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Summary

Plant viruses are obligate intracellular parasites which have the ability to make
host cells to synthetize high amounts of viral proteins. This capacity was exploited to
develop recombinant plant virus vectors to express heterologous proteins in plant
biofactories. There are also some examples of viral vectors which were able to modify
endogenous metabolic pathways of natural products in plants by silencing certain genes
or expressing heterologous transcription factors and metabolic enzymes. The main
limitation of many plant virus-based systems is the difficulty to co-express various
heterologous proteins in the same cell with proper subcellular localization, which is a
crucial question in metabolic engineering, since these pathways are composed of many

enzymes located in various subcellular organelles.

This work provides a solution to overcome this problem by using a potyvirus-
based vector system. Potyviruses (genus Potyvirus, family Potyviridae) are plus-strand
single-stranded RNA viruses, which have a genome expression strategy that allows the
equimolar production of most viral proteins. The genome encodes a main polyprotein,
which is processed by viral proteases into about ten mature proteins. cDNAs coding for
foreign proteins can be inserted into the viral genome flanked by sequences
corresponding to processing sites of the viral proteases, which release them during
polyprotein processing. On the basis of an infectious clone of Tobacco etch virus
(TEV), Bedoya et al. (2010) developed an expression system in which the RNA-
dependent RNA polymerase (NIb) gene was replaced by an expression cassette,
harboring several heterologous proteins. This viral vector was able to express three
fluorescent proteins with nucleocytoplasmic localization in equimolar amounts in

transgenic tobacco plants in which NIb was supplemented in trans.

Despite of the apparent simplicity of potyvirus genome expression strategy,
foreign cDNA insertion is a complicated task since inserted sequences can interrupt
some viral functions which may influence negatively the virus viability. Thus, our first
goal was to analyze the effect of gene insertion on TEV genome stability by relocating
the NIb cistron to all possible intercistronic positions of the genome and test the
viability of chimeric viruses. As a result of this work, a novel insertion position was

discovered at the amino-terminal end of the potyvirus polyprotein, which opened the



possibility to explore new questions of recombinant protein expression using the TEV-

based vector.

Since metabolic pathways are highly compartmentalized, proper subcellular
targeting of enzymes is an essential task. Thus, our second objective centralized on the
subcellular targeting of expressed proteins from the TEV-based viral vector. cDNAs
coding for the green fluorescent protein (GFP) fused to chloroplast, nucleus and
mitochondria targeting signal sequences were inserted into the newly described amino-
terminal insertion position or into an internal site, replacing the NIb cistron. Our results
showed that for protein delivery to chloroplasts and mitochondria, foreign genes have to
be inserted at the amino-terminal site of the viral vector, but for nuclear delivery, both
insertion positions are suitable. Our results also demonstrated that the insertion site
affects recombinant protein accumulation and virus stability. The amino-terminal site
proved to be more suitable to produce higher amounts of targeted recombinant proteins
but the internal insertion site showed to be more stable. Based on these findings, we
were able to launch two different fluorescent proteins into chloroplasts and nuclei from

a single viral vector.

The last objective of this work was to investigate whether the potyvirus-based
vector was able to express an entire heterologous multistep biosynthetic pathway in
plant cells. For this aim we purposed to produce lycopene, a plant pigment with health
promoting properties, which is naturally synthetized inside the chloroplasts and
chromoplasts from the isoprenoid precursors, isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), through the methylerythriol 4-phosphate (MEP)
pathway. However, these precursor molecules are also synthetized outside the plastids
through the mevalonate (MVA) pathway. To produce lycopene we inserted cDNAs
coding for the enzymes of a three-step metabolic pathway of bacterial origin into the
potyvirus-based vector which was supposed to convert cytosolic IPP and DMAPP into
lycopene. Infected tobacco plants developed orange symptoms indicating lycopene
accumulation, which was confirmed by high-performance liquid chromatography
(HPLC) analysis and microscopy observations. Our results also illustrated that the
phytoene synthase is the bottleneck of the carotenoid biosynthetic pathway and the sole
expression of Pantoea ananatis phytoene synthase, crtB, is enough to induce carotenoid

accumulation, conferring yellow coloration to the infected tissue.



CrtB was tested as reporter system to visually track viral infection in several
plant species of both scientific and agronomical importance. CrtB resulted to be a more
general marker than Roseal, a previously described red marker based on anthocyanin
accumulation, since it was functional in plant species where Roseal failed to detect
virus presence. In addition, crtB and Roseal together were able to report two virus

populations at the same time with two different, yellow and red, output colors.

Resumen

Los virus de plantas son parasitos intracelulares obligados que tienen la
capacidad de forzar las celulas del huésped a sintetizar cantidades importantes de
proteinas virales. Esta capacidad de los virus de plantas ha sido utilizada para
desarrollar vectores virales y expresar proteinas heter6logas en plantas biofactoria.
Existen algunos ejemplos de vectores virales que han demostrado una capacidad para
modificar rutas metabolicas enddgenas de productos naturales silenciando ciertos genes
o expresando factores de transcripcion y enzimas metabdlicas. La principal limitacién
de muchos sistemas basados en virus de plantas es la dificultad de coexpresar diversas
proteinas heterélogas en la misma célula con la localizacion subcelular apropiada, lo
cual es una cuestion crucial en ingenieria metabdlica, ya que las rutas metabdlicas se

componen de muchas enzimas localizadas en varios organulos subcelulares.

Este trabajo presenta una solucion para superar este problema mediante el uso de
un vector viral basado en un potyvirus. Los potyvirus (género Potyvirus, familia
Potyviridae) son virus de RNA de cadena positiva simple que tienen una estrategia de
expresion génica que permite la produccién de la mayoria de las proteinas virales en
cantidades equimolares. ElI genoma codifica una poliproteina principal, que es
procesada por las proteasas virales en alrededor de diez proteinas maduras. Los cDNAs
de las proteinas heterologas se pueden insertar en el genoma viral flanqueados de
secuencias correspondientes a sitios de procesamiento proteolitico de las proteasas
virales, que liberan las proteinas insertadas durante el procesamiento de la poliproteina.
Basado en un clon infeccioso del virus del grabado del tabaco (Tobacco etch virus,
TEV) Bedoya et al. (2010) desarrollaron un sistema de expresion en el que el gen de la
RNA polimerasa dependiente de RNA (NIb) fue sustituido por un casete de expresion,

que albergaba varias proteinas heterélogas. Este vector viral fue capaz de expresar tres



proteinas fluorescentes con localizacion nucleocitoplasmica en cantidades equimolares

en plantas de tabaco transgénicas que complementaban el cistron NIb en trans.

A pesar de la aparente simplicidad de la estrategia de expresion génica de los
potyvirus, la insercién de un cDNA foraneo es una tarea complicada, ya que estas
secuencias pueden interrumpir algunas funciones virales que influyen negativamente en
la viabilidad del virus recombinante. Por lo tanto, nuestro primer objetivo fue analizar el
efecto de la insercidn en la estabilidad del genoma de TEV mediante la reubicacion del
cistron Nlb a todas las posibles posiciones intercistronicas del genoma y ensayar la
viabilidad de los virus quiméricos. Como resultado de este trabajo, descubrimos una
nueva posicion de insercion en el extremo amino-terminal de la poliproteina viral que
nos permitié explorar otras cuestiones sobre la expresion de proteinas recombinantes

utilizando el vector viral.

