.6 GO enrichment

At the beginning of this work, GO enrichment analyses were performed using
Parametric Analysis of Gene Set Enrichment (PAGE) from AgriGO v2.0 webpage,
using list of DEGs together with their FC values.

Later, GO enrichment analyses were performed in RStudio using topGO pack-
age (Alexa and Rahnenfuhrer, 2021), following the manual instructions, using
algorithm= "weight01" and statistic= "fisher" within the runTest

function. Some examples of these analysis are included in the GitHub repository.
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7.11 Genome functional annotation

7.11.1 General annotation

To obtain the functional annotation of the new N. benthamiana
genome (Niben261) and to re-annotate tomato (ITAG4.0) and Pepper (Cap-
sicum_annuum.ASM51225v2 from Ensembl Plants) genomes, assigning a predictive
name to each gene and associating GO terms to them, first a BLAST was run against
three different databases (Araport11, Swissprot and Trembl/GeneBank) using
DIAMOND program. This is an example:

Listing 7.4: Diamond

diamond b l a s t p −−outfmt 6 −−threads 100
−−db / d i r e c t o r y /uniprot_trembl −−out
my_genome . pep . diamond . trembl . o6 . t x t
−−query my_genome . pep . f a s t a −−more− s e n s i t i v e

After that, Interproscan was run with protain domains:

Listing 7.5: Interproscan

i n t e r p r o s c a n . sh −−cpu 100 −−pathways −−iprlookup −−goterms
−−output − f i l e −base my_genoma . pep . i p r
−−formats TSV ,XML, GFF3 − i my_genoma . pep . f a s t a

Then, all data was integrated using Automated Assignment of Human Read-
able Descriptions (AHRD) program. The ahrd_annotation_conf.yml file was
used with default parameters including our file names, and the following command
was run:

Listing 7.6: AHRD

java −Xmx64g − j a r /data /00 _software/AHRD/ d i s t /ahrd . j a r
ahrd_annotat ion_conf . yml

7.11.2 Specific manual annotation of gene families

To annotate specific gene families more accurately, Arabidopsis was used as ref-
erence. The desired genes were researched in the bibliography, obtaining the protein
sequences from Araport11. A BLAST was run against tomato, pepper and N. ben-
thamiana proteomes, obtaining three lists of candidates homologs. A smooth filter
was applied to these lists, keeping only those sequences with an percentage of iden-
tical matches equal of above 35%. The four list of sequences (the original list from
Arabidopsis and the three lists of candidates in tomato, pepper and N. benthamiana)
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were aligned. For that, all sequences were concatenated in a single fasta file, and
then Guidance program (Sela et al., 2015) was run using ClustalW alingment:

Listing 7.7: Guidance

p e r l / d i r e c t o r y /guidance . pl −− s e q F i l e AllSequences . f a s t a
−−msaProgram CLUSTALW −−seqType aa
−−outDir AllSequences −−proc_num 64

Then, iqtree ((Nguyen et al., 2015)) was run for a first time to select the best
model fitting the aligment to create the phylogenetic tree:

Listing 7.8: iqtree 1

/ d i r e c t o r y / i q t r e e −s AllSequences/MSA.CLUSTALW. aln . With_Names
−m MF −nt AUTO

Once the model was selected (it was recorded in the
AllSequences/MSA.CLUSTALW.aln.With_Names.iqtree file), iqtree was run
for a second time with that model:

Listing 7.9: iqtree 2

/ d i r e c t o r y / i q t r e e −s AllSequences/MSA.CLUSTALW. aln . With_Names
−m ModelSelected −nt AUTO −bb 1000
−pre AllSequences/MSA.CLUSTALW. aln . With\_Names . Model .

1000 boots t raps

Finally, the *.treefile file was openned with FigTree v1.4.4, and all genes were
annotated one by one based on their clustering with Arabidopsis. Tomato genes were
checked in SolGenomics website, and N. benthamiana genes were annotated based on
them. The normal clustering was 1:1:2 (tomato-pepper-N. benthamiana, respectively).

7.11.3 Subcellular prediction

The subcellular location of annotated genes of N. benthamiana was predicted
using TargetP 2.0 (Armenteros et al., 2019) with the following command:

Listing 7.10: TargetP

targetp −2.0/ bin/t a r g e t p −batch 500
− f a s t a Niben_GeneFamily . f a s t a −org p
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7.12 Data Visualization

7.12.1 General plots

All plots presented in this study were created in RStudio (RStudio Team, 2020).
Among many others, the most used packages to transform data and visualize it were
those included in the Tidyverse package (Wickham et al., 2019), such as tidyr, dplyr
and ggplot2 (Wickham, 2021; Wickham et al., 2021; Wickham, 2016).

