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“The most important thing is to never stop questioning.

Curiosity has its own reason for existing”

Albert Einstein

"Nothing in life is to be feared, it is only to be understood.

Now is the time to understand more, so that we may fear less”

Marie Curie
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SUMMARY

Modern plant biotechnology and molecular farming aim to convert plants into
sustainable ‘biofactories’ to produce valuable compounds as proteins, metabolites or
nanoparticles of pharmaceutical or industrial interest. Plant viruses, obligate
intracellular parasites, constitute a major cause of plant diseases inducing devastating
crop losses. Despite their minimal genomes, they have the ability to hijack the host cell
machinery to produce high amounts of their own viral proteins. From this property
arose the idea of repurposing plant viruses from foes to friends into tools for plant
biotechnology as transient expression vectors and scaffolds for nanomaterials.

Carotenoids are relevant metabolites based on their nutritional and health-
promoting properties. Animals cannot synthesize carotenoids and thus rely on their
diets to supply them. The first goal of this work was to manipulate the carotenoid
biosynthesis pathway to produce highly appreciated saffron apocarotenoids, the
products of carotenoid cleavage. For this purpose, a vector derived from Tobacco etch
virus (TEV; genus Potyvirus, family Potyviridae) was engineered to express specific
carotenoid cleavage dioxygenase (CCD) enzymes from Crocus sativus and Buddleja
davidii. Metabolic analyses of infected tissues demonstrated that, after only two weeks,
remarkable amounts of crocins and picrocrocin in adult Nicotiana benthamiana plants
were reached. The sole virus-driven expression of C. sativus CsCCD2L resulted in an
accumulation of 0.2% of crocins and 0.8% of picrocrocin in leaf dry weight (DW). Co-
expression of CsCCD2L with another carotenogenic enzyme, such as Pantoea ananatis
phytoene synthase (PaCrtB), using the same viral vector increased crocin
accumulation to 0.35%. Although these amounts are still far from those accumulating
in natural sources, such as saffron stigma, this virus-driven system represents the first
heterologous system able to produce crocins.

Phenolic compounds represent another broad group of plant secondary
metabolites that are highly appreciated for their the health promoting and chemical
properties. Curcuminoids are polyphenols with high antioxidant activity that are
naturally found in turmeric (Curcuma longa) rhizome. The second goal of this work was

to establish a system for the heterologous production of curcuminoids in N.
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benthamiana using viral vectors. To this aim, a double-virus vector system, based on
TEV and Potato virus X (PVX; genus Potexvirus, family Alphaflexiviridae), able to co-
express different biosynthetic enzymes in the same cells was developed. This system
was used to express C. longa diketide-CoA synthase 1 (DCS1) and curcumin synthase
3 (CURS3) in N. benthamiana plants. Metabolic analysis confirmed the successful
production of curcuminoids. Curcumin quantification indicated that sequential
inoculation of both viral vectors was more efficient than co-inoculation (6.5 £ 0.6 versus
1.9 £ 0.3 pg/g dry weight, DW, respectively). Co-expression of DCS1 and CURS3 was
next analysed using a single viral vector derived from TEV (TEVAN-DCS1-CURS3).
This resulted in a more efficient approach as it led to a 2-fold increase in curcumin
accumulation (11.7 £ 1.5 pg/g DW). A time-course analysis using the TEVAN-DCS1-
CURS3 vector showed that a maximum accumulation of 22 + 4 yg/g DW was achieved
at 11 days post-inoculation.

Viral nanoparticles (VNPs) have also attracted attention in biotechnology for
their potential use as building blocks for novel materials in nanotechnology and
medicine. Nanobodies are the variable domains of heavy-chain (VHH) camelid
antibodies that have sparked interest as therapeutic molecules due to their simple
structure, small size and high specificity. The last goal of this work was to produce
genetically encoded VNPs decorated with a nanobody. Zucchini yellow mosaic virus
(ZYMV; genus Potyvirus, family Potyviridae) and TEV were used as scaffolds to
produce VNPs decorated with a nanobody against the green fluorescent protein in
zucchini (Cucurbita pepo) and N. benthamiana plants, respectively. Inclusion of a
picornavirus 2A splicing peptide between the fused proteins was necessary in ZYMV-
derived VNPs, resulting in a mixed population of unmodified and decorated coat
proteins, but not in those derived from TEV. Assembly and binding functionality of both
VNPs against GFP was confirmed.

Altogether, the work presented in this thesis contribute to the concept that plant
viruses, conveniently manipulated, can turn into powerful tools in plant biotechnology

and molecular farming.



RESUMEN

La biotecnologia de plantas actual y la asi llamada agricultura molecular aspiran
a convertir las plantas en “biofabricas” sostenibles para producir compuestos de valor
como proteinas, metabolitos 0 nanoparticulas de interés farmacéutico o industrial. Los
virus de plantas, parasitos intracelulares obligados, constituyen una de las principales
causas de enfermedades vegetales induciendo pérdidas devastadoras en los cultivos.
A pesar de sus genomas minimos, tienen la capacidad de secuestrar la maquinaria
celular del huésped para producir cantidades elevadas de sus propias proteinas
virales. Esta propiedad dio lugar a que surgiera la idea de reconvertir los virus de
plantas de enemigos a amigos en herramientas para la biotecnologia de plantas como
vectores de expresion transitoria y andamios para nanomateriales.

Los carotenoides son metabolitos relevantes debido a sus propiedades
nutricionales y beneficiosas para la salud. Los animales no pueden sintetizar
carotenoides y, por lo tanto, dependen de su ingesta a través de la dieta para
obtenerlos. El primer objetivo de este trabajo fue manipular la ruta de biosintesis de
carotenoides para producir los muy apreciados apocarotenoides de azafran, siendo
estos los productos de la escision de carotenoides. Para este propdsito, se diseiid un
vector derivado del virus del grabado del tabaco (TEV; género Potyvirus, familia
Potyviridae) manipulado para expresar unas enzimas especificas, dioxigenasas de
escision de carotenoides (CCD) de Crocus sativus y Buddleja davidii. Los analisis
metabdlicos de los tejidos infectados demostraron que, después de solo dos semanas,
se alcanzaron cantidades notables de crocinas y picrocrocina en plantas adultas de
Nicotiana benthamiana. Solamente la expresion de CsCCD2L de C. sativus impulsada
por virus dio como resultado una acumulacion en hoja de 0.2% de crocinas y 0.8% de
picrocrocina en peso seco. La coexpresion de CsCCD2L con otra enzima
carotenogénica, como la fitoeno sintasa de Pantoea ananatis (PaCrtB), usando el
mismo vector viral aumenté la acumulacion de crocinas al 0.35%. Aunque estas
cantidades todavia estan lejos de las que se acumulan en fuentes naturales, como el
estigma del azafran, este sistema mediado por virus representa el primer sistema

heterologo capaz de producir crocinas.



Los compuestos fendlicos representan otro amplio grupo de metabolitos
secundarios en plantas, muy apreciados también por sus propiedades quimicas y
promotoras de la salud. Los curcuminoides son polifenoles con alta actividad
antioxidante que se encuentran naturalmente en el rizoma de la curcuma (Curcuma
longa). El segundo objetivo de este trabajo fue establecer un sistema para la
produccion heterdloga de curcuminoides en N. benthamiana utilizando vectores
virales. Para ello, se desarroll6 un sistema viral doble, basado en TEV y en el virus X
de la patata (PVX; género Potexvirus, familia Alphaflexiviridae), capaz de coexpresar
diferentes enzimas biosintéticas en las mismas células. Este sistema se usd para
expresar la dicétido-CoA sintasa 1 (DCS1) y la curcumina sintasa 3 (CURS3) de C.
longa en plantas de N. benthamiana. El analisis metabdlico confirmé la produccion
exitosa de curcuminoides. La cuantificacion de curcumina indicd que la inoculacion
secuencial de ambos vectores virales era mas eficiente que la coinoculacion (6.5 + 0.6
frente a 1.9 £ 0.3 ug/g de peso seco, respectivamente). Posteriormente se analizo la
coexpresion de DCS1 y CURS3 usando un solo vector viral derivado de TEV (TEVAN-
DCS1-CURS3). Esto dio como resultado una produccion mas eficiente, ya que condujo
a un aumento del doble en la acumulacién de curcumina (11.7 £ 1.5 ug/g peso seco).
Un analisis temporal utilizando el vector TEVAN-DCS1-CURS3 mostr6 que se lograba
una acumulacién maxima de 22 + 4 ug/g peso seco a los 11 dias tras la inoculacién.

Las nanoparticulas virales (VNP) también han atraido la atencién en
biotecnologia por su uso potencial como componentes basicos para nuevos materiales
en nanotecnologia y medicina. Los nanoanticuerpos son los dominios variables de los
anticuerpos de camélidos de sélo cadena pesada (VHH) que han ganado interés como
moléculas terapéuticas debido a su estructura simple, tamaho pequefio y alta
especificidad. El ultimo objetivo de este trabajo fue producir VNPs decoradas con un
nanoanticuerpo codificadas genéticamente. El virus del mosaico amarillo del calabacin
(ZYMV; género Potyvirus, familia Potyviridae) y TEV se utilizaron como andamios para
producir VNPs decoradas con un nanoanticuerpo contra la proteina verde fluorescente
en plantas de calabacin (Cucurbita pepo) y N. benthamiana, respectivamente. La
inclusion de un péptido de procesamiento 2A de picornavirus entre las proteinas
fusionadas fue necesaria en las VNP derivadas de ZYMV, lo que resultdé en una

poblacidn de proteinas de cubierta mixta no modificadas y decoradas, pero no en las
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derivadas de TEV. Se confirmé funcionalmente el ensamblaje y union de ambas VNPs
contra GFP.

En conjunto, el trabajo presentado en esta tesis contribuye al concepto de que
los virus de plantas, convenientemente manipulados, pueden convertirse en

poderosas herramientas en biotecnologia vegetal y agricultura molecular.

RESUM

La biotecnologia de plantes actual i la anomenada agricultura molecular aspiren
a convertir les plantes en “biofabriques” sostenibles per a produir compostos de valor
com a proteines, metabolits o nanoparticules d’interés farmaceutic o industrial. Els
virus de plantes, parasits intracel-lulars obligats, constitueixen una de les principals
causes de malalties vegetals induint pérdues devastadores en els cultius. Malgrat els
seus genomes minims, tenen la capacitat de segrestar la maquinaria cel-lular de I'hoste
per a produir quantitats elevades de les seues propies proteines virals. Aquesta
propietat va donar lloc al fet que sorgira la idea de reconvertir els virus de plantes
d'enemics a amics en eines per la biotecnologia de plantes com a vectors d'expressio
transitoria i bastides per a nanomaterials.

Els carotenoides s6n metabolits rellevants a causa de les seues propietats
nutricionals i beneficioses per a la salut. Els animals no poden sintetitzar carotenoides
i, per tant, depenen de la seua ingesta a través de la dieta per a obtindre'ls. El primer
objectiu d'aquest treball va ser manipular la ruta de biosintesi de carotenoides per a
produir els valuosos apocarotenoides de safra, sent aquests els productes de I'escissio
de carotenoides. Per a aquest proposit, es va dissenyar un vector derivat del virus del
gravat del tabac (TEV; génere Potyvirus, familia Potyviridae) manipulat per a expressar
uns enzims especifics, dioxigenases d'escissié de carotenoides (CCD) de Crocus
sativus i Buddleja davidii. Les analisis metaboliques dels teixits infectats van demostrar
que, després de només dues setmanes, es van aconseguir quantitats notables de
crocines i picrocrocina en plantes adultes de Nicotiana benthamiana. Solament

I'expressidé de CsCCD2L de C. sativus mediada per virus va donar com a resultat una
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acumulacio en fulla de 0.2% de crocines i 0.8% de picrocrocina en pes sec. La
coexpressio de CsCCD2L amb un altre enzim carotenogénic, com la fitoé sintasa de
Pantoea ananatis (PaCrtB), usant el mateix vector viral va augmentar I'acumulacio de
crocines al 0.35%. Encara que aquestes quantitats estan lluny de les que s'acumulen
en fonts naturals, com I'estigma del safra, aquest sistema mediat per virus representa
el primer sistema heteroleg capag¢ de produir crocines.

Els compostos fenolics representen un altre ampli grup de metabolits
secundaris en plantes, molt valuosos també per les seues propietats quimiques i
promotores de la salut. Els curcuminoides son polifenols amb alta activitat antioxidant
que es troben naturalment en el rizoma de la curcuma (Curcuma longa). El segon
objectiu d'aquest treball va ser establir un sistema per a la produccié heterdloga de
curcuminoides en N. benthamiana utilitzant vectors virals. Per a aix0, es va
desenvolupar un sistema viral doble, basat en TEV i en el virus X de la creilla (PVX;
genere Potexvirus, familia Alphaflexiviridae), capa¢ de coexpressar diferents enzims
biosintetics en les mateixes cel-lules. Aquest sistema es va usar per a expressar la
dicétid-CoA sintasa 1 (DCS1) i la curcumina sintasa 3 (CURS3) de C. longa en plantes
de N. benthamiana. L'analisi metabodlica va confirmar la produccié reeixida de
curcuminoides. La quantificacio de curcumina va indicar que la inoculacié sequencial
de tots dos vectors virals va ser més eficient que la coinoculacié (6.5 + 0.6 enfront de
1.9 £ 0.3 ug/g de pes sec, respectivament). Posteriorment es va analitzar la coexpresio
de DCS1 i CURS3 usant un sol vector viral derivat de TEV (TEVAN-DCS1-CURS3).
Aix0 va donar com a resultat un enfocament més eficient, ja que va conduir a un
augment del doble en l'acumulacié de curcumina (11.7 £ 1.5 ug/g pes sec). Una analisi
al llarg del temps utilitzant el vector TEVAN-DCS1-CURS3 va mostrar que s'aconseguia
una acumulacié maxima de 22 + 4 ug/g pes sec als 11 dies després de la inoculacio.

Les nanoparticules virals (VNP) també han atret I'atencié en biotecnologia pel
seu Us potencial com a components basics per a nous materials en nanotecnologia i
medicina. Els nanoanticossos sén els dominis variables dels anticossos de camélids
de només cadena pesada (VHH) que han guanyat interés com a molécules
terapeutiques a causa de la seua estructura simple, grandaria xicoteta i alta
especificitat. L'ultim objectiu d'aquest treball va ser produir VNPs decorades amb un

nanoanticos codificades geneticament. El virus del mosaic groc de la carabasseta
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(ZYMV; génere Potyvirus, familia Potyviridae) i TEV es van utilitzar com a bastides per
a produir VNPs decorades amb un nanocos contra la proteina verda fluorescent en
plantes de carabasseta (Cucurbita pepo) i N. benthamiana, respectivament. La inclusio
d'un péptid d'entroncament 2A de picornavirus entre les proteines fusionades va ser
necessaria en les VNP derivades de ZYMV, la qual cosa va resultar en una poblacio de
proteines de coberta mixta de no modificades i decorades, perd no en les derivades
de TEV. Es va confirmar la funcionalitat d'assemblatge i uni6 de totes dues VNPs contra
GFP.

En conjunt, el treball presentat en aquesta tesi contribueix al concepte que els
virus de plantes, convenientment manipulats, poden convertir-se en poderoses eines

en biotecnologia vegetal i agricultura molecular.
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ABBREVIATIONS

Ab, antibody
bp, base pair
CaMV, cauliflower mosaic virus

CCD, carotenoid cleavage dioxygenase
CCoAOMT-1, caffeoyl-coenzyme A
(CoA)/5-hydroxyferuloyl-CoA 3/5-O
methyltransferase

cDNA, complementary DNA

CHO, Chinese hamster ovary cells
COVID-19, coronavirus disease 2019
CMV, cucumber mosaic virus

CP, coat protein

CPMV, cowpea mosaic virus

CRISPR,

interspaced short palindromic repeats

clustered regularly
crtB, Pantonea ananatis phytoene
synthase

crtE, geranylgeranyl diphosphate
synthase

crtl, phytoene desaturase

crtY, lycopene B-cyclase

CURS3, curcumin synthase 3

DCS1, diketide-CoA synthase 1

DNA, desoxyribonucleic acid

dpi, days post-inoculation

DW, dry weight

eGFP, enhanced green fluorescent
protein

GFP, green fluorescent protein

GOl, gene of interest

GMO, genetically modified organism
GMP, good manufacturing practice
HCADbs, heavy-chain antibodies

HIV, human immunodeficiency virus
HPLC-DAD-HRMS, high performance
liquid chromatography-diode array
detector-high resolution mass
spectrometry

ICTV, International Committee on
Taxonomy of Viruses

Ig, immunoglobulin

LSCM, laser scanning confocal
microscopy

mAb, monoclonal antibody

MP, movement protein

NlaPro, nuclear inclusion a protease
NIb, nuclear inclusion b

nt, nucleotide

OREF, open reading frame

PCR, polymerase chain reaction

PDS, phytoene desaturase

PPV, plum pox virus

PSY, phytoene synthase

PVX, potato virus X

PVY, potato virus Y

RNA, ribonucleic acid

ROS, reactive oxygen species
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RT-PCR,

polymerase chain reaction

reverse transcription-
SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2

SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis
ssRNA, single stranded RNA

sSRNA-,
sense RNA

ssRNA+, single stranded positive-sense
RNA

T-DNA, transferred DNA

single stranded negative-

TEM, transmission electron microscope
TEV, tobacco etch virus
TEVAN, NIb deleted TEV

10

TGB, triple gene block
TMV, tobacco mosaic virus
TuMV, turnip mosaic virus
UGT,

glucosyltransferase

uridine diphosphate (UDP)-
UTR, untranslated region

VHH, variable antigen-binding domain
VIGE, virus-induced genome editing
VNP, virus nanoparticle

VLP, virus-like particle

VPg, viral protein genome-linked

wt, wild-type

ZEP, zeaxanthin epoxydase

ZYMV, zucchini yellow mosaic virus
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MOLECULAR FARMING

Plants are crucial in almost all ecosystems, making up around 80% of all biomass on
Earth, providing humans and other animals food, oxygen and shelter. In addition, plants
play key roles as feedstock, building materials, clothing, fuel, and as source of bioactive
compounds for medicinal use (Jose et al.,, 2019). As a result of the modern plant
biotechnology and genetic engineering, a great variety of techniques have been used
to develop crop plants with desired traits by introducing foreign genes or silencing the
expression of others endogenous to the plants. The focus was mainly on (1) agronomic
traits to obtain resistance to herbicides, abiotic (salt, cold and drought) or biotic
(insects, fungi, bacteria, viruses) stresses, improving yield, nutritional quality or nutrient
use efficiency; (2) bioenergy; and (3) molecular farming, the production of valuable
proteins or novel metabolites of pharmaceutical or industrial interest (Jose et al., 2019;
Kumar et al., 2020; Majer et al., 2017; Mohammadinejad et al., 2019; Xu et al., 2012).
For the last 30 years, plants have been used as heterologous expression
platforms or ‘biofactories’ for the synthesis of valuable compounds (Tschofen et al.,
2016). This approach relatively recent is known as plant molecular farming
(Mohammadinejad et al., 2019). The target compound (e.g. recombinant proteins or
metabolites) is either extracted and purified or used as part of a crude extract, whereas
the plant is merely a host (Ma et al., 2003; Sack et al., 2015; Tschofen et al., 2016),
which is either discarded at the end of the process or can be further used as a separate
side-product for other purposes (Buyel, 2019). Since the first pioneering studies (Ma
et al.,, 2003), plant molecular farming have gained support and interest within the
scientific community exploring the heterologous production of different molecules in
improved and diverse host systems (Fischer et al., 2012; Molina-Hidalgo et al., 2021;
Sainsbury, 2020; Tschofen et al., 2016). So far, the industry is concentrated on well-
established manufacturing platforms based on bacteria (Escherichia coli) yeast (Pichia
pastoris), insect and mammalian cell cultures as the Chinese hamster ovary (CHO) cell
lines (Fischer and Buyel, 2020; Shanmugaraj et al., 2020). Plant-based systems
represent exceptional renewable sources for the sustainable production of valuable

compounds, with many well documented advantages, emerging as an attractive
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INTRODUCTION

alternative over conventional expression platforms (Table 1) (Shanmugaraj et al., 2020;
Xu et al., 2012).

Table 1. Comparison of heterologous biofactory systems used for the production of
recombinant proteins and metabolites. Adapted from Shanmugaraj et al. (2020), Ma et al.
(2003), and Fisher and Buyel (2020).

Expression Advantages Disadvantages
System
Easy to manipulate
Low cost Improper folding
High expression Lack of post-transcriptional modifications
Bacteria Quick Contamination risks (endotoxin
Ease to scale-up accumulation)
Established regulatory procedures and Low product quality
approval
Rapid growth and scalable
Easy to manipulate
Medium cost Difficulty in cell disruption due to complex
Ease to scale-up cell walls
Yeast . . . . L . .
Simple and inexpensive media Limited glycosylation capacity
requirements and culture conditions Hyperglycosylation of proteins
Post-translational modifications
Low contamination risk
High production cost
Proper folding and authentic post- Expensive media and culture condition
Mammalian translational modifications Long production timescale
Cells Very high product quality Very low scale-up capacity
Existing regulatory approval High contamination risks (viruses, prions
and oncogenic DNA)
High expression levels
Insect Cells Ability to produce complex proteins High cost and time-consuming
Proper folding and post-translational Expensive media and culture conditions
modifications
Optimized growth conditions
Very low cost
Rapid (for transient expression) Regulatory compliance
Plants Very high scalability Limited glycosylation capacity
Free of pathogens and bacterial toxins Long production timescale (only for
High product quality transgenic plants)
Post-translational modifications similar to
mammalian cells
Medium production timescale Medium cost (in between mammalian cells
Plant-cell

Suspensions

Low contamination risk
High product quality

and transformed plants)
Low scale-up capacity

First, it faces lower costs and ease of cultivation. Plants possess exceptional
biosynthetic capacity and require only simple media and sunlight to produce large
amount of biomass. Moreover, certain plants such as tobacco (Nicotiana tabacum and

N. benthamiana), considered as a molecular biology workhorse of the plant world, can
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be grown in high density in a matter of weeks (Fischer and Buyel, 2020; Peyret and
Lomonossoff, 2015) even as hydroponics or vertical farming (Diego-Martin et al., 2020;
Fischer and Buyel, 2020). Second, the technology is scalable for harvesting and
processing plants on a large scale. Third, plants have lower contamination risks with
animal pathogens or toxins. Fourth, plants can implement eukaryotic post-translational
modifications, required for the recombinant protein functional activity (Fischer and
Buyel, 2020; Mohammadinejad et al., 2019; Peyret and Lomonossoff, 2015; Sack et al.,
2015; Shanmugaraj et al., 2020). Fifth, plant-made products can be targeted to a
particular tissue or cellular compartment in which they are more stable (Tschofen et
al., 2016). Sixth, when the plant tissue is used directly as food (e.g., edible vaccines),
purification requirements can be ignored, thus reducing most of the costs (Daniell et
al., 2001), which is an important advantage in developing countries (Sack et al., 2015).
Rapid advancements in plant molecular farming in the recent decade have alleviated
their initial drawbacks regarding low yields and downstream processing, making
possible that plants are now more attractive manufacturing systems. Nevertheless, as
conventional expression systems are well characterized and established in an industrial
setting, plant molecular farming adoption by industry is still hindered (Buyel, 2019;
Shanmugaraj et al., 2020). This is mainly due to the most challenging and economical
critical step, isolation and purification in downstream processing of the target product,
reaching up to 80% of the total process costs (Fischer et al., 2012; Fischer and Buyel,
2020).

The expression modalities used for the production of heterologous compound
in plants can be stable (either nuclear or plastid) or transient (Shanmugaraj et al., 2020)
(Figure 1). The soil gram-negative phytopathogen bacteria Agrobacterium tumefaciens
naturally infects wounds in plants, causing crown gall disease with tumour formation
on roots. A major breakthrough was the use of engineered A. tumefaciens as an
unprecedented tool for plant genetic transformation (Figure 2) (Chilton et al., 1977).
Plant stable transformation is the traditional strategy of genetic manipulation and
considered initially in plant molecular farming and plant metabolic engineering
approaches. It involves the stably introduction of a transgene into the plant genome
obtaining lines of genetically transformed plants. This is a time-consuming and

resource-intensive process (Shanmugaraj et al., 2020). Furthermore, the full
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implementation of transgenic plants is constrained due to the negative public

perception and the potential risk of gene escape.

| Platforms for Plant Molecular Farming |

Stable

S ) " Transient Transformation ‘ Plant-cell Suspension
ransformation ) Cultures
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I 1 f 1
. - - ™
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| agroinfection) |
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Figure 1. Plant transformation approaches employed in plant molecular farming to produce
heterologous compounds of interest. Adapted from Shanmugaraj et al. (2020) and
Mohammadinejad et al. (2019).

In contrast to stable transformation, transient expression in plants appear as a
solution to obtain the product in just a matter of days, reducing dramatically the time-
line in plant molecular farming (Fischer and Buyel, 2020; Majer et al., 2017; Peyret and
Lomonossoff, 2015). Transient expression systems do not involve transgenic plants as
the target gene is expressed for only a few days before the plant colapses or the
construct is cleared. This strategy is ideal to rapidly screen different constructs for
stable transformation, as well as for situations where a rapid response is needed such
as emerging pandemic diseases (Mohammadinejad et al., 2019). Transient expression
can be achieved through (1) infiltration with A. tumefaciens carrying a recombinant Ti
plasmid (agroinfiltration); (2) mechanical inoculation with recombinant viral vectors; or
(3) agroinfiltration with Ti plasmids carrying viral vectors (agroinfection) (Gleba et al.,
2004; Mohammadinejad et al.,, 2019; Molina-Hidalgo et al.,, 2021; Peyret and
Lomonossoff, 2015).

Products from plants range from antibodies, vaccines, therapeutic proteins,
enzymes, growth factors, research or diagnosis reagents to cosmetic ingredients
(Fischer and Buyel, 2020) or biomaterials (Mohammadinejad et al., 2019). To reach the
market, non-pharma products have an easier route due a regulatory burden to meet
the strict criteria enforced for the current good manufacturing practice (GMP)
conditions, as well as lower costs in terms of downstream processing (Capell et al.,

2020; Fischer and Buyel, 2020; Tschofen et al., 2016). Veterinary pharmaceuticals have
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gained much attention (Topp et al.,, 2016) and have a lower regulatory burden
compared to those for human use (Mohammadinejad et al., 2019; Shanmugaraj et al.,
2020). Although the majority of the approved recombinant biopharmaceuticals are
produced in mammalian cell lines (Shanmugaraj et al., 2020), those from plant
platforms gradually make their way into the market. In this sense the first
pharmaceutical plant-based product was released in 2012, ‘Elelyso’ by Protalix
Biotherapeutics for the treatment of Gaucher disease (Capell et al., 2020; Margolin et
al., 2020; Shanmugaraj et al., 2020; Tschofen et al., 2016). Since then, numerous plant-
produced human therapeutic proteins are being currently tested in clinical trials and

close to commercialization (Tsekoa et al., 2020).

A B T-DNA
Agrobacterium tumefaciens
RB“B

T-Binary

ﬁa%’%
\

Ti Plasmid '

. ce'
O

>

Helper Ti
Plasmid

Transformed
plant cell

Figure 2. Plant transformation by means of Agrobacterium tumefaciens. (A) Wild type A.
tumefaciens harbours a tumour-inducing (Ti) plasmid that contains two elements: (1) the
transfer-DNA (T-DNA), a virulent DNA molecule delivered from these bacteria into the host
plant genome, and (2) the virulence (vir) region. (B) Adaptation of A. tumefaciens as a tool for
plant genetic transformation. The Ti plasmid was mutated, where the tumour-controlling genes
in the T-DNA from the Ti-plasmid were replaced by a multiple cloning site (MCS) for the
insertion of heterologous sequences. This ‘disarmed’ plasmid was known as a ‘binary vector’,
containing also a selectable marker (such as a kanamycin resistance gene), and replication
origin in E. coli and A. tumefaciens (OriE and OriA, respectively). Right and left borders from
the T-DNA are also indicated (RB and LB). The vir genes were placed on one plasmid which
could act as genetic background, the so called “helper Ti-plasmid’. (C) Agroinfiltration consists
in the massive delivery of an A. tumefaciens suspension culture to the intercellular space of
plant leaves, either by negative pressure using a needle-less syringe or applying vacuum.
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Much effort is being done to boost plant molecular farming, as with two major
H2020 projects, Pharma-Factory and Newcotiana, using a non-food crop as tobacco
as a preferred species (Capell et al., 2020; Molina-Hidalgo et al., 2021; Shanmugaraj
et al., 2020). In fact, several companies are already specialized in the development of
plant-derived proteins as diagnostic reagents, namely Agrenvec (Spain), Diamante
(Italy), ORF Genetics (Iceland) or Ventria Bioscience/lnvitria (USA). As for
pharmaceuticals, Medicago (Quebec, Canada) stands out for the production of virus-
like particles (VLPs) as vaccine candidates for the seasonal influenza H1N1 in phase llI
clinical trials (Fischer and Buyel, 2020). VLPs are self-assembled structures from native
viruses that mimic their morphology but are unable to replicate as they lack the
infectious viral genome (Marsian and Lomonossoff, 2016). From the identification of
the circulating influenza pandemic strain to the obtention of the vaccine, it takes only
three weeks, that is a 4-8 fold reduction of the time over the traditional egg-based
method (Sainsbury, 2020).

Globalization and climate change urges a technology which allows quick
responses to emerging pathogens in epidemic or pandemic threats with vaccines
candidates or diagnostic reagents (Capell et al.,, 2020; Sainsbury, 2020). Plant
molecular farming offers a rapid, scalable and flexible production in plants with
transient expression to address these challenges. This was proven during the Ebola
outbreak in 2014 with the production of an experimental drug ZMapp, an antibody
cocktail to treat humans made in tobacco plants. Other studies have focused on
diseases which pose a major public health threat in low- and middle-income countries,
where local production is needed, with a vaccine candidate against West Nile virus
(WNYV), associated with encephalitis outbreaks in humans and horses (Stander et al.,
2021).

More recently, the current human pandemic of coronavirus disease 2019
(COVID-19), caused by a novel coronavirus known as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has forced governments to introduce
emergency containment measures to slow down the spread of the disease. This
outbreak has revealed the strengths and the weaknesses of the world capacity to
respond to a global health crisis. In this sense it has been become evident a dramatic
shortage in the diagnostic reagents for the COVID-19 control (SARS-CoV-2 RNA,
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proteins, antibodies, vaccines and antiviral drugs) and the means to produce them
(Capell et al., 2020). On the positive side, scientific data and information have been
shared at an unprecedented speed fuelled by the preprint phenomena, and this has
considerably strengthened our ability to develop new technology-based solutions
(Diego-Martin et al., 2020). Among the scientific community, plant molecular farming
researchers have addressed their knowledge on transient expression for the easy,
rapid and scalable obtention of scarce products to fight against COVID-19 (Capell et
al., 2020). In detail, several studies have proved how plants can be excellent platforms
or biofactories for the local manufacturing of reagents. For example, in a matter of
weeks and in a framework of an academic laboratory, different recombinant
monoclonal antibodies against SARS-CoV-2, as well as the recombinant nucleoprotein
(N) and the receptor binding domain (RBD) of the SARS-CoV-2 spike (S) protein were
produced in N. benthamiana (Diego-Martin et al., 2020). Medicago, along with other
enterprises as Kentucky BioProcessing (USA) and iBio (USA) joined the global race for
developing potential plant-based vaccines for COVID-19 (Shanmugaraj et al., 2020).

Despite not supplanting the current manufacturing systems, plant-based
products are expected to experience a dramatic growth in the near future
(Mohammadinejad et al., 2019), as they are rapidly emerging into the marketplace and
have been demonstrated to be effective, safe and inexpensive (Hefferon, 2017; Tsekoa
et al., 2020). In particular, the conversion of non-food crops as Nicotiana genus into
efficient and improved biofactories is expected to be a strong asset in the development
of a sustainable bioeconomy (Mohammadinejad et al., 2019; Molina-Hidalgo et al.,
2021). In order to make affordable, it has been proposed the development of
widespread infrastructures which would serve regular production needs in normal
times but could be rapidly re-purposed to strategic manufacturing in times of crisis
(Diego-Martin et al., 2020). The technology of plant-based transient expression has
demonstrated that is able to meet requirements for both human and animal health
(Sainsbury, 2020).
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METABOLIC ENGINEERING

Plants play a key role in relation to our health through our diets, providing necessary
macronutrients for energy and growth as well as essential vitamins, minerals, fibre and
phytonutrients. A massive variety of secondary metabolites (more than 200,000) are
produced by plants, essential for survival, reproduction and defence
(Mohammadinejad et al., 2019). Many of them are valuable antioxidants, generated to
counter oxidative stress from reactive oxygen species (ROS) formation (Nowicka et al.,
2021). For centuries plants have been used to prevent and cure diseases (Ma et al.,
2003), based on the presence of these bioactive compounds (de Araujo et al., 2021).
In recent years, there is increasing evidence that the consumption of fresh fruit and
vegetables reduces the risk of developing major chronic diseases, such as obesity and
type-2 diabetes and certain types of cancer (Martin and Li, 2017).

There is an increasing demand for natural compounds as colourants, dyes,
cosmetics (Zia-ul-haq, 2021), as well as therapeutics (Arya et al., 2020). These are
considered more stable, less toxic, having fewer side effects and cheaper than their
synthetic counterparts, which are produced from toxic reagents and expensive
machinery (Arya et al., 2020; Ashrafizadeh et al., 2020; Chouhan et al., 2017; Islam et
al., 2021). A better understanding of plant biosynthetic pathways is leaning the industry
towards their isolation and heterologous production (Mohammadinejad et al., 2019;
Prasad et al., 2014; Rodrigues et al., 2015). Metabolic engineering can be defined as
the use of genetic engineering to modify the metabolism of an organism in order to
increase the production of valuable chemicals for health, food, energy, materials and
others. It can involve the optimization of existing biosynthetic pathways or the
introduction new components to them, mostly performed on bacteria, yeast or plants
(Otero-Muras and Carbonell, 2021). In this sense, the improvement of the nutritional
value of crops is a global challenge. Biofortification or enhanced concentrations of
phytonutrients and vitamins can be addressed through conventional breeding (Zheng
et al.,, 2021; Zhu et al., 2017) or with the help of plant biotechnology and genetic
engineering (Martin and Li, 2017). Nevertheless, after decades it is still challenging the
commercialization of genetically modified (GM) crops as a food source since the

presence of foreign DNA, with complicated regulatory requirements and sometimes
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low public acceptance (Zheng et al., 2021). Clustered regularly interspaced short
palindromic repeats (CRISPR)-based precise genome-editing has emerged as a
transgene-free promising tool to develop new crops biofortified, more productive and
resistant to pests (Jones and Naidu, 2019; Kaur et al., 2020; Makinen, 2020; Zaidi et al.,
2020). In particular, since the first genetically modified food in 1994, the Flavr Savr
tomato expected to have a longer shelf life, many promising examples of biotech crops
have been conducted (Figure 3) (Bawa and Anilakumar, 2013). Plant metabolic
engineering still requires a deep understanding of the complex metabolic pathways in
order to identify a set of target genes required to improve or to strengthen the
metabolic flux to produce the precursors of target compounds by enhancing or
silencing some reactions (Couto et al., 2017; Fresquet-Corrales et al., 2017; Gritzner
et al., 2021; Polturak et al., 2017; Zhu et al., 2017).

Del/Rosl AtMYB12 Indigo
(Del/Ros1xAtMYB12)

WT  Betalain WT crtz

Figure 3. Some examples of biotech crops, such as (A) tomato with anthocyanins (Zhang et
al., 2015), (B) potato enriched with carotenoids (Diretto et al., 2007), (C) eggplant accumulating
betalain (Polturak et al., 2017), (D) Golden Rice enriched with pro-vitamin A (Paine et al., 2005),
(E) tomato with betalain (Gritzner et al., 2021), (F) transformed lettuce for astaxanthin
accumulation (Harada et al., 2014).

The inadequate consumption of vitamins or minerals leads to a *hidden hunger’,
also referred to as micronutrient deficiency. This disorder affects more than 2 billion
people globally and can have devastating effects, especially in poor populations,

causing various diseases such as blindness, anaemia, growth retardation, birth
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deffects, and poor development of mental health (Kaur et al., 2020; Zhu et al., 2017).
As a consequence, over the last few years, enormous financial and social effort has
been taken in biofortification of staple crops with vitamin A, iron (Das et al., 2020), zinc,
iodine and folate (Blancquaert et al., 2015; Das et al., 2020; Martin and Li, 2017).
Several successful cases were reported, just to mention some, [-carotene-enriched
“Golden Rice” (Paine et al., 2005) or oranges (Martin and Li, 2017) with carotenoid
enrichment, as well as “Purple Tomatoes” (Butelli et al., 2008) with a higher content of
anthocyanins. Prior to see in detail more successful examples of biofortified plants, the
major classes of metabolites targeted by metabolic engineering, as carotenoids and
polyphenols, will be reviewed.

Carotenoids are compounds derived from isoprene units with more than 750
different chemical structures (Arias et al., 2021), being the second most abundant
natural compounds that occur in nature after chlorophylls (Zia-ul-hag, 2021). The
majority of the carotenoids are pigments produced by all photosynthetic organisms
(including plants, algae and cyanobacteria), as well as some non-photosynthetic
archaea, bacteria, fungi and few animals. In plants, carotenoids can be considered as
both primary (essential) and secondary (specialized) metabolites (Torres-Montilla and
Rodriguez-Concepcion, 2021). Essential for photosynthesis to harvest light,
photoprotection and also as phytohormone precursors (Arias et al.,, 2021). As
specialized metabolites, carotenoids act as communication attracting insects for
pollination and luring animals for seed dispersal with yellow, orange to red colours of
fruits and flowers (Bonet et al., 2016). Broadly, based on their molecular composition,
carotenoids can be classified in carotenes, made up only of carbon and hydrogen (a-
carotene, B-carotene, lycopene, etc.), and xanthophylls that also contain oxygen (lutein,
zeaxanthin, astaxanthin, etc.) (Arias et al., 2021; Torres-Montilla and Rodriguez-
Concepcion, 2021). Plant carotenoid biosynthesis occurs in plastids, specifically in
chloroplasts of green leaves and stems, and in chromoplasts of coloured flowers,
vegetables, fruits and roots (Kang et al., 2017; Martin and Li, 2017). The carotenoid
biosynthetic pathway in plants has been thoroughly studied (Figure 4) (Arias et al.,
2021; Torres-Montilla and Rodriguez-Concepcion, 2021).
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Figure 4. Plant carotenoid pathway. (Left panel) Carotenoids derive from the methylerythritol
4-phosphate (MEP) pathway; three isopentenyl diphosphate (IPP) and one dimethylallyl
diphosphate (DMAPP) are condensed in plastids catalysed by geranylgeranyl diphosphate
(GGPP) synthase to form GGPP. Then two molecules of GGPP are condensed to the non-
colored carotenoid phytoene, by the enzyme phytoene synthase (PSY) in the first bottleneck
reaction. Different enzymes catalyse the sequential desaturation and isomerization reactions
to obtain lycopene, leading to either and lutein from a-carotene, or on the other branch and
zeaxanthin, violaxanthin and neoxanthin from B-carotene. Plant enzymes in green, bacterial in
red. Glyceraldehyde-3-phosphate (GA3P), phytoene desaturase (PDS), {-carotene desaturase
(ZDS), C-carotene isomerase (ZISO), carotene isomerase (CrtISO), lycopene epsilon cyclase
(LCYE), lycopene beta cyclase (LCYB), a-carotene ¢-ling hydroxylase (CHYE), non-heme
carotene hydroxylases (CHY1, CHY2), zeaxanthin epoxidase (ZEP), violaxanthin de-epoxidase
(VDE). (Right panel) Examples of some foods rich in carotenoids as lycopene or B-carotene.

Animals, in general, cannot synthesize these nutritional and health-promoting
molecules de novo (excluding some aphids or spider mites) and thus rely on their diet
to supply them, particularly B-carotene, as vitamin A precursors in their diet (Zheng et
al., 2021). Besides important antioxidants and scavengers of ROS in biological
membranes, carotenoids are precursors of retinoids, including vitamin A. Deficiency in
this vitamin is caused by insufficient intake of pro-vitamin A (B-carotene) (Kaur et al.,
2020), common in low-income countries which rely on grain or tuber staple crops
(Zheng et al., 2021). When carotenoids are ingested, being B-carotene the best
precursor of vitamin A, each metabolite produces two retinal (rhodopsin) molecules, a

visual pigment in the eye, which can be further reduced to retinol or directly oxidized
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to retinoic acid, crucial to sustain human health and required for cell development,
growth and differentiation or embryo development (Arias et al., 2021; Kang et al., 2017).
Therefore, a carotenoid-enriched diet protects from age-related diseases (Zheng et al.,
2021), and decreases the risk of developing others such as macular degeneration,
atheromas, cognitive malfunctioning, as well as some types of cancer.

Consequently, due to the importance of carotenoids for human (and animal)
health and their economic value for the industry, in the past two decades extensive
efforts have been made worldwide to improve the carotenoid nutritional value of plant-
based food or crops, as rice, tomato, cassava or maize (Arias et al., 2021; Kaur et al.,
2020; Torres-Montilla and Rodriguez-Concepcion, 2021). The well-known ‘Golden
Rice’ was an important breakthrough. A biosynthetic pathway was established in rice
by inserting genes coding for a phytoene synthase (PSY) gene from daffodil, as well as
a phytoene desaturase (PDS, named crtl in prokariotes) and lycopene cyclase (LCY)
from the bacteria Pantoea ananatis (previously called Erwinia uredovora), which
resulted in a yellow endosperm (Ye and Beyer, 2000). Later studies showed that LCY
was not required (Das et al., 2020; Tian et al., 2019) and the daffodil PSY was replaced
by its maize homolog, developing ‘Golden Rice 2’ and increasing the pro-vitamin A
content by 23-fold, with a maximum of 37 ug carotenoids/g in rice endosperm (Paine
et al., 2005). Other examples of carotenoid enrichment include potatoes with yellow
flesh, named as ‘Golden Potatoes’, transformed with a bacterial mini-pathway of three
genes encoding the phytoene synthase (crtB), crtl and lycopene B-cyclase (crtY)
enzymes from P. ananatis, accumulating more than 3,000 fold B-carotene over a non-
transformed control (Diretto et al., 2007). More recently, other genes from carrot
(DcPSY2 and DcLCYB1) have been investigated to improve the nutritional value of
tomatoes or apples showing a significant 2-fold increase in their carotenoid content
(Arias et al., 2021; Diretto et al., 2007).

Apocarotenoids (Figure 5) are cleavage molecules from carotenoids, generally
obtained from the enzymatic breakdown of B-carotene, lycopene, and zeaxanthin. The
carbon skeleton of this carotenoids is shortened by the removal of fragments from one
or both ends by the action of carotenoid cleavage dioxygenases (CCDs). More than
one hundred apocarotenoids have been reported, acting as pigments, plant hormones

(abscisic acid or strigolactones), defence compounds, retinoids (retinol or vitamin A),
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volatiles (aroma of some flowers, wine or tea) or repellents (Kang et al., 2017). The
highest sources of apocarotenoids are saffron (Crocus sativus) flower stigmas and
waxy seed arils of achiote (Bixa orellana) (Frusciante et al., 2022). Saffron, is one of the
most expensive species worldwide composed of dried stigmas from flowers picked
manually may reach up to 2,000-10,000 €/kg. The glycosylated derivatives, crocins and
picrocrocin, are the responsible for the colour and sour taste of the saffron spice,
respectively. These are the result from the cleavage of zeaxanthin by a specific plastid-
localized CCD enzyme (CCD2) (Demurtas et al., 2018; Torres-Montilla and Rodriguez-
Concepcion, 2021). The saffron market has risen due to its high medicinal value as
anti-inflammatory, analgesic, anti-cancer, anti-diabetic, cardio protective, anti-
depressant or anti-convulsant properties, as well as beneficial effects on Alzheimer’s

disease or nervous system disorders (Zia-ul-haqg, 2021).

Figure 5. Apocarotenoid natural sources (A, B, C) and some examples of transgenic
approaches in plants to produce them (D, E, F). (A) Saffron stigmas from Crocus sativus
accumulate high amounts of crocins. (B) Seeds from achiote (Bixa orellana) also accumulate
high amount of crocins. (C) Green algae Haematococcus pluvialis and yeast
Xanthophyllomyces dendrorhous (in less extent) are the main industrial source of
astaxanthin. (D) Tomato with crocins from chiote (Frusciante et al., 2022). (E) Maize kernels
(Liu et al., 2021) and (F) tobacco plants (Agrawal et al., 2022) accumulating astaxanthin.

Astaxanthin is another carotenoid produced by certain microalgae, believed to
be the world strongest natural antioxidant, as its antioxidant activity is 10 times greater
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than those of B-carotene, zeaxanthin, lutein, and canthaxanthin. It is a red carotenoid
commercialized mainly for colouring the aquaculture products, mainly salmonid fish
and shrimps. Astaxanthin has important role in detoxifications and immunizing. It also
has anticancer potentials and is used in cosmetic, pharmaceutical and nutraceutical
products (Nogueira et al., 2019). The algae Haematococcus pluvialis is the main natural
source of astaxanthin (Zia-ul-haqg, 2021). Using metabolic engineering, tobacco plants
(Mann et al., 2000), tomato fruits (Huang et al., 2013), lettuce (Harada et al., 2014) or
mayze (Liu et al., 2021) were engineered to produce astaxanthin.

Phenolic compounds or polyphenols are a broad and heterogenous group of
secondary metabolites (more than 8,000) biosynthesized from several pathways as the
pentose phosphate, shikimate and the phenylpropanoid (de Araujo et al., 2021). They
are efficient antioxidants since their phenolic groups can accept an electron, disrupting
chain oxidation reactions in cellular components (Pandey and Rizvi, 2009). They are
involved in defence as signalling molecules to protect plants against oxidative stress
and ultraviolet radiation or pathogens, as well as in attracting pollinators and animals
to disperse seeds due to their colours or flavours (de Araujo et al., 2021). Fruits as
grapes, apples, cherries or berries contain a particularly high content of phenolic
compounds (200-300 mg/100 g). They are also abundant in cloves, beans, onions,
spinach, chocolate or beverages as coffee or tea (de Araujo et al., 2021; Pandey and
Rizvi, 2009). Interest in polyphenol phytonutrients is increasing predominantly due to
their therapeutic effects and beneficial effects on human health, protecting against the
development of several human chronic diseases such as diabetes, obesity,
cardiovascular diseases, osteoporosis, certain types of cancer and neurodegenerative
diseases such as Parkinson or Alzheimer (de Araujo et al., 2021; Martin and Li, 2017;
Pandey and Rizvi, 2009). They can also be used in food, cosmetic or textile industries
as natural dyes, in the preservation of foods and its packaging, as prebiotic ingredients
due to their colouring, antioxidant and antimicrobial properties (Figure 6) (Albuquerque
et al., 2021; de Araujo et al., 2021).

