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Summary

Plastids are the cellular organelles where many of the visual, health and
flavor-related metabolites are produced and stored in the fruit, and
therefore are valuable components for consumers and breeders. The more
sugar and flavor the fruit has, the more appreciated is for the consumer
and industry. Thus, one of the breeder’s goals is to obtain new varieties
with fruits improved in these aspects. Paradoxically, fruits with a high
content in chloroplasts have been avoided by the breeders because it
usually suffers of oxidative stress disorders; such yellow shoulder
impairment and fruit cracking when the light intensity increases. For this
reason breeding efforts has been focused mainly on avoiding fruit losses
and organoleptic characteristics have been neglected.

This thesis aims to improve tomato fruit quality by engineering plants to

produce fruits with enhanced fruit chloroplast functions and improved
tolerance to oxidative stress, using cisgenic/ intragenic approaches.
SIGLK1, SIGLK2 and SIAPRRZ transcription factors have been suggested to
be involved in chloroplast development. Tomato MoneyMaker plants were
engineered to express SIGLKs and SIAPRRZ either singly or in combination
early in development. Those lines provide fruits which accumulate more
sugars, carotenoids and specific volatiles than WT. The fruit chloroplast
enhanced lines were characterized at the structural, metabolic, proteomics
and transcriptomics. A novel additive effect in the chloroplast regulation
network resulted when both transcription factors were coexpressed and a
hypothesis for this effect is presented.
In addition, two tomato traditional varieties (Muchamiel and Pera)
expressing tomato genes for BMW anthocyanin regulatory complex under
the control of the light inducible promoter (PLI) were produced and
characterized. Engineered tomato plants showed large accumulation of
anthocyanin specifically in the fruit peel and in Type VI trichomes.
Characterization of those tissues indicated specific alterations of the
flavonoid pathway that were highly dependent on the light conditions.
These tomato lines could be of high interest to protect the fruit chloroplast
enhancement lines from eventual stresses involving ROS, and also to
assess the effect on plant growth under high light stress and in plant-pest
interaction studies.
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Resumen

Los plastidos son orgéanulos celulares donde se producen y almacenan
muchos de los metabolitos relacionados con atributos organolépticos y
compuestos beneficiosos para la salud, por lo tanto se consideran
componentes de alto valor afadido para consumidores y mejoradores
vegetales. Cuanto mayor contenido en azlcares solubles y sabor presente el
fruto més se valoran por los consumidores y la industria. Por lo tanto uno de los
objetivos actuales de los mejoradores de tomate es mejorar el fruto en estos
aspectos. Paraddjicamente, se ha seleccionado en contra de frutos con alto
contenido en cloroplastos porque este caracter, bajo alta intensidad luminica,
suele estar asociado a dafios en el fruto por estrés oxidativo; como los
hombros amarillos del tomate o el agrietado del fruto. Por este motivo los
esfuerzos en mejora se han orientado principalmente a evitar pérdidas y
consecuentemente la calidad organoléptica se ha visto reducida.

El objetivo de esta tesis es mejorar la calidad del fruto de tomate mediante
el empleo de técnicas de ingenieria genética orientadas a incrementar los
cloroplastos en fruto y mejorar la tolerancia al estrés oxidativo con una
aproximacién cis/ intragenica. Los factores de transcripcion SIGLKT, SIGLK2 y
SIAPRR2 han sido estudiados por influir en el desarrollo del cloroplasto. Plantas
de tomate de variedad MoneyMaker fueron mejoradas genéticamente para
expresar de forma individual o conjunta SIGLKs y SIAPRR2 en estadios
tempranos de desarrollo. Estas lineas proveen frutos con mayor acumulo de
azlcares, carotenos y volatiles que el control MoneyMaker. Las lineas
potenciadas en desarrollo de cloroplastos se caracterizaron a nivel estructural,
metabdlico, protedmico y transcriptémico. Se descubrié un novedoso efecto
aditivo en la regulacién génica del cloroplasto cuando ambos factores de
transcripcion se expresan simultdneamente y se presentd una hipétesis para
dicho efecto.

Ademés se caracterizaron dos variedades tradicionales de tomate
(Muchamiel and Pera) disefiadas para expresar genes pertenecientes al
complejo de regulacién de antocianinas BMW, bajo el control del promotor
inducible por luz (PLI). Las plantas mejoradas genéticamente presentan una
gran acumulacion de antocianos, especialmente en piel de fruto y en tricomas
tipo VI. Caracterizacidn de estos tejidos indican alteraciones especificas en la
ruta de flavonoides y una alta dependencia a condiciones de luz. Estas plantas
podrian ser de gran interés para proteger frutos con altos niveles de
cloroplastos frente al estrés oxidativo generado por ROS, para evaluar el efecto
en el crecimiento de la planta bajo condiciones de alta luz y en futuros estudios
de interaccién planta-patégenos.
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Resum

Els plastidis sén organuls cel-lulars on es produeixen i emmagatzemen
molts dels metabolits relacionats amb atributs organoleptics i composts
beneficiosos per a la salut, per tant es consideren components d'alt valor
afegit per a consumidors i milloradors vegetals. Quant major contingut en
sucres solubles i sabor presenta el fruit, més sera valorat per part dels
consumidors i la industria. Paradoxalment, s'ha seleccionat en contra dels
fruits amb alt contingut en cloroplasts perqué aquest caracter, davall alta
intensitat luminica, sol estar associat amb danys en el fruit per estrés
oxidatiu; com muscles groguencs de la tomata o clevitiament del fruit. Per
aquest motiu, l'esfor¢ en millora s'ha orientat principalment a evitar
pérdues de manera que la qualitat organoléptica s'ha vist reduida.

L'objectiu d'aquesta tesi es millorar la qualitat del fruit de tomata
mitjangant 1'Gs de técniques d'enginyeria genética orientades a
incrementar els cloroplasts al fruit i millorar la tolerancia a I'estrés oxidatiu
amb una aproximacié cis/intragénica. Plantes de tomata de la varietat
MoneyMaker foren millorades genéticament per expressar de manera
individual o conjunta SIGLK1, SIGLK2 y SIAPRR2 als moments inicials del
desenvolupament. Aquestes linies donen fruits amb major acumulacié de
sucres, carotens i volatils que el control MoneyMaker. Les linies
potenciades amb el desenvolupament de cloroplasts es caracteritzaren a
nivell estructural, metabolic, protedomic i transcriptomic. Es va descobrir un
nou efecte additiu en la regulacié génica del cloroplast quan ambdds
factors de transcripcid s'expressen de manera simultania i es va presentar
una hipotesi per a dit efecte.

A més, es van caracteritzar dos varietats tradicionals de tomata
(Muchamiel i Pera) dissenyades per a expressar gens que pertanyen al
complex de regulacié d'antocians BMW, davall el control del promotor
induible per Ilum (PLI). Les plantes millorades genéticament presentaren
una gran acumulacié d'antocians, especialment a la pell del fruit i en
tricomes de tipus VI. La caracteritzacié d'aquest teixit indica alteracions
especifiques en la ruta dels flavonoides i una altra dependéncia a
condicions de llum. Aquestes plantes podrien ser de gran interés per a
protegir els fruits d'alts nivells de cloroplasts front a l'estrés oxidatiu
generat pels ROS, i per a avaluar I'efecte en el creixement de la planta
davall condicions d'alta llum i en futurs estudis d'interaccié planta-
patogen.
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Introduction

1. Fruit plastids and their contribution to fruit
quality

Tomato fruit is a model system for fleshy fruit ripening and at
the same time is one of the most widely consumed vegetables
worldwide, this making it an ideal system to assess genes,
processes and environmental conditions affecting fruit ripening
and quality . The conspicuous presence of chloroplasts in the
highly vacuolated cells of tomato fruit pericarp is responsible of
the green color of the tomato fruit before ripening, but the
contribution of fruit photosynthesis to fruit metabolite
composition is not well understood 2. Fruit ripening involves the
acquisition of a series of fruit traits that makes it attractive and
palatable °. The conversion from chloroplast to chromoplast is an
important part of this ripening process and it is normally
associated with the dismantling of the photosynthetic machinery
and the accumulation of carotenoids in chromoplasts, which
occurs concomitantly with the accumulation of sugars, organic
acids and volatile aroma compounds in the fruit cells '“. Fruits, as
photosynthate sinks, rely on the energy provided by sugars
transported from leaves to conduct the highly demanding
processes of development and ripening, and eventually these
photosynthates contribute to the fruit organoleptic properties.

Recent investigations >’ suggest important links between the
levels of fruit photosynthetic activity and the final organoleptic
quality of the ripe fruit. Furthermore, the activation of genes
encoding transcriptional factors that enhance chloroplast
development in fruit result in higher sugar contents next to
enrichment in tomato fruit-specialized metabolites >’®. These
recent results suggest new ways to improve fruit quality by
fortifying fruit chloroplasts and plastids, and prompted us to
reevaluate the importance of chloroplast/ photosynthesis
contribution to fruit development and ripening.
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1.6  Role of photosynthesis in the fruit

It is generally assumed that leaves are powerhouses of the
plant as they provide photo-assimilates, while fruits and roots are
basically heterotrophic as they rely on nutrients transport from
leaves to grow and develop to their final size and composition. If
this is the case, what is the need for fruits of tomato to be green
before ripening? Which is the role of fruit chloroplasts? Do they
have any effect on the final fruit quality?

Our understanding of fruit chloroplast formation and of the
role of photosynthesis in fruit at the different stages of
development is rather incomplete when compared to leaves. It is
known that fruit chloroplast formation, chlorophyll biosynthesis
and the assembly of the photosynthetic apparatus require
exposure to light and activation of a series of developmental
cues. Chloroplast proteins involved in light-harvesting
complexes, electron transfer and in CO, fixation are all
expressed in the fruit cells and they are regulated by
transcription factors, in a similar manner as it occurs in leaves 910,
There is, however, some fruit-specific regulation of nuclear-
encoded photosynthetic genes """ in a similar manner as it has
been described for trichomes '®'; the purpose of this specific
regulation is not clear, but is probably related to function
optimization in the context of the tissue. Therefore, a number of
critical questions remain to be answer: are these fruit
chloroplasts capable of photosynthesis? Are fruit chloroplast net
contributors or is the bulk of carbon accumulation in fruit
development simply reliant on photo-assimilates imported from
leaves? What is the contribution of fruit chloroplasts and fruit
photosynthesis to the fruit metabolism before ripening? What
role do chloroplast and fruit photosynthesis have on chloroplast
conversion to chromoplast and in fruit quality at the red ripe
stage?
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The role of fruit photosynthesis in fruit metabolism and
development has been extensively discussed ™'*'82° but even
now, information about its importance is controversial. One of
the issues is whether the fruits are or are not net producers of
fixed carbon. There are reports indicating that tomato fruits are
not net assimilators of carbon dioxide despite the high
expression of photosynthetic genes in this organ %', High
expression of genes associated with photosynthesis occurs in
specific fruit tissues with difficult access to light, such as the
locule %, which although capable of photosynthesis #, is also
likely to display higher rates of respiration. Moreover, the triose-
phosphate and glucose-phosphate transporters are both active
in tomato chloroplasts, indicating that they could, in principle,
both import and export phosphor-esters.

A number of studies in tomato support that the vast majority
of photo-assimilates in the fruit are supplied by the leaves rather
than produced de novo in the fruit ?%’. Consistent with this idea,
it has been shown that the correct development and the
appropriate sugar composition of fruit largely depend on the
size of the photo-synthate pool available in leaves and also on
the sink strength of the fruit ?*?°. Genetic analyses of fruit growth
and composition have also confirmed the importance of both
photo-synthate pool ? and sink strength *°3'. Furthermore, a
series of studies involving reverse genetics and QTL analysis
revealed that the main genetic factors contributing to fruit size
and sugar content are those affecting (1) cell division/ number of
cells #, (II) auxin signaling * in the initial stages of development,
and (Ill) the ability to convert imported sucrose into glucose and
fructose in the final developmental stages *; all three factors are
consistent with the importance of developing of strong sink
signal. Further support to the importance of leaves vs fruit
photosynthesis comes from a number of studies where elevation
of tomato leaf photosynthesis results in a proportional increase
in fruit yield 343,
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Carbohydrate pool size in leaves and its partitioning between
leaves and fruit are affected by a variety of environmental
conditions, including those cultural practices which are known to
determine fruit growth and quality **%. For instance, the
exposition to salinity, a cultural practice to obtain better quality
tomatoes, causes an increase in soluble sugars in ripe tomato
fruit apparently as a consequence of the upregulation of sucrose
transport in leaves and the increased activity of ADP-glucose
pyrophosporylase in early fruit development ¥,

To apparently close the issue for good, a recent study ?
indicated that fruit photosynthesis is not required for correct fruit
development, or for the accumulation of photosynthates,
including those impacting taste. In this study, transgenic
MoneyMaker plants which repressed in fruits the expression of
the chlorophyll biosynthesis gene glutamate 1-semialdehyde
aminotransferase (GSA) were not affected in size or metabolite
accumulation, despite showing a reduced photosynthetic rate, as
determined by both CO, exchange and by the levels of
intermediates of the Calvin-Benson cycle. These results suggest
that transport from leaves can compensate for loss of fruit
photosynthesis. The only phenotype observed was a delay in
seed development, suggesting that fruit photosynthesis may be
important for timely seed development. These results seem to
indicate that fruit photosynthesis is dispensable in fruit energy
metabolism, although it may be relevant under specific
environmental conditions.

Despite all the above, it remains the case that as much as 20%
of the total carbon of the fruit has been found to result from
photosynthetic activity in the fruit itself °. All three stages in which
fruit development is traditionally described including cell
division, cell enlargement and ripening contribute to final sugar
accumulation in the fruit. Particularly, the second stage is
accompanied with the degradation of starch into soluble sugars
2040 with early studies already indicating that level of soluble
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solids in ripe tomato fruit is related to level of the starch in
immature and mature green fruit *°. Fruit photosynthesis
contribution to fruit growth and net sugar accumulation has
been supported by early fruit shading experiments which
analyzed the rate of fruit growth to conclude the fruit contributes
by its own fixed carbon between 10% and 15% of the total *'.

There have been criticisms about these experiments as the
bagging procedure may impact light receptors which are
required for normal fruit development “***. Additional support to
the contribution and importance of fruit photosynthesis comes
from experiments showing 15-20% negative effect on fruit
development by depleting photosynthesis in the fruit following
the antisense inhibition of the fruit chloroplastic Fru-1,6-
bisphosphatase (FBPase) *. The importance of fruit
photosynthesis in early fruit development is also suggested by
the results of combined metabolomic and transcriptomic
analyses *.

Important to mention is fruit are able to fix carbon (refixation),
via malate, with the CO, supply for this derived from
mitochondrial respiration of imported carbon ?'
intercellular/ stomata/ diffusible CO,, whose accessibility could
be in part compromised in bulky organs like the tomato fruit with
a thick cuticle and near absence of stomata. The possibility also
exists that CO, generated by the oxidative pentose pathway
could be re-assimilated by RuBisCO in green fruits as shown in
green seeds * thus providing further efficiency to the system.

rather than from

All these reports taken together indicate that fruit
photosynthesis contributes to fruit development and carbon
economy. This contribution can be dispensable under normal
growth but may become important under certain, limiting
environmental conditions. The wuse of different genetic
backgrounds and different environmental growth conditions
(light) in the studies may also have contributed to the sometimes
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contradictory results. Interestingly, we now know that the genetic
background is determinant in the degree of contribution of fruit
photosynthesis to fruit growth and fruit carbon economy.

This conundrum about the importance of fruit chloroplasts
and fruit photosynthesis has received an unexpected twist with
the recent identification of the genetic nature of the “uniform
ripening” u mutation °. Tomato U gene mutants exhibit defective
fruits in that chloroplast number and thylakoid grana are
dramatically reduced as compared to wild type, and yet fruit
develops to normal size and ripens at the same time as wild type,
although the accumulation of sugars in red fruit is repressed by
10-15%. Consistent with this, the so called uniform ripening
tomato mutants show a pale green fruit phenotype at the mature
green stage, which contrasts with the darker-green shouldered
phenotype of the wild type fruit #**.

The introgression of the wild type U locus into fruits of (u/u)
converts tomato pale immature fruit into dark-green-shouldered
fruits with higher starch accumulation. The uniform ripening
gene has been recently identified by positional cloning and the u
mutants revealed to carry an additional A in a small A-repeat
region in exon | of the GLK2 gene. This introduces a premature
termination codon in the encoded protein. Since GLKZ2 is the
predominant GLK form expressed in the fruit, and since GLKs are
members of the GARP family of transcription factors that regulate
the expression of chloroplast genes *>*?, u mutants qualify as fruit
chloroplast mutants, the rest of the plant’s needs being satisfied
by the GLK1 gene, with redundant GLK roles in vegetative
tissues.

Adding wild type alleles of GLK, either by crossing or by
genetic transformation under different promoter sequences,
produces fruit with more chloroplasts that have more grana
/thylakoids, and higher accumulation of chlorophyll and starch at
the mature green stage °. Fruits with activated GLKs express
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higher levels of transcripts for PSIl and PSI components, as well
as of other genes involved in sugar (GLK2) or other aspects of
metabolism (GLKT) ®> (Granell unpublished). Furthermore, GLK-
overexpressing lines accumulate more sugars and lycopene in
the red ripe stage, opening a way to increase fruit quality by
acting at the GLK level.

Most of the tomato cultivated varieties that fill the stalls of
large supermarkets, including the variety used for the GSA
experiment ?, carry the u mutation and therefore have defective
fruit chloroplasts with the associated effects of lower sugars and
lycopene levels that they could potentially have.

1.7  Chloroplast are remodeled to chromoplast
during ripening

No matter what the contribution of fruit chloroplasts is to net
photosynthesis in green fruits, tomato fruits clearly undergo
during ripening a physiological transition associated with the
differentiation of chromoplasts from photosynthetically-active
chloroplasts >***. This transition appears to be coupled with a
decline in both nuclear- and plastid-encoded gene expression
13141854 and in enzymatic activities 7% that are associated with
carbon assimilation and chloroplast components. Furthermore,
most nuclear gene expression for chloroplast proteins, and all
plastid-encoded = photosynthesis gene  expression, are
developmentally regulated, decreasing already during the late
stages of green fruit development prior to ripening ** in
anticipation to the partially-phototrophic to completely-
heterotrophic shift occurring in the fruit at ripening. Only in some
mutants this process is partially blocked, as is the case in the

stay-green mutants *.
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It is noteworthy that most of the proteins of the Calvin-Benson
cycle, including RuBisCO, and of the oxidative pentose pathway
were identified in the proteome of the tomato chromoplast . If
all these pathways were active, the CO, generated by the
oxidative pentose pathway could be re-assimilated by RuBisCO
* to satisfy the specific metabolic needs of the ripe fruit.
Therefore, as fruit ripen, their chloroplasts are remodeled into
chromoplasts that no longer contain chlorophyll but synthesize
and accumulate lycopene, B-carotene and other metabolites

important for ripe fruit sensory and nutritional attributes "¢,

How can then fruit chloroplasts and photosynthesis in green
fruit affect the metabolite constitution of ripen fruit? Early studies
have related the content of soluble solids in ripe tomato fruit to
the starch level in the immature and mature green fruit stages
20°7 pbut this is probably only part of the story. Genes encoding
components of fruit chloroplast development or light signaling
represent genetic tools for manipulation of fruit color and
nutritional value and support the importance of fruit
photosynthesis.

1.8 Genetic regulation of genes involved in
chloroplast development

There is evidence that tomato fruit, either selected from the
available gene pool or engineered to have an increased number
of highly active chloroplast at the green stage, will develop ripe
tomatoes with more active chromoplasts, producing higher
amounts of metabolites associated to organoleptic and
nutritional quality *®¢°. For example, the high pigment 1, 2 and 3
(hp1, hp2 and hp3) tomato mutants possess altered chloroplast
number and ultrastructure, resulting in fruit with elevated levels
of chlorophyll, carotenoids and flavonoids, and altered patterns
of aroma volatile production **¢"%*, These mutants have been of
limited use in tomato breeding programs due to pleiotropic
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effects of the light signal perception phenotype that affect other
aspects of plant growth, making it also difficult to infer the
contribution of the fruit photosynthesis to the fruit quality
phenotype ¢

Fortunately, a number of studies using molecular genetics
approaches on these mutants resulted in the identification of the
corresponding mutations as components of the light signal
transduction pathway and opened the way to a more targeted
approach with less pleiotropic effects. A series of hp2 alleles in
tomato were revealed ® as mutations in DE-ETIOLATED1 (DETT1),
a negative regulator of light signal transduction and hp1 has also
been identified as a mutation in a tomato UV-DAMAGED DNA-
BINDING PROTEIN 1 (DDBT1) homolog whose Arabidopsis
counterpart interacts with DET1, and therefore both genes are
part of the light signaling pathway.

The identification of the genes underlying the hp mutations
allowed fruit targeted engineering ¢ using RNAI driven by fruit
specific promoters resulting in plants that do not present
pleiotropic effects. The engineered fruit contained a higher
content of quality metabolites .

Metabolomics and transcriptomic analysis of fruit with a
specific downregulation of DET7 failed to pinpoint the
mechanism underlying the phenotype of enhanced plastids in
the fruit, and although the authors identified an increased plastid
biogenesis per se, they could not conclude this to be the primary
effect ¢’. Consistent with this, they failed to detect in the DET-
modified plants any effect on the expression of either
transcription factors involved in plastid biogenesis (e.g. GLK),
structural proteins involved in plastid biogenesis (e.g. ribosomal
proteins), or plastid division (FtsZ and MinD).

Collectively, these data could suggest that in the case of hp
mutants it is the initiation of core metabolic processes which
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drives subsequent plastid biogenesis to provide a defined cell
compartment for these processes ®. In contrast, GLK-reinforced
plants contain more and bigger chloroplasts with more and
denser grana, in fruit tissues that have activated expression of
transcripts for PSI and PSIl components. Some differential
specificities of expression, with consequences in fruit
metabolism, can be anticipated from the expression pattern in
GLK1- and GLK2- overexpression lines °. Interestingly, no
changes in the expression levels for the main light transduction
genes are detected in fruit overexpressing GLKs °, suggesting
that at least at the transcriptional level no interaction between
the core light signal transduction and GLK exists in the fruit.
However, a number of evidences support that the interactions
occur at the protein level. Thus (1) DDB1 and DET1 are known to
essential components of CULLIN4-RING ubiquitin ligases
(CRL4s), that target specific substrate proteins for 26S
proteasome degradation , (2) DDB1-CUL4-DET1 were found to
interact in tomato according to the yeast two-hybrid assay ¢ and
co-immunoprecipitation assays %; and (3) tomato GLK2 protein
appears to be a substrate for degradation mediated by the
CUL4-DDB1-DET1 as SIGLK2 protein is a substrate of the CUL4-
DDB1-DET1 ubiquitin ligase . Therefore the mechanisms by
which genetically impairing CUL4, DDB1 or DET1 (as in hp ®*’° or
in engineered lines ’ results in a chloroplast/plastid fortification
may be due to an impairment in SIGLK2 degradation by the
CUL4-DDB1-DET1 ubiquitin ligase/ 26S proteasome.

The combination of HY5 and GLKs, functioning downstream
of light and auxin/ cytokinin signaling pathways, is responsible
for coordinated expression of the key genes in chloroplast
biogenesis during root greening " and it is possible that this can
be extended to aerial organs including fruits. In this respect, it is
possible that the activity of GLKs on fruit chloroplast
enhancement is not only affected by light but also by the
changing hormonal status of the fruit . A large body of
experimental data supports the participation of phytohormones
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in regulating fruit chloroplast formation/ differentiation and
evolution to chromoplast during ripening . For instance, down-
regulation of the tomato auxin response factor ARF4 resulted in
a fruit specific dark-green phenotype and blotchy ripening of
tomato fruit /* with cells in the outer pericarp tissue displaying
more chloroplasts with more grana per cell. More recent work by
Sagar et al 2013 revealed that fruits of those plants accumulated
higher amounts of transient starch at the immature stages and
higher sugar accumulation at the red ripe stage. The possibility
that ARF4 action of plastids in the fruit maybe mediated by
regulating the expression of SIGLKs in the fruit, was shown as the
levels of both the fruit SIGLK2 (inactive protein in Microtom
background) and ectopic expression in the fruit or the leaf
SIGLK2 transcripts increased in SIARF4-ASL fruit tissues. The
hypothesis that down-regulation of ARF4 expression results in
the up-regulation of SIGLKT and consequently in activation of
chloroplast functions was also supported by the presence for
perfectly conserved canonical ARF binding (TGTCTC box) in the
promoter region of the SIGLK1 gene .

Later study suggest the role not only the auxins but also the
brassinosteroids to regulate chloroplast development. Tomato
transgenic lines which overexpress Brassinazole resistant 1
(BZR1) provides fruits with dark green shoulder because of the
up-regulation of GLK2 7°. The observation that the fruit
phenotype can also be produced by ectopic expression in
tomato of the cytokinin biosynthesis gene ipt from
Agrobacterium tumefaciens ' and that exogenous treatment
with cytokinin can mimic the hp mutant phenotype * indicates
the possibility of cytokinins to positively influence fruit
chloroplasts. All these examples support a role for hormones in
fruit chloroplast development and open new avenues of
research for fruit photosynthesis modulation.

Others putative light signal transduction genes have proven
useful to modify fruit traits. RNA interference (RNAi)-mediated
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gene repression of two light signal transduction genes, LeHY5
and LeCOPITLIKE were found to antagonistically regulate fruit
plastid pigmentation in tomato . Although the results obtained
are consistent with their role as positive and negative elements
of the light signaling pathway in Arabidopsis, the mechanism by
which they alter fruit pigmentation and quality in tomato fruit is
unknown.

More fruit chloroplast mutants have also proven useful to alter
fruit quality. Thus, the green-flesh and chlorophyll retainer
mutations of tomato and pepper showed an inhibition of
chlorophyll  degradation caused by dysfunction of the
corresponding homologs of the chloroplast targeted STAY-
GREEN protein of rice. Again, these mutations influenced fruit
chloroplast development by delaying the degradation of
chloroplast components during ripening, and impacted fruit
quality in ripe fruit very positively *>”. Recently, the modification
of other chloroplast proteins was found to impact fruit ripening
and quality. Thus, the Orange ripening (OrrDS) mutant that
encodes the M subunit of the plastidial NADH dehydrogenase
complex ¢ is affected in multiple aspects of the fruit ripening
process, including the ethylene climacteric and carotenogenesis.
In contrast, fruit of lutescent 1 (/1) and lutescent 2 (12) ' mutants
of tomato show an early and progressive loss of chlorophyll
producing fruit with a whitish-yellow color prior to the onset of
ripening and a delay in the onset of fruit ripening itself. Both /7
and /2 have been identified as tomato homologs of a
chloroplast-targeted zinc metalloprotease ¢ that is required for
chloroplast development (EGY1 in Arabidopsis, ”’). This supports
the importance of a chloroplast signal that stimulates ripening
and that eventually affects fruit quality.

Moreover, Pan et al (2013) using a network analysis approach
identified transcription factor related to ARABIDOPSIS PSEUDO
RESPONSE  REGULATORZ2-LIKE gene (APRR2-Like) that
influences pigmentation and ripening in tomato fruit. Most
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interesting overexpression (OE) in transgenic lines under 35s
promoter the APRR2-like produced fruits with larger and more
numerous plastids and consequently with higher pigment
chlorophyll levels in immature unripe fruits and carotenoids in
red ripe fruits. In Arabidopsis, this gene seems to be a
transcriptional activator with a GARP DNA-binding domain and a
receiver-like domain similar to ARR-B genes ’%. Interestingly, this
APRR2-like showed it closest similarity in tomato with the GLK ®
but it lacks the AREAEAA motif conserved in the GLK genes 7®
suggesting a new specificity. Although the function of the APRR2
in Arabidopsis has yet to be determined the central position in
the regulatory hub in tomato, its regulation during ripening and
the effect on RIN, ACO and PG expression indicated it has an
important role in the ripening process. On the other hand, the
similarity of the ectopic OE phenotype with that of GLK-like
genes, together with the alteration of APRR expression in hp
mutant plants ”?
deficiency of the DDBT light signal transduction gene in the hp1
mutant and APRR2-Like gene expression suggested and a
possible explanation for its implication in plastid development
and metabolism (Fig. 1). Recent reports indicating that pepper ®
and cucumber # mutant lines which provide albino fruits are due
to mutations in APRR2, which suggest that in addition to its role
during fruit ripening APRR2 is required for green fruit phenotype
and therefore for fruit chloroplast development.

indicates a link between the functional

More recently, a tomato mutation called uniform gray-green
(ug) ¥ described by the lack of the green shoulder surrounding
the calyx similarly to the "u" mutation was characterized by
positional cloning. Ug was mapped to the long-arm of
chromosome 1 and assigned to TKN4 gene which encodes a
type KNOX TF. TKN4 was suggested to positively regulate GLK2
expression levels. Higher levels of TKN2 were also associated to
increased chloroplast development and to the up-regulation of

SIAPRR2 and SIGLK2 genes ®'.
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Al these results consolidate further the idea that genes
encoding relevant fruit chloroplast biogenesis genes, or
components of light signaling, can be the targets of genetic and
biotech approaches for enhancing fruit composition and
nutritional value.
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Figure 1: Light signalling and chloroplast development factors affecting
fruit quality. In red are those components that in tomato have been reported
to affect fruit chloroplast development and fruit quality (continued).
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Figure 1 (continued): COP1, DE-ETIOLATED 1(DET1/hp2) and UV-DAMAGED
DNA-BINDING PROTEIN 1(DDB1/hp1) cooperate in the dark to promote the
ubiquitination  and  degradation = (CUL4-based E3 ligase)  of
photomorphogenesis promoting transcription factors such as the transcription
factor HY5 or GLK2, whereas other light regulators probably act by repressing
transcription of photomorphogenesis and pigment genes .

Down-regulation of LeCOP1-like, DET1/hp2, and DDB1/hp1 leads to higher
chlorophyll/plastid and carotene content in green and mature fruit,
respectively, while HY5 or GLK2 down-regulation causes the opposite effects,
as observed in hp1, hp2, HY5, and LeCOP1-like mutants. Exposure to light
causes COPT to exit from the nucleus and leads to the repression of DET1/hp2
and DDB1/hp1 and to active HYS5 and GLK2 levels increasing. This enables G-
box binding and transcriptional activation of photomorphogenesis and
pigment genes. In a DDB1/hp 1-independent regulatory pathway, Golden 2-like
MYB transcription factors (GLKT and GLK2) participate; these are also major
drivers of photosynthetic genes, with GLK2 having a predominant role in fruits.
Knox genes are upstream regulating GLK2 expression. Alteration of
phytohormones such as auxins or BRs also affects GLK2 levels. Overexpression
of GLKs increased chlorophyll content, chloroplast number, and thylakoid
grana stacks in green fruit, which results later in higher levels of carotenoids
and sugars in ripe fruit. [Adapted from Macmillan Publishers Ltd: The EMBO
Journal. Waters MT, Langdale JA. The making of a chloroplast. EMBO J. 28,
2861-2873, figure 1, copyright (2009).]

1.9  Fruit chloroplast reinforcement, a double-
edged sword?

Reinforcement of chloroplast in the fruit results in better
quality fruit, so why was the u mutation that resulted in weak fruit
chloroplasts introduced in 1940-50s in the first place? The
reason appears to be that in addition to providing a fruit that
ripens more uniformly, with no green shoulders, it facilitated
maturity determinations crucial for the processing industry to
avoid losses. Moreover, tomato breeders know well that u fruits
are less prone to develop cracking and yellow shoulder at the
stem end, two disorders often found under certain stressful
environmental conditions %% Absorbed solar energy may be
harmful when it exceeds the capacity of photosynthesis to use it
for assimilation, resulting then in photoxidative stress.

17



Introduction

Photoxidative stress therefore exceeds the coping capacity of
the plethora of mechanisms that plants have developed to
manage excess of absorbed energy . Thus, part of the U fruit
problem could be due to oxidative stress running out of control
in very active fruit chloroplast as they become overheated, or
unable to cope with high irradiation operating in many industrial
facilities (which use completely different conditions to those at
the centers of origin and diversification where wild relatives of
tomato first evolved). Fruits of wild tomato species are inherently
small as an adaptation to the limitations imposed by water and
other environmental stresses in nature, and limited fruit growth is
favored by survival and reproductive strategies during evolution
over other fruit traits associated to growth and carbon gain,
which are the focus of modern agriculture based on
domesticated species with larger fruits.

Lhc/cab genes are among the most sensitive to photo
oxidative stress and their transcription is turned off soon after
plants are subjected to photooxidative conditions ®%¢. The
decline of cab mRNA in maturing tomato fruit delayed
chloroplast deterioration in a mutant tomato fruit ¥ and
coincided with the increase in superoxide dismutase . This
strongly suggests that the decline in cab mRNA is in response to
the increasingly photooxidative environment in maturing fruit.

On the other hand, control of redox chemistry is central to
photosynthesis in the chloroplast and to cell survival and
therefore is not surprising that plants go long ways in assuring
that naturally. This control is exerted even when there is an
imbalance between the two photosystems and is governed by
the redox stage of the plastoquinone providing the plant with a
short, rapid and direct control on photosynthesis which is
encoded universally within the chloroplast .

18



Introduction

1.10 Walking on the wild side: oxidative stress
during normal fruit ripening and under
stressful environmental conditions

Oxidative stress is induced in tomato fruit upon exposure to
high irradiance and high temperature and, presumably, upon
rising of photosynthetically-produced O, within a tissue in which
gas exchange may be reduced because of near-absence of
stomata. This may have consequences of fruit plastid bleaching
and later lead to impairment in ripening that affects mainly the
shoulders of the fruit. Yellow shoulder is a color and ripening
disorder * of mature fruits (although probably induced when
they are immature, Ferndndez-Mufioz, unpublished) injuring all
types of tomatoes under high-light/ temperature conditions. It
will, nevertheless, affect especially, severely fruits from
genotypes lacking the uniform ripening gene ?'. It is long known
that non-uniform green U tomatoes are far more sensitive to
cuticle cracking 727, Similarly to the yellow shoulder disorder,
fruit cracking is also more frequent when developing fruits are
directly exposed to high irradiance ®. It is therefore not
surprising that to protect fruit from the deleterious, quality-
reducing effect of oxygen radicals produced from electron
transfer going out of control under high-irradiance/ temperature,
breeders selected fruits with fewer number of inferior
chloroplasts.

During fruit ripening, chloroplasts develop into chromoplasts
accumulating  high  amounts of liposoluble antioxidant
compounds, such as lycopene and beta carotene, which
presumably will protect the chromoplast and fruit cells, in
addition to serve as a visual cue for frugivores to eat the fruit and
disperse the seed. Despite this, during the last stages of normal
tomato fruit ripening oxidative stress in the fruit is known to
increase markedly; this has been proposed to be part of the
ripening program aimed at facilitating metabolic changes
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associated to ripening and fruit softening required for seed
release 7°. Consistent with this, short shelf-life tomato cultivars
exhibit increased oxidative stress and reduced radical
%, Engineering tomato fruit for higher

antioxidant levels resulted in firmer fruit with extended fruit shelf-
life 57798,

scavenging activity

2. Photoprotection approach

Enhancing photoprotection has been proposed and
demonstrated as a useful strategy to improve photosynthesis #.
These approaches should be finely tuned and their beneficial
effects should be weighed against the evidence that such actions
may have a cost that could limit carbon availability, i.e. yield .
All this indicates that it should be possible to increase the fruit
own supply of healthy nutrients by enhancing fruit plastids at the
different stages of fruit development (fortification of both
chloroplasts and chromoplasts) while keeping oxidative stress
under control.

Understanding the mechanisms to achieve a fine redox
control and manipulation of photo/ thermo-protection
mechanisms in the plastid under real growth conditions will
require further research to take full advantage of chloroplast
fortification.