An example of how the bar plot of HPLC results from Figure 3.1 is showed.
The data obtained in the experiment is shown in Table 8 and Table 9. In R, ggplot2
and tidyverse packages were activated with the library function. Then, the data
was read using read.delim function, indicating that fields were separated by tab-
ulators, each column contained a header (first row) and decimals were written with
commas. This data was assinged to the object "HPLC.1".

The data transformed and assigned to a new object, "HPCL.2", selecting just
some of the columns with the select function, and the data was arranged into new
columns: "Sample", that contained previous column names, and "values", including
the μg/mg of each metabolite, using the gather function. Then, the new column
"Sample" was divided into two new columns, "Construct" and "Replicate", attending
to the "_" chactacter, using separate function. Finally, two rows were excluded
using the filter function (discarding rows where Metabolite column contained
values included in ("Gammatocopherol", "Alphatocopherol") vector. Then, values
from Metabolite and Construct columns were transformed to factor and sorted in
specific order, using factor function.

The object "theme_HPLC" was created in order to specify some features of the
final plot.

Finally, the plot was created using ggplot function, assigning the correspond-
ing variables to x axis, y axis and fill parameters of the aesthetics. The different
aspects of the plot were defined and finally it was saved as a PDF.

# First, we load the libraries that we will need to used

library(ggplot2)

library(tidyverse)

# Then, we read the file of the measures. We assign it to

# an object (HPCL). We indicate that fields are separated by

# tab and it contains column names (first row)

HPLC.1 <- read.delim("/compile/Appendices/HPLC.txt",

sep="\t", header= TRUE, dec= ",")
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# Then I transform the data

HPLC.2 <- HPLC.1 %>%

gather(Sample, values, -Metabolite) %>%

separate(Sample, into= c("Construct", "Replicate") %>%

filter(!Metabolite %in% c("Gammatocopherol", "Alfatocopherol"))

# Values are ordered for some columns

HPLC.2$Metabolite <- factor(HPLC.2$Metabolite,

levels = c("Phytoene", "Lycopene", "TotalBetacarotene",

"Lutein","Violaxanthin", "Neoxanthin", "Chlorophylla",

"Chlorophyllb", "Total_Carotenoids",

"Total_Chlorophylls", "Total_Tocopherols", "Ratio"),

labels = c("Phytoene", "cis-Lycopene", "Betacarotene",

"Lutein", "Violaxanthin", "Neoxanthin", "Chlorophyll-a",

"Chlorophyll-b", "Total Carotenoids", "Total Chlorophylls",

"Total Tocopherols", "Ratio Car/Chl"))

HPLC.2$Construct <- factor(HPLC.2$Construct,

levels= c("GFP", "(c)crtB", "1S-crtB", "crtB", "(p)crtB"))

# I create an object including some settings for the plot

theme_HPLC <- theme(plot.title = element_text(hjust = 0.5,

face = "bold"),

axis.title = element_text(face = "bold"),

strip.text = element_text(face = "bold"),

panel.background = element_blank(),

legend.background = element_blank(),

legend.key = element_blank(),

panel.grid = element_blank(),

axis.text = element_text(colour = "black"),

axis.line = element_line(colour = "black"),

axis.ticks.x = element_blank()

)

# Finally, I create the plot

ggplot(HPLC.2,

aes(x = Construct, y = values, fill = Construct))+
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geom_bar(stat = "summary", fun.y = "mean",