Dado que las vias metabolicas son muy compartimentalizadas, la adecuada
localizacion subcelular de enzimas es una tarea esencial en ingenieria metabdlica. Por
eso, nuestro segundo objetivo se centr6 en la distribucion de las proteinas heterologas
expresadas con el vector viral a diferentes organulos subcelulares. cDNAs que
codificaban la proteina fluorescente verde (green fluorescent protein, GFP) fusionada a
péptidos sefial se insertaron en la nueva posicion amino-terminal y en un sitio interno,
sustituyendo el cistron NlIb, para enviarla al cloroplasto, ndcleo y a la mitocondria.
Nuestros resultados mostraron que para la distribucion de proteinas al cloroplasto y
mitocondria, los genes fordneos deben ser insertados en el sitio amino-terminal del
vector viral, pero para la distribucién nuclear, ambas posiciones son adecuadas.
Demostramos también que el sitio de insercion utilizado afecta la acumulacion de las
proteinas recombinantes y la estabilidad del vector viral. El sitio amino-terminal resultd
ser mas adecuado para producir cantidades mas grandes de proteinas recombinantes,
pero el sitio de insercidn interno demostrd ser mas estable. En base a estos resultados,
hemos sido capaces de distribuir dos proteinas fluorescentes distintas a los cloroplastos

y nlcleos desde un unico vector viral.

El dltimo objetivo de este trabajo fue estudiar si el vector viral basado en
potyvirus es capaz de expresar una ruta biosintética de mdltiples pasos en células
vegetales. Para ello nos propusimos producir licopeno, un pigmento vegetal con

propiedades beneficiosas para la salud humana, que se sintetiza en los cloroplastos y



cromoplastos desde los precursores de isoprenoides, el pirofosfato de isopentenilo
(isopentenyl diphosphate, IPP) y el pirofosfato de dimetilalilo (dimethylallyl
diphosphate, DMAPP) a través de la ruta de metileritriol 4-fosfato (methylerythriol 4-
phosphate, MEP). Sin embargo, estos precursores también se sintetizan fuera de los
plastos a través de la ruta mevalonato (mevalonate, MVA). Para producir licopeno
insertamos un cDNA que codificaba las enzimas de una ruta metabdlica de tres pasos de
origen bacteriano en el vector viral que debia convertir IPP y DMAPP citosélico en
licopeno. Las plantas de tabaco infectadas con el vector viral desarrollaron sintomas de
color naranja indicando la acumulacion de licopeno, que fue confirmado por analisis de
cromatografia liquida de alta eficacia (high-performance liquid chromatography, HPLC)
y observaciones de microscopia. Nuestros resultados también ilustraron el papel central
del fitoeno sintasa en la ruta biosintética de los carotenoides y se demostroé que la sola
expresion de la fitoeno sintasa de Pantonea ananatis, crtB, es suficiente para inducir la

acumulacion de carotenoides que confieren una coloracion amarilla al tejido infectado.

Ensayamos crtB como sistema reportero visual en varias especies de plantas de
importancia tanto cientifica como agronémica. CrtB result6 ser un marcador visual mas
general que Roseal, el marcador rojo basado en la acumulacién de antocianinas descrito
anteriormente, ya que fue funcional en especies de plantas en las que Roseal fue
incapaz de detectar la presencia viral. Ademas, los marcadores crtB y Roseal en
conjunto fueron utilizados con éxito para seguir con dos colores distintos, amarillo y

rojo, dos poblaciones virales al mismo tiempo.

Resum

Els virus de plantes son parasits intracel-lulars obligats que tenen la capacitat de
forcar les cel-lules de I'hoste a sintetitzar quantitats importants de proteines virals.
Aquesta capacitat dels virus de plantes ha sigut utilitzada per a desenvolupar vectors
virals i expressar proteines heterologues en plantes biofactoria. Existeixen alguns
exemples de vectors virals que han demostrat una capacitat per a modificar rutes
metaboliques endogenes de productes naturals silenciant certs gens o expressant factors
de transcripcio i enzims metabolics. La principal limitacié de molts sistemes basats en
virus de plantes és la dificultat de coexpressar diverses proteines heterologues en la

mateixa cél-lula amb la localitzacié subcel-lular apropiada, cosa que és una questio



crucial en enginyeria metabolica, ja que les rutes metaboliques es componen de molts

enzims localitzats en diversos organuls subcelul-lars.

Aquest treball presenta una solucid per a superar aquest problema mitjancant I'is
d'un vector viral basat en un potyvirus. Els potyvirus (genere Potyvirus, familia
Potyviridae) son virus d'RNA de cadena positiva simple que tenen una estrategia
d'expressio génica que permet la produccié de la majoria de les proteines virals en
quantitats equimolars. EI genoma codifica una poliproteina principal, que és processada
per les proteases virals en al voltant de deu proteines madures. Els cDNAs de les
proteines heterologues es poden inserir en el genoma viral flanquejats de seqliencies
corresponents a llocs de processament proteolitic de les proteases virals, que alliberen
les proteines inserides durant el processament de la poliproteina. Basat en un clon
infeccids del virus del gravat del tabac (Tobacco etch virus, TEV) Bedoya et al. (2010)
van desenvolupar un sistema d'expressio en el qual el gen de I’RNA polimerasa
depenent d'RNA (NIb) va ser substituit per un casset d'expressio, que albergava diverses
proteines heterologues. Aquest vector viral va ser capa¢ d'expressar tres proteines
fluorescents amb localitzacié nucleocitoplasmica en quantitats equimolars en plantes de

tabac transgeniques que complementaven el cistré NIb en trans.

Malgrat l'aparent simplicitat de I'estrateégia d'expressio genica dels potyvirus, la
insercié d'un cDNA fora és una tasca complicada, ja que aquestes seqliencies poden
interrompre algunes funcions virals que influeixen negativament en la viabilitat del
virus recombinant. Per tant, el nostre primer objectiu va ser analitzar I'efecte de la
insercié en l'estabilitat del genoma de TEV mitjancant la reubicaci6 del cistré NIb a
totes les possibles posicions intercistroniques del genoma i assajar la viabilitat dels virus
guimerics. Com a resultat d'aquest treball, hem descobert una nova posicié d'insercié en
I'extrem amino terminal de la poliproteina viral que ens va permetre explorar altres

questions sobre I'expressio de proteines recombinants utilitzant el vector viral.

Atés que les vies metaboliques son molt compartimentalitzades, lI'adequada
localitzacié subcel-lular d'enzims és una tasca essencial en enginyeria metabolica. Per
aco, el nostre segon objectiu es va centrar en la distribucid de les proteines heterologues
expressades amb el vector viral a diferents organuls subcelul-lars. cDNAs que
codificaven la proteina fluorescent verda (green fluorescent protein, GFP) fusionada a

péptids senyal es van inserir en la nova posicio amino terminal i en un lloc intern,



substituint el cistro NIb, per a enviar-la al cloroplast, nucli i al mitocondri. Els nostres
resultats van mostrar que per a la distribucié de proteines al cloroplast i mitocondri, els
gens forans han de ser inserits en el lloc amino terminal del vector viral, pero per a la
distribucio nuclear, ambdues posicions sén adequades. Vam demostrar també que el lloc
d'insercid utilitzat afecta I'acumulacio de les proteines recombinants i l'estabilitat del
vector viral. El Iloc amino terminal va resultar ser més adequat per a produir quantitats
meés grans de proteines recombinants, pero el lloc d'inserci6 intern va demostrar ser més
estable. Sobre la base d'aquests resultats, hem sigut capacgos de distribuir dues proteines

fluorescents diferents als cloroplasts i nuclis des d'un Unic vector viral.