2.1 Anthocyanins: natural source of
photoprotection

Under certain stress conditions plants react and produce
anthocyanins compounds as a protective mechanism. Many
environmental cues have been reported to stimulate the
pigment synthesis such as low temperature, UV irradiance,
drought, osmotic stress (sucrose, glucose, manitol), nutrients
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deficiency (nitrogen, phosphorus), hormones (auxins and
cytokinins) or wounding 7%,

Anthocyanin synthesis is considered to be a light-dependent
process; therefore, photoinduction is one of the most studied of
the induced mechanisms. It has been demonstrated that is a
phytochrome-mediated process where expression of enzymes in
the pathway (CHS) is strictly dependent on light 0%,

Anthocyanin not only acts as UV-b filter against high energetic
irradiance (absorbing blue light and reflecting red wavelengths),
but also is consider a sunscreen protector of PSIl %'%% The
mechanism underlying flavonoid protection in ROS reduction is
not well understood. However, it has been proved that is
possible to stimulate flavonoid synthesis in low irradiance
(kaempferol and quercetin glycosides) when other stresses, such
as lack of nitrogen or salinity, are present. These conditions lead
to ROS generation that could be mitigated by flavonoids "%,

In addition, the antioxidant capacity of those pigments makes
them also a relevant trait for fruit breeding with impact in
different stakeholder interests. Thus, it has been reported the
capacity of flavonoids/ anthocyanins to extend the shelf-life of
the fruits - important for industry, as well as the benefits
associated to high levels of flavonoids in a regular diet '%7"'%,

2.2 Tomato fruit are capable of accumulating
anthocyanins

Modern tomato varieties do not accumulate anthocyanins in
fruit. Nevertheless, is possible to find wild relatives of tomato
which fruits store anthocyanins in vacuoles of the sub-epidemical
layer ''°.
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Many efforts have been oriented to the introgression of this
trait in tomato with limited success and mostly restricted to the
fruit peel. Anthocyanin fruit production from S. chilense was
introduced in domesticated tomato through interspecific
crosses, and this phenotype was associated to Aft gene'
mapped in chromosome 10 ' In the same locus Aubergine
(Abg) was identified and introgressed in tomato from S.
lycopersicoides '*'". Both are dominant genes and require
high-light to express the phenotype. The trait has been also
identified in S. cheesmaniae and mapped in chromosome 7 as a
recessive gene called atroviolaceum (atv). This gene is able to
produce anthocyanin accumulation not only in fruits but also in

leaves '

. Introgression of atv has been partially successful
because of the weak phenotype in tomato. Aft and Abg can
provide strong purple pigmentation but Abg plants can give
blotchy fruit when the light source is not uniform. Despite
differences in tissue-specific expression of genes, both fruit and
leaves have similar anthocyanin profile with petunidin, malvidin

and delphinidin accumulating to the highest levels "'¢'"".

Moreover, the double homozygous mutants Aft-atv present
higher levels of fruit anthocyanins and lower light requirements
for their production than individual lines indicating a synergistic
effect between the two genes '8, Similar results were obtained
from the interaction of atv with Aft or Abg with anthocyanin,
achieving in the piramidized lines higher levels than in any of
them separately '"’.

2.3  Anthocyanin biosynthetic pathway

Although the above results do not require the understanding
underlying molecular and biochemical pathways, the important
progress made in identifying the components of the Flavonoids/
Anthocyanins (FLV/ANT) pathways and their regulators have
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facilitated more targeted approaches to increase FLV/ANT
accumulation in the fruit.

Anthocyanins are water-soluble pigments derived from
flavonoids through phenylpropanoid pathway (Figure 2).
Phenylalanine is the amino acid precursor located at the
beginning of the phenylpropanoid pathway. In addition, 3
enzymes -phenylalanine ammonia lyase (PAL), cinnamate 4-
hydroxylase (C4H) and 4-coumaroyl CoA ligase (4CL), are
implicated in generating the intermediate, p-coumaroyl CoA,
necessary in downstream steps of the phenylpropanoid
metabolism. Condensation of one molecule of 4-coumaroyl CoA
with three molecules of malonyl-CoA (Chalcona synthase, CHS)
is the first committed step for the flavonoid pathway and
produces naringenin chalcone, which is the precursor of all
flavonoids.

Downstream anthocyanin synthesis continues from the three
different kinds of classes of dihydroflavonols (Dihydroquercitin,
Dihydrokaempferol, Dihydromyrecetin) where, a Flavonol
synthase (FLS), diverts the pathway to the major flavonol
glycosides in tomato (rutin and kaempferol-3-rutinoside), or
otherwise the pathway continues through Dihydroflavonol 4-
reductase (DFR). This enzyme catalyzes the conversion of
dihydroflavonol into flavan-3,4-diols and subsequently, the
transformation into anthocyanidins is catalyzed by anthocyanidin
synthase (ANS). After that, anthocyanidin glycosides are formed
120121 Three kinds of anthocyanin
compounds derived from the three different dihydroflavonols:
delphidin (dihydromyricetin), cyanidin (dihydroquercetin) and
pelargonidin (dihydrokaempferol).

by the addition of sugar

The pathway continues then to form other downstream
anthocyanins, such as petunidin or malvidin (Fig. 2).
Phenylpropanoids and flavonoids are normally stored in
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vacuoles of guard and epidermal cells, as well as in sub-

epidermal layers "%,

Expression levels of the flavonoid pathway genes in pericarp
tissue are normally below detection levels, but fruit peel presents
all necessary transcripts and enzymes for the precursors of
anthocyanin biosynthesis '*''?, Naringenin chalcone represents
over 1% of the cuticle dry weight, and also significant transcript
levels of CHS, hydroxylase (F39H), and flavonol synthase (FLS)
are detected in the fruit peel. CHI enzyme is the only one in low
expression. In contrast to that, most of the flavonoid pathway
seems to be turned off in fruit flesh tissue '*.
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Figure 2: Schematic representation of flavonoid biosynthesis pathway.
Upstream in the phenypropanoid pathway phenylalanine is the precursor of a
series of reactions catalyzed by PAL (ammonia lyase),C4H (cinnamate 4-
hydroxylase) and 4CL (4-coumaryol CoA ligase) (continued)
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Figure 2 (continued): to generate the 4-coumaroyl CoA, precursor of the
chalcones. From Naringenin chalcone pathway are synthetized flavonones,
dihidroflavonoles, anthocyanidins (alternative tannins or Proanthoanidins) and
anthocyanins. 4-coumaroyl CoA can also be a substrate for caffeoylquinic acids
though C3H (p-coumaroyl ester 3-hydroxylase) activity, otherwise could be
substrate for HCT (cinnamoyl CoA shikimate/quinate transferase) or HQT
(hydroxycinnamoyl CoA quinate transferase). Enzymes represented in flavonoid
pathway: CHS (chalcone synthase), CHI(chalcone isomerase), F3H (flavanone 3-
hydroxylase), F3'H (flavonoid 3'-hydroxylase), F3'5'H (flavonoid 3'5'-
hydroxylase), DFR (dihydroflavonol reductase), LDOX (leucoanthocyanidin
oxidase), UFGT (UDP-glucose flavonoid3-O-glucosyl transferase), MT
(methyltransferase). Alternative branched from Leucoanthocyanidins: LAR,
(leucoanthocyanidin  reductase), ANR (anthocyanidin reductase). Major
flavonoids groups of interest for our work are numbered and the reference is
given in the upper right part of the chart. Pathway info was extracted from
KEGGs (http://www.genome.jp/kegg/). Chemical structures from
dihydroflavonols compounds to anthocyanins included
(https://pubchem.ncbi.nlm.nih.gov/).

2.4  Regulation of anthocyanin Pathway

Regulation of anthocyanin biosynthetic pathway can be
divided in three main blocks (Fig. 3). Two blocks are defined
from phenylalanine to 4-coumaroyl CoA, and from this
compound to the synthesis of non-anthocyanin flavonoids
controlled by Early Biosynthetic Genes (EBGs). Finally, the third
block is specific for the anthocyanin pathway and characterized
by the regulation of Late Biosynthetic Genes (LBGs) "%,

Anthocyanin production at LBGs level has been described to
be transcriptional regulated by a complex bHLH-MYB-WDR
(BMW) described in several plant species and necessary for
anthocyanin synthesis. In Arabidopsis, an R2R3-MYB protein
called Production of Anthocyanin Pigments 1 and 2 (PAP1 and
PAP2) has been identified, as well as one bHLH transcription
factor GLABROUS3 (GL30) (Gou et., 2011). The physical
interaction between R2R3-MYB/bHLH was first described in
maize, as occurring between R3 repeat of the MYB domain and
N-terminal region of the bHLH factor '¥. In petunia, two bHLH
proteins were identified: PAANT and PhJAF13, and both interact
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with R2R3-MYBs (PhAN2); in addition a WD-repeat (WDR) called
AN11 (PhANT1) %729 has been described. ANT1 encodes a
small protein with five to six conserved WDR that modulate the
activity of the R2R3-MYB or bHLH factors post transcriptionally
128130 A number of studies reported these TFs (BMW: bHLH,
MYB, and WDR) as responsible for the anthocyanin pigmentation
of many fleshy fruits. Some examples, including plant model and
economically important crops, are shown in figure 3.

Tomato orthologues for the BMW Petunia complex have been
identified. Two PhANZ2 (MYB) homologues were found in tomato,
SIAN2 and SIANT1, both encoded by two paralog genes
mapped in chromosome 10. In addition, two bHLH of the
petunia JAF13 and an1 were found in the tomato genome and
mapped to SIJAF13 (Chr. 8) and ANT (Chr. 9). Finally, the
corresponding  WDR gene from tomato was located in
chromosome 3 based on its homology with petunia AN77 and
later it was called SIANT7 112131,
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Figure 3: Regulation of the flavonoid biosynthesis pathway. Anthocyanin
pathway is regulated at three main steps (continued)
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Figure 3 (continued): (each step is highlighted by a color square). First, from
Phenylalanine to 4-coumaroyl-CoA (blue square) and subsequently, regulation
is controlled by two groups of genes: Early Biosynthetic Genes (EBGs, lilac
square) and Late Biosynthetic Genes (LBGs, Purple Square). The complex BMW
(bHLH/MYB /WD40 has been described as activator of LBGs, being the major
regulator of anthocyanin synthesis '*. Ternary complex is composed by three
transcription factors described as well-conserved among species. On the right,
a review table shows examples of MBW in plant models and economically
important species. Arabidopsis (Borevitz et al., 2000; Nessi et al., 2001, Nessi et
al.,2000; Walker et al., 1999), Petunia (Quattrocchio et al., 1999; Quattrocchio
et al., 1993; De vetten et al., 1997), Snapdragon (Schwinn et al., 2007; Schwinn
et al., 2006;Martin et al.,, 1991), Maize (Paz-Ares et al., 1987; Chandler et al.,
1989; Ludwig et al., 1989; Cone et al, 1993; Golf et al., 1990; Carey et al,,
2004), Tomato (De Jong et al., 2004; Kiferle et al., 2015), Grape (Walker et al.
2007; Bogs et al. 2007; Terrier et al. 2009; Matus et al., 2009), Apple (Takos et
al., 2006; Ban et al., 2007 ; Vimolmangkang et al., 2013; Espley et al. 2007; An
etal., 2012) and Strawberry (Schaart et al., 2012)

2.5 Tomato engineering for high content in
anthocyanins

Before we had a detailed knowledge of the FLV/ANT pathway
and its regulation, the strategies for breeding anthocyanin traits
in tomatoes were limited to interspecific crosses and resulted in
introgression lines carrying the corresponding trait '"*'*%, The
identification of LBGs and key regulators opened new avenues
for genetic engineered strategies.

The Delila gene (del), a BHLH factor of Antirrhinum majus "*
cloned under a constitutive promoter and introduced in Micro-
Tom plants, resulted in enhanced anthocyanin synthesis in
vegetative tissues but not in fruit (Mooney et al., 1995). Similar
results were obtained when SIANTT (MYB) was overexpressed
under 35s promoter in tomato: only small spots of anthocyanins
were detected in fruit. Later Micro-Tom plants, transformed with
p35s:AtPAP1 (MYB), accumulated anthocyanins in leaves, stems,
roots and flowers, whereas just small pigmented areas were
found in fruit %
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Moreover, fruit-ripening  specific  overexpression was
attempted by using a strong specific promoter (E8). LC (MYB-
type) and C71 (MYC-type) transcription factors, described as
regulators of anthocyanin synthesis in maize, were placed under
the control of the E8 promoter and transformed in tomato. Fruit
from those plants showed increased levels in total flavonols (up
to 20 fold) but not in anthocyanins which remained undetectable
in red ripe fruit '**. However, when the same E8 tomato promoter
was used to control the overexpression of two transcription
factors described in the BMW complex successful accumulation
of anthocyanins in the fruit was achieved. More precisely Rosea
(Ros1) and del from A. majus, MYB and bHLH respectively, were
cloned under the control of E8 promoter and transformed in
Micro-Tom. Both TFs upregulated LBGs (F3'5'H, ANS, 3-GT), but
also activated genes upstream in the pathway acting on the two
previous levels of regulation (first: PAL, C4H, 4CL and second:
EBGs) (Fig. 3). Transgenic plants exhibited purple tomatoes
resulting from the induced accumulation of anthocyanin not just
in the peel, but also in pericarp and inner flesh ¢ Those
tomatoes showed an extended shelf-life due to the antioxidant
capacity of anthocyanins '%,

The most recent paper aimed to restrict the anthocyanin
accumulation to the peel chose Plastidial Light Inducible (PLI)
promoter to drive the expression of the MYB and 35s promoter
to control bHLH (plants also showed expression in the stems,
hypocotyl and roots). Moreover, this study also incorporated the
evaluation of Aft/atv genotype and analyzed the shelf-life of both
transgenic and introgression lines. Results suggested that
accumulation of anthocyanins in the skin is sufficient to delay
post-harvest over-ripening and to extend the fruit life span %%,

To summarize, it has been demonstrated that anthocyanin
accumulation provides fruit with antioxidant protection
extending shelf-life (Aft/atv genotype). However, to date, no
engineered tomato has been reported with strict skin
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accumulation of anthocyanins. On the other hand, so far an
intragenesis approach has never been used to enhance
anthocyanin accumulation in tomato. Previous studies only used
the tomato MYB overexpression and did not success.

All the data exposed above support tomato as an excellent
candidate for increasing anthocyanin accumulation. The
enhancement of tomato fruit chloroplast functions, combined
with  photo-protection strategy provided by anthocyanin
engineering, define the aim of this work.
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Objectives

All the information above reviewed lead us to propose a
research plan directed to improving tomato fruit quality through
the enhancement fruit chloroplast and increasing anthocyanins
in the fruit peel using a cisgenic/ intragenic approach. To
develop this general objective a set of specific objectives were
planned:

1.

To overexpress tomato GLKs and APPR2 genes early in
fruit development and analyze the effect on fruit at
different stages of development (Chapter I).

To study de molecular basis of the phenotypes obtained
from single or combined overexpression of GLK and
APPR2, using different omics technologies (Chapter | and
).

To generate and characterize tomato lines that
accumulate anthocyanins in the fruit peel by
overexpressing tomato BHLH-MYB-WD40 under the
control of a fruit peel specific promoter (Chapter Ill)
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CHAPTER 1: Plastid Fortified
Tomatoes Obtained by Combined
Over-expression of GLK and APRR2
Transcription Factors during Early
Fruit Development
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Chapter 1

1. INTRODUCTION

Plastids are the plant specific cellular organelles where many
of the visual-, health- and flavor-related metabolites are
produced and stored in the fruit "' and therefore are
valuable components for consumers and breeders. Before they
turn into chromoplasts during ripening ', chloroplasts
contribute to fruit's carbon economy . Both chloroplast and
chromoplasts are the synthesis site of important metabolites and
growth regulators "%, The number and the functionality of fruit
plastids at the different developmental stages determine several

metabolic and developmental processes.

Although fruits are photosynthetic sinks, and rely mainly on
carbon transported from leaves to support development and
ripening #°, plastid contribution to fixed-C have been estimated
to reach around 15-20% ° or even higher ’. Furthermore, high
chlorophyll content and enhanced chloroplast content in green
fruits was shown to result in increased photosynthesis rates, and

more soluble solids and carotenoids levels in Red Ripe (RR) fruit
5,7,8,61,63,70,145

Important characteristics of the ripe fruit such as its shape '*,
b t ' are known to be determined early in
development. Therefore, acting at the early developmental
stages should provide the possibility of changing final fruit
¥ including some of the most important for fruit
quality like the sugar content and the nutritional composition *’.
Plastids number appears to be defined also early in organ
development %2, but their functionalities change during fruit
development and ripening. Thus, starch accumulated in the fruit
chloroplast may reach up to 20% of the total dry weight in the
young fruit but is negligible in ripe fruits ?°, indicating that there
is a transient accumulation of starch in the Immature Green (IMG)
and Mature Green (MG) fruits which is mobilized and converted
into soluble sugars at the ripening stage '°. Variability in the

size or weigh

characteristics
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accumulation of sugars stored as starch in the chloroplast of
immature fruits is in part responsible for the differences in sugar
content at the red ripe stage *''. Carotenoids, on the other
hand, increase during fruit ripening concomitantly or as a
consequence of chlorophyll degradation %', Lycopene ™
mostly accumulated and their levels are in part also determined
by genes affecting plastids early in development ¢°7°,

is

The importance of fruit photosynthesis for starch
accumulation, and subsequently for the sugar content of the ripe
fruit, has received additional support with the discovery of
several Transcription factors (TFs) and regulators that, when
mutated or overexpressed, result in greener fruit at the IMG and
MG, as well as fortified fruit at the ripe stage >#¢*¢¢8154 Golden
like (GLK) belongs to GARP family of MYB transcription factors as
defined by GOLDENZ in maize (Zea mays) ', and had previously
been identified in several plants such as Arabidopsis thaliana,
Oryza sativa, Sorghum bicolor and the moss Physcomitrella as
TFs implicated in plastid development *%781%,

GLKs are normally found in pairs; the ancestral of flowering
plants was a single gene and the duplication occurred in some
species "', Gene pairs appear to be functionally redundant. In
moss and Arabidopsis, only double GLK mutants exhibit a
characteristic pale green phenotype in vegetative tissues %
Although both GLK genes are expressed in leaves (GLKT and
GLK2), only GLK2 is expressed in fruit. In tomato and
Arabidopsis, single GLK2 mutants produce pale green
phenotype in fruit and siliques respectively ®'*'. It has been
shown that SIGLK2 influences photosynthesis in developing fruit
by inducing transcription of photosystem | (PSI) and photosystem
Il (PSIl) and other photosynthesis-related components. GLK2 has
been recently identified by positional cloning as the gene
underlying the uniform (u) ripening mutation in tomato that
produces a pale green fruit phenotype. The mutation was
characterized as an additional Adenine (A) nucleotide in a region
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of six consecutive As in exon | of SIGLK2 gene, that introduces a
premature stop codon and generates a non-functional protein °.

Most modern commercial tomato varieties are u/u, such as
MoneyMaker (MM), showing pale green fruit at IMG and MG
stages and lower sugars and carotenoid contents in RR fruit.
Moreover, GLK-overexpressing lines accumulate more soluble
solids in the red ripe stage, opening the way to increase fruit
quality biotechnologically by acting at the GLK level. It has been
studied that overexpression of either GLK1- or GLK2-, under the
control of 35s promoter, exhibits impact in fruit quality. Total
Soluble Solids (TSS) increase from 20 to 40% and 40 to 60%, and
total carotenoid presents levels from 25 to 40% higher that the
control ‘'M82' (u/u) line ''. Although a functional equivalence of
the GLK1 and GLK2 peptides has been reported in fruit,
transgenic p35s::SIGLK2 lines showed RR fruit with higher TSS
and carotenoids values than p35s:SIGLK 1 plants '*'.

More  recently, ARABIDOPSIS PSEUDO  RESPONSE
REGULATORZ2-LIKE gene APRR2-like was identified as a
transcriptional activator with a GARP DNA-binding domain and a
receiver-like domain similar to ARR-B. APRR2-like has certain
sequence similarity with GLK2 but lacks the AREAEAA conserved
motif 8. A SIAPRR2-like tomato gene shows ripening-associated
expression pattern, with a strong induction at the breaker stage
(Br) 8. Ectopic overexpression (OE) of SIAPRR2, under the control
of the 35s promoter, resulted in fruit with more plastids and
higher chlorophyll amounts in immature stages and, eventually,
higher sugar and carotenoid levels in the red ripen stage ®.

Previous reports provide indirect evidence that early
developmental expression of regulatory TFs is required to obtain
enhanced chloroplast functions. AtGLKs expressed under the
control of tomato ripening promoter (PDS) had no effect on fruit
“greenness” >, whereas the SIGLK2 or SIAPRR2 cDNAs expressed
under constitutive 35s promoter resulted in a clear chloroplast
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enhancement *2. In our hands, 35s SIGLK2 and SIAPRR2 OE lines
produced small and often seedless fruit, probably as a result of
an excessive expression of regulatory factors (own observations).
Therefore, to understand the role of chloroplasts in fruit
development and their influence in the final fruit composition it is
important to dissect their functional roles during early fruit
development, measuring the effects of restricting chloroplast
over-accumulation to IMG stages exclusively.

We report here the characterization of MoneyMaker tomato
lines (u/u) which overexpress SIAPRR2 and SIGLK2 TFs under the
control of tomato regulatory sequences conferring ovary-early-
fruit specific gene expression. In addition, SIGLKT and SIGLK2
fruit functionality was compared in a background where SIAPRR2
was also OE. We found that the co-expression of the two TFs
displays an additive effect ranged from fruit color to
accumulation  of primary metabolites and isoprenoid
compounds, as well as modifications in chloroplast structure.
Results indicate that intragenesis-like approaches are viable
alternatives to transgenesis or conventional breeding for
enhancing plastid functions in the fruit and consequently fruit

quality.

2. RESULTS

2.1 Engineering tomato plants expressing GLKs
and APRR2 TFs under the control of the TFM5
promoter

To study the effect that SIGLK2 and SIAPRRZ2 early expression
in the ovary/ fruit may have on fruit development and quality, the
coding sequences of the two TFs were inserted between the
TFMS5 early fruit specific promoter and terminator regions %',
We chose GLKZ2 instead of GLKT because, although a functional
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equivalence has been described due to the OE (35s promoter)
of both TFs, GLK2 showed better results in the improvement of
tomato fruit quality than GLK7 ', This approach differs from
previous ones in that it follows an all-tomato DNA strategy,
aiming to specifically and transiently activate TFs at early fruit
development (designed in part to overcome that 35s OE lines
produced small and often seedless fruit, in our hands). Our
approach targets the fruit stage when normally chloroplasts are
dividing and developing, a stage associated with activation of all
chloroplast transcriptional machinery
(http://gbf.toulouse.inra.fr/tomexpress17b).

In addition, we constructed a series of transcriptional units
either combining pTFM5::GLKT or pTFM5:GLK2  with
pTFM5::APRR2 in the same binary construct or GLK2 and APRR2
cloned separately (Fig. 1a). Although GLK7 and GLK2 OE was
previously compared ', it has never tested before the effect of
those TFs in a background where APRR2 TF is expressed.
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Figure 1: Fruit Chloroplast enhancing modules. (a) Modules for simple
Chloroplast Engineered Fruits consisted in (from left border to right border):
Kanamycin resistance (Nptll CDS controlled under nopaline synthase promoter
and terminator), TFM5 promoter, APRR2-CDS or GLK2-CDS followed by TFM5
terminator (continued)
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Figure 1 (continued): Single constructs were used to build double fortified
modules: GLK2-APRR2 and GLK71-APRR2 and used to generate double
Chloroplast Engineered Fruits. (b) Expression levels of GLK2 and APRRZ driven
by TFM5 promoter (GLK2 and APRR2 mRNA levels) analyzed by Real time PCR
in GLK2-APPR2 lines (T3 generation). Tissue sample included bud flowers,
ovaries, IMG (immature green), MG (mature green), Breaker (Br) to RR (Red
Ripe) fruits see M&M (4.1). The 2-AACT method was used to determine the
relative mRNA abundance see M&M (4.4). Transgene expression in fruit tissues
is expressed in relation to the sample with the least expression. Data are shown
as mean = SD of three replicates in each independent experiment.

Fifteen engineered tomato lines for GLK2, fifteen for APRR2,
forty lines for the combination of GLK2-APRR2 and thirty lines for
GLK1-APRR2 were chosen at random among the KamR lines and
cultivated in the greenhouse. Initial visual inspection clearly
indicated that the double transgene lines showed darker green
fruit color than the single gene lines, which were nevertheless
darker than WT. No evident phenotypes other than fruit color
were observed in any other part of the plant. A quantitative real-
time PCR experiment revealed the expression pattern of the
transgenes driven by the TFM5 promoter sequence at different
stages of fruit development. As can be seen in Figure 1b both
transgenes showed maximum expression in the ovary at
anthesis, and decreased later with fruit development, showing
almost undetectable levels during ripening.

2.2 A dark green fruit phenotype is observed
when GLKs and APRR2 are over-expressed
simultaneously

A detailed analysis of fruit color at different developmental
stages was performed next. Compared to the wild-Type
moneymaker fruit, which has very light green color (typical of u/u
varieties) at IMG stage all Chloroplast Engineered Fruits (CEF)
displayed a darker green color (Fig. 2). The fruit phenotype
reached its major intensity from 0 DPA to IMG stage (10-15DPA)
consistent with the transgene expression pattern described
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above (Fig. 1b). Expression of functional SIGLK2 under TFM5
promoter resulted in fruit that are homogeneously dark green
(Fig. 2).

Figure 2: Fruit from CEF lines are greener than WT fruit. Comparison
between WT fruits (upper row) and engineered fruits as follows: APRR2, GLK2,
GLK1-APRR2 and GLK2-APRR2. Fruits were characterized in green stages: two
in immature green IMG stage of development (10 DPA and 20 DPA) and
subsequently in mature green MG (35 DPA), as well as ripening stages of
development: Breaker Br, Light red LR(B+5) and Red Ripe RR (B+7).
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Visual inspection indicated that double gene engineered
(dCEF) plants showed darker color than in the single gene plants
(sCEF), suggesting an additive/ synergistic effect of GLKs and
APRR2. To better define the color phenotype variation
associated with each construct further analyses were conducted
on a population of selected T2 plants. In total, fifteen
independent transformed lines were selected for each of the
four types of engineered plants: GLK2 (G2), APRR2 (A2), GLK1-
APRR2 (G1A2) and GLK2-APRR2 (G2A2), then between ten and
fifteen plants per line were analyzed for fruit color phenotype.

Fruit surface color measures were conducted on IMG and MG
fruits from a population of approximately 500 plants
representing the different engineering events (Supplementary
Fig. 1). A total of five lines for each construct were chosen based
on surface color measures for their detailed analysis.

Three of them represent the average values of green intensity
for each transgenic construct population and the other two
correspond to the higher and lower extremes of the fruit
phenotype for that construct population.

Figure 3 reveals the internal and external fruit color
distribution for those selected subpopulation of plants. APRR2
lines displayed fruits with the weakest color phenotype, which
was almost similar to WT. At the unripe stages, GLK2 provides a
darker green fruits than APRR2 but in all cases these were lighter
than the dCEF phenotypes. Those phenotypic observations are
presented in Figure 3, where a large range of variation is showed
for the external color distribution in the different CEF lines.
Differences between genotypes based on internal color
development were lower, although they run always in parallel to
the external surface values.
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Fruit Color
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Figure 3: Surface color displays huge differences between single and
double modified plants in external level. Internal and external color
distribution based on luminosity parameter (higher values lighter green,
smaller values darker green) at IMG stage (15 DAP) for dCEF (blue and green
points), sCEF (gray and red points) and WT fruits (black point). In the abscissa
axis (X) external luminosity (with Minolta color instrument, see M&M) and in
ordinate axis (Y) internal fruit luminosity (Tomato Analyzer 3.0 software, see
M&M)

To place our results in the context of the existing natural
variability in green fruit color phenotype, we measured the
variation in fruit “greenness” in a population composed by 560
different tomato accessions (traditional/ heirlooms: S.
pimpinellifolium, S. lycopersicum S. cersiforme and S.
lycopersicoides; and commercial varieties as used in Tieman et
al., 2017) "°. CEF presented a uniform color at MG, which is
grouped within the higher values of the range of variability for
this phenotype in the accessions diversity panel. In contrast to
our engineering lines, most accessions showed a green color
gradient along the longitudinal edge of the fruit, probably
resulting from GLK2 expression under the control of its own
promoter (Supplementary Fig. 2).
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Another observation related to the color distribution was an
apparently negative correlation between green intensity in IMG
fruits and weight in MG stages. Final weight at MG stage
between sCEF and WT was slightly different; however,
differences increased in dCEF parallel to the greener phenotype
(Supplementary Fig. 3).

2.3 The largest increase in chlorophyll and
carotenoid levels is observed in fruit at IMG
stage from double engineered GLKs-APRR2

plants

To assess whether the differences observed in fruit greenness
between the engineered genotypes was associated with
differences in the content of photosynthetic pigments
(Chlorophyll a, b and carotenoids), a thorough analysis of the
isoprenoid content in fruit was performed (Supplementary data
on CD). Samples were taken at two stages: IMG (when TFMS5 is
highly active) and MG (when TFM5 promotor is less active), and
analyzed for chlorophyll (Chl), carotenoids (Car) and total
isoprenoid content. Figure 4a represents the fold change of the
total isoprenoid content which is always higher in CEF at IMG.
The levels of chlorophyll and carotenoid contents in immature
fruit nicely correlated with the different intensities of green color
previously presented in Fig. 3. However, those differences
decrease in all cases at MG stage.

At the IMG stage, Chl content was, as expected, dramatically
affected by TFs manipulation. Overexpression of either GLK2 or
APRR2 increases total quantity of Chl around 80%, whereas
dCEF foldchanges ranged from 250 to 300% (GLK2-APRR2 and
GLK1-APRR2 respectively) respect to WT values (Fig. 4b). These
results support at the molecular level the reinforced visual
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phenotype observed in dCEF. Interestingly, in MG fruit the
differences were less dramatic. Consistent with the visual
phenotypes the Chl level is reduced as compared to IMG. At this
stage sCEF are practically identical to WT, whereas dCEF still
showed increased Chl content (1.4 fold of WT) (Fig. 4b). Chl a/b
ratios also showed differences between CEF lines and control
(Fig. 4c). This ratio is inversely proportional of photosynthetic
capacity since Chl b is binding to LHCII proteins, therefore lower
ratio values are indicative of more PSIl proteins '°. CEF lines
exhibit a decrease in Chl a/b ratio from IMG to MG, whereas MM
does not present any change (ratio approx. 0.5). On the other
hand, is necessary to take in consideration pheophytin values
which are related to Chl degradation . More pheophytin (a +
b) could mean higher Chl b values before degradation. GLKs-
APRR2 fruits present the highest Chl b values of all samples at
MG stage.
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Figure 4: Combination of GLK/APRR2 enhance major photosynthetic
pigments of tomato fruit in green stages. (continued)
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Figure 4 (continued): Isoprenoids composition was analyzed by HPLC (see
M&M) at IMG and MG stage of development. (a) Total Isoprenoids, in IMG
(diamond) and MG (square) fruit. Data showed was normalized and
transformed by Log2. (b) Chlorophylls content in ug/g FW (Fresh Weight) (c)
Values for the ratio Chl a/b and total pheophytin (a + b) normalized to WT. Each
genotype is represented by a symbol (G2: square, A2: line, G1A2: diamond,
G2A2: triangule, MM: circle) (d) Carotenoids content in pg/g DW (dry weight).
Genotypes represented in these graphics: APRR2, GLK2, GLK2-APRR2 and
GLK1-APRR2 and WT: MM control.

Moreover, there is a strong relationship between chlorophyll
and carotenoids as these pigments have interrelated functions
162 Chl/Car ratio is used as an indicator of photooxidative
damage '® as carotenoids contribute to protect the
photosynthetic apparatus against photoxidative stress '
Chl/Car ratio was approximately 1.3 in CEF and WT, indicating

that all chloroplast pigments increase in a coordinated manner.

During green stages, lutein is the most abundant carotenoid
in fruit followed by to B-carotene and xanthophylls in both WT
and CEF lines (Fig. 4d). Our results showed an increase of
carotenoids in CEF at IMG stage that it is even most dramatic in
dCEF lines; e.g. lutein level increase in sCEF over 100% related
to WT, whereas levels reached 400% in dCEF. These data are
consistent with the characterized fruit phenotype and again
confirmed the additive visual effect mediated by simultaneously
overexpression of APRR2 and GLKs TFs observed in dCEF.

Higher levels in lutein, as well as f -carotene and violaxanthin

are still obvious in MG stage for dCEF lines, whereas in sCEF the
levels of these compounds are almost equal to WT. The
differences in carotenoids between dCEF and WT decrease
during fruit development, although at MG stage dCEF still
remain over 50% higher than WT (Fig. 4b). In general,
carotenoids profiles seem to be paralleled to chlorophylls and
related metabolites, suggesting coordinated expression.
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2.4  Primary metabolism also reflects the additive
effect between GLKs and APRRZ2 at IMG stage

Having determined the changes in photosynthetic-related
pigment profiles during green stages of fruit development (IMG
and MG), we next studied the effect of our engineering
approach on fruit primary metabolism, using for that an
established GC-MS method " (see M&M).

A total of 70 primary metabolites were analyzed
(Supplementary data on CD). Again, in general, dCEF present
the most affected metabolite profiles. At IMG stage, the level of
sugars was significantly higher in dCEF (Table 1), whereas no
differences were detected in sCEF (except for the decrease of
sucrose in GLK2). Glucose and fructose levels are significantly
higher in GLK7-APRR2 genotype, reaching up 56 and 50% of
increase, respectively. Moreover, GLK2-APRR2 showed
significantly increase in sugar but due to sucrose (up to 42%);
however, the differences in the accumulation of sugars were not
significant when fruit reached MG stage. It is interesting to note
that the higher sugar content observed at IMG stage was
correlated with the more starch content presented in those fruit
at MG stage (Supplementary Fig. 4).

Related to amino acids levels, significant changes were
detected for both sCEF and dCEF lines. Amino acids such GABA
increased only in dCEF (Table 1), others decrease such as
asparagine, proline, aspartic acid or methionine (Supplementary
data on CD) in all engineered genotypes. At MG stage, as a
general rule, is observed that sCEF and dJdCEF showed an
increase in aa levels (Alanine beta, Threonine, Proline,
Asparagine, Glutamine, Glutamic acid, Phenylalanine, Arginine).
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IMG MG

Group Compound GIA2 G2A2 A2 G2 | G1A2 G2A2 A2 G2
Glucose 156 135 099 118/ 104 102 105 097
Fructose 150 122 100 102/ 109 107 103 090
Sugars Sucrose 116 142 09 068 099 104 111 o071
Putrescine 170 095 0.87 119 1.09 179 137 1.56)
Inositol, myo 1.58 131 093 1.05 174 1.17 111 1.16)
Inositol-1-phosphate 1.36 1.58 1.02 1.26) 1.06 111 1.08 1.10
Calystegine A3 1.08 2.68 310 035 1.36 2.26 198  0.64
Erythrose 1.00 120 098 077 131 123 1.34 122
Polyols Fructose-6-phosphate 090 073 069 110 105 106 076 0.85
Arginine 128 074 09 08 159 113 100 114
Glutamic acid 126 111 08 09 102 136 153 100
GABA 122 134 111 0.92 0.89 1.01 1.15 112
Cystine 1.18 1.59 1.02 122 104 120 112 113
Alanine, beta 115 1.40 107 082 131 132 1.46 1.28
Glycerol 111 131 113 1.59 1.40 1.00 1.05 0.97
Cysteine, S-methyl 0.95 142 098 093 3.42 1.16 1.63 0.78
Threonine 0.88 141 116  0.69 111 1.52 1.60 1.36)
Phenylalanine 075 113 125 098 109 170 167 131
Valine 074 135 116 070 092 095 122 091
Aminoacids Alanine 073 08 08 08| 101 08 100 0.7
Galactonicacid-1, 4-lactone 464 419 056 1135 187 148 125 091
Quinicacid, 3-caffeoyl-trans 249 219 09 3100 08 077 105 137
Malicacid 1.52 121 112 1.07 112 2.38 1.94 161
Succinic acid 1.50 121 1.03 1.57 1.20 119 119 09
Gluronic acid 1.47 166  0.55 247 103 052 123 0.70
Galactonicacid 1.36 1.43 0.81 2.57 135 1.01 114 0.72
Quinicacid, 3-caffeoyl-cis 133 144 073 172 091 078 099 120
Organic acids Citricacid 114 111 100 105 118 180 151 102

Table 1: Main primary metabolites changes associated to CEF. Normalized
metabolite contents (WT=1) for fruits at IMG and MG stage. Metabolites were
grouped by compound classes: Sugars, Polyols, Aminoacids and Organic
acids. Table shows some metabolite examples cited in the text (for the
complete analysis see supplementary data on CD). A Student's t-test analysis
was performed, statistical significance differences are in bold (pvalue<0.1).