position = position_dodge())+

geom_point(shape = 20, size = 3, aes(col = Construct),

position = position_dodge(width = 0.9))+

stat_summary(fun.data = mean_sdl, geom = "errorbar",

fun.args = list(mult = 1), width = 0.4,

position = position_dodge(width=0.9))+

ylab(expression(mu*"g/mg dry weight"))+

scale_y_continuous(expand = expand_scale(mult = c(0, .2)))+

scale_x_discrete(labels = c("GFP", "(c)crtB",

"1S-crtB", "crtB", "(p)crtB"))+

scale_fill_manual(values = c("GFP"= "#66c2a5",

"(c)crtB"= "#9cb794",

"1S-crtB"= "#c1ab83",

"crtB"= "#e19e73",

"(p)crtB" = "#fc8d62"))+

scale_color_manual(values = c("GFP"= "#1b9e77",

"(c)crtB"= "#73935e",

"1S-crtB"= "#9d8545",

"crtB"= "#bd752b",

"(p)crtB" = "#d95f02"))+

labs(fill = "Constructs", col = "Constructs")+

facet_wrap(~Metabolite, scales = "free_y")+

theme_HPLC+

theme(axis.text.x = element_blank(),

axis.title.x = element_blank(),

title = element_text(face = "bold", size = 12),

legend.title = element_text(face = "bold", size = 10),

legend.text = element_text(face = "bold", size = 8),

strip.text = element_text(size = 8),

legend.position = "bottom",

panel.grid.major.y = element_line(linetype = "dotted",

colour = "grey"))+

annotate("segment", x=-Inf, xend=Inf, y=-Inf, yend=-Inf)+

annotate("segment", x=-Inf, xend=-Inf, y=-Inf, yend=Inf)

7.12.2 Heatmaps

All heatmaps were created in RStudio using pheatmap package (Kolde, 2019).
This is an example, using a dataframe (df) containing FC values of different genes,
where rownames were the name of the gene and all values were numeric:
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7.12. Data Visualization

library(pheatmap)

Color <- colorRampPalette(c("#1b9e77","#8ecdb6","#f7f7f7",

"#fba882","#d95f02"))(n=200)

Breaks <- c(seq(-3,0, length.out = 100),

seq(0.01,3,length.out = 100))

pheatmap(df,

border_color = "grey60",legend= TRUE,

color=Color,

cluster_rows =FALSE,

breaks = Breaks,

legend_breaks = c(-3, -1.5, 0, 1.5, 3),

legend_labels = c("<-3", "-1.5", "0", "1.5", ">3"),

cluster_cols = FALSE,

show_colnames=T, treeheight_col = 35,

fontsize=12,

scale = "none",

show_rownames = TRUE,

fontsize_row = 7,

fontsize_col = 8,

labels_col = c("22h", "22-25h", "25h", "25-28h",

"25-28h", "28h", "34h","34-37h", "37h",

"34-37-40h","40h","40-46h","46h", "46-56h","56h"),

cex = 1,

angle_col=45,

main = "Title",

annotation_legend = TRUE,

display_numbers = df_DEG

fontsize_number = 15,

na_col = "darkgrey"

)

7.12.3 PCA plots

PCA plots were created using ggplot2 package as showed in GitHub. The
block normalization for phenotypic data (pigment content from HPLC and φPSII
from PAM) was carried out using the blockScale function from prospectr pack-
age (Stevens and Ramirez-Lopez, 2020).
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Supplemental

Supplementary Figure 1: (p)crtB causes plastid area decrease. Plastid area measured by
chlorophyll and GFP fluorescence at two different magnifications, in plastid localized GFP
with and without (p)crtB co-agroinfiltrated.
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Supplemental

Supplementary Figure 2: Isoprenoid precursors pathways gene expression in N. ben-
thamiana, tomato and Arabidopsis. Gene expression of carotenoid biosynthetic pathways
in log2FC, in N. benthamiana comparison of (p)crtB vs GFP, tomato fruit ripening compar-
isons of OR vs MG and RR vs MG and Arabidopsis comparison of senescent vs non-senescent
leaves.
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Supplementary Figure 3: Chlorophylls pathways gene expression in N. benthamiana,
tomato and Arabidopsis. Gene expression of chlorophyll biosynthesis (A), cycle (B) and
degradation (C) pathways in log2FC, in N. benthamiana comparison of (p)crtB vs GFP, tomato
fruit ripening comparisons of OR vs MG and RR vs MG and Arabidopsis comparison of senes-
cent vs non-senescent leaves.