L'GItim objectiu d'aquest treball va ser estudiar si el vector viral basat en
potyvirus és capac d'expressar una ruta biosintética de maltiples passos en cel-lules
vegetals. Per ago ens vam proposar produir licope, un pigment vegetal amb propietats
beneficioses per a la salut humana, que se sintetitza en els cloroplasts i cromoplasts des
dels precursors de isoprenoides, el pirofosfat d'isopentil (isopentenyl diphosphate, IPP) i
el pirofosfat de dimetilal-lil (dimethylallyl diphosphate, DMAPP) a través de la ruta de
metileritriol 4-fosfat (methylerythriol 4-phosphate, MEP). No obstant aco, aquests
precursors també es sintetitzen fora dels plastidis a través de la ruta mevalonat
(mevalonate, MVVA). Per produir licope inserirem un cDNA que codificaba els tres
enzims de una ruta metabolica de tres passos d'origen bacteria en el vector viral que
havia de convertir IPP i DMAPP citosolic en licope. Les plantes de tabac infectades
amb el vector viral van desenvolupar simptomes de color taronja indicant I'acumulacio
de licope, que va ser confirmat per analisi de cromatografia liquida d'alta eficacia (high-
performance liquid chromatography, HPLC) i observacions de microscopia. Els nostres
resultats també van il-lustrar el paper central del fitoé sintasa en la ruta biosintética dels
carotenoides i es va demostrar que la sola expressié de fitoe sintasa de Pantonea
ananatis, crtB, és suficient per a induir l'acumulacié de carotenoides que confereixen

una coloracio groga al teixit infectat.

Assajarem crtB com a sistema reporter visual en diverses especies de plantes
d'importancia tant cientifica com agronomica. CrtB va resultar ser un marcador visual
més general que Roseal, el marcador roig basat en I'acumulacio de antocianines descrit
anteriorment, ja que va ser funcional en espécies de plantes en les quals Roseal va ser

incapag de detectar la presencia viral. A més, els marcadors crtB i Roseal en conjunt



van ser utilitzats amb éxit per a seguir amb dos colors diferents, groc i roig, dues

poblacions virals al mateix temps.
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CaMV, Cauliflower mosaic virus
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CLSM, confocal laser scanning microscopy
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CRTISO, cis-trans-isomerase

cTP, chloroplast transit peptide

DMAPP, dimethylallyl diphosphate

DNA, deoxyribonucleic acid

dpi, days post-inoculation

GDP, guanosine diphosphate

GFP, green fluorescent protein

GGPP, geranylgeranyl diphosphate

GGPPS, geranylgeranyl diphosphate synthase
GOl, gene of interest

GTP, guanosine triphosphate

GUS, B-glucuronidase

HPLC, high-performance liquid chromatography
Hsp70, heat shock protein-70

Hsp90, heat shock protein-90

HYD, ferrodoxin-dependent nonheme diiron hydroxylase
IPP, isopentenyl diphosphate

IRES, internal ribosome entry site
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LIR, long intergenic regions in BeYDV genome
LYCb, lycopene B-cyclase

LYCe, lycopene g-cyclase

mAb, monoclonal antibody

MEP, methylerythriol 4-phosphate pathway
MP, movement protein

MPP, mitochondria-processing peptidase
MRNA, messenger RNA

mTP, mitochondrial targeting peptide
MVA, mevalonate pathway

NlaPro, nuclear inclusion a protease

NIb, nuclear inclusion b

NLS, nuclear localization signal

NPC, nuclear pore complexes

NSY, neoxantin synthase

nt, nucleotide

ORF, open reading frame

PAGE, polyacrylamide gel electrophoresis
PDS, phytoene desaturase

PRE, presequence

PSY, phytoene synthase

PV X, Potato virus X

RdRp, RNA-dependent RNA polymerase
RNA, ribonucleic acid

RT, reverse transcription

SgRNA, subgenomic RNA

SIR, short intergenic regions in BeYDV genome
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sSRNA+, single stranded positive-sense RNA
SV40, Simian virus 40

T-DNA, transferred DNA

TEV, Tobacco etch virus

TIC, translocon on the inner chloroplast membrane
TIM, translocase of the inner membrane

TMV, Tobacco mosaic virus

TOC, translocon on the outer chloroplast membrane
TOM, translocase of the outer membrane

TP, transit peptide

TVCV, Turnip vein clearing virus

UTR, untranslated region

VDE, violaxanthin de-epoxidase

VLPs, virus-like particles

VNPs, viral nanoparticles

VPg, viral protein genome-linked

ZDS, (-carotene desaturase

ZEP, zeaxanthin epoxidase

ANTIDb, deleted nuclear inclusion b
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Introduction

Plant biotechnology and the green factory

Plants form an integral part of human life, serving as food, feedstock, building
material, fuel and source of biologically-active substances for medicinal use. Therefore
it is not surprising that over thousands of years humankind tried to improve plants with
different desired properties. In the past decades, a variety of techniques commonly
known as plant biotechnology was successfully used to develop crops by introducing
beneficial traits in plants, focusing on three main objectives: (1) agronomic traits
(herbicide tolerance, insect resistance, improvements on additional health benefits of
edible parts, abiotic stress tolerance, nutrient use efficiency and yield potential); (2)
bioenergy and (3) production of valuable proteins, also known as ‘molecular farming’

(Xu et al., 2012; Chen and Lin, 2013).

Protein expression in living organisms is based on a highly-conserved process:
the DNA is transcribed into mRNA which is translated into polypeptides built up from
amino acids. The consequence of the universality of this process is that in theory, any
organism can be used as platform for recombinant protein production and depending on
the characteristics of the expressed protein, the most suitable platform can be selected
(Melnik and Stoger, 2013). In the last decades, the high demand of pure, properly
folded and biologically active proteins stimulated the development of more productive
and suitable platforms. Nowadays, recombinant protein production relies on ‘bio-
factories’ of microbial (Escherichia coli, Saccharomyces cerevisiae, Pichia pastoris) or
mammalian cell cultures (Chinese hamster ovary cells) and in minor percentage insect

cells.

Plants offered an exciting opportunity to develop edible vaccines by introducing
genes of bioactive proteins in their genome and combining the benefit of the worldwide
established low-cost production of plants with vaccine manufacturing (Mason et al.,
2002). Thanks to the intensive research in this field, nowadays plants are used as
alternative platforms for heterologous protein production. The advantage of plant cells
over prokaryotes is that they possess an endomembrane system and a secretory pathway
which helps correct assembly and folding of complex proteins, and they carrying out
post-translational modification, very similar to mammalian cells (Vitale and Denecke,
1999). Additionally, plant based platforms remain free from contaminants, like animal

pathogenic viruses, prions and bacterial endotoxins (Faye and Gomord, 2010).
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Introduction

One of the most commonly used techniques for heterologous protein expression
in plants is based on Agrobacterium tumefaciens. This soil-borne bacterium has the
capacity to introduce genes into the plant chromosome (Chilton et al., 1977). Replacing
the bacterial genes with genes of interest under the control of specific promoters,
heterologous protein expression can be achieved (Herrera-Estrella et al., 1983;
Zambryski et al., 1983)

The two main methods of heterologous protein expression in plants are stable
transformation of nuclear or chloroplast genome, and transient expression. The main
difference is that in stable transformation, the foreign gene is integrated into the nuclear
or chloroplast genome and therefore, becomes hereditary, while in transient systems the
recombinant protein expression is limited to a short period of time and does not affect
all plant cells, but in times of speed and yield, transient systems overcome stable
transformation. Additionally, transiently expressed genes avoid transgene flow, the

most important inconvenient of stable transgenic plants, because they are not inherited.

The most successful transient expression systems are based on plant viruses
which serve as vehicles for heterologous protein production or provide building blocks

for combined expression vectors.

Plant virus based vectors for heterologous protein expression

Plant viruses are able to redirect the biosynthetic capacity of the host cell to
produce new viruses in a short period of time by abducting host ribosomes and forcing
them to synthetize high amount of viral proteins (Nelson and Citovsky, 2005). In recent
years, several plant virus based vectors were developed as engineered vehicles for
transient expression of heterologous proteins by introducing the gene of interest (GOI)
in the viral genome, or using viral genes as building blocks to develop expression
vectors, offering a rapid and easy way to produce high quantities of foreign proteins in

plant biofactories.