According to their structure, the major classes of polyphenols are phenolic
acids, flavonoids, tannins, lignans and stilbenes (resveratrol). Other polyphenols
include the subclass of curcuminoids (Albuquerque et al., 2021; Islam et al., 2021;

Pandey and Rizvi, 2009). Flavonoids constitute the most studied group with more than
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4,000 molecules known to date, divided into six subclasses: anthocyanins, flavonols
(such as quercetin and kaempferol), flavones, flavanones, flavanols (such as catechins

and epicatechins) and isoflavones (Pandey and Rizvi, 2009).

PHArl\'l\:I)ll\JiFrlrjnT! ICAL / FOOD INDUSTRY
. -Natural preservative <
-D(l:abetes (antioxidant and
{ -Cancer s .
-Neurological diseases PHENOLIC a?ﬁ;:::;ﬁ;g::gizt)
-ca;t.jiovdascular / COMPOUNDS -Functional ingredient
isorders T 2
PI’I*\I‘;‘)KSSGT':;; COSMETIC INDUSTRY
-Antimicrobial
¢ -Active packaging: s
L -Ant dant
W Shl AL -Anti-?nfl:;xrln:;tor
- antimicrobial action ; : el
Sarting packaging: TEXTILE INDUSTRY -Tyrosinase inhibitor
Lo ' to whiten the skin
color indicator for Natural dye -UV protection
deterioration UV protection
Antimicrobial ’ — —
Antifungal t_j-
— }» T__-i

\

Figura 6. Industrial applications of phenolic compounds. Adapted from Albuquerque et al.
(2021).

Within flavonoids, a great number of projects have focused their attention on
anthocyanins as powerful antioxidants (Liu et al., 2018). They are brightly coloured
polyphenols providing pink, red, purple and blue colours to fruits and vegetables such
as blackberries, blueberries, red cabbages and aubergines. To improve the flavonoid
accumulation, as previously mentioned, genes which encode enzymes directly
involved in the biosynthetic pathway can be expressed. In parallel, regulatory genes as
those coding for transcription factors can be also modified to control the expression of
biosynthetic genes and increase upstream precursors (Fresquet-Corrales et al., 2017;
Liu et al., 2018). Several biofortification approaches have targeted anthocyanins and
succeeded its production. A pair of transcription factors from snapdragon (Antirrhinum
majus) flavonoid biosynthesis branch were used to transform tomatoes. Under the

control of a fruit-specific promoter Delila and Rosea1 genes were expressed, encoding
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a bHLH and MYB-related transcription factors, respectively. ‘Purple tomatoes’
achieved high levels (2.83 mg/g fresh weight) of complex anthocyanin and flavonoid
products (Butelli et al., 2008). Using the same approach N. tabacum plants were
transformed (Fresquet-Corrales et al., 2017). The tomato anthocyanin content was
further increased by 2-fold after crossing a tomato line transformed with Arabidopsis
thaliana MYB12 with the previous Del/Ros1 purple tomato, naming the resultant as
‘Indigo’ (Del/Ros1 x AtMYB12) (Zhang et al., 2015). Other examples can be found in
cereal grains, as in maize kernels (Liu et al., 2018) or rice (Oryza sativa L.) obtaining
‘purple rice’ by engineering regulatory and structural anthocyanin related genes (Das
et al., 2020; Zhu et al., 2017).

Curcuminoids, as previously stated, are a subclass of phenolic compounds.
These are extracted from the rhizomes of Curcuma longa L. (turmeric), a perennial
plant native from India and surrounding Asian areas which belongs to the ginger family
(Zingiberaceae) (Akter et al., 2019; Mandal, 2016). Traditionally, turmeric has been
widely used as a culinary spice, colouring agent, in cosmetics, and as an herbal
medicine (Prasad et al., 2014; Salehi et al., 2019; Zheng et al., 2018). The contribution
of curcuminoids to the dry weight of the rhizome can be 2-4%, highly influenced by the
cultivar and growth conditions. Curcumin (~75%) is the most abundant and active,
while others, such as demethoxycurcumin (~ 20%) and bisdemethoxycurcumin (~ 5%)
are less abundant (Chouhan et al., 2017; Stani¢, 2017). Curcumin has received a lot of
interest in recent years, since numerous studies suggest that it is able to modulate
multiple signalling pathways, resulting in outstanding therapeutic effects due to its
antioxidant, anticancer, anti-inflammatory, anti-apoptosis and antiviral properties (Bisht
et al., 2010; Hu et al., 2021; Prasad et al., 2014; Salehi et al., 2019; Zheng et al., 2018).
These protective effects have led to a great number of clinical trials being carried out
on inflammatory, cardiovascular, skin, Alzheimer, respiratory, gastrointestinal or cancer
disorders (Salehi et al.,, 2019). In spite of curcumin potential to treat and prevent
different diseases, its application is restricted due to its low solubility in aqueous
solutions and poor bioavailability (Chouhan et al., 2017; Ghosh et al., 2015; Hu et al.,
2021; Salehiabar et al., 2018). Consequently, there is a growing interest in the

heterologous production of the also called ‘Indian saffron’ to obtain this high-value
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secondary metabolite in a cheaper and environmentally friendly manner (Couto et al.,
2017; Kan et al., 2019; Katsuyama et al., 2009).

PLANT VIRUSES

The world is currently facing several challenges including environmental degradation,
climate change, rapid human population growth and food insecurity. Simultaneously,
there are unprecedented technological and scientific breakthroughs that offer great
promise toward overcoming these dares. Plant health is vital to achieve global food
security for a growing world population, expected to reach 10 billion by 2050. This
requires effective management techniques in order to reach a 60% increase goal in
food production without impairing natural ecosystems. In addition to abiotic stresses,
crop plants are confronted with numerous biotic stresses resulting in 40% yield losses
annually caused by nematodes, fungi, oomycetes, viruses, viroids or bacteria. Among
plant diseases, plant viruses constitute a major cause, ranking only after fungi (Wang
et al., 2020) with devastating crop losses estimated in more than $30 billion annually
(Figure 7) (Jones and Naidu, 2019).

Plant virology is a discipline more than a century old. Nevertheless, historic
literature indicates that humans have been aware of plant virus diseases long before,
as with the famous Dutch ‘tulip mania’ in 1576. At the beginning, this field focused
mainly on virus pathology as viruses caused serious diseases in cultivated crops for
food and ornamentals with high economic impact (Lefeuvre et al., 2019; Sanfacgon,
2017). The precise year the first virus was found is obscure, but the German Adolf
Mayer is often credited as the first researcher to describe in 1882 a tobacco disease
that named tobacco mosaic disease and it is now known of virus aetiology. About the
same time, in 1892 the Russian Dimitri Ivanovski reported the presence of a
submicroscopic filterable infectious agent in tobacco plants. Then, the Dutch Martinus
Beijerinck was the first scientist to use the term ‘contagium vivum fluidum’ or ‘virus’ for
the mosaic disease agent in 1898. The discovery of the first non-cellular infectious
agent, later determined to be tobacco mosaic virus (TMV), paved the way for the field

of virology. Outstanding discoveries were made on viruses, the most abundant

29

S

>



INTRODUCTION

biological entities on Earth (Balke and Zeltins, 2019; Lefeuvre et al., 2019; Roossinck
et al., 2015).

Figure 7. Symptomatology of some plan viruses on crops, reducing their yield and the product
quality. (A) Cassava plant affected by African cassava mosaic virus (ACMV). (B) Severe
symptoms of plum pox virus (PPV) on plum fruits. (C) Yellowing from wheat streak mosaic virus
(WSMYV). (D) Cucumber fruits affected by cucumber green mottle mosaic virus (CGMMV). (E)
Mosaic pattern in tobacco leaves infected with tobacco mosaic virus (TMV). (F) Lettuce
stunting caused by lettuce mosaic virus (LMV). (G) Zucchini leaves affected by zucchini yellow
mosaic virus (ZYMV). (H) Tomato fruits infected with tomato spotted wilt virus (TSWV). (I)
Watermelon fruit affected by ZYMV. (J) Orange tree affected by citrus tristeza virus (CTV).

Plant viruses are obligate intracellular parasites that rely on resources provided
by the host cells for their life cycle (Balke and Zeltins, 2019), which means that for their
replication they must recruit and use the host translation apparatus and energy
resources (Makinen, 2020; Wang et al., 2020). According to the International
Committee on Taxonomy of Viruses (ICTV), to date, there are a total amount of 9110
virus species recognized, being approximately 900 of them plant viruses (Balke and
Zeltins, 2019; Walker et al., 2021). Recent viral metagenomic studies, which analyze
viruses in environmental samples using next generation sequencing, have indicated
that our knowledge underestimates the diversity of plant viruses (Edgar et al., 2022).
Many of the newly discovered plant viruses have no obvious detrimental effects on wild
hosts, some even are beneficial (Roossinck, 2012; Sanfagon, 2017). These studies
change the preestablished perception of how viruses interact with their hosts,
suggesting that globally plant viruses are not just agents of destruction but have an

essential impact on ecosystems (Lefeuvre et al., 2019).
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Nearly half of the pathogens that cause emerging plant disease epidemics
worldwide are viruses, and they are expanding along with their vectors in response to
agricultural globalization and climate change-driven influences (Jones, 2021). Viruses
frequently damage plants with effects that range from asymptomatic infections to total
devastation (Jones & Naidu, 2019; Yang et al., 2021). Viral infections are a threat for
crop production by impairing plant growth, decreasing yield and the quality of the
products and, therefore, reducing marketability (Figure 7) (Jones and Naidu, 2019;
Makinen, 2020). Plant viral disease outbreaks pose a threat to the sustainability of
agricultural systems given a lack of direct curative measures (Lefeuvre et al., 2019).
These outbreaks result in serious economic and social implications around the world,
but especially in countries where agriculture is the primary source of income causing
even famine (Jones, 2021; Jones and Naidu, 2019).

Plant viruses consist of a nucleic acid genome (DNA or RNA), encoding a
minimal set of proteins critical for infection. The basis consists of polymerases for viral
genome replication, movement proteins (MP) necessary for virus spread from cell to
cell (Balke & Zeltins, 2019; Wang et al., 2020), and the coat proteins (CP) that protect
the viral genome after replication. Plant viruses exhibit different strategies for gene
expression, such as production of polyproteins, translation from subgenomic RNAs,
ribosomal frameshift signals, internal ribosome entry sites and ‘leaky stop’ codons to
achieve maximal coding capacity of the genome. Knowledge of these strategies is
highly important for the construction of virus-based plant expression systems.
Structurally, a significant part of plant virus particles is organized into flexible or rigid
rod-shaped structures, while other viruses are isometric with icosahedral symmetry
(Balke and Zeltins, 2019) (Figure 8A).

The infection cycle starts when viruses penetrate into host cells by means of
mechanical wounds or with the help of vectors (e.g., aphids, nematodes or mites).
Then, viral particles disassembly occurs when viral genomes are released inside the
host cells after partial or total CP removal. After that, viral genome is replicated and
translation of viral proteins take place through the host cell machinery (Wang et al.,
2020). Viruses use various transmission pathways to infect plants (Figure 8B). Vertical
transmission occurs between parents and their progeny by vegetative propagation

from virus-infected material, seeds with infected embryos or parental pollen. On the
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other hand, horizontal transmission refers to transmission to new plants by contact or
vectors. Contact transmission occurs when infected plant organs rub a healthy plant.
Alternatively, transmission can be also given when handling or pruning infected plants
before healthy ones, animal grazing, parasitic plants, mechanical harm, wind, or

contaminated soil or water (Jones and Naidu, 2019).
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Figure 8. Shape diversity in plant virions. (A) Icosahedral plant viruses such as brome mosaic
virus (BMV) or cowpea mosaic virus (CMPV) and a filamentous tobacco mosaic virus (TMV)
(Shukla et al., 2020a; Zhang et al., 2018b). (B) The diversity of virus transmission pathways,
both assisted and unassisted, by which plant viruses can spread from plant to plant, leading to
local, regional or global virus spread (Jones & Naidu, 2019).

Vector-mediation is the most important mode of plant virus transmission.
Vectors include arachnids, fungi, nematodes, some protists, but most importantly
insects, especially the order Hemiptera transmitting more than 70% of known plant
viruses. Aphids are particularly well suited to transmitting plant viruses because of their
needle-like mouthparts that they use for sucking sap and the contents of plant cells
(Lefeuvre et al.,, 2019). More in detail, insect-mediated transmission is categorized
based on the virus localization in the vector, retention time, transmission and
association with internal vector organs. Non-persistent transmission, also variously
called semi-persistent or non-circulative, takes place when (stylet-borne, reversible
and specific interactions of viral particles with molecular components of mouthparts
happen (stylet-borne or foregut-born). In this transmission mode, the vector is

infectious only for a few feeding probes.
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On the other hand, persistent transmission occurs once the virus is acquired,
and the vector typically remains viruliferous for lifetime. This latter can be either
propagative or circulative depending on whether virus replicates inside insect vector
or not, respectively (Gadhave et al., 2020; Lefeuvre et al., 2019). Many insect-
transmitted plant viruses have likely also evolved complex mechanisms to manipulate
their vectors and facilitate transmission. Plant viruses commonly have a host range that
includes several species from one or more different plant families; however, they rarely
are transmitted by more than a few very closely related insect species (Lefeuvre et al.,
2019). An effort to rank the ten most relevant plant viruses, from both agronomic and
scientific views, resulted in TMV, tomato spotted wilt virus (TSWV), tomato yellow leaf
curl virus (TYLCV), cucumber mosaic virus (CMV), potato virus Y (PVY), cauliflower
mosaic virus (CaMV), African cassava mosaic virus (ACMV), plum pox virus (PPV),
potato virus X (PVX), citrus tristeza virus (CTV), barley yellow dwarf virus (BYDV),
potato leafroll virus (PLRV) and tomato bushy stunt virus (TBSV) (Scholthof et al.,
2011).

PLANT VIRUSES IN BIOTECHNOLOGY

Plant viruses have been intensively studied since its discovery at the end of the XIX
century and despite their minimal genomes, they have the tremendous ability to hijack
and to redirect the biosynthetic capacity of the host cell to synthetize high amount of
viral proteins in a short period of time (Balke and Zeltins, 2019). This capacity arose
the idea of repurposing plant viruses into transient expression vectors for the
production of heterologous proteins and metabolites, for gene silencing to understand
plant gene functions, and as scaffolds for nanoparticles (Figure 9) (Abrahamian et al.,
2020; McGarry et al., 2017; Pasin et al., 2019; Sainsbury et al., 2010; Wang et al., 2020).
Indeed, viral vectors are considered by the scientific community an alternative to stably
transformed plants for industrial production of a wide range of compounds (Hefferon,
2017; Pasin et al., 2019).

The first plant viruses to be developed as expression vectors in the early 1980s
were those with DNA genomes (e.g. Geminiviridae and Caulimoviridae), as they could

be manipulated by early molecular biology techniques (Peyret and Lomonossoff,
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2015). However, the majority of viruses found in plants have RNA genomes (Hull, 2002;
Yang et al., 2021), although the geminiviruses have posed the most significant disease
problems in recent years due to their emergence in crops (Roossinck, 2008).
Therefore, when the technology for creating infectious complementary DNA (cDNA)
copies from RNA genomes appeared, vectors based on RNA viruses became more
popular (Sainsbury et al.,, 2010). Single stranded RNA (ssRNA) viruses have either
positive or negative genomes (ssRNA+ or ssRNA-, respectively) packaged within their
capsids. Of these, ssRNA+ have been more extensively studied and engineered
because they do not require pre-existing proteins to initiate infection, unlike ssRNA-
(Khakhar and Voytas, 2021).

Several vector design strategies have been developed in viruses, as the
common gene replacement or complementation. Others include gene insertion in
tandem with a viral protein and its separation with a self-cleaving 2A peptide, or the
expression from a subgenomic promoter (Abrahamian et al., 2020). Another technical
breakthrough for the development of viral vectors was the demonstration that virus
infections could be launched by A. tumefaciens, in a technique known as
‘agroinfection’, later called ‘agroinoculation’. Briefly, a suspension of transformed A.
tumefaciens that harbour infectious clones of plant viruses is infiltrated into a plant leaf.
Therefore, with only transient expression, viral nucleic acids are transferred into plant
host cells (Mortimer et al., 2015; Pasin et al., 2019). Agroinoculation has become
nowadays the most efficient and universal way of delivering DNA or RNA viruses to
plants (Peyret and Lomonossoff, 2015).

Most viral vectors can be exploited for plant molecular farming purposes (Wang
et al., 2020). Although a variety of plants have been used as expression hosts
associated with agroinfiltration, there has been an increasing acceptance regarding the
preferred use of N. benthamiana. This plant offers a rapid generation of biomass, and
is also particularly susceptible to a wide range of viruses (Gleba et al., 2004; Margolin
et al., 2020; Sanfacon, 2017; Tsekoa et al., 2020). Using plant virus-derived vectors as
an alternative to plant stable transformation includes some advantages. It is simpler,
faster, costs are reduced, viral genomes are small and therefore easy to manipulate
and the sequence inserted will be highly amplified during viral replication (Majer et al.,

2017; Sainsbury et al., 2012). Besides, it allows to screen multiple construct variants
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rapidly discarding the poor ones to further undergo long transformation programs

(Abrahamian et al., 2020).
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Figure 9. Diverse uses of virus vectors in biotechnology. (A) Expression of therapeutic
proteins, antimicrobials to protect against animal or human pathogens as well as metabolites
of interest. (B) Epitope display or vaccine production using virus-like particles (VLPs). (C) Viral
nanoparticles (VNPs) used in nanomedicine and as nanopesticides: imaging, diagnostics,
therapy, gene silencing, pesticide carriers. (D) Pest control by inducing RNA interference
(RNAI) in pests and pathogens. (E) Virus-induced gene silencing (VIGS) for reverse genetics
to determine gene function or to reduce expression of a selected gene. (F) Virus-induced
flowering (VIF) helps in accelerating breeding programs by overexpression of FLOWERING
LOCUS T (FT) in woody or recalcitrant plants. (G) Virus-induced gene editing (VIGE)
expressing single-guide RNA (sgRNA) or/and Cas protein. Adapted from Abrahamian et al.
(2020).

There are a great number of DNA and RNA viruses that have been transformed
into expression vectors. One type of vectors are based on the ‘full-virus’ strategy,

containing essentially a wild-type (wt) virus modified to carry and express a
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heterologous sequence that encodes a gene of interest (Gleba et al., 2004). Typically,
the gene of interest is under transcriptional control of a strong promoter derived from
the wt or a related virus or as a fusion to one of the viral gene products (e.g. the CP)
(Mortimer et al.,, 2015). These viral vectors typically retain the full capacity of
replication, assembly of virions, cell-to-cell and systemic movement and resistance to
host gene silencing. Therefore, as they can spread systemically, the entire plant turns
into a biofactory until the plant clears the virus or collapses to the infection (Fischer &
Buyel, 2020a; Khakhar & Voytas, 2021; Wang et al., 2020). However, this strategy have
several limitations, namely limited cargo capacity (Gleba et al., 2007; Hefferon, 2017;
Sainsbury et al., 2012; Wang et al., 2020); the gene of interest is susceptible to ‘genetic
drift’ during virus replication, mutation deletion or complete loss over time affecting
expression (Khakhar and Voytas, 2021). Bio-containment issues should be taken into
consideration, since these viruses could potentially spread into the environment
(Mortimer et al., 2015). This kind of vectors have several advantages, they spread
systemically through the plant and viral replication amplifies the gene of interest. In
addition, viral suppressors of gene silencing counter-act host response to clear
expression of the gene of interest.

A new generation of virus expression vectors was developed to overcome some
of previous limitations, based on ‘deconstructed’ or defective versions of viral genomes
(Hefferon, 2017), which means that vital parts of the virus machinery required for,
replication, cell-to-cell movement, systemic infection or spreading to new hosts are
removed (Fischer and Buyel, 2020). In some cases, essential genes for replication are
deleted from the viral genome and transferred to the genome of the host plant, which
is genetically modified to provide those functions (Gleba et al., 2004). This serves a
dual purpose: to provide more space for cloning the heterologous genes of interest
and to create a biocontainment system in which only transgenic host plants can be
infected by the viral vector (Bedoya et al., 2010; Majer et al., 2017; Molina-Hidalgo et
al., 2021). Not all of the viral functions are absolutely required in an expression vector,
but some are necessary for an efficient expression of the gene of interest (Gleba et al.,
2004). Consequently, in other approaches, some genes can be deleted and the viral
elements are kept to a minimum, forcing the deconstructed viral vectors to be

expressed only in local leaves being delivered by agroinfiltration (Fischer and Buyel,
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2020). Mutagenesis or deletion of genes essential for virus transmission has also been
added (Abrahamian et al., 2020). Some of the initial disadvantages that were found in
the initial molecular farming bubble, as insufficient expression and low yields,
consistency and low recovery during processing (Fischer et al.,, 2012) have been
overcome by the development of improved virus-based vectors (Fischer and Buyel,
2020). In general, viruses with isometric virions allow smaller inserts due to the need
for genome packaging, although this can be overcome in some multipartite viruses by
further division of the genome and complementation. Rod-shaped particles have less
obvious packaging constraints, but larger inserts are frequently less stable than smaller
ones; reducing the extent of duplications in the genome can increase stability of larger
inserts (Abrahamian et al., 2020).

Many plant viruses have been used as backbones to develop virus-based
expression systems, as tobamoviruses, potexviruses, geminiviruses, rhabdoviruses
and comoviruses (Diego-Martin et al., 2020; Ma et al., 2020; Peyret & Lomonossoff,
2015; Sainsbury & Lomonossoff, 2014; Shanmugaraj et al., 2020). Here some of the
most successful vectors are briefly summarized with special attention to their
applications. Genus Tobamovirus (family Virgaviridae) consists of rigid rod-shaped
virions that encapsidate ssRNA+ genomes, type member TMV. Despite its early
discovery, TMV continues to be an important reference for the scientific community,
serving as a virus model for research of viral structures, assembly mechanisms and
viral life cycle, as well as biotechnological applications, including production of
vaccines (Balke and Zeltins, 2019; Saxena et al., 2011). TMV has been widely used for
gene expression and for peptide presentation. MagnIlCON is probably the most famous
‘deconstructed’ plant virus-based vector. This system consists of a hybrid genome with
elements from TMV and turnip vein clearing virus (TVCV) (Figure 10A) split into three
components, each of them in a different A. tumefaciens clone that is co-infiltrated into
the same plant cell. By deleting the CP gene, it could spread only cell to cell within the
leaf achieving yields of green fluorescent protein (GFP) as high as 5 mg/g of fresh
weight tissue (Marillonnet et al., 2004). Later, the TRBO system was developed (Figure
10B), a single-module based on TMV. This vector relies on a CaMV 35S promoter and

the CP gene was replaced with a multiple cloning site where the gene of interest is
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inserted. Simpler than magnICON and comparable in terms of recombinant protein

yield, replicons cannot move systemically (Lindbo, 2007).
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Figure 10. Deconstructed tobamovirus-based expression systems. (A) The magnlCON system
is based on three modules. The recombinase module allows the recombination of the 5’ and 3’
modules to form a complete replicon. Arabidopsis actin 2 promoter (ACT2), RNA-dependent
RNA polymerase (RdRp), movement protein (MP), TMV subgenomic promoter (SGP) directing
transcription of the gene of interest (GOI), recombination site (R), Nos terminator (nos),
streptomyces phage 31 integrase (PhiC31). (B) The TRBO system consists only of a single
module. 35S promoter (35S), cauliflower mosaic virus (CaMV) terminator. Adapted from Peyret
and Lomonossoff (2015).

Replication, cell-to-cell
transcription, translation

TMV vectors have been more recently used to produce the N protein of SARS-
CoV-2 in N. benthamiana for serological diagnosis (Williams et al., 2021). In
nanomedicine, the TMV central channel was loaded with phenanthriplatin, delivering
efficiently the drug and excerting an antitumor activity against breast cancer in mice
(Czapar et al., 2016). Similarly, TMV has been also loaded internally with streptokinase,
a drug used to reduce the risk of bleeding (Pitek et al., 2018). Furthermore, TMV
external surface can be also modified with targeting ligands administered as inactive
forms, later converted into active forms to prevent off-target toxicity (Shukla et al.,
2020a).

Potato virus X (PVX) is the type species of the genus Potexvirus in the family
Alphaflexiviridae. PVX is a flexuous rod-shaped virus whose natural host range covers
several plant families, especially those belonging to the Solanaceae. PVX flexuous
filamentous virions (470-580 nm long) pack a ssRNA+ genome (circa 6,400 nt),
containing five open reading frames (ORFs) between the 5-methylguanosine cap and

the 3'-poly(A) tail. The first ORF encodes a complex RNA-dependent RNA polymerase
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(RdRp), followed by three overlapping genes, the triple gene block (TGB1, 2 and 3)
encoding MPs involved in cell-to-cell movement, and lastly the CP gene at the 3’ end
(Fuentes et al., 2021; He et al., 2022). Studies on PVX structure, replication and spread
have advanced its utilization for diverse biomedical and agricultural applications
(Scholthof et al., 2011). PVX-based studies have demonstrated its potential as an
expression system (Mardanova et al., 2017), and as a display scaffold for epitopes of
interest. Its use as nanoparticle has been widely reported for tissue-specific imaging
and drug delivery. In this sense, hepatitis C antigens (Uhde-Holzem et al., 2010), and
human immunodeficiency virus (HIV) epitopes (Peyret and Lomonossoff, 2015) have
been presented on its surface. Recent studies have suggested PVX ability to block
tumour progression (Shukla et al., 2020b) by carrying monoclonal antibodies
(Trastuzumab) to breast cancer cells (Esfandiari et al., 2016). PVX loaded with
immunotherapeutics was also suggested to improve the negative effects in mouse
models of melanoma, breast, ovarian and colon cancer (Lee et al., 2017). Furthermore,
apoptosis triggered by a drug against cancer was more efficient when delivered by
PVX compared to the soluble version (Le et al., 2019a, 2019b). More recently, PVX
viral vectors have been used to express guide RNAs in virus-induced gene editing
(VIGE) with CRISPR-Cas strategies (Uranga et al., 2021a, 2021b)

Comovirus is a genus whose members have a genome naturally bipartite,
consisting of two separately encapsidated ssRNA+ molecules. Cowpea mosaic virus
(CPMV) is the type member and the most used in biotechnology, a natural pathogen
of cowpea (Vigna unguiculata), with icosahedral shape and a diameter of 30 nm
(Sainsbury et al., 2010). RNA-1 encodes proteins involved in the replication of viral
RNAs and polyprotein processing. The smaller RNA-2 encodes the MP and large and
small CPs, essential for cell-to-cell movement and systemic spread. RNA-2 is totally
dependent on RNA-1 for its replication. The development of CPMV-based expression
systems has focused entirely on modifying the sequence of RNA-2, and when
replication functions are required, unmodified RNA-1 is supplied by co-inoculation
(Sainsbury et al., 2012). Later reports demonstrated that if most of the RNA-2 ORF is
removed and replaced by GFP, this RNA2 deleted version is still replicated by RNA-1
if the sequences of 512 nucleotides from the 5’ end and the entire 3’ untranslated

region (UTR) are maintained. Therefore, replication was not essential for expression.
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Then, by removing two upstream initiation codons from the RNA-2 5’ end upstream the
main initiation site, an unexpected effect of enhanced protein expression was achieved
by 10 to 15-fold compared with the deleted RNA-2 containing the wild-type 5’
sequence. The resulting vector was named CPMV-hyper translatable or CPMV-HT. A
series of user-friendly deconstructed vectors were subsequently developed from the
RNA-2, the pEAQ series, allowing the easy insertion of sequences between the 5’ and
3’ sequences of a CPMV-HT cassette (Peyret and Lomonossoff, 2015) for the
expression of foreign proteins without the need for viral replication. CPMV have been
extensively studied for its use in nanomedicine as vaccine candidates for the display
of heterologous immunogenic epitopes against animal and human pathogens, namely
the bluetongue virus, HIV, Dengue or influenza virus (Hefferon, 2017). Other records
related with cancer have proven its ability to act as immunotherapy agent if loaded with
cytotoxic agents (Yildiz et al., 2013). Likewise, CPMV has been also used as bio-
imaging vehicle able to bind to vimentin receptors, overexpressed on the surface of
endothelial and cancer tissues (Berardi et al.,, 2018; Steinmetz et al., 2011). More
recently, in relation to the current COVID-19 pandemic, the diagnosis of infected
people it is crucial to reduce its spread (Capell et al., 2020). However, there is no
universal positive RT-gPCR control. A diagnostic positive control reagent based on
CPMV VLPs has been developed in N. benthamiana as production platform, allowing

RT-gPCR standardization across different laboratories (Peyret et al., 2022).

GETTING TO KNOW A POTYVIRUS-BASED EXPRESSION VECTOR

Potyviridae is the largest family of RNA viruses infecting plant, including 12 genera with
235 species according to the ICTV, which cause significant losses in a wide range of
crops across the globe (Walker et al., 2021; Wylie et al., 2017). Within Potyviridae, the
largest and most extensively studied genus is Potyvirus (Revers and Garcia, 2015),
which encompasses more than 190 species. Potyviruses have ssRNA+ genomes and
flexible and filamentous virions, 700-900 nm long and 11-15 nm wide. The majority of
them are transmitted by aphids as Myzus persicae, Aphis gossypii or A. craccivora in
a non-persistent and non-circulative manner (Gadhave et al., 2020). Some potyviruses

are recognized as economically important viral pathogens. Some of the most
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representative members of the genus includes the type member PVY, one of the most
devastating pathogens infecting solanaceous crops; PPV as the most devastating viral
disease of stone-fruit crops from the genus Prunus; tobacco etch virus (TEV)
traditionally used as a model for RNA virus research (Bedoya & Daros, 2010); turnip
mosaic virus (TuMV); lettuce mosaic virus (LMV) or zucchini yellow mosaic virus
(ZYMV) that infects all cultivated species in the family Cucurbitaceae (Figure 11)
(Scholthof et al., 2011).

Figure 11. Rapid global spread of zucchini yellow mosaic virus (ZYMV), a potyvirus discovered
in Italy in 1973 (red arrow). Dispersed mostly by international cucurbit seed trade, during the
following decade it appeared in all continents within the following decade, with tropical and
temperate climates (Jones, 2021).

When present in mixed infections with viruses from other groups, potyviruses
often cause devastating synergistic interactions endangering food security (Jones and
Naidu, 2019). Consequently, more research has focused on potyviruses than on other
groups of plant viruses (Revers and Garcia, 2015; Yang et al., 2021). Furthermore, plant
biotechnologists have long been interested in potyviruses, firstly owing to their genome
expression strategy, which allows the generation of heterologous proteins in an
equimolar amount (Carrington et al., 1993). Secondly, the elongated architecture of the
virion allows the accommodation of large amount of foreign material (Kelloniemi et al.,
2008) and lastly, potyvirus genome also enables the insertion of foreign genes in
multiple sites (Majer et al., 2015).

Potyvirus genome is a ~10 kb RNA molecule with a covalently attached viral
protein genome-linked (VPQ) to its 5’ terminal end, essential in virus replication and
translation, also involved in suppression of RNA silencing, and a poly(A) tail at its 3’
terminal end (Figure 12). Plant virus genomes have a limited coding capacity in which
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translation is a complex and tightly controlled process to manipulate plant
developmental and defence processes (Sanfagon, 2017; Yang et al., 2021). The
potyviral RNA is an excellent example of this statement. Potyviruses are indeed
fascinating since they mainly consist of a single ORF which encodes a large polyprotein
(~350 kDa) eventually self-cleaved by three viral-encoded proteases (P1, HC-Pro and
NlaPro) into a set of ten proteins. More in detail, the functional proteins include: P1,
protein 1 protease, playing a significant role in virus replication; HC-Pro, helper
component-protease, involved in suppression of gene silencing and in vector
transmission; P3, protein 3, involved in virus replication, host range and symptom
development; 6K1 and 6K2, six kilodalton peptides, where 6K2 is a small
transmembrane protein probably anchoring the replication complex to the
endoplasmic reticulum; ClI, cytoplasmic inclusion, an helicase accumulating in inclusion
bodies in the cytoplasm of infected plant cells; Nla, nuclear inclusion a, which is further
cleaved into the VPg protein and the protease NlaPro; Nlb, nuclear inclusion b, an RNA-
dependent RNA polymerase and CP, coat protein with roles in virus movement,
genome amplification and vector transmission. Recent studies have shown the
presence of an additional short ORF (‘pretty interesting potyvirus ORF’, PIPO)
embedded within the P3 cistron and expressed as a P3N-PIPO fusion product via
transcriptional slippage with a different reading frame. Proteins P1 and HC-Pro are
released by their intrinsic proteinase activities whereas NlaPro is responsible for the
rest of the cleavages (Makinen, 2020; Those & Rnas, 2012; Yang et al., 2021).

o x w w v Y v
v il P1Prg  HC-Pro VPg NiaPro  NIb cp LI
61 6K2

1000 nt P3N-PIPO

Figure 12. Schematic genome organization of a typical potyvirus. Lines represent 5’ and 3’
UTRs, A(n) represents poly(A) tail; boxes represent P1, HC-Pro, P3, P3N-PIPO, 6K1, CI, 6K2,
VPg, NlaPro, NIb, and CP cistrons, as indicated. Cleavage sites of P1-Pro (circle), HC-Pro (star)
and NlaPro (arrowhead) are marked. Scale bar corresponds to 1000 nt.

The phenomenon of viral exclusion occurs when the presence of a replicating
RNA within a cell effectively prevents the replication of a second virus on the same cell.
As a result, expression vectors based on monopartite genomes are restricted to the
production of a single protein within a single cell unless a second, non-competing virus
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is used to express a second protein (Sainsbury et al., 2012). This is a disadvantage in
metabolic engineering since, frequently, coordinated expression of several enzymes in
the same cell is needed to obtain a desired product. To overcome this constraint, a
potyvirus-based vector system was developed for the production of recombinant
proteins in equimolar amounts (Bedoya et al., 2010). This technology was based on the
replacement of the NIb cistron by a cassette for the co-expression of multiple
heterologous proteins. To ensure the release of the proteins of interest from the
polyprotein after translation, they are flanked by sequence-specific cleavage
recognition sites recognized by viral proteases (Carrington et al., 1993). The insertion
positions for heterologous sequences have a crucial effect on protein accumulation
(Arazi et al., 2001b; Beauchemin et al., 2005). Among the potyvirus genome there are
two frequently used positions for the insertion of foreign sequences: between P1 and
HC-Pro and between NIb and CP (Beauchemin et al., 2005; Dietrich and Maiss, 2003;
Fernandez-Fernandez et al., 2001). Another insertion position can be used for this
purpose as the amino terminus, enabling the delivery of the recombinant proteins to
different subcellular localizations (Majer et al., 2015).

Potyviruses have been extensively exploited as biotechnological tools,
especially for the expression of heterologous proteins in plants, including even a whole
biosynthetic pathway (Bedoya et al., 2010, 2012; Cordero et al., 2017a, 2017b; Llorente
et al., 2020; Majer et al., 2017). Numerous studies refer to viral vectors as tools to easily
and quickly change and rewire the plant metabolism. In previous work, by inserting the
transcription factors Rosea1 from A. majus in a PVY clone, its expression led to the
accumulation of high amounts of anthocyanins; this pigmentation was also used to
track the viral infection by the naked eye (Bedoya et al., 2012; Cordero et al., 2017b).
Using a TEV-derived clone, it was also previously reported the expression of a whole
heterologous metabolic pathway (crtE, crtB and crtl) from the soil bacteria P. ananatis,
which led to the extraplastidial production of the health-promoting lycopene up to 10%
of the carotenoid content in N. tabacum tissues. In the TEV-derived expression system
developed, the ca. 1.5 kb viral cistron that codes for the NIb was replaced with a
cassette that contains the heterologous sequences flanked by the native cleavage sites
of NlaPro (Majer et al., 2017). Therefore, given the difficulties in rewiring metabolism

using traditional transgene approaches, viral vector-based production provides a
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plausible solution for engineering plant metabolic pathways with low cost and excellent
performance (Wang et al., 2020).

Additionally, potyviruses have been used as expression vectors to produce
nanoparticles for peptide displaying (Frias-Sanchez et al., 2021; Yuste-Calvo et al.,
2019a) and more recently for VIGE (Uranga et al., 2021a, 2021b). Genome-editing
technologies using CRISPR-Cas tools have revolutionized plant science and hold
enormous promise to obtain improved and more nutritious, resistant, and productive
crops. Most CRISPR-Cas strategies in plants rely on genetic transformation to supply
the gene editing components, such as Cas nucleases or the single guide RNA (sgRNA),
but other systems based on viral vectors have appeared as alternatives (Uranga et al.,
2021a). To alleviate long breeding cycles and regulatory constraints, DNA-free delivery
has arisen as an alternative. Recent report showed DNA-free gene editing in plants
using a rhabdovirus vector that expressed both the Cas nuclease and the sgRNA (Ma
et al., 2020) and a combination of PVX and TEV vectors (Uranga et al., 2021b).

VIRUSES AS NANOPARTICLES

Viral vectors have been recruited in basic and applied research as efficient tools for
the expression of recombinant proteins (Venkataraman and Hefferon, 2021). In the last
few years, there has been growing interest in the development and use of nanoparticles
which are stable, biodegradable, biocompatible, non-toxic and easily produced at large
scale with controllable chemical and physical properties (Jov€evska and Muyldermans,
2020). Viral nanoparticles (VNPs), including plant viruses and VLPs, naturally meet all
of the above mentioned requirements, constituting unique scaffolds in nanotechnology
(Figure 13) (Pasin et al., 2019; Steele et al., 2017; Yuste-Calvo et al., 2019a).
Furthermore, compared to synthetic nanomaterials, VNPs hold many more
advantages, as structural homogeneity due to their regular and symmetrical
geometries, size uniformity, well-characterized surface properties and highly stable
capsids (Alemzadeh et al., 2018; Bruckman et al., 2013; Venkataraman and Hefferon,
2021; Wen and Steinmetz, 2016). Consequently, producing VNPs using plants avoiding
transgenic approaches has great potential in different fields, as the time and cost can

be markedly reduced (Shukla et al., 2020a). In particular, plant VNPs are of great
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interest as plant virus show no clinical toxicity (Lee et al., 2017), do not infect mammals
and therefore provide intrinsic safety, they have autonomous replication and assembly,
and high expression yields can be achieved (Schillberg et al., 2003; Tschofen et al.,
2016; Wang et al., 2020; Xu et al., 2012).

Fluorophores, dyes or
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contrat agents (Bioimaging) )

(Nanocarriers and nanoreactors)
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Oligonucleotides\ c
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Figure 13. Biotechnological applications of VNPs. (A) Plant VNPs can be augmented with
additional functionalities when they display imaging contrast agents, therapeutic moieties, and
targeting ligands such as peptides or antibodies. Electron microscope micrographs of
elongated viruses, such as PVX (B) or TEV (C), which can be used as VNP scaffolds.

Antigenic
epitopes
(Vaccines)

: Targeting ligands
(Cancer therapy)

Plant viruses have been widely deployed as scaffolds since they contain a large
number of CP subunits susceptible of being genetically or chemically modified
(Gonzalez-Gamboa et al., 2017; Shukla et al., 2020a). Viral CP genetic engineering will
generate identical copies without batch-to-batch variations (Shukla et al., 2020a). Plant
VNPs can be not only exploited by modifying their outer surface (Berardi et al., 2018;
Bruckman et al., 2016, 2013; Thuenemann et al., 2021; Wicki et al., 2015), but also their
inner cavity (Gleba et al., 2007), taking advantage of their nature as nucleic acid
carriers used for targeted delivery (Venkataraman and Hefferon, 2021).

Plant VNPs applications expand from biomedicine (Sainsbury et al., 2010),
agriculture to deal with pests (Cao et al.,, 2015), to the more new approaches in
electronics (Shukla et al., 2020a). So far, many plant viruses have been widely
engineered for biotechnological purposes, either rod-shaped or icosahedral viruses,
mainly to produce therapeutic proteins or vaccine candidates in the case of TMV
(Bruckman et al., 2016; Pitek et al., 2016), PVX (Esfandiari et al., 2016; Shukla et al.,
2020b), CMV , pepino mosaic virus (Le et al., 2019b), TuMV (Frias-Sanchez et al., 2021;
Yuste-Calvo et al., 2019a, 2019b), turnip yellow mosaic virus (TYMV) (Kim et al., 2018),
cowpea chlorotic mottle virus (CCMV) (Cai et al., 2020, 2019) or CPMV (Berardi et al.,
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2018; Ortega-Rivera et al., 2021; Peyret et al., 2022; Yildiz et al., 2013). In biomedicine,
plant viruses have been widely developed as vaccine candidates, for gene therapy, for
targeting particular cells and tissues with therapeutics, as well as for imaging carrying
fluorescent labels or contrast agents (Shukla et al., 2020a). Although less numerous,
there are already several reports about VNPs and their use in agriculture. Namely, plant
VNPs can be loaded with small interfering RNAs (siRNAs) to silence target genes in
insects (Abrahamian et al., 2020), as toxin vehicle for insects (Bonning et al., 2014) or
as pesticide carriers against nematodes (Cao et al., 2015).

Initial focus was on icosahedral VNPs. However, icosahedral viruses display
limitations for peptide display due to the geometry of the particles. In order to display
more units per particle, elongated viruses can be used. Their capsids contain a larger
number of CP units with helical symmetry (Gonzalez-Gamboa et al., 2017). Many proof-
of-concept works highlight the potential of filamentous plant virus nanotechnologies,
particularly for targeting protein drug delivery for cancer therapy. These include some
examples with TMV (Czapar et al., 2016; Shukla et al., 2020a), and PVX that was used
for tissue-specific imaging and drug delivery (Le et al., 2019a, 2019b; Shukla et al.,
2020b). VLPs derived from TuMV were also functionalized to display antigens as
potential diagnostic and treatment tools in inflammatory processes or autoimmune

diseases (Yuste-Calvo et al., 2019b).

NANOBODIES

Within the great variety of products with significant interest to be produced in plant
molecular farming purposes, antibodies have stood out in the market for their
diagnostic and therapeutic applications. Antibodies or immunoglobulins are soluble
glycoproteins produced by B lymphocytes and play a key role in the vertebrate immune
system. Their natural function is recognizing with high specificity foreign molecules or
antigens to neutralize or eliminate them from the body. Antibodies have a conserved
heterotetrameric architecture composed of two identical heavy chains (variable-Vy and
constant heavy-Cy 1/2/3 domains) and two identical light chains (variable-V. and
constant light-C. domain) connected with disulfide bonds (Figure 14A). Each B cell

produces an antibody of a single antigen specificity, also known as a monoclonal
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antibody. These have been employed for decades in clinical practice for the treatment
of numerous cancer, infectious or autoimmune diseases (Lu et al., 2020) and even for
delivering specifically a therapeutic drug to its target (Jov€evska and Muyldermans,
2020).

A Conventional B c
Human Antibody Camelid Heavy
1gG (150 kDa) Chain Antibody
1gG {95 kDa)

‘ Single Domain
Antibody,
Nanobody or VHH
(12-14 kDa)

Figure 14. Comparison of human and camelid antibodies, and nanobodies. Variable (V),
constant (C), heavy (H) and light (L) domains are indicated.

In addition to full-size monoclonal antibodies, smaller antibody fragments
capable of antigen binding are also actively studied and employed in medicine and
research (Yusibov et al., 2016). Nearly 30 years ago, the discovery that camelids (e.g.,
camels, dromedaries and llamas) naturally produce a unique type of antibody that is
exclusively composed of heavy chains was a major breakthrough (JovCevska and
Muyldermans, 2020). These was later also observed in some shark species (Bailon
Calderon et al., 2020). Besides conventional antibodies, these animals produce smaller
heavy-chain-only antibodies (HCAbs) (~95 kDa), lacking light chains and also the Cu1
domain within the heavy chain (Figure 14B) (Edgue et al., 2017; Harmsen and De
Haard, 2007) (Bailon Calderon et al., 2020).

HCADbs have a single variable antigen-binding domain (VHH), also known as
nanobody (Figure 14C) (Wang et al., 2021). Nanobodies with 12-15 kDa, are the
smallest known functional antigen-binding proteins (De Meyer et al., 2014; Harmsen
and De Haard, 2007; Hemmer et al., 2018; Salema and Fernandez, 2017; Wang et al.,
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2016b; Yusibov et al., 2016). Due to this particular characteristic, nanobodies are
extensively used in research, in medicine as diagnostics or therapeutics, agriculture or
industry (De Meyer et al., 2014; Edgue et al., 2017). In biomedicine, nanobodies are
attractive as diagnostics for non-invasive imaging to track the distribution of the disease
(Rashidian and Ploegh, 2020; Sharifi et al., 2021), and also as therapeutics against
different types of cancer, infectious diseases, autoimmune or neurological disorders
(Bruckman et al., 2016; Muyldermans, 2021; Salema et al., 2016; Yusibov et al., 2016)
or envenoming from snakes (Bailon Calderon et al., 2020). Furthermore, in the current
COVID-19 pandemic, passive immunization is being studied with the development of
neutralizing nanobodies, which target the receptor binding domain of the SARS-CoV-
2 S protein (Koenig et al., 2021) (Sun et al., 2021).

Nanobodies show many advantageous features over conventional antibodies
(Altunay et al., 2021), which makes them a preferable vehicle in nanotechnology. First,
nanobodies are ten times smaller, with deeper penetration ability into tissues,
maintaining a high antigen-binding affinity (Bailon Calderon et al., 2020) and high
stability and solubility (Wang et al., 2021). Furthermore, nanobodies have the ability to
withstand harsh conditions (e.g temperature, chaotropic agents and extremes pH),
which probably result from their monomeric structure and efficient refolding capability
after denaturation without compromising their antigen-binding capacity (Wang et al.,
2021). The low molecular weight of nanobodies causes its rapid clearance through the
kidneys and therefore a very short half-life. In order to increase its stability or half-life,
nanobody conjugation to nanoparticles can be advantageous (Altunay et al., 2021;
JovCevska and Muyldermans, 2020). For such purposes, nanocarriers as liposomes,
micelles and albumin nanoparticles have been introduced (JovCevska and
Muyldermans, 2020; Sharifi et al., 2021). Therefore, plant VNPs if engineered to display
nanobodies can be tremendously useful for different targeted purposes (Bruckman et
al.,, 2013; Thuenemann et al., 2021).regarding the easy, safe and scalable protein
production in biofactory plants (Altunay et al., 2021; Edgue et al., 2017; Schillberg et
al., 2003; Yusibov et al., 2016).
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The world is currently facing several challenges as climate change, habitat degradation
or rapid human population growth and food insecurity. There is no doubt that plants
are key in ecosystems and for our daily life. We are witnessing unprecedented
technological and scientific breakthroughs that offer great promise toward overcoming
these hurdles. In this sense, recent studies support that plants can also represent
excellent biofactories from which products of interest can be obtained in a sustainable
manner, including valuable proteins or metabolites of pharmaceutical or industrial
interest. Plant production as heterologous expression systems arise with many
advantages compared to traditional approaches. Among the techniques available in
the plant molecular farming toolbox, viral vectors have gained remarkable interest.
Plant viruses, besides causing tremendous losses in agriculture, due to their fascinating
biological properties, can be converted into outstanding biotechnological tools. This
Thesis has aimed to developing plant virus-based vectors to produce metabolites and
nanoparticles of biotechnological interest in plants. More specifically, the objectives of

this work have been:

1. To manipulate the carotenoid biosynthesis pathway in Nicotiana benthamiana

using a potyvirus vector in order to obtain the appreciated saffron apocarotenoids.