Supplementary Figure 4: φPSII and carotenoids vs. photosynthesis during time course.
(A) (p)crtB/GFP ratio of φPSII values in in leaves of N. benthamiana in all replicates. (B)
(p)crtB/GFP ratio of total carotenoid levels vs. (p)crtB/GFP ratio of φPSII values in all sam-
ples.
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Supplementary Figure 5: PCA plot of transcriptomic and phenotypic data from time
course. Distribution of GFP and (p)crtB samples in a PCA, including transcriptomic and
phenotypic data from HPCL and φPSII after block normalization.
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Supplementary Figure 6: UpSet diagram of GOs in time course. Distribution of up- (A)
and down-regulated (B) BPs, MFs (C-D) and CCs (E-F) of the different time points. Groups
were distributed according to their abundance (from left to right). Number of GO terms in
each group are represented in bar plots on the top; time points including in each group are
highlighted below; number of GO terms in each time points are represented in horizontal
bar plots on the left.
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Supplementary Figure 7: UpSet diagram of DEGs in time course and end-point. Distri-
bution of up- (A) and down-regulated (B) DEGs of the different time points, including end-
point at 96 hpi. Groups were distributed according to their abundance (from left to right).
Number of DEGs in each group are represented in bar plots on the top; time points including
in each group are highlighted below; number of DEGs in each time points are represented
in horizontal bar plots on the left.