First, viruses with DNA genomes, like those from the family Caulimoviridae
(Szeto et al., 1977; Hull, 1978) were proposed to be used as viral vectors in plants, but
soon new techniques enabling generation of cDNA from an RNA template and in vitro
transcription of this cDNA to infectious RNA, made possible the genetic manipulation
and in vivo studies of plant viruses with RNA genome (Ahlquist and Janda, 1984;

Ahlquist et al., 1984). Another technical breakthrough was the use of A. tumefaciens, as
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Introduction

an alternative way to introduce the viral genome into the plant cell avoiding the
inefficient mechanical inoculation of RNA transcripts (Grimsley et al., 1986). This
technique, called ‘agroinfection’, consists in the transient expression of the viral
genome with A. tumefaciens, which results in an autonomously replicating nucleic acid
sequence after host cell nuclear transcription and processing, and enables the virus to
spread out from the initially infected cells and invade systemic leafs. Thanks to the
basic research on plant virus biology, during the past three decades, many expression
systems based on plant viruses were designed with several gene expressing strategies,
exploiting the possibilities offered by the parental viral genome. Gene expression and
peptide-presentation systems, as well as systems to produce empty capsids, were
developed (Figure 1).

For gene expression of heterologous proteins with viral vectors, scientists firstly
used ‘full virus vectors’ containing the whole viral genome where the heterologous
sequence encoding the GOI was inserted (Gleba et al., 2004). These viral vectors
behaved like wild-type viruses retaining genes for normal infection and replication,
including the capacity to systemic movement and suppression of gene silencing of host
plants. The most limiting factor of these systems was the size of the inserted sequence
because of the negative correlation between the size of the GOI and vector stability
which resulted in lower productivity of larger heterologous proteins (Avesani et al.,
2007). To overcome this limitation, plant virologists started to manipulate the viral
genome and ‘rebuild’ viral vectors. At this point the main objective in vector design was
to maximize heterologous protein yield by maintaining essential elements for protein
expression and deleting or providing in trans some of the non-essential functions
leading to ‘deconstructed’ vectors (Gleba et al., 2007, 2005). These efforts resulted in a
wide spectrum of gene expression vectors with robust replication and amplification
capacity and with abolished systemic movement which in most cases was replaced by
A. tumefaciens-mediated replicon delivery (Peyret and Lomonossoff, 2015).

The repetitive geometry of the plant viral capsid made up from several coat-
protein molecules stimulated scientists to use capsids as epitope presentation systems
and later on as empty vessels for nanotechnology purposes. The capsid of plant viruses
serves to enclose genetic material destined to protect and help cell-to-cell and systemic
movement through the plant. First, plant viral capsid was decorated with small antigenic

peptides, called epitopes, against human or animal diseases, which enhanced the im-
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gene expression systems

Plant virus based vectors —————»  peptide presentation systems

virus like particles

Figure 1. Plant virus based expression vectors. In gene expression systems the GOI is inserted into the
viral genome. In peptide presentation systems the viral capsid is engineered to hold several molecules of
interest. Virus like particles are empty capsids, which can be decorated on their surface or loaded with
molecules of interest.

munogenicity of such peptides (Bachmann and Jennings, 2010). These findings resulted
in the generation and use of peptide-presentation systems or viral nanoparticles (VNPS)
for vaccine delivery. Nevertheless, these chimeric capsids contained the viral genomic
RNA and remained infectious which raised biosafety issues. Further progresses were
made when empty capsid formation was achieved in absence of viral genome. Empty
capsids, also called virus-like particles (VLPs) provide an ideal basis of targeted drug
delivery vehicles or tissue specific imaging reagents since they can be easily modified
by genetic or chemical engineering. Furthermore plant VLPs and VNPs are
biodegradable and are considered non-hazardous in humans and other animals (Kaiser
et al., 2007; Yildiz et al., 2011), and VLPs can also be loaded with inorganic material
for chemical or bionanotechnological applications (Evans, 2008; Pokorski and
Steinmetz, 2011).

From the many viruses used as backbones to develop virus-based expression
systems, here, the most successful plant virus-based vectors are summarized briefly
with special attention on gene expression systems (Peyret and Lomonossoff, 2015;
Pogue et al., 2002; Gleba et al., 2014; Salazar-Gonzélez et al., 2015). Probably the most
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famous ‘deconstructed’ gene expression vector based on a plant virus is magnlCON, a
hybrid system with elements from Tobacco mosaic virus (TMV) and Turnip vein
clearing virus (TVCV), both belonging to the genus Tobamovirus, family Virgaviridae,
with rigid rod shaped virions and a single stranded positive-sense RNA (sSRNA+)
genome (Figure 2A). The viral genome encodes for 4 proteins. The first two are
involved in replication and are translated from the main RNA. The last two are
translated from two separated subgenomic RNAs (sgRNAs) and encode the movement
protein (MP) and the coat protein (CP). The tobamovirus-based magnlCON system is
composed by three modules: the 5° module contains building blocks from two
tobamoviruses and a promoter for GOl expression; the 3> module contains the GOI; and
a third module harbors a recombinase (Marillonnet et al., 2004) (Figure 2A). Since the
expression vector lacks CP and cannot move systemically, all parts are delivered to the
nucleus by A. tumefaciens. After agrodelivery, modules are fused by the recombinase
forming the magnlCON replicon at DNA level which is then transcribed and the
recombination site and intron sequences are removed. MagnlICON system presented
smart solutions to overcome several problems of viral vector systems. Subcellular
compartments were efficiently reached by using signal sequences fused to the expressed
proteins (Gils et al., 2005), the efficiency of agroinfection was improved by the
insertion of silent mutations to enhance the processing of the transcription products of
the delivered DNA the nucleus (Marillonnet et al., 2005), two proteins were expressed
in the same cell with two non-competing viral vectors (Giritch et al., 2006) and a
massive inoculation technique, called ‘Magnifection’ was developed, which helped to
raise heterologous protein yields up to 5 g/kg of fresh tissue (Gleba et al., 2004; Gleba
et al., 2005). The triple module magnICON system was used to express several proteins
in plants, with special attention on monoclonal antibodies (mAbs) (Santi et al., 2006;
Webster et al., 2009; Huang et al., 2006). Since TMV capsid is made-up from more
than 2000 copies of the CP and both the N- and the C-terminus of the CP are situated on
the virion’s surface, magnlCON was also successfully used as an epitope presentation
system (Turpen et al., 1995; Wigdorovitz et al., 1999; Werner et al., 2006; Noris et al.,
2011). Other important gene expression system based on TMV is TRBO which is
comparable to magnICON in terms of recombinant protein yields, but simpler in design
(Lindbo, 2007). TRBO was constructed by replacing the CP of TMV with a multi

cloning site into which the GOl is inserted, resulting in a powerful gene expression vec-
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Figure 2. Plant viruses used as gene expression vectors for heterologous protein expression in plants. A.
The tobamovirus genome: RNA-dependent RNA polymerase (RdRp), polymerase (Pol), MP, CP and two
SgRNAs (SGP). The tobamovirus-based magnlCON system is composed by three modules which are
fused by a recombinase. 5> module: actin promoter (Act2), RdRp, MP, SGP, recombination site (R) and
nopaline synthase terminator (nos). 3° module: R site, internal ribosome entry site (IRES), GOI, TMV 3’
untranslated region (3°UTR), nos terminator. Recombinase module: Act2, integrase (PhiC31) and nos. B.
PVX genome: RdRp, three MPs, CP, and two SGPs. In the PVVX-based expression vector (pA7248AMV)
the MPs and the CP was replaced by the GOI and the 5’'UTR of Alfalfa mosaic virus RNA4 (AMV 5’
UTR) expressed from a SGP under the control of Cauliflower mosaic virus (CaMV) promotor and
terminator (P35S and T35S). C. CPMV genome consists of two RNAs (RNA1 and RNA2). RNA1:
processing regulator (C-Pro), helicase, viral protein genome-linked (VPg), proteinase (Prot) and RdRp.
RNA2: MP, large and small CPs. In CPMV-based pEAQ system, RNA1 was eliminated and the MP and
CP of RNA2 was replaced by the GOI conserving the 5’ and 3’ UTRs (5’UTR and 3’UTR) of the virus
under the control of P35S and a nos. D. BeYDV genome: MP, CP, virus replication associated proteins
(Rep and RepA) separated by the long and short intergenic regions (LIR and SIR). In the BeYDV-based
expression vector, the MP and CP functions were replaced by the GOI between one LIR and SIR element
under the control of P35S, soybean vegetative protein 3 (vsp3’), TEV 5°UTR (TEV 5°). In the plant cell,
Rep protein helps the release of the inserted DNA-segment, which replicates as an episome. Figure
elaborated on the basis of Porta and Lomonossoff (2002) and Pevret and Lomonossoff (2015).
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tor able to produce up to 5.5 g heterologous protein per kg of fresh tissues (Lindbo,
2007; Li et al., 2013).