Other products from Calvin cycle are also shown in table 1.
Erytrose, a polyol compound displays significantly higher
accumulation in GLKT-APRR2 (30%) during MG stage. More
polyols showed higher levels in MG samples of CEF lines such as
Calystegine A3 (Polyhydroxy alkaloid which increases 126% in
GLK2-APRR2) or Putrescine (diamine which presents levels of
79% in GLK2-APRR2 and 37% in APRRZ2). Highlighted is myo-
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inositol, the most abundant polyol, which is enriched in dCEF at
IMG stage and reaches the highest values at MG stage in GLK1-
APRRZ2 genotype (75%).

We also studied levels of organic acids (such as quinic acids,
succinic acid, gluronic acid, galactonic acid, malic acid) in CEF
samples. In general, higher content was observed at IMG stage.
For example, GLK7-APRR2 lines significantly increase galactonic
acid-1-4-lactone level, reaching the remarkable 364% related to
WT. Others such as quinic acid (dCEF and APRR2 genotypes)
and succinic acid also significantly increase during IMG stage.

Related to malic acid, it is worthy to mention the enrichment
in sCEF and dCEF at both stages of development, which was
even greater in MG reaching 138% in GLK2-APRR2, 94% in
APRR2 and 61% in GLK2 lines. This organic acid is highly
interesting because could be directly related to an increase of
fruit-photosynthesis ?'. In addition, differences in citric acid were
observed in GLK2-APRR2 genotype at MG stage (which level
increases up to 80%).

2.5 GLKs-APRRZ2 increases fruit plastid number,
compartment size and grana stacking

In order to assess the effect of our chloroplast engineering
module in the chloroplast structure of our plants, IMG fruit
sections were analyzed using light and electron microscopes.
First, we divided pericarp tissue in two areas of study (Area 1 and
2, Fig. 5a), from fruit epidermis (Fe) to the central part of the fruit
pericarp (Pc) and from there to the locular area (La).
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Figure 5: pTFM5::GLK2::TFM5::APRR2 expression increases plastid size in
IMG stage of fruit development. (a) Light Microscope (10x) displays cells
layers of fruit pericarp in detail from fruit epidermis (Fe) to the locular area (La)

(Chl: chloroplast, Pc: center area) in GLK2-APRR2 (left) and WT (right)
(continued)
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Figure 5 (continued): (b) Light microscope magnification (100x) of a cell close

to the fruit epidermis area where is possible to appreciate the higher size and
number of the chloroplast in GLK2-APRR2 genotype (down) compared to WT-
MM (up). (c) Box plots show the data distribution for chloroplast area, (d) and
chloroplast number/cell in the area between Fe and Pc, *** (ANOVA, p <
0,0001). (e) Percentage of cell layers with visible chloroplast at 10x in the area
ranged from the Pc to L (*** ANOVA p < 0,0001).

In the area close to the Fe we could observed that cells in
dCEF showed increases over 300%, in both chloroplast size (Fig
5b-c) and chloroplast number (Fig. 5d) (plt))< 0,0001). Effects in
sCEF were remarkably lower, suggesting again an additive effect
mediated by simultaneous OE of APRR2 and GLKs TFs in dCEF.

Cell layers spanning from Pc to the La did not show
significance difference neither in chloroplast number nor size per
cell. However, we could observe that the width of cell layers
which present visible chloroplasts at 10X is bigger in CEF lines
than WT (See area 2 in Fig. 5a). Whilst WT showed 40% of this
area cells with visible chloroplast, dCEF increased up to 60% this
trait. Differences were also observed in sCEF but to a lesser
extent that dCEF (Fig. 5e).

Later, we studied in detail the area spanning from Pc to La,
and we also observed changes at structural level. Under electron
microscope we found that the number and size of grana stacking
in dCEF samples was higher than WT. These observations were
most significant in fruit of the GLK1-APRR2 genotype (Fig. 6a).
Figure 6b displays an image of the grana of GLK7-APRR2 fruit
chloroplast compared to WT.
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Figure 6: Expansion of the cell-enriched-chloroplast layer and effect on
grana. Cells from central pericarp to the locular area were studied in APRR2,
GLK2, GLK1-APRR2 and GLK2-APRRZ2 genotypes (see M&M). (a) Grana stalking
size (um) in CEF genotypes and WT (*** ANOVA p < 0,0001) (b) Electron
Microscope detail of Grana Stacking (GS) in MM (left) and GLK1-APRR2 fruit
chloroplast (right), scale at 500nm.
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2.6 Engineering GLK and APRRZ2 early in ovary/
fruit development have consequences on fruit
quality at the ripe stage

Our results so far indicated that OE of GLK and APRR2 during
early stages of ovary/ fruit produces changes in the structural
and molecular levels in the IMG and also in MG stages, although
the levels of expression of the engineered genes were very low
at that MG stage. Next we analyzed whether these effects extend
to fruit at the ripening stage of development. The following
quality parameters were analyzed in Red Ripe (RR) fruit: TSS,
carotenoids and volatiles.

2.6.1 dCEF lines accumulate higher levels of total

soluble solids

The analysis of CEF indicated that the total content in TSS of
red ripe RR fruit from engineered lines is higher than in the
control MM background and correlates with the intensity of dark
green phenotype observed in immature stages of development
(Fig. 2).

sCEF genotypes showed slight differences in TSS when are
compared to WT (Fig. 7) where SIAPRR2 presents an increase of
3.1% in soluble solid levels, and SIGLK2 4.5%, barely significant.
However, a significant change in Brix degree of fruit at the RR
stage was observed when both TFs were co-expressed,
achieving the 23% and 25% in GLKT1-APRR2 and GLK2-APRR2
respectively.
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Total Soluble Solids

5 z kkk kkk
5 Contrast Pr>Dif Significative
15 GLK2-APRR2 vs MM-WT <0,0001 Yes
1 GLK2-APRR2 vs APRR2 0.002 Yes
35 GLK2-APRR2 vs GLK2 0.002 Yes
3 GLK2-APRR2 vs GLK1-APRR2 0.935 No
25 GLKI-APRR2 vs MM-WT <0,0001 Yes
3 GLK1-APRR2 vs APRR2 0.001 Yes
15 GLK1-APRR2 vs GLK2 0.000 Yes
1 GLK2 vs MM-WT 0415 No
05 GLK2 vs APRR2 0544 No
o - - - APRRZ vs MNM-WT 0975 No
G1A2 G2A2 G2 A2 WT

Figure 7: Total solids increases in GLKs-APRR2 fruits. TSS were measured in
RR fruits (left side) of GLKT1-APRR2, GLK2-APRR2, GLK2, APRR2 genotypes (see
M&M). Significance difference between groups were detected between GLKs-
APRRZ2 and the rest of genotypes, whereas there was no difference between
simples sCEF (APRR2 and GLK2) and WT. ANOVA was carry out with Tukey
(HSD), Fisher (LSD) and Bonferroni (99% confidence level). HSD contrast is
represented in the table (right side of the chart).

2.6.2 dCEF lines show higher contents of nutritional and

healthy compounds

HPLC analysis of medium and low polarity compounds was
performed in RR fruit to define whether changes in nutritional
and healthy compounds occurred. A first analysis examined
changes in isoprenoid profile during ripening, using fruit from Br
to RR (Fig. 8). Brsamples are characterized by compounds such
as lutein, B-carotene, a-carotene and violaxanthin, which display
higher proportion in that stage of development. On the other
hand, RR characterized for accumulating saturated carotenes
such phytofluene and phytoene which are not detected in Br
samples; and lycopene levels which increase in MM-control from
3 mg/g FW (Br) to 664 mg/g FW (RR).

When searching for the differences caused by our fruit
engineering approach the largest differences between CEF and

WT at Br stage were observed in Lutein levels which are notably
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higher in engineered plants and mostly in dCEF. In addition, the
carotenoid content of fruit from APRR2 and GLKT1-APRR2
genotype displayed the highest amounts of carotenoids in
general (200% compared to WT), mostly B-carotene at breaker
and lycopene at RR. The PB-carotene also increases in a
significantly manner, (more than twofold) in fruit from GLK2 and
GLK2-APRR2 lines.
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Figure 8: Nutritional and health quality related compounds increase in ripe
fruit of all engineered genotypes. HPLC analysis (see M&M) performed in
MM, APRR2, GLKZ2, GLK1-APRR2 and GLK2-APRR2Z fruit samples at Breaker (left)
and Red Ripe (right) stage of ripening development. Figure shows the
carotenoid profiles in Br to RR fruits, as well as the contents in the different
compounds for engineered genotype. Compounds references are in the right
side of the chart, the color reference is keep for both graphics (puple
phytofluene, light-blue phytoene, yellow other carotenoids, dark-green
luteoxanthin, black neurosporene, red lycopene, light-green lutein, blue d-
carotene, orange b-carotene, pink a-carotene).

2.6.3 Volatile profiles modified in dCEF

Double-engineered genotypes were selected to study the
changes in volatile compounds at the ripe stage because they
represent the strongest phenotypes achieved in our strategy.
Five families were analyzed in the case of GLK2-APRR2 and three
representative families in the case of GLKT1-APRR2 based on the
average values of green fruit color phenotype. A Principal
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Component Analysis (PCA) was applied to assess the variability
among genotypes, as well as to identify the main volatile
compounds which contribute to those differences. PCA analysis
explains approximately 42% (PC1 and PC2) of the total variance
(Fig. 9a).
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Figure 9: VOCs profile is modified in GLKs::APRR2 fruits. Volatile
compounds were analyzed in RR fruits of GLK2-APRR2, GLK1-APRR2 and WT by
GC (see M&M). Principal component (PC) analysis based on VOCs profile for
each genotype. Loading plot is superimposed to the scores plot. VOCs: red
Apocarotenoid, green Phenylalanine derived, blue Branched-chain amino acid
derivatives, yellow Fatty acid, pink Benzenoid and black Terpenoid. Genotypes
are highlighted with a square, in gray (GLK7-APRR2), brown (GLK2-APRR2) and
blue (MM).

PC1 explains 27% of the variability with GLK7-APRRZ2 located
on the left, whereas MM and GLK2-APRR2 on the right of the
PCA. In general, fatty acid derivative compounds decrease in
GLKs-APRR2, mainly in lines which express GLK7 (Fig. 9).
However, some derivative fatty acids show higher content in
CEF, such as hexanal. Moreover, branched chain aa derivatives
are highlighted because, as a general rule, increase levels in
engineered fruits (2-methyl-2-butanol, 3-methylbutanol, E-2-
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methyl-2-butenal), showing the largest amounts in GLK2-APRR2
genotype (Table 2). On the other hand, the two ; APRR2
genotypes are separated from WT along PC2 (explaining 15% of
the variability). The most remarkable difference between CEF
(besides higher branched aa ramified in GLK2-APRR2) are in the
accumulation of terpenoids.

dCEF differ from WT plants as they produce ripe fruit with
higher amount of a set of volatile compounds that may have an
impact in flavor (pvalue<0.05, table 2).

Terpenoid Fatty acids derivative

Family Limanene Linaloal Terpineol Family 1-penten-3-0 Heptanal Decanal®  Octanal®
G1A-1 241 15 110 GA2T 0.60 0.9 0.80 0.86
G1A2-38 168 L6 19 G- 0 0.9 0.81 0.8
G1A23D L7 189 A A2 07 0.90 073 0.77
pualue 0.02 0.03 0.03 G- 035 0.92 081 0.8
QA2 137 132 123 7LV VR (¥ ] 0.9 100 088
G2A2-38 Ly L6 L4 pualue 0.03 0.05 0.05 0.05
GA12 15 20 18 Family ~ 1-penten-3-0 Heptanal -pentanone 1-penten-3-of*
G2A2-14 L34 L& L6l G121 0.89 0 0.72 0.59
G232 1.8 L7 230 G138 086 0.7 0.66 0.57
pyalue 0.02 0.03 0.03 G130 07 0.40 0,65 0.9

Branchec-chain amino acids derivatives pralie 04 05 0 00l
Family ~ 2-methyl-2-butanol  3-methyloutanol  E-2-methyl-2-butenall | Family  E-2-nonenal®2-penten-lo Pentanal* E-2-pentenal*
QAT 165 108 164 G1A21 083 0.55 0.7 0.89
G2A2-38 21 37 15 GIAMB 076 0.75 0.4 0.8
GA2-12 168 197 165 GIAZID 081 0.26 039 0.7
G2A2-14 L35 119 L1 pualue 0.01 0.03 0.03 0.4
G2A2-32 525 205 115
pualue 00l 00 0.04

Table 2: Main family of VOC characteristic to each engineered genotype.
Foldchange of terpenoids, branched-chain aa derivatives and fatty acids are
represented in those tables (significance pValue (<0.05), t-student). In color are
highlighted the different families analyzed: G2A2 (red) and G1A2 (green).
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3. DISCUSSION

There are many controversies about the idea of fruits as sink
organs that exclusively rely on photosynthates import from
leaves #7** The role of fruit photosynthesis in fruit quality has
been much discussed >'**"%%; the contribution of photosynthetic
activity in the fruit itself has been estimated as much as 20% of
the total carbon ’. It has been even associated the lower
organoleptic quality in modern tomato varieties with selection
against fruit chloroplasts . During the last few years TFs
implicated in fruit plastid biogenesis and metabolism have been
identified '8, GLKs have been described as co-regulators of
photosynthesis-related genes °'*?, and ectopic expression of
APRR2 has been shown to influence fruit plastid development ®.
Moreover, overexpression of those TF was shown to elevate
organoleptic and nutritional quality in ripe fruits >®. However, the
mechanisms underlying their function are not well understood.
To date, those TFs have been only OE under a constitutive
expression (35s promoter) and their co-expression has never
been studied before.

Previous work suggested that a prerequisite to enhance
chloroplast development is to act in early stages of fruit
development. OE of AtGLKT or AtGLK2 controlled under a late
developmental promoter presented no change in fruit
phenotype and no detection of mRNA °. In addition, tomato lines
overexpressing those TFs under 35s promoter, in our hands,
displayed negative effects on fruit development (low fruit set and
small fruit, data not shown). For these reasons we chose to re-
evaluate the relevance of enhancing fruit photosynthesis trough
the simultaneously OE of GLKs and APRRZ2 controlled by a fruit
specific promoter, as well as drive the expression from early
stages of development. TFM5 promoter seemed to cover all the
requirements as it was described to provide high levels of
expression in IMG fruit and no activity in leaves ?, keeping a
sustained expression until MG stages of fruit development "2,
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As we anticipated, expressing SIGLKs or/and APRRZ2 under
the control of the TFM5 promoter generates darker green fruits
at IMG stages; however, not only the expression but also the
dark green phenotype disappeared sooner than expected. This
pattern of expression driven by TFM5 promoter differs from what
was expected based on the literature ' and Patent (number
5.608.150); where a more sustained expression was presented
until mature green. However, the observed pattern is similar to
that we obtained with TomExpress using the TFM5 gene
(Solyc12g014630.1.1) as a search string
(http://gbf.toulouse.inra.fr/tomexpress). Those reports showing a
more sustained expression could be due to the larger stability of
the e.g. glucuronidase gene used as reporter '*’. In other cases
where TFM5 was used for triggering RNAI silencing, early
expression could have been sufficient for sustained silencing 2.
The loss of green color at MG stage could be also in part
explained by the vacuolization taking place in cells during fruit
expansion "¢

In contrast to non-uniform tomatoes, which carry functional
GLK2 ° CEF in MoneyMaker uniform background were
homogeneously dark green. The ripening process in
MoneyMaker, as in other varieties, is not synchronous; it starts in
the stylar end and progresses later towards the basal end.
Therefore, we believe that the “uniform” ripening phenotype is
not a consequence of GLK expression and subsequently the
name chosen for the “uniform” locus is a misnomer and should
be better named green.

The observation of an additive effect obtained by co-
expressing GLKs and APRR2 in fruit is supported by all the
analysis performed in this work. Color surface distribution plots
of IMG fruit clearly clustered sCEF and dCEF lines separately.
Chlorophyll accumulation followed a similar pattern and increase
of 250 to 300% in double lines (e.g. GLKs-APRR2), compared to
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the 80% in sCET lines. In the same line, carotenoids also showed
higher content in GLKs-APRR2 (fourfold over WT content) than
either APRR2 or GLK2 line (twofold).

The dark color of CEF is not only associated to higher
chlorophyll, but also to higher carotenoid levels which are in the
line of previous studies ®. At the same time, Chl/Car ratios are
consistent with a normal coordinated regulation of carotenoid
and chlorophyll synthesis '°, as a consequence of increasing
both groups of compounds in the same proportion. Carotenoids
increase parallel to chlorophyll, pointing out that GLKs APPR2
strategy coordinates both pathways, which is essential for to
protect the photosynthetic mechanism against excess light '*. In
addition, chlorophyll a/b ratio was studied because is
considered an indicator of the light adaptation which is taking
place in photosynthesis machinery "2 This ratio showed
differences between genotypes. Whilst in MM this ratio did not
change from IMG to MG, CEF genotypes did, and this was more
dramatic in GLKs-APRR2 fruits which displayed the most reduced
ratio. Thus, lower ratio is translated to higher amounts of Chl b
and this pigment is associated to the antenna of PSIl '3; a
decrease in the Chl a/b ratio in engineered fruit could be
interpreted as a greater development of the PSIl antenna system.

Related to carotenoids, in general, lutein presents the larger
increase followed by f-carotene and violaxanthin. Since these

compounds are in different branch of the carotenoid pathway, it
means that a global upregulation of carotenoid and chloroplast-
bound isoprenoids is taking place. Under high light stress, plants
reversibly convert lutein-epoxide and violaxanthin to lutein and
zeaxanthin respectively, through two steps of de-epoxidation
reaction. This mechanism reduces energy available for the light
harvesting complex and is known as xanthophyll cycle *"7¢, As a
response to more fruit chloroplast, CEF lines react by increasing
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xanthophylls levels, possibly as a mechanism to prevent
photoxidative damage in a richer chloroplast fruit context.

Primary metabolites were evaluated at pre-ripening stages. It
is interesting to note that many aa increase at MG stage in all
four CEF lines. Serine and glycine are inside this group; those aa
have been described as important heme cofactor precursors,
which chloroplast provides to mitochondria '’. Heme cofactor is
a porphyrin derivative compound which plays an essential role in
oxygen transport, respiration, signal transduction, and
detoxification process '8, Taken together, isoprenoid and
primary metabolite data would indicate that overexpression of
APRR2 and GLKs are not only limited to modify chloroplast/
photosynthesis but also transcends to other chloroplast
processes and affect mitochondria organelle. Both organelles
are considered the powerhouses of the cell because of the
energy- transducing process which take place in photosynthesis
and electron transport chain. Chloroplast-mitochondria
development processes are coordinated by signals organelle-
nucleus (retrograde), as well as nucleus-organelle (anterograde)
177,179‘

Primary metabolite analysis also showed that dCEF, at IMG
stage, present more sugar content and more starch, whereas no
differences were detected in simple engineered lines. During
IMG stage of development, a positive correlation between
sucrose synthesis and ADP-glucose pyrophosphorylase activity
on one side, and starch content on the other side has been
demonstrated. The availability of glucose and fructose
determines the final starch accumulation ", It is interesting that
previous study showed an increase of starch levels at IMG in
response to AtGLK1 or AtGLK2 overexpression ',

To date, the mechanism of fruit photosynthesis has not been
fully clarified. Given the specific fruit characteristics, fruit
photosynthesis could be classified in the intermediate point
between C3 and C4/CAM plants "', Tomato fruit have no
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stomata, therefore CO, availability and fixation must be different
from the process which takes place in leaves, and involves PEP
carboxylase metabolism ?'. Some studies have shown a
decreased Rubisco activity in fruits, accompanied by an increase
in PEP carboxylase similar to that found in C4 and CAM plants,
where CO, is fixed by PEP and stored in vacuoles as malic acid,
from where it is mobilized to provide a substrate for light
dependent CO, fixation '®2. Indeed, it has been reported that, in
fruit, mitochondrial respiration generate CO, and ATP which
allow photosynthesis process, whilst chloroplast provides malate
and O, in exchange '’. For example, in cucumber fruit,
photosynthesis contributes to the 9.4% carbon fixation and PEPC
activity has been identified as predominant in perivascular and
placenta tissues. In addition, organic acids are higher in
cucumber fruits than in leaves, presumably because they are
synthesized by PEP '®. Here, our own results seem to support
with this suggestion. We observed higher total amounts of
organic acids in the four CEF genotypes, mainly malic acid
content at both stages of green development (IMG and MG).

Previous studies > have demonstrated the importance of
starch content at IMG stage for soluble solids and sugar content
of the mature fruits. Similarly, overexpression of GLKs or APRR2
was demonstrated to positively impact in red ripe fruit quality.
p35s::AtGLK was reported to increase in fructose and glucose to
reach 40%; and 21% of TSS in red fruit >*°. Our results
demonstrate that the early transgene expression has an effect on
fruit at ripening stages of development. Again, the additive
effect in dCET also works at this level. While simple lines increase
over 3-4% soluble solids, &l%ssAPRR2 reaches brix values
around 23-25% higher than WT and reinforces the hypothesis
that acting on chloroplast development at earlier stages, even
IMG stage, could impact in red fruit quality. On the other hand,
red ripe quality traits like aroma volatile profiles are affected in
engineered lines. Previous work reported changes in volatile

derivative compounds in chloroplast-rich hp2 fruits ', with
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increased values of (Z)-3-hexenal in mutants lines (1.6 times).
Hexanal has been reported to affect tomato fresh flavor " and
sweet taste ', Here GLK2-APRR2 fruits were found to produce
more hexanal levels than WT or GLK7-APRR2 fruits. Trans-2-
hexenal has been described to be more important by mouth-feel
properties than odor in itself '8 Fruit volatiles are classified
into four main classes; derived from carotenoids, fatty acid
volatiles, terpenoid volatiles and amino acid derived volatiles
188 Our results showed terpenoids as one of the important
differential groups. GLKs-APRRZ2 red fruits are enriched in volatile
compounds derived from those compounds compared to MM.
During ripening, plastidic terpenoids pathways increase but at
the end tomato fruit, in general, contain low level of
monoterpenes and sequiterpennes '¥. The increase in terpenoid
VOCs in engineered fruit may be a direct consequence of the
early enhancement of fruit chloroplasts.

Another interesting VOCs group is the phenylalanine
derivative class that has also been associated to flavor/ aroma.
This group of volatiles cluster GLK2-APRR2 and GLK1-APRR2
together and away from WT (pvalue<0.05). Interesting, guaiacol,
which was found in lower levels for both genotypes is
considered in general as undesirable compound for tomato
(although the Asian consumers have a preference for it) '
responsible for the 'smoky' """"? or pharmaceutical fragrance
and even associated to tissue damage 24173174
modulating their leaves have led to a number of specific genetic
and biotech approaches to change the levels of phenyl-
derivatives '*'% and our approach would lead inadvertently to a
similar effect in ripe fruit.

and is

Interest in

The ability of a taste panel or consumer panel to feel the
difference between those fruit will be the objective of future
experiments.
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In summary, we confirmed our fruit specific chloroplast-
enhancing approach produced a consistent range of changes in
fruit phenotype which ranged from an increase in chloroplast
total surface (number, size and extend of cellular layer) and
structure (higher develop of grana stacking) to metabolite
changes occurring at green stages of development. We
observed a dilution of the phenotype at MG stage, consequence
of TEFM5 pattern expression. However, the noticeable changes at
IMG were enough to impact fruit quality at the red ripe stage,
mostly as a consequence of a synergistic affect produced by co-
expressing the two TFs. We conclude that GLKs and APRR2
affects plastid metabolism and improve fruit quality individually,
and that the combination of both has even a stronger effect. The
molecular mechanism of this additive effect will be the subject of
future studies to analyses at transcriptomic and proteomic levels.

4. MATERIALS AND METHODS

4.1 Plant materials and growth conditions

Tomato (Solanum lycopersicum) seeds from the cultivar cv.
MoneyMaker (u/u) were provided by The Institute for
Mediterranean and Subtropical Horticulture "La Mayora” (IHSM-
UMA-CSIC) germoplasm bank. Transgenic plants for the
different constructs were grown in P2 contention- level
greenhouses during the spring-summer of 2015 at IHSM-UMA-
CSIC (Algarrobo-Costa, Malaga). T3 generation lines were grown
in spring-summer of 2016 at two different locations in Spain: The
Institute for Plant Molecular and Cell Biology (IBMCP, Valencia)
and IHSM-UMA-CSIC (Algarrobo-Costa, Malaga). Seedlings were
transplanted to 16-L pots at the four true-leaf growth stage; they
were watered daily and with soluble fertilizer once a week.
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In some experiments, plants were cultivated in in vitro
conditions provided by a growth chamber room set to a 16 h
daylight cycle (250 pmol photons m™ s™") and a relative humidity
of 60-70% under 25°C (day/night temperatures). In this case
seeds were sterilized with 50% of bleach, rinsed in sterile water,
and sown in one-half strength Murashige and Skoog medium
with 1.5% of sucrose, 1% agar, pH 5.8-6. After 3 days in darkness
plants were grown under daylight cycle as indicated above.

All fruit samples for molecular characterization were
collected around the same time of the day (9.00 to 11.00),
pericarp excised, snap-frozen in liquid nitrogen and stored at -
80°C until required. For each case a pool of 3 fruits for the
defined developmental stage and coming from different plants
representing different transgenic events for the same construct
were mixed and stored as biological replicate. Each
experimental data point is represented by 3-5 biological
replicates.

To stage the fruits, flowers were tagged at anthesis and the
fruit developmental stage was defined by the number of post-
anthesis days (DPA). Immature green fruits (IMG) were defined as
those fruits at 15-20 DPA and show as dull aspect. Mature green
stage was defined by 35-40DPA and characterized for glossy
green aspect of fruits that have reached the maximum size.
Breaker stage (B) is when the fruit color starts to change from
green to orange in the apical area. In the Light Red (LR) stage the
fruit is completely orange and the Red Ripe (RR) was defined in
days post-breaker, they were harvested between 7 and 10 days
after breaker (depending on the season and the genotype).
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4.2  Plasmid construction and generation of
transgenic plants

To generate the genetic constructs used in this work the
Golden Braid (GB) 2.0 cloning system was used '%.
DNA sequences corresponding to the TFM5
(Solyc12g014630.1), GLK1 (Solyc07g053630.2), GLK2
(Solyc10g008160.2) and APRR2 (Solyc089g077230.2) genes were
fetched from Solgenomics and specific primers used to amplify
the DNA of interest either from genomic (TFM5 promoter) or
cDNA (coding regions of GLKs and APRR2). All DNA fragments
were confirmed by sequencing and introduced in the GB system.
Promoter and terminator sequences were amplified from the
TFM5 gene and span 1200 bp upstream of the ATG of TMF5
(SL2.50ch12:5631575..5630375) and 544pb downstream of
TFM5 gene (SL2.50ch12:5631496..5630952) respectively. A 934
bp PCR fragment of the tomato GLK2-Like gene from non-
uniform background (Ailsa Craig U/U), a 1684 bp ORF
corresponding to APRR2-like and a 1396 bp ORF of GLK1-Like
were amplified from cDNA prepared from total RNA of fruit at
breaker stage and leaf sample respectively. The ORF DNAs
introduced in the sense orientation between TFM5 promoter
and TFM5 terminator using GB cloning method. For double
engineering purposes, transcriptional units corresponding to
GLKs and APRR2 genes were combined in a multipartite GB
assembly to create two different final destination vectors with
GLK1-APRR2 and GLK2-APRRZ2; the kanamycin resistance gene
(nptll) was also included and the final size of the assembled
constructs were 7.907 pb and 7.283 pb respectively. Primers
used for the cloning of the GB parts, domestication are listed in
supplementary table 1.

Recombinant plasmids were checked at each stage of cloning
with restriction digest analysis and by sequencing at the
domestication step "% Final constructs (pTFM5::GLK2,
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PTFMS5::APRR2,pTFM5::GLK2::pTFM5:APRR2,
PTFM5::GLK1::pTFM5::APRR2) were independently introduced
into plants by an Agrobacterium tumefaciens (strain LBA4404)
mediated transformation cotyledon-explants protocol as
described by Ellul et al. (2003) with minor modifications'”’.
Transgenic plants were identified by the ability to root on 100
mg/L kanamycin and genomic DNA extracted from young leaves
%8 'was confirmed for the presence of the T-DNA construct by
PCR. Confirmed plants were transferred to the greenhouse.
Gene-specific primers used in the genotyping are listed in
supplementary table 2.

4.3 Transgenic plants evaluation

Plants were evaluated at T2 and T3 generation. Phenotypic

analysis included external and internal color measurements, as
well as, metabolites and organoleptic related traits.
Objective color of the fruit surface (external color EC) was
determined with a Minolta Chroma Meter model CR-400 (Konica
Minolta, Inc., Tokyo, Japan). CIE Lab color space was used (+a=
red, -a= green, +b= yellow and -b=green). The color space is
three-dimensional and Luminosity parameter (L) defines if the
sample is lighter (higher L) or darker (lower L), Chroma (C+) is a
measure of color saturation and Hue-angle (H) is the color
measurement taking in account “a” and "b"” values. L values
provided the largest differences between transgenic samples
and WT. Each fruit color measurement is an average of 3
readings taken from the equatorial region of the tomato fruit. To
determinate the color variation in populations of engineered
fruits, the color essay was conducted on fruit from T2 generation
plants. The measurements were obtained from 10 families for
each genotype (APRR2, GLK2, GLK2-APRR2, GLK1-APRR2), 3
plants per family, 3 fruits per each stage of development.

In order to measure the internal color (IC), samples were
harvested in IMG, MG, B and RR stages and cut along and across
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of the longitudinal axis; after that were scanned with the Tomato

Analyzer software '

For TSS, between five and six fruits were grounded and the
mixture was stored at -20°C previous to the analysis. Samples
were thawed and centrifuged at 3500 rpm for 15 min and the
supernatant was used for the analysis. TSS was performed using
a digital refractometer (Atago CO LTD, Tokyo, Japan)

Fruit weight (in grams) was measured at MG stage on the
second trusses of T3 plants. Approximately, 6-8 fruits were
harvested from four-five plants per family using three-five
families per CEF line.

lodine staining was used as a qualitative test to see whether
starch metabolism was affected in CEF. MG fruits samples from
dCEF, sCEF and WT were harvested. Samples were cut
transversally and let in iodine solution for two hours.

4.4 RNA extraction and qRT PCR expression
analysis

Total RNA was extracted from ~200mg of tissue by using
TRIzol RNA lIsolation Kit (Thermo Fisher Scientific) according to
manufacturer’s instructions and it was treated with DNA-free™
DNA Removal Kit - Ambion following the manufacturer’s
recommendation. DNA-free RNA preps were reverse transcribed
with SuperScript Il (Takara). Single strand cDNA was then
synthesized from 1 pg of RNA in 20 pl with oligo-dT and used for
gRT PCR in 7500 fast Quantitative real-time PCR Applied
Biosystem. PCR were run in triplicates using SYBR Green kit
(Takara) following the manufacturer’s instructions. RNA levels
were expressed using the relative standard curve method
(Applied Biosystems) and Actin 7 from tomato as an internal
control Primers used in gRT PCR essay were designed using
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Primer Express software (Applied Biosystem) and shown in
supplementary table 2.

4.5 Carotenoid and chlorophyll analysis

LC-ESI(+/-)-MS (Liquid chromatography-electrospray
ionization-tandem mass spectrometry) analysis of chlorophyll
and carotenoids pigments in fruit samples were performance as
previously described (Liu et al., 2014).

Fruit samples were harvested to represent 3 stages of fruit
development as follows: IMG, MG and RR. Briefly, 20 (for IMG
and MG samples) or 5 (RR samples) mg of freeze-dried powder
were extracted with chloroform (spiked with 50 mg/I DL -alpha -
tocopherol acetate as internal standard) and methanol (2:1 by
volume); 1 volume of 50 mMTris buffer (pH 7.5, containing 1M
NaCl) was then added and the samples were kept for 20 min on
ice before a centrifugation step at 15,000 g for 10 min at 4°C.
The hypophase was collected and the aqueous phase was re-
extracted with the same amount of spiked chloroform; the two
organic phases were combined and dried by speedvac and the
resulting pellets were resuspended in 50 ul of ethyl acetate.

For each genotype, 4 fruits and at least two independent
extractions were performed. LC-DAD analyses were carried out
using an Accela U-HPLC system (Thermo Fisher Scientific,
Waltham, MA, USA). LC separations were performed using a C30
reverse-phase column (100 x 3.0 mm) from YMC (YMC Europe
GmbH, Schermbeck, Germany) with a mobile phases composed
by methanol (A), water- methanol (20 : 80 by volume) containing
0.2% ammonium acetate (B) and tert -methyl butyl ether (C). The
gradient was 95% A : 5% B for 1.3 min, followed by 80% A : 5% B
: 15% C for 2.0 min and by a linear gradient to 30% A : 5% B :
65% Cover 9.2 min. UV- visible detection was performed
continuously from 220 to 700 nm with an online Accela Surveyor
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photodiode array detector (PDA; Thermo Fisher Scientific). Mass
ionization was performed with an atmospheric-pressure
chemical ionization (APCI) probe, operating in both + and -
voltage conditions. Nitrogen was utilized at 20 and 10 units as
sheath and auxiliary gas, respectively. The vaporizer and capillary
temperature were set at 300 °C and 250 °C, respectively. The
discharge current was 5.5 pA, while S-lens RF level was set at 50.
A mass range of 110/1600 m/z was used both in positive and in
negative voltage with the following parameters: resolution set at
70000; microscan, AGC target and maximum injection time
equal to, respectively, 1, 1x106 and 50. All solvents used were
HPLC-MS grade (Merck Millipore). All solvents used were LC-MS
grade quality (CHROMASOLV® from Sigma-Aldrich).

Carotenoids and chlorophyll a and b were quantified on the
basis of the internal standard amounts, obtained through
comparison with peak areas of known amounts of external
standard LC-MS runs and by extinction coefficient correction.
Other isoprenoids (chlorophyll catabolites, tocochromanols,
quinones) were identified on the basis of the accurate masses
and by comparison with authentic standards when available.

4.6 Light and transmission electron microscopy

Samples of fruits from the different genotypes used in this
work (APRR2, GLK2, GLK2-APRR2 and GLK1-APRR2) were
processed for light and transmission electron microscopy.

Two types of processing, using either High Pressure freezing
and Freeze substitution (HPF-FS), or chemical fixation at room
temperature, were performed. For HPF-FS, flat round, 3 mm-
wide disks were taken with a dissector from the fruit pericarp.
Pericarp disks were transferred to aluminium sample holders,
cryoprotected with 150 mm sucrose, and high pressure frozen in
a Leica HPM100 high-pressure freezer (Leica Microsystems,
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Vienna, Austria). Then, samples were freeze substituted in 2%
OsO4 in anhydrous acetone at -80°C for 4 days, followed by slow
warming to room temperature over a period of 24 h, according
to Segui-Simarro (2015). After rinsing in several acetone washes,
they were removed from the holders and infiltrated with
increasing concentrations of Spurr resin (Ted Pella, Redding, CA)
in acetone according to the following schedule: 4 h in 2% and
5% resin, 12 h in 10%, 25%, 50% and 75% resin, and 40 h in
100% resin. In parallel, some pericarp samples, including the
epidermis and mesocarp, were chemically fixed in Karnovsky ~ s
fixative (4% formaldehyde + 5% glutaraldehyde in 0.025M
cacodylate buffer, pH 6.9, ?®° for 5 hours, postfixed in 2% OsO4
in cacodylate buffer, dehydrated in increasing concentrations of
ethanol during 30h and embedded with increasing
concentrations of Spurr resin in ethanol as follows: 3 h in 30%
resin, 15 h in 50% resin, 8 h in 70% resin and 40 h in 100% resin

201

For both types of processing, all further steps were identical.
Resin polymerization was performed at 70°C for 30 h. Thin
sections (500 nm) from sample-containing polymerized blocks
were obtained for light microscopy observation, and ultrathin
sections (~80 nm) were obtained for electron microscopy, using
in both cases a Leica UC6 ultramicrotome. Ultrathin sections
were mounted on Formvar and carbon-coated, 150 mesh nickel
grids, counterstained with uranyl acetate and lead citrate, and
observed in a Jeol JEM 1010 transmission electron microscope.

Parameters measured in the images obtained from ultrathin
sections were the followings: size of grana, starch granules and
chloroplasts and number of grana and starch granules per
chloroplast. From light microscopy images, information about
number and distribution of chloroplast per area and per cell was
obtained. All that data were evaluated by progressive mean test
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292 in order to know how many images were needed in each

case, and then ANOVA analysis and LSD test were performed.