126



Supplemental

ATP transport

peptid pyrromethane cofactor linkage

chloroplast organization

glycerol ether metabolic process

glutathione metabolic process

phylloquinone biosynthetic process

chaperone mediated protein folding requiring cofactor

sulfate reduction

chorismate biosynthetic process

o rocess

cell redox homeostasis

transcription from plastid promoter

misfolded or incompletely synthesized protein catabolic process

protein folding

protein refolding

miRNA catabolic process

mitochondrial respiratory chain complex IV assembly

l cylation

RNA modification

carotene biosynthetic process

positive regulation of superoxide dismutase activity

response to heat

protein maturation by ir cluster transfer

chloroplast mRNA processing

'de novo' CTP biosynthetic process

chloroplast rRNA processing

regulation of catalytic activity

'de novo' IMP biosynthetic process

protein stabilization

negative regulation of mitochondrial membrane potential

positive regulation of necrotic cell death

protein import into chloroplast stroma

methylglyoxal catabolic pr o

pyridoxal phosphate biosynthetic process

rocess

protein oligomerization

protoporphyrinogen IX biosynthetic process

riboflavin biosynthetic process

Group II intron splicing

ir cluster assembly

potassium ion transmembrane transport

glycerol metabolic process

defense response to fungus

cellular response to hypoxia

sucrose biosynthetic process

menaquinone biosynthetic process

cell wall macromolecule catabolic process

pattern recognition receptor signaling pathway

inositol phosphorylation

regulation of transcription from RNA polymerase II promoter

production of siRNA involved in chromatin silencing by small RNA

dephosphorylation

response to ethylene

chlorophyll catabolic process

response to high light intensity

endoplasmic reticulum unfolded protein response

chitin catabolic process

lipid catabolic process

response to wounding

NADP biosynthetic process

transmembrane transport

lignin biosynthetic process

response to biotic stimulus

carbohydrate metabolic process

nucleosome assembly

positive regulation of cell cycle arrest

piecemeal microautophagy of nucleus

signal transduction by protein phosphorylation

response to stimulus

rhythmic process

cleavage, endonucleolytic

lipid glycosylation

galactolipid biosynthetic process

mitophagy

seed trichome elongation

oxylipin biosynthetic process

cellular response to oxidative stress

protein dephosphorylation

cyclopr oxylate biosynthetic process

glucose metabolic process

GMP metabolic process

pr v rotein coupled receptor signaling pathway

response to zinc ion

positive regulation of A rotubule motor activity

roline biosynthetic process

dimethylallyl diphosphate biosynthetic process

chaper rotein complex assembly

positive regulation of response to water deprivation

response to molecule of fungal origin

phospholipid transport

cellular response to sulfur starvation

arginine catabolic process to proline via ornithine

response to ozone

galactose metabolic process

nucleoside monophosphate phosphorylation

isoprenoid biosynthetic process

ethylene biosynthetic process

biosynthetic process

carbon utilization

fruit ripening

regulation of sulfur utilization

Tomato
 Brea

ke
r 1

Tomato
 O

ran
ge 1

Tomato
 Red

 1

Tomato
 Brea

ke
r 2

Tomato
 O

ran
ge 2

Tomato
 Red

 2

Pep
per 

Brea
ke

r

Pep
per 

Red

OR
His  M

G

OR
His  Brea

ke
r

22
 hpi

25
 hpi

28
 hpi

34
 hpi

37
 hpi

40
 hpi

de
sc

rip
tio

n freq2
Early

Late

Disperse

Biological Pr Y P
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Supplementary Figure 10: Heatmap of correlations modules-phenotypic data with all
genes. Correlation of eigengenes values in modules from WGCNA analysis using all genes
from time course and phenotypic data (time points, construct, carotenoid levels and φPSII
values.
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Supplementary Figure 11: GO enrichement in Cyan Module First WGCNA approach.
Enrichment of BPs included in cyan module. Number of genes included in each term corre-
sponds to point size; p-values of gene enrichment analysis correspond to color scale.
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Supplementary Figure 12: GO enrichement in Magenta Module First WGCNA approach.
Enrichment of BPs included in magenta module. Number of genes included in each term
corresponds to point size; p-values of gene enrichment analysis correspond to color scale.
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Supplementary Figure 13: GO enrichement in Lightyellow Module First WGCNA ap-
proach. Enrichment of BPs included in lightyellow module. Number of genes included in
each term corresponds to point size; p-values of gene enrichment analysis correspond to
color scale.
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Supplementary Figure 14: GO enrichement in Lightcyan Module First WGCNA ap-
proach. Enrichment of BPs included in lightcyan module. Number of genes included in
each term corresponds to point size; p-values of gene enrichment analysis correspond to
color scale.
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Supplementary Figure 15: GO enrichement in Tan Module First WGCNA approach. En-
richment of BPs included in tan module. Number of genes included in each term corre-
sponds to point size; p-values of gene enrichment analysis correspond to color scale.

134



Supplemental

chloride transportpositive regulation of ATPase activitychaperone cofactor−dependent protein refoldingcell volume homeostasisphospholipid translocationpositive regulation of 3'−UTR−mediated mRNA stabilizationresponse to chloratepositive regulation of myoblast differentiationmature ribosome assemblyresponse to hydrogen peroxidepositive regulation of systemic acquired resistancepositive regulation of superoxide dismutase activityresponse to reactive oxygen speciescircadian regulation of gene expressiondevelopmental vegetative growthmitotic spindle disassemblyprotein prenylationtranslational elongationsystemic acquired resistance, salicylic acid mediated signaling pathwayhistone H2A acetylationresponse to heatprotein complex oligomerizationnucleoside monophosphate phosphorylationretrograde protein transport, ER to cytosolprotein foldingprotein repaircellular response to heatspliceosomal snRNP assemblyregulation of alternative mRNA splicing, via spliceosomede−etiolationregulation of cellular response to heatcellular response to glucose starvation3'−UTR−mediated mRNA destabilizationN−terminal protein myristoylationmRNA destabilizationstarch catabolic processtrichome papilla formationregulation of ion transmembrane transportregulation of cell wall pectin metabolic processmRNA 5'−splice site recognitioncellular response to unfolded proteinchaperone−mediated protein complex assemblysodium ion import across plasma membraneshade avoidanceresponse to oxidative stressmRNA cleavageresponse to unfolded proteinautophagosome maturationvegetative phase changecytoplasm protein quality control by the ubiquitin−proteasome systemresponse to salt stresscellular response to coldCOPI coating of Golgi vesiclepositive regulation of plant−type cell wall cellulose biosynthetic processpositive regulation of response to water deprivationnegative regulation of transcription by RNA polymerase IIpre−replicative complex assembly involved in nuclear cell cycle DNA replicationpositive regulation of stem cell differentiationregulation of protein complex stabilitycellular response to misfolded proteinprotein stabilizationchaperone−mediated protein foldingnegative regulation of cytoplasmic translationfloral meristem determinacyendoplasmic reticulum membrane fusionurate catabolic processubiquitin−dependent ERAD pathwayprotein refoldingdetection of redox stateregulation of ethylene−activated signaling pathwaypositive regulation of skeletal muscle fiber differentiationsnRNA transcription by RNA polymerase IIIsnRNA transcription by RNA polymerase IImitochondrial electron transport, cytochrome c to oxygenprotein peptidyl−prolyl isomerizationprotein import into chloroplast stromaprotein−containing complex assemblynucleoside diphosphate metabolic processpurine nucleotide metabolic processphotoprotectionpositive regulation of photosynthesis