Potato virus X (PVX), the type species of the genus Potexvirus, family
Alphaflexiviridae, with flexuous rod shaped virions and a sSRNA+ genome, was used to
construct both gene expression and peptide-presentation systems. PV X genome contains
five open reading frames (ORFs), coding for five proteins: the RNA-dependent RNA
polymerase (RdRp) which is translated directly from the genomic RNA, the triple gene
block module, coding for three MPs and the CP, which are expressed from sgRNAs
(Figure 2B). PV X genome enables expression of foreign genes either as a separate ORF
or as a fusion with the CP. The ‘deconstruction’ of PV X vectors was achieved by the
replacement of the triple gene block MPs and the CP with the GOI, expressed from the
first native subgenomic promoter resulting in a small replicating vector delivered to the
plant genome with A. tumefaciens (Komarova et al., 2006). This vector was further
improved when the translation enhancer of the Alfalfa mosaic virus (AMV) RNA4 was
added (Mardanova et al., 2009) (Figure 2B). Beside gene expression systems, PVX
VNPs and VLPS were also used for imaging, drug delivery and diagnosis (Lico et al.,
2015). Peptides can be fused directly to the CP or by inserting the 2A sequence of the
Foot-and-mouth disease virus between the capsid protein and the GOI, enabling

presentation of larger proteins on the capsid’s surface.

Cowpea mosaic virus (CPMV, genus Comovirus, family Secoviridae) both
served as gene expression, peptide presentation system and VLPs (Sainsbury et al.,
2010). CPMV possess a bipartite genome, which encapsidates in isometric particles
(Figure 2C). The genome consists of two positive-strand RNAs, named as RNA1 and
RNAZ2 encoding for two polyproteins which are processed by a viral encoded protease.
Proteins encoded in RNA1 are involved in the replication while RNA2 encodes for the
MP and the large and small CPs. First, the MP and CP functions were substituted by A.
tumefaciens-delivery (Liu and Lomonossoff, 2002) and the GOI was inserted between
the 5° and 3° of RNA2 with a suppressor of gene silencing (Liu et al., 2004; Cafiizares
et al., 2006). This viral vector was further developed on the basis of the observation that
RNAL derived replication was not essential for the expression of the chimeric RNA2.
The expressed protein yield was further increased by removing two start codons
upstream of the main initiation site which lead to enhanced levels of mMRNA translation.

The resulting viral vector was named CPMV-hyperstable (CPMV-HT) (Sainsbury and
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Lomonossoff, 2008). Subsequently, a series of small and user friendly vectors (pEAQ
vectors) were developed, able to produce milligram quantities of recombinant proteins
per kilogram of plant tissue (Sainsbury et al., 2009) (Figure 2C). The knowledge of the
detailed three-dimensional structure of the CPMV capsid and the availability of
infectious cDNA clones let scientist to apply CPMV-based vectors in vaccinology
against a number of pathogens (Sainsbury et al., 2010). CPMV VLPs was also used in
bionanotechnology and more recently it was demonstrated that the empty CPMV capsid
has the ability to suppress metastatic cancer (Steinmetz and Evans, 2007; Steinmetz et
al., 2009; Lizotte et al., 2016).

Bean yellow dwarf virus (BeYDV, genus Mastervirus, family Geminiviridae) is
a spherical virus with single stranded circular DNA genome which is composed of four
ORFs (V1, V2, C1 and C2) encoding four proteins: the MP, the CP and the virus
replication associated proteins Rep and RepA (Liu et al., 1997) (Figure 2D). The V- and
C-strand ORFs are separated by long and short intergenic regions (LIR and SIR,
respectively). LIR contains a bidirectional promoter and a stem-loop structure which is
essential for initiation of the rolling circle replication of the V-strands. SIR is the origin
of C-strand synthesis and contains transcription termination and polyadenilation signals.
For viral replication, Rep can be supplied in trans which led to the design of a two
component vector system in which viral functions were separated in two vectors (Mor et
al., 2003). The “Rep supply vector” encodes the virus replication associated proteins
(Rep/RepA), controlled by inducible promoters to circumvent potential toxicity
associated with these proteins; and the “LSL” vector, in which an expression cassette
for the GOI was inserted replacing CP and MP. After the integration of the LSL cassette
to the plant genome, inserted genes serve as a “master copy” which can be rescued and
replicated as an episome in presence of the Rep vector, forming many more copies.
Later, BeYDV-based system was further improved by inserting a native C1/C2 coding
region under the control of a relatively weak promoter inside the LSL vector (Huang et
al., 2009) (Figure 2D). The BeYDV-based vector was able to produce hetero-oligomeric
proteins by co-expressing two GOls from two tandem linked BeYDV replicons stacked
in the same vector and the heavy and light chain of a mAb 6D8 against Ebola virus was

successfully expressed in N. benthamiana (Huang et al., 2010).
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A potyvirus-based expression vector for metabolic engineering

Plants are an important source of many valuable secondary metabolites and plant
viruses has the ability to alter plant metabolome during the infection causing several
physiological and biochemical changes in the chloroplasts (Li et al., 2015). These facts
gave rise to the idea of using plant viral vectors to manipulate secondary metabolite
profile of plant tissues (Sainsbury and Lomonossoff, 2014). Plant virus based vectors
have been modified to silence target genes in various plant species, characterize gene
functions and help the elucidation of endogenous biosynthetic pathways (Robertson,
2004). Furthermore, several studies demonstrated the enormous potential of viral
vectors for re-engineering of plant metabolism by expressing active enzymes and
transcription factors (Kumagai et al., 1995; Kumagai et al., 1998; Bedoya et al., 2010;
Mozes-Koch et al., 2012; Zhang et al., 2013; Nielsen et al., 2013; Sainsbury et al.,
2012; Geisler et al., 2013). A big disadvantage of viral vectors is that the majority of
these systems are unable to co-express various foreign proteins in the same cell but re-
engineering of metabolic pathways requires the coordinated expression of several
enzymes. To overcome this limitation a prominent solution was developed by using a

potyvirus-based vector system (Bedoya et al., 2010).

Potyviruses (genus Potyvirus, family Potyviridae) has traditionally attracted
interest of plant biotechnologists firstly, because of their genome expression strategy
that allows production of heterologous proteins in an equimolar amount (Dolja et al.,
1992; Carrington et al., 1993). Secondly, because potyvirus genome enables foreign
gene insertion in several sites (Masuta et al., 2000; Beauchemin et al., 2005; Kelloniemi
et al., 2008) and large amounts of extraneous genetic material can be accommodated

thanks to the elongated nature of the virion (Kelloniemi et al., 2008).