4.7 Volatile compounds profiling

Volatile compounds were analyzed in RR fruits as described in
Rambla et al. 2017. Briefly, tomato pericarp was frozen in N2 (I)
and grounded. After this, 500 mg of frozen fruit powder was
weighed for each sample and put in a closed vial (7 mL) at 37°C
for 10 min of incubation. After that CaCl,.2H,0 (1.1 g) and EDTA
100 mM pH 7.5 (0.5 mL) were added; the vials were shaken and
sonicated for 5 min. 1 mL was vested into a 10 ml screw cap
headspace vial and they were tempered at 50°C for 10 min and
extracted by Headspace Solid Phase Microextraction (HS-SPME).
Volatiles adsorbed in the fiber were desorbed at 250°C for 1 min
in the injection port of a 6890N gas chromatograph (Agilent
Technologies) in splitless mode. DB-5ms (60 m x 0.25 mm x 1
pum) column (J&W Scientific) was used with helium as carrier gas
at a constant flow of 1.2 mL/min.

Compounds were identified by comparison of both mass
spectrum (5975B, Agilent Technologies) and retention time to
those of pure standards (SIGMA-Aldrich). For quantification,
peak areas of selected specific ions were integrated for each
compound and normalized by comparison with the peak area of
the same compound in a reference sample injected regularly.

4.8 Primary metabolite profiling

Primary metabolite profiling was performed on methanol
extracts after derivatization using gas chromatography mass
spectrometry (GC-MS) coupled to a time-of-flight mass
spectrometer (Leco Pegasus HT TOF-MS) as described in 2%,
Briefly samples were extracted in 100% methanol at 70°C for 15
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min. After centrifugation, the resultant supernatant was dried
under vacuum, and the residue was derivative for 120 min at
37°C (in 50 pl of 20 mg ml-1 methoxyamine hydrochloride in
pyridine) followed by a 30 min treatment at 37°C with 50 pl of
MSTFA.

For the GCMS analysis, helium was used as carrier gas at a
constant flow rate of 2 ml/s and gas chromatography was
performed on a 30 m DB-35. Chromatograms and mass spectra
were evaluated by using Chroma TOF 4.5 (Leco) and TagFinder

4.2 software 293204,

4.9 Data analysis and visualization

MapMan software (version 3.6.0RC1) was used to visualize
datasets on biochemical and regulatory pathways; DEG and DEP
were mapped against the genome using ITAG 2.3.

The SIMCA current trial version software was used for PCA
analysis (http://mksdataanalytics.com/products/simca).

The Sol Genomics Network web page (SGN,
http://solgenomics.net) and tools in there was used to identify
genes, search identification genes code, gen annotations (ITAG
2.3) and sequences.

Statistical analysis performance by excel program completed
with the trial version of XLSTAT software. ANOVA analysis
(comparison according to Tukey, Fisher and Bonferroni),
Student’s t test and histograms were performed with this tool.
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1. INTRODUCTION

The importance of fruit photosynthesis and the light signal
transduction machinery for tomato fruit quality have been
recently reevaluated, opening new avenues for tomato breeding
and biotech approaches to improve fruit quality *7¢"7%%% A
number of transcription factors (TFs), which enhance chloroplast
development were reported and associated not only to increase
levels of fruit specialized metabolites, but also sugars in red ripe
fruit '3,

Chloroplast biogenesis is a complex process where the role of
light is indisputable, but its molecular genetic basis is not yet
completely understood 2. Expression of photosynthesis-related
genes is also affected by developmental state or by organ-
specific cues generating controversial results 2% The
development of this organelle is a highly coordinated process
and includes the coordination between two separate genomes:
chloroplast and nucleus. In addition, occurs at multiple levels
from transcription, translation, protein-import to RNA stability
and protein-turnover 7. Approximately 3000 chloroplast
proteins are nuclear-encoded, synthesized in cytoplasm and
transported into the organelle often through the interaction of a
peptide transit and chloroplast membrane (TOC-TIC, translocon
at the outer/ inner envelope membrane of chloroplast) ?°. Many
of these proteins participate in the main function of chloroplast:
light absorption and conversion into chemical energy in
thylakoid membrane by the action of complex machinery
composed by two photosystems (PSI and PSIl), a modular
antenna, a reaction center (RC) and light harvested complexes
proteins (LHCs). Most genes encoding photosystem reaction
center subunits are localized in the plastid-genome, whereas
LHC proteins (chlorophyll (Chl) and carotenoid-binding proteins)
are nuclear-encoded ?'°. Photosystem | and Il are mostly
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associated to chlorophyll a, and LHC proteins require chlorophyll

b for protein assembly '¢°.

Chloroplast biogenesis is highly regulated by light ?*. Some
tomato mutants have been characterized to display an
exaggerated light responsiveness such as high pigment (hp) 1
and 2; both mutants contain higher number of larger
chloroplasts and increased carotenoid levels ?''. Hp1 and hp2
are caused by mutations in different light regulatory genes *.
Thus the hp1 is defective in UV-DAMAGED DNA BINDING
PROTEIN 1(DDB1), hp2 mutant does in Deetiolated 1 (Det1) >4,
Both genes are negative regulators of the photomorphogenesis
and interact each other at genetic and protein levels in the well
described CULLIN4-RING E3 ubiquitin ligase (CRL4s) complex
70212 DDB1 targets substrates for the proteasome complex and

DET1 protein may act as a linker allowing substrate association
213,214

In contrast, other mutations have been described to affect
specifically fruit chloroplast development. Tomato uniform
ripening (u) is characterized by a pale green fruit phenotype
including the loss of green shoulder in tomato fruits and shown
to be a loss-of-function of Golden 2-Like gene (SIGLK-2), caused
an adenine insertion which generates an CDS shift, a premature
stop codon and consequently a truncated protein °. In contrast to
GLK2, which is expressed in both fruit and vegetative tissues, the
GLK1 showed restricted expression to vegetative tissues *2. More
interesting, GLK2 protein has been recently identified as
possible target for the proteosome CUL4-DET1-DDB1 complex
¢ affected in hp mutants. Another identified mutant in tomato,
uniform gray-green (ug) displays the same phenotype as u but is
due to TKN4 gene (Knox) ¥. The only mutation so far described
consists in a nucleotide substitution, which causes an
aminoacidic change (Phe to Leu). TKN4 has been shown to
influence the latitudinal gradient of SIGLK2 expression in tomato
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fruit associated to the pale fruit color and lack of green shoulder
phenotype ¥'.

GLKs have been shown to be under the control of plant
hormones and thus, auxin and brassinosteroids (BRs) have been
described to influence fruit chloroplast through the control of
GLK expression levels. The BEST (bri1-EMS-suppressor), a
nuclear protein which regulates BRs biosynthesis, interacts with
GLK1 and GLK2 repressing specific expression in dark
conditions and  consequently interrupting  chloroplast
development 2", GLK2 has been demonstrated to act
downstream of the light and auxin/ cytokinin signaling pathways,
other effectors of chloroplasts and greening ’'. Down-regulation
of SIARF4 (auxin factor response) has been shown to upregulate
GLK2 levels in tomato fruit ’.

It has been also described that the ectopic expression of
ARABIDOPSIS PSEUDO RESPONSE REGULATOR (APRR2)
enhances tomato fruit chloroplast; however, the participating
mechanisms are not well understood . APRR TFs roles have
been implicated in circadian rhythm, control of flowering time
and photomorphogenesis. It has been also described that for
APRR2 to function is required a calmodulin-like proteins binding
(CMLs), which results in CML9 releasing Ca®" signals 2.
Interestingly, SIAPRR2 has sequence similarity to GLK2 ?'" and
both TFs were identified as main contributors to the variation in
fruit greenness in genetic studies in pepper %',

A number of studies have used transcriptome analysis to
elucidate the molecular basis of GLKs regulatory mechanism.
Arabidopsis plants which overexpress (OE) &l¥asby 35s::GLK1
and 35s::GLK2 showed upregulation of a common set of genes
involved in photosynthesis, being all the top genes related to
Lhcb and chlorophyll biosynthesis. GLKT OE produced the most
dramatic transcriptional upregulation *°. A more recent report on

the transcriptome changes of IMG tomatoes, which OE AtGLK1
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and AtGLK2 under 35s promoter in u/u tomato background,
resulted in around 60% of the unregulated genes being
common for both types of transgenic lines °. This and the
previous *° study also provided indications on the importance of
OE GLKs early in development to produce a fruit phenotype,
since the use of late fruit developmental promoters with GLKs
were ineffective in conferring phenotype. Moreover, it was
reported that GLKs OE does not affect the timing of ripening and
that GLK2/TKN4 are responsible of the chlorophyll gradient
normally produced from the stylar to the basal end of the fruit '*'.

We have shown, earlier in Chp |, that expression of SIAPRR2
and SIGLKs genes, either singly or combined but exclusively
expressed early in fruit development, provided different degrees
of chloroplast-associated phenotypes. Here, we aim to
understand the mechanism underlying this range of fruit
phenotypes by performing detailed analyses at transcriptomic
and proteomic levels, with special interest for the novel additive/
synergistic phenotype achieved by the simultaneous ectopic
expression of both TFs early in ovary/ fruit development.

2. RESULTS

2.1 Transcriptome data overview shows changes
consistent with the metabolomic fruit
phenotype

We reported previously the chloroplast structure and
metabolite characterization of fruits from single (sCEF) and
double (dCEF) GLK/APRR2 engineered plants. Here, we first
analyzed the changes in the transcriptome and tried to integrate
that information with the metabolite and structural information
obtained for the same fruit-set. Transcriptome analysis was
performed at IMG and MG fruit stages of development (Genes
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are listed in Supplementary tables 1-2 on CD). The RNAseq
analysis was conducted on three biological replicates for each
family corresponding to five types of genotypes, including single
or combined engineered lines and controls (APRR2, GLKZ,
GLK2-APRR2, GLK2-APRR2 and WT-MM). Libraries were
generated with an average of 20000 and 25000 observed genes
(Supplementary Fig. 5) and here we analyzed the foldchange
values (log2) related to WT samples.

A first review of the transcriptome data was performed by
studying functional categories and pathways affected by
Differential Expression Genes (DEG). We chose for that the
GLK2-APRR2 expression dataset corresponding to the IMG stage
of fruit development since, as we described previously, dCEF
displayed the strongest phenotypes.

Gene Ontology (GO) term enrichment analysis revealed that
the large portion of the 949 DEGs (PPadj<0.05) are related to
photosynthesis  (upregulated) and cell wall structure
(downregulated) functional categories (Supplementary table 3
on CD). In order to visualize expression levels and the pathway
responses in a compact manner, MAPMAN software '®
to map RNAseq reads. Figure 1 shows how the expression of
SIGLK2 and SIAPRRZ2 affect the levels of transcripts involved in
many biological processes. This figure and the enrichment
analysis (table 3 on CD) reveal the upregulation of genes related
to tetrapyrrole and chlorophyll biosynthesis processes.

was used

Moreover transcripts involved in light photosynthesis and
Calvin cycle are highly active in those fruit. Secondary
metabolism is also enhanced as indicated by a group of
representative genes. Genes involved in the synthesis of
Geranylgeranyl phosphate (precursor of important metabolites
as terpenoids, carotenoids, tocopherol and chlorophylls) are
upregulated:  farnesyl pyrophosphate  synthase  and
geranylgeranyl pyrophosphate synthase (solyc12g015860.1.1,
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solyc04g079960.1.1).  Moreover,  mitochondrial  electron
transporters and ubiquinone synthesis are also affected by
upregulation of NADH dehydrogenase and Cytochrome c¢
oxidase (solyc06g007160.2.1 and solyc03g043850.2.1).
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Figure 1: Transcriptome data of GLK2-APRR2 genotype confirmed changes
in primary metabolism and chloroplast composition. MapMan snapshot
Metabolism overview display DEG in GLK2-APRR2 compared to WT at IMG
stage. Upregulated genes in green color (foldchange >1.5) and downregulated
in red (foldchange <-1.5) (PPadj<0.05). 949 data point were mapped (table 3
on CD).

Minor carbohydrate metabolism-related genes (CHO) are
upregulated indicating that pathways associated to sugar
metabolism are affected. For instance, starch synthesis/
degradation pathways showed higher levels of ADP-glucose
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synthase and alpha-amylase (solyc01g079790.2.1/
solyc04g078930.2.1) and sucrose degradation is probably
altered by the wupregulation of beta-fructofuranosidase
(solyc08g079080.2.1).

In addition, there are indications of changes in the
aminoacidic metabolism/ turnover as reflected by the
upregulation of genes involved in synthesis-degradation of
asparragine  and  aspartic  acid  (solyc04g078460.2.1,
solyc10g075170.1.1, solyc09g007830.2.1, solyc03g098300.1.1).

2.2  Early activation of GLK2 or APRRZ under the
control of a fruit specific promoter affects a
common set of genes that are related to fruit
photosynthesis and chloroplast development

Next we perform an analysis focused on investigate the
structural-molecular-gene expression relationship that underlies
the different aspects of the phenotype produce by the
expression of GLK or APRR2, under an early fruit specific
promoter. We examined either functions directly related to the
fruit chloroplast, or in any other reprogramming unrelated to
green/ chloroplasts development.

The total number of DEGs was higher at IMG stage in all the
engineered lines involving GLK2 or GLK1, whereas it was higher
at MG stage for APRR2 lines (Supplementary Fig. 6). This
suggests GLKs affects the fruit transcriptome mainly at IMG
stage, whereas APRR2 effects remain high at later stage of MG
fruit despite the lower levels of APRR2 transgene.

The analysis of fruit transcriptome at IMG stage in sCEF was
performance with a more restrictive cutoff criteria (PPadj< 0.01),
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pursuing to find functional differences between TFs. A total of 47
common upregulated genes and 165 downregulated (Fig.2a)
were detected in this analysis. Those common upregulated
DEGs represent the 55% of APRR2 upregulated genes, and 3%
of GLK2. The proportion of common genes with a
downregulated pattern is higher, representing 77% of APRR2
and 17.5% of GLK2 respectively.

GLK2 APRR2 GLK2

b Fold Enrichment
GO biological process

up photosynthesis, light harvesting in photosystem | (GO:0009768) 80.77
photosynthesis, light harvesting (GO:0009765) 72.26
generation of precursor metabolites and energy (GO:0006091) 16.9

GO Molecular Function
carboxy-lyase activity (GO:0016831) 27.74

GO cellular component
plastoglobule (GO:0010287) 76.28

GO biclogical process

xyloglucan metabolic process (G0O:0010411) 29.41
DOWN cell wall polysaccharide metabolic process (GO:0010383) 20.08
hemicellulose metabolic process (G0:0010410) 20.08
cell wall macromolecule metabolic process (GQ:0044036) 12.4
cell wall biogenesis (G0:0042546) 11.82
cellular glucan metabolic process (G0:0006073) 9.58
glucan metabolic process (G0:0044042) 9

GO Molecular Function
xyloglucan:xyloglucosyl transferase activity (GO:0016762) 34.18

GO cellular component
apoplast (G0:0043046) 17.21
external encapsulating structure (G0:0030312) 5.62
cell wall {GO:0005618) 5.62

Figure 2: APRR2 and GLK2 upregulate photosynthesis function and show
common pattern by downregulating cell wall-related genes (continued)
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Figure 2 (continued): (a) On the left, Venn diagram with the upregulated list
for pTFM5:APRR2 and pTFMS5:GLK2 displays 47 genes shared for both
genotypes. On the right, figure shows 165 overlapping genes from the
downregulated lists (Supplementary table 4 on CD) (b) Fold enrichment of the
47 shared genes with upregulated pattern (green) and the 165 downregulated
(blue). GO terms categorized for Biological Process, Molecular Function and
Cellular Component (http://geneontology.org/) with PPadjust<0.01 (see M&M).

A GO term enrichment analysis applied to the set of common
upregulated genes resulted in an obvious enhancement of
transcripts related to photosynthesis functions (Fig. 2b).
Genotype exclusive effects were also identified for the
PTFM5::APRR2 and pTFM5::GLK2 lines which showed 38
upregulated genes and 1672 specifically activated genes
respectively. Focusing on the set of genes specifically
overexpressed in APRR2 (38 genes), the largest majority of them
fall in the unclassified class with the exception of Pyruvate
Decarboxylase gene (solyc09g005110.2.1, foldchange over 2).

In contrast, when we investigate specifically the gene
functions associated to genes overexpressed only in GLK2, the
majority of them are clearly identified and include genes
involved in the regulation of chloroplast development, organic
nitrogen signaling and disease resistance. We could also
visualize with Mapman that expressing GLK2 early in ovary/ fruit
development in a uniform background (MM) results in activation
of those pathways, with photosynthesis being on top with 94
upregulated genes, 12 genes in tetrapyrrole synthesis class, 39
in redox, 49 in stress responses and 7 in Nitrogen metabolism
(Supplementary Fig. 7).

It is interesting to note that in the downregulated list of
genes, both sCEF genotypes display a remarkable alteration in
cell wall remodeling related functions, identifying six xyloglucan-
xyloglucosyl transferases genes with lower expression levels,
from -3.8 to -2.6 of foldchange (Supplementary table 4 on CD).
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2.3  Nuclear genes implicated in chloroplast
retrograde signaling are DEG in CEF

Chloroplasts are implicated in many cellular roles and the
regulation of its functions is coordinated by cross-talk between
organelles, as well as nuclear signaling ?'?. The mechanism
through which nuclear genes are regulated by chloroplast
signals is known as retrograde signaling ?° and 39 nuclear genes
have been identified in retrograde-response regulation ??'%2,

Since it has been demonstrated that our CEF lines are
enhanced in chloroplast functions, we analyzed expression levels
of the tomato identified orthologues in this list of 39 nuclear
genes *? implicated in retrograde signals at IMG stage
(Supplementary table 5 on CD). Some of those were found
significantly affected (PPadj <0.05) in our DEG list, implicating
changes in Reactive Oxygen Species (ROS), Abscisic acid (ABA),

sugar and auxins pathways.

A group of genes showed upregulation pattern (approx. two
foldchange) as Auxin responsive protein (Solyc09g083280.2)
ABA-responsive  protein-related-FIP1,  (Solyc04g008970.2),
Sugar/ inositol transporter (Solyc029079220.2) Ubiquinol-
Cytochrome-c (Solyc10g048190.1), Xylanase inhibitor
(Solyc019g080020.2.1), whereas others were displayed as
downregulated: ~ MFS  transporter  glycerol-3-phosphate
(Solyc03g093140.2), COSII-TF implicated in initiation of pollen
tube guidance (Solyc01g108910.2) and UDP-glucose 4-
epimerase (Solyc08g080570.2).

Moreover, carotenoids have been recently proposed to be
involved in a mechanism to regulate nuclear genes in response
to oxidative stress. The singlet oxygen, which is an unstable ROS
molecule, reacts oxidizing B-carotene and generating volatiles
such B-cyclocitral '°. Genes strongly induced by B-cyclocitral

88



Chapter 2

have been previously studied and mainly characterized as 12
UDP-glycosyltransferases and 10 gluthatione transferases (GST)
2 We studied the expression of the tomato orthologues of
those genes in our CEF (Supplementary table 6 on CD). Some of
them are downregulated in our DEG lists as UDP-sulfoquinovose
(Solyc10g085100.1), whereas we found others which showed
higher expression, as in the case of 8 UDP-genes (PPadj<0.05).
Levels of those genes presented similar expression in our GLK2
lines than in the Lundquist (2013) study ?#.

Furthermore, GST genes were also found induced in sCEF
and dCEF (Solyc06g009040.2) (PPadj<0.05, three foldchange),
four previously described GST genes?® were listened in GLK2
upregulated genes (Supplementary table 6 on CD).

2.4  Joint expression of APRR2 and GLKZ early in
development results in further reinforcement
of chlorophyll synthesis and photosynthesis
machinery in the fruit

We described in chapter 1 that differences in “greenness” and
chloroplast metabolite levels could be easily observed between
single TFM5::GLKs and TFM5::APRR2 lines on one side, and
double TFM5::GLK::TFM5::APRR2 genotypes on the other side;
now we aimed to evaluate the molecular basis of the differences
observed at the metabolite/ structural phenotypic level.

Subsets of statistically significant upregulated genes for
APRR2, GLK2, GLK1-APRR2 and GLK2-APRR2 were compared
and the largest numbers of DEGs (412) were clearly shared
between GLK2, GLK2-APRR2 and GLK7-APRR2 lines. Only, 33
genes showed a common upregulated pattern also in APRR2
(Fig. 3a). Common genes assessed by GO term enrichment
analysis suggest that a substantial number of the common genes
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shared by GLK2 and APRR2 are related to photosynthesis
function, as well as generation of precursor metabolites and
energy (Fig. 3b). Reviewing the annotation for each gene of the
list is also highlighted the common upregulation in auxin
responsive proteins, E3 ubiquitin-protein ligase complex,
circadian  clock associated protein and cell division
(Supplementary table 7 on CD).

Biological Process
Photosynthesis, light hasvesting GO: 0009765 76.5
Protein-chromophore linkage GO: 0018298 56.1

Generation of precursor metabolites and energy GO: 0006091 15.9]

Cellular component

Photosystem II GO: 0009523 36.2
C
[ |
0.0 2.563 3.911
MapMan Bincode
A2 G2 G2A2 G1A2 1D P
Solyc03g005780.1.1  PS.lightreaction.photosystem ILLHC-II
Solvc082007040.2. PS4phcture?iratian.glvcine cleavage.H protein
Solyc09g047920.1.1 not assigned.unknow
Solvc092059020.2.1 misc.oxidases - cobper. flavone etc.
Solvc022070990.1.1 PS.lightreaction.photosystem I1.LHC-I1
Solyc10g054870.1.1 PS.calvin cvcle.TPI o o ~
Solyc102005080.2.1 RNA.regulation of transcription.MYB-related transcription factor family
Solvc072054970.1.1 not assigned.unknown
Solvc092059240.2.1 misc.cytochrome P450
Solyc08g041920.1.1 ' not assigned.unknown
Solyc08g067320.1.1  ps.lightreaction.photosystem I1L.LHC-II
Solyc08g074620.1.1 not assigned.unknown
Solvc062084070.2.1 RNA.regulation of transcription.Aux/IAA family
Solyc10g050920.1.1 not assigned.unknown
Solyc06g072810.2.1 hot assighed.unknown
Solyc06g009040.2.1 misc.glutathione S transferases
Solvc092072800.2.1 not assigned.unknown
Solvc082016770. amino acid metabolism.d dation.histidit
Solvc09e2059130. no igned.unk

t
hormone metabolism.ethylene.synthesis-degradation
fermentation PNC
RNA regulation of transcrintion. Aux/IAA family
not assigned.unknown
protein.postranslational modification
protein.degradation.ubiquitin.E3.RING
RNA.regulation of transcription.SNF7
not assigned.unknown
fermentation.PDC
nrotein. degradation_ubiauitin F3_RING
transport.Maior Intrinsic Proteins.NIP
lipid metabolism.FA synthesis and FA elongation.pyruvate kinase
d bolism.fla ids.dihydroflavonols
misc.alcohol dehydrogenases

2
1
v g .2,
Solvc10g076510.1.
Solyc06g0532830.2
Solyc04g014850.2
Solve102074720.1
Solyc02g076930.1
Solyc02g069680.2.
Solyc10g050990.1
0.2,
0.2
0.2
0.2
0.2
0.2

Solyc02g07724
Solvc03g03333
Solyc02g07192i
Solyc09g00884
Solvc03g11691
Solyc06g05974

R 1 i 1 1 e 1 1 e e e e e e e e e

Figure 3: Common upregulated genes for all the sCEF genotypes display
higher expression levels in GLKs::APRR2 plants. (a) Venn diagram with the
upregulated list for GLK2, APRR2, GLK2-APRR2 and GLK1-APRR2 displays 33
genes with a common pattern among the four genotypes (PPadj < 0.01). (b)
Fold enrichment of the 33 overlapping upregulated genes with GO terms
categorized  for  Biological Process and  Cellular  Component
(http://geneontology.org/) (c) Heat map with Foldchange (log2) data (from 1.2
to 5.9) for the 33 common genes in each construction (Supplementary table 7
on CD). Each gene ID is represented with the MapMan Bincode according to its
function.
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The Heat map in Fig 3c displays common upregulated genes
(fold-change range from 1.2 to 5.9) and reveals that many genes
showed higher expression levels in GLKs-APRR2 lines than in the
single ones. Gene expression levels suggest a boost of
photosynthesis-related functions when both TFs are together.
Moreover, other genes increase in levels in dCEF more than
they do in sCEF, such as in the case of auxin responsive proteins
(Solyc06g053830.2 and Solyc06g084070.2) and one gene
related to cell division (Solyc10g074720.1). These data
emphasized a possible synergetic effect when both TFs are
simultaneously expressing. Such hypothesis validates our
previous fruit characterization through metabolomics analysis.

2.5 The boost in photosystem machinery in double
engineered GLK-APRRZ2 fruit is maximized
when using GLK1

We previously reported (Chapter 1) that TFM5-driven
expression of either SIGLKT or SIGLK2 alone or in combination
with SIAPRR2 TF resulted in super dark green fruit, increasing
chloroplast-related metabolites. Furthermore, the fruit color
observed among the different CEF genotypes presents a wide
range of green intensities. Darkest green fruit with higher
chlorophyll and carotenoid levels at IMG belong to fruit from
GLK1-APRR2 families. To understand the molecular basis of this
reinforced phenotype, as well as to identify additional molecular
phenotypes and to analyze if they are functionally equivalent at
the gene expression level, the GLK1-APRR2 and GLK2-APRR2
fruit transcriptome data at IMG stage was compared.

Most of GLK2-APRR2 upregulated genes (81%) were shared
with GLK1-APRR2 (PPadj<0.05) (Fig. 4). However, this common
list represents only a fraction of the differential genes in each
case and only the 50% of those upregulated in GLKT1-APRR2
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genotype (1661 genes); using a more stringent cutoff criteria
(PPadj<0.01) the percentage of shared genes between
genotypes is similar (see upregulated genes table 8 on CD).

G2A2 up G1A2 up
834 common in G2A2 up and G1A2 up
GO biological GOTerm “old

serine family amino acid catabolic process G0:0008071 3513
glycine catabolic process GO:0008546 3513
photosynthesis, light harvesting in photosystem G0:0009768  29.71
photosynthesis, light harvesting GO:0009765  26.58
protein-chromophore linkage GO:0018298  16.84
glycine metabolic process G0:0006544 14.64
phetosynthesis G0:0015979 1138
photosynthesis, light reaction G0:0019684  11.09
ide di phosphorylati GO:0006165  10.46

glucose metabolic process G0:0006006 9.98

nucleoside diphosphate metabolic process G0:0009132 9.83

ADP metabolic process G0:0046031 9.76

ATP generation from ADP GO:0006757 9.76

glycolytic process G0:0006096 9.76

827 exclusively in G1A2 up ribonucleoside diphosphate metabolic process ~ G0:0009185 9.25

GO biological GO Term Fold Enrichment purine ribonucleoside diphosphate metabolic proG0:0009179 9.5
sulfate reduction GO:0019419 14,54 purine nucleoside diphosphate metabolic processG0:0009135 9.25
DNA replication initiation GO:0006270 17.32 serine family amino acid metabolic process G0:0009069 8.78
microtubule-based movement G0:0007018 1131 pyruvate metabolic process GO:0006090  8.67
movement of cell or subcellular component G0:0006928 10.8 nucleotide phosphorylation GO:0046939 834
one-carbon metabolic process G0:0006730 1039 single-organism carbohydrate catabolic process G0:0044724 7.69
regulation of cell cycle process G0:0010564 7.13 response to light stimulus GO:0009416  7.64
regulation of mitotic cell cycle G0:0007346 699 water transport GO:0008833  7.64
sulfur compound biosynthetic process G0:0044272 6.85 fluid transport G0:0042044  7.64
DNA-dependent DNA replication 60:0006261 6.26 response to radiation G0:0009314 693
DNA replication GO:0006260 6.11 pyridine-containing compound metabalic processG0:0072524 6.65
microtubule-based process G0:0007017 5.85 pyridine nucleotide metabolic pracess GO:0019362 661
sulfur compound metabolic process GO:0006790 5.68 nicotinamide nuclectide metabolic process G0:0046496 6.61
hexose metabolic process G0:0019318 6.55

generation of precursor metabolites and energy G0:0006091 6.03

oxidoreduction coenzyme metabolic process ~ G0:0006733 591

oxidation-reduction process G0:0055114 258 monosaccharide metabolic process GO:0005996  5.43
Unclassified UNCLASSIFIED 0.87 response to abiotic stimulus G0:0009628 5.1

Figure 4: Upregulated genes in GLKT-APRR2 and GLK2-APRRZ2 are
enriched in chloroplast related functions. Venn diagram (top-left) shows
shared and unique upregulated genes for GLKT1-APRR2 and GLK2-APRRZ2
genotypes, foldchange >1.5 (PPadj<0.05). Tables show GO term enrichment
analysis for overlapping (brown) and exclusively upregulated genes: yellow
(G1A2) and purple (G2A2). Terms are ranked by fold enrichment values, it was
used a cutoff of 5% in yellow and brown tables.

Figure 4 shows an enrichment analysis of the common
upregulated genes (834) in pTFM5::GLK2::pTFM5::APRR2 and
PpTFMS5::GLK1::pTFM5::APRR2 lines. It is well known that
chloroplasts provide to compounds involved in photorespiration
such as serine and glycine to the mitochondria, and these
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compounds are also exchanges with peroxisome in the
characterized cross-talk between the tri-organelle-signalization
71t is remarkable the effect of dCEF on serine and glycine
metabolism, as well as photosynthesis function and chlorophyll
biosynthesis.

Process involving glucose, ATP generation and glycolysis are
also modified in both genotypes consistent with the chloroplast
fortification described in our dCEF. GLK7 and GLK2 in
combination with APRR2 seem to affect chloroplast functions
involved in  metabolites biosynthesis and photosynthetic
machinery.

Moreover, sulfur nutrient take part of the biological synthesis
of many essential compounds such as cofactors or lipoic acids;
e.g. the sulfolipid sufloquinovosyl diacylglycerol (chloroplastid
lipid). Sulfate reduction occurs in plastids since cysteine
synthesis enzymes are found in plastids-mitochondria ?**. We
examined whether GLKT combined with APRR2 could enhance
different functions or biological process than GLK2. In the list of
exclusive genes for GLKT1-APRR2 genotype (Fig. 4) it is
highlighted the enriched terms related to sulfur compound and
sulfate reduction.

Focusing on genes upregulated only in GLK2-APRR2
genotype (201 genes), oxidation-reduction process s
upregulated compared with GLKT1-APRRZ2 fruits. Possibly the
activation of chloroplast and mitochondria electron transport
chains resulted in an enhancement of oxidation-reduction
process (Supplementary table 8 on CD).

In summary, it is important to note that we described a higher
number of upregulated genes when APRR2 is combined with
GLK1 than when combined with GLK2; however, in both cases
we observed shared changes related to chloroplast functions
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(photosynthesis, chlorophyll, NO;, SO,, Calvin cycle, terpenoid
and early steps in flavonoid biosynthesis among others).

2.6  Early expression of GLK2Z and APRRZ still has a
quantitatively large effect on fruit
transcriptome at MG stage

According to TEFM5 promoter pattern expression described in
the previous chapter, green fruit stages showed the highest
transgene expression level speaking at flower bud stage and
decrease progresively untill MG stage. Consistent with that, the
total number of DEG in MG fruit decrease in all the modified
tomato plants (GLKT1-APRR2, GLK2-APRR2 and GLK2). To our
surprise this was not the case for the APRR2 engineered lines,
where the largest number of DEGs is found in MG
(Supplementary Fig. 6).

In TEM5::APRR2 fruit the ectopic and asinchronous expression
of APRR2 transgene occurs at a developmental stage when the
endogenous SIAPRRZ2 is still low expressed, and therefore our
construct “extends” the pattern of expression anticipating it to
stages before ripening. It is possible that this forward extension
pattern of expression is responsible for producing the
unexpected phenotype, APRR2 could be recruiting genes
normally activated by GLK2 but not in MM (which lacks functional
GLK2).

A total of 122 DEG were found in pTFM5-APRR2 fruit at MG
stage (listened in table 9 on CD). Figure 5 represents functions
affected by the overexpression of APRR2 in a MM GLK2-deficient
background (u/u). Biological functions ranged from lipid,
isoprenoid, major CHO metabolim, glycolisis, fermentation and
tetrapyrrole metabolism genes.

94



minor CHO

1em 1o

spidim

Amino Acids

E

Chapter 2

Ascorbate, Glutathione L ight

Starch . Reactions

Sucrose

Fermentation

Tetrapyrrole

Mito. Electron Transport

Carbonic anhydrases

<@ o,

. /\/\ /l i
N olle [0 lo]le] m <N SO,
g Metab
o e 0
0 o X ®
] =5 0 ° ucleo-
0
5 . ° tides
0
) ’
_— — )
Gin Asn Val Gh A Val o Ser phe Hig
" Mbrl l;:u 0 r " 33 ILI:u gy' P’
m Lys rf:c mruplc m’o Lys mec m?sc
mec  misc misc  misc

Figure 5: Ectopic expression of APRR2
affects diverse pathways at MG stage of
Metabolism Overview Panel was generated

controlled by TFM5 promoter
fruit development. Snapshot of
using MapMan software mapped

with ITAG2.3 for APRR2 DEG data at MG stage (See Table 9 on CD). Green
means upregulated and red downregulated (PPadj <0.05).

In addition, to asses the mechanism by which the early ectopic
expression of APRR2 exerts their primary influence in fruit at MG

stage, we analyzed the expression

pattern of those 122 DEG

during normal fruit development. Data analysis suggests that

TFM5::APRR2 fruit are affected in th

e expression of genes with
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ripening expression profile. Gene showed as upregulated by
APRR2 presented a more sustained expression between MG
(almost all of them) and breaker stage under their own promoter
(http://gbf.toulouse.inra.fr/tomexpress). There was an exception
in this list, a phenylpropanoid gene (Solyc08g075210.1) which
usually presents the highest levels at IMG stage.

Similarly the large majority of downregulated genes (76
genes) also showed an expression peak from MG to breaker
(either up or down peak in wild type plants) suggesting that OE
of APRR2 at MG stage affects mainly genes which present a
ripening expression pattern.

GLK2 lines display lower number of DEGs than APRR2 at MG
stage. However, several functions still remain selectively affected.
Including the major CHO metabolism, where is shown the
upregulation of genes associated to starch synthesis (foldchange
3.5) and sucrose metabolism (foldchange 2.73). In addition,
the activation of photorespiration and aminoacid synthesis with
foldchange values over 4 are highlighted.

Cell wall function is affected (as in IMG stage) by the
downregulation of certain genes involved in the cell wall-
modification, including for instance pectin-esterases and
degradation. Furthermore, we found common changes when
DEG of GLK2-APRR2 and GLK2 lines at MG stage were
compared; with similar type of functions affected and ranging
from starch synthesis and sucrose metabolism.

Affected functions In GLK2-APRR2 at MG stage involve minor
CHO pathway, which was also modified in APRR2 lines (cell wall
degradation and lipid metabolism) or upregulation of
fermentation process (pyruvate decarboxylase), also higher in
either pTFM5::APRR2 or pTFM5::GLK2 plants. Figure 6 shows
changes in GLK2-APRR2 lines at MG stage. The most remarkable
differences between dCEF and sCEF at MG stage were
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associated to secondary metabolism and photosynthesis (Fig.
6a-b). For instance, transcript levels for genes in PS light-reaction
and Calvin cycle declined in MG fruit in contrast to IMG stage,
where both pathways were extremely active. In summary, the
largest group of upregulated genes at IMG stage declined at MG
stage mainly in dCEF.
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Figure 6: Light reaction, Calvin Cycle and Phenylpropanoids are the most
affected pathways in GLK2:APRR2 genotype at MG Stage. Snapshots were
generated using MapMan software to map with ITAG2.3 for GLK2:APRR2 DEG
data at MG stage (see M&M). Green means higher expression and red lower
expression (PPadj<0.05) (a) Represents Photosynthesis pathways (b) Secondary
metabolism affected pathways.

2.7  Fruit chloroplast enhancement in GLK1-APRR2
lines results in a higher total protein content

To study how much of the transcriptomic program, induced
by providing high levels of active GLK2 and APRR2 at early
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stages of development, ended up with observable modification
at the protein level we carried out a proteomic analysis.