0.0 2.5 5.0 7.5 10.0
Enrichment

Significant
<10
10−50

0.01
0.02
0.03
0.04

pval

Pink_pwd12

Supplementary Figure 16: GO enrichement in Pink Module First WGCNA approach. En-
richment of BPs included in pink module. Number of genes included in each term corre-
sponds to point size; p-values of gene enrichment analysis correspond to color scale.
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Supplementary Figure 17: Heatmap of correlations modules-phenotypic data with DEGs.
Correlation of eigengenes values in modules from WGCNA analysis using all genes from
time course and phenotypic data (time points, construct, carotenoid levels and φPSII values.
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Supplementary Figure 18: GO enrichement in Group 1 of second WGCNA approach. En-
richment of BPs included in group 1 of the second WGCNA analysis, including only DEGs.
Number of genes included in each term corresponds to point size; p-values of gene enrich-
ment analysis correspond to color scale.
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Supplementary Figure 19: GO enrichement in Group 2 of second WGCNA approach. En-
richment of BPs included in group 2 of the second WGCNA analysis, including only DEGs.
Number of genes included in each term corresponds to point size; p-values of gene enrich-
ment analysis correspond to color scale.
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Supplementary Figure 20: GO enrichement in Group 3 of second WGCNA approach. En-
richment of BPs included in group 3 of the second WGCNA analysis, including only DEGs.
Number of genes included in each term corresponds to point size; p-values of gene enrich-
ment analysis correspond to color scale.
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Supplementary Figure 21: GO enrichement in Group 4 of second WGCNA approach. En-
richment of BPs included in group 4 of the second WGCNA analysis, including only DEGs.
Number of genes included in each term correspond to point size; p-values of gene enrich-
ment analysis correspond to color scale.
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Supplementary Figure 22: GO enrichement in Group 5 of second WGCNA approach. En-
richment of BPs included in group 5 of the second WGCNA analysis, including only DEGs.
Number of genes included in each term corresponds to point size; p-values of gene enrich-
ment analysis correspond to color scale.
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Supplementary Figure 23: GO enrichement in Group 6 of second WGCNA approach. En-
richment of BPs included in group 6 of the second WGCNA analysis, including only DEGs.
Number of genes included in each term corresponds to point size; p-values of gene enrich-
ment analysis correspond to color scale.
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Supplementary Figure 24: GO enrichement in Group 7 of second WGCNA approach. En-
richment of BPs included in group 7 of the second WGCNA analysis, including only DEGs.
Number of genes included in each term corresponds to point size; p-values of gene enrich-
ment analysis correspond to color scale.
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Supplementary Figure 25: GO enrichement in Group 8 of second WGCNA approach. En-
richment of BPs included in group 8 of the second WGCNA analysis, including only DEGs.
Number of genes included in each term corresponds to point size; p-values of gene enrich-
ment analysis correspond to color scale.
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Supplementary Figure 26: UpSet diagram of GOs in groups from second WGCNA analy-
sis. Distribution of BPs representing the genes included in the eight groups created from the
second WGCNA analysis. Groups were distributed according to their abundance (from left
to right). Number of GO terms in each group are represented in bar plots on the top; groups
including in each group are highlighted below; number of GO terms in each time points are
represented in horizontal bar plots on the left.
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Supplementary Figure 27: ESCRT-related gene expression in the time course. FC val-
ues of (p)crtB vs. GFP comparison in each comparison (time points and alternative groups
based on PCA plot) of genes related to ESCRT system. Asterisks indicate a gene was sig-
nificantly expressed in that specific comparison. Rows are labelled indicating if a gene was
included in a module from the first WGCNA analysis, where all expressed genes were in-
cluded (WGCNA 1), in a module from the second WGCNA analysis, where only DEGs were
included (WGCNA 2), and the predicted subcellular location, according to TargetP 2.0 soft-
ware (Prediction). Labels are showed in Figure 4.13.
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Supplementary Figure 28: Cell wall biosynthesis, clock and autophagy related gene ex-
pression in the time course. FC values of (p)crtB vs. GFP comparison in each comparison
(time points and alternative groups based on PCA plot) of genes related to cell wall biosyn-
thesis (A), clock (B) and autophagy (C). Asterisks indicate a gene was significantly expressed
in that specific comparison. Rows are labelled indicating if a gene was included in a module