Potyvirus genome consists of a ssSRNA+ of approximately 10,000 nucleotides
(nt) encapsidated in long and flexuous virions (Urcuqui-Inchima et al., 2001; Ivanov et
al., 2014) (Figure 3A). The genome is covalently linked in its 5’ end to the viral protein
genome-linked (VPg) and in its 3* end is polyadenilated. The genome contains a main
ORF, which encodes a long polyprotein precursor which is processed co- and post-
translationally resulting in ten mature multifunctional proteins. Potyvirus genome
harbors a second small ORF which encodes a single protein, called P3N-PIPO (Chung
et al., 2008; Mingot et al., 2016). After host cell entry and uncoating, sSSRNA+ genome
serves as template for translation, executed by host cell ribosomes through a cap-
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independent IRES. Subsequently, the polyprotein is processed by the three virus-
encoded proteases: P1, HC-Pro and NlaPro. P1 and HC-Pro catalyse their own cleavage
at their respective C-termini (Carrington et al., 1989a; Carrington et al., 1989b; Verchot
et al., 1991), whereas NlaPro cleaves the remaining sites in cis and in trans, recognizing
a seven-amino acid-long sequence motif (Carrington et al., 1990). Since viral proteins
are required in different quantities, potyviruses developed multiple strategies to regulate
the amount of viral proteins at each stage of infection (Ivanov et al., 2014). Synthetized
potyviral proteins are mainly expressed in the cytoplasm, but some viral proteins

accumulate in the nucleus (Riedel et al., 1998).

Several potyviruses have been used as gene expression vectors or peptide
displaying VNPs (Masuta et al., 2000; Fernandez-Fernandez et al., 2001; Bedoya et al.,
2010; Sanchez et al., 2013). GOI are usually flanked with sequence-specific recognition
sites of a viral protease. After translation, these sites are recognized by the protease,
which helps the release of heterologous proteins from the polyprotein (Carrington et al.,
1993). There are two frequently used positions for heterologous sequence insertion:
between P1 and HC-Pro and between NIb and CP (Fernandez-Fernandez et al., 2001;
Beauchemin et al., 2005; Dietrich and Maiss, 2003). A third insertion position was
described which is situated closely to the amino terminus of Potato virus A polyprotein
(Rajamaéki et al., 2005). The use of the right insertion position of foreign cDNAs has a
crucial effect on protein accumulation (Choi et al., 2000; Arazi et al.,, 2001;
Beauchemin et al., 2005; Dolja et al., 1997; Guo et al., 1998; German-Retana et al.,
2000).

Bedoya et al. (2010) developed a Tobacco etch virus (TEV)-based gene
expression vector by replacing the NIb cistron with a cassette which enables the co-
expression of multiple heterologous proteins in tobacco plants (Figure 3B). The system
takes advantage of the previously reported fact, that the NIb cistron can be
complemented in trans (Li and Carrington, 1995) which enables the insertion of a large
foreign sequence in place of this gene and which is also advantageous from a
biocontainment point of view since it overcomes the risk of vector escape. Simultaneous
expression of three fluorescent proteins was achieved by inserting their cONAs in the
expression cassette, with proteolytic processing motifs of the NlaPro on their sides. The
TEV-based viral vector allowed simultaneous expression of these fluorescent proteins

in equimolar amounts with the same subcellular localization.

28



Introduction

A e
E E
o 6K1 6K2 >
@9{ Pt [ HePro [ P3 || ci [[vpghiaPrd  NIb | CP J-An
P3-PIPO

TEV-based expression vector

!S’UTR

P35S>-{ P1 | HC-Pro | P3 [] cl

P3-PIPO

N. tabacum 35S::Nlb

C TEVANIb wt

Non-inoculated

éedoya et al. 2010

Figure 3. Potyvirus-based vector for protein expression in plants. A. Genome organization of parental
TEV. VPg is covalently linked to the 5’ end of the genome and the 3’ end is polyadenilated (An). The
genome contains a main ORF which encodes a long polyprotein precursor processed by the three viral
proteases resulting in ten mature proteins: P1, HC-Pro, P3, 6K1, Cl, 6K2, VPg, NlaPro, NIb and CP. The
second, small ORF codifies for a single protein, called P3N-PIPO. B. TEV-based expression vector
system. The TEV genome was inserted in a plasmid of A. tumefaciens for agrodelivery under the control
of P35S and T35S and the NIb cistron was replaced by an expression cassette harboring three fluorescent
proteins (mCherry, Venus and BFP) flanked by proteolytic processing sites of NlaPro which liberates
florescent proteins (black arrows). These proteins are expressed in equimolar amounts in the same
subcellular localization in transgentic N. tabacum plants (N. tabacum 35S::NlIb). C. Expression of Delila
and Roseal transcription factors with TEV-based viral vector (TEVANIb-DelRos) in transgenic N.
tabacum. Leaves infected with TEV-based vector lacking NIb cistron (TEVANIb-wt) and noninoculated
leaves are also showed. Figure adapted from Bedoya et al. (2010).
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Therefore it was purposed to express several enzymes from a metabolic pathway and

induce valuable natural products in plants.

To demonstrate the utility of the viral vector in metabolic engineering, two
transcription factors, Delila and Roseal from Antirrhinum majus, were successfully
expressed to boost anthocyanin accumulation in infected tobacco tissue. This resulted in
the increase of anthocyanin content which conferred deep purple coloration to the leaves
(Figure 3C). Subsequently, it was realized that the sole expression of Roseal is enough
to produce red anthocyanins and Roseal was purposed as a candidate of visual marker

to track viral infection in plants (Bedoya et al., 2012).

Plant metabolic engineering

Plants have the unique capacity to transform light energy into carbohydrate
molecules, like sugars, through photosynthesis, which serves as fuel for the organism.
They are also able to defend themselves from pests and predators, participate in
complex symbioses and survive extreme environmental conditions (Lau et al., 2014).
To do so, plants produce primary and secondary metabolites which are synthetized
through a cascade of chemical reactions, called metabolic pathways. While primary
metabolites including carbohydrates, lipids, proteins, and nucleic acids, are directly
involved in nutrition and essential metabolic processes of plants, secondary metabolites
have specific functions and typically mediate interactions between plants and their
environment, like the attraction of pollinators or defense against herbivores and
pathogens. Thousands of secondary metabolites have been isolated from plants, and
many of them have powerful physiological effects in humans, like alkaloids, terpenoids
and phenolics. Because of their high value in medicine and human diet, scientists made
a strong effort on understanding their biosynthetic pathways and elaborating techniques
to manipulate secondary metabolite content. The main objective of these efforts was to
boost the accumulation of a target product by increasing the flow of molecules, called
carbon flux, through a certain metabolic pathway or to reduce carbon flux through
competing pathways (Farré et al., 2014). There are many successful examples of
metabolic pathway engineering in plants. The most famous is “Golden Rice”, which
was engineered to accumulate vitamin A (B-carotene) in rice endosperm by introducing
three enzymes from the carotenoid biosynthetic pathway of other organisms (Ye et al.,

2000). Golden rice was destined to poor countries where childhood blindness caused by
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vitamin A deficiency is a common problem and rice is the major staple (Potrykus,
2003). These results gave rise to ‘nutritional genomics’, a discipline of modern biology
that focuses on the elucidation of biochemical pathways and physiological processes of
uptake and mobilization of nutrients which are needed in plants to sustain human health
(Beyer, 2010). Several successful examples were documented about nutrient content
modification of crops (Wu and Chappell, 2008; Dixon et al., 2013; Farreé et al., 2014;
Lau et al., 2014). Just to mention some, tomatoes were engineered to accumulate high
levels of anthocyanins by the expression of two transcription factors from snapdragon
(A. majus). The improved content of anthocyanins of transgenic purple tomatoes
resulted in significant extension of life span in cancer-susceptible mice feeding on it
(Butelli et al., 2008). Maize endosperm was also engineered to express three vitamins,
[B-carotene, ascorbate and folate, biosynthesized through three distinct metabolic
pathways, destined to complete nutritional uptake of people in poverty (Naqvi et al.,
2009). Bred wheat potentially suitable for celiac patients and other gluten-intolerant
individuals were also developed by RNA interference-mediated gene silencing down-
regulating the expression of gluten proteins, responsible for celiac disease (Gil-
Humanes et al., 2010). Despite promising early examples, metabolic engineering have
to face many challenges resulting from the high complexity of endogenous networks.
For this purpose, a major knowledge of endogenous pathways is required, the best

intervention points and most suitable genes have to be identified.