2. To target the endogenous N. benthamiana phenylpropanoid biosynthesis

pathway using viral vectors to produce curcuminoids.

3. To produce in zucchini (Cucurbita pepo L.) or N. benthamiana plants

genetically encoded potyvirus-derived nanoparticles decorated with nanobodies.

51

S

>






CHAPIER
b

Efficient production of saffron crocins and picrocrocin in
Nicotiana benthamiana using a virus-driven system






CHAPTER1

Efficient production of saffron crocins and picrocrocin

in Nicotiana benthamiana using a virus-driven system

Maricarmen Marti 2, Gianfranco Diretto °, Verdnica Aragonés 2, Sarah Frusciante °,

Oussama Ahrazem ¢, Lourdes Gomez-Gomez ¢, José-Antonio Daros 2

2 Instituto de Biologia Molecular y Celular de Plantas (Consejo Superior de Investigaciones
Cientificas-Universitat Politécnica de Valéncia), 46022, Valencia, Spain.

b |talian National Agency for New Technologies, Energy, and Sustainable Development,
Casaccia Research Centre, 00123, Rome, ltaly.

¢ Instituto Botanico, Departamento de Ciencia y Tecnologia Agroforestal y Genética, Facultad
de Farmacia, Universidad de Castilla-La Mancha, Campus Universitario S/ n, 02071, Albacete,

Spain.

Adapted from the article published in 2020 at:
Metabolic Engineering 61 (2020) 238-250. DOI: 10.1016/j.ymben.2020.06.009

https://doi.org/10.1016/j.ymben.2020.06.009

Author contributions: all authors contributed to experiment design, performed experiments and analyzed
the results. JAD, LGG, GD and MM wrote the manuscript with inputs from the rest of the authors. All

authors reviewed and approved the published version of the manuscript.

55


https://doi.org/10.1016/j.ymben.2020.06.009

CHAPTER

ABSTRACT

Crocins and picrocrocin are glycosylated apocarotenoids responsible, respectively, for
the color and the unique taste of the saffron spice, known as red gold due to its high
price. Several studies have also shown the health-promoting properties of these
compounds. However, their high costs hamper the wide use of these metabolites in the
pharmaceutical sector. We have developed a virus-driven system to produce
remarkable amounts of crocins and picrocrocin in adult Nicotiana benthamiana plants
in only two weeks. The system consists of viral clones derived from tobacco etch
potyvirus that express specific carotenoid cleavage dioxygenase (CCD) enzymes from
Crocus sativus and Buddleja davidii. Metabolic analyses of infected tissues
demonstrated that the sole virus-driven expression of C. sativus CsCCD2L or B. davidii
BdCCD4.1 resulted in the production of crocins, picrocrocin and safranal. Using the
recombinant virus that expressed CsCCD2L, accumulations of 0.2% of crocins and
0.8% of picrocrocin in leaf dry weight were reached in only two weeks. In an attempt
to improve apocarotenoid content in N. benthamiana, co-expression of CsCCD2L with
other carotenogenic enzymes, such as Pantoea ananatis phytoene synthase (PaCrtB)
and saffron B-carotene hydroxylase 2 (BCH2), was performed using the same viral
system. This combinatorial approach led to an additional crocin increase up to 0.35%
in leaves in which CsCCD2L and PaCrtB were co-expressed. Considering that saffron
apocarotenoids are costly harvested from flower stigma once a year, and that Buddleja
spp. flowers accumulate lower amounts, this system may be an attractive alternative

for the sustainable production of these appreciated metabolites.

Keywords: Apocarotenoids, crocins, picrocrocin, carotenoid cleavage dioxygenase,

viral vector, tobacco etch virus, potyvirus.

1. INTRODUCTION

Plants possess an extremely rich secondary metabolism and, in addition to food,
feed, fibers and fuel, also provide highly valuable metabolites for food, pharma and

chemical industries. However, some of these metabolites are sometimes produced in
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very limiting amounts. Plant metabolic engineering can address some of these natural
limitations for nutritional improvement of foods or to create green factories that
produce valuable compounds (Martin and Li, 2017; Yuan and Grotewold, 2015). Yet,
the complex regulation of plant metabolic pathways and the particularly time-
consuming approaches for stable genetic transformation of plant tissues highly limit
quick progress in plant metabolic engineering. In this context, virus-derived vectors
that fast and efficiently deliver biosynthetic enzymes and regulatory factors into adult
plants may significantly contribute to solve some challenges (Sainsbury et al., 2012).
Carotenoids constitute an important group of natural products that humans
cannot biosynthesize and must uptake from the diet. These compounds are
synthesized by higher plants, algae, fungi and bacteria (Rodriguez-Concepcion et al.,
2018). Yet, they play multiple roles in human physiology (Fiedor and Burda, 2014).
Carotenoids are widely used as food colorants, nutraceuticals, animal feed, cosmetic
additives and health supplements (Fraser and Bramley, 2004). In all living organisms,
carotenoids act as substrates for the production of apocarotenoids (Ahrazem et al.,
2016a). These are not only the simple breakdown products of carotenoids, as they act
as hormones and are involved in signaling (Eroglu and Harrison, 2013; Jia et al., 2018;
Walter et al., 2010). Apocarotenoids are present as volatiles, water soluble and
insoluble compounds, and among those soluble, crocins are the most valuable
pigments used in the food, and in less extent, in the pharmaceutical industries
(Ahrazem et al.,, 2015). Crocins are glycosylated derivatives of the apocarotenoid
crocetin. They are highly soluble in water and exhibit a strong coloring capacity. In
addition, crocins are powerful free radical quenchers, a property associated to the
broad range of health benefits they exhibit (Bukhari et al., 2018; Christodoulou et al.,
2015; Georgiadou et al.,, 2012; Nam et al.,, 2010). The interest in the therapeutic
properties of these compounds is increasing due to their analgesic and sedative
properties (Amin and Hosseinzadeh, 2012), and neurological protection and anticancer
activities (Finley and Gao, 2017; Skladnev and Johnstone, 2017). Further, clinical trials
indicate that crocins have a positive effect in the treatment of depression and dementia
(Lopresti and Drummond, 2014; Mazidi et al., 2016). Other apocarotenoids, such as
safranal (2,6,6-trimethyl-1,3-cyclohexadiene-1-carboxaldehyde) and its precursor

picrocrocin (B-D-glucopyranoside of hydroxyl-B-cyclocitral), have also been shown to
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reduce the proliferation of different human carcinoma cells (Cheriyamundath et al.,
2018; Jabini et al., 2017; Kyriakoudi et al., 2015) and to exert anti-inflammatory effects
(Zhang et al., 2015).

Crocus sativus L. is the main natural source of crocins and picrocrocin,
respectively responsible for the color and flavor of the highly appreciated spice, saffron
(Tarantilis et al., 1995). Crocin pigments accumulate at huge levels in the flower stigma
of these plants conferring this organ with a distinctive dark red coloration (Moraga et
al., 2009). Yet, these metabolites reach huge prices in the market, due to the labor
intensive activities associated to harvesting and processing the stigma collected from
C. sativus flowers (Ahrazem et al., 2015). Besides C. sativus, gardenia (Gardenia spp.)
fruits are also a commercial source of crocins, but at much lower scale. In addition,
gardenia fruits do not accumulate picrocrocin (Moras et al., 2018; Pfister et al., 1996).
Some other plants, such as Buddleja spp., also produce crocins, although they are not
commercially exploited due to low accumulation (Liao et al., 1999). All these plants
share the common feature of expressing carotenoid cleavage dioxygenase (CDD)
activities, like the saffron CsCCD2L or the CCD4 subfamily recently identified in
Buddleja spp. (Ahrazem et al., 2017).

In C. sativus and Buddleja spp., zeaxanthin is the precursor of crocetin (Fig. 1).
Cleavage of the zeaxanthin molecule at the 7,8 and 7',.8' double bonds render one
molecule of crocetin dialdehyde and two molecules of 4-hydroxy-2,6,6-trimethyl-1-
cyclohexene-1-carboxaldehyde (HTCC) (Ahrazem et al., 2017, 2016c¢; Frusciante et al.,
2014). Crocetin dialdehyde is further transformed to crocetin by the action of aldehyde
dehydrogenase (ALDH) enzymes (Demurtas et al., 2018; Gémez-Gémez et al., 2017,
2018). Next, crocetin serves as substrate of glucosyltransferase (UGT) activities that
catalyze the production of crocins through transfer of glucose to both ends of the
molecule (Cété et al., 2001; Demurtas et al., 2018; Moraga et al., 2004; Nagatoshi et
al., 2012). The HTCC molecule is also recognized by UGTs, resulting in production of
picrocrocin (Fig. 1) (Diretto et al., 2019a). In C. sativus, the plastidic CsCCD2L enzyme
catalyzes the cleavage of zeaxanthin at 7,8;7',8' double bonds (Ahrazem et al., 2016c;
Frusciante et al., 2014), which is closely related to the CCD1 subfamily (Ahrazem et al.,
2016b, 2016a). In Buddleja davidii, the CCD enzymes that catalyze the same reaction
belong to a novel group within the CCD4 subfamily of CCDs (Ahrazem et al., 2016a).
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These B. davidii enzymes, BACCD4.1 and BACCDA4.3, also localize in plastids and are

expressed in the flower tissue (Ahrazem et al., 2017).
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Fig. 1. Schematic overview of the crocins biosynthesis pathway in C. sativus and B. davidii.
PSY, phytoene synthase; PDS, phytoene desaturase; BCH2, carotene hydroxylase 2;
CsCCD2L, C. sativus carotenoid cleavage dioxygenase 2L; BACCD4.1 and 4.3, B. davidii
carotenoid cleavage dioxygenases 4.1 and 4.3; ALDH, aldehyde dehydrogenase; UGT74AD1,
UDP-glucosyltransferase 74AD1. Five most common sugar combinations (R1 and R2) in
crocins (C1 to C4) are also shown. Activities expressed in N. benthamiana are boxed in red.

Due to its high scientific and commercial interest, crocetin and crocins
biosynthesis has arisen great attention, and attempts to metabolically engineer their
pathway in microbial systems have been reported, although with limited success (Chai
et al., 2017; Diretto, Ahrazem, et al., 2019; Tan et al., 2019; Wang et al., 2019). More in
detail, the use of the saffron CsCCD2L enzyme resulted in a maximum accumulation
of 1.22 mg/l, 15.70 mg/l, and 4.42 mg/I of crocetin in, respectively, Saccharomyces
cerevisiae (Chai et al., 2017; Tan et al., 2019) and Escherichia coli (Wang et al., 2019).
In a subsequent study aimed to confirm, in planta, the role of a novel UGT in picrocrocin
biosynthesis (Diretto et al., 2019a), Nicotiana benthamiana leaves were transiently
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transformed, via Agrobacterium tumefaciens, with CsCCD2L, alone or in combination
with UGT709G1, which led to the production of 30.5 pg/g dry weight (DW) of crocins,
with a glycosylation degree ranging from 1 to 4 (crocin 1-4) (unpublished data).
Although promising, these results cannot be considered efficient and sustainable in the
context of the development of an industrial system for the production of the saffron
high-valued apocarotenoids.

Here we used a viral vector derived from Tobacco etch virus (TEV, genus
Potyvirus; family Potyviridae) (Bedoya et al., 2010) to transiently express a series of
CCD enzymes, alone or in combination with other carotenoid and non-carotenoid
biosynthetic enzymes, in N. benthamiana plants. Interestingly, tissues infected with
viruses that expressed CsCCD2L or BACCD4.1 acquired yellow pigmentation visible
to the naked eye. Metabolite analyses of these tissues demonstrated the accumulation
of crocins and picrocrocin, reaching levels attractive enough for their commercial
production, up to 0.35% and 0.8% of DW, respectively, in leaves in which CsCCD2L

and Pantoea ananatis phytoene synthase (PaCrtB) were simultaneously expressed.

2. MATERIALS AND METHODS

2.1. Plasmid construction

Plasmids were constructed by standard molecular biology techniques, including
PCR amplifications of cDNAs with the high-fidelity Phusion DNA polymerase (Thermo
Scientific) and Gibson DNA assembly (Gibson et al., 2009), using the NEBuilder HiFi
DNA Assembly Master Mix (New England Biolabs). To generate a transformed N.
benthamiana line that stably expresses TEV nuclear inclusion b (NIb), we built the
plasmid p235KNIbd. This plasmid is a derivative of pPCLEAN-G181 (Thole et al., 2007)
and between the left and right borders of A. tumefaciens transfer DNA (T-DNA)
contains two in tandem cassettes in which the neomycin phosphotransferase (NPTII;
kanamycin resistance) and the TEV NIb are expressed under the control of Cauliflower
mosaic virus (CaMV) 35S promoter and terminator. The exact nucleotide sequence of
the p235KNIbd T-DNA is in Supplementary Fig. S1. Plasmids pGTEVANIb-CsCCD2L,
-BdCCD4.1, -BdCCD4.3, -CsCCD2L/PaCrtB, -CsCCD2L/CsBCH2 and -
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CsCCD2L/CsLPT1 were built on the basis of pGTEVa (Bedoya et al., 2012) that
contains a wild-type TEV cDNA (GenBank accession number DQ986288 with the two
silent and neutral mutations G273A and A1119G) flanked by the CaMV 35S promoter
and terminator in a binary vector that also derives from pCLEAN-G181. These plasmids
were built, as explained above, by PCR amplification of CsCCD2L (Ahrazem et al.,
2016¢), BACCDA4.1 and BACCD4.3 (Ahrazem et al., 2017), PaCrtB (Majer et al., 2017),
B-carotene hydroxylase 2 (CsBCH2) (Castillo et al., 2005) and CsLPT1 (Gomez-Gémez
et al., 2010) cDNAs and assembly into a pGTEVa version in which the NIb cistron was
deleted (pGTEVaANIb) (Majer et al., 2015). The exact sequences of the TEV
recombinant  clones  (TEVANIb-CsCCD2L, -BdCCD4.1, -BdCCD4.3, -
CsCCD2L/PaCrtB, -CsCCD2L/CsBCH2 and -CsCCD2L/CsLPT1) contained in the
resulting plasmids are in Supplementary Fig. S2. The plasmid expressing the
recombinant TEVANIb-aGFP clone (Supplementary Fig. S2) was previously described
(Majer et al., 2015).

2.2. Plant transformation

The LBA4404 strain of A. tumefaciens was sequentially transformed with the
helper plasmid pSoup (Hellens et al., 2000) and p235KNIbd. Clones containing both
plasmids were selected in plates containing 50 pg/ml rifampicin, 50 pg/ml kanamycin
and 7.5 pg/ml tetracycline. A liquid culture grown from a selected colony was used to
transform N. benthamiana (Clemente, 2006). Briefly, N. benthamiana leaf explants were
incubated with the A. tumefaciens culture at an optical density (600 nm) of 0.5 for 30
min and then incubated on solid media. Four days later, explants were transferred to
plates with organogenesis media containing 100 pug/ml of kanamycin. Explants were
repeatedly transferred to fresh organogenesis plates every three weeks until shoots
emerged. These shoots were first transferred to rooting media and, when roots
appeared, cultivated in a greenhouse with regular soil until seeds were harvested.
Transformation with the NIb cDNA was confirmed by PCR. Batches of seedlings from
four independent transformed lines were screened for efficient complementation of
TEV clones lacking NIb by mechanical inoculation of TEVANIb-Ros1 (Bedoya et al.,
2010).
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2.3. Plant inoculation

A. tumefaciens C58C1 competent cells, previously transformed with the helper
plasmid pCLEAN-S48 (Thole et al., 2007), were electroporated with different plasmids
that contained the TEV recombinant clones and selected in plates with 50 pg/ml
rifampicin, 50 uyg/ml kanamycin and 7.5 ug/ml tetracycline. Liquid cultures of selected
colonies were brought to an optical density of 0.5 (600 nm) in agroinoculation solution
(10 mM MES-NaOH, pH 5.6, 10 mM MgCl, and 150 yM acetosyringone) and incubated
for 2 h at 28°C. Using a needleless syringe, these cultures were used to infiltrate one
leaf of five-week-old plants of the selected N. benthamiana transformed line that stably
expresses TEV NIb. After inoculation, plants were kept in a growth chamber at 25°C
under a 12 h day-night photoperiod with an average photon flux density of 240 ymol-m-
2571, Leaves were collected at different days post-inoculation (dpi) as indicated; in the
case of the time-course experiments, leaf samples were collected at 8 time-points (0,
4,8,11, 13, 15, 18 and 20 dpi).

2.4. Analysis of virus progeny

Viral progeny was analyzed by reverse transcription (RT)-PCR using RevertAid
reverse transcriptase (Thermo Scientific) and Phusion DNA polymerase followed by
electrophoretic separation of the amplification products in 1% agarose gels that were
stained with ethidium bromide. RNA from N. benthamiana plants was purified from
upper non-inoculated leaves at 15 dpi using silica-gel columns (Zymo Research). For
virus infection diagnosis, a cDNA corresponding to the TEV coat protein (CP) cistron
(804 bp) was amplified. Aliquots of the RNA preparations were subjected to RT using
primer Pl (5-CTCGCACTACATAGGAGAATTAGAC-3’), followed by PCR amplification
with primers Pl (5-AGTGGCACTGTGGGTGCTGGTGTTG-3") and Pl (5-
CTGGCGGACCCCTAATAG-3’). To analyze the potential deletion of the inserted CDD
cDNAs, RNA aliquots were reverse transcribed using primer PIV (5'-
GCTGTTTGTCACTCAATGACACATTAT-3’) and amplified by PCR with primers PV (5’-
AAAATAACAAATCTCAACACAACATATAC-3) and PVI (5-
CCGCGGTCTCCCCATTATGCACAAGTTGAGTGGTAGC-3)).
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2.5. Metabolite extraction and analysis

Polar and apolar metabolites were extracted from 50 mg of lyophilized leaf
tissue. For polar metabolites analyses (crocins and picrocrocin), the tissues were
extracted in cold 50% methanol. The soluble fraction was analyzed by high
performance liquid chromatography-diode array detector-high resolution mass
spectrometry (HPLC-DAD-HRMS) and HPLC-DAD (Ahrazem et al., 2018; Moraga et
al., 2009). The liposoluble fractions (crocetin, HTCC, 3-OH-B-cyclocitral, carotenoids
and chlorophylls) were extracted with 0.5:1 ml cold extraction solvents (50:50 methanol
and CHCI;), and analyzed by HPLC-DAD-HRMS and HPLC-DAD as previously
described (Ahrazem et al., 2018; Castillo et al., 2005; D’Esposito et al., 2017; Fasano et
al., 2016). Metabolites were identified as previously described (Demurtas et al., 2019),
on the basis of absorption spectra and retention times relative to standard compounds
when available (trans- and cis-crocin 3 and trans-crocin 4). Metabolite identity was
confirmed by accurate m/z masses and experimental m/z fragmentation. The cis
configuration was recognition by the exhibition of a broader absorption peak in the
range of 260-300 nm.

Pigments were quantified by integrating peak areas that were converted to
concentrations in comparison with authentic standards. or were normalized to the ion
peak area of the internal standard (formononetin; fold internal standard). Chlorophyll a
and b were determined by measuring absorbance at 645 nm and 663 nm as previously
described (Richardson et al.,, 2002). Mass spectrometry carotenoid, chlorophyll
derivative and apocarotenoid identification and quantification was carried out as
previously described (Ahrazem et al., 2018; Diretto et al., 2019a; Rambla et al., 2016).
Mass spectrometry analysis of other isoprenoids (tocochromanols and quinones) were
performed as reported before (Sulli et al., 2017). Picrocrocin derivatives, as previously
reported (D’Archivio et al.,, 2016; Moras et al., 2018), were tentatively identified
according to their m/z accurate masses as included in the PubChem database for
monoisotopic masses or by using the Mass Spectrometry Adduct Calculator from the
Metabolomics Fiehn Lab for adduct ions; and were further validated by isotopic pattern
ratio and the comparison between theoretical and experimental m/z fragmentation, by

using the MassFrontier 7.0 software (Thermo Fisher Scientific).
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2.6. Subcellular localization of crocins

N. benthamiana plants were mock-inoculated or infected with TEVANIb-
CsCCD2L or TEVANIb. Eleven dpi, symptomatic leaves from these plants were
infiltrated with A. tumefaciens harboring a construct to express the y tonoplast intrinsic
protein (yTIP), fused to mCherry (yTIP-mCherry) (Demurtas et al., 2019). Two days
after this infiltration, 13 days after viral inoculation, to determine the subcellular
localization of crocins in N. benthamiana tissues, laser scanning confocal microscopy
(LSCM) was performed using a Zeiss 7080 Axio Observer equipped with a C-
Apochromat 40X/1.20 W corrective water immersion objective lens. For the multicolor
detection of crocins and chlorophylls, as well as the red fluorescence from mCherry,
imaging was performed using the sequential channel acquisition mode. A 458-nm laser
was used for excitation of crocins and chlorophylls autofluorescence, which was
detected between 465 to 620 nm and 690 to 740 nm, respectively. mCherry was
excited with a 561-nm laser and detected between 590 to 640 nm. Images were

processed using the FIJI software (http://fiji.sc/Fiji).

2.7. Statistics and bioinformatics

Statistical validation of the data (ANOVA+ Tukey’s t-test) and heatmap
visualization were performed as previously described (Cappelli et al., 2018; Grosso et
al., 2018).

3. RESULTS

3.1. TEV recombinant clones that express CCD enzymes in N. benthamiana

The goal of this work was to develop a heterologous system to efficiently
produce highly appreciated and scarce apocarotenoids in plant tissues. For this
purpose, we planned to use an expression vector derived from TEV, more specifically
TEVANIb (Bedoya et al., 2010), recently employed to rewire the lycopene biosynthetic
pathway from the plastid to the cytosol of plant cells (Majer et al., 2017). Since CCD is
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the first enzyme in the apocarotenoid biosynthetic pathway (Fig. 1), we started
exploring the virus-based expression of a series of CCD enzymes from well-known
crocins producing plants: namely C. sativus CsCCD2L (Ahrazem et al., 2016c¢), and B.
davidii BACCD4.1 and BACCD4.3 (Ahrazem et al., 2017).

In TEVANIDb, the approximately 1.6 kb corresponding to the Nlb cistron, coding
for the viral RNA-dependent RNA polymerase, is deleted to increase the space to insert
foreign genetic information. Then, the viral recombinant clones only infect plants in
which NIb is supplied in trans (Bedoya et al., 2010). We chose N. benthamiana as the
biofactory plant for apocarotenoid production because of the amenable genetic
transformation, the high amounts of biomass achievable and the fast growth. For this
aim, as the first step in our work, we transformed N. benthamiana leaf tissue using A.
tumefaciens and regenerated adult plants that constitutively expressed TEV NIb under
the control of CaMV 35S promoter and terminator. To screen for transformed lines that
efficiently complemented TEVANIb deletion mutants, we inoculated the plants with
TEVANIb-Ros1, a viral clone in which the NIb cistron was replaced by a cDNA encoding
for the MYB-type transcription factor Roseal from Antirrhinum majus L., whose
expression induces accumulation of colored anthocyanins in infected tissues and
facilitates visual tracking of infection (Bedoya et al., 2010; Bedoya et al., 2012). On the
basis of anthocyanin accumulation, we selected a N. benthamiana transformed line that
efficiently complemented the replication and systemic movement of TEVANIb-Ros1
(Supplementary Fig. S3). Then, by self-pollination and TEVANIb-Ros1 inoculation of
the progeny, we selected a transformed homozygous line that was used in all
subsequent experiments.

Next, on the context of a TEV lacking Nlb, we constructed three recombinant
clones (Fig. 2A) to express C. sativus CsCCD2L (TEVANIb-CsCCD2L), B. davidii
BdCCD4.1 and BdCCD4.3 (TEVANIb-BACCD4.1 and TEVANIb-BACCDA4.3). These
CCDs are plastidic enzymes that are encoded in the nucleus and contain native amino-
terminal transit peptides. To target these enzymes to plastids, we inserted their cDNAs
in a position corresponding to the amino terminus of the viral polyprotein in the virus
genome (Majer et al., 2015). CCD cDNAs also contained a sequence corresponding to
an artificial Nla protease (NlaPro) cleavage site at the 3’ end to mediate the release of

the heterologous protein from the viral polyprotein. Based on previous observations,
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we used the -8/+3 site that splits NIb and CP in TEV. The exact sequences of these
clones are in Supplementary Fig. S2.

Finally, transformed N. benthamiana plants that express NIb were
agroinoculated with the three TEV recombinant clones. As a control in this experiment,
some plants were agroinoculated with TEVANIb-aGFP (Fig. 2A and Supplementary Fig.
S2), which is a recombinant clone that expresses GFP from the amino-terminal position
in the viral polyprotein. Interestingly, 7 dpi, even before symptoms were observed, we
noticed a distinctive yellow pigmentation in systemic tissues of the plants
agroinoculated with TEVANIb-CsCCD2L. Symptoms of infection were soon observed
(approximately 8 dpi) in plants agroinoculated with TEVANIb-aGFP, -CsCCD2L and -
BdCCD4.1. Distinctive yellow pigmentation was also observed in symptomatic tissues
of plants agroinoculated with TEVANIb-BACCD4.1, although with some delay
comparing to TEVANIb-CsCCD2L. Yellow pigmentation of symptomatic tissues in
plants inoculated with TEVANIb-CsCCD2L was more intense than that in tissues of
plants inoculated with TEVANIb-BACCD4.1. Plants inoculated with TEVANIb-
BdCCD4.3 showed mild symptoms of infection at approximately 13 dpi and yellow
pigmentation was never observed. Fig. 2B shows pictures of representative leaves of
all these plants at 13 dpi. RT-PCR analysis confirmed TEV infection in all inoculated
plants (Fig. 2C).

Observation of symptomatic tissues with a fluorescence stereomicroscope
confirmed expression of GFP only in plants inoculated with the TEVANIb-aGFP control
(Supplementary Fig. S4). Analysis of viral progeny at 15 dpi by RT-PCR indicated that,
while the inserts of TEVANIb-aGFP, -CsCCD2L are perfectly stable in the recombinant
virus, those of TEVANIb-BACCD4.1 and TEVANIb-BACCD4.3 are partially and
completely lost, respectively, at this time post-inoculation (Fig. 2D). Based on
distinctive yellow color, these results suggested that the virus-driven expression of
CsCCD2L or BdCCD4.1 in N. benthamiana tissues may induce apocarotenoid

accumulation.
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Fig. 2. Inoculation of N. benthamiana plants that stably express Nlb with TEVANIb recombinant
clones that express different CCDs. (A) Schematic representation of TEVANIb genome
indicating the position where the GFP (green box) and the different CCDs (CsCCD2L, orange
box; BACCDA4.1, yellow box; and BACCD4.3, gray box) were inserted. The sequence of the
artificial NlaPro cleavage site to mediate the release of the recombinant proteins from the viral
polyprotein is also indicated. The black triangle indicates the exact cleavage site. Lines
represent TEV 5 and 3’ UTR and boxes represent P1, HC-Pro, P3, P3N-PIPO, 6K1, Cl, 6K2,
VPg, NlaPro and CP cistrons, as indicated. Scale bar corresponds to 1000 nt. (B) Pictures of
representative leaves from plants mock-inoculated and agroinoculated with TEVANIb-aGFP,
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TEVANIb-CsCCD2L, TEVANIb-BACCD4.1 and TEVANIb-BACCDA4.3, as indicated, taken at 13
dpi. Scale bars correspond to 5 mm. (C) Virus diagnosis and (D) analysis of the progeny of
recombinant TEV in N. benthamiana plants mock-inoculated and agroinoculated with TEVANIb-
aGFP, TEVANIb-CsCCD2L, -BdCCD4.1 and -BdCCD4.3. RNA was extracted at 15 dpi and
subjected to RT-PCR amplification. PCR products were separated in a 1% agarose gel that was
stained with ethidium bromide. Representative samples of triplicate analyses are shown. (C
and D) Lanes 0, DNA marker ladder with sizes (in bp) on the left; lanes 1, RT-PCR controls with
no RNA added; lanes 2, mock-inoculated plants; lanes 3 to 6, plants inoculated with TEVANIb-
aGFP (lanes 3), TEVANIb-CsCCD2L (lanes 4), TEVANIb -BdCCD4.1 (lanes 4) and TEVANIDb -
BdCCDA4.3 (lanes 5). The arrows point to the bands corresponding to (C) the TEV CP, and (D)
the full-length viral progenies cDNAs.

3.2. Analysis of apocarotenoids in infected tissues

Symptomatic leaf tissues from plants infected with TEVANIb-aGFP, TEVANIb-
CsCCD2L and TEVANIb-BACCD4.1 were subjected to extraction and analysis by
HPLC-DAD-HRMS to determine their apocarotenoid and carotenoid profiles. Tissues
from mock-inoculated controls were also included in the analysis. The tissues from the
plants infected with TEVANIb-BACCD4.3 were discarded due to the absence of
pigmentation and rapid deletion of BACCD4.3 cDNA in the viral progeny. Analysis of
the polar fraction of tissues infected with TEVANIb-CsCCD2L and TEVANIb-BACCD4.1
showed a series of peaks with maximum absorbance from 433 to 439 nm. These peaks
were not observed in extracts from tissues from mock-inoculated plants or plants
infected with the TEVANIb-aGFP control (Fig. 3). Mass spectrometry chromatograms
evidenced the presence, for all the fore mentioned peaks, of the crocetin aglycon (m/z
329.1747 (M+H)), thus supporting the presence of crocins (Supplementary Fig. S5).

Further analyses of the sugar moieties conjugated with crocetin lead to the
identification of crocins with different degrees of glycosylation from one glucose
molecule to five in the infected tissues in which CCDs were expressed (Fig. 4A and
Supplementary Table S1). However, predominant crocins were those conjugated with
three and four glucose molecules. Interestingly, CCD-infected N. benthamiana leaves,
displayed a different pattern of crocin accumulation compared to that typical from
saffron stigma (Fig. 3A), with trans-crocin 4, followed by trans-crocin 3 and 2, being the
most abundant crocin species. Minor changes were also observed between TEVANIb-
CsCCD2L and TEVANIb-BACCDA4.1 samples (Supplementary Table S2): in the former,

trans-crocin 3 was the most abundant (30.84%), followed by cis-crocin 4 (17.04%) and

68



trans-crocin 2 (16.84%); whereas similar amounts in cis-crocin 5, cis-crocin 4 and
trans-crocin 3 were found in the latter (20.92, 20.62 and 18.31%, respectively).
Picrocrocin, safranal and several derivatives were also identified in the polar fraction of
tissues infected with TEVANIb-CsCCD2L and TEVANIb-BACCD4.1 (Fig. 4B and
Supplementary Table S1). All these polar apocarotenoids were absent in the control
tissues non-infected and infected with TEVANIb-aGFP (Fig. 4B). Overall, and in
agreement with the most intense visual phenotype, TEVANIb-CsCCD2L-infected
tissues displayed a higher accumulation in all the linear and cyclic apocarotenoids than
TEVANIb-BACCDA4.1-infected tissues (Fig. 4, Table 1 and Supplementary Table S1).
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Fig. 3. Heterologous production of crocins in N. benthamiana tissues infected with recombinant
viruses expressing CCD enzymes. (A) Chromatographic profile run on an HPLC-PDA-HRMS
and detected at 440 nm of the polar fraction of tissues infected with TEVANIb-aGFP, TEVANIb-
CsCCD2L and TEVANIb-BACCDA4.1. The profile of saffron stigma is also included as a control.
Peaks abbreviations correspond to: c-cr, cis-crocetin; t-cr, trans-crocetin; c-cr1, cis-crocin 1;
t-cr1, trans-crocin 1; t-cr2, trans-crocin 2; t-cr2', trans-crocin 2'; c-cr3, cis-crocin 3, t-cr3, trans-
crocin 3; c-cr4, cis-crocin 4; t-cr4, trans-crocin 4; c-crb, cis-crocin 5; t-cr5, trans-crocetin 5. (B)
Absorbance spectra of the major crocins detected in the polar extracts of N. benthamiana
tissues infected with TEVANIb-CsCCD2L and TEVANIb-BACCD4.1. Analyses were performed
at 13 dpi.

In the polar and apolar fractions of TEVANIb-CsCCD2L and TEVANIb-
BdCCD4.1-infected leaves, we also detected the presence of crocetin dialdehyde and
HTCC, which are the products of the enzymatic cleavage step, and crocetin and
safranal, which are produced by the activity of ALDH enzymes and the spontaneous

deglycosilation of picrocrocin, respectively (Fig. 4 and Supplementary Table S1). None
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of these metabolites were found in the TEVANIb-aGFP-infected and mock-inoculated

control tissues.

Table 1. Ratios of (A) crocins- and (B) picrocrocin-related apocarotenoid levels in tissues
infected with TEVANIb-CsCCD2L and TEVANIb-BACCD4.1.

A

crocetin dialdehyde
cis-crocetin
trans-crocetin
cis-crocin 1
trans-crocin 1
trans-crocin 2
trans-crocin 2'
cis-crocin 3
trans-crocin 3
trans-crocin 4
cis-crocin 5
trans-crocin 5

A

100

H trans-crocin 5
u cis-crocin S
80 trans-crocin 4
trans-crocin 3
cis-crocin 3
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Fig. 4. Apocarotenoid content and composition of N. benthamiana tissues from mock-
inoculated plants and plants infected with TEVANIb-aGFP, TEVANIb-CsCCD2L and TEVANIb-
BdCCD4.1. (A) Crocetin dialdehyde, crocetin and crocins accumulation. (B) Levels of safranal,
picrocrocin and its derivatives, and HTCC. Data are averages + sd of three biological replicates
and expressed as % of fold internal standard (IS) levels. sd values are in Supplementary Table
S1. Analyses were performed at 13 dpi.

Subsequently, the levels of different carotenoids and chlorophylls were also

investigated in the apolar fractions (Fig. 5 and Supplementary Table S3). As expected,
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virus infection negatively affected the isoprenoid pools, with most of carotenoids and
chlorophylls reduced in all infected tissues compared to those from mock-inoculated
plants. However, the comparison between tissues infected with TEVANIb-aGFP and

both CCD viruses highlighted a series of alterations at metabolite level.
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Fig. 5. Relative quantities of (A) carotenoids (B) chlorophylls and (C) quinones and
tocochromanols detected by HPLC-DAD-HRMS in tissues of mock-inoculated and infected
(TEVANIb-aGFP, TEVANIb-CsCCD2L and TEVANIb-BACCD4.1) N. benthamiana plants. Data
are averages * sd of three biological replicates and expressed as fold internal standard (IS).
sd values are in Supplementary Table S3. Analyses were performed at 13 dpi.

The most striking differences were in the contents of phytoene and phytofluene,
as well as zeaxanthin and lutein. While the formers increased in the TEVANIb-CsCCD2L
and TEVANIb-BdCCD4.1-infected tissues, the levels of zeaxanthin and lutein were
strongly reduced (Fig. 5A and Table S3A). On the contrary, no significant alterations in
chlorophyll levels were observed in tissues infected with the two CCD viruses when

compared to the TEVANIb-aGFP-infected control (Fig. 5B and Supplementary Table
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S3B). Other typical leaf isoprenoids, such as tocochromanols and quinones, displayed
only few changes in CCD versus control tissues: for instance, (-/y-tocopherol, a-
tocopherol quinone and menaquinone-8 increased, whereas plastoquinone was
reduced in CsCCD2L and BACCD4.1-infected tissues compared to mock-inoculated
and GFP-infected leaves (Fig. 5C and Supplementary Table S3C).

Finally, in order to decipher the source of the differential apocarotenoid
accumulation in CCD-expressing N. benthamiana leaves, we performed a comparative
in vitro assay (Ahrazem et al., 2017; Frusciante et al., 2014), of recombinant CsCCD2L
and BdCCD4.1 expressed in E. coli. CsCCD2L displayed a higher efficiency of
zeaxanthin cleavage and crocetin dialdehyde production compared to BdCCD4.1
(Supplementary Table S5), further supporting the results obtained in N. benthamiana

with the virus-based system.

3.3. Subcellular accumulation of apocarotenoids in tissues infected with CCD-

expressing viruses

Crocins Chlorophyll mCherry Merged Visible

Non-infected

YTIP-mCherry
TEVANIb-
CsCCD2L

TEVANIb

Fig. 6. LSCM images of crocins (green), chlorophyll autofluorescence (blue) and mCherry
(red) in leaves of N. benthamiana plants non-infected or infected with TEVANIb-CsCCD2L and
TEVANIDb, as indicated, at 13 dpi. Leaves were infiltrated to express the tonoplast marker yTIP
fused to mCherry 2 days before analysis. Merged images of fluorescent signals and images
under bright field are also shown. White arrows point to a representative chloroplast (Chl) and
vacuole (V). Scale bars indicate 10 ym.
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On the basis of the differential autofluorescence of chlorophylls and carotenoids,
we analyzed the subcellular localization of crocins that accumulate in symptomatic
tissues of plants infected with TEVANIb-CsCCD2L. LSCM images showed an intense
fluorescence signal from crocins in the vacuoles of tissues infected with TEVANIb-
CsCCD2L, while tissues mock-inoculated or infected with TEVANIb only showed
chlorophyll fluorescence (Fig. 6). Vacuolar accumulation of crocins was deduced from

the localization of the tonoplast marker yTIP-mCherry (Demurtas et al., 2019).

3.4. Time course accumulation of crocins and picrocrocin in inoculated plants

Next, we researched the point with the maximum apocarotenoid accumulation
in inoculated plants. For this aim, we carried out a time-course analysis focusing only
on the virus recombinant clone TEVANIb-CsCCD2L that induces the highest
apocarotenoid accumulation in N. benthamiana tissues. After plant agroinoculation,
upper systemic tissues were collected at 0, 4, 8, 11, 13, 15, 18 and 20 dpi from three
independent replicate plants per time point. Pigments were extracted and analyzed by
HPLC-DAD. In these tissues, accumulation of total crocins increased from
approximately 8 to 13 dpi, reaching a plateau up to the end of the analysis (20 dpi) (Fig.
7A). Picrocrocin levels showed identical behavior (Fig. 7B), as well the direct products
of CCD activity, HTTC and crocetin (Fig. 7E). Accumulation of lutein, B-carotene and
chlorophylls was also evaluated in all these samples. In contrast to apocarotenoids,
accumulation of lutein and B-carotene (Fig. 7C) as well as chlorophylls a and b (Fig.
7D) dropped as infection progressed.

These results indicate that the virus-driven system to produce apocarotenoids
in N. benthamiana developed here reaches the highest yield in only 13 days after
inoculating the plants and this yield is maintained during at least one week with no
apparent loss. This experiment also revealed the remarkable accumulation of
2.18%0.23 mg of crocins and 8.24+£2.93 mg of picrocrocin per gram of N. benthamiana

dry weight leaf tissue with the sole virus-driven expression of C. sativus CsCCD2L.
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Fig. 7. Time-course accumulation of (A) crocins, (B) picrocrocin, (C) B-carotene and lutein, (D)
chlorophyll a and b, and (E) HTCC, crocetin and crocetin dialdehyde, as indicated, in systemic
tissues of N. benthamiana plants agroinoculated with TEVANIb-CsCCD2L. Fold level between
the signal intensities of the indicated metabolites and the internal standard a-tocopherol
acetate (Fold IS). Data are average = sd of at least three biological replicates.

3.5. Virus-based combined expression of CsCCD2L and other carotenogenic and

non-carotenogenic enzymes

In order to further improve apocarotenoid accumulation in inoculated N.
benthamiana plants, we combined expression of CsCCD2L with two carotenoid
enzymes (Fig. 8A), acting early and late in the biosynthetic pathway, namely P. ananatis

PaCrtB, and saffron CsBCHZ2; or with a non-carotenoid transporter, the saffron lipid
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transfer protein 1 (CsLTP1), involved in the transport of secondary metabolites (Wang
et al., 2016).
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Fig. 8. Apocarotenoid accumulation in N. benthamiana tissues inoculated with viral vectors
carrying CsCCD2L, alone or in combination with PaCrtB, CsBCH2 and CsLTP1. (A) Schematic
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The cDNAs corresponding to CsCCD2L, PaCrtB, CsBCH2 and CsLPT1 are indicated by
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orange, yellow, red and purple boxes respective. Other details are the same as in Fig. 2A. (B)
Representative leaves from plants mock-inoculated and agroinoculated with TEVANIb-aGFP,
TEVANIb-CsCCD2L, TEVANIb-CsCCD2L/PaCrtB and TEVANIb-CsCCD2L/CsBCH2, at 13 dpi.
(C) Total crocins, picrocrocin and safranal contents, expressed as mg/g of DW. Asterisks
indicate significant differences according a t-test (pValue: *<0.05; **<0.01; ns, not significant)
carried out in the comparisons CsCCD2L vs CsCCD2L+PaCrtB, CsCCD2L+CsBCH2 or
CsCCD2L+CsLTP1. (D) Relative accumulation of single crocins, picrocrocin and safranal,
normalized on the CsCCD2L-alone sample and visualized as heatmap of log, values. Data are
average = sd of three biological replicates. Analyses were performed at 13 dpi.

Interestingly, virus-based co-expression of CsCCD2L and PaCrtB induced a
stronger yellow phenotype (Fig. 8B), and a higher content in crocins (3.493+0.325
mg/g DW; Fig. 8C and Table S4). Improved crocins levels were also observed when
CsCCD2L was co-expressed with CsBCH2, although at a lesser extent in this case
(2.198+0.338 mg/g DW). On the contrary, co-expression of LPT1 did not result in an
increment of total apocarotenoid content (Fig. 8C and Table S4). Interestingly, when
compared to tissues in which CsCCD2L alone was expressed, a preferential over-
accumulation for higher glycosylated crocins was observed, while lower glycosylated

species were down-represented (Fig. 8D).

4. DISCUSSION

The carotenoid biosynthetic pathway in higher plants has been manipulated by
genetic engineering, both at the nuclear and transplastomic levels, to increase the
general amounts of carotenoids or to produce specific carotenoids of interest, such as
ketocarotenoids (Apel and Bock, 2009; Diretto et al., 2019b, 2007; Farré et al., 2014;
Giorio et al., 2007; Hasunuma et al., 2008; Nogueira et al., 2019; Zhu et al., 2018).
However, these projects also showed that the stable genetic transformation of nuclear
or plastid genomes from higher plants is a work-intensive and time-consuming process,
which frequently drives to unpredicted results, due to the complex regulation of
metabolic pathways. Although no exempted of important limitations, chief among them
is the amount of exogenous genetic information plant virus-derived expression systems
can carry, they represent an attractive alternative for some plant metabolic engineering
goals. Here, we used a virus-driven system that allows the production of noteworthy

amounts of appreciated apocarotenoids, such as crocins and picrocrocin, in adult N.
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benthamiana plants in as little as 13 days (Fig. 7). For this, we manipulated the genome
of a 10-kb potyvirus, a quick straight-forward process that can be easily scaled-up for
the high-throughput analysis of many enzymes and regulatory factors and engineered
versions thereof.

In this virus-driven system, the expression of an appropriate CCD in N.
benthamiana is sufficient to trigger the apocarotenoid pathway in this plant. Recently,
it was observed the same situation in a transient expression system (Diretto et al.,
2019a). These observations indicate that the zeaxanthin cleavage is the limiting step of
apocarotenoid biosynthesis in this species, while aldehyde dehydrogenation and
glycosylation steps can be efficiently complemented by endogenous orthologue
enzymes. A similar situation was previously observed with other secondary
metabolites. Indeed, a large portion of hydroxyl- and carboxyl-containing terpenoid
compounds heterologously produced in plants are glycosylated by endogenous UGTs.
For example, in transgenic maize expressing a geraniol synthase gene from Lippia
dulcis, geranoyl-6-O-malonyl-3-D-glucopyranoside was the most abundant geraniol-
derived compound (Yang et al.,, 2011). In another study, N. benthamiana plants
transiently expressing the Artemesia annua genes of the artemisin biosynthetic
pathway accumulated glycosylated versions of intermediate metabolites (Ting et al.,
2013). Likewise, in tomato plants expressing the chrysanthemyl diphosphate synthase
gene from Tanacetum cinerariifolium, the 62% of trans-chrysanthemic acid was
converted into malonyl glycosides (Xu et al., 2018).

Zeaxanthin, the crocins precursor, is not a major carotenoid in plant leaves
grown under regular light conditions, although its level increases during high light
stress (Demmig-Adams et al., 2012). However, the efficient virus-driven production of
all the intermediate and final products of the apocarotenoid biosynthetic pathway in N.
benthamiana (Fig. 4) suggests that CCD is able to intercept the leaf metabolic flux in
order to diverge it towards the production of apocarotenoids. Similarly, the observed
reduction in lutein (Fig. 5A) may result from the CCD activity on the B-ring of this
molecule, which confirms, at least for the C. sativus enzyme, the previous in vitro data
showing that lutein can act as substrate of this cleavage activity (Frusciante et al.,
2014). Although N. benthamiana leaves infected with CsCCD2L and BdCCD4.1

recombinant viruses are able to accumulate crocins, it has to be mentioned that, at the
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qualitative level, their profiles are distinct with respect to the saffron stigma: while in
the formers the major crocin species are the trans-crocin 3, together with cis-crocin 4,
trans-crocin 2, cis-crocin 3 and cis-crocin 5, saffron stigmas are characterized by the
presence, in decreasing order of accumulation, of trans-crocin 4, trans-crocin 3 and
trans-crocin 2. These results suggest not only the implication of promiscuous
glucosyltransferase enzymes differing form those in saffron, but also the different
conditions in which crocins are produced in saffron and N. benthamiana, which implies
respectively the absence or presence of light during this process, which can effectively
influence the cis- or trans- configuration of crocetin (Rubio-Moraga et al., 2010). Co-
expression of the homologous saffron UGTs may contribute to a closer crocin profile
in N. benthamiana. A higher bioactivity of the trans- forms has been previously
demonstrated, at least for crocetin (Zhang et al., 2017), thus making the crocins pool
accumulated in the CsCCD2L and BdCCD4.1 leaves a good source of bioactive
molecules. The C. sativus and B. davidii enzymes also generated a different crocins
pattern: this finding can be explained by a distinct specificity and kinetics, which might
influence the subsequent glucosylation step. Another remarkable observation is the
dramatic increase of phytoene and phytofluene levels in N. benthamiana tissues as a
consequence of the virus-driven expression of CCDs (Fig. 5A). These are upstream
intermediates in the carotenoid biosynthetic pathway. Previous reports indicated that
the overexpression of downstream enzymes or the increased storage of end-
metabolites in the carotenoid pathway can drain the metabolic flux towards the
synthesis and accumulation of the end-products (Diretto et al., 2007; Lopez et al.,
2008). In our virus-driven system, expression of CsCCD2L and BACCD4.1 seem to
induce the same effect, promoting the activities of the phytoene synthase (PSY) and
phytoene desaturase (PDS), which results in a higher accumulation of their metabolic
intermediate products phytoene and phytofluene. In this context, the observed
amounts of phytoene and phytofluene might be a consequence of PSY and PDS
catalyzing the rate-limiting steps of the pathway in N. benthamiana, as previously
described in other species (Maass et al., 2009; Xu et al., 2006). Levels of additional
plastidic metabolites in the groups of tocochromanols and quinones only showed minor
fluctuations, which indicates that perturbations in carotenoid and apocarotenoid

biosynthesis do not necessarily affect other related pathways that share common
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precursors, such as geranylgeranyl diphosphate (GGPP) (Fig. 5C). Our results also
indicate that the decrease in the chlorophyll levels do not depend on CCD expression,
but on viral infection, since it was also observed in the control tissues infected with
TEVANIb-aGFP (Fig. 5B). This finding agrees with the effect of plant virus infection on
photosynthetic machinery (Li et al., 2016).