from the first WGCNA analysis, where all expressed genes were included (WGCNA 1), in a
module from the second WGCNA analysis, where only DEGs were included (WGCNA 2),
and the predicted subcellular location, according to TargetP 2.0 software (Prediction). Labels
are showed in Figure 4.13.
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Supplementary Figure 29: ABA and auxin biosynthesis gene expression in the time
course. FC values of (p)crtB vs. GFP comparison in each comparison (time points and
alternative groups based on PCA plot) of genes related to ABA (A) and auxin (B) biosyn-
thesis. Asterisks indicate a gene was significantly expressed in that specific comparison.
Rows are labelled indicating if a gene was included in a module from the first WGCNA
analysis, where all expressed genes were included (WGCNA 1), in a module from the sec-
ond WGCNA analysis, where only DEGs were included (WGCNA 2), and the predicted
subcellular location, according to TargetP 2.0 software (Prediction). Labels are showed in
Figure 4.13.
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Supplementary Figure 30: Cytokinins, brassinosteroids and strigolactones biosynthesis
gene expression in the time course. FC values of (p)crtB vs. GFP comparison in each
comparison (time points and alternative groups based on PCA plot) of genes related to cy-
tokinins (A), brassinosteroids (B) and strigolactones (C) biosynthesis. Asterisks indicate a
gene was significantly expressed in that specific comparison. Rows are labelled indicating
if a gene was included in a module from the first WGCNA analysis, where all expressed
genes were included (WGCNA 1), in a module from the second WGCNA analysis, where
only DEGs were included (WGCNA 2), and the predicted subcellular location, according to
TargetP 2.0 software (Prediction). Labels are showed in Figure 4.13.
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Supplementary Figure 31: Gibberellins, salicylic acid and ethylene biosynthesis gene ex-
pression in the time course. FC values of (p)crtB vs. GFP comparison in each compari-
son (time points and alternative groups based on PCA plot) of genes related to gibberellins
(A), salicylic acid (B) and ethylene (C) biosynthesis. Asterisks indicate a gene was signif-
icantly expressed in that specific comparison. Rows are labelled indicating if a gene was
included in a module from the first WGCNA analysis, where all expressed genes were in-
cluded (WGCNA 1), in a module from the second WGCNA analysis, where only DEGs were
included (WGCNA 2), and the predicted subcellular location, according to TargetP 2.0 soft-
ware (Prediction). Labels are showed in Figure 4.13.
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Supplementary Figure 32: BAG, Prefoldin and Cpn60 gene expression in the time course.
FC values of (p)crtB vs. GFP comparison in each comparison (time points and alternative
groups based on PCA plot) of genes related to BAG (A), prefolding (B) and chaperonin-60
(C) chaperone families. Asterisks indicate a gene was significantly expressed in that specific
comparison. Rows are labelled indicating if a gene was included in a module from the
first WGCNA analysis, where all expressed genes were included (WGCNA 1), in a module
from the second WGCNA analysis, where only DEGs were included (WGCNA 2), and the
predicted subcellular location, according to TargetP 2.0 software (Prediction). Labels are
showed in Figure 4.13.
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Supplementary Figure 33: DNAJ gene expression in the time course. FC values of (p)crtB
vs. GFP comparison in each comparison (time points and alternative groups based on PCA
plot) of genes related to DNAJ chaperone families. Asterisks indicate a gene was signif-
icantly expressed in that specific comparison. Rows are labelled indicating if a gene was
included in a module from the first WGCNA analysis, where all expressed genes were in-
cluded (WGCNA 1), in a module from the second WGCNA analysis, where only DEGs were
included (WGCNA 2), and the predicted subcellular location, according to TargetP 2.0 soft-
ware (Prediction). Labels are showed in Figure 4.13.
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Supplementary Figure 34: Rotemase and cyclophilin gene expression in the time course.
FC values of (p)crtB vs. GFP comparison in each comparison (time points and alternative
groups based on PCA plot) of genes related to rotemase and cyclophilin chaperone fami-
lies. Asterisks indicate a gene was significantly expressed in that specific comparison. Rows
are labelled indicating if a gene was included in a module from the first WGCNA analy-
sis, where all expressed genes were included (WGCNA 1), in a module from the second
WGCNA analysis, where only DEGs were included (WGCNA 2), and the predicted sub-
cellular location, according to TargetP 2.0 software (Prediction). Labels are showed in Fig-
ure 4.13.
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Supplementary Figure 35: Hsp90 co-chaperones gene expression in the time course. FC
values of (p)crtB vs. GFP comparison in each comparison (time points and alternative
groups based on PCA plot) of genes related to Hsp90 co-chaperones family. Asterisks in-