We first made an estimation of total protein content, using
phenol extraction of fruit pericarp of each CEF genotype and
WT, as well as of leaf samples as a reference. Figure 7 shows that
GLK2-APRR2 and GLK2 fruit accumulate higher levels of total
protein content (approx. 2.3 and 2 upg protein/mg-tissue
respectively) and those are values closer to the leaf samples (4
ug protein/mg-tissue). Moreover, GLK2-APRR2 and GLK2 levels
represent 400% the protein level present in APRR2 and MM-WT
fruit.

An ensuing proteomic analysis (see M&M) was able to detect
more than 2500 proteins and further analysis were conducted to
identify peptides and proteins differentially accumulating in the
fruit pericarp of GLK2, APRR2, GLK2-APRR2 and MM-WT.

5 -
4.5 4

Protein Estimated Levels

4 4
3.5 1

3
2.5 1
2 4
1.5 4
1 4
0.5 -—-
o 9

G2A2 Leaf

g protein/ mg tissue

Figure 7: Fruits form GLK2-APRR2 and GLKZ2 lines contained increased
protein content Quantification of protein content determined by modified
Bradford protocol (see M&M) phenol extracts and expressed as pg total protein
/mg fresh weight.

We initially focused on comparing the proteomic changes
occurring in the fruit using MM leaves, as a control of typical
photosynthetically active organ (Supplementary table 10 on CD).
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Proteomic data was sorted in four classes: (1) proteins identified
only in fruit samples, (2) upregulated in fruit, (3) identified only in
leaves; and (4) upregulated in leaves (Fig. 8a).

GLK2-APRR2 presented the highest number of proteins that
were exclusively found in fruit. This protein fraction is
represented in Fig. 8b, where a cellular component enrichment
analysis shows that the chloroplast is the most represented
(Tylakoid lumen, 22.5%). This data suggests that most part of the
exclusive proteins for GLK2-APRR2 fruit (which are not present in
leaves or MM fruits) belong to fruit chloroplasts protein isoforms.

a oo Fruits vs Leaves
800 [———— |
g 700 i i
= | |
£ 500 E B
2
2 0 = Only Fruits
300 UP-Fruits
- -
100 - UP-Leaves
0
MM A2 G2 G2A2:
b Cellular component
cytosolic part G0:0044445 22.5
cytosolic large ribosomal subunit G0:0022625 10.55
cytosolic ribosome G0:0022626 10.07
large ribosomal subunit G0:0015934 10.02
chloroplast stroma GO:0009570 9.13
plastid stroma GO:0009532 8.18
ribosomal subunit G0:0044391 7.89
ribosome G0O:0005840 7.79
cytosol G0:0005829 7.36
chloroplast thylakoid GO:0009534 5.95
plastid thylakoid G0:0031976 5.35
thylakoid GO:0009579 5.33
ribonucleoprotein complex G0:1990904 5.14
intracellular ribonucleoprotein comple GO:0030529 4.88
chloroplast part G0:0044434 4.88
plastid part G0:0044435 4.64
organelle envelope G0:0031967 4.55
envelope G0:0031975 4.28
chloroplast G0O:0009507 4.27
plastid GO:0009536 3.94

Figure 8: GLK2::APRR2 fruits show higher number of identified proteins
which are not found in leaves. (a) Fruit proteome was compared with that of
leaf, subsequently several proteins where identified to be upregulated (red
color, Up-fruits) or to be exclusive for each fruit genotype (continued)
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Figure 8 (continued): (Pink color, only-Fruits) or in leaves (dark green color:
Only-leaves and light green color: Up-Leaves). (b) Table represents the fold
enrichment for cellular component category in the list of identified proteins
exclusive for GLK2-APRR2 fruits (protein fraction delimited by a box in the bar
graphic). Chloroplast enriched parts are in bold (http://geneontology.org/).

Moreover, since photosynthetic genes are the most highly
expressed in leaves, and their expression levels are drastically
downregulated in non-photosynthetic tissues '*®’
those differences at the GO level between fruit and leaves in MM
and CEF genotypes. Fruit from MM-WT plant present higher
differences compared to the leaf proteome than CEF samples.
Figure 9 shows how those differences that we could name
“typically photosynthetic proteome” decreased in a manner that
is consistent with the strength of the fruit phenotype as
described in chapter 1 (APRR2 >GLK2>GLK2-APPR2).

, we examined

A GO terms analysis revealed that the most downregulated
functions in MM fruit compared with leaves are related to
photosynthesis, monosaccharide metabolism, carbohydrates
and protein-chromophore; differences which decrease in CEF.
For example, light photosynthesis reaction proteins which
present 32.6% of downregulation protein set in MM, is 29.8 in
APRR2, 26.6 in GLK2 and differences decrease to 15.3% in GLK-
APRRZ2. In other categories is even more evident, e.g. LHC PS |
ranged from the 94.1% of downregulation in MM fruits to the
35.3% presented in GLK2-APRR2 fruit.

In summary, here we described that not only the upregulated
proteins, but also the downregulated set (derived from the fruit
vs leaves comparison), support the contribution of chloroplast
fortification protein module to the increase observed in the total
protein amount in GLK2 and GLK2::APRR2.
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Differences between Fruits and Leaves

Higher Lower gw
- k'
0% 2% 00% WY
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photosynthesis, light reaction (50:0019684)

photosynthesis, light harvesting in photosystem I (GO:0009768)
photosynthesis, light harvesting (G0:0009785)
photosynthesis, dark reaction (G0:0019683)

photosynthesis (G0:0015979)

monosaccharide metabolic process (50:0005996
monosaccharide hiosynthetic process (50:0046364)

hexose metabollc process (G0:0019318)

hexose bilosynthetic process (G0:0019319)

glycogen metabolic process (50:0005977)
glyceraldehyde-3-phasphate metabolic process (G0:0019682)
glucose metaholic process (GO:0006006)

gluconeogenesis (GO:0006094)

generatlon of precursor metabolites and energy (G0:0006091)
energy reserve metabolic process (50:000611Z)

energy derivation hy oxidation of organic compounds (G0:0015980)
cathoxylic acid metabolic process (50:0019752)

carhon fixation (GO:0015977)

carbohydrate metabolic process (50:0005975)

carbohydrate derivative metabolic process (50:1901135)
carhohydrate catabolic process (50:0016052)

catbohydrate biosynthetic process (G0:0016051)

response to radiation (50:0009314)

response to light stimulus (G0:0009416)

protein-chromophore linkage (GO:0018298)

Figure 9: GLK2-APRR2 fruits display the most leaf-like protein profile. Fruits
were compared with leaves and sets of downregulated proteins in fruit vs leaf
were identified. Enrichment analysis of downregulated protein lists classified
proteins in specific GO terms for MM, APRR2 (A2), GLK2 (G2) and GLK2-APRR2
(G2A2) fruits at IMG. Fold enrichment values for the different GO terms
(http://geneontology.org/page/go-enrichment-analysis) are represented in the
heatmap. Green means higher enrichment values and red lower values (from
80% to 0%). Gray color means no identified class in the enrichment list.

2.8 Proteomics analysis of fortified fruit revealed
that mitochondria and chloroplast are the most
affected cellular components

A comparison between proteome profile of APRR2, GLK2,
GLK2-APRRZ2 at IMG stage with MM-fruit control resulted in two
interesting sets of Differential Expression Proteins (DEP)
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(Supplementary table 11 on CD). First, a set of upregulated
proteins was identified in GLK2 (131 proteins), APRR2 (90) and
GLK2-APRR2 (51) fruit. Fifteen of those proteins are shared
between GLK2 and GLK2-APRR2 but none overlaps with APRR2
(Fig. 10a, left) indicating the existence of dramatic differences
between the proteome in this type of fruit. Second, a set of
proteins characteristic of the CEF genotypes, and no present in
wild type MM, was defined. A Venn diagram shows the
overlapping of exclusive proteins for CEF samples (highlighted
in orange) (Fig. 10b, left). To learn more about these two set of
proteins a functional analysis followed by gene ontology
assessment was conducted.

[ 150verlappingProteins |
a Set up-regulated proteins ) .
[Solyc10g008740.2 tetrapyrrole synthesis.magnesium chelatase
G2A2 G2 Solyc12g006470.1 tetrapyrrole synthesis.GSA
Solyc09g010630.2 stress.abiotic.heat
[Solyc04g049450.2 redox.thioredoxin
Solyc02g069460.2 PS.lightreaction.photosystem 1.PSI polypeptide subunits
Solyc04g011510.2 PS.calvin cycle.TPI
[Solyc04g008030.2 PS.calvin cycle.GAP
Solyc12g094640.1 PS.calvin cycle.GAP
Solyc05g053470.2 protein.folding
Solyc12g042060.1 protein.degradation.serine protease
Solyc08g076970.2 protein.degradation
Solyc07g044840.2 not assigned.unknown
Solyc012080280.2 N-metabolism.ammonia metabolism.glutamine synthase
Solyc02g067080.2 cell wall.precursor synthesis.UGD
Solyc01g109850.2 amino acid metabolism.synthesis.aspartate family.lysine

Set Exclusive proteins Mitochondrial Respiratory Chain
28.32% fold enrichment
G2A2 G2

W respiratory chain complex
(G0:0098503)

u respiratory chain (G0:0070489)

# oxidoreductase com plex (60:1950204)

# inner mitachondrial membrane
protein complex (GO:0098500)

 mitochondrial protein complex
(G0:0098798)

W mitochondrial membrane part
(G0:0044455)
mitochondrial membrane
(60:0031966)

B mitochondrial envelope [G0:0005740)

= mitochondrial inner membrane
(60:0005743)

® organelle inner membrane
1G0:00198661

 mitochondrial part (GO:0044425)

Figure 10: Exclusive or upregulated proteome in sCEF (APRR2, GLK2 and
GLK2::APRR2) when compared to MM fruits (continued).
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Figure 10 (continued): (a) Venn diagram of upregulated proteins either
unique to or shared between GLK2, APRR2 and SIGLK2::APRR2 compared with
MM-WT at immature green fruit stage (left). Gene list of the 15 overlapping
proteins found in GLK2 and GLK2::APRRZ (right). (b) Venn diagram of proteins
identified in sCEF and no detected in MM-control (left) with overlapping
proteins marked in orange. On the right categories affected in Mitochondrial
Respiratory chain. GO enrichment analysis was performed in the list of
exclusive proteins found in GLK2 and 28.32% of the fold enrichment belongs to
Mitochondrial Respiratory chain (Supplementary table 12 on CD).

The 15 overlapping upregulated proteins, according to
MapMan Bins, are mainly related to chloroplast components
(Fig. 10a, right). Moreover, we examined those lists by functional
enrichment analysis (see table 12 on CD).GO terms show
common changes in glucose (GO:0006006), hexose
(GO:0019318) and monosacharide metabolic  process
(GO:0005996) in the three CEF genotypes.

TLA)AAJ- .-\f .

-
ko |u||m

S Yol ["ll IH GLK2 APRR2
lines are mvolved in carbon carbon Iyase activity (GO:0016830)
with an enrichment of chloroplast cellular components
(GO:0009507). Proteins which characterized and differentiate
GLK2 fruit (121 proteins) affect several functions, which mainly
compromise response to oxidative stress (GO:1900407),
presenting an enrichment in mitochondrial (GO:0044429) and
chloroplast (GO:0009534) organelles functions or composition.
Meanwhile, proteins found in larger proportion in APRR2
genotype relative to WT are associated to cellular amino acid
metabolic process (GO:0006520), as well as there is an
enrichment up to 100% in ATP citrate synthase activity
(GO:0003878) (molecular function),cellular function is modified
remarkable in citrate lyase complex (GO:0009346) and
aminoacyl-tRNA synthase multienzyme complex (GO:0017101).

We later focused on the functional analysis of the set of
exclusive proteins for each genotype. GLK2-APRR2 exclusive
proteins are related with cellular response to oxidative stress
(GO:0034599), being overexpressed all the chloroplast

103



Chapter 2

components  (GO:0009570, GO:0009941, GO:0009526,
GO:0009579, GO:0044445, GO:0009534). In the case of
exclusive proteins found in GLK2 lines, again pops up as over
represented the oxidoreductase activity (GO:0016681,
G0O:0008121) and the class mitochondrial organelle with several
subtypes specifying the compartments or functions of this
organelle: e.g. mitochondrial respiratory chain (GO:0005746),
inner mitochondrial membrane protein complex (GO:0098800),
mitochondrial envelope (GO:0005740) and mitochondrial inner
membrane (GO:0005743) (Fig. 10b, right).

All this support that chloroplasts, and to a lesser extent
mitochondria, are the most affected cellular components in the
cells of GLK2 and GLK2-APRR2 fruit.

2.9 Chloroplast biogenesis increases in CEF
genotypes

We have just described sets of exclusive fruit proteins which
are present in fruit from engineered lines but not in MM fruit.
Here, we focus our attention on proteins which are detected in
the fruit of at least two CEF engineered genotypes (Fig. 10b,
orange area). Figure 11 shows a functional description, MapMan
category and transit peptide for each overlapping protein
(accumulating preferentially in at least two CEF). The clearest
results are that the relative abundance of photosynthesis-
chloroplast associated proteins increases in each case.
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Mapman Class

Solyc125098150 |Voltage-gated potassium channel beta subunit

hormone metabolism auxin induced-regulated-responsive-activated

Solyc12g043110 |LETSW12 gene (Heat shock protein 4) stress abiotic heat
Solyc12g009600 | Thylakoid lumenal protein not assigned no ontology
Solyc07g054210 | Protochlorophyllide reductase like protein le synthesis hlorophyllide reductase
Solyc07g005560 | Eukaryotic translation initiation factor SA protein synthesis initiation
Solyc03g110960 | Nucleoside diphosphate kinase nucleotide metabolism phosph fer and hosph nucleoside diphosphate kinase
o Solyc10g086190 |Adenosine kinase nucleotide metabolism salvage nucleoside kinases adenosine kinase
< Solyc09g075010 |P landin E synthase 3 not assigned no ontology glycine rich proteins
~ Solyc09g008670 | Threanine la-lyase biosyntheti aa metabolism synthesis branched chain group isoleucine specific threonine ammonia-lyase
N\ [Solyc07g055320 Protein FtsH homolog, ATP-dependent Zn protease cell division |protein degradati Il
w Solyc06g083620 | 265 protease regulatory subunit 4 protein degradation ubiquitin proteasom
Solyc06g062840 | Threanine synthase aa metabolism synthesis aspartate family threonine threonine synthase
Solyc05g012270 |Argii synthase aa metabolism synthesis glutamate family arginine arginosuccinate synthase
Solyc03g123610 |Alanine amit f aa metabolism synthesis central aa metabolism alanine alanine fi
Solyc03g118910 | T-complex protein 1 subunit delta protein folding
Solyc01g006280 |Formate hydrofolate ligase (C1-metaboli
Solyc04g071890 |Peroxidase 4, Haem peroxidase, pl I/t misc. p
Solyc07g006560 ive response assisting protein RNA processing ribonucl

Solyc07g062130 | Dtdp-glucose 4 6-dehyd

cell wall precursor synthesis UDP-glucose 4,6-dehyd

Solyc11g066410 {506 ribosomal protein L9

protein synthesis ribosomal protein prokaryotic chloroplast 505 subunit L9

Solyc09g082710 |Histone H2A DNA synthesis/chromatin structure histone
Solyc09g007940 |Adenosine kinase nucleotide metabolism salvage nucleoside kinases adenosine kinase
Solyc09g005740 |Chloroplast lumen common family protein not assigned no ontology
g Somgosmo 305 ribosomal p;:t:‘invsm protein synthesis ribosomal protein prokaryotic chl:umphstioswhunit 520
Solyc07g054290 Ph 1i family protein S ligh h 11 Sl polypeptide subunits
N Solyc07g041490 |Stress responsive alpha-beta barrel domain protein not assigned no ontology
(9 Solyc068050590 |Acetyl-CoA carboxylase biotin carboxyl carrier protein lipid metabolism FA synthesis and FA elongation Acetyl CoA Carboxylati
R Solyc06g005710 |cDNA clone 002-143-C11 full insert sequence not assigned unknown
Solyc05g050600 | Dynamin 2 misc. dynamin
u Solyc05g018520 |NADH-cytochrome bS reductase-like protein N-metabolism.nitrate metabolism.NR
lyc04g074640 |L-ascorbate peroxidase redox ascorbate and glutathione ascorbate
Solyc02g091490 |Fructokinase 3 major CHO metabolism degradation sucrose fructoki
Solyc02g086830 Protease Do-like (S2 serine-type protease) protein degradation serine protease
Solyc02g082000 |30 ribosomal protein 519 protein synthesis ribosomal protein eukaryotic 40S subunit $15
Solyc01g108020 |Thioredoxin m redox thioredoxi
Solyc01g087040 |Thylakoid lumenal 19 kDa protein, chloropl PS.ligh h 11PSII polypeptide subunits
R Solyc03g098700 | Cysteine Protease inhibitor 8 not assigned unknown
< N Solyc12g010060 |Eukaryotic translation initiation factor 5A rotein synthesis initiation
~ < Solye07g042440 |Alkyl hyd ide reductase/Thiol specific antioxidant family redox peroxiredoxi
O O [5lyc04¢009540 505 ribosomal protein L10 protensynthesis rbosomal proten prokaryotic hloroplast 505 subunit L10
(U] U] Solyc07g005960 Serine cart fase K1082.2 protein degradation serine protease

Figure 11: Common sets of photosynthesis-chloroplast associated proteins
are differentially accumulated with respect to MM and shared between
different CEF fruit. Functional information of overlapping proteins exclusive
for sCEF (APRR2, GLK2 and GLK2::APRR2) and not present in WT fruits (Figure
10b proteins empathized in orange). Genes implicated in PSIl repair function
are emphasized in bold. Three different color degrees characterized each kind
of intersection; Light green means proteins shared between GLK2 and APRR2,
medium green represents GLK2 and GLKZ2::APRR2 and dark green means
proteins shared by the three genotypes (GLK2, APRR2, GLK2::APRR2). Gene
annotation used iTAG2.3 and Protein function is classified according to

Mapman BIN code.

APRR2 and GLK2 lines present 18 proteins that are specific for
both fruit proteomes. One of them deserves special recognition
because of its role in chloroplast, the ATP-dependent zinc
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metalloprotease called FTSH 2 homolog (Solyc07g055320.2.1)
(Fig. 11). Furthermore, when protein exclusively present in GLK2-
APRR2 and GLK2 fruit are analyzed is noteworthy the enrichment
(100%) in photosystem Il repair biological function
(GO:0010206) related to PSII repair chloroplastic protein psb27-
h1and chloroplastic protease do-like1.

Together, these data suggest a boost in chloroplast
biogenesis in APRR2, GLK2 and GLK2-APRR2 lines. Not only
because an increment in chloroplast parts and photosynthesis-
chloroplast-associated proteins, but also for the presence of
proteins implicated in the assembly of this highly complex PSII
repair function and organelle division (FTSH 2 homolog).

2.10 Largest differentially protein portion analyzed
belong to chloroplast proteome

Plastidial targeting prediction software confirmed that the
major proportion of DEP identified in CEF fruits belong to
chloroplast proteome. The prediction was done with ChloroP
program (/www.cbs.dtu.dk/services/TargetP), which it has been
previously demonstrated to be reliable software . The
chloroplast database reveals a range between 85-89% nucleus-
encoded proteins, which present the pertinent transit peptide
sequence (Fig.12a). Since 37 proteins did not show the
predicted peptide signal, we analyzed those proteins to assess
the subcellular localization by uniprot ID. As a result, 5 of them
belong to cytoplasm, 4 to nucleus, 10 to cytosol, 2 to
Endoplasmatic Reticulum, 1 is from glyoxisome and 5 unknown.
The remaining 10 are also chloroplastic and mitochondrial
proteins and are listed in Fig. 12b.
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a CTP Prediction
100% - * * * * *
90% 4
80% -
70%
60%
50% - .
H Not contain cTP
40% 7 u cp
30%
20% -
10%
0%
G2A2 G2 A2 Exclusive  Exclusive
Up-Regulated Proteins A2/G2/G2A2 G2 [G2A2
D | Uniprot | Protein |Subcellular Localization
b Solyc01g100360 IPRO0G258  Dihydrolipoamide dehydrogenase mitochondrial
Solyc05g003530 IPRO01078  2-oxoacid dehydrogenase acyltransferase, catalytic domain  mithocondrial
Solyc12g056230 IPRO00S3S  Glutathione peroxidase mitochondrial
Solycl2g056240 IPRO00S3S  Glutathione peroxidase mitochondrial
Solyc02g090030 IPRO02628  Photosystem Il manganese-stabilizing protein PsbO chloroplast
Solyc03g112360 IPRO01196  Ribosomal protein L15 chloroplast
Solyc06g071720 IPROOL196  Ribosomal protein L15 chloroplast
Solyc07g065170 IPRO0L047  Ribosomal protein S8e chloroplast
Solycl2g056830 IPRODO711  ATPase, F1 complex, OSCP/delta subunit chloroplast
Solycl0g006070 IPRO0L047  Ribosomal protein 58e chloroplast

Figure 12: Most part of upregulated proteins in CEF have chloroplast
transit peptides (cTP): (a) DEPs for CEF were screened by the ChloroP server
(chloroplast transit peptides (cTP) predictor)
(http://www.cbs.dtu.dk/services/ChloroP/). *ChloroP server demonstrated to
has 88% of confidence ?°. List of proteins comes from Venn Diagrams of Figure
10a-b: UP G2A2 (51 proteins upregulated in GLK2-APRR2 genotype related to
WT), UP G2 (38 proteins upregulated in GLK2 related to WT), UP A2 (90
proteins upregulated in APRR2 related to WT), Exclusive fortified fruits (10
identified proteins in APRR2, GLK2, GLK2-APRR2 and not in WT) and Exclusive
G2 and G2A2 (23 identified proteins in GLK2 and GLK2-APRRZ2 engineered
fruits and not in WT). (b) Proteins without chloroplast signal peptide which
present chloroplast or mitochondrial subcellular localization
(http://www.uniprot.org/).

Next, we evaluated whether some of the identified DEP are
plastid-encoded genes, founding that GLK2-APRR2 fruit-
proteome presents 50S ribosomal protein L14 chloroplast-
encoded. This protein is upregulated in this genotype when is
compared with MM fruit or leaves proteome. In addition, two
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more chloroplast encoded photosynthesis light reaction proteins
were identified: atpB detected exclusively in GLK2-APRRZ2 fruit
proteome, and atpA presented in higher levels in GLK2
genotype.

2.11 Relationship between proteome and
transcriptome

When up and downregulated protein levels, for different
genotypes, are compared with transcriptomic data a low
correlation is presented (data not shown). However, we could
see across the CEF lines that changes in protein levels are
generally higher than the corresponding changes in transcripts.

Figure 13 displays a histogram of the ratio protein/ transcript,
where is possible to observe that the most common ratio ranges
from 2.6 to 4.4 values, representing always higher protein levels
than transcript.
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Figure 13: Higher Protein to transcript ratios for specific DEG in GLK2
fruits. Transcript levels as form RNAseq data: PPadj<0.05 and protein levels
from Proteomics analysis: p<0.01 (see M&M).
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2.12 Over-represented motives in common
upregulated genes

Here, we wanted to examine whether the upstream regions of
common DEG in CEF are sharing common cis-elements. A list of
84 upregulated genes (PPadj<0.05) found in the four
engineered tomato lines (APRR2, GLK2, GLK2-APRR2 and GLK1-
APRR2) was analyzed (Fig. 14a). Two popular software programs,
based in different consensus-method, to searching for
conserved motifs were applied. MEME (Multiple Em for Motif
Elicitation) and DREME (Discriminative Regular Expression Motif
Elicitation) were used to identify overrepresented motifs in the
2000 pb 5‘upstream sequences of these 84 genes. MEME
evaluates the frequency of any motive in the input list while
DREME compares motives which are over-expressed related to
tomato genome (http://meme-suite.org/).

b
MS HIA :.
E-value | Site |  Width
6.20E-38 5 50
o
c d
I
"] Sequences APRRI | GLKZ [GLE2-APRRYIGLK1-APRRZ
a1 4 11 Solye02g0709%0.1 |ACCGGAMGGRTOCATTGRAGAMCCTTGTGACCACCTIGNAGACKECGT 247 | 368 | 452 | et
N SolyoIg070980.1 |ACTOGAMGGGTCOATIGAAAACCTTGETGACCACETTOCAGACECEET) 179 | 361 | a87 | a8
Positives | Negatives | P-value | E-value Solyc025071000.1 [ACCGEAMGGTCCATIGEAGMCCTOGCTGACCACCTTGEGGATECAGY 171 | 349 | 4l | 426
/88 |2520/34705 4,60-07 0.028 Solyc035005780.1 |ACTGGAMGGOTCCATTGEAGAMTCTIGCCGACCACATIGUTGACCLAGT) 432 | 531 | 5.8 588

Figure 14: Over-represented motives present in the 5'upstream regions of
upregulated common set of genes. Analysis was done using MEME and
DREME software and transcriptome data (continued).
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Figure 14 (continued): (a) Venn Diagram with upregulated genes
(PPadj<0.05) for each genotype (APRR2, GLK2, GLK1-APRR2, GLK2-APRR2)

(b) DREME output of over-expressed motives in 84 common UP regulated
genes (c) One of the MEME outputs for the list of 84 genes using 2000pb
upstream for the analysis. The E-value is an estimate of the expected number of
motifs with the given log likelihood ratio. (d) RNAseq expression data
corresponding to the four chlorophyll a/b genes found with GGGwCCA motive
according to MEME.

DREME did report a significant well conserved 7pb motif of
that was found in 21 of the 84 input genes (Fig.14b). It is
highlighted that one of the significantly overrepresented MEME
outputs indicates the same motif inside a sequence width of
50pb (Fig 14c). Five sites were identified by MEME, and all of
them are chlorophyll a/b binding domain genes, being the 7pb
motive presented in four of them without any offsets. Even more
interesting is that the putative TF binding site is duplicated in the
three genes Cab localized in Chr2. Therefore, in those genes
both TFs could be interacting with the regulatory cis-elements at
the same time elevating even more the gene expression by an
additive or synergetic effect.

This hypothesis is supported by transcriptome data, which
shows higher expression for both dCEF lines compared with
sCEF (Fig. 14d).

3. DISCUSSION

Chloroplast development is a complex process that integrates
developmental and environmental signals. Although we know a
good deal about it '7?%, its molecular-genetic basis is still not
completely understood. The tomato-plastome is composed of
approximately 114 genes % classified as photosynthesis-related
genes. However, most of the genetic information (93-99%) to
build and operate a chloroplast have been transferred to the
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209 227 |n  addition to the environmental and

developmental cues, organelle functions and composition are
regulated by both retrograde (organelle to nucleus) and
anterograde (nucleus to organelle) signals '’. Our CEF plants
reveal that the multiple effects produced when GLK and APRR2
factors expressed early in fruit development are derived from the
complexity of the chloroplast development program in the fruit.

nucleus

3.1 GLKs and APRR2 affecting an array of
chloroplast biogenesis and chloroplast
functions including retrograde signaling
program

Among the number of nucleus-encoded transcriptional
factors that have been identified to influence chloroplast
development and chlorophyll content ?#??? only GLK and APRR2
proteins are associated to a major quantitative trait locus (QTL).
CaGLK2 was identified as the gene governing green fruit
phenotype pc10 *#° whereas APRR2 has been postulated as a
candidate for pc8.7 in pepper and later confirmed #'>,

Overexpressing either GLKs or APRR2 early in fruit
development, resulted in immature tomato fruits with higher
chlorophyll levels and higher chloroplast number %, We have
described in chapter 1 that our four CEF genotypes presented
higher isoprenoid/ chlorophyll content during green stage of
development, as well as an increased number and size of
chloroplasts (more evident in dCEF). Consistently with those
changes, in this chapter we showed the upregulation of genes
involved in tetrapyrrole, chlorophyll biosynthesis processes,
photosynthesis-related and Calvin cycle; as well as the increase
levels of PEP protein in CEF samples.
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Moreover, several reports revealed additional roles
associated to those TFs besides those related to chloroplast/
photosynthesis functions. Since GLKs have been described to
coordinate a retrograde regulation chloroplast-to-nucleus of
process related to nitrogen signaling, disease resistance and
redox state *782*1233 e investigated genes activated in the fruit
by overexpressing GLK2 at IMG stage. In the line of those
previous retrograde regulation studies we found 7 genes
implicated in inorganic nitrogen signaling, 39 in redox function
and 49 in stress responses (PPadj<0.01). On the other hand,
APRR2 has been described to affect genes related to ripening as
LeMADS-RIN, ACO, and PG, being its main role associated to
mature stage of fruit development ®,

Moreover, both GLKs and APRR2 have been described to be
involved in circadian clocks that regulate several process such as
flowering time, photosynthesis, carbon fixation or stress
response **?'7. We also showed that one of the 33 common
upregulated genes for the four CEF genotypes is a protein
associate to circadian clock (Solyc10g005080.2). In addition, we
described other function associated to the early OE of both TFs,
which has not been previously described: Cell Wall Remodeling
(CWR).

CWR is affected in CEF by the downregulation of 6 genes
which encode xyloglucan-xyloglucosyl-transferases (changes
ranging from -2.6 to -3.8 foldchange). Cellulose-xyloglucan

matrix 234

appears to be involved in cell expansion although the
enzymes implicated and the regulation network of this matrix

have not been characterized in detail 2*°.

Our hypothesis that APRR2 and GLKZ2 affect CWR is supported
by previous works because the retrograde signaling has been
related to have effect on cell wall function. Arabidopsis mutant
ise (1-2) is plastid defective and shows to be altered in cell wall
synthesis and modification #¢. Indeed, Burch-Smith (2011)
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showed 8 endotransglucosylase/ hydrolase (XTH) enzymes in the
list of DEG. Almost all of them were upregulated as consequence
of the chloroplast disruption . In addition, within the 39 nuclear
gene-set identified as responsible for retrograde signals %
of them are cell wall related (2 Pectinesterases and 1 xylanase
enzyme). We also found that this xylanase, which is among the
39 gene-set, is in the DEG list of GLKZ2 lines (PPadj< 0.01).

three

Moreover, it has been recently described that B-cyclocitral is
related with oxidative stress in PSIl and the fact that this molecule
acts as signal from chloroplast to nucleus results in a
readjustment and better PSIl quantum ??. More chloroplasts
could be associated to induce B-cyclocitral signal pathway for
keeping the oxidative stress balance in the photosystem.
Previous work on Arabidopsis studied the abcTk1 and abc1k3
mutants, characterized by rapid chlorosis and higher B-cyclocitral
accumulation upon high light stress ?**. Our CEF lines could be
affected in CWR through the alteration in cross-talk regulation
between chloroplast-nucleus as in the case of abck mutants.

More nuclear genes in the list of the 39 involved in retrograde
signal #? were found in our DEGs data and some are implicated
in ROS, ABA, sugar and auxins pathway (PPadj<0.05). In
summary, our analysis shows that not only GLK genes presented
differential responses indicative of differences in plastid
retrograde signals (as Waters et al.,, 2009) but also APRR2
ectopic expression participate in this regulation process.

Chloroplasts produce a plethora of compounds associated to
many functions as we described above, which are not only
coordinate by nucleus response but also with other organelles.
Redox signals are coordinated by the communication between
chloroplast-mitochondria  and  peroxisomes  ?"°.  We
demonstrated among chapter one that many metabolites
associated to mitochondria organelle are also modified in CEF,
such as serine and glycine which are considered heme cofactor
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precursors (Woodson and Chory 2008). Compounds essential
for the mitochondria to develop oxygen transport, respiration,
signal transduction, and detoxification process (Azuma, Kabe et
al. 2008). Among chapter two we demonstrated that
mitochondria and chloroplast are the most affected cellular
components in CEF cells with a fold enrichment of those GO
terms.

3.2  Additive effect resulting from joint expression
of GLK and APRR2 early in fruit development
and the possible underlying mechanism

Although the effect of constitutive expression of GLKs and
APRR2 has been reported, the use of an early specific fruit
promoter to control de expression, as well as the effect to
combine both TFs in the same construction has never been
studied before. In chapter 1 we reported a novel additive effect
when both GLKs and APRR2 are expressed simultaneously.
Hypothesis which was supported by the phenotype and
metabolite profile in immature stage, as well as the positive
quality impact found in red ripe GLKs-APRRZ2 fruit. Here, we
aimed to integrate the RNA and protein molecular information
obtained in order to develop a comprehensive model that
explains the additive effect previously described.

We have shown through transcriptome data at IMG stage that
genes described as photosynthesis-related present, generally,
higher expression levels in GLKs-APRR2 lines compared to sCEF
lines. Process such as chlorophyll metabolism, chlorophyll a/b
binding proteins, PSIl and Calvin cycle enzymes are even more
enhanced in dCEF, indicating that the structural and small
molecules data is supported by the protein and transcript
program.
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It has been suggested that GLK genes take part of a
regulatory network which control the nuclear-photosynthetic-
genes expression *°. HY5 gene, which encodes a protein with
bZIP motif, is identified as responsible for the regulation of
fundamental developmental processes such as chloroplast
development. This gene was described to modulate the signal
transduction downstream in the pathways by auxin/ cytokinin
signals ?*’ and to acts with GLKs, coordinating the chloroplast
biogenesis during root greening
extended to fruits. The light signal transduction genes
LeCOPI1LIKE, DET1 and DDB1 were found to repress fruit
pigmentation in tomato ®*’%%%, Interestingly, the tomato mutants,
high pigment (hp) are altered in chloroplast number and
ultrastructure resulting in fruit with elevated levels of chlorophyll.
Those genes, underlying the hp phenotype, are identified as
DDB1(hp1)and DET1 (hp2) ¢*7°.

. This network could be

Previous works demonstrated that the mechanism by which
DET1 and DDBT1 work is through their proteins take part of a
proteasome complex ?', together with the E3 ligase (CUL4) 2",
The complex regulates some factors relevant for plastid
development, including chlorophyll accumulation. Recently the
link between DET1/DDB1 (hp) and GLK has been established,
where a physical interaction occurs between the DET1/DDB1
ubiquitin-E3-ligase complex and the GLK2 protein. This
interaction requires two lysine residues present in GLK2 protein
that essential for the proteolitic activity of the complex . The
hp1-2 are, therefore, associated to mutations in elements
implicated exclusively in the CUL4-proteasome complex,
downregulation of CUL4 also generates more plastid
development . Although, the specific substrate for this
degradation complex are still unknown, it has been proposed
that DDB1 targets GLK2 for the degradation, and DET1 protein
may favor the association between DDB1 and GLK2. The
interaction of the last aa residues in N-terminal region of DET1
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(26-87) with GLK2 and the lack of this interaction in hp-2 (DET1
mutated) have further substantiated this model 8.

This complex is probably involved in the degradation of other

positive factors different to GLK2 since Nguyen et al (2014)
suggesting that hp?1 and GLK2 act in independent pathways
since overexpression of 35s:GLK2 in hp1 mutation background
displays more chlorophyll levels than in hp1 itself.
Even more interesting is the fact that APRR2 gene was found in
the list of DEG of hpT mutant plant. hp1 fruit present higher
expression levels of APRR2 in 17 DPA than in breaker or red ripe
fruit 7.

It is possible that APRR2 is also a substrate for CUL4-ligase

complex and it would be worth to conduct experiments to
confirm this contention. The joint targeting of both GLK and
APRR2 for ubiquitination and degradation by the proteasome
could explain the synergistic effect observed when SIAPRR2 and
SIGLK2 are co-expressed.
Interactions of the CUL4-DDB1 complex include DDI1
(Solyc09g031610.2). The DDI1 gene has been described to
participate in salt, mannitol and UV-C responses through the
ubiquitin-E3-ligase complex #? and this gene is in the DEG list of
our four CEF genotypes (PPadj<0.01).

Moreover, in this work to understand the mechanism
underlying the described additive effect in chloroplast
development, we studied over-represented motives in the
promoter regions of common upregulated genes for sCEF and
dCEF. A well conserved 7pb motif, GGGwWCCA, was identified in
tandem repetition in the 5 upstream regions of 21 of the 84
common upregulated genes. According to our result, both TFs
could be functional on similar regulatory motives. The fact that
the interaction could be additive, would be supported by the
Cab genes that we found with duplicated binding domain
sequences in the promoter region. Those genes showed higher
expression when GLKs and APRR2 were co-expressed. In
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addition, there appears to be different affinity according to the
TF, APRR2 showed always lower expression levels than GLK2 and
both sCEF lower than dCEF. Future studies should be conducted
to confirm those hypotheses, e.g. transactivation assays in Cab
genes to demonstrate if both TFs bind to the identified
sequence element.