In our virus-driven experiments, CsCCD2L was more efficient in the production
of crocetin dialdehyde and crocins than BACCDA4.1. This suggests that the C. sativus
CCD used here (CsCCD2L) is definitively a highly active enzyme, completely
compatible with the virus vector and the host plant. Indeed, C. sativus stigma is the
main commercial source for these apocarotenoids (Castillo et al., 2005; Rubio Moraga
et al., 2013). Apocarotenoids are also present, although at lower levels, in the flowers
of Buddleja spp., where they are restricted to the calix.

Virus-driven expression of CsCCD2L in adult N. benthamiana plants allowed the
accumulation of the notable amounts of 2.18+£0.23 mg of crocins and 8.24£2.93 mg of
picrocrocin per gram (dry weight) of infected tissues in only 13 dpi (Fig. 7). These
amounts are much higher than those obtained with a classic A. tumefaciens-mediated
transient expression of the CsCCD2L enzyme in N. benthamiana leaves, alone or in
combination with UGT709G1 (30.5 ug/g DW of crocins (unpublished data) and 4.13
Mg/g DW of picrocrocin (Diretto et al., 2019a)), and highlight the opportunity to exploit
the viral system for the production of valuable secondary metabolites. A huge range of
values has been reported for crocins and picrocrocin in saffron in different studies.
Crocins reported values in saffron samples from Spain ranged from 0.85 to 32.40 mg/g
dry weight (Alonso et al., 2001). Other reports showed 24.87 mg/g from China (Tong
et al., 2015), 26.60 mg/g from Greece (Koulakiotis et al., 2015), 29.00 mg/g from
Morocco (Gonda et al., 2012), 32.60 mg/g from Iran, 49.80 mg/g from ltaly (Masi et al.,
2016) or 89.00 mg/g from Nepal (Li et al., 2018). In Gardenia fruits, crocins levels range
from 2.60 to 8.37 mg/g (Ouyang et al., 2011; Wu et al., 2014). The picrocrocin content
ranges from 7.90 to 129.40 mg/g in Spanish saffron. In Greek saffron, 6.70 mg/g were
reported (Koulakiotis et al., 2015), and 10.70-2.16 mg/g in Indian, 21.80-6.15 mg/g in
Iranian and 42.20-280.00 mg/g in Moroccan saffron (Lage and Cantrell, 2009). The
different values obtained in those samples are also a consequence of the different

procedures followed to obtain the saffron spice. Most methods involve a dehydration
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step by heating, which causes the conversion of picrocrocin to safranal. Although lower
than those from natural sources, the crocins and picrocrocin contents of N.
benthamiana tissues achieved with our virus-driven system may still be attractive for
commercial purposes because, in contrast to C. sativus stigma or Gardenia spp. fruits,
N. benthamiana infected tissues can be quickly and easily obtained in practically
unlimited amounts. Moreover, the virus-driven production of crocins and picrocrocin in
N. benthamiana may still be optimized by increasing, for instance, the zeaxanthin
precursor. PSY over-expression in plants was shown to increase the flux of the whole
biosynthetic carotenoid pathway (Nisar et al., 2015), as well as the zeaxanthin pool
(Lagarde et al., 2000; Romer et al., 2002). In addition, the virus-based cytosolic
expression of a bacterial PSY (P. ananatis crtB) also induced general carotenoid
accumulation, and particularly increased phytoene levels in tobacco infected tissues
(Majer et al., 2017). On the other side, BCH overexpression resulted in increased
zeaxanthin and B-B-xanthophyll contents, both in microbes and plants (Arango et al.,
2014; Du et al., 2010; Lagarde et al., 2000). In this context, we selected PaCrtB and
CsBCH2, together with CsLTP1, involved in carotenoid transport, as additional targets
to improve apocarotenoid contents in N. benthamiana leaves, which allowed a further
increase of 1.9 and 1.6 fold in CsCCD2L/PaCrtB and CsCCD2L/CsBCH2, respectively,
compared to the sole expression of CsCCD2L (Fig. 8). Other targets to improve
apocarotenoid accumulation could include the knocking out of enzymatic steps
opposing zeaxanthin accumulation, as zeaxanthin epoxydase (ZEP), which uses
zeaxanthin as substrate to yield violaxanthin, or lycopene e-cyclase (LCY-¢) that
converts lycopene in &-carotene, thus diverging the metabolic flux towards the
synthesis of €-0- (lutein), rather than B-B-xanthophylls (as zeaxanthin), which will be
object of future attempts.

In summary, here we describe a new technology that allows production of
remarkable amounts of highly appreciated crocins and picrocrocin in adult N.
benthamiana plants in as little as 13 dpi. This achievement is the consequence of N.
benthamiana, a species that accumulate negligible amounts of apocarotenoids, only
requiring the expression of an appropriate CCD to trigger the apocarotenoid
biosynthetic pathway, and can be further improved through the combination with the

overexpression of early or late carotenoid structural genes.
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SUPPLEMENTARY DATA

Fig. S1. Nucleotide sequence of the cDNA transferred to the Nicotiana benthamiana
transformed line using Agrobacterium tumefaciens to prepare the virus-drive expression
system.

GTTCCTGCGGCGGTCGAGATGGATC T
GTTCCTGCGGCCGCAAGGGCTATTGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTCCTCGGATTCCATTG

CCCAGCTATCTGTCACTTCATCAAAAGGACAGTAGAAAAGGAAGGTGGCACCTACAAATGCCATCATTGCGATAA
AGGAAAGGCTATCGTTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGT
GGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTCCACTGACGTAAGGGATGA
CGCACAATCCCACTATCCTTCGCAAGACCTTCCTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACACGCTGA
AATCACCAGTCTCTCTCTACAAATCTATCTCTCTCGAGCTTTCGCAGATCTGTCGATCGACCATGGGGATTGAAC
AAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAA
TCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGT
CCGGTGCCCTGAATGAACTCCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAG
CTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGT
CATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGG
CTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCG
ATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGC
CCGACGGCGAGGATCTCGTCGTGACACATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTT
CTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTG
CTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCA
TCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTGGGGTTCGGATCGATCCTCTAGCTAGAGTC
GATCGACAAGCTCGAGTTTCTCCATAATAATGTGTGAGTAGTTCCCAGATAAGGGAATTAGGGTTCCTATAGGGT
TTCGCTCATGTGTTGAGCATATAAGAAACCCTTAGTATGTATTTGTATTTGTAAAATACTTCTATCAATAAAATT
TCTAATTCCTAAAACCAAAATCCAGTACTAAAATCCAGATCCCCCGAATTAATTCGGCGTTAATTCAGTACATTA
GCGGCCGCGATTCCATTGCCCAGCTATCTGTCACTTTATTGTGAAGATAGTGGAAAAGGAAGGTGGCTCCTACAA
ATGCCATCATTGCGATAAAGGAAAGGCCATCGTTGAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCC
ACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATAGATT
CCATTGCCCAGCTATCTGTCACTTTATTGTGAAGATAGTGGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTG
CGATAAAGGAAAGGCCATCGTTGAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAG
CATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTCCACTGACGTAAG
GGATGACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGAAGTTCATTTCATTTGGAGAGGTA
TTAAAATCTTAATAGGTTTTGATAAAAGCGAACGTGGGGAAACCCGAACCAAACCTTCTTCTAAACTCTCTCTCA
TCTCTCTTAAAGCAAACTTCTCTCTTGTCTTTCTTGCGTGAGCGATCTTCAACGTTGTCAGATCGTGCTTCGGCA
CCAGTACAACGTTTTCTTTCACTGAAGCGAAATCAAAGATCTCTTTGTGGACACGTAGTGCGGCGCCATTAAATA
ACGTGTACTTGTCCTATTCTTGTCGGTGTGGTCTTGGGAAAAGAAAGCTTGCTGGAGGCTGCTGTTCAGCCCCAT
ACATTACTTGTTACGATTCTGCTGACTTTCGGCGGGTGCAATATCTCTACTTCTGCTTGACGAGGTATTGTTGCC
TGTACTTCTTTCTTCTTCTTCTTGCTGATTGGTTCTATAAGAAATCTAGTATTTTCTTTGAAACAGAGTTTTCCC
GTGGTTTTCGAACTTGGAGAAAGATTGTTAAGCTTCTGTATATTCTGCCCAAATTTGARATGGGGGAGAAGAGGA
AATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATG
TGGTTAAAGGAAAGTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGA
TGATGGGAGCATATAAGCCAAGTCGACTTAATAGAGAGGCGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAA
TTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATCACAAAGCTCAAGGCGTTAG
GATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAG
CACTATACAAAGGCAAGAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAA
GTTGCCTGCGACTGTATACGGGAAAGCTGGGAATTTGGAATGGCTCATTGAAAGCAGAGTTGCGTCCAATTGAGA
AGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCTGGTAAAGTTTGCGTGG
ATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGG
GGTGGAATGAATTGATGGAGGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTT
CCTTGACTCCATTCCTCATTAATGCTGTATTGAAAGTGCGACTTGCCTTCATGGAGGAATGGGATATTGGTGAGC
AAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACTATCATTAAGAAGC
ATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACA
CATGTGAGAAGTGTGGAATCAACAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTC
ACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAATCTTTCGGAGAGTTGGGCCTGAAATATGAATTTGACT
GCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATGTATATACCAA
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AGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCA
TCTGTGCATCAATGATCGAAGCATGGGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTT
TGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGGCGCCATATCTGGCTGAGACTGCGCTTAAGTTTT
TGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGATATTCCAA
CGACTGAGAATCTTTATTTTCAGTAACTCTGGTTTCATTAAATTTTCTTTAGTTTGAATTTACTGTTATTCGGTG
TGCATTTCTATGTTTGGTGAGCGGTTTTCTGTGCTCAGAGTGTGTTTATTTTATGTAATTTAATTTCTTTGTGAG
CTCCTGTTTAGCAGGTCGTCCCTTCAGCAAGGACACAAAAAGATTTTAATTTTATTCGCTGAAATCACCAGTCTC
TCTCTACAAATCTATCTCTCTCTATTTTCTCCATAAATAATGTGTGAGTAGTTTCCCGATAAGGGAAATTAGGGT
TCTTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAACCCTTAGTATGTATTTGTATTTGTAAAATACTTCTA
TCAATAAAATTTCTAATTCCTAAAACCAAAATCCAGGGGCCCTCGACGTTCCTTGACAGGATATATTGGCGGGTA
AACTAAGTCGCTGTATGTGTTTGTTTG

The cDNAs of the Neomycin phosphotransferase Il (NPTII) and Tobacco etch virus (TEV)
NIb are in blue and black, respectively. Initiation Met and stop codons are underlined. Note
that an ATG has been added to the 5’ end of NIb cDNA that naturally lacks this codon because

it is produced by proteolytic processing. A. tumefaciens T-DNA right border (RB) with
overdrive (underlined) is in blue on yellow background and ﬁis in blue
on red background. Cauliflower mosaic virus (CaMV) 35S promoter and terminator are in
red and fuchsia, respectively. Note that NIb is expressed from a partially duplicated version

of CaMV 35S promoter. NIb open reading frame (ORF) is flanked by a modified version of
the 5’ and 3’ untranslated regions (UTRs) of Cowpea mosaic virus (CPMV) RNA-2.

Fig. S2. Nucleotide sequences of TEVANIb (sequence variant DQ986288 that include the two
silent mutations G273A and A1119G, in red, and lacks the whole NIb cistron) and the derived
recombinant viruses TEVANIb-aGFP, -CsCCD2L, -BdCCD4.1, -BdCCD4.3, -CsCCD2L/PaCrtB,
-CsCCD2L/CsBCH2 and -CsCCD2L/CsLPT1. The boundaries of viral cistrons are indicated on
blue background. Initiation Met and stop codons are underlined.

>TEVANIb (8004 bp)

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAG
CAATTTAAATCATTTCTTTTAAAGCAAAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCA
CTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAGCTCGTATGGCTTGCGTTACCAGC
GCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCA
GTGATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAA
ATGGAGCGGATGTATTATCTTGGTCGTCGCGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAG
AGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTGAGAAGATTGTAGTGCCCCAC
ACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAAT
AGTATGCCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGG
AGCATAGTGCGCAAACGCCATATGCAGGTGGAGATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTT
GAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGGTGGACTTACGTATTGAC
AACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACT
TTTGGTTCAAGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATT
GTACGCGGTCGGTCGGATGGGATGTTGGTGGATGCTCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACA
CATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGGAGTTGAGGCCAGAT
GGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCA
CTTTCACCGTGTGGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGA
GACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCTGAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAA
CTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCGTCAAACAACTC
ATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTA
ACAGGGGCCGATCTCGAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAAT
ATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTCATCGAAGGCCCATGTGAATAACGCACTCATGTGT
GATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTCTTAAAGGA
TTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAG
CTAGCAATTGGCAATTTGATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAG
CGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAATTACGTGTACCCATGTTGTTGTGTTACTCTT
GAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTGGCGAT
TCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAAC
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ATTTTCTTTGCTCTACTAGTGAATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATT
GTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGCATGCTACTTACTTTCCATTCTTTACCCA
GATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGTAT
GGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGT
TTGGAATCCGAAATGAAAACTTACAATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATG
TTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGAGGAGCCATACATAATTGTCCTGGCA
ATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCA
AATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTC
GTCCAGCAGCGTAATTTGATTAATGAGTATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAAC
CATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGAGATGGACATGGCGTTGAGGGAA
GGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCA
TGGGACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAG
CCTTTAATCATGAAAAACACCGTAGATTGCGGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCAC
TTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGTAAGAGTAGCGAAGAATGCC
ATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTC
CTTTCCTTGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCA
CAGTTGCAGAAAGAGAGCGAGTGGGACAATATCATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATT
GGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTACTACAAGTTTTGCATT
GGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACA
CTTGTATTAATGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTG
AGCTCAACGGAGAGGGAGATCATCTACACGCAGAGTTTGGATGATTACGTTACAACCTTTGATGACAATATGACA
ATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAAGCAATGGTGGAAC
AACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACT
GCGGCATCGGTTGCCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGA
AAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGGAGAGTGTTAATGCTTGAGCCTACCAGACCACTCACA
GATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGGGAAGTCAACT
TTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTA
AAAACATACGATTTTGTCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTG
TTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCCACACCACCAGGTAGAGAAGTTGAATTCACAACT
CAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGACAGGTGCC
AACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGC
AAGCTCCTTGTGCAAAAGGGATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATA
ATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACTAATATTATTGAGAATGGTGTAACCATTGAC
ATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTACAAC
AAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTT
CGAATTGGCCAAACAAATAAAACACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTC
ATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTGGAAAATGCCACATTATTACAAGCTAGA
ACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGTC
ATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAA
GGCTTATCCTCTTGGCTTACGAGTGGAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATC
CCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCACATTGTAGTCGCCCATAAAGGTGAC
TCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATT
GCGAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACT
GGGAGAGCATTTTCCTTCACAAATTACTCAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAG
CATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAGTTTTCGAACCTAGCAAAGGAT
CAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCT
AAGCATCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTA
ATTGGTGGTGGATGGATGCTTGCAACGTACTTCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAG
AATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAGGTTGCAGCGGAGCCAGAG
GCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCA
AAGTCTCGGAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTG
ACAGGTCACACTATTGATGAGTCCACAAACGCACCTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACA
CGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCATGCTTATTTGGTGAAT
AGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCA
ATAATGGGATTTCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTG
CCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAAGCTTGTTTAAGGGACCACGTGATTACAACCCGATATCG
AGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGATTTGGTCCCTTC
ATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAG
GTCAAGAACACCACGACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGAT
TTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCACAAAGGGAAGAGCGCATATGTCTTGTGACAACCAAC
TTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGCATATTCTGG
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AAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGT
ATACACTCAGCATCGAATTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTG
ACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAAATGCTGACTCAGTATTGTGGGGGGGCCATAAA
GTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTGGTGTAC
TCGCAAAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAG
CAGGCTTCAAAGGATAGGGATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCC
ACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTAGGATACAAGCCACAG
CAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCCTAT
GGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCA
AATTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAAC
GCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGG
GAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGAC
TTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGA
AACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCG
CACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGC
TTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATAT
GTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATG
TAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIb-aGFP (insert between possitions 144 and 145 of TEVANIb; artificial
NIaPro cleavage site is on gray background)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGC
CACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACC
ACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTAC
CCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTC
TTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAG
CTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAC
GTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGC
AGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCAC
TACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTG
ACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGACGACTGAGAATCTTTATTTTCAGGGGGAGAAG

>TEVANIb-CsCCD2L (insert between possitions 144 and 145 of TEVANIDb;
artificial NIaPro cleavage site is on gray background)
ATGGAATCTCCTGCTACTAAATTACCTGCACCTCTGCTGATGTTATCTTCTTCTCCATTCCTTCTCCCTTCTCCT
AATAAGAGCTCCTCCATCTTCCTTCCACGTAAATTAGGGCCGCTACCTCCAAAATATTATTATTACAATTGCTGC
CATCCTAAGAGTAGATCAATCTCAGTAGTATCAATGGCAAATAAGGAGGAGGCAGAGACCAGTAAGAAGAAGCCC
AAACCATTAAAAGTACTAATTACCAAAGTGGATCCGAAGCCGAGGAAGGGCATGGCATCCGTCGCAGTGGACTTA
CTCGAGAAGGCCTTTGTATACCTATTGTCCGGAAATTCTGCAGCTGATCGTAGTAGTAGTAGTGGTCGTCGTCGT
CGTAAAGAGCATTACTACCTCTCCGGCAATTATGCGCCCGTCGGACACGAAACCCCGCCCTCCGACCACCTCCCC
ATTCATGGATCCCTTCCTGAATGCTTGAATGGAGTGTTTCTGAGAGTTGGTCCTAACCCCAAGTTTGCTCCCGTA
GCCGGATACAATTGGGTCGATGGAGATGGAATGATTCATGGATTGCGTATTAAAGATGGAAAAGCAACTTATCTA
TCTCGATATATTAAAACGTCACGGTTTAAACAAGAAGAATATTTTGGAAGAGCAAAATTTATGAAGATTGGAGAT
CTAAGGGGATTGCTTGGGTTCTTTACGATCTTAATACTAGTACTTCGAACAACATTGAAAGTAATAGACATTTCA
TATGGAAGAGGGACGGGTAATACAGCTCTTGTGTATCATAATGGCTTACTATTGGCTCTATCAGAAGAAGATAAA
CCTTATGTTGTTAAAGTTTTAGAAGATGGAGACTTGCAAACTCTTGGGATATTGGATTATGACAAGAAATTGTCA
CATCCATTCACCGCTCATCCAAAGATCGATCCGTTAACTGATGAGATGTTTACCTTTGGATATTCCATCTCGCCT
CCGTATCTTACTTATCGAGTCATTTCCAAGGATGGAGTGATGCAAGATCCAGTGCAAATCTCAATTACATCCCCT
ACCATAATGCATGATTTTGCTATTACTGAAAATTATGCCATCTTCATGGACCTGCCCTTGTATTTCCAACCAGAG
GAAATGGTAAAGGGGAAATTTGTCTCTTCATTTCACCCTACAAAAAGAGCTCGTATCGGTGTGCTTCCACGATAT
GCAAAAGACGAGCATCCAATTCGATGGTTCGATCTTCCAAGTTGCTTCATGACTCATAATGCAAATGCTTGGGAA
GAGAATGATGAAGTTGTGCTATTCACATGTCGCCTTGAGAGTCCTGATCTTGACATGCTTAGTGGACCTGCGGAA
GAAGAGATTGGGAATTCAAAAAGTGAGCTTTACGAAATGAGGTTCAATTTGAAAACTGGAATTACTTCACAAAAG
CAACTATCTGTACCTAGTGTTGATTTTCCTCGGATCAACCAAAGTTATACTGGCAGGAAACAGCAATATGTTTAT
TGTACTCTTGGCAACACCAAGATTAAGGGCATTGTGAAGTTTGATCTGCAAATTGAACCAGAAGCCGGAAAGACA
ATGCTTGAAGTTGGAGGAAATGTACAAGGCATCTTTGAGTTGGGACCTAGAAGATATGGTTCAGAGGCAATATTT
GTGCCATGCCAACCTGGCATCAAATCTGATGAGGATGACGGTTACTTGATATTCTTTGTACACGACGAAAACAAT
GGGAAATCTGAGGTCAATGTCATCGATGCAAAGACAATGTCTGCAGAACCTGTGGCTGTTGTGGAACTTCCAAGC
AGGGTTCCATATGGATTCCATGCCTTGTTTCTGAATGAGGAAGAACTTCAGAAGCACCAAGCAGAGACAACAACC
GAAAATTTATATTTCCAGTCTGGAACA
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>TEVANIb-BACCD4.1 (insert between possitions 144 and 145 of TEVANIb;
artificial NIaPro cleavage site is on gray background)
ATGAACTCCCTTTATTCTTCCTCTTTCCTTTCCAAATTTCCAATGAATGTTTCATCACTTGGAATAATTGACAAG
AACCCTCAAACAAAGATTAATCCCATTTATTCCGTACCAACGTTCCATGCCCGTCTAACCGAAAAACCCTTTCGC
GGAAAGCCTTTATATGAGAGGAGAAGAAATGATGAATCTTTGTATGCAAAAATGTTGAAATCATTAGATGATTTC
ATATGCAAGTTCATGAGTGAAGTACCCCTGGACCCCTCCAACGATCCAAAACACATACTGGTGGGCAACTTTGCA
CCGGTGGACGAGCTTCCTCCGACTCCATGTGAGGTGGTGGAAGGCTCCCTTCCGATATGTGTGGAGGGTGCATAC
ATCCGCAACGGTCCCAACCCTCCGATCACCCCTCACGGTCCGTACCATCTCTTTGATGGAGATGGAATGCTTCAC
TCCATCACAATCTCAAAAGGCAAAGCCACCTTTTGTAGTCGTTATGTTAAGACTTATAAATATTTGGTGGAACAA
AACATAGGCTATCCGGTCTTCCCAAGTCCTTTCTCCTCCTTTAATAATGGCCTCTCGGCTTCTATAGCGCGTTTA
GTCGTATTAACGGTAGCACGAGTGCTGGTTACTAGGTGTTTGGATCCTAGACCTAATGGGTTTGGAACGGGGAAT
ACTAGTTTAGGTTTATTTGGCGGGAAACTCTTTGCGCTATGTGAGTCTGATCTTCCTTATGCTATAAAAGTGACA
TCGGATGGGGATATAATAACTCTTGATCGCCATGATTTTTACACCGGTGATCCGTTACTCAGAATGACTGCACAC
CCAAAGATTGATTTAGAGACTGGACAAGTCTTCGCTTTCAGATGTGACATAACATCTCCATTCTTGACATTTTTC
CGAATCGATTCATCTGGAAGAAAAGGCCCCGATTTTCCAATCTTCTCCTTGCACGGACCGTCACTCATTCATGAT
TTTGCTCTTACCAAACATTATGTCATATTCCAGGATACACAGGTTGAACTTAATCCAATGGAGATAACTAGAGGA
AGATCACCAATTGTAGTTGACCATACCAAAGTGCCCCGGCTAGGCATTTTACCACGCAACGCCATGAATGAAACT
GAACTGTCGTGGATTGATGTACCAGGATTAAACATGTCACACTTTATTAATGCTTGGGAAGAAGATGGCGGAAAC
AAAATAGTAATTGTTGCTTTTAATGTATTATCAGGGTTGGATTCCCTATATTTGTTCAATTCCTCAATGGAAAAA
ATTACAATTGACCTCAAGGCAAAGAAGATTGAAAGACATCCATTGTCCACTAAAAATCTCGAGTTAGGAGTTATT
AATCCTGCTTACGCCGGAAAGAAAAACAAGTATGTATATGCGGCAATTATAAGTCAAACACCAAAGGCAGCAGGG
GTGATTAAGCTTGACATATCACAGCTCCCTAATGCTGATAGTAGTAATTGCATGGTGGCTAGCCGACTTTATGGT
TCGAGCTGTTATGGTGGTGAACCTTACTTTGTCGCAAGGGAGCCTGATAATCCAGAGGCTGAAGAGGATGATGGT
TATCTAGTCACATACATGCATGATGAGAATAGCGAGGAATCGTGGTTCTTGGTTATGAACGCCAAATCCCCAACT
CTTGACATTGTTGCTAGTGTTAGATTACCTGGTAGAGTGCCTTATGGCTTCCACGGACTTTTTGTCAGGGAAGGT
GACCTCAACAAGCTGACAACCGAAAATTTATATTTCCAGTCTGGAACA

>TEVANIb-BACCD4.3 (insert between possitions 144 and 145 of TEVANIDb;
artificial NIaPro cleavage site is on gray background)
ATGGACACCCTTTCTTCCTTTTTCCTTCAAAAATATGTTCCAAGTCATTCACTCACACCATCCCCGCCATTACTC
CTTAAATTCAATATTTCATCTCTTAAAATTGATAAAAAATGCGATAGATTAAATCATCAAAAATCTATGATCACA
ACATCAATTTTGCATCAAAAAAAGCTTAAAACGTTAAACACTCCGAAAAACCCTTCAACCTCAGAAATTACAAAA
ATAAAAAAACAATCTTTTCTTACTATTTTCTTCAACTCATTAGATAATTTCATATGCAATTTCATAGACCCCCCA
CTCCGCCCCTCCATCGACCCTAACCACGTCCTCTCCGGCAACTTCGCCCCCGTCGGCGAGCTCCCCCCCACCGCG
TGCGACGTCGTCGAGGGCTCCCTTCCGCCGTCGTTAAACGGCGCGTACATTCGCAACGGCCCAAACCCTCAGTTC
ATCCCCCGTGGGCCCTACCACCTATTCGACGGCGATGGCATGCTCCACGCCGTCACCATCTCCGGCGGCAAAGCC
ACATTCTGCAGCCGCTTCGTCAAGACTTATAAGTACACGCTGGAGCGAGAGATCGGCTCGCCGGTTATTCTGAAC
GTGTTCTCCGCCTTCAACGGCTTGCTGGCTTCGCTGGCGCGCTGCGCCGTATCATCAGGCCGCGTCCTCACCGGA
CAATACGACCCCCGCCGCGGCGCCGGCCGCGCCAACACAAGCTTAGCGTTGATTAGCGGAAAGTTATTCGCTCAC
GAAGAATGTGACCTTCCCTACGGAATAAAATTAACATGTGATGGCGATATAATCACTTTAGGCCGCCATGAATTT
CTCGGTGAGCAGTTTACGGCGATGACGGCGCACCCGAAAATCGACATGGAAACCGGCGAGACCTTTGCTTTCAGA
TACAGTTTCCTGCCGCCGTTCTTAACATATTTCAGGATCAACGGGGATGGAATTATGCAACACGAAGTGCCGATT
TTCTCCTTGAAGCAATCGTCATTCATCCACGACTTCGCAATATCCAAAAACTACGTCGTTTTCCCAGATACGCAG
ATTGTGATAAAACCTAGAGATATGTTGAGAGGGAGGGTGCCATTAAGAGTTGATCTTGAAAAAGTGCCGAGGCTT
GGGATTATGCCGAGATACGCGGTGGATGAGAGGGAAATGTGGTGGGTTGATGTGTCGGGGTTTAATATAATACAC
GCGGTGAATGCGTGGGAGGAGGAAGACGACGGCGGCGACACCATTGTGATGGTGGCGCCGAATGCTTTGGGGGTG
GAGCATGTGTTGGAGCGTATGGATTTGGTTCACTCATCCTTGGAAAGAATTCAAATAAATTTGAAGGAGAAGAGT
GTGACGAGACGCCCGGTGTCCACAGCAAATCTCGAGTTTGCGGTCATCAATCCGGCTTACGTTGGGAAGAAGAAC
AGGTATGTGTATGCAGCAGTAGGAGATCCAATGCCAAAGATAGTAGGTGTTGTGAAGGTGGACTTATCACTTTCC
ACGGCCAACTCCGGCGACTGCACGGTGGCTAGACGCCTATACGGGCCCGGCTGCTACGGCGGTGAACCATTTTTT
GTGGCAAGGGAGCCGGATAATCCGGCGGCGGAGGAGGATGATGGCTATCTAATAACTTATATGCATAATGAAAAT
ACTGAAGAATCAAAGTTTTTAGTAATGGATGCAAAATCCCCTACTCTTCAAATTCTTGCTGCTGTTAAGCTACCC
CAACGAGTTCCCTATGGCTTCCATGGAATCTTTGTGCCGGAATCTCACTTGCGTAAACTAACAACCGAAAATTTA
TATTTCCAGTCTGGAACA

>TEVANIb-CsCCD2L/PaCrtB

(insert between possitions 144 and 145 of TEVANIb; artificial NIaPro cleavage
site is on gray background)
ATGGAATCTCCTGCTACTAAATTACCTGCACCTCTGCTGATGTTATCTTCTTCTCCATTCCTTCTCCCTTCTCCT
AATAAGAGCTCCTCCATCTTCCTTCCACGTAAATTAGGGCCGCTACCTCCAAAATATTATTATTACAATTGCTGC
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CATCCTAAGAGTAGATCAATCTCAGTAGTATCAATGGCAAATAAGGAGGAGGCAGAGACCAGTAAGAAGAAGCCC
AAACCATTAAAAGTACTAATTACCAAAGTGGATCCGAAGCCGAGGAAGGGCATGGCATCCGTCGCAGTGGACTTA
CTCGAGAAGGCCTTTGTATACCTATTGTCCGGAAATTCTGCAGCTGATCGTAGTAGTAGTAGTGGTCGTCGTCGT
CGTAAAGAGCATTACTACCTCTCCGGCAATTATGCGCCCGTCGGACACGAAACCCCGCCCTCCGACCACCTCCCC
ATTCATGGATCCCTTCCTGAATGCTTGAATGGAGTGTTTCTGAGAGTTGGTCCTAACCCCAAGTTTGCTCCCGTA
GCCGGATACAATTGGGTCGATGGAGATGGAATGATTCATGGATTGCGTATTAAAGATGGAAAAGCAACTTATCTA
TCTCGATATATTAAAACGTCACGGTTTAAACAAGAAGAATATTTTGGAAGAGCAAAATTTATGAAGATTGGAGAT
CTAAGGGGATTGCTTGGGTTCTTTACGATCTTAATACTAGTACTTCGAACAACATTGAAAGTAATAGACATTTCA
TATGGAAGAGGGACGGGTAATACAGCTCTTGTGTATCATAATGGCTTACTATTGGCTCTATCAGAAGAAGATAAA
CCTTATGTTGTTAAAGTTTTAGAAGATGGAGACTTGCAAACTCTTGGGATATTGGATTATGACAAGAAATTGTCA
CATCCATTCACCGCTCATCCAAAGATCGATCCGTTAACTGATGAGATGTTTACCTTTGGATATTCCATCTCGCCT
CCGTATCTTACTTATCGAGTCATTTCCAAGGATGGAGTGATGCAAGATCCAGTGCAAATCTCAATTACATCCCCT
ACCATAATGCATGATTTTGCTATTACTGAAAATTATGCCATCTTCATGGACCTGCCCTTGTATTTCCAACCAGAG
GAAATGGTAAAGGGGAAATTTGTCTCTTCATTTCACCCTACAAAAAGAGCTCGTATCGGTGTGCTTCCACGATAT
GCAAAAGACGAGCATCCAATTCGATGGTTCGATCTTCCAAGTTGCTTCATGACTCATAATGCAAATGCTTGGGAA
GAGAATGATGAAGTTGTGCTATTCACATGTCGCCTTGAGAGTCCTGATCTTGACATGCTTAGTGGACCTGCGGAA
GAAGAGATTGGGAATTCAAAAAGTGAGCTTTACGAAATGAGGTTCAATTTGAAAACTGGAATTACTTCACAAAAG
CAACTATCTGTACCTAGTGTTGATTTTCCTCGGATCAACCAAAGTTATACTGGCAGGAAACAGCAATATGTTTAT
TGTACTCTTGGCAACACCAAGATTAAGGGCATTGTGAAGTTTGATCTGCAAATTGAACCAGAAGCCGGAAAGACA
ATGCTTGAAGTTGGAGGAAATGTACAAGGCATCTTTGAGTTGGGACCTAGAAGATATGGTTCAGAGGCAATATTT
GTGCCATGCCAACCTGGCATCAAATCTGATGAGGATGACGGTTACTTGATATTCTTTGTACACGACGAAAACAAT
GGGAAATCTGAGGTCAATGTCATCGATGCAAAGACAATGTCTGCAGAACCTGTGGCTGTTGTGGAACTTCCAAGC
AGGGTTCCATATGGATTCCATGCCTTGTTTCTGAATGAGGAAGAACTTCAGAAGCACCAAGCAGAGACAACAACC
GAAAATTTATATTTCCAGTCTGGAACA

(insert between possitions 6981 and 6982 of TEVANIb; sequences to complete
native NIaPro cleavage sites are on yellow background)
GGGGAGAAGATGAATAATCCGTCGTTACTCAATCATGCGGTCGAAACGATGGCAGTTGGCTCGAAAAGTTTTGCG
ACAGCCTCAAAGTTATTTGATGCAAAAACCCGGCGCAGCGTACTGATGCTCTACGCCTGGTGCCGCCATTGTGAC
GATGTTATTGACGATCAGACGCTGGGCTTTCAGGCCCGGCAGCCTGCCTTACAAACGCCCGAACAACGTCTGATG
CAACTTGAGATGAAAACGCGCCAGGCCTATGCAGGATCGCAGATGCACGAACCGGCGTTTGCGGCTTTTCAGGAA
GTGGCTATGGCTCATGATATCGCCCCGGCTTACGCGTTTGATCATCTGGAAGGCTTCGCCATGGATGTACGCGAA
GCGCAATACAGCCAACTGGATGATACGCTGCGCTATTGCTATCACGTTGCAGGCGTTGTCGGCTTGATGATGGCG
CAAATCATGGGCGTGCGGGATAACGCCACGCTGGACCGCGCCTGTGACCTTGGGCTGGCATTTCAGTTGACCAAT
ATTGCTCGCGATATTGTGGACGATGCGCATGCGGGCCGCTGTTATCTGCCGGCAAGCTGGCTGGAGCATGAAGGT
CTGAACAAAGAGAATTATGCGGCACCTGAAAACCGTCAGGCGCTGAGCCGTATCGCCCGTCGTTTGGTGCAGGAA
GCAGAACCTTACTATTTGTCTGCCACAGCCGGCCTGGCAGGGTTGCCCCTGCGTTCCGCCTGGGCAATCGCTACG
GCGAAGCAGGTTTACCGGAAAATAGGTGTCAAAGTTGAACAGGCCGGTCAGCAAGCCTGGGATCAGCGGCAGTCA
ACGACCACGCCCGAAAAATTAACGCTGCTGCTGGCCGCCTCTGGTCAGGCCCTTACTTCCCGGATGCGGGCTCAT
CCTCCCCGCCCTGCGCATCTCTGGCAGCGCCCGCTCACGACTGAGAATCTTTATTTTCAG

>TEVANIb-CsCCD2L/CsBCH2

(insert between possitions 144 and 145 of TEVANIb; artificial NIaPro cleavage
site is on gray background)
ATGGAATCTCCTGCTACTAAATTACCTGCACCTCTGCTGATGTTATCTTCTTCTCCATTCCTTCTCCCTTCTCCT
AATAAGAGCTCCTCCATCTTCCTTCCACGTAAATTAGGGCCGCTACCTCCAAAATATTATTATTACAATTGCTGC
CATCCTAAGAGTAGATCAATCTCAGTAGTATCAATGGCAAATAAGGAGGAGGCAGAGACCAGTAAGAAGAAGCCC
AAACCATTAAAAGTACTAATTACCAAAGTGGATCCGAAGCCGAGGAAGGGCATGGCATCCGTCGCAGTGGACTTA
CTCGAGAAGGCCTTTGTATACCTATTGTCCGGAAATTCTGCAGCTGATCGTAGTAGTAGTAGTGGTCGTCGTCGT
CGTAAAGAGCATTACTACCTCTCCGGCAATTATGCGCCCGTCGGACACGAAACCCCGCCCTCCGACCACCTCCCC
ATTCATGGATCCCTTCCTGAATGCTTGAATGGAGTGTTTCTGAGAGTTGGTCCTAACCCCAAGTTTGCTCCCGTA
GCCGGATACAATTGGGTCGATGGAGATGGAATGATTCATGGATTGCGTATTAAAGATGGAAAAGCAACTTATCTA
TCTCGATATATTAAAACGTCACGGTTTAAACAAGAAGAATATTTTGGAAGAGCAAAATTTATGAAGATTGGAGAT
CTAAGGGGATTGCTTGGGTTCTTTACGATCTTAATACTAGTACTTCGAACAACATTGAAAGTAATAGACATTTCA
TATGGAAGAGGGACGGGTAATACAGCTCTTGTGTATCATAATGGCTTACTATTGGCTCTATCAGAAGAAGATAAA
CCTTATGTTGTTAAAGTTTTAGAAGATGGAGACTTGCAAACTCTTGGGATATTGGATTATGACAAGAAATTGTCA
CATCCATTCACCGCTCATCCAAAGATCGATCCGTTAACTGATGAGATGTTTACCTTTGGATATTCCATCTCGCCT
CCGTATCTTACTTATCGAGTCATTTCCAAGGATGGAGTGATGCAAGATCCAGTGCAAATCTCAATTACATCCCCT
ACCATAATGCATGATTTTGCTATTACTGAAAATTATGCCATCTTCATGGACCTGCCCTTGTATTTCCAACCAGAG
GAAATGGTAAAGGGGAAATTTGTCTCTTCATTTCACCCTACAAAAAGAGCTCGTATCGGTGTGCTTCCACGATAT
GCAAAAGACGAGCATCCAATTCGATGGTTCGATCTTCCAAGTTGCTTCATGACTCATAATGCAAATGCTTGGGAA
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GAGAATGATGAAGTTGTGCTATTCACATGTCGCCTTGAGAGTCCTGATCTTGACATGCTTAGTGGACCTGCGGAA
GAAGAGATTGGGAATTCAAAAAGTGAGCTTTACGAAATGAGGTTCAATTTGAAAACTGGAATTACTTCACAAAAG
CAACTATCTGTACCTAGTGTTGATTTTCCTCGGATCAACCAAAGTTATACTGGCAGGAAACAGCAATATGTTTAT
TGTACTCTTGGCAACACCAAGATTAAGGGCATTGTGAAGTTTGATCTGCAAATTGAACCAGAAGCCGGAAAGACA
ATGCTTGAAGTTGGAGGAAATGTACAAGGCATCTTTGAGTTGGGACCTAGAAGATATGGTTCAGAGGCAATATTT
GTGCCATGCCAACCTGGCATCAAATCTGATGAGGATGACGGTTACTTGATATTCTTTGTACACGACGAAAACAAT
GGGAAATCTGAGGTCAATGTCATCGATGCAAAGACAATGTCTGCAGAACCTGTGGCTGTTGTGGAACTTCCAAGC
AGGGTTCCATATGGATTCCATGCCTTGTTTCTGAATGAGGAAGAACTTCAGAAGCACCAAGCAGAGACAACAACC
GAAAATTTATATTTCCAGTCTGGAACA

(insert between possitions 6981 and 6982 of TEVANIb; sequences to complete
native NIaPro cleavage sites are on yellow background)
GGGGAGAAGATGTCGGCCAGAATCTCCCCCTCCGCCACCACCCTCGCCGCCTCCTTCCGCCGCCCTCCG
TCTGGCGCACGCATCCTCCTCCTCCCTTCGCTCCCTGTCCGCCGCCCCGTCGAACTCCGGCCGCCGTTGCTTCAT
CGTCGGCGTCGGACGGCGACAGTGTTTTTCGTTCTCGCCGAAGAAAAAACAACTCCTTTTCTTGACGACGTGGAG
GAAGAGAAGAGTATTGCGCCGTCAAATCGGGCGGCTGAGAGGTCGGCGCGGAAGCGGTCGGAGCGGACCACGTAC
CTCATAGCCGCGGTTATGTCGAGCTTGGGCATCACATCCATGGCCGCCGCAGCCGTCTACTACCGCTTCGCTTGG
CAAATGGAGGGAGGGGATGTGCCAGTGACGGAGATGGCGGGAACGTTCGCTCTCTCGGTCGGGGCGGCGGTGGGG
ATGGAGTTCTGGGCCAGGTGGGCCCACCGGGCCCTCTGGCACGCGTCGCTCTGGCACATGCACGAGTCCCACCAC
CGGCCGAGGGAGGGCGCTTTCGAACTCAACGACGTCTTCGCCATAATCAACGCGGTCCCCGCCATAGCCCTGCTC
AACTTCGGCTTCTTCCACAGAGGTCTTCTCCCCGGCCTCTGTTTCGGCGCCGGGCTGGGGATCACGCTGTTTGGT
ATTGCGTACATGTTCGTCCACGACGGGCTAGTCCACCGGCGGTTCCCTGTGGGGCCCATAGCCGACGTGCCCTAC
TTCCAGCGCGTCGCCGCTGCTCACCAGATCCACCACTCGGAGAAGTTCGAAGGGGTGCCCTATGGACTGTTCATG
GGGCCCAAGGTCGGTGCGGTTTCTTTTTGTTGTTTTCCTCTCTTAACGACTGAGAATCTTTATTTTCAG

>TEVANIb-CsCCD2L/CsLPT1

(insert between possitions 144 and 145 of TEVANIb; artificial NIaPro cleavage
site is on gray background)
ATGGAATCTCCTGCTACTAAATTACCTGCACCTCTGCTGATGTTATCTTCTTCTCCATTCCTTCTCCCTTCTCCT
AATAAGAGCTCCTCCATCTTCCTTCCACGTAAATTAGGGCCGCTACCTCCAAAATATTATTATTACAATTGCTGC
CATCCTAAGAGTAGATCAATCTCAGTAGTATCAATGGCAAATAAGGAGGAGGCAGAGACCAGTAAGAAGAAGCCC
AAACCATTAAAAGTACTAATTACCAAAGTGGATCCGAAGCCGAGGAAGGGCATGGCATCCGTCGCAGTGGACTTA
CTCGAGAAGGCCTTTGTATACCTATTGTCCGGAAATTCTGCAGCTGATCGTAGTAGTAGTAGTGGTCGTCGTCGT
CGTAAAGAGCATTACTACCTCTCCGGCAATTATGCGCCCGTCGGACACGAAACCCCGCCCTCCGACCACCTCCCC
ATTCATGGATCCCTTCCTGAATGCTTGAATGGAGTGTTTCTGAGAGTTGGTCCTAACCCCAAGTTTGCTCCCGTA
GCCGGATACAATTGGGTCGATGGAGATGGAATGATTCATGGATTGCGTATTAAAGATGGAAAAGCAACTTATCTA
TCTCGATATATTAAAACGTCACGGTTTAAACAAGAAGAATATTTTGGAAGAGCAAAATTTATGAAGATTGGAGAT
CTAAGGGGATTGCTTGGGTTCTTTACGATCTTAATACTAGTACTTCGAACAACATTGAAAGTAATAGACATTTCA
TATGGAAGAGGGACGGGTAATACAGCTCTTGTGTATCATAATGGCTTACTATTGGCTCTATCAGAAGAAGATAAA
CCTTATGTTGTTAAAGTTTTAGAAGATGGAGACTTGCAAACTCTTGGGATATTGGATTATGACAAGAAATTGTCA
CATCCATTCACCGCTCATCCAAAGATCGATCCGTTAACTGATGAGATGTTTACCTTTGGATATTCCATCTCGCCT
CCGTATCTTACTTATCGAGTCATTTCCAAGGATGGAGTGATGCAAGATCCAGTGCAAATCTCAATTACATCCCCT
ACCATAATGCATGATTTTGCTATTACTGAAAATTATGCCATCTTCATGGACCTGCCCTTGTATTTCCAACCAGAG
GAAATGGTAAAGGGGAAATTTGTCTCTTCATTTCACCCTACAAAAAGAGCTCGTATCGGTGTGCTTCCACGATAT
GCAAAAGACGAGCATCCAATTCGATGGTTCGATCTTCCAAGTTGCTTCATGACTCATAATGCAAATGCTTGGGAA
GAGAATGATGAAGTTGTGCTATTCACATGTCGCCTTGAGAGTCCTGATCTTGACATGCTTAGTGGACCTGCGGAA
GAAGAGATTGGGAATTCAAAAAGTGAGCTTTACGAAATGAGGTTCAATTTGAAAACTGGAATTACTTCACAAAAG
CAACTATCTGTACCTAGTGTTGATTTTCCTCGGATCAACCAAAGTTATACTGGCAGGAAACAGCAATATGTTTAT
TGTACTCTTGGCAACACCAAGATTAAGGGCATTGTGAAGTTTGATCTGCAAATTGAACCAGAAGCCGGAAAGACA
ATGCTTGAAGTTGGAGGAAATGTACAAGGCATCTTTGAGTTGGGACCTAGAAGATATGGTTCAGAGGCAATATTT
GTGCCATGCCAACCTGGCATCAAATCTGATGAGGATGACGGTTACTTGATATTCTTTGTACACGACGAAAACAAT
GGGAAATCTGAGGTCAATGTCATCGATGCAAAGACAATGTCTGCAGAACCTGTGGCTGTTGTGGAACTTCCAAGC
AGGGTTCCATATGGATTCCATGCCTTGTTTCTGAATGAGGAAGAACTTCAGAAGCACCAAGCAGAGACAACAACC
GAAAATTTATATTTCCAGTCTGGAACA

(insert between possitions 6981 and 6982 of TEVANIb; sequences to complete
native NIaPro cleavage sites are on yellow background)

GGGGAGAAGATGGCTCGCCAAGTTGCTCTGTGCTCTGTCCTGGTGATCGCTGCCTTCCTCTTCATCTCCTCCCCT
CGTGCCGAGAGCGCAGTCACCTGCAGCACTGTGGCCTCTGCGGTATCACCGTGCATCGGTTATGTTCGCGGCCAG
GGCGCACTGACTGGCGCGTGCTGCAGCGGCGTGAAGGGCCTTGCTGCAGCGGCAACCACCCCCCCTGACCGTCGG
ACTGCATGCAGCTGCCTCAAGTCAATGGCTGGCAAAATCAGCGGCCTGAACCCTAGTCTCGCAAAAGGCCTCCCC
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GGCAAGTGCGGTGCCAGCGTCCCCTATGTCATCAGCACATCCACTGACTGCACTAAGGTGGCAACGACTGAGAAT
CTTTATTTTCAG

Wild-type NIb transformed

Fig. S3. Complementation of a TEV mutant that lacks NIb in the transformed N. benthamiana
line that stably expresses TEV NIb. (A) Wild-type and (B) NIb-expressing N. benthamiana plants
were mechanically inoculated with TEVANIb-Ros1, a recombinant virus in which the NlIb cistron
is replaced by the Rosea1 visual marker that induces anthocyanin accumulation. Pictures were
taken 11 days post-inoculation (dpi).
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Green fluorescence

White light

Mock-inoculated

TEVANIb-CsCCD2L. TEVANIb-aGFP

TEVANIb-
BdCCD4.1

TEVANIb-
BdCCD4.3

Fig. S4. Fluorescence stereomicroscope analysis of tissues from plants mock-inoculated and
agroinoculated with TEVANIb-aGFP, TEVANIb-CsCCD2L, -BdCCD4.1 and -BdCCD4.3.
Pictures at 15 dpi were taken with a Leica MZ 16 F stereomicroscope under white light and
under UV illumination with the GFP2 (Leica) fluorescence filter. Scale bars correspond to 5
mm.
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Fig. S5. Crocetin ion extraction (m/z 329.1747 (M+H+)) in control and CsCCD2L and
BdCCD4.1 polar fraction chromatograms. Metabolites were extracted from infected leaves and
run on an HPLC-PDA-HRMS system. The apocarotenoids have an accurate mass and a
chromatographic mobility identical to those of the authentic standards, when available.
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SUPPLEMENTARY TABLES

Table $1. LC-HRMS of crocins- (A) and picrocrocin-related (B) apocarotenoid levels in
infected leaves. Data are avg + sd of, at least, three biological replicates; nd (not detected).
Values are reported as fold level between the signal intensities of the apocarotenoid metabolite
on the signal intensity of the internal standard (formononetin).