dicate a gene was significantly expressed in that specific comparison. Rows are labelled
indicating if a gene was included in a module from the first WGCNA analysis, where all
expressed genes were included (WGCNA 1), in a module from the second WGCNA anal-
ysis, where only DEGs were included (WGCNA 2), and the predicted subcellular location,
according to TargetP 2.0 software (Prediction). Labels are showed in Figure 4.13.
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Supplementary Figure 36: Hsp70 and PDI gene expression in the time course. FC val-
ues of (p)crtB vs. GFP comparison in each comparison (time points and alternative groups
based on PCA plot) of genes related to Hsp70 (A) and protein disulfide-isomerase (PDI)
(B) chaperone families. Asterisks indicate a gene was significantly expressed in that spe-
cific comparison. Rows are labelled indicating if a gene was included in a module from the
first WGCNA analysis, where all expressed genes were included (WGCNA 1), in a mod-
ule from the second WGCNA analysis, where only DEGs were included (WGCNA 2), and
the predicted subcellular location, according to TargetP 2.0 software (Prediction). Labels are
showed in Figure 4.13.
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Supplementary Figure 37: Chlorophylls gene expression in the time course. FC values of
(p)crtB vs. GFP comparison in each comparison (time points and alternative groups based
on PCA plot) of genes related to chlorophylls biosynthesis (A), chlorophyll cycle (B) and
chlorophyll degradation (C) pathways. Asterisks indicate a gene was significantly expressed
in that specific comparison. Rows are labelled indicating if a gene was included in a module
from the first WGCNA analysis, where all expressed genes were included (WGCNA 1), in a
module from the second WGCNA analysis, where only DEGs were included (WGCNA 2),
and the predicted subcellular location, according to TargetP 2.0 software (Prediction). Labels
are showed in Figure 4.13.
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Supplementary Figure 38: Antenna complex gene expression in the time course. FC val-
ues of (p)crtB vs. GFP comparison in each comparison (time points and alternative groups
based on PCA plot) of genes related to proteins from the antenna complex for light har-
vesting. Asterisks indicate a gene was significantly expressed in that specific comparison.
Rows are labelled indicating if a gene was included in a module from the first WGCNA
analysis, where all expressed genes were included (WGCNA 1), in a module from the sec-
ond WGCNA analysis, where only DEGs were included (WGCNA 2), and the predicted
subcellular location, according to TargetP 2.0 software (Prediction). Labels are showed in
Figure 4.13.
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Supplementary Figure 39: Photosynthesis gene expression in the time course. FC values of
(p)crtB vs. GFP comparison in each comparison (time points and alternative groups based
on PCA plot) of candidate genes related to photosynthesis. Asterisks indicate a gene was
significantly expressed in that specific comparison. Rows are labelled indicating if a gene
was included in a module from the first WGCNA analysis, where all expressed genes were
included (WGCNA 1), in a module from the second WGCNA analysis, where only DEGs
were included (WGCNA 2), and the predicted subcellular location, according to TargetP 2.0
software (Prediction). Labels are showed in Figure 4.13.
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Supplementary Figure 40: Calvin-Benson cycle gene expression in the time course. FC
values of (p)crtB vs. GFP comparison in each comparison (time points and alternative
groups based on PCA plot) of candidate genes related to Calvin-Benson cycle. Asterisks
indicate a gene was significantly expressed in that specific comparison. Rows are labelled
indicating if a gene was included in a module from the first WGCNA analysis, where all
expressed genes were included (WGCNA 1), in a module from the second WGCNA anal-
ysis, where only DEGs were included (WGCNA 2), and the predicted subcellular location,
according to TargetP 2.0 software (Prediction). Labels are showed in Figure 4.13.
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Supplementary Figure 41: Primary carbon metabolism gene expression in the time course.
FC values of (p)crtB vs. GFP comparison in each comparison (time points and alternative
groups based on PCA plot) of candidate genes related to primary carbon metabolism. As-
terisks indicate a gene was significantly expressed in that specific comparison. Rows are la-
belled indicating if a gene was included in a module from the first WGCNA analysis, where
all expressed genes were included (WGCNA 1), in a module from the second WGCNA anal-
ysis, where only DEGs were included (WGCNA 2), and the predicted subcellular location,
according to TargetP 2.0 software (Prediction). Labels are showed in Figure 4.13.
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Supplementary Figure 42: Phytoene synthase protein sequences alignment. Alignment
of protein sequences from PSY in Arabidopsis, crtB in Pantoea ananatis and predicted PSYs of
tomato, pepper and N. benthamiana.
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