Despite the fact that SIAPRR2-like has been associated to
ripening it is also obvious its involvement in fruit plastid
development from our results and others ®. This is not restricted
to Solanaceae, since a loss of function in APRR2 has been found
associated with the production of white fruit in cucumber ¥,
similarly to what was previously reported in pepper ®. Fruit with
APRR2 loss of function lines showed fewer chloroplasts and
lower chlorophyll accumulation at all stages of fruit development
8 The necessary presence of a functional APRR2 gene in
cucumber and pepper for correct chloroplast development, as
well as the boost of fruit chloroplast development achieved in
tomato when SIAPRR2 is expressed early in fruit development
suggest that SIAPRR2 gene could have changed during tomato
domestication. It will be interesting to study the pattern of
expression of the SIAPRR2 and check whether or not the
SIAPRR2 promoter could have lost an early fruit regulatory
domain that may still be present in other species.

3.3 Increased in plastid development is well-
correlated with the upregulation of genes and
proteins process-associated

High pigment mutants are affected in many interrelated
processes, ranging from light response and transduction
signaling "° to plastid development; increased fruit chloroplast
size " and number 2. Moreover, constitutive OE of APRR2 or
GLK?2 also contributed to chloroplast division and expansion >%,
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The hypothesis by which silencing either, DETT or DDBT1
increases plastid number and size, was no clearly defined. It has
been reported that hpl increases fivefold the DNA ratio
plastome:genomic in hypocotyls ©, this fact was used as an
explanation for the increase in plastid size ' Another
suggestion was the regulation of plastid development through
cytokinin and photomorphogenic signal transduction ',

Here, in our sCEF effect on chloroplast number and size was
described but lower than dCEF. Since dCEF plants are in the line
with previous results, showing fruit with more dramatic changes
and achieving over threefold increase in chloroplast number and
size.

Upregulation of genes and proteins related to photosynthesis
and chloroplast biogenesis correlate with the significantly
increased in chloroplast development in IMG fruit of GLKs-
APRRZ2 lines, which could clarify the molecular mechanism
underlying this change. In addition, we described among this
chapter genes implicated in plastid division function affected in
CEF.

FtsHs are a well-characterized family of membrane bound
proteases important in chloroplast biogenesis and linked to the
degradation of unassembled thylakoid proteins . Meanwhile,
those proteins play crucial role in PSIl reaction center protein D1
during PSII repair *'?*? some of those proteins were identified as
DEG in our CEF lines (for example PSII repair Solyc07g054290.1
with 1.5 of foldchange).

Although previous studies have demonstrated that AtGLKs
OE upregulate genes directly involved in photosynthesis, mainly
Lhcb proteins **'*', the proteomic changes occurring have not
been characterized yet. Our proteomic analysis support that
chloroplast biogenesis process is upregulated in our lines. We
have shown an upregulation of ATP-dependent zinc
metalloprotease FTSH 2 homolog, as well as another two

118



Chapter 2

chloroplastic proteins related to PSIl repair (psb27-h1 and
chloroplastic protease do-like1). Those analyses also revealed
that CEF have higher levels of total protein content than
untransformed plants, reaching in GLK2-APRR2 and GLK2 fruit
the highest amounts (about half of the total in developing
leaves). More than 50% of total proteins in leaves are
photosynthesis related, mainly represented by RuBP carboxylase
(20-30% among species) and protein in the thylakoid
membranes of the chloroplast (20-40%, being 60-85% pigment-
protein) . Here, we confirmed through DEP and proteomic
comparative analysis that the higher amounts of total proteins
found in CEF are related to the positive impact in chloroplast
development.

3.4  Fruit photosynthesis enhancement supported
by upregulation of carbon fixation enzymes

As photosynthesis is the most conspicuous function of
chloroplast, it was our interest to know the degree of change in
photosynthesis related genes and proteins which is taking place
in the plastid proteome of CEF. Early reports have provided
novel and extensive information on the plastid proteome in
plants %
2000 proteins were identified in recent tomato papers. A range
of 85-89% of DEPs present a chloroplast transit peptide and
many of the remaining proteins are known to be chloroplast
proteins. Not only proteins of light-harvesting complex, but also
RuBisCO which is responsible for carbon fixation increased in
CEF. However, whilst in leaves RuBisCO plays the most
important role in photosynthesis trough the assimilation of
atmospheric CO,, in fruits re-fixation of CO, via malate by
Phosphoenolpyruvate carboxylase (PEP) has been hypothesized
as an important operating mechanism . APRR2, GLK2 and
GLK2-APRRZ2 fruit presented higher PEP protein amounts than

with strong emphasis on the chloroplast, where about
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leaves and MM fruit, showing dCEF the highest foldchange
followed by GLK2.

The increase in levels of photosynthesis enzymes observed in
proteomic analysis is in addition supported by transcriptomic
data. Ribulose bisphosphate carboxylase (Solyc02g085950.2)
and RuBisCO (Solyc09g011080.2) gene expression was shown
as upregulated in GLK2, GLK2-APRR2 and GLK1-APRR2 IMG fruit
samples.

4. Materials and Methods

4.1  Plant materials and growth conditions

Tomato (Solanum lycopersicum) cultivar cv. MoneyMaker
(u/u) used as WT plant was provided by The Institute for
Mediterranean and Subtropical Horticulture "La Mayora” (IHSM-
UMA-CSIC) germoplasm bank.

Transgenic tomato lines corresponding to pTFM5:GLK2,
pTFM5:APRR2, pTFM5::GLK2:pTFM5::APRR2,
PTFM5:GLK1:pTFM5::APRR2 in MoneyMaker were the same as
those used in the previous chapter.

T2 seeds were grown in greenhouses during the spring-summer
of 2015 at IHSM-UMA-CSIC (Algarrobo-Costa, Malaga).
Seedlings were transplanted to 16-L pots at the four true-leaf
growth stage; they were watered daily and with soluble fertilizer
once a week.

All fruit samples for RNA were taken at a similar time of the
day, frozen in liquid nitrogen and stored at -80 until required. For
each data point a pool of 3-4 fruits were collected and stored as
a single biological replicate, each essay was performed with 3
biological replicates.

120



Chapter 2

4.2  Protein analysis

Proteins were extracted from 1 gram of leaves (MM) and fruits
(MM, GLK2, APRR2 and GLK2-APRR?2) using Tris-buffered phenol
(pH 8) extraction protocol and precipitated as described
Faurobert?”. The protein pellet was dissolved in CHAPS and
urea buffer.

Bradford essay ?

% was used to estimate the total protein

concentration after acidification of the sample buffer®’.

For proteomics analysis the method described in Kilambi
(2016) was used®®. Briefly, peptide fractionation was performed
by in-gel digestion-SDS-PAGE according to Laemmli 2. A total
of 70 pg protein estimated as in Goldring JP et al., 2006, was
used in each replicate. Protein were reduced with 10 mM DTT,
alkylated with 55 mM IAA and subjected to trypsin digestion (1:
25, enzyme: protein) for 16 h at 37°C **°, Peptides obtained from
each extraction step were pooled and then concentrated using
speed vacuum concentrator (Thermo Scientific), desalted using
C18 stage tips and then subjected to LCMS analysis. For each
sample, two replicates were run on SDS-PAGE, which were
subsequently digested and processed for LCMS analysis.
Separation of peptides was carried out on Easy nanoLC-ll
coupled with LTQ Velos Pro mass spectrometer (Thermo
Scientific).

4.3 RNA extraction

Total RNA was extracted from ~200mg of tissue by using
TRIzol RNA lIsolation Kit (Thermo Fisher Scientific) according to
manufacturer’s instructions and it was treated with DNA-free™
DNA Removal Kit - Ambion following the manufacturer’s
recommendation. The DNA-free RNAs were reverse transcribed
with SuperScript Il (Takara).
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4.4  Global transcriptomics profiling by RNAseq

Global expression of tomato genes was determined by
replicated strand-specific Illumina RNAseq using RNA extracted
from fruit at two green developmental stages: IMG and MG.
Transgenic plants evaluated for RNAseq analysis were APRR2,
GLK2, GLK2-APRR2 and GLK1-APRR2. A pool between three and
five fruits for each plant and stage was made. Three biological
replicates from three independent plants corresponding to each
transformation event were analyzed.

RNA was extracted and purified of genomic DNA as
described above and quality checked by Agilent (2100 analyzer);
samples with RNA Integrity Number (RIN) > 8.5 were used for
lllumina sequencing. Six pg of the total RNA from pericarp
tissues were used to construct strand-specific RNA libraries.
Three biological replicates for each sample were sequenced
using a HiSeq2500 sequencing system (lllumina) according to
the manufacturer's procedure (hosted at the INRA Genomic
Platform of Toulouse, France).

To process the RNA-seq data, the low quality reads from raw
paired-end RNA-seq sequences in FASTQ format were removed
with  fastqg quality filter using FASTX toolkit version
0.0.13.(http://hannonlab.cshl.edu/fastx_toolkit/). ~ The  Phred
quality score was set to 20, a probability of incorrect base call of
1in 100. 3" adaptor sequences were trimmed from the Illumina
reads. S. lycopersicum was the reference genome to map the
sequence reads and the gene annotation version used was
ITAG2.3 (Tomato_Genome_Consortium, 2012,
https://solgenomics.net/) running tophat-2.0.14 #*'. HTSeq was
used to perform differential gene analysis . All analyses have
been performed with the R software. The normalization was
done with DEseq2 package (version 1.6.3) with default settings
from raw counts 3. Raw p-value of multiple tests was adjusted as
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padj using Benjamini and Hochberg methods #**. Genes with a
foldchange higher than 1.5 and lower than -1.5 and a
PPadj<0.05 were defined as significantly differentially expressed
genes (DEG). The cutoff criteria adopted changes according to
the analysis, it was used PPadj <0.05 or in some cases a stringer
criteria with a PPadj<0.01. In each analysis is specified which
cutoff was applied.

4.5 RNA Data Analysis

The Sol Genomics Network web page (SGN,
http://solgenomics.net) was used to identify genes, search
identification genes code, gen annotations (ITAG 2.3) and
sequences.

Enrichment analysis was performed in every DEG list created.
GO terms were assigned and the ones significantly enriched
evaluated in the three different GO categories: biological
process, cellular components and molecular functions
(http://geneontology.org/page/go-enrichment-analysis).

Clustering and dendograms graphics were generated with
MeV (Multiple Experiment Viewer) free software, tool for
genomic data analysis version 4.9
(http://mev.tm4.org/#/welcome).

Venn Diagram was obtained online with a free tool, based
upon the venny tool first developed by J.C Oliveros (Oliveros,
J.C (2007) VENNY
(http://bioinfogp.cnb.csic.es/tools/venny/index.html)

MapMan software (version 3.6.0RC1) was used to supports

the visualization of data sets in pathways; DEG and DEP were
mapped by ITAG 2.3.
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1. INTRODUCTION

Tomato is one of the most cultivated vegetables worldwide
(FAOSTAT) and an important source of antioxidants in a regular
human diet. The potential health benefits rely on its composition
in flavonoids, phenolic acids and lycopene ?**?*¢, Tomato skin is
particularly rich in healthy components and it has been reported
that 98% of total fruit flavonols are accumulated in this tissue. In
addition, stored 2.5 times higher lycopene levels than the pulp
and also higher amounts of ascorbic acid.

Anthocyanin compounds are not naturally accumulated in
domesticated tomato fruits, whereas wild tomato species such as
S. chilense are able to produce this pigment in the fruit skin "'°. In
addition to its role as attractive colors and healthy compounds,
anthocyanins are involved in protecting plants against
photodamage triggered by high light exposure '¢*?°72%8 First,
acting as a light screen, (absorption at 500-600 nm) and
buffering an excess of photons that could overflow the
photosynthetic machinery, reducing a toxic increase in the
Reactive Oxygen Species (ROS) production. Second, by filtering
UV light (absorption at 230-300nm) and third, acting as
antioxidants reducing ROS toxicity 2721 |t has
hypothesized, that for this reason the leaves of many tropical
trees (exposed to a higher UV levels) accumulate important
levels of anthocyanins 262,

been

ROS has been reported in tomato under stress situations,
such as salinity 2%, cold temperatures #* or drought *° and all of
those hits conditions have been associated to anthocyanin
accumulation in vegetative tissue. On the other hand, tomato
engineered to accumulate anthocyanin in the fruit during
ripening, showed increased ROS-scavenging capacity and to
extended fruit shelf-life and resistance to grey mould ',
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Information about the genes responsible for anthocyanin
accumulation in fruit of wild species in the tomato clade has
been reported ¢ Thus the phenotype of S. chilense was
associated to a dominant allele in the Anthocyanin fruit (Aft)
locus ' and two homologous genes identified as possible
candidates: Anthocyanin 1 (SIANT1) and Anthocyanin 2 (SIAN2)
both mapping on chromosome 10 of tomato ''°?¢’. Additional
genes involved in anthocyanin production/ regulation were
reported and mapped in more Solanum lycopersicum species.
Aubergine (Abg) in chromosome 10 as responsible of
accumulation of anthocyanins in the fruit peel of S
lycopersicoides ' and  atroviolaceum (atv) locus on
chromosome 7 from S. cheesmaniae, which in this case
accounted for anthocyanin accumulation in the entire plant '*>.

The dominant gene Aft from S. Chilense and the atv from S.
cheesmaniae (L. Riley) were introgressed into domesticated
" in separate lines or combined in the same line """’
These genes introgressed from interspecific crosses are able to
extend the flavonoid pathway, normally expressed in the tomato
skin up to narigenin chalcone, downstream to anthocyanin. This
is so because tomato fruit skin presents all necessary precursors
and enzymes in the early pathway of flavonoid biosynthesis, but
not down to anthocyanin whose specific genes are expressed
below detection '#'%312  Cuticle that is synthesized from
epidermal cells, is characterized to accumulate over 1% of its dry
weight as Naringenin chalcona, and those cells express high
levels of CHS, flavonol hydroxylase (F3H), and flavonol synthase
(FLS) transcripts 2%, In contrast, all the flavonoid pathway seems
to be turned off in fruit flesh tissue ',

tomato

In all plants the anthocyanin pathway is regulated at
transcriptional level that can be divided in three main steps:
phenylpropanoid pathway (from phenylalanine to 4-coumaroyl
CoA), early steps of the flavonoid pathway and late steps of the
anthocyanin specific pathway (Late biosynthetic genes, LBGs)
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125126 The transcriptional complex BHLH:MYB:WD40 (BMW) has
been shown to regulate anthocyanin production by activating
LBGs and this triad is required for regulating the synthesis of
tannins and anthocyanins in many species %', BHLH:MYB (BM)
complex was first described in maize where the R3 repeat of the
MYB domain interacts with the N-terminal region of the BHLH
factor '?’. Some interesting variations include the presence of
two BHLH proteins, PhAN1 and PhJAF13, which interact with
MYBs (PhAN2) in petunia '#%’?, The participation of WD40 (WDR;
called AN77 in petunia) was discovered later. This TF modulates
the activity of the MYB or BHLH factors %', Several studies
found those regulators (MYB, BHLH and WDR) as key for the
anthocyanin pigmentation in a number of fleshy fruits, such as
grapevine, apples or tomato '3,

Furthermore, a BMW type of regulatory complex has been
described to control distinct cellular processes, including
developmental and biochemical pathways ?’°. In the model plant
Arabidopsis, initiation or inhibition of trichome development is
dependent on BM regulation #*?7%, Interestingly, a MYB relevant
for trichome formation called Triptychon (TRY) is able to interact
with BHLH proteins described in anthocyanin pathway, such as
JAF13 from petunia ?”°. It has been described that the specificity
for this regulatory complex is provided by the MYB protein,
whereas BHLH factor could participate in several biological
processes. Therefore, it has been suggested that the MYB which
control anthocyanin production in Arabidopsis, diverges during
evolution to have a role in trichome formation. However, the
Arabidopsis (Rosids clade) model differs from Antirrhinum and
Solanaceous species (Asterids clade) ?/°. In Asterids have been
described MIXTA (MYB) protein to be implicated in trichomes
and conical cell formation on floral tissues; however, MIXTA does
not has interaction with BHLH 7.

Environmental conditions are highly important as cues of
anthocyanin synthesis regulation %% The synthesis of
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anthocyanin compounds is induced in most plants in response to
2% and it reinforces the phenotype of
anthocyanin mutants: atv, for example, displays a stronger
anthocyanin pigmentation under cool conditions in stems, leaf
veins, and green fruit ">, Accumulation of anthocyanins is also
stimulated by sugars ?®' and light %2, The phenotypes of Aft and
Abg require high light intensity to produce high levels of
anthocyanins '"?, but the combination of Aft/Aft atv/atv seems to
reduce the strong light requirement for the anthocyanin
production ' Activated by high light and temperature
treatments, SIAN2 is able to induce anthocyanin synthesis
through the control of SIANT and SIJAF13 TFs expression.
However, the SIANT1 and SIANT1 genes seem to be

independent of SIANZ2 levels and consequently not induced by
131

abiotic stresses

environmental conditions

Anthocyanins have been reported to inhibit polar auxin
transport (PAT, occurs in cell-to-cell manner) 2*%7 therefore,
affecting developmental function from embryo to root, vascular
tissue differentiation and general plant growth 2%
Arabidopsis, increased levels of acylated anthocyanin and
flavonol glycosides have been correlated with a reduction in
plant size and development . More precisely, in Abg- atv/atv
and Aft/Aft atv/atv tomatoes were reported to show levels of
anthocyanin in fruit that inversely correlated with the final weight
of the mature fruit. Furthermore, fruit with higher content of
pigment in flesh were always small, whereas it was possible to
find normal fruit size and higher anthocyanin values in skin
tissues 2¢??°, Consequently, and to overcome the possible
negative effects of anthocyanin accumulation in plant growth
and development #!, several engineering strategies have been
followed to increase anthocyanin levels in fruit but not in
vegetative tissues, as well as to restrict them as much as possible
to skin tissues.

In
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In addition, engineering strategies were developed although
not always successful. Thus tomato plants overexpressing
PhDelila gene (BHLH), under 35s promoter, resulted in increased
the anthocyanins biosynthesis only in vegetative tissue but not in
fruit. However, lines which overexpress AtPAP1 and SIANT1
(MYB) genes (also under the control of the 35s promoter)
showed anthocyanin pigmentation in small fruit areas '***?. Co-
overexpression of TFs Delila and Roseal (Del/BHLH and
Ros1/MYB) from Antirrhinum majus under the ripening fruit-
specific E8 promoter %% in MicroTom produced fruit with high
levels of anthocyanins in both peel and flesh, with a notorious
effect on both, color and health attributes %4, In a later report
38 the light-responsive PLI promoter ¥
expression of Ros1 (MYB) in transgenic tomato lines, and the 35s
promoter was used to control Del, as a result in tomato fruit with

lower levels of anthocyanin in flesh, as well as weak and variable
I 138

was chosen to drive the

accumulation of anthocyanins in the fruit pee and other

vegetative tissues (unpublished results).

Restricting anthocyanin accumulation to fruit peel has
additional interests, since its UV-VIS filtering properties could
protect the fruit against high light ?”>#7. Therefore, this trait
reduces ripening disorders 772 or pathogens incidence '
and consequently improving fruit quality and shelf-life.

In this chapter we report the engineering of two traditional
tomato varieties to accumulate high levels of anthocyanins only
in the fruit peel, whereas the inner fruit part exhibits its usual red
color. Our engineering design is based on an all-tomato
approach strategy, where tomato orthologues for BMW
regulatory complex were driven by tomato specific promoters.
The selection of PLI promoter to direct the main components of
the complex allows, in addition to the specificity for the fruit
peel, the possibility of modulating the accumulation of certain
groups of flavonoids according to the light intensities. At the
same time, we describe a novel production of anthocyanins in
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glandular trichomes which sets the basis for further studies, on
their potential use as biofactories and plant-pest interaction
essays.

2. RESULTS

2.1 Generation of tomato plants overexpressing
tomato BHLH:MYB:WD40 complex in fruit peel

Because Petunia is model specie for anthocyanins
biosynthesis and their BMW complex components are the most
studied in Solanaceae '**'* we chose petunia sequences as a
query in a search against tomato genome to identify the
orthologues genes. PhAAN11(WD40), PhAn2 (MYB) and PhJAF13
(BHLH) ?’° were used to identify the corresponding orthologues
in tomato (SIANT1 XP_004245600.1, SIANT1 NP_001234417.1,
SIJAF13 NP_001333930.1) by BLASTP. Our protein output were
transparent testa Glabra-1-like (89% identity), MYB113-like (59%
identity) and TF EGL-1 (80% identity). Those regulatory genes
have been previously mapped in tomato ' and recently
identified by a phylogenetic approach as ANT11, ANTT and
JAF13 respectively, based on their homology to the petunia

genes ¥,

The  expression profile of the genes (SIANT1
Solyc03g097340.1, SIANT1  Solyc10g086260.1,  SIJAF13
Solyc089g081140.2) was analyzed (Supplementary Figure 8)
(http://gbf.toulouse.inra.fr/tomexpress17b. JAF13 (BHLH)
displayed a peak of expression pattern from breaker to RR fruit,
whereas ANTT1 (MYB) was almost non-expressed in all the
analyzed tissues. Despite endogenous SIANT1 (WD40)
expression showed steady high levels in fruits from IMG to RR
stages, and therefore could be enough for our tomato
engineering needs, SIANT1 was also included in the multigene
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strategy of this work, to ensure efficiency of the anthocyanin
pathway and ectopic activation in fruit peel during development/
ripening.

In order to confer, a ripening specific tissue-stage of
anthocyanin accumulation, to our fruit peel expression strategy
phytoene desaturase promoter (PDS) ** was used to drive ANT1
expression. Furthermore PDS displayed a similar expression
pattern for both peel and flesh tissues (Supplementary Fig. 9a).
To direct anthocyanin accumulation to the outer fruit layers, we
choose Plastidial Light Inducible promoter (PLI) to control the
expression of ANTT and JAF13. Previous studies, described the
role of PLI protein in chloroplast to chromoplast transitions 3%,
with a characteristic peak of abundance in outer pericarp of fruit,
expressing from immature stage with highest expression at
breaker ¥/ Our analysis using TomExpress database also
confirmed a fruit peel specific expression (Supplementary Fig.

9b).

Anthocyanin Engineered Plants (AEP) were generated
harboring the designed anthocyanin regulatory complex (Fig. 1),
and the presence of each of the transcriptional units in those
plants was verified by PCR as described in M&M.

PDS PDS PLI TFMS PLI EB

Nptll AN11 ANT1 JAF13

NOS NOS

Figure 1: Anthocyanin module used in our anthocyanin engineering peel
(AEP) approach.The Anthocyanin construct (12Kb) consisted in four
transcriptional units assembled as indicated in M&M in the following order from
left border to right border: Nptll (KmR), AN71 (WDR), ANTT (MYB like) and
JAF13 (BHLB). The promotor (arrow) and terminator (T) sequence used in each
case is indicated by the gene from where they derive: Phytoene desaturase
(PDS), light inducible (PLI), E8 and nopaline synthase (NOS).
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A total of fifteen plants of tomato cv. Muchamiel and nineteen
for tomato cv. Pera were selected based on Kanamycin
resistance (KmR) and on the integration of the engineered TUs in
the genomic DNA. Three lines which displayed the
representative phenotype (see later) were selected for each
variety (Muchamiel and Pera) and T2 homozygous plants used
for further evaluation.

2.2  Engineered fruit display intense purple
pigment accumulation in fruit peel

Fruit from all AEP lines, in both genetic backgrounds Pera and
Muchamiel, showed a deep purple coloration of the peel which
commenced to be visible from early mature green and breaker
stages to the ripe stage, whereas no purple pigmentation was
visible in the inner pericarp, locular tissue or columnella, which
remained at the corresponding green/ pink or red stages
according to their stage of ripening (Fig. 2). These results are
consistent with the expected expression pattern of the PLI
promoter ** (Supplementary Fig. 9b).
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8600
ti0 oo

Figure 2: Plants engineered with anthocyanin module produced tomatoes
that were purple on the surface. (a) Fruit from engineered plants (upper part)
and the corresponding wild type untransformed controls (bottom) at three
representative stages: MG, Breaker and Red Ripe. Two different tomato
cultivars were engineered with the anthocyanin module cv. Pera (left) and cv.
Muchamiel (right). (b) Figure shows Muchamiel fruit (left) and longitudinal
section at Red Ripe stage with a close-up of peel-pericarp border (right)
showing the purple pigmentation constrained to fruit peel.

To get a deeper insight into the tissue localization of the
accumulated pigments, peel samples from engineered fruit at
breaker stage were examined by light microscopy. As shown in
Fig. 3, the purple color/ pigment accumulated in the sub-
epidermal  collenchyma cells, whereas no significant
pigmentation was observed in the epidermis or parenchyma
layers. These observations were confirmed and made more
precise by confocal microscopy, showing that the accumulation
of pigments with the characteristic anthocyanin excitation and
emission spectra (530 and 675 nm respectively) occurred in
these cell layers®'. Furthermore it was possible to localize the
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anthocyanins inside the vacuole of collenchyma cells
(Supplementary Fig. 10).

Figure 3: Anthocyanin pigment is accumulated in collenchyma sub-
epidermal cell layers. C: Cuticle, E: Epidermis, CC: Collenchymas Cells. Peel
fruit at breaker stage was analyzed with light microscope (20X). Bar represent a
scale of 50 um.

It is expected a similar expression level in the transgenes
driven by the same promoter. Here, to confirm the
spatiotemporal expression profile of the transgenes driven by
PLI, ANTT gene expression was analyzed by gRT-PCR. As we
previously described, ANTT (MYB) gene is almost non-expressed
in all the analyzed tomato plant tissues, therefore there wont be
expected any interferences in the quantification assessment. As
it is shown in Figure 4, ANT1 transgene expression was
substantially higher in fruit at breaker stage, showing the highest
level of expression in peel tissue. This result confirmed that the
activation of the anthocyanin pathway in the fruit is triggered by
the PLI driven expression.
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604  x% Fruit Expression
2 - pPLI:ANTI:tPLI
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Figure 4: Expression level of ANT1 driven by PLI promoter displayed the
maximum in peel tissue at breaker stage. Expression level of ANTT in tomato
peel, pericarp and placenta were measured at Breaker and Red Ripe stages.
The 22T method was used to determine the relative mMRNA abundance (see
M&M). The essay was repeated two times (+sd) with three biological replicates
each. Gene expression is relativized against the condition which presents the
lowest expression and statistical significance differences (t-test) are
represented with an asterisk ( **p<0.01, *p<0.05).

2.3 Biochemical analysis revealed the detailed
composition of anthocyanin-enriched fruits

High-Performance Liquid Chromatography (HPLC) was used
to define the flavonoid composition of AEP and to find out if the
expression of anthocyanin module has any effect on the
endogenous peel flavonoid pathway. Analysis of Flavonoid/
anthocyanin composition of the peel from AEP fruit harvested at
two ripening stages (Br and RR) confirmed the accumulation of
anthocyanin compounds. Figure 5a shows the range of identified
compounds in AEP samples; the major anthocyanins identified in
our samples were Petudins (Petunidin-3-coumaroyl-rutinoside-5-
glucoside  and  Petunidin-3-feruloyl-rutinoside-5-glucoside)
followed by Malvidin  (Malvidin-3-coumaroyl-rutinoside-5-
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glucoside  and Malvidin-3-feruloyl-rutinoside-5-glucoside)
(Supplementary table 1 on CD). Fruit at both, Br and RR stages
accumulated the same set of anthocyanin compounds but in
different amounts (Fig. 5b). RR presents the highest levels, for
Malvidin-3-feruloyl-rutinoside-5-glucoside which was 227 times
higher than in Br samples. In addition, Petunidin-3-feruloyl-
rutinoside-5-glucoside, Petunidin-3-caffeoyl-rutinoside-
glucoside and  Malvidin-3-coumaroyl-rutinoside-5-glucoside
increase with ripening 78x, 60x and 571x respectively.
Anthocyanin accumulation in the fruit peel thus lagged behind
BMW transcript levels during fruit ripening.

535 nm Anthocvanins

a 1-Delphinidin-rutinoside-glucoside
1 Petumdm—caffewlmmslde

5 idin-3-caffeoybut ”

ooy 5;: 3 Delphmd‘ n—coumayl-nmnosde—eimde

6 5. idin-3-feruloyk-rutinosi g.ooslde

AEP-Red Ripe |  Eoeommms "

uAU

1% . 0% 125 1301390 57 7061 187 e 285

2 2 eocodeiphiniin

1 ~ WT-Red Ripe

4158506882 755835 1018 wes 1B 1280 up B8 TW g5 v 90 297 219 28 Delphinin

Figure 5: Purple Pigmentation in AEP fruits is mostly due to a small number
of highly abundant anthocyanin compounds. (a) HPLC chromatogram of
methanol extracts from AEP and WT peel tissues. HPLC chromatogram
recorded at 535 nm with compounds for each peak given in the right side (b)
Ratios of anthocyanin accumulation in the peel of fruits between RR and Br
stage showing the increase accumulation at the latest stages of
ripening/development.
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In contrast with the unusual high levels of anthocyanin
accumulation in the peel, other flavonoids like Chalcones,
Flavanones, Flavonols and Naringenin derivatives decreased
their levels in AEP relative to WT samples. This depletion was
observed at both stages of ripening (B and RR) with some
exception e.g. dihidronaringenin chalchona, which showed
higher levels in AEP fruit (Fig. 6).

In spite of this general pattern, some differences in flavonoids
associated to our AEP were dependent on the stage of fruit
development. Many phenolic acids increased only in Br and
sometimes even decrease in the peel RR fruit related to WT. This
is the case for Tricaffeoyl quinic acid (4.5 vs -2.3 foldchange),
Dicaffeoylquinic acid (2.6 vs 1.2 foldchange) and Feruloyl quinic
acid (1.4 vs -1.6 foldchange).

All  this data reflect the dynamism/ plasticity of the
anthocyanin pathway and open new possibilities to generate
different combinations of specialized metabolites whose effects
can be analyzed by functional assays (health bioassays and effect
of those changes in fruit biology/ interaction with the
environment).
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Figure 6: Flavonoid pathway remodeling in AEP fruit peel at two ripening
stages. Flavonoid data was acquired by HPLC_MS analysis for AEP Pera cv. at
two ripening stages: Breaker (up color) and Red Ripe (down color) (see
supplementary table 2 on CD), normalized to WT values and transformed by
Log2. For data visualization Mapman was used and shades of red indicating
higher foldchange and shade of green lower levels of metabolite amounts.
Groups of compounds are numbered in the graphic and circled with a specific
color or colorless according to their pigmentation. Colorless: (1) chalcones (2)
flavonones, (3) Dihidroflavonols, (5) Phenolyc acids, Purple: (5) anthocyaninis.
Dark-yellow: quercetins and Light-yellow: kaempferols.

2.4  Unexpected anthocyanin accumulation in type
VI trichomes

Ectopic expression of BMW complex in the peel of AEP was
accompanied by an unexpected phenotype. In addition to the
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fruit peel anthocyanin accumulation described so far, all AEP
lines showed purple pigments in trichomes. Those compounds
were easily released upon touching the plant and stained
everything being readily soluble in water (Supplementary Fig.
11).

Fig. 7 shows ANT1 transgene expression levels (pPLI::ANTT1)
on different AEP tissues: isolated trichomes, peel, leaves, and
stem without trichomes. Real time PCR data correlated quite well
with the purple pigmentation: fruits peel exhibited the highest
levels of ANTT transcripts followed by trichomes, whereas ANT1
was practically inexistent in leaf and stem tissues without
trichomes.
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Figure 7: Trichomes and fruit peel of AEP plants showed high expression
levels of ANTT transgene. ANTT levels were analyzed with RT-PCR in different
plant tissues: peel fruit (at breaker), trichomes, leaves, stem without trichomes
(see M&M). ANTT values in relation to those of the sample with the least
expression (stem without trichomes). Experiments were repeated twice with
similar results. Data are shown as mean + SD of three technical replicates.
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2.5 Trichome-type Specificity

To assess the organ specificity of the unexpected expression
of the anthocyanin pathway in trichomes different organs/ tissues
were observed in detail. Figure 8 shows a magnification of
trichome cells in different tissues: flowers, leaves, stems and
fruits. Out of the eight types of tomato trichomes (4 glandular
and 4 non-glandular) described in the tomato clade %, three
types were identified in our study: |, V and VI (Fig. 8e).

Interesting, the anthocyanin activation was observed only in
type VI trichomes, whereas no accumulation was shown in type |
(glandular) or V (non-glandular). To investigate in more detail the
localization of the purple compounds in the glandular head and
perform subsequent analysis, trichome heads were isolated by
glass bead abrasion and filtering with nylon meshes (M&M) (SF.
10c). Figure 8f displays the morphology of isolated type VI heads
(AEP and WT). Confocal studies confirmed that anthocyanin
pigment is accumulated inside the four secretory cells according
to the emission spectra (Fig. 8f, SF. 11) and not in the stalk cell.

To further analyze the specificity of our approach for type VI
trichomes, the anthocyanin genetic module (Fig. 1) was
introduced by crossing in other genetic backgrounds presenting
additional types of glandular trichomes, as it is the case of type
IV trichomes (check supplementary table 5 to see crosses and
different type of trichomes evaluated). Type IV is glandular and
belongs to the capitate class as type | (assayed earlier). They are
shorter than type | and exclusively presented in wild species,
such as S. pennelli, S. pimpinellfolium and S. habrochaites.
Moreover, type IV trichomes present most of the genes for
specialized metabolites in glandular trichomes, including acyl
sugar, terpenoid, or flavonoid pathways, as type | and VI *®.

142



Chapter 3

100 pm 100 pm

Figure 8: Anthocyanin accumulates only in type VI trichomes of AEP
engineered plants. (a-d) S. lycopersicum showing trichomes on the surface of
(a) Leaves, (b) Petal (c) Stem (d) Fruit samples (e) Detail of type |, V, VI trichomes
of AEP engineered plants (upper) and WT (bottom) where the accumulation of
anthocyanins is detected only in type VI trichomes. (f) Isolated type VI trichome
heads from stems WT (upper left) and AEP plants (bottom right). Accumulation
of anthocyanins is detected by the purple color under the light microscope
(upper right) and the fluorescence emitted at 675 nm (bottom).
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Here, we used BC; lines developed by Fernandez-Mufioz et
al., 2016 (unpublished data) from an initial cross between S.
pimpinellfolium (TO-937) and MM background. Those plants
presenting highly bushy hairy organs, especially rich in type IV
trichomes, were crossed with our homozygous AEP
(Supplementary table 5). F1 hybrids, obtained with either TO-
937 or the introgressed MM, showed anthocyanin accumulation
only in type VI trichomes (Fig. 9).

Figure 9: Anthocyanins accumulated in Type VI but not in type IV glandular
trichomes. Evaluation of trichome-rich plants resulting from the cross of S.
pimpinelifollium introgression lines (MM as a recurrent parent) and AEP
genotypes. Steam tissue magnification allows us to identify several trichome
types: Type |, IV and VI.

Interestingly, a preliminary experiment suggested that the F1
hybrid obtained by crossing our AEP lines with the S.
habrochaites f. glabratum accession showed blue coloration, not
only in type VI trichomes but also in the multi-headed glandular
type VIl trichomes. However, the expression of the trait seems to
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be not consistent in this F1, and significant numbers of type VI
and type VIl trichomes showed only faint or null coloration. New
crosses between our engineered lines and a number of wild
species accessions with type IV trichomes, e.g. S. galapagense,
S.habrochaites f. typicum, and S. pennellii are on the way to
complete the picture.

Since a similar gene regulatory network involving BMW
complex controls the trichome development in Arabidopsis **,
we examined trichome density in leafs and stems of AEP plants
and compared to WT (table 3 on CD). Not significant change in
trichome density or number was observed in any case, and for
instance, density of trichomes in stem remaining mostly constant
between genotypes (about 23-25 trichomes/mm?2) ruling out the
possibility that the anthocyanin module could be affecting
trichome density.