A

crocetin dialdehyde
cis-crocetin
trans-crocetin
cis-crocin 1
trans-crocin 1
trans-crocin 2
trans-crocin 2'
cis-crocin 3
trans-crocin 3
cis-crocin 4
trans-crocin 4
cis-crocin 5
trans-crocin 5
trans-crocin 6
trans-crocin 7
trans-crocin 8

HTCC

picrocrocin isomer 1
picrocrocin isomer 2
picrocrocin isomer unknown
picrocrocin-gentibiose-isomer 1
picrocrocin-gentibiose-isomer 2
picrocrocin-gentibiose-isomer 3
Picrocrocin-derivivative 4
Picrocrocin-derivivative 7
Picrocrocin-derivivative 9

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

Mock

Mock

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
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nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

aGFP

aGFP
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

TEVANIb-
Csccp2L BdCCDA4.1
0,14t0,01  0,043£0,004
0,010 0,003+0,001
0,06t0,01  0,03£0,01
0,010 0,010,001
0,12¢0,03  0,11%0,02
1,15¢0,11  0,320,02
0,42¢0,04  0,13%0,01
0,71¢0,03  0,29:0,08
2,0910,28  0,43£0,09
1,16:0,03  0,48:0,14
0,04t0,01  0,007+0,001
0,85t0,03  0,49£0,12
0,020,01 nd
0,007+0,002 nd
0,0130,003 nd
0,009+0,002 nd
TEVANIb-
CsCCD2L BdCCD4.1
0,007+0 0,004+0,001
0,019+0,004  0,004+0,001
0,001+0 0,001+0
0,018£0,004  0,0030,001
0£0 0£0
0£0 0£0
0£0 0£0
0,001+0,0001 0£0
0,001+0,0001 0£0
0£0 0£0



Table S2. Relative abundance, as % on the total, of apocarotenoid levels in CsCCD2L and
BdCCD4.1 leaves. (A) crocins-related metabolites and (B) picrocrocin-related metabolites.

A

crocetin dialdehyde
cis-crocetin
trans-crocetin
cis-crocin 1
trans-crocin 1
trans-crocin 2
trans-crocin 2'
cis-crocin 3
trans-crocin 3
cis-crocin 4
trans-crocin 4
cis-crocin 5
trans-crocin 5
trans-crocin 6
trans-crocin 7
trans-crocin 8

HTCC

picrocrocin isomer 1
picrocrocin isomer 2
picrocrocin isomer unknown
picrocrocin-gentibiose-isomer 1
picrocrocin-gentibiose-isomer 2
picrocrocin-gentibiose-isomer 3
Picrocrocin-derivivative 4
Picrocrocin-derivivative 7
Picrocrocin-derivivative 9
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TEVANIb-
CsCcD2L BdCCD4.1

2,00 1,83

0,08 0,14

0,94 1,29

0,15 0,37

1,72 4,52

16,84 13,68

6,19 5,46

10,48 12,54

30,74 18,31

17,04 20,62

0,57 0,30

12,54 20,92

0,27 -

0,11 -

0,19 -

0,14 -

TEVANIb-
CsCCD2L BdCCD4.1

14,61 32,31
39,49 32,44
3,05 7,56
36,44 25,01
0,11 0,06
0,11 0,05
0,07 0,08
3,01 1,22
3,01 1,22
0,10 0,05
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Table S3. LC-HRMS of carotenoid- (A), chlorophyll-related (B), and tocochromanols and
quinones (C) levels in infected leaves. Data are avg * sd of at least three biological replicates;
nd (not detected). Values are reported as fold level between the signal intensities of the
apocarotenoid metabolite on the signal intensity of the internal standard (a-tocopherol acetate).
Asterisks indicate significant differences according a t-test (pValue: *<0.05; **<0.01) carried
out in the comparisons Not infected vs GFP, CCD2L vs GFP and CCD4.1 vs GFP.

A TEVANIb-

Mock aGFP CsCCD2L BdCCD4.1
phytoene 0,21+0,02 0,06+0,02** 3,140,29** 1,4610,25**
phytofluene 0,1610,02 0,06+0,01** 0,66+0,16** 0,31+0,05**
a-carotene 0,0610 0,06+0,01 0,1310,04 0,08+0,01
lutein 1,27+0,15 0,85+0,03* 0,41+0,08* 0,61+0,05*
b-carotene 0,71+0,1 0,49+0,03** 0,52+0,1 0,48+0,05
zeaxanthin 0,610,1 0,71+0,2 0,22+0,03** 0,38+0,02**
violaxanthin 0,510,06 0,28+0,02** 0,310,05 0,32+0,03
neoxanthin 0,044+0,005 0,04+0,003 0,04+0,01 0,039+0,002
other carotenoids 0,04+0,01 0,040,004 0,05+0,01 0,04+0,02
B TEVANIb-

Mock aGFP CsCCD2L BdCCD4.1
chlorophyll a 0,9810,11 0,62+0,08* 0,75%0,17 0,68+0,07
chlorophyll b 1,18%0,18 0,82+0,02 0,91+0,18 0,83+0,06
chlorophyll derivatives 0,28+0,02 0,27+0,02 0,32+0,11 0,24+0,05

C TEVANIb-

Mock aGFP CsCCD2L BdCCDA4.1
a-tocopherol 0,94+0,13 1,03+0,14 1,12+0,22 0,97+0,12
b-/g-tocopherol 0,01+0 0,01+0,002 0,02+0** 0,02+0,01*
d-tocopherol 010 0,0033+0,001 0,010 010
a-tocotrienol 0,31+0,02 0,29+0,02 0,3+0,06 0,25+0,03
b-/g-tocotrienol 0+0 0,001+0,0003 nd 0,001+0,0002
d-tocotrienol 0+0 0,002+0,0004** 00 0,001+0,0001*
a-tocopherol quinone 010 0,0037+0,001 0,01+0%** 0,01+0,002*
menaquinone-8 0,03+0 0,0310,01 0,07+0,01** 0,07+0,01**
phylloquinone 0,6310,16 0,87+0,13 0,81+0,19 0,7310,18
plastoquinol-9 0+0 0,0021+0,0005 00 0,00226+0,0005
plastoquinone 0,19+0,03 0,11+0,02* 0,07+0,01** 0,08+0,01**
ubiquinone-10 0,03+0 0,02+0,003* 0,03+0,01 0,0261+0,004
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Table S4. LC-HRMS of crocins- (A) and picrocrocin and safranal (B) apocarotenoid levels in
infected leaves. Data are avg = sd of at least three biological replicates; nd (not detected).
Values are reported as absolute amounts (in mg/g DW) by using authentical standards and
external calibration curves. Asterisks indicate significant differences according a t-test (pValue:

*<0.05; **<0.01) carried out

A

mg/g DW aGFP CsCCD2L
cis-crocetin nd 0,0310,01
trans-crocetin nd 0,2+0,04
cis-crocin 1 nd 0,0610,01
trans-crocin 1 nd 0,33+0,04
cis-crocin 2+2' nd 0,21+0,01
trans-crocin 2 nd 0,74+0,03
trans-crocin 2' nd 0,0610,01
cis-crocin 3 nd 0,050
trans-crocin 3 nd 0,1+0,04
cis-crocin 4 nd 0,010
trans-crocin 4 nd 0,010
cis-crocin 5 nd 0,0310,01
trans-crocin 5 nd nd
Total crocins nd 1,83+0,2
B

mg/g DW aGFP CsCCD2L
picrocrocin nd 6,87+0,07
safranal nd 4,41+0,24

TEVANIb-

PaCrtB
0,003+0,001**
0,036+0,004**

0,04+0,01**
0,27+0,02
0,17+0,02*
0,59+0,04**
0,45+0,05**
0,19+0,02**
1,15+0,07**
0,21+0,02**
0,09+0,01**
0,29+0,05**
0,008+0,002**

3,49+0,33**

TEVANIb-
PaCrtB
6,91+0,62
0,94+10,24

CsBCH2
0,01+0**
0,07+0,01%*
0,05+0,01
0,38+0,04
0,12+0,02**
0,4+0,05%*
0,51+0,06**
0,14+0,01**
0,74+0,08**
0,15+0,02**
0,05+0,01*
0,29+0,03**
0,004+0**

2,92+0,33**

CsBCH2
4,29+0,71
0,51+0,06

in the comparisons CsCCD2L vs CsCCD2L+PaCrtB,
CsCCD2L+CsBCH2 or CsCCD2L+CsLTP1.

CsLTP1
0,02+0*
0,13+0,03
0,09+0
0,3610,11
0,02+0**
0,07+0,01**
0,39+0,08*
0,02+0**
0,09+0
0,05+0,01*
0+0*
0,22+0,03*
nd

1,47+0,29

CsLTP1
2,3+0,21**
0,43£0,08**

Table S5. Percentage conversion of CsCCD2L and BdCCD4.1 enzymes on zeaxanthin
substrate in in vitro assays performed for 6 h at 20°C and 16 h at 28°C. Data are the average
of three independent assays. Asterisks indicate significant differences according a t-test

(pValue: *<0.05; **<0.01) carried out in the comparisons BdACCD4.1 vs. CsCCD2L.

% Conversion

6 h 16 h
CsCCD2L 3.83+0.87 7.43+1.01
BdCCD4.1 1.80+0.4* 4.03 +0.60**
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ABSTRACT

Turmeric (Curcuma longa L.) rhizome has been traditionally used as a food additive. It
contains curcuminoids, especially curcumin, polyphenols widely appreciated for its
beneficial effects to treat different diseases. However, curcumin therapeutic application
has been restricted due to the low yield, poor bioavailability and costly extraction
processes. We have successfully produced curcumin and other curcurminoids in
Nicotiana benthamiana plants by using a multigene engineering strategy where two
key enzymes from the curcuminoid biosynthetic pathway, C. longa diketide-CoA
synthase 1 (DCS1) and curcumin synthase 3 (CURS3), were co-expressed using
vectors derived from tobacco etch virus (TEV, genus Potyvirus) alone or in combination
with potato virus X (PVX, genus Potexvirus). Metabolic analysis of plant tissue showed
that the double infection with TEVAN-DCS1 and PVX-CURS3 led to the production of
curcumin, dihydrocurcumin, dihydro-demethoxycurcumin, demethoxycurcumin,
dihydro-bisdemethoxycurcumin and bisdemethoxycurcumin. Curcumin quantification
indicated that sequential inoculation of both viral vectors was more efficient than co-
inoculation (6.5 + 0.6 versus 1.9 + 0.3 pg/g dry weight, DW, respectively). DCS1 and
CURSS3 expression using a single viral vector (TEVAN-DCS1-CURS3) led to a 2-fold
increase in curcumin accumulation (11.7 + 1.5 pg/g DW). A time-course analysis of
curcuminoid production using the TEVAN-DCS1-CURS3 vector resulted in 22 + 4 pg/g
DW at 11 days post-inoculation. In sum, the virus-based expression of two C. longa
curcuminoid biosynthetic enzymes allows the heterologous production of the highly

appreciated curcumin in adult N. benthamiana plants in less than two weeks.

Keywords: curcuminoids; curcumin; turmeric; viral vector; diketide-CoA synthase 1;

curcumin synthase 3; tobacco etch virus; potato virus X

1. INTRODUCTION

Plants produce a plethora of specialized metabolites that are vital for their survival, i.e.
their reproduction, climate resilience, to establish symbiotic relationships and to fend

off predators, pests and pathogens (Arya et al., 2020). These natural compounds are
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widely used by humans in the food, pharma, cosmetic or chemical industries. In fact,
plant secondary metabolites play a leading role in drug discovery due to their
specialized and complex skeletal structures and functional groups that render an
enormous array of bioactive properties (Arya et al., 2020; Chouhan et al., 2017). Many
phytochemicals are highly demanded and economically valued (Ashrafizadeh et al.,
2020). However, extraction of plant-derived natural products from native sources not
unfrequently encounters difficulties to meet commercial demand. To a limited
production in natural conditions, danger of overexploitation of native plant species must
be added. Chemical synthesis, when possible, also suffers of drawbacks such as
expensive precursors, use of toxic catalysts and extreme reaction conditions.
Metabolic engineering of plants and microbes arises as an alternative approach to
produce bioactive natural compounds ensuring sustainability while satisfying the
commercial demands (Arya et al., 2020; Chouhan et al., 2017).

Molecular farming uses plants as biological factories (biofactories) to produce
compounds of interest, such as proteins and metabolites (Fischer and Buyel, 2020).
Approaches in molecular farming are typically based on plant stable genetic
transformation, a time-consuming and resource-intensive process. Transient
expression in plant tissues, by contrast, has emerged as an alternative manufacturing
system, as it is very rapid, generating the product of interest in a matter of days (Fischer
and Buyel, 2020; Mohammadinejad et al., 2019; Shanmugaraj et al., 2020). The use of
viral vectors for the transient expression of heterologous genes in plants exhibits two
additional advantages; viral genomes are small and easy to manipulate, and genes of
interest are exponentially amplified during viral replication (Clark and Maselko, 2020;
Sainsbury et al., 2012; Shanmugaraj et al., 2020).

Turmeric (Curcuma longa L.) is a herbaceous plant that belongs to the ginger
family (Zingiberaceae) and is native to the Indian subcontinent (Mandal, 2016).
Turmeric rhizome has been used as a food additive, especially in Asian cuisine —it gives
curry its characteristic yellowish color-, and in cosmetics (Esatbeyoglu et al., 2012).
Besides, turmeric has been widely used for thousands of years for medicinal purposes
to treat different diseases (Prasad et al., 2014). Curcuminoids are polyphenols found
in the rhizome from many Curcuma species, with C. longa the one that accumulates
the highest amounts (Akter et al., 2019; Chouhan et al., 2017; Prasad et al., 2014).
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Curcuminoid biosynthesis in C. longa is a multistep process, in which p-coumaroyl-
CoA is produced from the amino acid phenylalanine. Condensation of p-coumaroyl-
CoA with malonyl-CoA results in the formation of a diketide intermediate, which
through the catalytic activity of several curcumin synthase (CURS) enzymes end up
with production of curcumin and other curcuminoids (Katsuyama et al., 2009) (Fig. 1).
Key enzymes in this process are C. longa diketide-CoA synthase 1 (DCS1) and CURS3
(unpublished data).
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Figure 1. Curcuminoid biosynthetic pathway in turmeric (C. longa). Phenylalanine ammonia-
lyase (PAL), cinnamic acid 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL),
hydroxycinnamoyl transferase (HCT), p-coumarate-3- hydroxylase (C3H), caffeoyl CoA O-
methyltransferase (CCoAOMT), diketide-CoA synthase (DCS), and curcumin synthase 1, 2 and
3 (CURSH1, 2 and 3).

Heterologous curcumin production has been intensively studied due to the
metabolite's wide range of biological properties, such as its ability to modulate multiple
signaling molecules, such as transcription factors, enzymes, and secondary
messengers, thereby controlling the expression of many genes associated with disease
(Ashrafizadeh et al., 2020; Ghosh et al., 2015; Mandal, 2016). More in detail, curcumin

is considered a health-promoting metabolite due to antioxidant, anti-inflammatory, and
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antimicrobial activities. It is also considered anti-diabetic, cardioprotective,
hepatoprotective, capable of lowering dyslipidemia, regulator of blood pressure,
protective against ischemic/reperfusion injury, anti-Alzheimer, anti-Parkinson or
antitumor, and beneficial in liver and urinary tract diseases (Ashrafizadeh et al., 2020;
Chouhan et al., 2017; Couto et al., 2017; Gomez-Estaca et al., 2017; Katsuyama et al.,
2009; Stani¢, 2017). However, the underlying mechanisms of all these health
promoting activities remain unclear (Ghosh et al., 2015).

Despite the remarkable potential to prevent and treat a wide spectrum of
diseases, therapeutic application of curcumin has been restricted due to low aqueous
solubility and low chemical stability, as well as poor bioavailability due to rapid
elimination from the body (Chouhan et al., 2017; Couto et al., 2017; Ghosh et al., 2015;
Stanié, 2017). Different strategies have been developed to overcome these limitations,
such as the conjugation with chitosan or cyclodextrins, or encapsulation within lipid
particles (Ghosh et al.,, 2015; Mandal, 2016; Stani¢, 2017). Besides, curcumin is
typically obtained with a low yield using costly, energy-intensive and environmentally
unfriendly extraction processes. Chemical synthesis is not an alternative due to
molecular complexity. Therefore, metabolic engineering and molecular farming remain
as an attractive alternative for commercial curcumin production (Couto et al., 2017;
Rodrigues et al., 2015).

In this study, we set up a system for the heterologous production of curcumin in
Nicotiana benthamiana plants by using a multigene engineering strategy where two
biosynthetic enzymes, namely C. longa DCS1 and CURS3, were co-expressed using
viral vectors to create an artificial curcuminoid biosynthetic pathway. For this purpose,
we used a vector derived from tobacco etch virus (TEV, genus Potyvirus; family
Potyviridae), alone or in combination with a second compatible vector derived from
potato virus X (PVX, genus Potexvirus; family Alphaflexiviridae). As a result, a curcumin
accumulation of up to 22 + 4 ug per g of N. benthamiana leaf dry weigh (DW) was

obtained after only 11 days post-inoculation (dpi).
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2. MATERIALS AND METHODS

2.1. Plasmid construction

Plasmids pGTEVAN-DCS1, pGTEVAN-DCS1-CURS3, pPVX-mCherry, pPVX-CURS3
and pPVX-CCoAOMT-1 were built using standard molecular biology techniques,
including polymerase chain reaction (PCR) with the high-fidelity Phusion DNA
polymerase (Thermo Scientific), restriction enzyme digestion, ligation with T4 DNA
ligase (Thermo Scientific), and Gibson DNA assembly (Gibson et al., 2009) using the
NEBuilder HiFi DNA assembly master mix (New England Biolabs). C. longa DCS1 and
CURSS3 cDNAs, along with N. tabacum CCoAOMT-1 cDNA, were amplified by PCR
from plasmids pDGB3a1-DCS1, pDGB3a2-CURS3 and pDGB3a2-OMT, respectively
(Diretto et al., unpublished results). Plasmid pGTEVa (Bedoya et al., 2012) contains the
infectious cDNA of a wild-type TEV (GenBank accession number DQ986288) including
two silent and neutral mutations (G273A and A1119G) for cloning purposes, flanked
by cauliflower mosaic virus (CaMV) 35S promoter and terminator in a binary vector
that derives from pCLEAN-G181 (Thole et al., 2007). DCS1 and a combination of DCS1
and CURS3 cDNAs were inserted in pGTEVa replacing most of the cDNA
corresponding to the viral cistron that encodes the RNA-dependent RNA polymerase
nuclear inclusion b (NIb) (Fig. 2A). The exact sequences of the resulting plasmids
pGTEVAN-DCS1 and pGTEVAN-DCS1-CURS3 are in Supplementary Fig. S1.
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1000 0t TEVAN-DCS1-CURS3 sskmnwpq SGTTI'ENLVFQ PVX-CCOAOMT-1

Figure 2. Schematic representation of (A) TEVANIb and (B) PVX, and derived recombinant
viruses thereof, as indicated in grey rectangles. Lines represent 5’ and 3’ untranslated regions
(UTR), and white boxes denote viral genes, as indicated. Heterologous GFP and mCherry
coding regions are represented by green and dark red boxes. C. longa DCS1, CURS3 and N.
tabacum CCoAOMT-1 coding regions are represented by light red, orange and purple boxes,
respectively. (A) The amino acid sequences of the artificial NlaPro cleavage sites that mediate
the release of the heterologous proteins from the TEV polyprotein are indicated. Arrowheads
indicate cleavage sites. Scale bar corresponds to 1000 nt.
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PVX recombinant plasmids were constructed on the basis of the plasmid pPVX,
which contains a full-length PVX cDNA (GenBank accession number MT799816),
flanked by the CaMV 35S promoter and Agrobacterium tumefaciens Nopaline synthase
(NoS) terminator. Heterologous cDNAs of all the PVX recombinant clones are
transcribed from the native PVX coat protein (CP) promoter, and a deleted version of
PVX CP, lacking its 29 initial codons, is expressed from a heterologous promoter that
derived from bamboo mosaic virus (BaMV) (Dickmeis et al., 2014) (Fig. 2B).The exact
sequences of pPVX-mCherry, pPVX-CURS3, and pPVX-CCoAOMT-1 are in
Supplementary Fig. S2. Plasmids pGTEVANIb-aGFP and pGTEVANIb-mCherry for
TEV-based expression of the green fluorescent protein (GFP) and the red fluorescent
protein mCherry were previously described (Majer et al., 2015, Bedoya et al., 2010)
(Supplementary Fig. S1).

2.2. Plant inoculation

A. tumefaciens C58C1, which carried helper plasmid pCLEAN-S48 (Thole et al., 2007),
was electroporated with plasmids that contained the different viral clones. Transformed
cells were selected in lysogenic broth (LB) agar plates with 50 ug/ml rifampicin, 50
pug/ml kanamycin and 7.5 pg/ml tetracycline. Single colonies were further grown in LB
liquid medium containing 50 uyg/mL kanamycin at 28°C for 24 h. At an optical density
at 600 nm (ODeoo) between 1 and 2, cells were pelleted and resuspended to an ODswo
of 0.5 in agroinoculation buffer (10 mM MES-NaOH, pH 5.6, 10 mM MgCl, and 150 uM
acetosyringone) and induced for 2 h at 28°C. Using a needleless syringe, cultures were
used to infiltrate two leaves of four-week-old transgenic N. benthamiana plants that
stably express TEV NIb (Marti et al., 2020). In the different experiments, PVX-derived
clones were inoculated at the same time as TEV clones (co-inoculation, C) or 3 days
later (sequential inoculation, S), as indicated. After inoculation, plants were kept in a
growth chamber at 25°C under a 12 h day-night photoperiod with an average photon
flux density of 240 umol-m2-s'. Leaves were collected at different dpi and kept at -80°C

until used.
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2.3. Analysis of virus progeny

Leaf samples from upper non-inoculated leaves of N. benthamiana plants were
harvested at 11 dpi and total RNA was purified using silica-gel columns (Zymo
Research). Viral progeny was analyzed by reverse transcription (RT)-PCR using
RevertAid reverse transcriptase (Thermo Scientific) and Phusion high-fidelity DNA
polymerase followed by electrophoretic separation of the amplification products in 1%
agarose gels, which were stained with ethidium bromide. For virus infection diagnosis,
a cDNA corresponding to the TEV CP cistron (804 bp) was amplified. Aliquots of the
RNA  preparations were subjected to RT using primer Pl (5-
CTCGCACTACATAGGAGAATTAGAC-3’), followed by PCR amplification with primers
PII (5’-AGTGGCACTGTGGGTGCTGGTGTTG-3’) and Pl (5’-
CTGGCGGACCCCTAATAG-3’). To analyze the presence of the inserted cDNAs in the
viral progeny, RNA aliquots from mock-inoculated and TEVAN-aGFP infected plants

were reverse transcribed using primer PIV (5’-
GCTGTTTGTCACTCAATGACACATTAT-3’) and amplified by PCR with primers PV (5’-
AAAATAACAAATCTCAACACAACATATAC-3) and PVI (5'-

CCGCGGTCTCCCCATTATGCACAAGTTGAGTGGTAGC-3’), while RNA from TEVAN-
DCS1-CURS3 infected plants was reverse transcribed using primer PVII (5’-
TACCTAGGCATGTATGGTCGCTCCC-3’) and amplified by PCR with primers PVIII (5’-
CCTGAAGAGCCTTTTCAGCCAG-3’) and PIX (5-TTGATCTTTCTTCTTACCAGCG-
3").

2.4. Metabolic analysis

Polar and nonpolar extracts from mock-inoculated and infected plants were analyzed
by high performance liquid chromatography (HPLC) with a system equipped with a
photodiode array (PDA) detector (Dionex) coupled to a Q-Exactive high resolution
mass spectrometer (HRMS) (Thermo Fisher Scientific) operating in positive/negative
heated electrospray ionization (HESI). HPLC-HRMS analysis of N. benthamiana
metabolites were performed as previously described (Demurtas et al., 2019, 2018;

Grosso et al., 2018) with some minor modifications. For HPLC separation of polar and
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semipolar metabolites (curcuminoids and phenylpropanoid precursors), freeze-dried
and homogenized plant tissue powder were extracted with cold 75% (v/v) methanol,
0.1% (v/v) formic acid, spiked with 5 pg/ml formononetin. For liquid chromatography,
samples were injected on a C18 Luna reverse-phase column (100 x 2.1 mm, 2.5 ym;
Phenomenex) where the mobile phases were composed of water with 0.1% (v/v) formic
acid (A) and acetonitrile with 0.1% (v/v) formic acid (B), at a total flow rate of 250 pl/min.
The separation of polar and semipolar metabolites was performed using a gradient of
95%A/5% B for 0.5 min, followed by a 24-min linear gradient to 25%A/75% B, 1 min
isocratic, before going back to the initial conditions in 7 min.

The liposoluble fractions (chlorophylls, carotenoids, and other isoprenoids such
as quinones and tocochromanols) were extracted with 0.5 ml cold (1:1)
methanol:chloroform (v/v) spiked with 50 pg/ml formononetin. HPLC separation of
nonpolar metabolites was performed as described previously (Demurtas et al., 2018),
injecting samples on a C30 reverse-phase column (100 x 3.0 mm; YMC Europe).
Briefly, the mobile phases consisted of methanol (A), water:methanol (20:80, v/v)
containing 0.2% ammonium acetate (B), and tert-butyl methyl ether (C) at a total flow
rate of 800 pl/min. The separation was developed using a gradient of 95%A/5%B for
1.3 min, followed by 80%A/5%B/15% C for 2 min, followed by a subsequent 9.2-min
linear gradient to 30%A/5%B/65%C. Mass spectrometry ionization of polar, semipolar
and nonpolar metabolites was performed as previously described (Demurtas et al.,
2018).

Identification of metabolites was achieved by comparing chromatographic
(retention times) and spectral (absorption spectra) properties with authentic standards,
if available; using literature data; or on databases, as stated previously (Lépez et al.,
2021). The ion peak areas of the metabolites were standardized to the ion peak areas
of the internal standard (formononetin or a-tocopherol acetate for polar/semipolar and
nonpolar metabolites, respectively), allowing for relative quantification expressed as
fold internal standard (IS). For absolute quantification, peak integration areas were

converted to concentrations in comparison with authentic standards (curcumin).
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2.5. Confocal microscopy

Upper non-inoculated leaves from plants infected with TEVANIb-aGFP, PVX-mCherry
and doubly infected with TEVANIb-aGFP and PVX-mCherry were analyzed at 10 dpi
by laser scanning confocal microscopy (LSCM) using a Zeiss LSM 780 Axio Observer
equipped with a C-Apochromat 40X/1.20 W corrective water immersion objective lens.
For the multicolor detection of GFP and chlorophylls, as well as the red fluorescence
from mCherry, imaging was performed using the sequential channel acquisition mode.
A 458-nm laser was used for excitation of GFP and chlorophyll autofluorescence; they
were detected between 490 to 535 nm and 685 to 760 nm, respectively. mCherry was
excited using a 561-nm laser, detecting the red signal between 590 to 640 nm. Post-

acquisition image processing was performed using FIJI (http:/fiji.sc/Fiji).

Subcellular curcumin localization was also investigated by LSCM owing to its
green fluorescence (Gomez-Estaca et al., 2017). Upper non-inoculated leaves from
mock-inoculated plants or infected with TEVANIb-mCherry or TEVAN-DCS1-CURS3
were analyzed at 11 dpi. For the detection of curcumin, a 458-nm laser was used for
excitation, and fluorescence was recorded between 490 to 555 nm. Tissues infected
with  TEVAN-DCS1-CURS3 were further subjected to an emission fingerprinting
(spectral imaging coupled with subsequent image processing using linear unmixing)
(Zimmermann et al., 2014) to separate mixed fluorescent signals from chlorophylls and

curcumin using the Zeiss Zen Black software.

2.6. Statistics and bioinformatics

Statistical analyses (ANOVA+ Tukey'’s t-test) were performed by using the IBM SPSS
Statistics software. Heatmap visualization was carried out with the online tool from
Morpheus (https://software.broadinstitute.org/morpheus/) as previously described
(Cappelli et al., 2018; Grosso et al., 2018).
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3. RESULTS

3.1. TEV and PVX cellular coinfection

After identifying C. longa DCS1 and CURSS as the key enzymes for the heterologous
production of curcuminoids in N. benthamiana (Diretto et al., unpublished results), the
goal of this work was to set up a virus-based system for the rapid and efficient
production of these appreciated metabolites in adult plants of this species. For this
purpose, we first planned to co-express both biosynthetic enzymes in the same cells
using two different viral vectors that belong to distinct families and that we expected to
efficiently co-infect plants. More specifically, we intended to express DCS1 and CURS3
using vectors derived from TEV and PVX, respectively. In the case of the TEV vector,
we used a TEVAN version in which most of viral NIb cistron (~1.6 kb) is deleted. The
viral RNA-dependent RNA polymerase NIb is in turn expressed from a transgene in the
N. benthamiana plants (Marti et al., 2020). This modality serves two purposes: cargo
capacity in the viral vector is increased and the resulting vector only replicates in NIb

plants as a biosecurity measure.

GFP Chlorophyli mCherry Merged Visible

PVX-mCherry TEVAN-aGFP

TEVAN-aGFP/
PVX-mCherry

Figure 3. LSCM images of symptomatic tissues from N. benthamiana plants infected with
TEVAN-aGFP, PVX-mCherry or co-infected with both viruses, as indicated, at 10 dpi. The green
and red fluorescence of GFP and mCherry, respectively, is shown. Chlorophyll

115

S

/."\>



CHAPTERII

autofluorescence is shown in blue. Merged images of fluorescent signals from GFP, chlorophyll
and mCherry, and images under bright field are also shown. Scale bars indicate 10 pm.

To confirm that these two viral vectors are able to efficiently co-infect the same
cells to simultaneously deploy both biosynthetic enzymes, we used recombinant clones
that express fluorescent proteins. Symptomatic upper leaves from plants infected with
TEVAN-aGFP or PVX-mCherry and co-infected with both viruses were analyzed by
LSCM at 10 dpi. Tissues from plants co-inoculated with TEVAN-aGFP and PVX-
mCherry, in contrast to those from the single-infected controls, showed co-localized
green and red fluorescence from GFP and mCherry, respectively (Fig. 3). This result
supports the potential use of TEVAN and PVX vectors to simultaneously express

different biosynthetic enzymes that must act coordinately in the same cells.

3.2. Production of curcuminoids in infected plants

Next, we co-inoculated Nlb-expressing N. benthamiana plants with recombinant
viruses TEVAN-DCS1 and PVX-CURS3 to co-express C. longa DCS1 and CURS3 (Fig.
2). Plants were either co-inoculated with the two recombinant clones at the same time
or PVX-CURS3 was inoculated 3 days after TEVAN-DCS1. As controls, some plants
were inoculated with TEVAN-aGFP, TEVAN-DCS1 and PVX-CURSS3 separately. All
inoculated plants showed symptoms of infection around 8 dpi, and a mild yellow
pigmentation was observed exclusively in systemic tissues of plants inoculated with
both TEVAN-DCS1 and PVX-CURS3. Plants subjected to sequential inoculation with
these two viruses showed a more intense pigmentation compared to those co-
inoculated. Based on the distinctive yellow color with respect to controls, these results
suggested that the virus-driven expression of DCS1 and CURS3 with two different viral
vectors in N. benthamiana induces curcuminoid accumulation. Symptomatic tissues
were harvested at 13 dpi and subjected to metabolic analysis by HPLC-DAD-HRMS to
determine curcuminoid profiles (Fig. 4).

Analysis of the polar fraction from tissues co-infected with TEVAN-DCS1 and
PVX-CURS3 showed a substantial accumulation of curcumin and dihydrocurcumin,
and minor accumulation of other curcuminoids, such as dihydro-demethoxycurcumin,

demethoxycurcumin, dihydro-bisdemethoxycurcumin and bisdemethoxycurcumin
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(Fig. 4A). None of these compounds were detected in tissues from plants infected
either with TEVAN-aGFP (Fig. 4A) or from plants singly infected by TEVAN-DCS1 or
PVX-CURSS. In our HPLC-DAD-HRMS analysis, ion peak areas of the different
curcuminoids were normalized to the ion peak area of the IS formomonetin. In tissues
co-infected with TEVAN-DCS1 and PVX-CURS3, relative curcumin accumulation was
significantly higher, 1.5-fold in those subjected to sequential inoculation than those
subjected to co-inoculation (0.46 + 0.06 versus 0.31 £ 0.06, expressed as fold IS) (Fig.
4A). The same tendency was observed in the accumulation of demethoxycurcumin,
where significant differences were also observed up to 2-fold increase. Most abundant
curcuminoid in co-infected tissues was dihydrocurcumin with 0.51 £ 0.07 and 0.6 + 0.1
fold IS for sequential inoculation and co-inoculation, respectively. However, this
difference, as those in other curcuminoids, was not statistically significant among both
treatments (Fig. 4A). Bearing in mind that curcumin is the most demanded curcuminoid
that accumulates in turmeric rhizome, an absolute quantification of this compound was
performed using a proper standard. This analysis confirmed higher curcumin
accumulation in plants subjected to sequential inoculation versus those simultaneously
co-inoculated (6.5 + 0.6 and 1.9 + 0.3 pg/g DW, respectively) at 13 dpi (Fig. 4B).

Next, we explored the effect of co-expressing both DCS1 and CURS3 from the
same viral vector. More specifically, we inoculated plants with TEVAN-DCS1-CURS3
(Fig. 2A). In this viral recombinant clone, DCS1 and CURS3 are released from the viral
polyprotein using a combination of native and artificial nuclear inclusion a (Nla)
protease (NlaPro) cleavage sites (Supplementary Fig. S1). Interestingly, the single
virus strategy induced a higher curcuminoid accumulation at 13 dpi than the two-virus-
vector strategy (compare panels A and C in Fig. 4). Using a single vector, the two most
abundant curcuminoids, curcumin and dihydro-bisdemethoxycurcumin, displayed a 2-
fold improved accumulation (Fig. 4C). The less abundant dihydro-demethoxycurcumin,
demethoxycurcumin and dihydro-bisdemethoxycurcumin improved accumulation 7,
1.7 and 18-fold, respectively, compared to the two-virus strategy (Fig. 4C). In an
attempt to further improve curcuminoid accumulation, some plants were co-infected
with PVX-CCoAOMT-1 (Fig. 2B), a PVX clone designed to express N. tabacum
CCoAOMT-1 to increase the pool of curcuminoid precursors. Contrary to expected, no

boost effect was observed (Fig. 4C). Curcumin accumulation in tissues infected with
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TEVAN-DCS1-CURS3 was ca. 12 ug/g DW (Fig. 4D), approximately doubling the
amount reached by using the two-viral-vector strategy with sequential inoculation
(compare panels B and D in Fig. 4). In both approaches, dihydrocurcumin was the most

abundant curcuminoid, followed by curcumin (Fig. 4A and C).
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Figure 4. Curcuminoid accumulation in tissues from plants infected with a series of TEVAN
and PVX-derived recombinant viruses, as indicated. (A, C, E) Relative amount of curcumin,
dihydrocurcumin, dihydro-demethoxycurcumin, demethoxycurcumin, dihydro-
bisdemethoxycurcumin and bisdemethoxycurcumin in tissues of infected N. benthamiana
plants, as indicated. Some plants were subjected to co-inoculation (C) or sequential (S)
inoculation with two viral vectors. Histograms represent average + standard deviation (SD) of
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three biological replicates and expressed as fold internal standard (I1S). (B, D, F) Curcumin
absolute accumulation in symptomatic tissues of inoculated plants. Histograms represent
average + SD of three biological replicates and expressed as ug/g dry weight (DW). Analyses
were performed at 13 dpi, or as indicated.

3.3. Time-course accumulation of curcuminoids in inoculated plants

Next, we searched the time-point with the maximum curcuminoid accumulation in
infected plants. To this aim, we carried out a time-course analysis focusing on the viral
recombinant clone TEVAN-DCS1-CURS3. Samples were collected at 11, 13 and 15
dpi; plants were severely affected by viral infection at later times. Three independent
replicate plants were analyzed per time point. Highest curcumin accumulation was
observed at the earliest time of 11 dpi, reaching up to 1.21 + 0.05 fold IS (Fig. 4E).
Curcumin accumulation decreased significantly at later times. Quantitative analysis of

curcumin accumulation at 11 dpi showed 22 + 4 ug/g DW (Fig. 4F).
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Figure 5. (A) Pictures (11 dpi) of representative leaves from plants mock-inoculated and
infected with TEVAN-aGFP and TEVAN-DCS1-CURS3, as indicated. (B) Virus diagnosis and
(C) analysis of the heterologous cDNAs in the progeny of recombinant TEVAN vectors. RNA
preparations from N. benthamiana plants mock-inoculated and agroinoculated with TEVAN-
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aGFP or TEVA-DCS1-CURS3 (11 dpi) were subjected to RT-PCR. Reaction products were
separated by electrophoresis in a 1% agarose gel that was stained with ethidium bromide.
Representative samples of triplicate analyses are shown. (B and C) Lanes 0, DNA marker
ladder with sizes (in bp) on the left; lanes 1, RT-PCR controls with no RNA added; lanes 2,
mock-inoculated plants; lanes 3 and 4, plants inoculated with TEVAN-aGFP (lanes 3) and
TEVAN-DCS1-CURSS (lanes 4). The arrows point to the bands corresponding to (B) the TEV
CP cistron (black arrow), and (C) the heterologous cDNAs inserted in the viral progenies (GFP,
white arrow; DCS1-CURSS, grey arrow).

Fig. 5A shows pictures of representative leaves of plants mock-inoculated and
infected with TEVAN-aGFP or TEVAN-DCS1-CURS3 at 11 dpi. Yellow pigmentation
was apparent in TEVAN-DCS1-CURS3-infected plants at 11 dpi in agreement with peak
curcumin accumulation. RT-PCR analysis of symptomatic tissue from inoculated plants
at 11 dpi confirmed both TEVAN infection and the presence of the inserted DSC1 an
CURSS3 cDNAs in viral progeny (Fig. 5B and C). However, comparison with control
plants infected with TEVAN-aGFP also indicate that the inserted cDNA is partially lost
in TEVAN-DCS1-CURSS3 progeny at this time post-inoculation (Fig. 5C, compare lanes
3 and 4).

3.4. Vacuolar accumulation of curcumin in tissues infected with DCS1 and CURS3

The subcellular localization of curcumin accumulated in symptomatic tissues of plants
infected with TEVAN-DCS1-CURS3 was analyzed based on the differential
fluorescence emission between chlorophylls and curcumin. LSCM images showed a
green fluorescence signal likely originating from curcumin in the vacuoles of tissues
infected with TEVAN-DCS1-CURS3 (Fig. 6A). Tissues from mock-inoculated plants or
plants infected with TEVANIb-mCherry did not exhibit green fluorescence in the
vacuoles under the same conditions, showing only the chlorophyll autofluorescence in
the chloroplasts or red signal from mCherry in the cytoplasm, respectively. In order to
separate the overlapping fluorescent emission signals from curcumin and chlorophylis,
tissues from plants infected with TEVAN-DCS1-CURS3 were subjected to an emission
fingerprinting, which confirmed that the green fluorescent emission originating from
the vacuoles has different spectral properties to those from chlorophylls originating

from the chloroplasts (Fig. 6B).
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Figure 6. LSCM images of tissues from N. benthamiana plants mock-inoculated and infected
with TEVAN-mCherry or TEVAN-DCS1-CURSS, as indicated, at 11 dpi. (A) Pictures show the
fluorescent emissions from curcumin (green), chlorophylls (purple) and mCherry. Merged
images of fluorescent signals and images under bright field are also shown. Scale bars indicate
10 um. (B) Emission fingerprinting of tissues from plants infected with TEVAN-DCS1-CURS3
using linear unmixing to separate overlapping mixed fluorescent emission signals.

3.5. Analysis of phenylpropanoid precursors, chlorophylls, carotenoids,

quinones and tocochromanols

In plants, curcuminoids originate from the same branch of the phenylpropanoid
pathway that leads to the synthesis of flavonols, anthocyanins and lignin (Fig. 7). To
understand how the virus-driven curcuminoid accumulation impacts related
metabolites, some phenylpropanoid precursors, chlorophylls, carotenoids, quinones
and tocochromanols were analyzed by HPLC-DAD-HRMS. Relative accumulation of
single metabolites in tissues infected with TEVAN-DCS1-CURS3 were compared to

control tissues infected with TEVAN-aGFP. Curcuminoid production was accompanied
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of a significant down-accumulation of p-coumaroyl-CoA and upstream precursors (Fig.
7, blue circles). Metabolites in others branches of the pathway were found significantly
over-accumulated (Fig. 7, red circles). Subsequently, the levels of chlorophylls,
carotenoid, quinones and tocochromanols were also quantified in the nonpolar
fractions, but no substantial changes were observed between tissues infected with
TEVAN-DCS1-CURSS3 and control tissues infected with TEVAN-aGFP (Fig. 8, neutral

colors predominate).
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Figure 7. Schematic representation of the phenylpropanoid metabolic pathway that leads to
the synthesis of curcuminoids, flavonols, anthocyanins and lignin in plants. Heatmap
visualization of relative metabolite accumulation in symptomatic tissues from plants co-infected
(13 dpi) with TEVAN-DCS1 and PVX-CURS3 (1, co-inouclation; 2, sequential inoculation) or
infected with TEVAN-DCS1-CURS3 at 11, 13 and 15 dpi (3, 4 and 5, repectively) with respect
to tissues from plants infected with TEVAN-aGFP. Blue and red circles represent the values of
log2-transformed relative accumulation with respect to the control (TEVAN-aGFP) according
to the color scale shown. Metabolites were analyzed by HPLC-DAD-HRMS. Data are average
of three biological replicates. Phenylalanine ammonia-lyase (PAL), cinnamic acid 4-
hydroxylase (C4H), 4-coumaroyl-CoA ligase (4CL), hydroxycinnamoyl transferase (HCT), p-
coumarate-3- hydroxylase (C3H), caffeoyl coenzyme A (CoA) O-methyltransferase
(CCoAOMT), caffeic acid O-methyltransferase (COMT), chalcone synthase (CHS), chalcone
isomerase (CHI), flavonoid 3',5-hydroxylase (F3'5'H), flavanone 3-hydroxylase (F3H),
flavonoid-3-O glycosyltransferase (F3GT), flavonoid 3'-hydroxylase (F3'H), flavonol synthase
(FLS), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), UDP-
glucose:flavonoid 3-O-glucosyl transferase (UFGT), anthocyanidin reductase (ANR), and
hydroxycinnamoyl-CoA quinate transferase (HQT); other abbreviations as in the legend to Fig.
1.
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Figure 8. Relative accumulation of chlorophylls, carotenoids, quinones and tocochromanols in
symptomatic tissues from N. benthamiana plants infected with normalized on the TEVANIb-
aGFP samples and visualized as heatmap. (A) Tissues from plants infected with TEVANIb-
DCS1, PVX-CCoAOMT-1, TEVAN-DCS1/PVX-CURS3 co-inoculated or sequentially co-
inoculated. (B) Tissues from plants infected with TEVANIb-DCS1-CURS3, PVX-CCoAOMT-1
and TEVAN-DCS1-CURS3/PVX-CCoAOMT-1, at 13 dpi. (C) Tissues from plants infected with
TEVANIb-DCS1-CURS3. Analyses were performed at 11, 13 or 15 dpi, as indicated.
Metabolites were detected by HPLC-DAD-HRMS in tissues of infected N. benthamiana plants.
Blue and red squares represent the values of log2-transformed relative accumulation with
respect to the control samples according to the color scale shown. Metabolites were detected
by HPLC-DAD-HRMS in tissues of infected N. benthamiana plants. Data are average + SD of
three biological replicates.