The importance of subcellular localization in re-engineering of metabolic pathways

A crucial question in re-engineering of metabolic pathways in plants is to
determine the most suitable subcellular environment (Heinig et al., 2013). Several
studies revealed that assaying metabolic enzymes in more than one subcellular
compartment could result in the discovery of more suitable subcellular environments for
metabolite synthesis (Di Fiore et al., 2002; Ohara et al., 2003; Farhi et al., 2011).
Furthermore re-targeting enzymes to the most abundant substrate pool can increase
production of a desired metabolite (Wu et al., 2006; Aharoni et al., 2003).

In practice, for heterologous enzyme delivery, the protein transport system of the
plant cell is exploited. Eukaryotic plant cells contain several organelles such as nucleus,
plastids, mitochondria, vacuole, peroxisomes, Golgi and endoplasmic reticulum

embedded in the cytosol surrounded by at least one membrane which forms a diffusion
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barrier that prevents uncontrolled exchange of molecules. The majority of them have a
unique set of enzymes which provide an adequate environment for complex metabolic
reactions and form an integrated cellular network evolved in many biosynthetic
activities coordinated precisely. Plastids and mitochondria are organelles of
endosymbiotic origin with important photosynthetic and metabolic functions in plant
cells (Gray, 1992; Jarvis and LOpez-Juez, 2013). Depending on the developmental
context, plastids fulfil a diversity of roles in addition to photosynthesis. They are
involved in the synthesis of amino acids, fatty acids, purine and pyrimidine bases,
terpenoids, various pigments and hormones, and they are related to key functions of
nitrogen and sulphur assimilation (Lopez-Juez and Pyke, 2005). Mitochondria are
present in virtually all eukaryotic cells and have essential roles in energy metabolism,
various metabolic pathways and cell death (Mackenzie and Mclntosh, 1999). Despite
the existence of an own genome, the genetic information contained in plastids and
mitochondria is very low, since the vast majority of genes was transferred to the nucleus
of the host cell (Timmis et al., 2004). To maintain the same level of metabolic
complexity, several thousands of gene products encoded in the nucleus and translated
by ribosomes in the cytosol, must be targeted back to these organelles. This
translocation process is facilitated by targeting sequences which are recognized by
chaperone transporters and delivered to their target. In molecular biology, genetic and
metabolic engineering, organelle targeting of heterologous proteins is achieved by
fusing amino terminal signal sequences, called transit peptides (TP) for chloroplast and
presequences (PRE) to the foreign cDNAs. The translocation process of proteins with
amino terminal targeting peptides for chloroplast and mitochondria shares some general
principles (Balsera et al., 2009). First, precursor proteins have to be unfolded or roughly
folded in order to be translocated. This is achieved with the help of molecular
chaperones which keep targeted proteins in a soluble, not fully folded conformation.
The translocation process also proceeds in a similar way. The signal sequences are
recognized by the translocation complex and the protein is delivered to the
corresponding organelle. After translocation, the preprotein binds to the membrane
receptors and it is transferred to the protein import channel. After crossing the lipid
bilayer, the signal sequence is processed and the protein acquires its functional
conformation (Figure 4).
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Figure 4. Translocation process of proteins targeted to the chloroplast, mitochondria and nucleus.
Proteins encoded in the nucleus are transcribed in the cytosol. Those proteins destined to the chloroplast
with amino terminal TP, are recognized by the translocation complex (Hsp70 and 14-3-3 protein or
Hsp70 or Hsp90), which drives the unfolded protein to the TIC-TOC complex. After translocation, SPP
cleaves the TP; the protein gains its mature conformation and reaches the corresponding localization
inside the chloroplast. Mitochondrial targeting proteins with amino terminal PRE are recognized by
Hsp70 or Hsp90 and guided to the TOM-TIM23 complex which helps these proteins in the translocation
process in coordination with the mitochondrial Hsp70 chaperones (mHsp70) situated in the inner matrix.
After translocation, MPP cleaves PRE from the protein, which achieves its mature conformation. Nuclear
signal sequences are recognized by the translocation complex formed by importin-a, importin-p and
RanGDP which helps these proteins in the translocation through the NCP. After transportation, the import
complex dissociates and the importins are exported out of the nucleus.

Mitochondria

In case of chloroplast TPs, the nascent protein associates to a guidance complex
in the cytosol, composed of a heat shock protein-70 (Hsp70) and a 14-3-3 dimer on
phosphorylation (Figure 4). Preproteins associated to this complex are quickly imported
into the chloroplast which suggests that phosphorylation might select a subclass of
preproteins for preferential import (Waegemann and Soll, 1996; May and Soll, 2000).
Alternatively, non-phosphorylated proteins can associate with Hsp70, or with the heat
shock protein-90 (Hsp90) (Qbadou et al., 2006). All these complexes bind to receptors
in the outer membrane in a GTP-dependent manner. In a joint effort between the

translocon complexes at the outer and inner envelope (TOC and TIC, respectively),
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preproteins are imported across outer and the inner envelopes of the organelle. After
translocation, stromal processing peptidase (SPP) cleaves off the TP, the imported
protein assembles in its mature conformation and it is directed to the stroma or the
thylakoids.

Most of the mitochondria targeting proteins have a cleavable sequence at their
amino terminus, called presequence or matrix targeting sequence, however many of
them contain internal targeting signals. The nascent precursor protein is stabilized by
cytosolic chaperones Hsp70 and Hsp90. Amino terminal PRE targets proteins to the
mitochondrial preprotein translocases: the TOM complex in the outer membrane and the
TIM23 complex in the inner membrane (Figure 4). After the preprotein passes through
the translocase complex, the PRE reaches the matrix and interacts with mitochondrial
Hsp70 (mtHsp70) which helps the translocation of the precursor protein to the matrix.
Finally, mtHsp70 release and the PRE is proteolytically removed by the mitochondria-
processing peptidase (MPP) (Neupert and Herrmann, 2007; Balsera et al., 2009).

On the other hand, the nuclear import of proteins is one of the key steps in
controlling gene expression in eukaryotes. The nucleus of eukaryotic cells is physically
separated by a double membrane structure, called nuclear envelop, spanned by nuclear
pore complexes (NPC), responsible for mediating bidirectional traffic between
cytoplasm and the nucleus (Figure 4). NPCs allow the transport of small molecules and
ions by passive diffusion, but for larger molecules, energy dependent active transport is
required (Freitas and Cunha, 2009; Tamura and Hara-Nishimura, 2014). Proteins
destined to the nucleus hold specific nuclear localization signals (NLS), which are
heterologous in sequence and in localization. These sequences are recognized by
importin-a. proteins, which forms an import complex with importin-f and the Ran-
GDPase. The import complex crosses the nuclear pore by the interaction between
importin-f and the phenylalanine- glycine (FG) repeat of the NCP complex. Once in the
inner face of the NCP, the import complex dissociates after conversion of Ran-GDP to

Ran-GTPase and importins are exported back to the cytoplasm.

Carotenoid biosynthetic pathway in plants and progresses in genetic engineering of

the pathway

The carotenoid biosynthetic pathway is one of the most studied in plants because

of the important role of these molecules in photosynthesis as accessory pigments and in
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human diet. In plants, carotenoids are biosynthesized and accumulate in chloroplasts of
green leaves and stems, and in chromoplasts of colored flowers, fruits and roots (Li and
Yuan, 2013; Jarvis and LoOpez-Juez, 2013). Carotenoid content and identity vary
depending on the tissue type: in chloroplasts, where carotenoids play an essential role in
light harvesting and photoprotection, carotenoid composition provides the optimal
performance of photosynthesis (DellaPenna and Pogson, 2006; Domonkos et al., 2013).
However, in colored organs, where they serve as attractants for pollination or seed
dispersal, carotenoids act like colorants, precursors of plant isoprenoid volatiles and

signaling molecules (abscisic acid and strigolactones) (Giuliano, 2014).