2.6  Anthocyanin trichome expression appears to
require BM transcriptional complex to be
driven the PLI promoter

MicroTom transgenic plants (PDR) overexpressing AmDelila
(BHLH) by PLI promoter and Roseal (MYB-like) under CaMV35s
38 did not report any anthocyanin expression in trichomes. To
test whether the reason was the different environmental
conditions, we cultivated PDR lines '® in our conditions and then,
confirmed the absence of anthocyanin in trichomes (Fig. 10a,
down). PDR plants used CaMV35s promoter instead of PLI to
drive the expression of BHLH. Therefore we used MM tomato
lines, which overexpress dsRED reporter under 35s promoter, to
check whether 35s is able to drive expression of the reporter in
trichomes. Stem samples of 35s::DsRed plants showed the
characteristic high levels of red fluorescence, whereas no
significant fluorescence was detected in trichomes (Fig. 10b),
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indicating that the 35s could not drive high levels of expression
to trichomes tissues.

Figure 10: PLI promoter but no 35s results in anthocyanin accumulation
In Type VI trichome. T: type VI trichomes (a) Trichome from plants carrying
PL1BMW (pPLI:SIANT 1:pPLI:SIJAF13, upper) and PDR lines
(pPLI:PhRosea:p35s:PhDelila, lower) reveal that accumulation of anthocyanins
occurs only when PLI promoter controls both type of transcriptional factors. (b)
Fluorescence emitted by p35s:DsRED:tNos in stem (bottom) but no fluorescent
was reported in trichomes (upper). Upper part of the figure shows a detail of
trichome in visible field on the left and DsRED on the right.
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2.7 Specificities of the alteration of the flavonoid

pathway in type VI glandular trichomes driven
by the PLI::BMW

To study the effect of PLI::BMW on the flavonoid pathway,
anthocyanin and non-anthocyanin flavonoids were analyzed by
HPLC-MS in trichome samples from AEP and WT control plants.
Three main anthocyanin compounds were identified in stem
trichome samples as the major anthocyanins accumulating at
high levels in PLI::BMW lines and they were below detection
levels in trichome preparations from wild type stems (Fig. 11).
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Figure 11: AEP trichomes display three main identified anthocyanin
pigments not present in WT samples. Methanol extracts for stem samples of
two AEP varieties (Pera and Muchamiel) and their respective controls (WT) were
analyzed by HPLC-PDA-MS (see M&M). Anthocyanin profile was determined at
535 nm wavelength. Peaks numbered in the chromatogram correspond to the
names and chemical structure indicated on the right of the figure.
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Similarly to what happen to the metabolite profile of fruit
peels from AEP lines, the most abundant anthocyanin compound
was identified as Petunidin-3-coumaroyl-rutinoside-5-glucoside.
However, the second most abundant anthocyanin was
Delphinidin-coumaroyl-rutinoside-glucoside, a compound which
is not highly present in the peel of AEP fruit, indicating that there
are specific differences in the activation of the anthocyanin
pathway between trichome and sub-epidermal cells.

To better understand the effect that activating anthocyanin
accumulation in the trichome may have on the upstream
flavonoid pathway, total flavonoids were estimated by measuring
at 254 and 325 nm.

Globally, both Pera and Muchamiel AEP trichome samples,
presented lower content in total flavonoids than WT (Fig. 12a).
However, some specific non-anthocyanin flavonoid compounds
increased in AEP trichomes, similarly to what happens in the fruit
peel (Figure 12b). When AEP samples are compared to WT,
derivatives from caffeoyl acids seem to present higher levels;
e.g. Feruoyl quinic acid in Muchamiel. On the other hand,
flavonones, which are precursors of dihydroflavonols showed an
increase in Pera trichomes (Naringenin).
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Figure 12: Trichomes of AEP showed lower levels of the other flavonoids
compounds. HPLC analysis of phenylpropanoid compounds in earlier steps of
the anthocyanin biosynthetic pathway. (a) Total flavonoids content recorded at
254 nm (left) or 325 nm (right) of trichome extracts from AEP (purple bar) and
WT (gray bar) (M: Muchamiel and P: Pera) {(b) Heatmap of other identified
flavonoids upstream in anthocyanin pathway (table 4 on CD). Values are
normalized to WT for both AEP varieties, Pera and Muchamiel. Student’s t-test
was performance, *= pValue<0.05; **= 0.01<pValue<0.05; ***= pValue<0.01.

2.8 AEP phenotype is dependent on light

The anthocyanin accumulation in the fruit peel of AEP displays
a light-dependent phenotype. We observed that anthocyanin
accumulation in fruit of plants growing in the greenhouse
decreased, when fruit developed under the canopy, in opposite
side from light of fruit exposed to lateral illumination, or in fruit
region underneath sepals (Supplementary Fig. 12). As the PLI
gene has been reported to has photo-protective roles under
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light stress conditions, with increasing PL/ levels according to
light intensity *°°
engineered genes driven by PLI on fruit samples exposed to
different environmental light conditions.

, we determined the levels of expression of the

In a first experiment, some fruit were covered with aluminum
foil for 2 week while others fruit were exposed to increasing
amounts of light provided by artificial lamps. The results showed
that we can produce a range of fruit phenotypes with increasing
“purpleness” in the fruit by simply modulating the amount of
light in the greenhouse (Fig. 13a) opening the way for the
environmental control of purple coloring in the peel in these
lines. Furthermore, the expression levels of transgenes driven by
PLI (ANT1 and JAF13) were analyzed in fruit exposed to 0 W/m2,
230 W/m2 and 270W/m2 (constant temperature, 21°C) (Fig.
13b).

Expression levels of ANTT and JAF13 were estimated by
quantitative real-time PCR and found highly correlated with the
levels of pigments accumulated in the fruit skin under the three
different tested conditions.
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Figure 13: The degree of fruit purple color and transgene expression
correlated directly with the increase in light irradiance. (a) Fruit phenotype
of AEP is highly dependent on light intensity. Four different conditions were
tested by exposing fruit for 2 weeks to: 270W/m? of light intensity, 230 W/m?,
half fruit covered (0 and 230W/m?) or fruits totally covered (0 W/m?) (b) Relative
transgene expression levels driven by PLI promoter (ANT7 and JAF13)
analyzed by RT-PCR. Gene expression relativized against the condition which
presents the lowest expression (fruit covered). Standard deviations (SD) are the
result of three independent replicate of skin samples, statistically significative
difference between sample groups (**ANOVA p<0.01).

To analyze the effect of light on anthocyanin accumulation in
AEP trichomes, a similar experiment to that of fruit peel was
conducted. Seeds from T3 generation of AEP and PDR
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transgenic lines ' were germinated and grown in vitro (see

M&M) under different light conditions (Fig. 14), ranging from 13
pumol m? s’ to 130 pmol m? s’ and under standard light
conditions (in vitro chamber, 100 umol m?s”). After three weeks
the phenotype of the seedlings was observed under a Leica

binocular magnifier.

Normal Conditions Dim Light High Light

Figure 14: The number of purple trichomes decreases in dim light
conditions. AEP Muchamiel (upper) and PDR transgenic plants (bottom) were
grown for three weeks in different light conditions: 130 pmol m? s™ (High Light),
13 pmol m? s7 (Dim Light) and Normal Conditions (Phytotron, 100 umol m? s™).
Examples of Purple Trichomes (PT) and Colorless Trichomes (CT) are marked in
the pictures.

AEP

Under light conditions reduced to 13 pmol m? s (Dim light),
Type VI trichomes of our AEP were still accumulating
anthocyanins. However, lower number of purple trichomes were
detected (Fig. 14, up). In addition, there was no difference
between normal and high light conditions. In contrast, when the
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Bassolino MicroTom plants (PDR) ', which harbor the

pPLI::Ros1::35s::Del1, were cultivated under the same
conditions no anthocyanins were observed in trichomes. Those
results were independently of the light intensities (Fig. 14,
down), even after high light treatment.

As far as plant phenotype is concerned, our engineered
plants display no other obvious changes except that roots of
plantlets accumulated obvious amounts of anthocyanins growing
under high light conditions (Fig. 15a), probably in response to
the presence of sucrose in the media **. No phenotype was
observed in roots when plants were cultivated in soil.

In contrast, PDR plants displayed a phenotype not restricted
to the fruit peel ® showing accumulation of anthocyanins in
different parts of the plant, even in normal light conditions (Fig.
15b). Those observations indicate that the phenotype is leaky
and not fruit peel specific.

Figure 15: AEP Roots show anthocyanin accumulation under high light
conditions, whereas PDR plant accumulates anthocyanins in vegetative
tissues under normal conditions. (a) AEP Muchamiel (left) grown for three
weeks in Dim Light (13 pmol m? s, High Light (130 pmol m? s') and Normal
Conditions (100 umol m? s). {b) PDR transgenic plants show anthocyanin
accumulation in vegetative tissues under light normal conditions. Seedlings
were grown in MS with sucrose (See M&M).
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2.9 Differences in light intensity produces
dramatic changes in the flavonoid profile of
the fruit peel

Our results so far suggested that the anthocyanin/ flavonoids
levels in our AEP lines were much dependent on the amount of
light, what made us to wonder if the flavonoid profile was also
dependent on light conditions. To get a better insight, on how
the flavonoid profile changes with light, we first analyzed the
anthocyanin profile of fruit from Weak Phenotypes (WP, Dim
Light conditions) and Strong Phenotypes (SP, High Light
conditions) samples (Fig. 16). Compared to WP fruit, SP fruit
presented higher levels of anthocyanins and this was true for all
the identified compounds (most of them around 30 times
higher). Malvidin compounds however, were the most
dramatically affected (Malvidin-3-coumaroyl-rutinoside-5-
glucoside and Malvidin-3-feruloyl-rutinoside-5-glucoside)
reaching values over 150 times higher than WP samples (ratio
strong/weak phenotype).
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Figure 16: High irradiance light conditions promoted specific anthocyanin
accumulation in the peel of AEP fruits (continued).
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Figure 16 (continued): HPLC chromatogram at 535 nm of methanol extracts
from peel of AEP fruit displaying strong and weak phenotypes. Ratios of strong/
weak phenotypes due to differences in lighting/ shading are represented in the
bar graphic

Our results also revealed that levels of some flavonoid
compounds, upstream from anthocyanin pathway (precursors or
in other branches), increase up to double in WP samples,
whereas the peel of SP fruit halves WT total levels. Our data
suggest that the environmental conditions affect the regulation
of phenylpropanoid metabolism in the peel of our engineered
fruit and this occurs at different levels including early steps on
the pathway.

Mapman comparison between WP and SP flavonoid profiles
(Fig. 17) allow us to see in an organized and detailed way the
differential effect through the phenylpropanoid-flavonoid-
anthocyanin pathway. The peel samples from WP fruit presented
higher levels of several precursors of anthocyanin compounds
such as Naringenin chalcona, Naringenin, Dihydrokaempferol,
Eriodictyol, Ferulic acid, p-coumaric acid-glucoside, Rutin,
among others, reaching values even eightfold higher relative to
WT. In contrast, these compounds showed a slight decrease in
SP peel samples (see supplementary table 5 on CD).

The situation is different in other branches of the pathway,
and thus dim light conditions (WP fruit) stimulate a more
dramatic accumulation of quercetin and Kaempferol derivative
compounds. Although the increasing light exposure also has a
moderate positive effect on quercetin and Kaempferol derivative
compounds levels, most of the flavonoid pathway seem to be
depleted as it is probably diverted to the synthesis of
anthocyanins (Fig. 17).

These results suggest that strong activation of anthocyanin
synthesis leads to a partial depletion of other upstream
flavonoids components. Whilst low irradiance environmental
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conditions provide visually weak fruit phenotypes, with less
anthocyanin accumulation, but increased in other flavonoids. In
summary, our AEP can be used to produce fruits accumulating
preferentially different subsets of flavonoids by adjusting the

light conditions.
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Figure 17: The peel of engineered fruits accumulate differential flavonoids
up and downstream in the pathway (a) Mapman of flavonoids extracted from
peel of fruit under low light / weak phenotype (WP upper dots) and high light/
strong phenotype (SP, lower dots). Data represents flavonoids content in AEP
previously normalized to WT values and transformed with Log base 2. Three
representative plants from Pera transformants and WT were used under each
light condition. Groups of compounds are numbered in the graphic and circled
with a specific color or colorless according to their pigmentation. Colorless: (1)
chalcones (2) flavonones, (3) Dihidroflavonols, (5) Phenolyc acids, Purple: (5)

anthocyaninis. Dark-yellow: quercetins and Light-yellow: kaempferols.
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3. DISCUSSION

3.1 Purple pigment in our AEP is restricted to peel
similarly as it happens in fruit of wild species

Although the distribution of anthocyanin pigment could
include the inner part of the fruits/ tuber *”, in specific
Solanaceae members, most natural variation identified for this
trait is restricted to the peel and this is especially true in the
tomato and pepper clade. Furthermore several genes have been
described to control the expression of this peel trait ** in the
corresponding species such as in tomato (Aft, Abg), potato (D, R,
P loci in the tuber) or pepper (A and Fc loci) "'%3%3% and are
responsible for the peel specific phenotype.

Wild species (S. chilense, S. peruvianum) in the tomato clade,
and some others less closely-related (S. lycopesicoides),
accumulate relatively high amounts of anthocyanins in sub-
epidermal tissue ""?. However, this characteristic trait is not
presented in the red species such as S. lycopersicum, S.
lycopersicum. Cerasiforme or S. pimpinellifolium. Therefore, we
engineered this trait in traditional tomato varieties and our plants
displayed uniform anthocyanin distribution across the whole
collenchyma cell layer (2-4 sub-epidermal), whereas no purple
pigmentation was detected in the epidermis or in the fruit flesh.
Except for the unexpected expression in the glandular
trichomes, this is the first engineered tomato to accumulate
anthocyanins specifically in the fruit surface/ peel; since PDR

138

lines "*° showed (in our hands) ectopic expression in many other

parts of the plant (see Fig. 15b and unpublished results).

PDR lines ', showed a low anthocyanin accumulation in
tomato flesh, previous to our work and as in Butelli et al., '* used
snapdragon (AmMYB and AmBHLH Antirrhinum majus) genes
only that in this latter case was to induce anthocyanin
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accumulation in both, peel and flesh, by expressing the two TF
under E8 promoter in cv. MicroTom.

Furthermore, we have reported for the first time that the
combined expression of an all-Tomato BMW complex leads to
anthocyanin accumulation in fruit. However, the main reason
underlying the peel restricted phenotype relies on promoter
selection. PLI was described to drive the expression on the outer
pericarp tissues of fruit from immature stage with a peak at
breaker stage of development *’?%. This expression pattern is
consistent with the endogenous PLI, as can be obtained from
TomExpress analysis. The specificity expression pattern was;
however, not a guarantee that the levels of expression achieved
would be enough to cause accumulation of anthocyanins
(Mathews 2003, Zuluaga, Gonzali et al. 2008). Our success is
consequence of the enough triad-BMW expression levels
specifically expressed in the target tissue.

3.2 Unexpected novel localization of anthocyanin
in tomato trichomes

All vegetative and reproductive tissues of our engineered
lines present type VI trichomes with high levels of anthocyanin
accumulation. Trichomes that accumulate anthocyanins are very
unusual in nature and when they appear they are mostly
restricted to floral organs *'°. Only a few cases of anthocyanic
trichomes in vegetative tissues have been reported and most of
them within the genus Gesneriaceae *''?'%,

Here, the novel anthocyanin trichome phenotype is provided
by the expression of ANTT and JAF13 cisgenes driven by the PLI
promotor. The Trichome database
(http://bioinfo.bch.msu.edu/trichome_est) and literature 3%
revealed a remarkable high expression of PLI gene in trichomes.
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Thus, Schilmiller shows that within the 25 most overrepresented
reads/ contigs in trichomes PL/ takes the 18th position **. |
addition, it is in 4th position in LA1777 accession of S.
habrochaites (Trichome database). Therefore, from this
information it makes sense that our anthocyanin engineered
constructs based on PLI, are expressed also in glandular
trichomes. In contrast, the lack of anthocyanin trichome
phenotype in the PDR plants *® could be due to the relatively
low level of expression driven by 35s promotor in glandular
trichomes, supported by our experiments with 35s::DsRed
tomato lines.

n

Although many studies used 35s promoter to drive the
transgen expression to trichomes '3, attempts to characterize
trichome specific promoters have been made to avoid
pleiotropic effects and also to increase expression levels in
trichomes '3V, A success example is the recombinant
promoter, MSgt-FSgt (hybrid sub-genomic transcript promoter)
which showed 25 times more expression in stem trichomes of
Arabidopsis than the CaMV35s promoter.

We have shown that promoter, used in our construct, drives
specific TFs expression to trichome to high enough levels as to
produce a strong phenotype. However, there could be
additional reasons for the high levels of anthocyanin
accumulation in these cells. Type VI trichomes in tomato are
specialized cells with endogenous high flavonoid and terpenoid
metabolic activity *'®*"?, which means that phenylpropanoid
pathway is already active in those cells. Indeed, rutin has been
described as the major flavonoid accumulated in type VI
trichomes 3.

In addition to that, a clearly relationship between trichome
regulation and anthocyanin biosynthetic pathway has been
described in Arabidopsis, that may also explain our phenotype
321 For example, a trichome MYB called Triptychon (TRY) is able

159



Chapter 3

to interact with BHLH TF described in anthocyanin pathway such
as JAF13 %", Silencing AtTTG1, (WD40 TF) implicated in initiation
of trichomes process not only affects trichome but also repress
the plant ability to accumulate anthocyanins ?’'. Although
glandular trichome biogenesis in tomato maybe different from
that of Arabidopsis (Serna and Martin, 2003) a certain connection
between anthocyanin and trichomes regulation could be
emerging in tomato, as in the following examples and
manifested in our ectopic overexpression experiments. Thus,
Anthocyanin free (af) mutant ''%%?2 Jacks the ability of
accumulating anthocyanins in any tomato tissue, but it also has
lower trichome type VI density and shows high susceptibility to
flea indicative of an effect on secondary metabolism in the
trichomes *”. Furthermore the Af has been shown to encode the
CHI enzyme which is involved in the biosynthesis of naringenin
chalcone the metabolic precursor of other flavonoids including
anthocyanins ¥,

Here, no differences were detected in the trichome density of
our AEP lines; however, trichome flavonoid profiles were
changed. AEP trichomes showed in general lower levels of
flavonoids compared to WT samples. In addition, it was
observed that some compound decreases but derivative of it
increases, e.g. Phloretin-dihexose and Phloretin-Trihexose. In the
case of rutin, the major metabolite produced in type VI *, is not
detected in our analysis (even in WT samples). However,
precursors of those compounds are upregulated in AEP
trichomes (cv Pera); e.g. quercetin or eryodictyol. Most
important, anthocyanin compounds, which are not naturally
present in WT, were detected in trichomes samples of AEP (two
Delphinidin and one Petunidin).

Since both, trichome density and anthocyanins have been
described as photoprotective mechanisms developed by plants
to mitigate an excess of light #¢3%3% the novel trichome
phenotype that we have generated can be used in future
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studies; aimed to define the possible use of anthocyanins as a
UV protective filter or to increase plant photoprotection.

3.3 Engineering trichomes as biofactories

Our findings clearly support that it is possible to modify
trichome metabolism to accumulate high levels of anthocyanins,
even in species that do not usually do it.

Plant trichomes appear to be suitable not only as biofactories
for the synthesis of natural products, but also to provide plants
with better protection against several kind of biotic stresses *’. In
contrast with Arabidopsis, that only presents non-glandular
trichomes 3, tomato produces several types of trichomes
including the glandular types where several compound such as
terpenes, acyl sugars and phenylpropanoid-derived metabolites
are synthesized **2%% |n cultivated tomato, two glandular types, |
and VI have been described. In this work, we also used
Moneymaker ILs which incorporates type IV glandular trichomes
introgressed from TO-937 (S. pimpinellifolium). Type | is
considered a capitate type integrated by multi-cellular stalk with
a single small gland cell, whereas type VI contains a unicellular
stalk with four gland cells **2. Type IV is described as capitate and
similar to type | but shorter and restricted to wild species such S.
pimpinellifolium, S. pennellii and S. habrochaites **. Here, not
only AEP resulted to accumulate anthocyanin restricted to type
VI, but also plants from our crosses which are endowed of type
IV keep type VI specificity.

Since glandular trichomes have been described to produce
different set of metabolites *¥°, our results make us search for the
differences in metabolite profiles between type I, IV and VI in
tomato cultivated species. We would like to evaluate to what
extent the ability to accumulate anthocyanins of our engineered
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PLI::BMW lines will depend on the active specialized pathways
operating in each trichome type. Type |, IV and IV trichomes are
considered the main site of synthesis of a variety of acyl glucoses
393 However, type VI is known as the major terpenoid producer
in cultivated species *2. Indeed, a comparative genomic
approach *’ showed no qualitative but quantitative differences
in the expression of genes involved in acyl sugars and terpenoid
pathways in those trichome types. The flavonoid rutin has been
described as the major specialized metabolite accumulating in
type VI trichomes *%°, suggesting that the flavonoid pathway is
highly active at least for the EBGs, and therefore with all
precursors for anthocyanin engineering in place.

Our preliminary experiment, crossing AEP and S.
habrochaites f. glabratum, resulted in a F1 generation with weak/
null blue coloration in type VI and VIl trichomes. Since acyl sugar,
phenylpropanoid, flavonoid, terpenoid, and specific alkaloid
pathways are expressed in S. habrochaites trichomes, new
crosses in the rest of wild species having type IV, VI and VI
trichomes, e.g. S. galapagense, S.habrochaites f. typicum, and S.
pennellii are on the way to explain the trichome specificity of our
construct.

3.4  Enriched fruit flavonoid profile

We have reported here that BMW tomato complex has an
effect on several branches of the general phenylpropanoid
pathway acting probably even upstream in the biosynthetic rute.
Butelli et al. (2008) reported that AmMBHLH (Delila) and AmMMYB
(Roseal) regulate both, EBGs and the LBGs of flavonoid
biosynthetic pathway. Here, weak phenotypes of our AEP fruits
were characterized by an increase up to double in total amounts
of other flavonoid compounds including upstream flavonoids. In
contrast, peel of fruit with strong purple pigmentation showed a
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decrease in the total levels of flavonoids to half the levels of WT,
probably because they are used as precursors of the highly
activated anthocyanin biosynthesis and in other branches of the
pathway. Consequently, fruit with strong phenotypes show
higher levels of anthocyanin compounds than mild-expressor.
For example, Malvidin compounds ranged from 30 to 150 times
higher in SP than WP, in part depleting precursors of early
flavonoids normally accumulating.

In AEP fruits we identified the nature of the anthocyanin
compounds and found they all derive from dihydromirycetin,
malvidin, petunidin and delphinidin (Fig. 17). These anthocyanin
compounds are relatively common in tomato tissues under stress
conditions in other Solanaceae plants, and derivative from some
of the six most common which are cyanidin, peonidin,
pelargonidin, malvidin, petunidin, and delphinidin ¥,

The anthocyanin profile of Aft lines indicates that petunidin is
the main anthocyanin accumulated in Aft fruits followed by
malvidin and delphinidinin "'7. Transgenic tomato which carries
35s:ANT1 reported the same anthocyanin profile in fruits ''°. The
major anthocyanin detected in Microtom transgenic lines which
overexpress AmMYB (Rosea?) and AmBHLH (Delila) under E8
promoter, was Delphinidin 3-(trans-coumaroyl)-rutinoside-5-
glucoside followed by Petunidin 3-(trans-coumaroyl)-rutinoside-
5-glucoside '*
reported although in a lower proportion **'. However, in our case
and conditions, AEP fruits display some specific differences in
anthocyanin composition (Supplementary table 13): the late
compounds derived from dihydromirycetin (ie. Malvidin
derivatives) represented a much higher relative proportion of the
anthocyanin pool that in Ros-Del fruit *'. This indicates that the
downstream late transcripts/ activities may be further activated in
our lines.

. Presence of Malvidin in those samples was
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3.5 Light dependent phenotype

The anthocyanin accumulation phenotype of AEP is strongly
dependent upon light. Under high light conditions, fruits can
accumulate anthocyanin compounds over 30-150 fold higher
than they do under dim light conditions. In contrast, fruits grown
under lower light display enrichment in other flavonoids (up
twofold WT). This environmental control of the phenotype allows
us to adjust the purple accumulation and flavonoid composition
of the fruit peel.

Understanding the underlying basis of those results includes
analyzing the light regulation of the PLI promotor and also the
effect on the phenylpropanoid /Flavonols/ Antocyanin pathway.
The regulation by light of PLI protein has been described
previously '¥73993% | ight regulation of the PLI gene is not always
required such as in the fruit during the chloroplast-to-
chromoplast, where the PLI protein is expressed even in the dark
32 However, our report showed that the lowest levels of
transgene expression driven by the PLI promoter and the
weakest phenotype occur in the absence of light. On the other
hand, we have to consider that anthocyanin production often
starts in tomato upon exposure to stress conditions, i.e. Cold or
high light, whereas dim light could involve a negative regulation
mechanism "', In addition, tomato plant homozygotes for Aft/Aft
/atv/atv present a synergistic anthocyanin phenotype with
reduced high light requirements "%,

Interesting, previous works also proved that is possible to
stimulate flavonoid synthesis in low irradiance (kaempferol and
quercetin glycosides) when other stresses are present such as
lack of nitrogen or salinity '%. It would be interesting in the near
future to study the effect of other stresses in the AEP lines
phenotype.

164



Chapter 3

3.6 Photo-oxidative Stress Protection

Among the biological functions of anthocyanins, is
noteworthy the role as protective components against stressful
events leading to ROS, such as high irradiance or pathogen
attack ?*’. The mechanism of action appears to be associated to
counteracting the negative effect of ROS, in addition to protect
against UV-B damage and to avoid the photoinhibition 2¢'3%,
These pigments are considered scavengers of ROS because of
their antioxidant properties ***, and also due to its ability to filter
the light in the yellow-green waveband **.

It has been reported that anthocyanins decrease the excess of
photons absorbed by Chl ?”*??7_ Other effective plant strategies
such as epoxidation of xanthophylls have been documented
164175 but it showed to be more effective in short term exposure,
whereas anthocyanins can compensate the plant for a longer
period ¥,

Their role against photoinhibiton is still debated, since
anthocyanin is not able to absorb in red and blue wavebands
which is the maximum wavelengths of Chl *¥; however,
anthocyanin compounds are accumulated in internal mesophyll

which is an optimal site for UV interception %%,

Moreover anthocyanin accumulation is an interesting trait to
be incorporated in tomatoes since this could increase fruit
healthy composition **, decrease susceptibility to grey mould
198 extend the shelf-life '*® and decrease detrimental excess of
light as in the Yellow Shoulder Disorder (YSD) 8243,

The two traditional varieties, Pera and Muchamiel, were
selected for this study because of their susceptibility inherent to
the non-uniform ripening type (green shoulder phenotype).
Since, excessive sunlight absorbed by light-harvesting complex
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in the shoulder of tomatoes could cause in oxidative stress and
fruit damage associated to the so called YSD 70'%9?% The effect
that anthocyanin accumulation in the peel of the engineered
varieties could have on UV-shielding, photoinhibition or YSD is
currently being investigated in the lab. In addition, improving
fruit shelf-life is one of the most important goals for breeders and
increase of anthocyanin content in the fruit has been shown to
be an effective measure (10). Susceptibility to B. cinerea
(responsible of tomato gray mold) was dramatically reduced in
tomatoes enriched in anthocyanins "%, That could increase even
more the commercial and research interest of EAP.

3.7 Conclusion and future perspectives

Our findings show that the simultaneous expression of
SIANT1, SIJAF13 and SIANTT activate anthocyanin pathway in
tomato with no signs of silencing after several generations. To
date, ectopic expression of foreign BMW complex genes
provided tomato fruits with flesh anthocyanin accumulation. Fruit
with restricted purple pigmentation to peel opens new avenues
for breeders because it avoids possible negative effect in fruit
growth (polar auxin transport), decrease fruit photosynthesis
efficiency (photoinhibition) and could even increase consumer
acceptance due to maintaining red color in the inner parts.

The tomatoes we have engineered could show an extended
postharvest shelf-life, as well as they present benefits in human
health due to anthocyanins enrichment. Moreover, the surface
photoprotection could allow the use of genetic resources with
non-uniform ripening trait, which is associated to better fruit
quality but also to increase susceptibility to YSD and fruit-
cracking. On the other hand, no previous cases of trichome
anthocyanin accumulation in tomato have been reported in the
literature. Future uses of these lines include studying the effect of

166



Chapter 3

high levels of anthocyanins in the tomato trichomes, focusing on
the high irradiation response or in plant-pest interaction. In
addition, it will be interesting to elucidate the molecular basis of
the light anthocyanin biosynthesis control; in peel and trichome
samples of our AEP.

4. MATERIALS AND METHODS

4.1  Plant materials and growth conditions

Traditional Tomato (Solanum lycopersicum) cultivars cv. Pera
(variety 7) and Muchamiel (variety 18) were provided by Dr Juan
José Ruiz of the Genetic Department of the University Miguel
Hernandez, Orihuela, Spain. Genetically Engineered T2 plants
were grown in greenhouse located in IHSM-UMA-CSIC
(Algarrobo-Costa, Méalaga) and The Institute for Plant Molecular
and Cell Biology (IBMCP, Valencia) during the spring-summer of
2016. Seedlings were transplanted to 16-L pots at the four true-
leaf growth stage; they were watered daily and fed with soluble
fertilizer once a week.

The in vitro experiments involved sterilization of seeds under
50% of bleach, rinsed in sterile water, and sowing in one-half
strength Murashige and Skoog medium in 1.5% of sucrose, 1%
agar, pH 5.8-6. After 3 days pre-germination in darkness plants
were cultivated in a growth chamber with 16 h daylight (250
pumol photons m™? s™") and a relative humidity of 60-70% under
25°C day / 25°C night temperature.

Fruit samples at green stages of development were harvested
at the following stages defined by the number of days after
anthesis (DPA) 15-20 DPA (Immature green fruits, IMG), 35-
40DPA (Mature green, MG). For ripening stages fruits were
sampled at Breaker (B), defined by change from green to orange
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in the apical area and at Red Ripe (RR) between 7 and 10 days
after breaker (depending on the season and the genotype).

4.2  Anthocyanin module construct and plant
transformation

The sequences of Petunia proteins: PhAn11 (Genbank
accession number AAC18914.1), PhAn2 (Genbank accession
number BAO51604.1), and PhJAF13 (Genbank accession
number AAC39455.1) were used with BLASTP (NCBI) to search
homologous tomato proteins. Sequences with the highest
homology were considered tomato homologues after
confirmation of gene expression (TomExpress). Sequences
SIANTT  (Solyc03g097340.1), SIANTT (Solyc109086260.1),
SIJAF13  (Solyc08g081140.2) were amplified from cDNA
prepared from total RNA of fruit at breaker stage (ANT17 and
JAF13) or from genomic DNA (ANTT).

To generate the genetic constructs used in this work the
Golden Braid (GB) 2.0 cloning system was used . The full-
length sequence of SIANT1 (1029 pb), SIANT1 (1013 pb) and
SIJAF13 (1882 pb) had been already domesticated and available
in GB-elements Collection (GB 2.0)'° the identification part
numbers are GB0O076, GBO077 and GB0OO078 respectively.

CDSs were introduced in the sense orientation between
promoters: PDS (AN17) and PLI promoter (ANT1 and JAF13) and
terminators (PDS, TFM5, E8) as indicated in Fig. 1. PDS promoter
was defined as 1637 pb upstream (Solyc03g123760.2) whereas
the size of PLI was 1293 pb (Solyc099082690.2). E8 promoter
and terminator were taken from GB collection with the
respective GB numbers GB0914 and GB0144. TFM5 promoter
and terminator were domesticated as indicated in M&M of
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chapter 1. Primers used for GB parts cloning-domestication are
listed in supplementary table 3.

The three anthocyanin TUs and kanamycin resistance TU
(nptll) were combined in a multipartite GB assembly to create a
final construct (12 Kb).

Plasmids were checked at each stage of cloning with
restriction digest analysis and by sequencing in the case of the
domestication step'”®. Anthocyanin module was introduced into
plants by Agrobacterium tumefaciens (strain LBA4404) mediated
transformation cotyledon-explants protocol *%. Transformed
plants were rooted on 100 mg/L kanamycin and genomic DNA
was extracted from young leaves (Doyle and Doyles, 1990) that
was used for genotyping by PCR using gene-specific primers (ST.
2); once confirmed to carry the engineering constructs, plants
were cultivated in the greenhouse.

4.3 Transgene expression determination by
quantitative real time PCR

Total RNA was extracted from ~200 mg of tissue by using
TRIzol RNA lIsolation Kit (Thermo Fisher Scientific) according to
manufacturer’s instructions and treated with DNA-free™ DNA
Removal Kit - Ambion following the manufacturer's
recommendations. The DNA-free RNAs were reverse transcribed
with SuperScript Il (Takara). Single strand cDNA was then
synthesized from 1 ug of RNA in 20 pl with oligo-dT and used for
gRT PCR performance in 7500 Fast Quantitative real-time PCR
Applied Biosystem. PCR products were amplified in triplicates
using SYBR Green kit (Takara) following the manufacturer’s
instructions. Gene expression was calculated using the relative
standard curve method (Applied Biosystems) where actin gene
was used as a reference for normalization **'. The 2% method

169



Chapter 3

was used to calculate relative changes in gene expression **.

Primers for gRT PCR were designed with Primer Express software
(Applied Biosystem) sequences used are displayed in ST. 4. Each
sample was analyzed using three biological replicates.

4.4  Sampling method

Samples for RNA extraction were taken at the same time each
day, frozen in liquid nitrogen and stored at -80 until required. For
each case a pool of 3 fruits at the specified developmental stage
were mixed and stored as a biological replicate, each essay was
performed with 3 biological replicates

In the case of Trichome heads were isolated by glass bead
abrasion and filtering with nylon meshes according to Schilmiller
2010 3%, This resulted in leaf trichome preparations which
contained around 80% type VI glandular head cells and 20% of
other trichome cells including other glandular and stalks. Similar
results have been reported 3%,

Phenylpropanoid and isoprenoid analysis was performed in
trichomes and fruits by using different sampling procedures. For
metabolite extraction Trichome were collected from ligN2 frozen
stems (2cm from the same plant area) by scrapping using the
flat-end of a ligN2 frozen plastic spatula. Peel samples were
obtained by peeling the fruit by making incisions on the surface
and peeling away the tissue with the help of a knife.

4.5 Microscopy characterization

Trichomes: Several organs from both WT and AEP
engineered plants were sampled from the greenhouse: flower,
steam, branch, leaf and fruit. Tissues were observed under
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Magnifier MacroFluo MZZ16F (Leica) with digital camera
DFC300 FX (Leica). Images were processed with Fiji software
(Schindelin et al., 2012) and used for counting trichomes and
identification of the different types of trichomes.

A Confocal Microscope (ZEISS LSM 780 AxioObserver) was used
to characterize in more detail the heads of Type VI trichomes
after isolation as indicated above. Anthocyanins were recorded
by using their characteristic emission at 675 nm when an
excitation wavelength of 530 nm was used Images were taken
with digital camera DFC550 (Leica).

Typical DsRed Fluorescence of p35s::DsRed tomato lines was
detected with Magnifier MacroFluo MZZ16F (Leica) using DsRed
(violet/blue excitation) filter with excitation 546/10nm and
emission 590nm.

Fruit Peel: For anthocyanin pigment localization in the
engineered fruit peel tissues, tomatoes sections were cut
longitudinally (aprox. 500 micron thick), placed on slide under a
cover slip and observed using a white field

4.6 LC-ESI(+/-)-MS analysis of phenylpropanoids
and anthocyanins in tomato fruits and
trichomes

Phenylpropanoid extraction from trichome samples was
carried out as previously described *%, Briefly, ten mg of ground
freeze-dried powder corresponding to the peel of ripe fruit were
extracted with 0.75 mL cold 75% (v/v) methanol, 0.1% (v/v)
formic acid and spiked with 10 ug/ml formononetin. Samples
were vortexed for 30 sec, and shacked at 15 Hz for 15 min using
a Mixer Mill 300 (Qiagen) and kept at RT for 5 min (repeat twice).
After centrifugation for 15 min at 20,000 g at 4°C, 0.6mL of
supernatant was removed and transfer to HPLC tubes. For each
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genotype, 4 fruits and at least two independent extractions were
performed. Chromatographic separation was carried out using
an Ultimate 3000 HPLC coupled to a Q-EXACTIVE mass
spectrometer (ThermoFisher) equipped with a C18 Luna reverse-
phase column (150 x 2.0mm, 3 m; Phenomenex, Macclesfield,
UK) and a gradient system as follows: 95%A:5%B for one minute,
followed by a linear gradient to 25%A:75%B over 40 minutes. LC
conditions were kept for 2 more minutes, before going back to
the initial LC conditions in 18 minutes. Ten pl of each sample
were injected and a flow of 0.2 mL was carried out during the
whole LC runs.