4. DISCUSSION

Plants provide several phytochemicals, such as polyphenols, carotenoids, sterols or
polyunsaturated fatty acids that due to their commercial potential are in demand
(Ashrafizadeh et al., 2020). More specifically, polyphenols, namely anthocyanins,
flavonols, resveratrol, epicatechins (Martin and Li, 2017), and more recently
curcuminoids (Singh et al., 2021; Wu et al., 2020), are raising interest due to their health
promoting properties. However, polyphenol accumulation in plants is frequently low
and strongly differ among species and tissues; it is also subjected to seasonal and
geographical variations. Production of these compounds in biofactory systems is
considered an alternative to extraction from natural sources. Microbes, such as

Escherichia coli and Saccharomyces cerevisiae, but also in Corynebacterium
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glutamicum and Lactococcus lactis, have been explored as a sustainable chassis for
the production of multiple polyphenolic compounds or their direct precursors (Dudnik
et al., 2018; Gomes et al., 2022; Milke et al., 2019). Plants have also been suggested
as potential biofactories for the production of polyphenolic compounds. Metabolite
production in plants entails some advantages in terms of cost and scalability. In
addition, mammalian pathogens do not infect plants, which also add advantages in
terms of security. Certain plants, such as N. benthamiana, can be grown in high density
and still produce large amounts of biomass in a matter of weeks (Peyret and
Lomonossoff, 2015; Sainsbury and Lomonossoff, 2014).

Plants display a wide metabolic capacity. For this reason, the insertion of a
single or a few heterologous genes are frequently sufficient to trigger the biosynthesis
of many compounds of interest (Arya et al.,, 2020). In some approaches, this
heterologous gene or few genes can be efficiently expressed using viral vectors.
Expression of Antirrhinum majus transcription factor Rosea1 using a viral vector allows
high accumulation of anthocyanins in tobacco tissues (Bedoya et al., 2010; Cordero et
al., 2017). Similarly, the expression of Pantoea ananatis phytoene synthase (crtB) leads
to carotenoid accumulation (Llorente et al.,, 2020; Majer et al., 2017). Large
accumulation in N. benthamiana leaves of some apocarotenoids, namely crocins and
picrocrocin, naturally present in saffron stigma was recently achieved in N.
benthamiana using a TEV vector by co-expressing a Crocus sativus carotenoid
cleavage dioxygenase (CCD2L) and crtB (Marti et al., 2020). Here, we show that the
heterologous production of curcumin and other curcuminoids in N. benthamiana is also
possible by transient expression of C. longa DCS1 and CURS3 using viral vectors (Fig.
4).

Heterologous curcuminoid production was first achieved in E. coli by creating
an artificial biosynthetic pathway. Some genes were expressed for this, notably rice
(Oryza sativa) curcuminoid synthase, to reach around 100 mg of curcuminoids per liter
of culture (Katsuyama et al., 2008). A similar approach in E. coli was later used to
produce 6.95 mg/l of bisdemethoxycurcumin (Kim et al., 2017). Other organisms have
also been used as platforms for curcuminoid production, such as the filamentous
fungus Aspergillus oryzae, in which 64 pg of curcumin were obtained per agar medium

plate. By strengthening the supply of the precursor malonyl-CoA, there was a
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significant increase in the yield up to 404 + 9 ug/plate (Kan et al., 2019). In any case,
the highest amounts of curcumin production achieved in a heterologous system have
been reported in E. coli. By optimizing the strain, culture media, time of expression
induction and inductor concentration, 817.7 mM (301 mg/l) of curcumin were
accomplished (Couto et al., 2017). Ferulic acid was later used as curcuminoid source
by expressing caffeic acid O-methyltransferase, which uses caffeic acid as substrate,
to improve curcuminoid accumulation to 1529 uM (563 mg/l) (Rodrigues et al., 2020).
Ferulic acid has also been used as a source for curcumin production in S. cerevisiae,
although in this case accumulation was lower (2.7 mg/l) (Rainha et al., 2022).

In this work, to produce curcuminoids in N. benthamiana plants our initial
attempt was to use a two-virus-vector strategy (TEVAN-DCS1 and PVX-CURS3).
However, using single virus (TEVAN-DCS1-CURS3) that co-expressed both
biosynthetic enzymes, higher curcuminoid accumulation was obtained (Fig. 4B and D).
This result suggests that, despite the recombinant virus being larger, the coordinated
expression of both enzymes from the same vector compensates the expected
inestability due to vector size. TEVAN-DCS1-CURS3 induced accumulation of a series
of curcuminoids, particularly dihydrocurcumin and curcumin (Fig. 4). More in detail,
curcumin accumulation in N. benthamiana tissues was doubled (12 £ 0.6 versus 6.5
0.6 pg/g DW) when the single virus was used (Fig. 4B and D). This accumulation was
further improved to 22 + 4 pug/g DW after optimizing harvest time to 11 dpi (Fig. 4F).
Improving the precursor supply was previously shown to have a major effect on
polyphenol accumulation. This was here explored by expressing N. tabacum
CCoAOMT-1 using a second viral vector, although the expected boost was not
achieved (Fig. 4D).

The curcumin accumulation of 22 + 4 ug/g DW in N. benthamiana leaves
reported here is lower than those reported in some heterologous microbial systems or
in natural sources. Curcuminoid content of turmeric rhizomes depends on the varieties
(Lan et al., 2018). Reported accumulations are highly variable and ranged from 1 ug/g
to 300 mg/g in different studies. Values of 1-2 ug/g (Esatbeyoglu et al., 2012), 11 mg/g
(Degot et al., 2021), 125 mg/g (Dutta, 2015), or 304.9 + 0.1 mg/g (Burapan et al., 2020)
have been reported. Despite the low accumulation when compared to natural sources,

heterologous curcuminoid production in plants still represents an attractive goal due
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to drawbacks in natural sources (Yixuan et al., 2021). However, further optimization,
through overexpression of early or late phenylpropanoid biosynthetic enzymes or
silencing genes from other competing branches of the pathway, is required. This may
be achieved using more sophisticated viral vectors, plant stable transformation or a

combination of both strategies.
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SUPPLEMENTARY DATA

Figure S1. Nucleotide sequences of TEVANIb (sequence variant DQ986288 that include the
two silent mutations G273A and A1119G, in red, and lacks the whole Nlb cistron) and the
derived recombinant viruses TEVAN-aGFP, -DCS1 and -DCS1-CURS3. The boundaries of viral
cistrons are indicated on blue background. Initiation Met and stop codons are underlined.
cDNAs corresponding to green fluorescent protein (GFP), red fluorescent protein mCherry,
Curcuma longa diketide-CoA synthase 1 (DCS1) and curcumin synthase 3 (CURS3) are
coloured on green, dark red, light red and blue, respectively.

>TEVANIb

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAG
CAATTTAAATCATTTCTTTTAAAGCAAAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCA
CTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAGCTCGTATGGCTTGCGTTACCAGC
GCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCA
GTGATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAA
ATGGAGCGGATGTATTATCTTGGTCGTCGCGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAG
AGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTGAGAAGATTGTAGTGCCCCAC
ACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAAT
AGTATGCCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGG
AGCATAGTGCGCAAACGCCATATGCAGGTGGAGATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTT
GAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGGTGGACTTACGTATTGAC
AACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACT
TTTGGTTCAAGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATT
GTACGCGGTCGGTCGGATGGGATGTTGGTGGATGCTCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACA
CATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGGAGTTGAGGCCAGAT
GGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCA
CTTTCACCGTGTGGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGA
GACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCTGAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAA
CTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCGTCAAACAACTC
ATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTA
ACAGGGGCCGATCTCGAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAAT
ATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTCATCGAAGGCCCATGTGAATAACGCACTCATGTGT
GATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTCTTAAAGGA
TTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAG
CTAGCAATTGGCAATTTGATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAG
CGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAATTACGTGTACCCATGTTGTTGTGTTACTCTT
GAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTGGCGAT
TCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAAC
ATTTTCTTTGCTCTACTAGTGAATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATT
GTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGCATGCTACTTACTTTCCATTCTTTACCCA
GATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGTAT
GGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGT
TTGGAATCCGAAATGAAAACTTACAATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATG
TTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGAGGAGCCATACATAATTGTCCTGGCA
ATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCA
AATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTC
GTCCAGCAGCGTAATTTGATTAATGAGTATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAAC
CATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGAGATGGACATGGCGTTGAGGGAA
GGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCA
TGGGACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAG
CCTTTAATCATGAAAAACACCGTAGATTGCGGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCAC
TTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGTAAGAGTAGCGAAGAATGCC
ATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTC
CTTTCCTTGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCA
CAGTTGCAGAAAGAGAGCGAGTGGGACAATATCATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATT
GGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTACTACAAGTTTTGCATT
GGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACA
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CTTGTATTAATGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTG
AGCTCAACGGAGAGGGAGATCATCTACACGCAGAGTTTGGATGATTACGTTACAACCTTTGATGACAATATGACA
ATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAAGCAATGGTGGAAC
AACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACT
GCGGCATCGGTTGCCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGA
AAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGGAGAGTGTTAATGCTTGAGCCTACCAGACCACTCACA
GATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGGGAAGTCAACT
TTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTA
AAAACATACGATTTTGTCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTG
TTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCCACACCACCAGGTAGAGAAGTTGAATTCACAACT
CAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGACAGGTGCC
AACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGC
AAGCTCCTTGTGCAAAAGGGATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATA
ATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACTAATATTATTGAGAATGGTGTAACCATTGAC
ATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTACAAC
AAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTT
CGAATTGGCCAAACAAATAAAACACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTC
ATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTGGAAAATGCCACATTATTACAAGCTAGA
ACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGTC
ATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAA
GGCTTATCCTCTTGGCTTACGAGTGGAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATC
CCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCACATTGTAGTCGCCCATAAAGGTGAC
TCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATT
GCGAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACT
GGGAGAGCATTTTCCTTCACAAATTACTCAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAG
CATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAGTTTTCGAACCTAGCAAAGGAT
CAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCT
AAGCATCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTA
ATTGGTGGTGGATGGATGCTTGCAACGTACTTCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAG
AATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAGGTTGCAGCGGAGCCAGAG
GCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCA
AAGTCTCGGAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTG
ACAGGTCACACTATTGATGAGTCCACAAACGCACCTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACA
CGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCATGCTTATTTGGTGAAT
AGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCA
ATAATGGGATTTCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTG
CCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAAGCTTGTTTAAGGGACCACGTGATTACAACCCGATATCG
AGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGATTTGGTCCCTTC
ATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAG
GTCAAGAACACCACGACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGAT
TTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCACAAAGGGAAGAGCGCATATGTCTTGTGACAACCAAC
TTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGCATATTCTGG
AAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGT
ATACACTCAGCATCGAATTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTG
ACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAAATGCTGACTCAGTATTGTGGGGGGGCCATAAA
GTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTGGTGTAC
TCGCAAAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAG
CAGGCTTCAAAGGATAGGGATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCC
ACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTAGGATACAAGCCACAG
CAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCCTAT
GGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCA
AATTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAAC
GCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGG
GAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGAC
TTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGA
AACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCG
CACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGC
TTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATAT
GTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATG
TAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
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>TEVAN-aGFP (insert between possitions 144 and 145 of TEVANIb; artificial
NIaPro cleavage site is on gray background)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGC
CACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACC
ACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTAC
CCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTC
TTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAG
CTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAC
GTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGC
AGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCAC
TACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTG
ACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGACGACTGAGAATCTTTATTTTCAGGGGGAGAAG

>TEVANIb-mCherry (dark red; insert between possitions 144 and 145 of TEVANIDb;
artificial NIaPro cleavage site is on gray background)
ATGGTTAGCAAAGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGC
TCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAG
CTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAG
GCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGC
GTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTAC
AAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCC
TCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGC
GGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTC
AACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGC
CACTCCACCGGCGGCATGGATGAGCTGTATAAGACGACTGAGAATCTTTATTTTCAGGGGGAGAAG

>TEVANIb-DCS1 (insert between possitions 6981 and 6982 of TEVANIb; DCS1 cDNA
in light red flanked by sequences to complete native NIaPro/NIb and NIb/CP
cleavage sites

GGGGAGAAGATGGAAGCGAACGGCTACCGGATAACTCACAGCGCCGATGGGCCGGCGACGATCTTGGCCATCGGC
ACCTCCAACCCCACCAACGTCGTCGACCAGAACGCTTATCCCGACTTCTATTTCCGGGTCACCAACTCCGAGCAT
CTGCAGGAACTCAAAGCCAAGTTTAGGCGCATCTGTGAGAAAGCGGCGATCAGGAAGAGGCACTTGTACTTGACC
GAGGAGATTTTGCGGGAGAATCCTAGCTTGCTGGCTCCCATGGCGCCGTCGTTCGACGCGCGGCAGGCGATCGTG
GTGGAGGCGGTGCCGAAGCTGGCGAAGGAGGCGGCGGAGAAGGCGATCAAGGAGTGGGGCCGCCCCAAATCGGAC
ATCACGCACCTCGTCTTCTGCTCCGCGAGCGGAATCGACATGCCCGGCTCCGACCTGCAGCTTCTCAAGCTGCTC
GGGCTCCCGCCGAGCGTCAATCGCGTCATGCTCTACAACGTCGGGTGCCACGCCGGTGGCACCGCCCTCCGCGTC
GCCAAGGACCTCGCGGAGAACAACCGCGGCGCGCGGGTGCTCGCCGTCTGCTCCGAGGTCACCGTGCTCTCCTAC
CGCGGCCCCCACCCCGCCCACATCGAGAGCCTCTTCGTGCAAGCTCTGTTTGGCGACGGCGCCGCCGCGCTCGTG
GTCGGGTCCGACCCCGTCGATGGCGTCGAGCGCCCCATCTTCGAAATCGCCTCGGCATCCCAAGTGATGCTTCCG
GAGAGCGCAGAGGCGGTGGGCGGCCACCTCCGCGAAATTGGGCTGACCTTCCACCTCAAGAGCCAGCTTCCGTCG
ATCATCGCGAGCAACATCGAGCAGAGCCTGACGACTGCGTGCTCGCCGCTGGGGCTGTCGGACTGGAACCAGCTG
TTCTGGGCGGTTCACCCCGGCGGCCGAGCGATCCTGGACCAGGTGGAGGCGCGGCTCGGACTGGAGAAGGACCGG
CTCGCCGCGACGCGGCACGTACTCAGCGAGTACGGCAACATGCAGAGCGCCACGGTGCTGTTCATCCTGGACGAG
ATGCGGAACCGCTCGGCTGCGGAGGGCCACGCCACCACCGGCGAGGGGCTCGACTGGGGCGTGCTGTTGGGCTTC
GGCCCGGGACTCTCCATCGAGACAGTCGTCCTCCATAGTTGCAGACTGAACACGACTGAGAATCTTTATTTTCAG

>TEVANIb-DCS1-CURS3 (insert between possitions 6981 and 6982 of TEVANIb; DCS1
and CURS3 cDNA in light red and blue, repectively; enzyme cDNAs are separated
by an artificial NIaPro cleavage site on gray background; DCS1-CURS3 cDNAS
are flanked by sequences to complete native NIaPro/NIb and NIb/CP cleavage
sites

GGGGAGAAGATGGAAGCGAACGGCTACCGGATAACTCACAGCGCCGATGGGCCGGCGACGATCTTGGCCATCGGC
ACCTCCAACCCCACCAACGTCGTCGACCAGAACGCTTATCCCGACTTCTATTTCCGGGTCACCAACTCCGAGCAT
CTGCAGGAACTCAAAGCCAAGTTTAGGCGCATCTGTGAGAAAGCGGCGATCAGGAAGAGGCACTTGTACTTGACC
GAGGAGATTTTGCGGGAGAATCCTAGCTTGCTGGCTCCCATGGCGCCGTCGTTCGACGCGCGGCAGGCGATCGTG
GTGGAGGCGGTGCCGAAGCTGGCGAAGGAGGCGGCGGAGAAGGCGATCAAGGAGTGGGGCCGCCCCAAATCGGAC
ATCACGCACCTCGTCTTCTGCTCCGCGAGCGGAATCGACATGCCCGGCTCCGACCTGCAGCTTCTCAAGCTGCTC
GGGCTCCCGCCGAGCGTCAATCGCGTCATGCTCTACAACGTCGGGTGCCACGCCGGTGGCACCGCCCTCCGCGTC
GCCAAGGACCTCGCGGAGAACAACCGCGGCGCGCGGGTGCTCGCCGTCTGCTCCGAGGTCACCGTGCTCTCCTAC
CGCGGCCCCCACCCCGCCCACATCGAGAGCCTCTTCGTGCAAGCTCTGTTTGGCGACGGCGCCGCCGCGCTCGTG
GTCGGGTCCGACCCCGTCGATGGCGTCGAGCGCCCCATCTTCGAAATCGCCTCGGCATCCCAAGTGATGCTTCCG
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GAGAGCGCAGAGGCGGTGGGCGGCCACCTCCGCGAAATTGGGCTGACCTTCCACCTCAAGAGCCAGCTTCCGTCG
ATCATCGCGAGCAACATCGAGCAGAGCCTGACGACTGCGTGCTCGCCGCTGGGGCTGTCGGACTGGAACCAGCTG
TTCTGGGCGGTTCACCCCGGCGGCCGAGCGATCCTGGACCAGGTGGAGGCGCGGCTCGGACTGGAGAAGGACCGG
CTCGCCGCGACGCGGCACGTACTCAGCGAGTACGGCAACATGCAGAGCGCCACGGTGCTGTTCATCCTGGACGAG
ATGCGGAACCGCTCGGCTGCGGAGGGCCACGCCACCACCGGCGAGGGGCTCGACTGGGGCGTGCTGTTGGGCTTC
GGCCCGGGACTCTCCATCGAGACAGTCGTCCTCCATAGTTGCAGACTGAACACTACAGAGAACCTCTACTTTCAA
TCAGGTACAATGGGCAGCCTGCAGGCAATGCGCAGGGCACAGCGGGCTCAAGGCCCGGCCACCATCATGGCTGTC
GGCACCTCCAACCCGCCTAACCTCTACGAGCAGACCTCCTACCCCGACTTCTATTTCCGCGTCACCAACTCCGAC
CACAAGCACGAGCTCAAGAACAAATTCCGTGTTATCTGTGAGAAGACGAAGGTGAAAAGACGGTACTTGCACTTG
ACGGAGGAGATCCTGAAGCAGAGGCCCAAGCTCTGCTCCTACATGGAGCCCTCCTTCGACGATCGGCAGGACATC
GTGGTGGAGGAGATACCAAAGCTGGCGAAGGAGGCGGCGGAGAAGGCGATCAAGGAGTGGGGCCGCCCCAAGTCG
GAGATCACCCACTTGGTGTTCTGCTCCATCAGCGGTATCGACATGCCCGGCGCCGATTACCGCCTCGCCACCCTC
CTCGGCCTCCCCCTGTCCGTCAACCGCCTCATGCTCTACAGCCAGGCCTGCCACATGGGCGCGCAGATGCTGCGC
ATAGCCAAGGACCTCGCGGAGAACAACCGGGGCGCGCGCGTCCTGGCCGTATCCTGCGAAATCACTGTGCTCAGC
TTCCGCGGTCCGGACGCGGGCGACTTCGAGGCCCTCGCGTGTCAGGCCGGCTTCGGCGACGGTGCCGCTGCCGTC
GTCGTCGGGGCCGACCCCCTCCCGGGCGTCGAGAGGCCCATCTACGAGATCGCGGCGGCGATGCAGGAAACGGTG
CCGGAGAGCGAGAGGGCGGTGGGGGGCCACCTGAGGGAAATCGGCTGGACCTTCCACTTCTTCAACCAGCTGCCG
AAGCTGATCGCGGAAAACATCGAGGGCAGCCTGGCGCGGGCGTTCAAGCCGCTGGGGATAAGCGAGTGGAACGAC
GTGTTCTGGGTGGCGCACCCGGGGAACTGGGGCATCATGGACGCCATCGAGACAAAGCTGGGGCTGGAACAGGGG
AAGCTCGCCACGGCGCGGCACGTCTTCAGCGAGTACGGAAACATGCAGAGCGCCACCGTGTACTTCGTGATGGAC
GAGGTGAGGAAGCGGTCGGCGGCAGAGGGGCGGGCCACCACCGGCGAAGGCCTGGAGTGGGGAGTGCTGTTTGGG
TTTGGCCCAGGCCTCACCATAGAAACTGTCGTGCTACGCAGTGTACCATTACCGACGACTGAGAATCTTTATTTT
CAG

Figure S2. Full sequence of wild-type (wt) potato virus X (PVX; GenBank accession nhumber
MT799816) and its derived recombinant viruses PVX-mCherry, PVX-CURS3 and PVX-
CCoAOMT-1. In recombinant PVX clones, heterologous sequences are transcribed from PVX
coat protein (CP) promoter, and a deleted version of PVX CP, lacking the 29 initial codons, is
transcribed from a heterologous promoter derived from bamboo mosaic virus (BaMV) CP. PVX
CP promoter with an ATG-AGG mutation to abolish start codon is underlined. BaMV CP
promoter is in brown. cDNAs corresponding to mCherry, C. longa curcumin synthase 3
(CURS3) and Nicotiana tabacum caffeoyl-coenzyme A (CoA)/5-hydroxyferuloyl-CoA 3/5-O
methyltransferase (CCoAOMT-1) are coloured on dark red, blue and purple, respectively.
Flanking position of insertions are on blue background.

>PVX-wt

GAAAACTAAACCATACACCACCAACACAACCAAACCCACCACGCCCAATTGTTACACACCCGCTTGAAAAAGAAA
GTTTAACAAATGGCCAAGGTGCGCGAGGTTTACCAATCTTTTACAGACTCCACCACAAAAACTCTCATCCAAGAT
GAGGCTTATAGAAACATTCGCCCCATCATGGAAAAACACAAACTAGCTAACCCTTACGCTCAAACGGTTGAAGCG
GCTAATGATCTAGAGGGGTTCGGCATAGCCACCAATCCCTATAGCATTGAATTGCATACACATGCAGCCGCTAAG
ACCATAGAGAATAAACTTCTAGAGGTGCTTGGTTCCATCCTACCACAAGAACCTGTTACATTTATGTTTCTTAAA
CCCAGAAAGCTAAACTACATGAGAAGAAACCCGCGGATCAAGGACATTTTCCAAAATGTTGCCATTGAACCAAGA
GACGTAGCCAGGTACCCCAAGGAAACAATAATTGACAAACTCACAGAGATCACAACGGAAACAGCATACATTAGT
GACACTCTGCACTTCTTGGATCCGAGCTACATAGTGGAGACATTCCAAAACTGCCCAAAATTGCAAACATTGTAT
GCGACCTTAGTTCTCCCCGTTGAGGCAGCCTTTAAAATGGAAAGCACTCACCCGAACATATACAGCCTCAAATAC
TTCGGAGATGGTTTCCAGTATATACCAGGCAACCATGGTGGCGGGGCATACCATCATGAATTCGCTCATCTACAA
TGGCTCAAAGTGGGAAAGATCAAGTGGAGGGACCCCAAGGATAGCTTTCTCGGACATCTCAATTACACGACTGAG
CAGGTTGAGATGCACACAGTGACAGTACAGTTGCAGGAATCGTTCGCGGCAAACCACTTGTACTGCATCAGGAGA
GGAGACTTGCTCACACCGGAGGTGCGCACTTTCGGCCAACCTGACAGGTACGTGATTCCACCACAGATCTTCCTC
CCAAAAGTTCACAACTGCAAGAAGCCGATTCTCAAGAAAACTATGATGCAGCTCTTCTTGTATGTTAGGACAGTC
AAGGTCGCAAAAAATTGTGACATTTTTGCCAAAGTCAGACAATTAATTAAATCATCTGACTTGGACAAATACTCT
GCTGTGGAACTGGTTTACTTAGTAAGCTACATGGAGTTCCTTGCCGATTTACAAGCTACCACCTGCTTCTCAGAC
ACACTTTCTGGTGGCTTGCTAACAAAGACCCTTGCACCGGTGAGGGCTTGGATACAAGAGAAAAAGATGCAGCTG
TTTGGTCTTGAGGACTACGCGAAGTTAGTCAAAGCAGTTGATTTCCACCCGGTGGATTTTTCTTTCAAAGTGGAA
ACTTGGGACTTCAGATTCCACCCCTTGCAAGCGTGGAAAGCCTTCCGACCAAGGGAAGTGTCGGATGTAGAGGAA
ATGGAAAGTTTGTTCTCAGATGGGGACCTGCTTGATTGCTTCACAAGAATGCCAGCTTATGCGGTAAACGCAGAG
GAAGATTTAGCTGCAATCAGGAAAACGCCCGAGATGGATGTCGGTCAAGAAGTTAAAGAGCCTGCAGGAGACAGA
AATCAATACTCAAACCCTGCAGAAACTTTCCTCAACAAGCTCCACAGGAAACACAGTAGGGAGGTGAAACACCAG
GCCGCAAAGAAAGCTAAACGCCTAGCTGAAATCCAGGAGTCAATGAGAGCTGAAGGTGATGCCGAACCAAATGAA
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ATAAGCGGGACGATGGGGGCAATACCCAGCAACGCCGAACTTCCTGGCACGAATGATGCCAGACAAGAACTCACA
CTCCCAACCACTAAACCTGTCCCTGCAAGGTGGGAAGATGCTTCATTCACAGATTCTAGTGTGGAAGAGGAGCAG
GTTAAACTCCTTGGAAAAGAAACCGTTGAAACAGCGACGCAACAAGTCATCGAAGGACTTCCTTGGAAACACTGG
ATTCCTCAATTAAATGCTGTTGGATTCAAGGCGCTGGAAATTCAGAGGGATAGGAGTGGAACAATGATCATGCCC
ATCACAGAAATGGTCTCCGGGCTGGAAAAAGAGGACTTCCCTGAAGGAACTCCAAAAGAGTTGGCACGAGAATTG
TTCGCTATGAACAGAAGCCCTGCCACCATCCCTTTGGACCTGCTTAGAGCCAGAGACTACGGCAGTGATGTAAAG
AACAAGAGAATTGGTGCCATCACAAAGACACAGGCAACGAGTTGGGGCGAATACTTGACAGGAAAGATAGAAAGC
TTAACTGAGAGGAAAGTTGCGACTTGTGTCATTCATGGAGCTGGAGGTTCTGGAAAAAGTCATGCCATCCAGAAG
GCATTGAGAGAAATTGGCAAGGGCTCGGACATCACTGTAGTCCTGCCGACCAATGAACTGCGGCTAGATTGGAGT
AAGAAAGTGCCTAACACTGAGCCCTATATGTTCAAGACCTCTGAAAAGGCGTTAATTGGGGGAACAGGCAGCATA
GTCATCTTTGACGATTACTCAAAACTTCCTCCCGGTTACATAGAAGCCTTAGTCTGTTTCTACTCTAAAATCAAG
CTAATCATTCTAACAGGAGATAGCAGACAAAGCGTCTACCATGAAACTGCTGAGGACGCCTCCATCAGGCATTTG
GGACCAGCAACAGAGTACTTCTCAAAATACTGCCGATACTATCTCAATGCCACACACCGCAACAAGAAAGATCTT
GCGAACATGCTTGGTGTCTACAGTGAGAGAACGGGAGTCACCGAAATCAGCATGAGCGCCGAGTTCTTAGAAGGA
ATCCCAACTTTGGTACCCTCGGATGAGAAGAGAAAGCTGTACATGGGCACCGGGAGGAATGACACGTTCACATAC
GCTGGATGCCAGGGGCTAACTAAGCCGAAGGTACAAATAGTGTTGGACCACAACACCCAAGTGTGTAGCGCGAAT
GTGATGTACACGGCACTTTCTAGAGCCACCGATAGGATTCACTTCGTGAACACAAGTGCAAATTCCTCTGCCTTC
TGGGAAAAGTTGGACAGCACCCCTTACCTCAAGACTTTCCTATCAGTGGTGAGAGAACAAGCACTCAGGGAGTAC
GAGCCGGCAGAGGCAGAGCCAATTCAAGAGCCTGAGCCCCAGACACACATGTGTGTCGAGAATGAGGAGTCCGTG
CTAGAAGAGTACAAAGAGGAACTCTTGGAAAAGTTTGACAGAGAGATCCACTCTGAATCCCATGGTCATTCAAAC
TGTGTCCAAACTGAAGACACAACCATTCAGTTGTTTTCGCATCAACAAGCAAAAGATGAGACCCTCCTCTGGGCG
ACTATAGATGCGCGGCTCAAGACCAGCAATCAAGAAACAAACTTCCGAGAATTCCTGAGCAAGAAGGACATTGGG
GACGTTCTGTTTTTAAACTACCAAAAAGCTATGGGTTTACCCAAAGAGCGTATTCCTTTTTCCCAAGAGGTCTGG
GAAGCTTGTGCCCACGAAGTACAAAGCAAGTACCTCAGCAAGTCAAAGTGCAACTTGATCAATGGGACTGTGAGA
CAGAGCCCAGACTTCGATGAAAATAAGATTATGGTATTCCTCAAGTCGCAGTGGGTCACAAAGGTGGAAAAACTA
GGTCTACCCAAGATTAAGCCAGGTCAAACCATAGCAGCCTTTTACCAGCAGACTGTGATGCTTTTTGGAACTATG
GCTAGGTACATGCGATGGTTCAGACAGGCTTTCCAGCCAAAAGAAGTCTTCATAAACTGTGAGACCACGCCAGAT
GACATGTCTGCATGGGCCTTGAACAACTGGAATTTCAGCAGACCTAGCTTGGCTAATGACTACACAGCTTTCGAC
CAGTCTCAGGATGGAGCCATGTTGCAATTTGAGGTGCTCAAAGCCAAACACCACTGCATACCAGAGGAAATCATT
CAGGCATACATAGATATTAAGACTAATGCACAGATTTTCCTAGGCACGTTATCAATTATGCGCCTGACTGGTGAA
GGTCCCACTTTTGATGCAAACACTGAGTGCAACATAGCTTACACCCATACAAAGTTTGACATCCCAGCCGGAACT
GCTCAAGTTTATGCAGGAGACGACTCCGCACTGGACTGTGTTCCAGAAGTGAAGCATAGTTTCCACAGGCTTGAG
GACAAATTACTCCTAAAGTCAAAGCCTGTAATCACGCAGCAAAAGAAGGGCAGTTGGCCTGAGTTTTGTGGTTGG
CTGATCACACCAAAAGGGGTGATGAAAGACCCAATTAAGCTCCATGTTAGCTTAAAATTGGCTGAAGCTAAGGGT
GAACTCAAGAAATGTCAAGATTCCTATGAAATTGATCTGAGTTATGCCTATGACCACAAGGACTCTCTGCATGAC
TTGTTCGATGAGAAACAGTGTCAGGCACACACACTCACTTGCAGAACACTAATCAAGTCAGGGAGAGGCACTGTC
TCACTTTCCCGCCTCAGAAACTTTCTTTAACCGTTAAGTTACCTTAGAGATTTGAATAAGATGGATATTCTCATC
AGTAGTTTGAAAAGTTTAGGTTATTCTAGGACTTCCAAATCTTTAGATTCAGGACCTTTGGTAGTACATGCAGTA
GCCGGAGCCGGTAAGTCCACAGCCCTAAGGAAGTTGATCCTCAGACACCCAACATTCACCGTGCATACACTCGGT
GTCCCTGACAAGGTGAGTATCAGAACTAGAGGCATACAGAAGCCAGGACCTATTCCTGAGGGCAACTTCGCAATC
CTCGATGAGTATACTTTGGACAACACCACAAGGAACTCATACCAGGCACTTTTTGCTGACCCTTATCAGGCACCG
GAGTTTAGCCTAGAGCCCCACTTCTACTTGGAAACATCATTTCGAGTTCCGAGGAAAGTGGCAGATTTGATAGCT
GGCTGTGGCTTCGATTTCGAGACCAACTCACCGGAAGAAGGGCACTTAGAGATCACTGGCATATTCAAAGGGCCC
CTACTCGGAAAGGTGATAGCCATTGATGAGGAGTCTGAGACAACACTGTCCAGGCATGGTGTTGAGTTTGTTAAG
CCCTGCCAAGTGACGGGACTTGAGTTCAAAGTAGTCACTATTGTGTCTGCCGCACCAATAGAGGAAATTGGCCAG
TCCACAGCTTTCTACAACGCTATCACCAGGTCAAAGGGATTGACATATGTCCGCGCAGGGCCATAGGCTGACCGC
TCCGGTCAATTCTGAAAAAGTGTACATAGTATTAGGTCTATCATTTGCTTTAGTTTCAATTACCTTTCTGCTTTC
TAGAAATAGCTTACCCCACGTCGGTGACAACATTCACAGCTTGCCACACGGAGGAGCTTACAGAGACGGCACCAA
AGCAATCTTGTACAACTCCCCAAATCTAGGGTCACGAGTGAGTCTACACAACGGAAAGAACGCAGCATTTGCTGC
CGTTTTGCTACTGACTTTGCTGATCTATGGAAGTAAATACATATCTCAACGCAATCATACTTGTGCTTGTGGTAA
CAATCATAGCAGTCATTAGCACTTCCTTAGTGAGGACTGAACCTTGTGTCATCAAGATTACTGGGGAATCAATCA
CAGTGTTGGCTTGCAAACTAGATGCAGAAACCATAAGGGCCATTGCCGATCTCAAGCCACTCTCCGTTGAACGGT
TAAGTTTCCATTGATACTCGAAAGATGTCAGCACCAGCTAGCACAACACAGCCCATAGGGTCAACTACCTCAACT
ACCACAAAAACTGCAGGCGCAACTCCTGCCACAGCTTCAGGCCTGTTCACTATCCCGGATGGGGATTTCTTTAGT
ACAGCCCGTGCCATAGTAGCCAGCAATGCTGTCGCAACAAATGAGGACCTCAGCAAGATTGAGGCTATTTGGAAG
GACATGAAGGTGCCCACAGACACTATGGCACAGGCTGCTTGGGACTTAGTCAGACACTGTGCTGATGTAGGATCA
TCCGCTCAAACAGAAATGATAGATACAGGTCCCTATTCCAACGGCATCAGCAGAGCTAGACTGGCAGCAGCAATT
AAAGAGGTGTGCACACTTAGGCAATTTTGCATGAAGTATGCCCCAGTGGTATGGAACTGGATGTTAACTAACAAC
AGTCCACCTGCTAACTGGCAAGCACAAGGTTTCAAGCCTGAGCACAAATTCGCTGCATTCGACTTCTTCAATGGA
GTCACCAACCCAGCTGCCATCATGCCCAAAGAGGGGCTCATCCGGCCACCGTCTGAAGCTGAAATGAATGCTGCC
CAAACTGCTGCCTTTGTGAAGATTACAAAGGCCAGGGCACAATCCAACGACTTTGCCAGCCTAGATGCAGCTGTC
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ACTCGAGGTCGTATCACTGGAACAACAACCGCTGAGGCTGTTGTCACTCTACCACCACCATAACTACGTCTACAT
AACCGACGCCTACCCCAGTTTCATAGTATTTTCTGGTTTGATTGTATGAATAATATAAATAAAAAAAAAAAA

>PVX-mCherry (insert between A5585 and T5737 of PVX-wt)
AGGGCCATTGCCGATCTCAAGCCACTCTCCGTTGAACGGTTAAGTTTCCATTGATACTCGAAAGAGGTCAGCACC
AGCTAGCATGGTTAGCAAAGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACAT
GGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGAC
CGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGG
CTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTG
GGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTT
CATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTG
GGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAA
GGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTA
CAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGA
GGGCCGCCACTCCACCGGCGGCATGGATGAGCTGTATAAGTAGGGTTTGTTAAGTTTCCCTTTTTACTCGAAAGA
TG

>PVX-CURS3 (insert between A5585 and T5737 of PVX-wt)
AGGGCCATTGCCGATCTCAAGCCACTCTCCGTTGAACGGTTAAGTTTCCATTGATACTCGAAAGAGGTCAGCACC
AGCTAGCATGGGCAGCCTGCAGGCAATGCGCAGGGCACAGCGGGCTCAAGGCCCGGCCACCATCATGGCTGTCGG
CACCTCCAACCCGCCTAACCTCTACGAGCAGACCTCCTACCCCGACTTCTATTTCCGCGTCACCAACTCCGACCA
CAAGCACGAGCTCAAGAACAAATTCCGTGTTATCTGTGAGAAGACGAAGGTGAAAAGACGGTACTTGCACTTGAC
GGAGGAGATCCTGAAGCAGAGGCCCAAGCTCTGCTCCTACATGGAGCCCTCCTTCGACGATCGGCAGGACATCGT
GGTGGAGGAGATACCAAAGCTGGCGAAGGAGGCGGCGGAGAAGGCGATCAAGGAGTGGGGCCGCCCCAAGTCGGA
GATCACCCACTTGGTGTTCTGCTCCATCAGCGGTATCGACATGCCCGGCGCCGATTACCGCCTCGCCACCCTCCT
CGGCCTCCCCCTGTCCGTCAACCGCCTCATGCTCTACAGCCAGGCCTGCCACATGGGCGCGCAGATGCTGCGCAT
AGCCAAGGACCTCGCGGAGAACAACCGGGGCGCGCGCGTCCTGGCCGTATCCTGCGAAATCACTGTGCTCAGCTT
CCGCGGTCCGGACGCGGGCGACTTCGAGGCCCTCGCGTGTCAGGCCGGCTTCGGCGACGGTGCCGCTGCCGTCGT
CGTCGGGGCCGACCCCCTCCCGGGCGTCGAGAGGCCCATCTACGAGATCGCGGCGGCGATGCAGGAAACGGTGCC
GGAGAGCGAGAGGGCGGTGGGGGGCCACCTGAGGGAAATCGGCTGGACCTTCCACTTCTTCAACCAGCTGCCGAA
GCTGATCGCGGAAAACATCGAGGGCAGCCTGGCGCGGGCGTTCAAGCCGCTGGGGATAAGCGAGTGGAACGACGT
GTTCTGGGTGGCGCACCCGGGGAACTGGGGCATCATGGACGCCATCGAGACAAAGCTGGGGCTGGAACAGGGGAA
GCTCGCCACGGCGCGGCACGTCTTCAGCGAGTACGGAAACATGCAGAGCGCCACCGTGTACTTCGTGATGGACGA
GGTGAGGAAGCGGTCGGCGGCAGAGGGGCGGGCCACCACCGGCGAAGGCCTGGAGTGGGGAGTGCTGTTTGGGTT
TGGCCCAGGCCTCACCATAGAAACTGTCGTGCTACGCAGTGTACCATTACCGTAGGGTTTGTTAAGTTTCCCTTT
TTACTCGAAAGATG

>PVX-CCoAOMT-1 (insert between A5585 and T5737 of PVX-wt)
AGGGCCATTGCCGATCTCAAGCCACTCTCCGTTGAACGGTTAAGTTTCCATTGATACTCGAAAGAGGTCAGCACC
AGCTAGCATGGCAACCAATGGAAGACATCAAGAAGTTGGACACAAGAGTCTTTTGCAAAGTGATGCCCTTTATCA
GTACATTCTTGAAACAAGCGTGTACCCAAGAGAGCCTGAGCCCATGAAAGAGCTAAGAGAGATCACCGCAAAACA
CCCCTGGAACCTCATGACCACCTCTGCCGATGAAGGGCAATTCTTGAGCATGCTTATCAAACTCATTAATGCCAA
GAACACAATGGAGATTGGTGTTTTTACTGGTTACTCTCTGCTTGCTACTGCCATGGCTCTTCCCGATGATGGCAA
GATTCTAGCTATGGATATTAACCGGGAAAACTACGAGATTGGTCTTCCAGTGATTGAAAAGGCTGGACTAGCTCA
CAAAATTGAATTCAAAGAAGGCCCTGCACTTCCCGTTCTTGATCAAATGATTGAAGATGGAAAATACCATGGATC
ATATGATTTCATATTTGTAGACGCTGACAAAGACAACTACTTGAATTATCACAAGAGATTAATCGACTTGGTCAA
AATTGGTGGACTAATTGGGTATGATAACACCCTATGGAATGGATCAGTGGTTGCACCACCTGATGCACCTCTTAG
GAAATACGTTAGGTATTATAGAGATTTCGTATTGGAACTCAACAAGGCTTTGGCTGCTGATTCAAGAATCGAAAT
TTGCCAGCTACCTGTTGGTGACGGCATCACCCTTTGCCGCCGCATTAGTTAGGGTTTGTTAAGTTTCCCTTTTTA
CTCGAAAGATG
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CHAPTER I

ABSTRACT

Viral nanoparticles (VNPs) have recently attracted attention for their use as building
blocks for novel materials to support a range of functions of potential interest in
nanotechnology and medicine. Viral capsids are ideal for presenting small epitopes by
inserting them at an appropriate site on the selected coat protein (CP). VNPs
presenting antibodies on their surfaces are considered highly promising tools for
therapeutic and diagnostic purposes. Due to their size, nanobodies are an interesting
alternative to classic antibodies for surface presentation. Nanobodies are the variable
domains of heavy-chain (VHH) antibodies from animals belonging to the family
Camelidae, which have several properties that make them attractive therapeutic
molecules, such as their small size, simple structure, and high affinity and specificity.
In this work, we have produced genetically encoded VNPs derived from two different
potyviruses—the largest group of RNA viruses that infect plants—decorated with
nanobodies. We have created a VNP derived from zucchini yellow mosaic virus (ZYMV)
decorated with a nanobody against the green fluorescent protein (GFP) in zucchini
(Cucurbita pepo) plants. As reported for other viruses, the expression of ZYMV-derived
VNPs decorated with this nanobody was only made possible by including a
picornavirus 2A splicing peptide between the fused proteins, which resulted in a mixed
population of unmodified and decorated CPs. We have also produced tobacco etch
virus (TEV)-derived VNPs in Nicotiana benthamiana plants decorated with the same
nanobody against GFP. Strikingly, in this case, VNPs could be assembled by direct
fusion of the nanobody to the viral CP with no 2A splicing involved, likely resulting in
fully decorated VNPs. For both expression systems, correct assembly and purification
of the recombinant VNPs was confirmed by transmission electron microscope; the
functionality of the CP-fused nanobody was assessed by western blot and binding
assays. In sum, here we report the production of genetically encoded plant-derived
VNPs decorated with a nanobody. This system may be an attractive alternative for the
sustainable production in plants of nanobody-containing nanomaterials for diagnostic

and therapeutic purposes.
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1. INTRODUCTION

Nanotechnology is a rapidly expanding research area focused on the utilization of
nanoscale particles for a broad range of applications. Numerous platforms have been
developed to produce nanomaterials, ranging from chemical synthesis to repurposing
bionanomaterials such as those derived from viral particles, known as viral
nanoparticles (VNPs). These are virus-based formulations that can be used as building
blocks for novel materials to support a range of functions of potential interest in
medicine and nanotechnology, including vaccine platforms, targeted bioimaging and
drug delivery (Steinmetz and Manchester, 2016; Steele et al., 2017; Chung et al., 2020;
Rybicki, 2020). VNPs are receiving increasing attention due to their outstanding
structural characteristics and easy functionalization (compared to synthetic
nanoparticles). The advantages of VNPs include their ability to self-assemble with
precise symmetry and polyvalency, their stability under a wide range of conditions, and
their biocompatibility and biodegradability.

In particular, plant-derived VNPs provide unique nanoscale scaffolds for
biotechnology applications in many areas (Marsian and Lomonossoff, 2016;
Alemzadeh et al., 2018; Shukla et al., 2020a; Chung et al., 2021). Plant VNPs are
attractive due to their desirable properties, including high yields and the rapid and
scalable production that can be achieved in the laboratory or in molecular farming
approaches, in which plants are used as VNP production factories (Lomonossoff and
D’Aoust, 2016; Tusé et al., 2020). Furthermore, they present the advantage of being
non-infectious in mammals—and thus inherently safe. Several plant viruses, both
spherical and rod-shaped, have already been successfully deployed in the production
of VNPs as scaffolds to support the display of peptides genetically encoded or
chemically conjugated to structural viral proteins. Research in this area has focused on
the development of plant viruses carrying antigenic epitopes from human or animal
pathogens, with the aim of developing novel recombinant vaccines or diagnostic

reagents (Gonzalez-Gamboa et al., 2017; Chung et al., 2021; Peyret et al., 2021;
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Stander et al.,, 2021). The most widely used plant viruses for nanotechnology
approaches are cowpea mosaic virus (CPMV) (Sainsbury et al., 2010; Beatty and
Lewis, 2019; Ortega-Rivera et al., 2021), tobacco mosaic virus (TMV) (Réder et al.,
2017; Lomonossoff and Wege, 2018), and potato virus X (PVX) (Lico et al., 2015; Le et
al., 2019; Rdder et al., 2019; Shukla et al., 2020b).

Viral genome engineering is the preferred strategy for modifying VNPs when the
aim is to display small peptides. In particular, viral capsids are ideal for presenting
epitopes by inserting them at an appropriate site on the selected viral coat protein (CP)
(Cruz et al., 1996; Dickmeis et al., 2015; Roder et al., 2017). Although this CP-based
decoration approach often results in the production of assembled particles, large
cargoes may also produce reduced yield or defective particles. However, by
incorporating wild-type subunits to produce mosaic particles, this problem can be
alleviated (Cruz et al., 1996; Smolenska et al., 1998; Castells-Graells et al., 2018). This
can be achieved by including the well-known picornavirus 2A splicing peptide between
the fused proteins, utilizing the so-called overcoat strategy, which results in a mixed
population of wild-type and modified proteins via a ribosomal co-translational skip
mechanism.

Monoclonal antibodies (mAbs) represent a major class of biopharmaceutical
products for therapeutic and diagnostic applications, with growing demand worldwide
(Donini and Marusic, 2019; Chen, 2022). Plants have long been considered
advantageous platforms for large-scale production of antibodies, because they
constitute an inexpensive, efficient, and safe alternative system (Giritch et al., 2006;
Juarez et al., 2016; Edgue et al., 2017). In addition to full-size mAbs, smaller antibody
fragments capable of antigen binding are also actively studied and employed in
medicine and research (Yusibov et al., 2016; Julve Parrefio et al., 2018;
Satheeshkumar, 2020; Malaquias et al., 2021; Wang et al., 2021). An interesting new
alternative to mAbs are nanobodies (Muyldermans, 2013). These are the variable
domain of heavy-chain (VHH) antibodies from animals belonging to the family
Camelidae (Figure 1A), which have several properties that make them attractive
therapeutic molecules. With molecular masses of 12-15 kDa, nanobodies are the

smallest currently known antigen-binding proteins. Despite their small sizes,
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nanobodies bind their epitopes with high specificity and strong affinity (Muyldermans,
2013; Mitchell and Colwell, 2018; Wang et al., 2021).
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Figure 1. Production of potyvirus nanoparticles decorated with a nanobody in biofactory
plants. (A) Schematic comparison of a conventional human antibody and a camelid heavy-
chain antibody, from which single-domain antibodies or nanobodies are derived. A potyvirus
virion partially decorated with nanobodies in its surface is also schematized. (B) Schematic
representation of the ZYMV genome indicating the position where a heterologous sequence
coding for an anti-GFP nanobody (aGFP) flanked with E and c-Myc epitopes was inserted,
along with picornavirus F2A peptide. Lines represent ZYMV 5’ and 3’ UTRs; boxes represent
P1, HC-Pro, P3, P3N-PIPO, 6K1, Cl, 6K2, VPg, NlaPro, NIb, and CP cistrons, as indicated. Scale
bar corresponds to 1000 nt.

Zucchini yellow mosaic virus (ZYMV) and tobacco etch virus (TEV) are two
representative members of the genus Potyvirus within the family Potyviridae, the
largest group of plant-infecting RNA viruses. They are flexuous rod-shaped viruses
about 750 nm in length with a positive single-stranded RNA genome of approximately
10 kb (Revers and Garcia, 2015). Several features make potyviruses appealing as
expression vectors. Their expression via a polyprotein processed into a series of
mature gene products facilitates production of heterologous proteins in an amount

equimolar to the rest of the viral proteins. If the heterologous proteins are inserted
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flanked by the specific processing sites of a viral protease, they can be efficiently
released from the polyprotein from a single vector (Kelloniemi et al., 2008; Bedoya et
al., 2010; Cordero et al., 2018). The elongated nature of the virion allows for
accommodating substantial amounts of foreign genetic material, as well as an extended
surface for increased peptide exposure. Remarkably, some potyviruses have already
been used as nanoscaffolds for short antigenic peptide presentation, yielding
increased immunogenicity (Fernandez-Fernandez et al., 2002; Manuel-Cabrera et al.,
2016; Gonzalez-Gamboa et al., 2017; Yuste-Calvo et al., 2019). In addition, previous
studies have shown that replacing the 33 amino-terminal amino acids of the ZYMV CP
with a c-Myc tag does not affect the infectivity of the virus or its movement through the
host plant (Arazi et al., 2001a).

We have previously reported the use of potyviral vectors for expressing
heterologous proteins in plants, and even an entire biosynthetic pathway (Bedoya et
al., 2010, 2012; Majer et al., 2015, 2017; Cordero et al., 2018; Marti et al., 2020; Houhou
et al.,, 2022). In this study, we report the production of genetically encoded viral
nanoparticles derived from ZYMV and TEV as nanoscaffolds for nanobody
presentation. A picornavirus 2A peptide that mediates cleavage was used to modulate
the degree of nanobody decoration on nanoparticles. More importantly, these
recombinant virions carrying a nanobody against green fluorescent protein (GFP) were
able to bind their antigen efficiently, demonstrating that these nanobodies were

functional.

2. MATERIALS AND METHODS

2.1. Plasmid construction

Plasmid pGZYMV (Majer et al., 2017) contains the cDNA of an infectious wild-type (wt)
variant of ZYMV (GenBank accession number KX499498), flanked by the cauliflower
mosaic virus (CaMV) 35S promoter and terminator in a binary vector that derives from
pCLEAN-G181 (Thole et al., 2007) (Figure 1B and Supplementary Figure S1).
Derivatives from pGZYMV were constructed using standard molecular biology

techniques, including polymerase chain reaction (PCR) amplification with the high-
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fidelity Phusion DNA polymerase (Thermo Scientific), DNA digestion with restriction
enzymes followed by DNA ligation with T4 DNA ligase (Thermo Scientific), and Gibson
assembly of DNA fragments (Gibson et al., 2009) using the NEBuilder HiFi DNA
assembly master mix (New England Biolabs). pGZYMVA contains a ZYMV variant with
a deletion from positions 8551 to 8640 of KX499498, corresponding to codons 4-33 of
viral CP (Figure 1B and Supplementary Figure S1, ZYMVA). In pGZYMVA-aGFP,
codons deleted from ZYMV CP were replaced by an anti-green fluorescent protein
(aGFP) nanobody (Salema et al., 2013) flanked by E and c-Myc epitopes (Figure 1B
and Supplementary Figure S1, ZYMVA-aGFP). In pGZYMVA-aGFP-F2A, a cDNA
corresponding to foot-and-mouth disease virus 2A self-cleavage peptide (F2A) (Kim et
al.,, 2011) was inserted between the aGFP and the deleted version of the CP (CPA)
coding regions. The resulting viral recombinant clone was named ZYMVA-aGFP-F2A
(Figure 1B and Supplementary Figure S1).

Plasmid pGTEVa (Bedoya et al., 2012) contains the cDNA of an infectious TEV
variant with the GenBank accession number DQ986288 (G273A, A1119G), flanked by
the CaMV 35S promoter and terminator in a binary vector derived from pCLEAN-G181.
In pGTEV-aGFP, the aGFP nanobody cDNA, flanked by E and c-Myc epitopes, was
inserted at the 5’ end of CP cistron. The three initial codons of TEV CP, including silent
mutations, were duplicated to mediate NlaPro proteolytic processing. In pGTEV-aGFP-
F2A, the cDNA corresponding to picornavirus F2A was inserted between the aGFP and
the viral CP (Supplementary Figure S2).

Plasmid pEGFPSt contains the coding region of the enhanced GFP with a
carboxy-terminal Twin-Strep tag (Schmidt et al., 2013) under the control of the
bacteriophage T7 promoter and terminator for expression in Escherichia coli

(Supplementary Figure S3).

2.2 Plant Inoculation

Seeds of zucchini plants (Cucurbita pepo L. cv. MU-CU-16, accession BGV004370
from Centro de Conservacion y Mejora de la Agrodiversidad Valenciana, Universitat
Politécnica de Valéncia) were kept in darkness at 37°C for 2 days and moved to a

growth chamber at 25°C with a 16/8 h day/night cycle to promote germination.
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Seedlings were sown into individual pots and maintained in a greenhouse at 25°C with
a 16/8 h day/night cycle. The strain C58C1 of Agrobacterium tumefaciens, carrying the
helper plasmid pCLEAN-S48 (Thole et al., 2007), was transformed with the plasmids
containing the different ZYMV and TEV viral clones mentioned above. Transformed
bacteria were selected in plates with 50 yg/ml rifampicin, 50 pg/ml kanamycin, and 7.5
pg/ml tetracycline. Individual colonies of the different clones were further grown for 24
h at 28°C in liquid media up to an optical density at 600 nm (OD600) of 0.5 to 1. Cells
were harvested by centrifugation, resuspended in agroinoculation solution (10 mM
MES-NaOH [pH 5.6], 10 mM MgCl2, and 150 yM acetosyringone) at OD600 of 0.5; the
culture was further incubated for 2 h at 28°C. With a needleless syringe, cultures
corresponding to ZYMV clones were used to infiltrate one cotyledon and one true leaf
from 2-week old zucchini plants. After agroinoculation, plants were kept in a growth
chamber at 25°C under a 12 h day/night photoperiod with an average photon flux
density of 240 pmol-m2-s'. Aliquots of symptomatic tissues from upper leaves and the
equivalent tissues from mock-inoculated controls were harvested at 21 days post-
inoculation (dpi), frozen in liquid nitrogen, and stored at -80°C until use.

Nicotiana benthamiana plants were grown at 25°C under a 16/8 h day/night
cycle in growth chambers. Fully expanded upper leaves from plants 4-6 weeks old
were used for agroinoculation, based on the protocol described above using A.
tumefaciens cultures corresponding to the TEV clones. Immediately following
infiltration, plants were watered and transferred to a growth chamber under a 12-h
day/night and 25°C cycle. Aliquots of symptomatic tissues from upper leaves and the
equivalent tissues from mock-inoculated controls were harvested at 14 dpi, frozen in

liquid nitrogen, and stored at -80°C until use.

2.3 RT-PCR Analysis of the Viral Progeny

Total RNA was purified from leaf tissue aliquots using silica-gel columns (Zymo
Research) (Uranga et al., 2021a). For ZYMV analysis, aliquots of the RNA preparations
were subjected to reverse transcription (RT) using the RevertAid reverse transcriptase
(Thermo Scientific) and primer Pl (5’-~AGGCTTGCAAACGGAGTCTAA-3’). Aliquots of
the RT products were subjected to PCR amplification using the high-fidelity Phusion
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DNA polymerase and primers Pl (5-TGTAATGCTCCAATCAGGCACT-3’) and PIIl (5’-
CTGCATTGTATTCACACCTAGT-3’), which are homologous and complementary,
respectively, to sequences flanking the ZYMV CP cistron. For TEV analysis, reverse
transcription was completed using primer PIV (5-TCATAACCCAAGTTCCGTTC-3’),
while  PCR  amplification = was  performed with  primers PV (5-
CATCTGTGCATCAATGATCGAA-3’) and PVI (5-GTGTGGCTCGAGCATTTGACAA-
3’). PCR products were separated via electrophoresis in 1% (w/v) agarose gels that

were subsequently stained with 1% (w/v) ethidium bromide.

2.4 Western Blot Analysis

Aliquots of frozen tissue (approximately 50 mg) were ground with a mill (Star-Beater,
VWR) using a 4-mm diameter steel ball for 1 min at 30 s™'. Three volumes of protein
extraction buffer (60 mM Tris-HCI [pH 6.8], 2% [w/v] sodium dodecyl sulfate [SDS], 100
mM dithiothreitol [DTT], 10% [v/v] glycerol, 0.01% [w/v] bromophenol blue) were
added. Samples were thoroughly vortexed, incubated for 5 min at 100°C, and clarified
with centrifugation for 5 min. Aliquots of the supernatants were separated via SDS-
polyacrylamide gel electrophoresis (PAGE) in 12.5% (w/v) polyacrylamide gels.
Proteins were electro-blotted to polyvinylidene difluoride (PVDF) membranes for 1 h.
Membranes were blocked in 5% (w/v) non-fat milk in washing buffer (10 mM Tris-HCI
[pH 7.5], 154 mM NaCl, 0.1% [w/v] Nonidet NP-40) for 1 h and were then incubated
overnight at 4°C with various antibodies in blocking solution at 1:10,000 dilutions.
Membranes were washed three times with washing buffer prior to detection. ZYMV CP
and TEV CP were detected using polyclonal antibodies (Bioreba) conjugated to alkaline
phosphatase (AP). cMyc and E epitopes were detected using monoclonal antibodies
(Thermo Scientific) conjugated to AP and horseradish peroxidase (HRP), respectively.
AP and HRP were finally revealed using CSPD (Roche) and SuperSignal West Pico
PLUS chemiluminescent (Thermo Scientific) substrates, respectively. Images were

recorded using an Amersham ImageQuant 800 (Cytiva).
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2.5 Expression in Escherichia coli of Recombinant GFP and Purification

E. coli BL21(DE3)pLysS were electroporated with pEGFPSt, and transformed bacteria
were selected in lysogenic broth (LB) plates containing 50 pug/ml ampicillin and 34
pg/ml chloramphenicol. A single colony was further grown at 37°C in 250 ml of LB
liquid media containing the same antibiotics up to an OD600 of 0.6. Isopropyl B-D-1-
thiogalactopyranoside (IPTG) was added to 0.4 mM, with culturing being continued for
3 h at the same temperature. Cells were pelleted at 7700 x g for 15 min, washed with
water, pelleted again, and finally resuspended in 7.5 ml of water with a protease
inhibitor cocktail (complete; Roche). Bacteria were frozen and kept at -80°C until
protein purification. The cell preparation was thawed and 1 ml of 1 M Tris-HCI (pH 8.0),
1 ml 10% (v/v) Nonidet-P40, 20 uyl 0.5 M EDTA (pH 8.0), 200 ul 0.5 M DTT, 125 U
benzonase (Millipore), and 10 mg lysozyme were added; this mix was incubated for 45
min at 4°C with gentle agitation. KCI (0.11 g) was then added, and the mix was further
incubated for 15 min. Finally, 50 yl 1 M MgCI2 were added, and the preparation was
brought to a final volume of 10 ml. This mix was then centrifuged at 84,500 x g at 4°C
for 30 min; the supernatant was filtered using a 0.45 ym syringe filter.

Recombinant GFP with a carboxy-terminal TST was purified using affinity
chromatography in native conditions with a 1 ml Strep-Tactin XT superflow column
(IBA). Protein purification was conducted using an AKTA Prime Plus liquid
chromatography system (GE Healthcare) at 4°C and a flow rate of 1 ml/min. The column
was equilibrated with 10 ml of chromatography buffer (100 mM Tris-HCI [pH 8.0], 150
mM KCI, 1 mM EDTA, 5 mM MgCI2, 10 mM DTT, and 1% [v/v] Nonidet P40) before
loading the protein extract. This column was then washed with 20 ml of
chromatography buffer, and the recombinant GFP was finally eluted in 50 mM biotin in
chromatography buffer with collection of 1-ml fractions. Purified protein fractions were
analyzed via SDS-polyacrylamide gel electrophoresis (SDS-PAGE; 12.5% [w/V]
polyacrylamide, 0.05% [w/v] SDS), followed by Coomassie blue staining. Bovine serum

albumin standards were also run in the gel to quantify the GFP amount in each fraction.
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2.6 Virion Purification

Aliquots of symptomatic leaf tissue (0.5 g) were homogenized using a Polytron
(Kinematica) in the presence of 1 ml of cold extraction buffer (0.5 M boric acid [pH 8.0],
1% [w/v] polyvinylpyrrolidone [PVP] 40, and 100 mM 2-mercaptoethanol). Next, 0.25
ml chloroform and 0.25 ml CCl4 were added, and grinding continued. The mix was
clarified via centrifugation for 15 min; the supernatant was recovered. While stirring the
preparation on ice, we added 154 pl of a 40% (w/v) polyethylene glycol (PEG) 6000,
17.5% (w/v) NaCl solution. Stirring was maintained for 15 min. The mix was centrifuged
for 5 min at 16 000 x g, and the supernatant was discarded. Sediment was resuspended
by gentle agitation with a magnetic stir bar in 100 ul of 50 mM boric acid [pH 8.0], 5
mM EDTA, 0.25% (w/v) Triton X-100, and 25% (v/v) glycerol. Preparations were stored

at -80°C until use.

2.7 Electron Microscopy Analysis

Virion preparations were stained with 2% (w/v) phosphotungstic acid (PTA; pH 7.0),
using the drop technique. The grid (carbon film coated only, 200 mesh, EMS) was
layered on a 10 ul sample drop and incubated for 15 min. Grids were then washed with
water, stained with 2% (w/v) PTA for 3 min, and dried at room temperature. Virion
preparations were examined with a JEM-1400Flash (120 kV) electron microscope
(JEOL).

3. RESULTS

3.1 Plant-Based Production of ZYMV Nanoparticles Decorated with Anti-GFP

Nanobodies.

Previous work has shown that a ZYMV clone with a deletion corresponding to the 33
amino-terminal codons of the viral CP is infectious and that some heterologous
sequences, notably c-Myc and 6xHis tags, can be fused to the amino-terminal end of

this deleted version of CP without substantially impacting the infectivity and stability of
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the resulting recombinant clone (Arazi et al., 2001a). We wondered whether ZYMV
would still support the expression of a substantially larger moiety, such as a nanobody,
fused to the deleted version of CP to produce decorated nanoparticles. To examine
this, we prepared a ZYMV recombinant clone in which CP codons from +4 to +33
(ZYMVA) were replaced by the cDNA of a nanobody specifically recognizing GFP
(Salema et al., 2013) (ZYMVA-aGFP; Figure 1B and Supplementary Figure S1). aGFP
nanobody was tagged with flanking c-Myc and E epitopes to facilitate detection (Figure
1B and Supplementary Figure S1). We maintained the first three codons of ZYMV CP
to assure efficient NlaPro-mediated processing of the recombinant CP from the viral
polyprotein (Adams et al., 2005). Since we foresaw potential limitations on the
infectivity of a recombinant ZYMV fully decorated with the nanobody, we also prepared
a derivative clone in which a picornavirus splicing domain—namely F2A (Kim et al.,
2011)—was inserted between the nanobody and the CP to produce partially decorated

viral nanoparticles (ZYMVA-aGFP-F2A; Figure 1B and Supplementary Figure S1).

Mock-inoculated ZYMV-wt ZYMVA

ZYMVA-aGFP ZYMVA-aGFP-F2A

Figure 2. Pictures of representative upper leaves from zucchini plants mock-inoculated and
agroinoculated with ZYMV-wt, ZYMVA, ZYMVA-aGFP, and ZYMVA-aGFP-F2A, as indicated,
taken at 21 dpi.

Zucchini plants were agroinoculated with ZYMV-wt and the various recombinant

clones. Upper leaves of plants inoculated with ZYMV-wt showed typical symptoms of
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infection at 14 dpi. Similar symptoms, although milder, were observed in plants
inoculated with ZYMVA. The symptoms in plants inoculated with ZYMVA-aGFP-F2A
were particularly mild, while plants inoculated with ZYMVA-aGFP showed no apparent
symptoms of infection (Figure 2).

We then investigated viral ZYMV infection and the presence of the heterologous
sequences corresponding to the aGFP nanobody in the viral progenies at 21 dpi, using
RT-PCR amplification followed by electrophoretic analysis. RT-PCR products likely
corresponding to the presence of full-length CP (850 bp) and the CPA (760 bp) were
amplified from control plants inoculated with ZYMV-wt and ZYMVA, respectively
(Figure 3A, lanes 4 and 5). Although they carried the nanobody sequence in the
infectious clone, plants inoculated with ZYMVA-aGFP exhibited a slight band with the
same position as that in ZYMVA (Figure 3A, lane 6), probably arising from a progeny
that lost the exogenous sequence. Conversely, plants inoculated with ZYMVA-aGFP-
F2A successfully produced a band whose position matched that expected for a
recombinant clone maintaining the aGFP insert (1279 bp; Figure 3A, lane 7, gray
arrowhead). Next, from equivalent tissue aliquots from upper leaves harvested at 21
dpi, the presence of ZYMV CP and the aGFP nanobody was assessed using western
blot analysis with a polyclonal antibody against ZYMV CP and a monoclonal antibody
against the c-Myc tag, respectively. Reaction with the anti-ZYMV CP antibody
produced a single band in the lane corresponding to the plant inoculated with ZYMV-
wt (Figure 3B, lane 2, black arrowhead). The position of this band, in comparison to
those of protein size standards, suggests that it arose from ZYMV-wt CP. Lanes
corresponding to plants inoculated with ZYMVA, and ZYMVA-aGFP-F2A showed
bands with lower positions in the membrane, suggesting that they arose from the
deleted version of ZYMV CP (Figure 3B, lanes 3, and 5, white arrowhead). Interestingly,
a second intense band in the upper part of the membrane was also observed in the
lane corresponding to a plant inoculated with ZYMVA-aGFP-F2A (Figure 3B, lane 5,
gray arrowhead). A comparison with protein size standards suggests that it arose from
a fusion between the deleted version of CP and the aGFP nanobody. No bands were
observed in the lanes corresponding to the mock-inoculated plant and the plant
inoculated with ZYMVA-aGFP (Figure 3B, lanes 1 and 4). Accordingly, reaction with

the anti-c-Myc antibody exclusively produced bands in the lane corresponding to the

151

S

>



CHAPTER I

plant inoculated with ZYMVA-aGFP-F2A (Figure 3C). The positions of the most intense
bands in the membrane suggest detection of the aGFP-F2A-CPA fusion (Figure 3C,
lane 5, gray arrowhead) and the free aGFP nanobody resulting from the F2A activity

(Figure 3C, lane 5, striped arrowhead).
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Figure 3. Analysis of zucchini tissues from plants inoculated with various ZYMV-derived
recombinant clones at 21 dpi. (A) RT-PCR analysis of the progeny of recombinant ZYMV
inoculated into zucchini plants. Representative samples from triplicate-inoculated plants are
shown. Amplification products corresponding to the ZYMV CP region were separated via
electrophoresis in an agarose gel, which was stained with ethidium bromide. Lanes 1 and 8,
DNA marker ladder with sizes (in kbp) in the left; lane 2, RT-PCR control with no RNA added;
lane 3, mock-inoculated plant; lanes 4 to 7, plants agroinoculated with ZYMV-wt, ZYMVA,
ZYMVA-aGFP, and ZYMVA-aGFP-F2A, respectively. (B and C) Western blot analyses of
protein extracts using an antibody against (B) ZYMV CP and (C) the c-Myc epitope fused to
the aGFP nanobody. Proteins were separated by SDS-PAGE and transferred to a membrane.
Lane 1, mock-inoculated plant; lanes 2 to 5, plants agroinoculated with ZYMV-wt, ZYMVA,
ZYMVA-aGFP, and ZYMVA-aGFP-F2A, respectively. The positions and sizes of protein
standards are indicated on the left. Black and white arrowheads indicate the positions of ZYMV
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CP and CPA, respectively. Gray and stripped arrowheads indicates the position of the aGFP-
F2A-CPA fusion and free aGFP, respectively.

Together, these findings suggest that agroinoculation of the different ZYMV
recombinant clones yielded infected plants. However, only ZYMVA-aGFP-F2A, which
contains a picornavirus 2A self-cleavage domain —likely resulting in a partially
nanobody-decorated viral nanoparticle—produced a substantial amount of aGFP-F2A-

CPA fusion in infected plants.

3.2 GFP-Binding Activity of Nanoparticles Derived from ZYMVA-F2A-aGFP

Virions were next purified from zucchini plants agroinoculated with ZYMV-wt, ZYMVA,
and ZYMVA-aGFP-F2A at 21 dpi. Transmission electron microscope (TEM) analysis of
virion preparations showed the presence in all cases of the elongated viral
nanoparticles, with a length of approximately 750 nm expected for ZYMV (Figure 4A).
Next, we separated the virion preparations by SDS-PAGE and transferred the proteins
to PVDF membranes that were incubated with recombinant GFP. After washing the
membranes, binding of GFP was detected by using an anti-GFP antibody or by directly
analyzing the green fluorescence. When an anti-GFP antibody was used to detect the
presence of GFP (Figure 4B), bands were observed in a position of the membrane
corresponding to the expected migration of the aGFP-F2A-CPA fusion capsomers.
When analyzing the membrane with a fluorescence stereomicroscope, intense
green fluorescent signals at exactly the same position were observed (Figure 4C). We
observed no such reaction bands or fluorescent signals in the lanes where ZYMVA
virions were separated. Finally, aliquots of the virion preparations were directly spotted
onto PVDF membranes that were also incubated with recombinant GFP. After washing
the membranes, binding of GFP was detected again—either indirectly by reaction with
an anti-GFP antibody or directly using a fluorescence stereomicroscope. In contrast to
spots containing nanoparticles purified from plants inoculated with ZYMVA, those
corresponding to ZYMVA-aGFP-F2A showed strong reaction with the anti-GFP
antibody (Figure 4D), along with intense green fluorescence (Figure 4E). Overall, these
results strongly suggest that zucchini plants infected with recombinant ZYMVA-aGFP-

F2A accumulate viral nanoparticles partially decorated with an aGFP nanobody, due to
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the conditional activity of picornaviral F2A peptide, and that these ZYMV-derived
nanoparticles exhibit specific GFP-binding activity.

A ZYMV-wt ZYMVA ZYMVA-aGFP-F2A
Y TR K Gy v' -‘:,- " : i B :
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Figure 4. Antigen-binding capacity of ZYMV VNPs. (A) TEM micrographs of purified ZYMV-wt,
ZYMVA, and ZYMVA-aGFP-F2A virions, as indicated. Scale bar is 100 nm. (B and C) GFP-
binding properties of ZYMV aGFP-F2A-CPA capsomers. Virion preparations from zucchini
plants infected with ZYMVA and ZYMVA-aGFP-F2A were separated by SDS-PAGE in triplicate,
and the proteins were transferred to a membrane. The membranes were incubated with
recombinant GFP and washed; GFP was revealed by (B) reaction with a specific antibody or
(C) by directly imaging the green fluorescence. Lane 1, recombinant GFP; lane 2, protein
standards with sizes in kDa on the left; lanes 3 to 8, virion preparations from plants infected
with ZYMVA (lanes 3 to 5) or ZYMVA-aGFP-F2A (lanes 6 to 8). (D and E) Dot-blot analysis of
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the GFP-binding activity of ZYMVA-aGFP-F2A virions. Aliquots of virion preparations from
plants infected with ZYMVA and ZYMVA-aGFP-F2A, as indicated, were spotted on membranes
that were incubated with recombinant GFP, and GFP detected with a specific antibody (D), or
the fluorescence directly analyzed using a stereomicroscope (E). Membranes in which aliquots
of recombinant GFP were spotted were used as a positive control.

3.3 Plant-Based Production of TEV Nanoparticles Decorated with Anti-GFP

Nanobodies

We next explored whether the same concept could be extended to TEV, another
potyvirus frequently used for expressing heterologous proteins in plants of N.
benthamiana, the preferred production platform in molecular farming (Peyret and
Lomonossoff, 2015; Bally et al., 2018; Goulet et al., 2019). To this end, we cloned a
cDNA coding for the aGFP nanobody fused to the 5’ end of the viral CP cistron (Figure
5A). In this case, unlike with ZYMV, we inserted the exogenous sequence without
deleting any subsequent region of the CP coding sequence. In addition to the viral
clone with the directly fused nanobody, we also built a derived viral clone including the
self-cleaving F2A domain, based on the results obtained with ZYMV. N. benthamiana
plants were agroinoculated with TEV-wt and the different recombinant clones (TEV-
oGFP and TEV-aGFP-F2A).

Upper leaves of plants inoculated with TEV-wt showed typical symptoms of
infection at 7 dpi, while plants inoculated with TEV-aGFP-F2A showed similar
symptoms just 2 days later. Strikingly, unlike the results with ZYMV, the TEV-aGFP
clone carrying the aGFP directly fused to the CP developed infection symptoms in the
upper leaves at 11 dpi (Figure 5B). To analyze the outcome of the infection for each
viral clone, we collected tissue from infected upper leaves at 14 dpi and evaluated the
presence of the heterologous sequence corresponding to the aGFP nanobody in the
viral progenies, using RT-PCR amplification followed by electrophoretic analysis. As
expected, a 500-bp RT-PCR product was amplified from plants inoculated with TEV-wt
(Figure 5C, lane 2). Accordingly, plants inoculated with TEV-aGFP and TEV-aGFP-F2A
produced bands whose positions matched those expected for recombinant clones
containing the aGFP fused sequence, without or with F2A, respectively (953 and 1028
bp; Figure 5C, lanes 3 and 4).
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Figure 5. Production of TEV-derived nanoparticles decorated with a nanobody in biofactory
plants. (A) Schematic representation of the TEV genome indicating the position where a
heterologous sequence coding for an aGFP flanked with E and c-Myc epitopes was inserted
with or without the picornavirus F2A peptide. Lines represent the TEV 5’ and 3’ UTRs; boxes
represent the P1, HC-Pro, P3, P3N-PIPO, 6K1, Cl, 6K2, VPg, NlaPro, NIb, and CP cistrons, as
indicated. Scale bar corresponds to 1000 nt. (B) Pictures of representative upper leaves from
N. benthamiana plants agroinoculated with TEV-wt, TEV-aGFP, and TEV-aGFP-F2A, as
indicated, taken at 14 dpi. (C) RT-PCR analysis of the progeny of recombinant TEV inoculated
into N. benthamiana plants. Representative samples from ftriplicate-inoculated plants are
shown. Amplification products around the TEV CP region were separated by electrophoresis
in an agarose gel, which was stained with ethidium bromide. DNA marker ladder with sizes (in
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kbp) on the left; lane 1, mock-inoculated plant; lanes 2 to 4, plants agroinoculated with TEV-wt
TEV-aGFP, and TEVA-aGFP-F2A, respectively. (D) Western blot analyses of protein extracts
using antibodies against TEV CP (left panel) and the E epitope fused to the aGFP nanobody
(right panel). Proteins were separated by SDS-PAGE and transferred to a membrane. Lane 1
and 5, mock-inoculated plant; lanes 2 and 6, plant agroinoculated with TEV-wt; lanes 3 and 7,
plant agroinoculated with TEVA-aGFP; lanes 4 and 8, plant agroinoculated with TEVA-aGFP-
F2A. The positions and sizes of protein standards are indicated on the left. Arrowheads
indicates the positions of TEV CP (black), free aGFP (white), and the aGFP-F2A-CP fusion
(gray). (E) TEM micrographs of purified TEV-wt, TEV-aGFP, and TEV-aGFP-F2A virions, as
indicated. Scale bar indicates 200 nm. (F) Assays to evaluate the antigen-binding capacity of
the TEV-derived VNP, with nanobodies against GFP by western blot. GFP was separated by
SDS-PAGE by triplicate, and the proteins were transferred to a membrane. The first lane was
incubated with a commercial anti GFP antibody conjugated to HRP; the second lane was
incubated with virion preparations from plants infected with TEV-aGFP-F2A and a secondary
a-E-HRP; the third lane was incubated only with the a-E-HRP antibody.

We next analyzed the accumulation of the CP and the fused aGFP by western
blot assays, using a polyclonal antibody against TEV CP and a monoclonal antibody
against the E tag, respectively. Reaction with the anti-TEV CP antibody produced a
single band corresponding to the expected size (30 kDa), which was observed in the
lane corresponding to the plant inoculated with TEV-wt (Figure 5D, lane 2, black
arrowhead), while the plant inoculated with TEV-aGFP-F2A showed two bands with
similar intensity whose sizes corresponded to the fused aGFP-F2A-CP (48 kDa) and
the free CP (Figure 5D, lane 4, gray and black arrowheads, respectively). Interestingly,
a similar two-band pattern was observed for the plant inoculated with TEV-aGFP,
although the intensity of the fused-CP band (46 kDa) was stronger (Figure 5D, lane 3).
This result, although striking, could reflect the presence of a small subpopulation of
viral progeny that lost the inserted sequence or the partial in vivo proteolytic cleavage
of the inserted polypeptide extension. Reaction with the anti-E antibody showed the
presence of a band arising from a protein of the expected size for the aGFP and CPA
fusion in the lanes corresponding to plants inoculated with TEV-aGFP and TEV-aGFP-
F2A (Figure 5D, lanes 7 and 8, gray arrowhead). As expected, free aGFP nanobody
was detected only in the last lane, as a result of the activity of the F2A peptide (Figure
5D, lane 8, white arrowhead).

Next, VNPs were purified from N. benthamiana plants agroinoculated with TEV-
wt, TEV-aGFP, and TEV-aGFP-F2A at 14 dpi. TEV-wt VNPs were obtained with an
estimated yield of 50 mg per kg of fresh infected tissue; recombinant VNPs yield

decreased to around 5 and 10 mg per kg for TEV-aGFP and TEV-aGFP-F2A,
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respectively. TEM analysis of virion preparations shows the presence in all cases of the
elongated and flexuous viral nanoparticles, with a length of approximately 750 nm
expected for TEV (Figure SE). To finally analyze the functionality of the nanobodies, we
ran an aliquot of purified recombinant GFP by SDS-PAGE and performed a western
blot assay using the VNPs derived from TEV-aGFP-F2A as a primary antibody. The
presence of the VNPs interacting with GFP in the transferred membrane was revealed
using an anti-E antibody conjugated to HRP (Figure 5F, lane 2). As a positive control,
we detected the presence of GFP with a commercial anti-GFP antibody conjugated to
HRP (Figure 5F, lane 1), while the negative control lane was incubated only with anti-
E-HRP (Figure 5F, lane 3). We successfully detected GFP using our aGFP-decorated
VNP derived from TEV, showing that the CP-fused nanobodies are functional after
virion assembly. These results indicate that agroinoculation of TEV recombinant clones
coding for a CP-fused aGFP nanobody resulted in infections and the efficient

production of VNPs carrying functional recombinant nanobodies.

4. DISCUSSION

Plant viruses-derived VNPs have been engineered to be used as vaccines or diagnostic
reagents (Lico et al., 2015; Rybicki, 2020; Chung et al., 2021) as well to be used as
carriers for drug delivery, targeted bioimaging and cancer immunotherapies (Shukla
and Steinmetz, 2016; Chung et al., 2020). In these applications, virion shape plays a
key role. For instance, elongated virions better accommodate large amounts of foreign
genetic material; due to their higher aspect ratio, an elongated shape may present
ligands more effectively than spherical counterparts. Furthermore, in clinical
applications, rod filamentous viruses have better passive tumor homing, deeper tissue
penetration, and more possibilities to resist immune detection and macrophage uptake
than spherical counterparts (Bruckman et al., 2014; Shukla et al., 2015, 2020a).
Strikingly, limited attention has been paid to potyviruses, the largest group of plant
filamentous viruses. Nevertheless, viruses of this type are amenable to
nanotechnology, as shown by recent reports on their genetic modification to expose

epitopes on their surface, suggesting than these viruses may also have potential
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biomedical applications (Sanchez et al., 2013; Yuste-Calvo et al., 2019; Frias-Sanchez
et al,, 2021).

Nanobodies have arisen in several fields, garnering outstanding interest as
targeting molecules for bioimaging probes in cancer treatment and research (Oliveira
et al., 2013), as therapeutics and diagnostic reagents against human diseases and
pathogens (De Meyer et al., 2014; Wang et al., 2016, 2020), or in agriculture to mitigate
the adverse effects of pesticide use (Ghannam et al., 2015; De Coninck et al., 2017;
Hemmer et al., 2018). Nevertheless, nanobodies face several constraints: due to their
small sizes, they are quickly eliminated from the Dbloodstream, and in some
circumstances, their benefits must be enhanced by combined administration with other
treatments (Salvador et al., 2019). The aim of this study was to produce genetically
encoded VNPs derived from potyviruses as an alternative platform for nanobody
display in plant biofactories. In this regard, the use of spherical VLPs for nanobody
display has been reported by means of assembling recombinant fused capsids (Peyret
et al., 2015). In contrast, in this study, we have functionalized the CP subunits of ZYMV
and TEV to obtain flexuous rod-shaped biomaterials for nanobody presentation via
genetic fusion. A nanobody against GFP was chosen as a proof of concept.

ZYMV is an important pathogen of cucurbits that reduces yields in some of the
most important crops worldwide, such as squash, melon, or cucumbers (Gal-On, 2007;
Simmons et al.,, 2013). So far, ZYMV has been used in biotechnology to produce
antiviral and antitumor proteins or metabolites (Arazi et al., 2001b, 2002; Cordero et
al., 2017; Majer et al., 2017), or to fortify zucchini fruits with carotenoids (Houhou et al.,
2022). Furthermore, zucchini plants may be suitable biofactories due to their rapid
growth rate and capacity for high biomass production over a short period of time,
thereby facilitating production of a high amount of the desired product. By introducing
selected epitopes at an appropriate position on the viral CP, VNPs are ideal scaffolds
for their presentation. It has been reported that the ZYMV CP amino-terminal end is not
necessary for infection and can even be partially replaced by a non-viral sequence
(Arazi et al., 2001a). We decided to generate this shorter CP harboring a nanobody for
its presentation. Potyvirus CP deletions and insertion of heterologous sequences at the
carboxy-terminal end are unlikely to be viable due to the presence of RNA elements

required for genome amplification in this region of the genome (Haldeman-Cahill et al.,
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1998). First, we confirmed that having a truncated CP with thirty fewer amino acids
from its amino terminal end was not an impediment for infection (Figure 2 and Figure
3). Conversely, the direct fusion of the nanobody to CP did not result in plants with
infection symptoms. Although several peptides have been successfully presented in
this way in other systems, the size of peptide fusions remains a limiting factor that can
impair virus assembly. Thus far, the maximum epitope sequences that have been
displayed as direct CP fusions on the particle surface have been 60 and 113 amino
acid residues in length, respectively (Uhde-Holzem et al., 2016; Réder et al., 2018). In
contrast, our aGFP nanobody flanked by the E and c-Myc tags consisted of 148 amino
acids. In order to display larger sequences, the 2A splicing peptide from picornaviruses
can be inserted between the polypeptide of interest and the CP (Uhde-Holzem et al.,
2010; Kim et al., 2011; Dickmeis et al., 2015). Different picornaviral 2A peptides showed
different cleavage efficiency in vivo in different cell lines and organisms (Kim et al.,
2011). In this way, by using different 2A peptides, the degree of decoration of the viral
nanoparticles can be modulated, thereby increasing the chances of obtaining viable
viruses that accumulate at optimal concentrations. Among the different picornavirus
2A peptides, F2A exhibits less efficient in vivo cleavage (Kim et al., 2011); therefore a
higher degree of VNP decoration is expected. Despite the expected outcome of not
obtaining satisfactory results with the direct fusion of the nanobody to the CP, the
addition of a 2A peptide allowed us to obtain partially decorated ZYMV VNPs. After
purification, the morphology of ZYMVA-aGFP-F2A VNPs was assessed via TEM, and
no differences were found between these and the ZYMVA or ZYMV-wt VNPs (Figure
4A). Later, we evaluated the binding efficacy of the ZYMVA-aGFP-F2A VNP to its
antigen. Interestingly, we proved that these VNPs can bind GFP successfully (Figure
4), suggesting that potyvirus-derived nanoparticles were decorated with functional
multivalent nanobodies.

Next, TEV was tested as a source of scaffolds for nanobody presentation. This
potyvirus was chosen because it has traditionally been used as a model for RNA viruses
research (Bedoya et al.,, 2012) and because we have extensively exploited it as a
biotechnological tool previously (Bedoya and Daros, 2010; Majer et al., 2017; Marti et
al., 2020; Uranga et al., 2021b). Furthermore, in contrast to most of the ZYMV strains
(Gal-On, 2007; Cordero et al.,, 2017), TEV much more effectively infects N.
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benthamiana, which can be grown at high density in a matter of weeks and is the
workhorse plant for excellence in plant molecular farming (Peyret and Lomonossoff,
2015). Interestingly, in this case, assembly was not compromised by the direct fusion
of the nanobody to the TEV CP (Figure 5). Despite TEV-aGFP not carrying the F2A
peptide, a slight band with a size corresponding to the free CP was also detected by
Western blot in some samples (Figure 5D). On the one hand, this could reflect the
presence of a small subpopulation in the viral progeny that lost the inserted sequence.
On the other hand, free CP could also result from in vivo cleavage of some of protruding
nanobodies, as previously proposed for PVX-derived VNPs (Réder et al., 2018). To
shed some light on this, future work on time-course analysis of viral vector progeny
would inform about insert stability and would help to optimize harvest time. All in all,
although it may facilitate virus amplification and probably increase the viral load in the
plant, the inclusion of the F2A peptide does not seem to be a necessary requirement
for assembly of TEV-derived VNPs decorated with nanobodies.

The results presented in this study should allow us to extend and develop a set
of plant VNPs for nanobody presentation. In order to avoid severe off-target effects of
systemic drugs in medicine, several efforts are being made to develop targeted therapy
using VNPs, in which drugs are either delivered specifically to tumor cells or activated
specifically within them (Chung et al., 2020; Shukla et al., 2020a; Thuenemann et al.,
2021). Therefore, further attempts in this area will involve the presentation of
nanobodies with medicinal value. In addition, nanobodies presented on multivalent
nanoparticles could improve the diagnosis and treatment of diseases. In summary, we
report on genetically encoded potyvirus-derived VNPs used as scaffolds for nanobody
presentation. This study sets the framework for the development of new tools derived
from plant VNPs as nanomaterials useful in medicine or in other fields, according to the

nanobodies of interest used.
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Figure S1. Nucleotide sequences of ZYMV-wt (GenBank accession number KX499498) and
the derived recombinant viruses ZYMVA, -aGFP, and aGFP-F2A. The boundaries of viral
cistrons are indicated on blue background. Start and stop codons are underlined.
Heterologous sequences were inserted between nucleotide positions 8550 and 8642
(underlined). cDNAs corresponding to the anti-green fluorescent protein (aGFP) nanobody,
and picornavirus F2A peptides are in green and blue, respectively.