Detection was performed continuously from 230 to 800 nm
with an online Ultimate 3000 photodiode array detector (PDA,
Thermo Fischer Scientific, Waltham, MA). All solvents used were
LC-MS grade quality (CHROMASOLV” from Sigma-Aldrich). The
Exactive Plus Orbitrap mass spectrometer was equipped with a
heated electrospray probe (H-ESI) operating in both + and - ion
modes. ESI and MS parameters were as follows: spray voltage
—-5.0 kV, sheath gas and auxiliary nitrogen pressures 30 and 10
arbitrary units, respectively; capillary and heater temperatures
were set at, respectively 250 and 150 °C, while tube lens voltage
was 50 V.

Data were acquired in profile mode. Identification was
performed through comparison of chromatographic and
spectral properties of authentic standards and reference spectra,
and on the basis of the m/z accurate masses, as reported on
Pubchem database (http://pubchem.ncbi.nlm.nih.gov/) for
monoisotopic masses identification, or on Metabolomics Fiehn
Lab Mass Spectrometry Adduct Calculator
(http://fiehnlab.ucdavis.edu/staff/kind/Metabolomics/MS-
Adduct-Calculator/) in case of adduct ion detection. Metabolites
were quantified relatively on the basis of the internal standard
amounts. ANOVA was applied to the absolute metabolite
quantifications, and pair-wise comparisons were used in Tukey's
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HSD  test running on the Past 3.x  software
(http://folk.uio.no/ohammer/past/).
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General discussion

In this thesis, we designed new strategies to improve tomato
fruit quality based on molecular breeding and the new insights in
tomato genetic research. First, we implemented a fruit
plastid/photosynthesis strategy to improve fruit metabolite
composition, adopting a re-evaluation of the importance of fruit
plastid/photosynthesis in tomato red-fruit quality (CEF plants).
Second, we provided a strategy to overcome a possible increase
in fruit photo-oxidative stress associated to
chloroplast/photosynthesis  enhancement (AEP), with the
additional interest for the healthy composition of non-uniform
type of tomatoes. The general phenotype and metabolomics’
profile of CEF was discussed in chapter one, while the -omics
approaches were discussed in chapter 2. Characterization of AEP
was developed and discussed in chapter three. This general
discussion is aimed to examine our engineered fruit lines from a
common framework.

1. Fruit Photosynthesis

Many structural features indicate that photosynthesis in fruit is
special. Fruits lack the typical palisade and spongy cell layers
where photosynthesis normally occurs in leaves, they also
present none or a reduced number of stomata and the
epidermis is covered by a thick cuticle, all this indicating that
CO, diffusion may find certain difficulties. To overcome these
limitations fruit cells have developed a special photosynthesis
mechanism, where RUBISCO is not as important for assimilation
of atmospheric CO, as it is in leaves and it is rather the PEP
activity, responsible for CO, fixation under fruit environmental
conditions ?'. Therefore, fruit photosynthesis could be classified
in the intermediate point between C3 and C4/CAM plants. In
addition, the importance of mitochondria and chloroplast
coordination is of paramount importance in this process "’ (Fig.

1).
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Figure 1: CO, re-fixation as it occurs in a fruit pericarp cell. First, PEP
captures CO2 from internal fruit cavities generating oxaloacetate. This is
converted into malate and could be stored in vacuoles as organic acids.
Second, CO2 from respiration would be use directly in the chloroplast.

The role of fruit photosynthesis in fruit quality has been much
discussed 716183344 The recently identified tomato u/u mutants,
exhibit fruits with lower chloroplast number and thylakoid grana
and show a decrease of 10-15% in sugar accumulation in red
ripe stage, compared to U/U genotype. The detriment in fruit
quality has been associated to a reduction in fruit photosynthesis
capacity °. However, the higher chloroplast development in U/U
fruits makes them more prone to develop physiological
disorders associated to oxidative stresses, mainly after exposure
to high irradiance/temperatures conditions. An example for that
are 1) the yellow shoulder disorder *°, which affects tomatoes
carrying the u mutation to a lesser extent than wild type U
varieties ”' and, 2) cuticle cracking ?*?*, which is more frequent in
darker green non-uniform tomatoes ®. Therefore, in modern
varieties of tomato the enhanced fruit chloroplast trait has been
avoided by breeders to protect fruit from the deleterious
consequences of the photooxidative stress.
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Interestingly, enhancing photoprotection has been proposed
and demonstrated as a useful strategy to improve
photosynthesis . Anthocyanin compounds not only act as UV-b
filter against high energetic irradiance (absorbing blue light and
reflecting red wavelengths), but also are considered a sunscreen
protector of PSII #1%1% |n addition of the antioxidant protection,
it has been reported the capacity of flavonoids/anthocyanins to
extend the shelf life of the fruits '°. Those characteristics make
them interesting for fruit breeding with impact in different
stakeholder interests "%

2. Early-fruit Specific Overexpression of GLKs
and APRR2 TFs: Chloroplast and
Photosynthesis Boost with Additive Effect

During the last few years a number of TFs implicated in fruit
plastid biogenesis have been identified **. In tomato, GLKs have
been recently described as co-regulators of photosynthesis-
related genes >''. Likewise, ectopic expression of APRR2 has
been reported to influence fruit plastid development &
Constitutive expression of each of those TFs resulted in greener
fruits with higher chloroplast development; however, the
mechanisms underlying their function are not well understood.
In addition, tomato lines overexpressing GLKs under 35s
promoter, displayed negative effects on fruit development (low
fruit set and small fruit, unpublished results).

Aiming to overcome this drawback and include additional
novelty steps, we used a spatio-temporal specific promoter to
drive the expression of tomato GLK and APRR2, either separately
or by co-expression of both TFs.
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2.1 A Multi-level Analysis Confirmed the
Chloroplast Boost

In chapter 1 and 2, we reported the characteristic chloroplast
enhancement that is taking place in CEF. In previous reports,
larger and more numerous plastids, and consequently, higher
chlorophyll levels in immature fruits were observed in APRR2 and
GLK2 constitutively overexpressed (under 35S promoter) in
tomato plants *%. In general, sCEF lines showed weaker fruit
phenotypes than those driven by the 35s, probably due to
differences in the strength of the promoter used in each case
and in the temporal expression pattern provided by TFMS5.
Nevertheless, sCEF were always greener than WT and fruit
phenotype correlated with an increase of chlorophyll,
carotenoids and several primary metabolites concomitant with
the upregulation of photosynthesis-related genes, as detected
both at the transcript and protein levels. Joint expression of both
TF GLK and APRR2, in dCEF lines, did achieve a fruit chloroplast
enhancement similar to those reported in previous works 80",

Those results, described in chapter 1 and 2, emphasize the
reinforcing effect of both TFs co-expression. IMG fruit cells of
GLKs-APRR2 lines presented larger and more abundant
chloroplasts (over threefold change) close to the fruit epidermis.
In addition, showed to be more structured (more grana stacking
in thylakoids) in the area close to the fruit locule.

This together with the wider cell layer with enhanced
chloroplast observed from the center inner pericarp to the fruit
locule, indicates that GLKs-APPR2 acts at multiple levels of
chloroplast-cell development. Interestingly, this phenotype
reminds to hp1 mutants, which also use a multilevel strategy to
achieve a similar enlarged chloroplast area in the fruit pericarp
"> The increase in plastid number and size was no clearly
defined; however, it has been reported that hp 1 increase fivefold
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the DNA ratio plastome:genomic in hypocotyls ®. This ratio was
used as an explanation for the increase in plastid size '**; another
suggestion was the regulation of plastid development through
cytokinin and photomorphogenic. Previous reports which
constitutively overexpress APRR2 or GLK2 also observed a
modification in chloroplast division and expansion % Our
observations in chloroplast development at the cell and
structural levels were also supported by isoprenoid analysis
(chapter 1) that showed, as in previous works °%, an increase of
chlorophyll/ carotenoid levels in immature CEF.

Additionally, omics- approaches were described in chapter 2,
and the results were consistent with the chloroplast boost and
the additive effect observed in chapter 1. As in the 35S::GLK
*®, our transcriptomic data showed that GLKs target
chlorophyll related genes and Lhc proteins. Processes affected
involved, among others, the tetrapyrrole synthesis,
photosynthesis-related, and Calvin cycle genes. In addition to
that, we confirmed that SIGLKs is involved in plastid retrograde
signals involved in responses to ROS, ABA, sugar and auxin
pathways *°??2, Moreover, we found those genes also affected in
pTFM5:APRR2 plants, which lead us to suggest that similarly to
GLKs, SIAPRR2 could also be implicated in retrograde signals
responses.

lines

Genes related to plastid division were studied but we did not
find expression changes in the well-characterized FtsZ1-1 and
MinD plastid division-related genes **, neither in sCEF nor dCEF
lines similarly to the 35s plants®®. We found, however, other
components of the tylakoid biogenesis machinery in DEG and
DEP lists e.g. FtsHs proteases, which are also important in
chloroplast biogenesis and linked to the degradation of
unassembled thylakoid proteins (Ostersetzer and Adam 1997)
and more precisely, FTSH 2 and chloroplastic proteins related to
PSII repair were upregulated in our lines.
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2.2 Beyond Chloroplasts- Mitochondria and other
Related Functions

It is well known that chloroplasts provide mitochondria with
compounds involved in photorespiration such as serine and
glycine. These compounds are also exchanged with
peroxisomes as part of a tri-organelle-signalization cross-talk that
seems to be required for efficient use of photosynthesis '”’.
Chapter 1 showed that the accumulation of metabolites
associated to mitochondria organelle, such the higher levels of
serine and glycine are affected in s/dCEF, and in chapter 2 an
enhancement of mitochondria functions was revealed by the
DEP enrichment analysis. Indeed, both mitochondria and
chloroplast were the cellular component GO terms-enrichment
class for all CEF lines.

Moreover, in chapter 2 we found novel functions affected by
joint OE of GLKs and APRR2 TFs that suggest GLKs and APRR2
could target genes beyond chlorophyll and photosynthesis-
related functions. Cell Wall Remodeling genes (CWR), were
found as affected in our s/dCEF, and more precisely genes
encoding xyloglucan-endotransglucosylase/hydrolases (XTH,
specifically type 7 and 9). Cell elongation process, typically
associated to fruit growth, is characterized by high expression
levels of XTH #*°>. XTH enzymes have been described to act by
two different activities: transglucosylase (XET) and hydrolases
(XEH) which present different effects in cell wall integrity **.
Although, cell enlargement is associated to a cell wall
loosening®?, it has been speculated that XET activity is able to
keep the cell wall integrity participating in cell wall organization
process®?. In chapter 2, six genes which encodes XHT were
found downregulated (PPadj<0.001) and xyloglucan metabolic
process was the biological process affected for all CEF lines.
Highlighted is the pleiotropic effect in size observed in
35s::GLK2 fruits (data not shown) and the slightly decrease of
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weight, parallel to the genotype, observed in our sCEF lines,
which was higher in dCEF. Whether these XTH expression
changes results in actual modifications of cell elasticity / stiffness
with consequences in final cell size, and this is responsible for
the decrease in final fruit size observed in parallel with the fruit
greening phenotype is currently being investigated in our lab.

2.3 Molecular Basis of the GLK::APRR2 additive
Effect

Putative light signal transduction genes were identified to be
antagonist in chloroplast regulation, including DDB1 (hp1) and
DET1 (hp2) that together with the E3 ligase (CUL4) *'° take part
of the well described 26s  proteasome  during
photomorphogenesis. Higher chloroplast number and
chlorophyll content in tomato hp mutant is associated to the lack
of function of this complex, and it seems to be the connection
between the photomorphogenesis mutation effects on fruit
quality traits and GLK2. Indeed, GLK2 has been proposed to be
substrate of the DET/DDB1/CUL4 E3 ubiquitin ligase ®®**. Even
more interesting is that APRR2 gene is upregulated in hpl
mutants at immature stages ”’. In chapter 1 and 2, we described
an additive effect on different fruit phenotypes when GLKs and
APRR2 are co-expressed. If both GLK and APRR2 are targeted for
ubiquitination and degradation by the same proteasome-system,
a joint coexpression under a fruit specific promotor beyond that
provided by the endogenous counterparts would explain the
more chloroplast development achieved in dCEF. Interestingly in
this direction, the DEG lists in CEF included genes related to the
CUL4 E3 ubiquitin ligase complex (DDI1).

An additive effect was reported between GLK2 OE and DDB1
repression. This could suggest that different routes coexist to
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regulate chloroplast biogenesis via photomorphogenesis and
GLKs function .

Furthermore, to try to understand the mechanism underlying
the additive effect described here, we performed a preliminary
search for putative binding domains in the promoters of DEG in
CEF lines. Previous works described the interaction of GLKs with
two G-box binding factors®®; however, the binding to conserved
motifs in the case of APRR2 remained unknown. We described in
chapter 2, a well conserved 7pb motif which was found even
duplicated in three CAB genes. Interestingly those genes
showed higher expression in dCEF than sCEF. Future studies to
elucidate this hypothesis will include transactivation assays using
GLK, APRR2 or a combination of the two on CAB promoter
luc/renilla expression system.

2.4 Fruit Photosynthesis Boost Demonstrated
through Metabolites Associated

The enhancement of fruit photosynthesis-related functions
was supported at different levels in our CEF lines. Chapter 1
showed higher accumulation of photosynthesis-associated
primary metabolites. As examples of that we found: Calvin cycle
intermediates such as Erythrose-4-P or fructose-6-P, several
organic acids and sugars. Previous works associated malic acid
levels directly to the particular type of photosynthesis process
taking place in the fruit ?'. It has been suggested that PEP is
responsible for malic acid synthesis and its activity is
predominant in perivascular and placenta fruit tissues '®. Our
four CEF genotypes showed increase in malic acid levels, which
is therefore in the line of the photosynthesis boost. Moreover,
the impulse in fruit photosynthesis is confirmed by our
proteomic profile (PEP, Rubisco protein levels) and
transcriptomic data (photosynthesis related genes).
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Although previous studies have demonstrated that AtGLKs
overexpression upregulates genes directly involved in
photosynthesis, mainly Lhcb proteins **"', no proteomic
characterization has been performed so far neither in GLKs nor
in APRR2 overexpression plants. In chapter 2 we confirmed and
analyzed the upregulation of several photosynthesis-related
genes, which represent the top of the DEG lists in s/dCEF.

Additionally, we examined the fruit protein profile at IMG
stage. Almost all of the DEP in CEF are synthesized as precursors
with a chloroplast transit peptide and most of the remaining
proteins are characterized by chloroplast or mitochondria sub-
localization. The list of DEP revealed many proteins related to
photosynthesis function such as light-harvesting complex, PEP
and RuBisCO, where £1%sAPRR2 fruits presented the highest
levels of PEP protein followed by GLK2. All this confirms that
GLK/APRR2 work jointly in enhancing chloroplast functions by

affecting both the light and dark stages of photosynthesis.

2.5 An Early Chloroplast Boost Impacts on Red
Fruit Quality

Chapter 1 analyzed red fruit quality in our CEF. Previous works
suggested that a fruit chloroplast/photosynthesis enhancement
by using 35s promoters is associated with an increase in
organoleptic and nutritional quality *#**'. For example,
p35s::AtGLK was reported to increase fructose and glucose
reaching 21% more TSS in red fruits, as well as to increase
lycopene from 10 to 60% °*.
increase in TSS of the red fruits when expression was driven with
an early fruit promoter, but only in the case of GLKs-APRR2 (23-
25%). sCEF lines did not show significant changes in sugar levels
at ripening, again indicating that it was necessary the additive
effect in dCEF to have a significant effect in sugar accumulation.

Here, we achieved a similar
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However, lycopene levels increase up to double either in sCEF
or dCEF lines, indicating that the effect on plastid metabolism is
more sensitive to our engineering strategy.

To date, how enhancement of GLK/APRR2 TFs function early
in fruit development can affect fruit traits at the red ripe stage is
not well understood. Previous studies >’ have demonstrated the
importance of starch content at IMG/MG stage for soluble solids
and sugar content of the mature fruits. In chapter 1, our primary
metabolite results supported this hypothesis, as dCEF at IMG
present more sugar content and more starch. This data
reinforces the hypothesis that is possible to improve fruit quality
by just acting on chloroplast development, at earlier stages of
fruit development, even at IMG stage.

Additionally, it is important to mention that we observed a
decrease in fruit weight (MG) parallel to the green intensity (IMG)
of our CEF lines and therefore, also correlated with the level of
sugar in red ripe fruits (darker genotypes showed more Brix).
Previous reports, which study tomato genetic diversity, found

that high fruit weight is correlated to low TSS and carotenoids®'.

3. A Possible Solution for Tomato Fruit
Photooxidative Stress

In chapter 1 and 2, we followed an all-tomato intragenesis
approach to improve chloroplast in tomato fruits aimed to
increase fruit photosynthesis and red fruit quality. However, since
an excessive sunlight absorbed by light-harvesting complex in
tomato fruits could cause in oxidative stress and fruit damage
associated to the so called YSD %7727 or cuticle cracking 7%,
our next goal was reinforce the fruit with a protective mechanism
against oxidative stress, thereby to avoid possible fruit
impairments (chapter 3).
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Chapter 3 described the generation of AEP lines, our
designed strategy to engineer fruits to accumulate anthocyanins
in peel. Anthocyanins compounds are also considered an
interesting trait for tomatoes, since this could increase fruit in
healthy metabolite composition **?, decrease susceptibility to
grey mould "%, extend the shelf-life *® and decrease detrimental

effect of excess of light as in the Yellow Shoulder Disorder (YSD)
82,83

AEP showed a fruit light dependent anthocyanin
accumulation that could be interesting for basic and applied
research studies since the “light protection” is regulated by the
same stressor (light). Although we don’t know in detail the basis
of the light regulation mechanism, it provides a way to adjust the
anthocyanin accumulation **? and modify flavonoid composition
in the fruit peel almost at will, e.g. with lower light it is possible to
have red tomatoes with higher flavonoid levels in the peel,
whereas at higher light intensity fruits can accumulate
anthocyanin compounds, over 30-150 fold higher than they do
under dim light conditions. Additionally, fruits from AEP grown
under lower light display enrichment in other flavonoids.

In this thesis, we generated engineered tomato lines which
overexpress a Tomato BMW complex in the background of
traditional varieties (U/U background). Previous to this work,
transgenic approaches involving the overexpression of
Snapdragon genes (MYB and bHLH) in cv. Microtom
accumulated anthocyanins in both peel and flesh 33, Here, we
achieved tomatoes enriched in anthocyanin with a peel
restricted accumulation, as well as engineered plants with only
tomato DNA.

The success of our approach relies in the choice of the
promoter to control the expression of MYB and bHLH. We
confirmed in this work that PLI drives transgene expression to
the outer pericarp tissues '¥/3%,
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The restricted fruit peel accumulation, described in chapter 3,
presents some advantages for breeders. For example, the
regular red color in the inner fruit parts could increase the
consumer acceptance. Moreover, evaluation of shelf life trait in
Aft/atv genotype confirmed that accumulation of anthocyanins in
the skin is sufficient to delay the post-harvest over-ripening and
to extend the life span'®. In addition to the demonstrated effect
on photooxidative UV_VIS stress **’.

Among the biological functions of anthocyanins, is
noteworthy the role as protective components against stressful
events leading to ROS; such as high irradiance or pathogen
attack #’. It has been reported that anthocyanins decrease the
excess of photons absorbed by Chl ?*%7 The effect of
anthocyanin accumulation in the fruit peel of AEP against UV-
shielding, photoinhibition or YSD is currently being investigated
in the lab.

3.1 Novel Anthocyanin Trichome Phenotype

To date, no previous cases of anthocyanin accumulation in
tomato trichomes have been reported in the literature. We have
shown that PLI promoter drives specific TFs expression to
trichome to high enough levels to produce a strong phenotype
(which was not the case of 35s promoter). We also described
expression specificity in type VI trichome for our anthocyanin
module in tomato cultivated background (type I, V and VI).
Subsequently, analysis by crossing with other genetic
backgrounds, which present additional types of glandular
trichomes (type IV and VIl trichomes), also showed expression in
the case type VIl trichomes.
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Anthocyanin in trichomes could be used as an extra
protection to high irradiance, combining the efficiency of
trichomes in this issue with the sunscreen and antioxidant
capacities of anthocyanins. In addition, the importance of this
novel protective trait relies in the chemical secretory capacity of
plant trichomes which make them suitable as biofactories for the
synthesis of natural products and also in its ability to provide
protection against pests.

4. Future perspectives for CEF and AEP

Our CEF re-evaluates the importance of fruit photosynthesis,
supported by the contribution of this process to the fruit carbon
economy and, therefore, to the tomato red fruit quality. Although
previous works have been reported that use similar chloroplast
enhancement strategy, CEF are the first designed based on an
intragenesis approach, and therefore with higher consumer
acceptance.

Most of the tomato cultivated varieties that fill our groceries
carry the u mutation, and therefore have defective fruit
chloroplasts, with the associated effects of lower sugars and
lycopene levels. Breeders introduced this mutation in 1953 as u
fruits are less prone to develop certain photooxidative injuries. In
this work, AEP strategy opens new avenues for breeding tomato
for higher content of sugars in fruit, as the CEF lines could
benefit by combining it with the ability to strongly accumulate
anthocyanins in peel of our AEP lines. Anthocyanins have been
demonstrated to act, not only as UV-b filter against high energy
radiation, or as a photoxidative stress to protect PSIl in high
irradiance, but also to provide extended postharvest shelf-life in
tomato fruit '®. Our GLK2-APRR2 CEF line has been already
combined with our anthocyanin module and is currently being
investigated in our lab.
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General discussion

The restricted anthocyanin accumulation to the fruit peel has
interest for consumer and others stakeholder in the tomato food
chain. That could prevent possible negative effect in fruit growth
(polar auxin transport) or in the decrease of fruit photosynthesis
efficiency (by photoinhibition). Additionally to the previously
described regular red color in the inner parts, the benefit of
anthocyanins in human health and the use of only tomato DNA in
our engineering strategy.

In addition to that, our CEF and AEP lines generated new
knowledge that will be the basis of future studies. We show here
some interesting examples, such as the additive effect that we
found with APRR2 and GLK2 co-expression, which could be the
start point to deeply elucidate the network signaling which
control chloroplast biogenesis and development. CWR function
affected in CEF could help to assess the activity of XTH in
tomato, to date, poorly studied. In addition, the novel trichome
phenotype we have generated can be used in future studies
aimed to define the possible use of anthocyanins as a UV
protective filter or to increase plant photoprotection, as well as
studies which involve plant-pest interaction.

Tomato is one of the most important cultivated vegetables
worldwide and a source of antioxidants in a regular human diet.
By combining CEF and AEP strategies in the future we aim to
improve fruit quality while endowing the fruit with protective
mechanisms to improve its performance in the field and post-
harvest life.
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Conclusions

C1. Tomato plants (S. Lycopersicum var. MoneyMaker)
engineered to express SIGLK1, SIGLK2 and SIAPRR2
transcription factors (TFs), either separately or in combination,
during early fruit development, showed a range of chloroplast
enhancement phenotypes in their fruit. As a result, Chloroplast
Engineered Fruit (CEF) accumulated more sugars, carotenoids
and certain specific volatiles than their wild type counterparts,
affecting the final ripe fruit quality. Moreover, those lines
expressing combinations of SIAPRR2 and SIGLK, showed an
additive effect in the accumulation of the same compounds.

C2. Chloroplast number, size and total plastid surface are
increased in CEF lines. Modifications in fruit photosynthesis-
related gene expression, protein profile and metabolite
accumulation, support a general activation of fruit
photosynthesis in all engineered lines, which affects both light
and dark phases.

C3. Two traditional varieties of tomato (Muchamiel and Pera)
were engineered with the tomato BMW multigene construct
regulating anthocyanin biosynthesis, which comprises the
SIJAF13 Basic Helix-Loop-Helix (BHLH) and the SIANT1 (MYB)
TFs, both under the control of the fruit epidermis-specific PLI
promoter, next to the SIAN11 (WD40) TF regulated by the fruit-
ripening PDS promoter. The resulting Anthocyanin Engineered
Plants (AEP) accumulated high levels of flavonoids in the fruit
peel. The flavonoid composition changes with light intensity:
fruit exposed to high light conditions are enriched mainly in
anthocyanins, whereas dim light regimes induced the
accumulation of other upstream components of the flavonoids
biosynthetic pathway.

C4. Plants carrying the BMW multigene construct accumulate
high levels of anthocyanins in the glandular head cells of type VI
trichomes, as these cells divert their endogenously active
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Conclusions

phenypropanoid metabolism towards the synthesis of
anthocyanins. AEP lines are an useful tool to assess the effect of
anthocyanin accumulation on plant growth under UV/ high light
stresses, as well as for the study of plant-pest interactions.
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Supplementary Figure 1: Color range is overlapping between populations
showing the similarities in phenotypes according to the genotype.
Histogram (XLSTAT, 2015) represents the color pattern in each genotype at
IMG stage, 1053 observations are represented, the lighter color is 63
(luminosity) and the darker 27; global average is 47 and standard deviation
7.29. On the left image shows overlapping population, on the right is possible
to appreciate the range for each genotype: GLKT-APRR2 (pink), GLK2-APRRZ2
(blue), GLKZ (red), APRRZ (green) and MM (gray). Around 500 plants were used
for this screening; color was taken on the surface of the fruits as is described in
M&M.
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Supplementary Figure 2: Color variability in a natural population reveals
GLKs-APRR2 still being greener at MG stage. Histogram (XLSTAT, 2015)
represents the color variability in a natural population of 560 accessions (Israel
Core Collection), GLKs-APRR2 and MM at MG stage. 881 observations are
represented in the graphic, 560 comes from the average of each line (where in
total 10.000 measurements were taken), the rest of them from GLKs-APRR2 and
MM (continued)
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Supplementary Figure 2 (continued): The lighter color is 67 (luminosity) and
the darker 27; global average is 50 and standard deviation 4.8. On the left
image shows overlapping population, on the right is possible to appreciate the
range for each genotype: GLKT1-APRRZ2 (green), GLK2-APRR2 (pink), MM (blue)
and Israel Core Collection (red). Color was taken on the surface of the fruits as
is described in M&M.
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Supplementary Figure 3: Relationship between green intensity in IMG fruit
and final weight at MG stage according to the CEF line. Weight was
measured on the second trusses of T3 plants (M&M). Weight represented in
grams (g) and color by Luminosity (L) (higher values lighter green, smaller
values darker green). The color scale bar is an approximation of the real color.
In the graph are represented the averages (+ SD) for CEF genotypes (G1A2,
G2A2, A2, G2) and MM (WT).
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Supplementary Figure 4: Higher amounts of starch storage in G2A2 fruits
at MG stage. Starch iodine staining pattern used to estimate in a qualitative
manner the starch content in MM-WT fruits and G2A2 fruits at MG stage of
development.
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Supplementary Figure 5: Similar number of observed genes and raw
counts in the 5 analyzed genotypes (continued).
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Supplementary Figure 5 (continued): Code for each sample is made by the
stage of development (Immature green “IMG” or Mature green "“MG") and
genotype (APRR2 "A2", GLK2 "G2", GLK2-APRR2 "G2A2" and GLKI1-APRR2
"G1A2". On the left, number of observed genes (genes with at least one read);
all samples have between 20000 and 25000 non-zero genes. On the right,
represents the log2 of raw counts normalized by the library sizes for each
biclogical replicate.
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Supplementary Figure 6: GLKs influence mainly at IMG stage whereas
APRR2 exert its primary influence at IMG stage manifesting the effect in
MG stage. (a) Numbers of differentially expressed genes (DEGs) identified in
tomato transgenic lines. The DEGs were identified using PPadj < 0.01 and a
Log2 fold-change >1 and < -1. Gene expressions analysis based on RNASeq
data. (b) APRR2 DEG profile (up and down) at IMG and MG stages. (b) GLK2
DEG profile (up and down) at IMG and MG stages. (c¢) GLK2-APRR2 DEG profile
(up and down) at IMG and MG stages. (b) GLKT-APRR2 DEG profile (up and
down) at IMG and MG stages.
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Supplementary Figure 7: Photosynthesis, Nitrogen-metabolism and stress
are some of the modified pathway as a consequence of GLK2 expression.
Mapping the list of 1672 exclusively DEG for GLK2 at IMG stage of fruit
development against tomato metabolism. This snapshot was generated using
MapMan software (metabolism overview), mapped with ITAG2.3. green means
higher expression.
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Supplementary Figure 8: ANT1 and JAF13 displays significant levels of
expression during fruit development, whereas, ANT1 is practically
inexistent. TomExpress database has been used to determined expression
patterns in fruit tissues at different development stages and leaves of tomato
orthologues: JAF13, AN11 and ANT1. Data comes from middle section of the
fruit and Ailsa Craig cultivar (http://gbf.toulouse.inra.fr/tomexpress17b).
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Supplementary Figure 9: PDS and PLI are ripening fruit promoters with
expression in peel fruit tissue. TomExpress database has been used to
determined expression patterns in fruit tissues at different development stages
of PDS and PLI genes. Data comes from peel and flesh of Microtom cultivar
(http://gbf.toulouse.inra.fr/tomexpress17b).
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Supplementary figures
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Supplementary Figure 10: Anthocyanin seems to be accumulated in
vacuoles of collenchyma cells. C: Cuticle, E: Epidermis, CC: collenchymas
Cells, V: Vacuole, CW: Cell Wall. Confocal image of EAP peel sample (left)
excitation at 530 nm. Emission spectrum (right) of soluble anthocyanin
compounds in vacuoles at 670nm (purple curve) and autofluorescence in
cuticle at 610nm (light-blue curve). Unique vacuoles from collenchyma cells
emitted at anthocyanin described spectrum (670nm).
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Supplementary Figure 11: Unexpected plant phenotype in trichomes.
(continued)
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Supplementary Figure 11 (continued): (a) Trichomes on tomato engineered
plants contain purple pigment that is released when the plant is touched (b)
Pigment shows hydrosoluble properties correlated to anthocyanins
compounds removing with water (Eppendorf) (C) Magnification of trichomes
which accumulates purple pigments. Type VI trichome heads were isolated
from EAP steams by glass bead abrasion and filtering with nylon meshes (M&M)

Supplementary Figure 12: Fruit of AEP displays a light-dependent
phenotype. Fruit anthocyanin accumulation decreases in areas exposed to
lower light (non-uniform anthocyanin accumulation on the left). Different
intensities of purple pigmentation were observed in the same plant (on the
right).
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Supplementary Figure 13: AEP fruits display higher levels of Malvidin than
Rosea/ Delila lines. (continued)
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Supplementary Figure 13 (continued): Comparison between AEP and
Rosea/Delila (Ros/Del) fruits anthocyanin profile. Each component s
represented as a percentage of the total and numbered in the graphic bar.
Data from Ros/Del plants comes from Xiaoyu-Su et al. (2012).
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Supplementary tables

Patch Forward Primer Reverse Primer
PTFMS | GCGCCGTCTCGCTCGGGAGTACTTGCTTTCCATTAGTCTTAG GCGCCGTCTCGCTCGCATTGGAAGCTAAAGCACACAAATCGTTGCA
Patch1 | ATAAAGTATTAAAGTTATTCGAAC ATAATAGGTTTCTTGAGGC
gi’\ﬁ GCGCCGTCTOGCTCGGCTTGGCATTCTGCTCTTTCTCTTATATAT GCGCCGTCTAGCTCGAGCGTTTGAGGCTTCATTTGGTTTACT
atcl
SaLtIZﬁ | | GOOCCOTCTOSCTOGAATGCTTGCTCTATCTICATCATIGA GCGCCGTCTOGAGGCCATGAGTTGCCATAAGCTCCAAAATT
SLtKﬁ 5| GCOCOGTCTOSGCCTCACTAGACATAACATTGCTAGTCATCTTC GCGCCGTCTOGCTCGAAGCTCAAGTTGGGGGTATTTTGGTAAT
atc
SL':K; | | COOCCOTCTOCTOGAATECTAGTIGTGTCACCITTAGTAACACAACG | GCGCCGTCTCSGATGGCGAAGGTGCTAGATGT
atc
SLtK; ) | GCOCOGTCTCRCATCICCACAACATECATCACCAGCAT GCGCCGTCTOGCTCGAAGCCTATGCACAAGTTGGTGGTATTTTAGGT
atcl
APRR2
Patch] GCGCCGTCTOGCTCGAATGATTTGCATTGAGAATGAATTATTGGGT | GCGCCGTCTCRCTCGAAGCTCATCTCCGACAACGGGAGT
atc

Supplementary Table 1: Primers for GB 2.0 domestication process. NTI
Designed primers (NTI10 Software) for promoter: pTFM5, terminator: tTFM5
and CDSs: SIGLK2, SIGLK1 and SIAPRR2, BsmBI recognition site is represented

in bold,

whereas cleavage is underlined.

Essay

Sequences Forward Primer

Reverse Primer

qRT-PCR

Actin7 CCTCAGCACATTCCAGCAG CCACCAAACTTCTCCATCCC
TEMS5:APRR2 | TCAACGGAGAGCGTTCTTGA GAGCAGAATGCCAAGCTCATC
TFMS5:GLK2 CCCCTCAAATGAGAGCATAGATG GCAGAATGCCAAGCTCAAGTT
TEM5:GLK1 ACCACTTCCCCTAGGACTCAAAC CAGAATGCCAAGCCTATGCA

Supplementary Table 2: QRT and PCR primers.

green) and gRT-PCR (light green)

Primers used for PCR (dark
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Supplementary tables

Patch |Forward Primer Reverse Primer

E:Ej || BCBCCOTCTUGCICGGCTICTTTGTGGTATIATITAGCT | GCGCCGICTUGICGAGOGTAMGITACCCTCATCCCCA
tPDS
Patch1

EPtLlh 1 GCGCCGTCTCGCTCGGGAGTTCATCTGCAATACTTCGGAC | GCGCCGTCTCGCAGCGCCACATAGTCATGG
atc

GCGCCGTCTCGCTCGGCTTCTTTGTGGTTATTATITAGCT - | GCGCCGTCTCGCTCGAGCGTAAAGTTACCCTCATCCCCA

PPU 1 GcoccarcmcsccToasiacscacaTaceTs GCGCCGTCTCGATGGCGTTTTATAGGGCCC

Patch2

EPtUh3 GCGCCGTCTCGCCATGCGAATTTAACCGGAGC GCGCCGTCTCGCTCGATGGTGAAGAAGTACTAGTATTGTATAGATCGCG
atc

Supplementary Table 3: Primers for GB 2.0 domestication process. NTI
Designed primers (NTI10 Software) for promoter: pPLI and pPDS terminator:
tPDS, BsmBl recognition site is represented in bold, whereas cleavage is
underlined and overhand in italics.

Essay Sequences Forward Primer Reverse Primer

qRT-PCR Actin? CCTCAGCACATTCCAGCAG CCACCAAACTTCTCCATCCC
ANT1 GATTTTTCTGCTGAAATTGACTTATGG | CAACTGGTTGACGAATCTGCTTA
JAF13 GGGATTCTATCCATTGCTATCGA TCAAGCTCAAGATTTCCATACTACTCTC
AN11 CTGCACAGCGTGATTGGATT CCACAAAGAAGCTCATACTTTAAGCA

Supplementary Table 4: QRT and PCR primers. Primers used for PCR (dark
green) and gRT-PCR (light green)
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Supplementary tables

CROSSES Typel TypelV TypeV Type VI Type VIl
+

AEP cv Pera

AEP cv Muchamiel

BCS

S. pimpinellifolium TO-937

S. habrochaites f. glabratum PI 134417
AEP cv Pera x TO-937 (F1)

AEP cv Muchamiel x TO-937 (F1)

MEP cv Pera x BC5 (F1)

AEP cv Pera x P1134417 (F1)

Pt d

R
¢+++%%I"
S SR
+

A

o

Supplementary Table 5: Type VI and VIl trichome showed anthocyanin
accumulation. Relative abundance of glandular type |, IV, VI and VII and non-
glandular V trichomes is represented in the table (+). Purple-highlighted
indicates anthocyanin accumulation in the glandular head of the trichomes.
Genotypes evaluated: AEP (Pera and Muchamiel), BC5 (MM x S
pimpinelifollium), S. habrochaites (Pl 134417) and respective crosses.
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