>ZYMV-wt

AAATTAAAACAAATCACAAAGACTACAGAAATCAACGAACAAACAAACGAATTTTAAACCGTGTTAACAAACAAG
CAATTTATAATTCGCACAGCATCAAGAATTTCTGCAATCATTTTGTTTATTTTAGACACAACAATGGCCTCAGTT
ATGATTGGTTCAATCTCCGTACCCATCGCACAGCCTGCGCAGTGTGCAAACACCCAAGCGAGCAACCGGGTTAAC
GTAGTGGCACCTGGCCACATGGCAACATGCCCACCATCATTGAAAACGCACACATACTACATGCATGAGTCTAAG
AAGTTGATAAATTCAGATAAAAGCAATGAAATTTTGAACAATTTCTTTAACACTGATGAGATGAAATTCGCGCTC
ACTAGGAATGAAATGAGTAAGGTGAAAAAGGGTCCGAATGGGAGGGTAGTTCTTCGCAAACCGAGCAAGCAGCGG
GTTTTCGCTCGGATCGAGCAGGATGAGGCAGCACGCAAGGAAGAAGCTGTTTTCCTTGCAGGAAATTATGATGGT
TCGATCACAAATCTAGTGAGTGTTCTTCCATCTGAAATGACTCGCGATGTTGATGCGAGTTTGCGATCACCATTT
TACAAGCGCACATATAAGAAGGACAGAAAGAAAGTGGCGCAAAAGCAAATCGCGCAGGCACCACTTAACAGCTTG
TGCACACGTGTTCTTAAAATTGCGCGCAATAGAAACATCCCTGTTGAGATAATTGGCAACAAGAAAGCAAGACAT
ACACTTACCTTCAAGAGGTTTAGGGGATGTTTTGTTGGAAAGGTGTCAGTTGCACATGAGGAAGGACGAATGCAA
CACACTGAGATATCATACGAGCAGTTTGAATGGATTCTACAAGCTATTTGTCGGGTTACTTATACAGAGCGAATT
CGTGAGGAAGACATTAAACCAGGTTGTAGTGGGTGGGTGTTAGGCACTGATCATACATTGACCAAGAGATATTCA
AGATTGCCACATCTGGTAATTCGAGGTAGAGATGATGACGGGATTGTGAACGCGCTGGAACCGGTGTTATTTTAC
AGCGAAGTTGACCACTATTCGTCGCAACCGGAAGTTCAGTTCTTCCAAGGATGGCGACGAATGTTCGACAAGTTT
AGACCCAGTCCAGATCATGTGTGCAAAGTTGATCACAACAATGAGGAGTGTGGTGAGTTAGCAGCAATCTTTTGT
CAGGCTTTGTTCCCAGTAGTGAAATTATCGTGCCAAACATGCAGAGAAAAGCTTAGTAGAGTTAGCTTCGAGGAA
TTCAAAGATTCTTTGAATACAAACTTTATTATCCATAAGGACGAATGGGATAGTTTCAAAGAGGGCTCTCATTAC
GATAATATTTTCAAATTAATTAAAGTAGCAACACAGGTAACTCAGAATCTCAAGCTCTCATCTGAAGTAATGAAG
TTAGTTCAGAACCACACAAGCACTCACATGAAGCAAATACAAGATATCAACAAGGCGCTCATGAAAGGTTCATTG
GTTACGCAAGACGAATTGGACTTGGCTTTGAAACAGCTTCTAGAAATGACTCAGTGGTTTAAGAACCACATGCAC
CTGACTGGTGAAGAAGCATTGAAGATGTTCAGAAACAAGCGCTCTAGCAAGGCTATGATAAATCCTAACCTTTTA
TGTGATAACCAGTTGGACAAAAATGGAAACTTTGTCTGGGGAGAAAGAGGATATCATTCCAAGCGATTATTCAAG
AACTTCTTTGAGGAAGTTATACCAAGTGAAGGATATACGAAATACGTAGTGCGAAACTTCCCAAATGGTACTCGT
AAGTTGGCCATAGGCTCATTGATCGTACCACTCAACTTGGATAGGGCACGCACTGCACTCCTTGGAGAGAGTATT
GAGAAGAAGCCACTCACATCAGCATGTGTCTCCCAACAGAATGGAAATTATATACACTCATGCTGCTGTGTGACG
ATGGATGATGGAACTCCGATGTACTCAGAGCTTAAGAGCCCGACGAAGAGACATCTAGTTATAGGAGCTTCTGGT
GATCCAAAGTACATTGATTTACCAGCATCTGAGGCAGAACGCATGTATATAGCAAAGGAAGGTTATTGCTATCTT
AACATTTTTCTCGCAATGCTTGTGAATGTTAATGAGAACGAGGCAAAGGATTTCACCAAAATGATTCGTGATGTT
TTGATCCCTATGCTTGGGCAATGGCCTTCGTTGATGGATGTCGCGACTGCAGCATACATTTTAGGTGTATTCCAT
CCTGAAACGCGATGCGCTGAATTACCTAGGATTCTTGTTGACCATGCTACGCAAACCATGCATGTCATTGATTCA
TATGGATCATTAACTGTTGGTTATCACGTGCTCAAGGCCGGAACTGTCAATCATTTAATTCAATTTGCCTCAAAT
GATCTGCAGAGCGAGATGAAGCATTACAGAGTCGGCGGAACGCCAACACAGCGCATAAAACTTGAGGAGCAATTG
ATTAAAGGAATCTTCAAACCAAAACTTATGATGCAGCTCTTGCACGATGACCCATACATATTATTGCTTGGCATG
ATCTCACCCACCATTCTTGTGCACATGTATAGGATGCGTCATTTTGAGCGAGGTATTGAAATATGGATTAAGAGA
GATCATGAAATTGGAAAGATTTTCGTCATATTGGAACAGCTCACACGGAAGGTTGCTCTGGCTGAAGTTCTTGTT
GATCAGCTCGATTTGATAAGTGAAGCTTCACCACATTTACTTGAAATCATGAAGGGTTGTCAAGATAATCAAAGG
GCGTATGTACCTGCGCTGGATCTGTTAACGATACAAGTAGAGCGTGAGTTTTCAAATAAAGAACTTAAAACCAAT
GGCTATCCAGATTTGCAGCAAACGTTGTTTGATATGAGAGAAAAAATGTATGCAAAGCAGTTGCACAGTTCATGG
CAAGAGCTAAGCTTGCTGGAAAAATCTTGTGTAACCGTGCGATTGAAGCAATTCTCGATTTTTACGGAAAGAAAT
TTAATCCAGCGAGCAAAAGAAGGAAAGCGCACATCTTCGCTACAATTTGTTCACGAGTGCTTTATCACGACCCGA
GTACATGCGAAGAGCATTCGCGATGCAGGCGTGCGCAAGCTAAATGAGGCTCTCGTTGGAACTTGTAAGTTCTTT
TTCTCTTGTGGTTTCAAGATTTTTGCGCGGTGTTACAGCGACATTATATACCTTGTGAACGTGTGTTTGGTATTC
TCTTTGGTGTTACAAATGTCTAATACTGTGCGCAACATGATAGCGGCGACAAGGGAAGAAAAGGAGAGAGCGATG
GCAAATAAAGCTGATGAAAATGAAAGGACGTTAATGCACATGTACCACATTTTCAGTAAGAAGCAGGATGAAGCG
CCCATATATAACGACTTTCTTGAACATGTTCGCAATGTAAGACCAGATCTTGAGGAAACCCTCTTGTACATGGCT
GGTGCAGAGGTTGTTGCAACACAGGCCAAGTCAGCGGTTCAGATTCAGTTCGAGAAGATTATAGCTGTATTGGCG
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CTGCTCACTATGTGCTTTGACGCCGAAAGAAGTGATGCCATTTTCAAGATTTTGACAAAGCTCAAAACAGTTTTT
GGCACGGTTGGAGAAACGGTCCGACTTCAAGGACTTGAAGATATTGAGAGCTTGGAAGACGATAAGAGACTCACA
ATTGACTTTGATATTAACACGAATGAGGCTCAATCGTCGACAACGTTTGATGTTCATTTTGATGATTGGTGGAAT
CGGCAGCTACAGCAAAATCGCACAGTTCCACATTATAGGACCACAGGTAAATTCCTCGAATTCACCAGAAGCACT
GCAGCTTTTGTGGCTAATGAAATAGCATCATCAAGTGAAGGAGAATTTTTAGTTAGAGGAGCAGTGGGTTCTGGA
AAATCAACGAGCTTGCCTGCGCATCTTTCCAAGAAGGGTAAAGTATTACTACTCGAACCCACACGCCCTTTGGCG
GAGAATGTCAGTAGACAGTTGGCAGGCGATCCTTTTTTCCAAAACGTCACACTCAGAATGAGAGGGCTAAATTGC
TTTGGTTCAAGTAACATTACAGTGATGACGAGTGGATTTGCTTTTCACTACTATGTTAATAATCCACACCAATTA
ATGGAATTTGACTTTATTATCATAGACGAATGCCATGTTACGGACAGTGCGACTATAGCTTTCAATTGCGCACTT
AAGGAGTATAATTTTGCTGGCAAATTGATTAAAGTATCTGCAACGCCGCCAGGGAGGGAGTGTGATTTCGATACG
CAATTCGCGGTGAAAGTCAAAACGGAGGACCACCTTTCATTCCATGCATTCGTTGGCGCACAGAAGACTGGTTCA
AACGCTGATATGGTTCAGCATGGCAATAACATACTTGTGTATGTTGCAAGTTATAACGAAGTAGACATGCTTTCC
AAATTACTCACTGAGCGACAATTTTCAGTGACGAAGGTAGATGGGCGAACAATGCAACTTGGGAAAACTACCATT
GAAACGCATGGCACTAGTCAAAAGCCTCATTTCATAGTAGCCACAAACATCATTGAGAATGGAGTGACGTTGGAT
GTCGAATGTGTTGTTGATTTTGGGCTAAAAGTGGTCGCAGAATTAGACAGCGAAAATCGGTGTGTGCGCTACAAC
AAGAAATCAGTTAGTTATGGAGAAAGGATTCAGCGGCTAGGGAGAGTGGGGAGATCTAAGCCTGGAACTGCATTG
CGTATAGGGCACACAGAAAAAGGCATCGAGAACATTCCCGAATTCATTGCCACAGAAGCAGCAGCCTTATCATTT
GCATATGGGCTTCCAGTCACCACGCATGGGGTTTCCACAAATATACTCGGAAAGTGCACAGTTAAACAGATGAGA
TGTGCTTTGAATTTTGAGTTAACTCCTTTCTTTACCACTCATTTAATTCGCCATGATGGTAGCATGCACCCACTG
ATACACGAAGAACTGAAACAATTTAAACTCAGGGACTCAGAAATGGTGCTCAACAAGGTTGCATTACCTCACCAA
TTTGTGAGTCAATGGTTGGATCAAAGTGAGTATGAACGCATTGGAGTGCACGTTCAATGCCATGAGAGCACACGC
ATACCTTTTTACACAAATGGAGTGCCTGATAAAGTCTATGAGAAAATTTGGAAGTGCATACAAGAAAACAAGAAT
GATGCGGTTTTTGGTAAGCTTTCAAGTGCTTGTTCGACTAAGGTTAGTTATACACTCAGCACTGATCCAGCAGCA
TTACCCAGAACTATTGCAATCATCGACCACCTGCTTGCCGAGGAAATGATGAAGCGGAATCACTTCGACACGATC
AGCTCAGCTGTAACGGGCTATTCATTTTCCCTCGCTGGAATTGCTGATTCTTTTAGGAAAAGGTATATGCGCGAT
TACACAGCGCATAACATTGCAATTCTCCAACAAGCACGTGCCCAGCTGCTCGAATTCAATAGTAAAAATGTGAAC
ATCAACAACCTGTCCGATCTGGAAGGAATTGGAGTTATTAAGTCGGTGGTGTTGCAAAGTAAGCAAGAGGTCAGC
AACTTCCTAGGACTTCGCGGTAAATGGGATGGGCGGAAATTTGCGAATGATGTGATATTGGCGATCATGACACTC
TTAGGAGGTGGATGGTTCATGTGGGAATACTTCACGAAAAAGATCAATGAACCCGTGCGCGTTGAAAGCAAGAAA
CGGCGATCTCAAAAGTTGAAATTCAGGGATGCGTACGATAGGAAAGTCGGACGTGAGATTTTTGGCGATGATGAC
ACAATTGGGCGCACTTTTGGCGAAGCTTACACGAAGAGAGGAAAGGTCAAAGGAAACAACAGCACAAAAGGAATG
GGACGGAAAACTCGCAATTTTGTGCATTTATATGGTGTGGAGCCTGAGAATTACAGCTTTATTAGATTTGTGGAC
CCTCTCACTGGCCATACATTGGACGAAAGCACCCATACAGACATTTCGTTAGTGCAGGAGGAGTTTGGAAGTATT
AGAGAGAAATTTCTGGAGAATGATTTAATCTCGAGGCAGTCTATTATTAACAAACCCGGTATTCAAGCATATTTT
ATGGGCAAGGGCACCGAAGAAGCACTCAAAGTTGATTTGACTCCTCATGTACCATTGCTTCTGTGCAGAAACACC
AATGCCATTGCGGGGTATCCAGAGAGAGAAAATGAGTTGAGACAAACCGGCACACCAGTTAAGGTTTCTTTTAAA
GACGTGCCAGAGAAAAACGAACATGTCGAGTTGGAGAGCAAATCCATCTACAAAGGAGTGCGCGATTACAATGGC
ATTTCAACAATCGTCTGTCAATTAACGAACGATTCTGATGGCCTCAAGGAGACTATGTATGGTATTGGCTACGGG
CCGATAATCATTACTAATGGGCACCTCTTCAGGAAAAACAATGGTACACTTCTAGTCAGGTCTTGGCATGGTGAA
TTCACTGTTAAAAATACCACAACGCTCAAAGTGCATTTCATAGAAGGGAAGGATGTTGTTTTAGTGCGTATGCCA
AAGGACTTTCCACCGTTCAAAAGCAACGCTTCTTTTAGAGCGCCAAAACGCGAGGAACGAGCATGCTTGGTTGGA
ACAAATTTTCAAGAGAAGAGTCTCCGCTCCACTGTTTCAGAATCTTCAATGACAATACCTGAAGGAACTGGCTCA
TATTGGATTCATTGGATTTCAACCAATGAAGGGGACTGCGGATTACCCATGGTTTCAACAACGGATGGTAAGATA
ATTGGAGTTCATGGTTTGGCTTCCACAGTCTCATCTAAGAATTATTTTGTCCCATTCACTGATGATTTTATAGCC
ACGCATTTGAGCAAGCTTGATGATCTCACATGGACTCAGCATTGGCTATGGCAACCTAGCAAAATCGCGTGGGGA
ACGCTCAACTTAGTTGATGAACAACCAGGGCCTGAATTTCGTATTTCAAATCTAGTCAAGGATTTGTTCACTTCT
GGTGTTGAAACACAGAGCAAGCGGGAAAGATGGGTCTACGAAAGCTGTGAAGGGAACCTTCGAGCTGTTGGAACT
GCGCAATCAGCGTTAGTCACCAAACATGTTGTCAAGGGCAAGTGTTCTTTCTTCGAAGAATATTTGCAAACACAC
GCAGAAGCGAGCGCCTATTTCAGACCCTTAATGGGAGAGTACCAGCCGAGCAAGTTGAACAAAGAGGCCTTCAAA
AAGGATTTCTTTAAATACAACAAACCCGTCACTGTTAATCAATTGGATCATGATAAATTTTTAGAAGCAGTGGAT
GGGGTTATACGTATGATGTGTGACTTTGAGTTCAATGAATGCCGATTCATTACAGATCCCGAGGAAATTTACAAC
TCTCTGAACATGAAAGCAGCAATTGGAGCCCAATATAGAGGAAAGAAGAAAGAATATTTTGAAGGGCTAGATGAT
TTTGATCGAGAGCGACTATTATTTCAAAGTTGTGAAAGGTTGTTTAATGGCTATAAAGGTTTGTGGAATGGATCT
TTAAAGGCTGAGCTCAGGCCGCTTGAGAAAGTCAGGGCTAACAAAACACGAACTTTTACAGCAGCGCCAATTGAT
ACATTGCTTGGAGCTAAAGTTTGCGTGGATGATTTCAATAATGAATTTTACAGCAAAAATCTCAAGTGTCCATGG
ACGGTTGGCATGACAAAATTTTATGGTGGTTGGGATAAATTGATGAGATCGTTACCTGATGGTTGGTTATACTGT
CATGCTGATGGATCACAGTTTGACAGTTCATTAACCCCAGCTCTATTGAATGCAGTTCTTATAATCAGGTCTTTT
TACATGGAAGATTGGTGGGTTGGCCAAGAGATGCTCGAAAATCTCTATGCTGAGATTGTGTACACTCCAATTCTT
GCTCCGGATGGAACAATTTTCAAGAAATTTAGAGGTAACAACAGTGGGCAACCCTCAACAGTGGTGGATAACACA
CTAATGGTTGTGATCTCTATTTACTATGCGTGCATGAAGTTTGGGTGGAATTGCGAGGAAATTGAGAATAAACTT
GTCTTCTTTGCAAATGGAGATGACCTGATACTTGCAGTCAGAGATGAAGACAGCGGCTTACTTGATAACATGTCA
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TCCTCTTTTTCCGAACTTGGACTGAATTACGATTTTTCGGAACGCACGCACAAAAGAGAAGATCTTTGGTTCATG
TCCCACCAGGCAATGTTAATTGATGGAATGTACATCCCAAAACTTGAGAAAGAGAGAATTGTTTCAATTCTAGAA
TGGGATAGAAGTAAGGAAATAATGCACCGAACAGAGGCTATTTGCGCTGCAATGATTGAAGCATGGGGACACACC
GAGCTTTTACAAGAAATCAGAAAGTTTTACCTGTGGTTCGTTGAAAAGGAAGAAGTGCGAGAATTGGCTGCCCTC
GGAAAAGCTCCATACATAGCTGAGACAGCTCTTCGTAAGTTATACACTGACAAGGGAGCGGATACGAGTGAACTG
GCACGCTATCTACGAGCCCTCCATCAAGATATCTTCTTTGAACAAGGAGACACTGTAATGCTCCAATCAGGCACT
CAGCCAACTGTGGCAGACGCTGGGGCTACAAAGAAAGACAAAGAAGATGACAAAGGGAAAAACAAGGATGTTTCA
GGCTCCGGCTCAGGTGAGAAAACGATAGCAGCTGTCACAAAGGACAAGGATGTGAATGCTGGTTCTCATGGGAAG
ATCGTGCCGCGTCTTTCAAAGATCACAAAGAAAATGTCACTGCCACGCGTGAAAGGAAATGTGATACTCGATATC
GATCATTTGCTGGAATATAAACCGGATCAAATCGAGTTGTACAACACACGAGCGTCTCATCAGCAATTCGCTTCC
TGGTTTAACCAAGTTAAAACAGAATATGATCTGAATGAGCAACAGATGGGAGTTGTAATGAATGGTTTCATGGTT
TGGTGTATTGAAAATGGCACCTCACCCGACATTAATGGAGTGTGGGTTATGATGGACGGAAATGAGCAAGTTGAA
TATCCTTTGAAACCAATAGTTGAAAATGCAAAGCCAACGCTGCGGCAAATAATGCATCATTTTTCAGATGCAGCG
GAGGCATACATAGAGATGAGAAATGCAGAGGCACCATACATGCCGAGGTATGGTTTGCTTCGAAACCTACGGGAT
AGGAGTTTGGCACGATATGCTTTCGATTTCTATGAAGTCAATTCTAAAACTCCTGAAAGAGCCCGTGAAGCTGTT
GCGCAAATGAAAGCAGCAGCTCTTAGCAATGTTTCTTCAAGGTTGTTTGGCCTTGATGGAAATGTTGCCACTACT
AGCGAAGACACTGAACGGCACACTGCACGTGATGTTAATAGAAACATGCACACCTTACTAGGTGTGAATACAATG
CAGTAAAGGGTAGGTCGCCTACCTAGGTTATTGTTTCGCTGCCGACGTAATTCTAATATTTACCGCTTTATTTGA
TATCTTTAAATTTCTAGAGTGGGCTTCCCACCCTTAAAGCGTAAAGTTTATGTTAGTTGTCCAGGAGTGCCGTAG
TCCTGTCGGAAGCTTTAGTGTGAGCCTCTCACGAATAAGCTCGAGATTAGACTCCGTTTGCAAGCCTAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>ZYMVA (deletion from positions 8551 to 8640 of ZYMV-wt)

>ZYMVA-oGFP (insert between positions 8550 and 8641 of ZYMV-wt),
GGTGCGCCGGTGCCGTATCCGGATCCGCTGGAACCGgcccagccggcCATGGCTCAGGTGCAGCTGGTGGAGTCT
GGGGGAGCCTTGGTGCAGCCGGGGGGGTCTCTGAGACTCTCCTGTGCAGCCTCTGGATTCCCCGTCAATCGCTAT
AGTATGAGGTGGTACCGCCAGGCTCCAGGGAAGGAGCGCGAGTGGGTCGCGGGTATGAGTAGTGCTGGTGATCGT
TCAAGTTATGAAGACTCCGTGAAGGGCCGATTCACCATCTCCAGAGACGACGCCAGGAATACGGTGTATCTGCAA
ATGAACAGCCTGAAACCTGAGGACACGGCCGTGTATTACTGTAATGTCAATGTGGGCTTTGAGTACTGGGGCCAG
GGGACCCAGGTCACCGTCTCCTCAgcggccgccGAACAAAAACTCATCTCAGAAGAGGATgcagctgceca

aGFP nanobody in green, E and e=Mye epitopes on yellow and blue background, respectively,
and spacers in blue.

>ZYMVA-oGFP-F2A (insert between positions 8550 and 8641 of ZYMV-wt)
GGTGCGCCGGTGCCGTATCCGGATCCGCTGGAACCGgcccagccggccATGGCTCAGGTGCAGCTGGTGGAGTCT
GGGGGAGCCTTGGTGCAGCCGGGGGGGTCTCTGAGACTCTCCTGTGCAGCCTCTGGATTCCCCGTCAATCGCTAT
AGTATGAGGTGGTACCGCCAGGCTCCAGGGAAGGAGCGCGAGTGGGTCGCGGGTATGAGTAGTGCTGGTGATCGT
TCAAGTTATGAAGACTCCGTGAAGGGCCGATTCACCATCTCCAGAGACGACGCCAGGAATACGGTGTATCTGCAA
ATGAACAGCCTGAAACCTGAGGACACGGCCGTGTATTACTGTAATGTCAATGTGGGCTTTGAGTACTGGGGCCAG
GGGACCCAGGTCACCGTCTCCTCAgcggccgccGAACAAAAACTCATCTCAGAAGAGGATgcagctgcaGGAAGC
GGAGTGAAACAGACTTTGAATTTTGACCTTCTCAAGTTGGCGGGAGACGTGGAGTCCAACCCTGGACCT

aGFP nanobody in green, F2A peptide in blue (splicing position underlined), E and c-Myc
epitopes on yellow and blue background, respectively, and spacers in blue.

Figure S2. Nucleotide sequences of TEV-wt (GenBank accession number DQ986288,
including silent mutations G273A and A1119G in red) and the derived recombinant viruses
TEV-aGFP, and TEV-aGFP-F2A. The boundaries of viral cistrons are indicated on blue
background. Start and stop codons are underlined. Heterologous sequences were inserted
between nucleotide positions 8517 and 8518 (underlined). cDNAs corresponding to the anti-
green fluorescent protein (a¢GFP) nanobody, and picornavirus F2A peptides are in green and
blue, respectively.
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>TEV-wt (DQ986288, G273A, All1l19G); cistrons boundaries are indicated on blue
background; start and stop codons are underlined

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAG
CAATTTAAATCATTTCTTTTAAAGCAAAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCA
CTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAGCTCGTATGGCTTGCGTTACCAGC
GCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCA
GTGATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAA
ATGGAGCGGATGTATTATCTTGGTCGTCGCGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAG
AGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTGAGAAGATTGTAGTGCCCCAC
ACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAAT
AGTATGCCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGG
AGCATAGTGCGCAAACGCCATATGCAGGTGGAGATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTT
GAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGGTGGACTTACGTATTGAC
AACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACT
TTTGGTTCAAGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATT
GTACGCGGTCGGTCGGATGGGATGTTGGTGGATGCTCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACA
CATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGGAGTTGAGGCCAGAT
GGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCA
CTTTCACCGTGTGGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGA
GACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCTGAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAA
CTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCGTCAAACAACTC
ATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTA
ACAGGGGCCGATCTCGAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAAT
ATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTCATCGAAGGCCCATGTGAATAACGCACTCATGTGT
GATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTCTTAAAGGA
TTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAG
CTAGCAATTGGCAATTTGATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAG
CGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAATTACGTGTACCCATGTTGTTGTGTTACTCTT
GAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTGGCGAT
TCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAAC
ATTTTCTTTGCTCTACTAGTGAATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATT
GTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGCATGCTACTTACTTTCCATTCTTTACCCA
GATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGTAT
GGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGT
TTGGAATCCGAAATGAAAACTTACAATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATG
TTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGAGGAGCCATACATAATTGTCCTGGCA
ATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCA
AATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTC
GTCCAGCAGCGTAATTTGATTAATGAGTATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAAC
CATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGAGATGGACATGGCGTTGAGGGAA
GGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCA
TGGGACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAG
CCTTTAATCATGAAAAACACCGTAGATTGCGGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCAC
TTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGTAAGAGTAGCGAAGAATGCC
ATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTC
CTTTCCTTGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCA
CAGTTGCAGAAAGAGAGCGAGTGGGACAATATCATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATT
GGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTACTACAAGTTTTGCATT
GGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACA
CTTGTATTAATGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTG
AGCTCAACGGAGAGGGAGATCATCTACACGCAGAGTTTGGATGATTACGTTACAACCTTTGATGACAATATGACA
ATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAAGCAATGGTGGAAC
AACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACT
GCGGCATCGGTTGCCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGA
AAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGGAGAGTGTTAATGCTTGAGCCTACCAGACCACTCACA
GATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGGGAAGTCAACT
TTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTA
AAAACATACGATTTTGTCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTG
TTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCCACACCACCAGGTAGAGAAGTTGAATTCACAACT
CAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGACAGGTGCC
AACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGC
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AAGCTCCTTGTGCAAAAGGGATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATA
ATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACTAATATTATTGAGAATGGTGTAACCATTGAC
ATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTACAAC
AAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTT
CGAATTGGCCAAACAAATAAAACACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTC
ATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTGGAAAATGCCACATTATTACAAGCTAGA
ACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGTC
ATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAA
GGCTTATCCTCTTGGCTTACGAGTGGAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATC
CCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCACATTGTAGTCGCCCATAAAGGTGAC
TCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATT
GCGAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACT
GGGAGAGCATTTTCCTTCACAAATTACTCAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAG
CATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAGTTTTCGAACCTAGCAAAGGAT
CAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCT
AAGCATCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTA
ATTGGTGGTGGATGGATGCTTGCAACGTACTTCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAG
AATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAGGTTGCAGCGGAGCCAGAG
GCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCA
AAGTCTCGGAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTG
ACAGGTCACACTATTGATGAGTCCACAAACGCACCTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACA
CGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCATGCTTATTTGGTGAAT
AGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCA
ATAATGGGATTTCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTG
CCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAAGCTTGTTTAAGGGACCACGTGATTACAACCCGATATCG
AGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGATTTGGTCCCTTC
ATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAG
GTCAAGAACACCACGACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGAT
TTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCACAAAGGGAAGAGCGCATATGTCTTGTGACAACCAAC
TTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGCATATTCTGG
AAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGT
ATACACTCAGCATCGAATTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTG
ACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAAATGCTGACTCAGTATTGTGGGGGGGCCATAAA
GTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTGGTGTAC
TCGCAAGGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGT
CAGTTAGTCACAAAGCATGTGGTTAAAGGAAAGTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAG
GAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTAATAGAGAGGCGTTCCTCAAGGACATT
CTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATC
ACAAAGCTCAAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAAT
ATGAAAGCAGCTATGGGAGCACTATACAAAGGCAAGAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAG
GAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGGGAATTTGGAATGGCTCATTGAAAGCA
GAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTT
GCTGGTAAAGTTTGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGT
ATGACTAAGTTTTATCAGGGGTGGAATGAATTGATGGAGGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGAT
GGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGAAAGTGCGACTTGCCTTCATGGAG
GAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGAT
GGTACTATCATTAAGAAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTC
ATTATTGCAATGTTATACACATGTGAGAAGTGTGGAATCAACAAGGAAGAGATTGTGTATTACGTCAATGGCGAT
GACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAATCTTTCGGAGAGTTGGGC
CTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGG
GATGGCATGTATATACCAAAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCG
TCACATAGGCTTGAAGCCATCTGTGCATCAATGATCGAAGCATGGGGTTATGACAAGCTGGTTGAAGAAATCCGC
AATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGGCGCCATATCTGGCT
GAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTG
TATGATTACGATATTCCAACGACTGAGAATCTTTATTTTCAGAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGT
AAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGGATAGGGATGTTAATGCTGGAACTTCA
GGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTT
GTAAACTTGAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAG
TTTGCCGCGTGGCATCAGGCAGTGATGACAGCCTATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGA
TTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAG
CAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGT
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GACCTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAAC
ATTACAGACATGAGTTTGTCACGCTATGCGTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGG
GAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTG
GGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTATTAGGGGTC
CGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACA
GTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAAC
GACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAA

>TEV-aGFP (insert between possitions 8517 and 8518 of TEV-wt)
TCAGGTACAGGTGCGCCGGTGCCGTATCCGGATCCGCTGGAACCGgcccageccggeccATGGCTCAGGTGCAGCTG
GTGGAGTCTGGGGGAGCCTTGGTGCAGCCGGGGGGGTCTCTGAGACTCTCCTGTGCAGCCTCTGGATTCCCCGTC
AATCGCTATAGTATGAGGTGGTACCGCCAGGCTCCAGGGAAGGAGCGCGAGTGGGTCGCGGGTATGAGTAGTGCT
GGTGATCGTTCAAGTTATGAAGACTCCGTGAAGGGCCGATTCACCATCTCCAGAGACGACGCCAGGAATACGGTG
TATCTGCAAATGAACAGCCTGAAACCTGAGGACACGGCCGTGTATTACTGTAATGTCAATGTGGGCTTTGAGTAC
TGGGGCCAGGGGACCCAGGTCACCGTCTCCTCAgcggccgccGAACAAAAACTCATCTCAGAAGAGGATgcaget
gca

Duplicated three initial codons (silent mutations) of TEV CP are in black. aGFP nanobody in
green, E and e-Myc epitopes on yellow and blue background, respectively, and spacers in
blue.

>TEV-aGFP-F2A (insert between possitions 8517 and 8518 of TEV-wt)
TCAGGTACAGGTGCGCCGGTGCCGTATCCGGATCCGCTGGAACCGgcccagccggccATGGCTCAGGTGCAGCTG
GTGGAGTCTGGGGGAGCCTTGGTGCAGCCGGGGGGGTCTCTGAGACTCTCCTGTGCAGCCTCTGGATTCCCCGTC
AATCGCTATAGTATGAGGTGGTACCGCCAGGCTCCAGGGAAGGAGCGCGAGTGGGTCGCGGGTATGAGTAGTGCT
GGTGATCGTTCAAGTTATGAAGACTCCGTGAAGGGCCGATTCACCATCTCCAGAGACGACGCCAGGAATACGGTG
TATCTGCAAATGAACAGCCTGAAACCTGAGGACACGGCCGTGTATTACTGTAATGTCAATGTGGGCTTTGAGTAC
TGGGGCCAGGGGACCCAGGTCACCGTCTCCTCAgcggccgccGAACAAAAACTCATCTCAGAAGAGGATgcaget
gcaGGAAGCGGAGTGAAACAGACTTTGAATTTTGACCTTCTCAAGTTGGCGGGAGACGTGGAGTCCAACCCTGGA
CCT

Duplicated three initial codons (silent mutations) of TEV CP are in black. aGFP nanobody in
green, F2A peptide in blue (splicing position underlined), E and e-Mye¢ epitopes on yellow and
blue background, respectively, and spacers in blue.

Figure S3. Nucleotide sequence of the recombinant enhanced green fluorescent protein
(eGFP) with the Twin-Strep tag (in red, spacers in grey) produced in Escherichia coli. Start
and stop codons are underlined.

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGC
CACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACC
ACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTAC
CCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTC
TTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAG
CTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAC
GTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGC
AGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCAC
TACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTG
ACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGAGCGCATGGAGTCATCCTCAATTCGAGAAAGGT
GGAGGTTCTGGCGGTGGATCGGGAGGTTCAGCGTGGAGCCACCCGCAGTTCGAAAAATCCGGATGA
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Photosynthetic organisms as plants are the mainstay of life on Earth, essential for
humans directly providing food, shelter, feedstock or fuel, and also indirectly for their
appreciated compounds (Jose et al., 2019). Plant biotechnology aims to improve
agronomic traits. More recently, molecular farming has emerged by using plants as
alternative platforms or ‘biofactories’ targeting the sustainable production of valuable
compounds of pharmaceutical or industrial interest (Jose et al., 2019; Kumar et al.,
2020; Majer et al., 2017; Mohammadinejad et al., 2019; Xu et al., 2012).

Transient expression by means of viral vectors avoids plant stable
transformation, which is a work-intensive and time-consuming process, obtaining the
product easily in just a few days in a highly scalable manner (Gleba et al., 2007; Molina-
Hidalgo et al., 2021; Peyret and Lomonossoff, 2015). Plant viruses constitute a threat
in agriculture as they are a major cause of global crop losses (Jones and Naidu, 2019),
not only affecting economically but also socially (Jones, 2021). Despite having small
genomes, these obligate parasites are able to synthetize massive amount of proteins
after hijacking the host cell machinery (Balke and Zeltins, 2019). As a consequence,
plant virologists have been inspired to take advantage of this unique feature of
redirecting the biosynthetic capacity of the host cell (Balke and Zeltins, 2019) as the
basis to fulfil numberless applications (Abrahamian et al., 2020; McGarry et al., 2017,
Pasin et al., 2019; Sainsbury et al., 2010; Wang et al., 2020). Therefore, intensive viral
research motivated by their devastating effects has led into generation of viral vectors
engineered to transiently express heterologous proteins, enzymes, transcription
factors, or used as scaffolds to present epitopes or deliver cargo (Hefferon, 2012;
Sainsbury and Lomonossoff, 2014; Wang et al., 2020). The successful development of
these viral vectors changed totally some of the negative perceptions of plant viruses
(Dawson et al., 2015; Pogue et al., 2002).

What can viruses do for us? The ‘make an ally from an enemy’ tale

Plants constitute natural sources of a great number of specialized secondary
metabolites (Mohammadinejad et al., 2019). Consequently, massive efforts have been
made to understand their metabolic pathways, and many attempts have been

undertaken to manipulate them using transgenic techniques to induce the production
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of health-promoting compounds (Farré et al., 2014; Martin and Li, 2017; Torres-Montilla
and Rodriguez-Concepcion, 2021). Viruses represent an attractive option to do this,
even though some limitations arise. There are promising previous results with
potyvirus-based expression vectors for the induction of compounds with antioxidant
properties (Bedoya et al., 2010, 2012; Cordero et al., 2017b; Majer et al., 2017).
Based on these previous results, the first goal of this work aimed to produce
specific carotenoids species by using a viral expression system. For this purpose, the
cDNAs of carotenoid cleavage dioxygenase (CCD) enzymes from Crocus sativus
(CsCCD2L) and Buddleja davidii (BACCD4.1) were inserted into a TEV-based vector
lacking the NIb cistron, and N. benthamiana used as biofactories (Chapter 1).
Apocarotenoids present in saffron have been shown to have health-promoting
properties, but its high cost derived from its scarcity and manual harvest hinder their
use in the pharmaceutical sector. After metabolic analysis of symptomatic yellow tissue
(Chapter 1, Fig. 2B), results showed that the only virus-driven expression of CsCCD2L
was enough for the notable production of safranal, 0.2% of crocins and 0.8% of
picrocrocin in leaf DW (Chapter 1, Fig. 5, 7A and 7B), in only 13 days. Pantoea ananatis
crtB (PaCrtB), saffron B-carotene hydroxylase 2 (CsBCHZ2) (Ahrazem et al., 2016), as
well as a non-carotenoid transporter, the saffron lipid transfer protein 1 (CsLTP1)
(Wang et al.,, 2016a) were co-expressed with CsCCD2L to further improve the
apocarotenoid content. CsCCD2/PaCrtB or CsCCD2/CsBCH2 co-expression led to an
increase of crocins up to 1.9 and 1.6 fold, respectively, reaching 0.35% in leaves DW
for the former (Chapter 1, Fig. 8C). Furthermore, knowing the presence of promiscuous
orthologue enzymes present in N. benthamiana that allow the trigger of biosynthesis of
distinct apocarotenoids by the expression of a single CCD, this system could be
improved even more in the future. Namely, increasing the amount of the crocetin
precursor, zeaxanthin, could boost the apocarotenoid biosynthesis (Diretto et al., 2019;
Lagarde et al., 2000; Rémer et al.,, 2002). This may be accomplished through the
overexpression of early or late structural genes to increase the flux of the carotenoid
pathway, as this work shows for the phytoene synthase (PSY in plants and crtB in P.
ananatis) a rate-limiting enzyme of carotenoid biosynthesis pathway. Phytoene
desaturase (PDS), z-carotene desaturase (ZDS) and carotene isomerase (CRTISO)

have also been reported to have potential to improve carotenoid content and stress
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tolerance (Li et al., 2020). A very recent study on transgenic tomato highlights the
potential of CCD2L with a pair of glucosyltransferases (UGTs) for the apocarotenoid
production in fruits. So far, this is the highest report on saffron apocarotenoids
produced in heterologous systems, 14.5 and 2.9 mg/g DW of crocins and picrocrocin,
respectively (Ahrazem et al., 2022). Therefore, UGTs could be also assessed using our
viral system. Alternatively, interest has been turned out lately to the Orange protein
and its interaction with PSY during carotenoid accumulation. Accordingly, the Orange
(OR) gene could be assessed also to enhance carotenoid levels in future attempts
(Osorio, 2019). Arabidopsis thaliana OR (AtOR) has been demonstrated to promote
carotenoid accumulation by inducing the formation of carotenoid-sequestering
plastoglobuli only when the carotenoid pool is limited. This was tested in transgenic
corn lines where its expression led to a 32-fold increase in carotenoids with respect to
the controls with no changes of the rest of the metabolic composition (Berman et al.,
2017). This was also reported in sweet potato by increasing B-carotene levels 186-fold
in their storage roots (Kim et al., 2021). Hence, these enzymes could be tested in the
viral system to assess if they improve the amount of apocarotenoids produced. In
addition, another possibility arises as alternative to transgenesis, editing of plant lines
to have a knocked-out ZEP or LCY-¢, which oppose zeaxanthin accumulation, as well
as editing the orthologue genes involved in the carotenoid pathway mimicking other
well-known to enhance carotenoid accumulation as the OR gene (Endo et al., 2019). A
VIGE technology has recently been developed to deliver CRISPR components enabling
DNA-free genome editing at the whole-plant level through using viral vectors, thus
avoiding stable transformation (Uranga et al.,, 2021a, 2021b). By means of two
compatible RNA virus vectors, TEV and PVX, it was possible the expression of a
Cas12a nuclease and the corresponding guide RNA, respectively (Uranga et al,,
2021b). Consequently, this approach could be exploited to obtained N. benthamiana
edited lines of great interest for molecular farming purposes, to potentially achieve

higher accumulations of certain metabolites of interest.

Even though the quantity of apocarotenoids produced here are below those that
accumulate in natural sources, this viral system still represents an attractive alternative

for the sustainable production of valuable saffron apocarotenoids. Large amount of N.
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benthamiana infected tissue can be easily and rapidly obtained with the virus-driven
system after only two weeks in adult N. benthamiana plants, in contrast to the costly
harvest of saffron stigmas or the low accumulation in Buddleja spp. flowers.

Considering these encouraging results after the tailored induction of
carotenoids, in this work we wanted to go further in another fascinating metabolic
pathway (Chapter 2). Curcuminoids, polyphenols from turmeric (Curcuma longa L.)
rhizome, have gained great interest in the last years, especially curcumin as it seems
to protect against the development of several human chronic diseases (Prasad et al.,
2014; Salehi et al., 2019). However, metabolic engineering normally does not only
require the action of one enzyme, but more in the same cell to achieve the production
of a desired metabolite. Consequently, the next goal was to study the possibility of
expressing more than one enzyme involved in the curcuminoid biosynthetic pathway
in order to obtain turmeric metabolites. Derived from previous data, for the expression
of turmeric curcuminoids at least two enzymes were required, C. longa diketide-CoA
synthase 1 (DCS1) and curcumin synthase 3 (CURS3). Limited by the cargo capacity
of viral vectors, the employment of two non-related viral vectors was initially proposed
for the coordinated expression of more than one product needed in the same cell. The
phenomenon known as viral exclusion has been documented since its discovery
almost 90 years ago. Plants infected with a mild isolate of a virus prevent the infection
against a more severe isolate from the same virus or related ones, but remain
susceptible to more distant viruses (Sainsbury et al., 2012; Zhang et al., 2018b). This
highly specific self-discriminatory circumstance on the same cells confers cross
protection to host plants and hence has been used to manage many virus diseases in
crops. Accordingly, when designing a system based on multiple viral vectors, viral
exclusion is crucial and must be taken into consideration for the choice of the involved
viruses. The dual system here developed was based on two compatible positive-
stranded RNA viral species, TEV and PVX, non-phylogenetically related, belonging to
different families and able to co-infect the same cells (Zhang et al., 2018a).

Once confirmed the possibility of using TEV and PVX efficiently at the same time
in an experimental setup with fluorescent proteins (Chapter 2, Fig. 3), two curcuminoid
enzymes were cloned in these viral vectors. Using a multigene engineering approach

in N. benthamiana as biofactory once more, C. longa DCS1 and CURS3 were co-
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expressed using TEV in combination with PVX. After 8 dpi, mild yellow coloration was
revealed in plants inoculated with TEVAN-DCS1 and PVX-CURS3. Metabolic analysis
at 13 dpi demonstrated the induction of curcuminoids as curcumin, dihydrocurcumin,
dihydro-demethoxycurcumin, demethoxycurcumin, dihydro-bisdemethoxycurcumin
and bisdemethoxycurcumin (Chapter 2, Fig. 3). Sequential inoculation turned out to be
more effective that co-inoculation in the curcumin production after its absolute
quantification. Although the dual system was successful, higher yields of the
appreciated curcumin were expected. For that reason, we went back to the TEV-based
vector (Bedoya et al., 2010) used previously in some successful metabolic engineering
approaches (Llorente et al., 2020; Majer et al., 2017; Marti et al., 2020). This technology
aimed to make more room for exogenous sequences with the replacement of the viral
NIb cistron (~1.6 kb), and to produce the heterologous protein in an amount equimolar
to the other viral proteins. DCS1 and CURS3 are ~1.2 kb each, resulting in almost 2.4
kb of extra genetic information, which makes TEVANIb even more interesting. Using
just one viral system, TEVAN-DCS1-CURS3 was able to increase 2-fold the curcumin
accumulation up to 12 ug/g DW in infected leaves compared to the dual viral complex.
Then, trying to further increase the curcumin accumulation, the addition of another
enzyme, N. tabacum CCoAOMT-1 expressed from PVX was evaluated, but contrary to
our hypothesis, there was no improvement. After a time-course analysis, TEVAN-
DCS1-CURS3 allowed the maximum accumulation at 11 dpi with 22 + 4 ug/g DW. Other
heterologous systems that may have had better outcomes, as bacteria (Couto et al.,
2017; Rodrigues et al., 2020) or yeast (Kan et al., 2019), face much higher costs than
growing plants. Besides, natural curcumin from turmeric rhizomes also differs
enormously from varieties and its extraction process makes it harder to obtain. In any
case, the virus-based curcumin production process needs to be optimized to reach
higher concentrations of curcumin. Furthermore, it has been reported that the
curcuminoid production using caffeic acid O-methyltransferase (COMT), which
converts caffeic acid to ferulic acid, is significantly higher than that using CCoAOMT,
which converts caffeoyl-CoA to feruloyl-CoA. The highest production of curcumin has
been obtained from ferulic acid using COMT, 1529 uM of curcuminoids (563 mg/L)
(Rodrigues et al., 2020). Hence, the use of this enzyme in the viral system could

improve the final outcome of this biosynthetic pathway. Heterologous curcuminoid

181

S

>



GENERAL DISCUSSION

production in plants is still a challenging but attractive alternative to the complex
extractions required from its natural source (Yixuan et al., 2021).

In conclusion, again, regardless the low amount of curcuminoids obtained, the
virus-approach reported in this thesis may still be a reasonable source of valuable
curcuminoids, as it involves easy and quick techniques to obtain practically constant
and unlimited amounts of infected N. benthamiana tissues. In sum, results presented
in Chapter 1 and Chapter 2 highlighted that the introduction of novel genes, and not
necessarily the whole pathway, is enough to trigger the synthesis of specific
compounds that normally are not produced in the plant cell, as previously anticipated
(Arya et al., 2020). Apart from using relevant scientific plants as N. benthamiana, other
agronomic crop plants could be also assessed.

Besides expressing proteins or rewiring the cell metabolism, viruses can also be
used as scaffolds for nanoparticle production. Nanotechnology is a growing sector that
has recently focused on viruses as building blocks for a great deal of applications,
namely production of vaccine candidates, targeted imaging or drug delivery (Chung et
al., 2021; Lico et al., 2015; Rybicki, 2020). If inserted in a suitable place on the virus
CP, capsids can turn into excellent epitope presenting systems. Potential applications
derived from antibody exposure can be fulfilled, but the smaller nanobodies are
growing in the market as promising therapeutic and diagnostic tools. The last objective
of this thesis was to produce genetically encoded potyvirus VNPs for nanobody display
in plant biofactories as an alternative platform for bionanomaterials (Chapter 3).

Nanobodies display exceptional advantages in research, as diagnostics or
therapeutics against human diseases or in agricultural application. In addition, the
effect of nanobodies might be further improved if combined with other treatments (De
Coninck et al., 2017; Oliveira et al., 2013; Salvador et al., 2019; Wang et al., 2020).
Elongated virions, as those of potyviruses, may have some advantages respect to
icosahedral counterparts in medical applications. In fact, a growing number of results
suggests that anisotropic materials with high aspect ratios (length/width) might be more
suitable for drug delivery. More specifically, higher peptide display, larger contact
surface area, better tissue penetration and chance to better resist immune detection
outstand as the main advantages from elongated nanoparticles. These characteristics

lead to a more efficient display and interaction between the functional modules and the
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targeted receptors, increasing the success possibilities in terms of diagnosis or
treatment in medicine (Bruckman et al., 2014; Gonzalez-Gamboa et al., 2017; Le et al.,
2019a; Shukla et al., 2015). This is the reason why VNPs derived from the potyvirus
ZYMV were functionalized with a nanobody via genetic fusion and produced in zucchini
plants. A picornavirus 2A splicing peptide (F2A) between the fused proteins was
absolutely necessary to generate a VNP with a mixed population of decorated and wt
CPs (ZYMVA-aGFP-F2A) (Chapter 3, Fig. 3). The beneficial effect of 2A peptides to
produce plant virus-derived nanoparticles was previously reported (Dickmeis et al.,
2015; Kim et al., 2011; Uhde-Holzem et al., 2010). N. benthamiana is the preferred
production platform in plant molecular farming (Goulet et al., 2019; Peyret and
Lomonossoff, 2015). To explore this host, a second potyvirus, TEV, was chosen
(Chapter 3, Fig. 5). Contrary to ZYMV, fully-decorated TEV VNPs were remarkably
assembled without the need of a 2A peptide by direct fusion of the nanobody to the
CP. As a proof of concept, both systems presented nanobodies against the green
fluorescent protein (GFP) by means of a truncated ZYMV CP, as previously reported
(Arazi et al., 2001a), or a full-lentth TEV CP.

The correct assembly of VNPs and binding efficacy was confirmed (Chapter 3,
Figs. 4 and 5). Improving yield of VNP production, as well as demonstrating the
decoration by immunodetection in TEM analyses, will be objectives for the future. In
this work the modification of two potyviruses by genetic engineering was achieved for
the display of a 117 residue epitope as direct CP fusion, the maximum ever reported
so far to our knowledge without impairing virus assembly (Roder et al., 2018; Uhde-
holzem et al.,, 2016). Successful results suggest that these potyvirus-derived
nanoparticles can be used as presentation scaffold for other functional nanobodies and
even multifunctional features. Specifically in medicine, several efforts are being made
to avoid off-target effects in cancer treatment (Chung et al., 2020; Thuenemann et al.,
2021); VNPs may contribute to the target delivery or imaging in cancer treatment and
research. In sum, these genetically encoded nanomaterials as scaffolds for nanobody

presentation may represent a mighty tool to be far exploited in several fields.
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So now... what is next? The bright future of plant viruses in biotechnology

Nowadays, there is no doubt that remarkable advancements have been
undertaken in biotechnology. This will be an essential discipline to face the long-term
global challenges as the burden of climate change or the need to feed an ever-growing
population. Transgenesis, or more recently genome editing, have emerged to obtain
plants more productive, providing healthier food, and more resistant to abiotic or biotic
stresses. In the sight of a climate change scenario, we need plants to produce not as
currently they are producing but even more. Besides, there is also needed a reduction
in the use of pesticides or fertilizers which contaminate animals and the environment.
Consequently, biotechnology can help to achieve those goals.

Considerable efforts have been taken to increase the nutritional content of the
food we eat or to obtain proteins and compounds of nutraceutical, pharmaceutical or
industrial interest in a sustainable and easy manner. In particular, plant viruses have
been long studied as they are responsible for nearly half of all plant diseases causing
enormous losses in agriculture. As addressed in this work, they can also be
conveniently employed for many beneficial applications (Abrahamian et al., 2020; Pasin
et al., 2019; Wang et al., 2020). The work shown in this thesis tries to harness some
viral vectors for the tailored rewirement of plant metabolism obtaining metabolites of
interest and for their use as scaffolds for nanobody presentation. Achievements serve
as illustration about what can be potentially done with this alternative technology in the
future.

Products made in plants offer numerable advantages over their synthetic
counterparts (Arya et al., 2020; Chouhan et al., 2017), and viral vector can help to reach
those goals. In chapters 1 and 2, defective TEV clones were used, which lack the NIb
cistron, the RNA-dependent RNA polymerase, known for being able to be
supplemented in trans (Bedoya et al., 2010; Li and Carrington, 1995). Therefore, these
viral vectors are unable to replicate autonomously in wild-type plants. They only
replicate in transgenic N. benthamiana plants expressing this NIb, as a biosafety
measure. In any case, and particularly for viral vectors that are infectious itself, these
biotechnological tools must be used wisely only under authorised and controlled

environments. This approach is not exempted from controversy, though. There may be
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a debate in the society when it comes to the use of genetically altered full-competent
plant viruses that can spread into the environment, as with other technologies as

transgenesis or gene editing.

To sum up, ‘with great power comes great responsibility’, the convenient use of
plant viruses can uncover fascinating applications that were never imagined before and
‘bring good out of bad’. Throughout this thesis we have seen how viruses can turn from
foes to friends. The works presented here clearly reflect the versatility of plant viruses
as biotechnological tools. Nevertheless, more extensive research still needs to be
addressed in the plant virus biotechnology field to unravel novel goals with these little

fellows.
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1. The sole expression of an appropriate carotenoid cleavage dioxygenase
(CCD) using a tobacco etch virus (TEV)-driven system in Nicotiana benthamiana plants
is able to trigger the production of remarkable amounts of highly appreciated

apocarotenoids, such as crocins and picrocrocin, in less than two weeks.

2. The expression of Crocus sativus CsCCD2L led to a higher apocarotenoid
accumulation compared to the Buddleja davidii BACCD4.1. An improvement of the
apocarotenoid content was achieved when CsCCD2L was co-expressed with other
carotenogenic enzymes using the same system, especially with Pantoea ananatis

phytoene synthase (PaCrtB), but also with saffron -carotene hydroxylase 2 (BCH2).

3. A multigene engineering strategy allowed the heterologous production of
turmeric curcuminoids in adult N. benthamiana plants in less than two weeks. To
achieve this, Curcuma longa diketide-CoA synthase 1 (DCS1) and curcumin synthase
3 (CURS3) were co-expressed using vectors derived from TEV alone or in combination

with a second compatible vector derived from potato virus X (PVX).

4. Sequential inoculation of TEV and PVX vectors was more efficient than co-
inoculation to produce turmeric polyphenols. DCS1 and CURS3 co-expression using a
single TEV vector was even better, leading to a 2-fold increase in curcumin

accumulation.

5. Genetically encoded viral nanoparticles (VNPs) derived from two different
potyviruses presenting a nanobody on their surface were successfully produced.
These VNPs could be used as building blocks in nanotechnology, or in medicine for

diagnostic or therapeutic purposes.

6. Zucchini yellow mosaic virus (ZYMV)-derived VNPs needed a picornavirus 2A
splicing peptide between the CP and the nanobody against the green fluorescent
protein (GFP) to assemble, contrary to the VNPs derived from TEV. The morphology

and functionality of both systems was confirmed.
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7. The works here presented related with the virus-driven production of
appreciated metabolites and the use of plant viruses as nanoparticles for many
purposes; demonstrating that viruses, safely manipulated, can turn into powerful tools

in biotechnology.
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