In addition to their fundamental roles in plants, carotenoids are also essential for
humans. B-carotene, a type of carotenoid is the most effective precursor of vitamin A. In
human intestinal mucosa, B-carotene is converted to retinal which is necessary for the
production of rhodopsin, the light-absorbing molecule for both low-light and color
vision, and for the maintenance of epithelial and immune cells. Carotenoids also have
high antioxidative potential and protect cells and tissues from oxidative damage (Stahl
and Sies, 2003). Several epidemiological studies revealed that a carotenoid rich diet
prevents certain chronic diseases as age related macular degeneration, cardiovascular
diseases and various types of cancer (Landrum and Bone, 2001; Sharoni et al., 2003;
Ciccone et al., 2013). Beside B-carotene, lycopene with potent antioxidant activity also
has some prominent health promoting properties. Higher serum levels of lycopene have
been shown to correlate with lower occurrence of prostate cancer (Giovannucci, 2002;
Etminan et al., 2004).

These health promoting properties and the effect of vitamin A deficiency
intensified the interest on enhancing carotenoid content in crop plants by conventional
breeding techniques and metabolic or genetic engineering. These studies also supported
fundamental understanding of carotenoid formation and plant metabolism. In plants,
carotenoids are synthetized from the precursor molecule isopentenyl diphosphate (IPP)
and its double-bond isomer dimethylallyl diphosphate (DMAPP) through the
methylerythriol 4-phosphate (MEP) pathway in plastids (Hirschberg, 2001; Sandmann
et al., 2006; Moise et al., 2014). Nevertheless these precursor molecules are also
synthetized outside the plastids through the mevalonate (MVA) pathway. Not just
plants, but some bacteria, like Pantoea ananatis, and green algae also biosynthesize

carotenoids through the MEP pathway (Rodriguez-Concepcion and Boronat, 2002). The
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Figure 5. Carotenoid biosynthetic pathway and some successful examples of metabolic engineering of
the pathway. A. Carotenoid biosynthetic pathway in plants (indicated in green) with some bacterial genes
used in re-engineering the pathway (in red). B-D. Examples of transgenic crops accumulating high
content of B-carotene in rice endosperm (B), potato tubers (C) and tomato fruits (D).

biosynthesis of carotenoids in plants starts with the conversion of three molecules of
IPP and one molecule of DMAPP to geranylgeranyl diphosphate (GGPP) by the action
of geranylgeranyl diphosphate synthase (GGPPS in plants and crtE in P. ananatis)
(Moise et al., 2014) (Figure 5A). The first committed step in plant carotenoid synthesis
is the condensation of two GGPP molecules into the colorless phytoene, catalyzed by
the phytoene synthase (PSY in plants and crtB in P. ananatis). PSY is generally

accepted as the most important rate limiting step in the carotenoid biosynthetic pathway,

tightly controlled by source and sink metabolites (Cazzonelli and Pogson, 2010). In
Arabidopsis thaliana, only a single copy of PSY exists, but in many other plants,
multiple PSYs control carotenoid metabolic flux in a tissue specific manner (Li et al.,
2008; Welsch et al., 2008; Fray and Grierson, 1993; Giorio et al., 2008). Tobacco
genome codifies two genes, psyl and psy2, for phytoene synthase, from which psyl is

expressed in much higher levels than psy2 (Busch et al., 2002). Phytoene undergoes a
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series of desaturation reactions guided by the phytoene desaturase (PDS) and {-carotene
desaturase (ZDS) to form poly-cis lycopene, also called pro-lycopene, which is
converted to trans-lycopene, with a characteristic orange color, through the action of the
carotene cis-trans-isomerase (CRTISO) (Park et al., 2002). In P. ananatis the phytoene
desaurase/isomerase, crtl, accomplishes all the above steps and convert phytoene to all-
trans-lycopene in a one-step reaction (Misawa et al., 1990). Lycopene is a branching
point in carotenoid biosynthetic pathway and could undergo different cyclization,
hydroxylation and epoxylation reactions resulting in a diverse range of carotenoids. The
cyclization of lycopene can be executed by two competing enzymes: e-cyclase (LYCe)
or B-cyclase (LYCD).The introduction of two B-rings results in the production of -
carotene and the introduction of both an &- and a B-ring produces the a-carotene. At this
point, the LYCe plays a key role in controlling metabolic flux from one branch to
another (Pogson and Rissler, 2000; Diretto et al., 2006; Harjes et al., 2008; Bai et al.,
2009). The hydroxylation reaction of a- and B-carotene produces lutein and zeaxantin,
respectively. This reaction is performed by two classes of enzymes, namely the
ferrodoxin-dependent nonheme diiron enzymes (HYD) and enzymes from the
cytochrome P450 family, the P450 carotene hydroxylase 97A and 97C (CYP97A y
CYP97C). The insertion of two epoxy groups into the zeaxanthin by the zeaxanthin
epoxidase (ZEP) vyields violaxanthin. This compound can be converted back to
zeaxanthin by the violaxanthin de-epoxidase (VDE) under high light conditions.

Neoxanthin is formed from violaxanthin by the neoxantin synthase (NSY).

Foreign gene expression in edible crops led to the successful engineering of
carotenoid content and a deeper understanding of the pathway regulation (Giuliano et
al., 2008; Fraser et al., 2009). The carotenoid biosynthetic genes of bacterial and algae
origin targeted to the chloroplast have proven to be a powerful tool because of their low
homology with endogenous genes, which alleviates potential silencing. Furthermore,
bacterial crtl was proved to promote phytoene conversion to all trans-lycopene in one
step, thus overcoming the endogenous four enzyme reaction (Nogueira et al., 2013).
Since phytoene synthase is thought to be the most important limiting step in carotenoid
biosynthesis, it is not surprising that it was the first target of metabolic engineering
studies to increase carotenoid content. Nevertheless, the constitutive overexpression of
the phytoene synthase resulted in dwarfism in tomato which was attributed to reduced

gibberellin levels since both phytoene synthase and the gibberellin pathway uses GGPP
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as substrate (Fray et al., 1995; Busch et al., 2002). The use of constitutive organ
specific promoters overcame this problem and resulted in high levels of carotenoids in
seeds (Shewmaker et al., 1999; Fujisawa et al., 2008), fruits (Fraser et al., 2002) and
tubers (Ducreux et al., 2005).

The co-expression of more bacterial or plant enzymes co-ordinately gave rise to
the increment of total carotenoid content or the obtainment of diverse combination of
downstream metabolites in edible crops. PSY from Narcissus pseudonarcissus and
chloroplast-targeted crtl were co-expressed in rice under the control of an endosperm-
specific and a constitutive promoter, respectively. Rice endosperm accumulated -
carotene, lutein and zeaxanthin, giving birth to ‘Golden rice’ (Ye et al., 2000).
Carotenoid content was further improved in rice by using PSY from maize resulting in
‘Golden rice 2 (Paine et al., 2005) (Figure 5B). The increase of carotenoid levels in
maize kernels were also achieved by the expression of crtB and crtl under the control of
an enhanced y-zein promoter to provide endosperm-specific expression (Aluru et al.,
2011). A carotenoid metabolic library was generated by inserting multiple carotenoid
biosynthetic genes in a white endosperm maize variety deficient for endosperm
carotenoid biosynthesis (Zhu et al., 2008). These results confirmed that in maize
endosperm PSY is the key enzyme in carotenoid biosynthesis inducing the increase of
total carotenoid content which can be further increase by adding crtl. In potato, the co-
expression of crtB, crtl and crtY under tuber specific promoter resulted in the increment
of B- and a-carotene and phytoene levels conferring yellow phenotype to potato tubers
(Diretto et al., 2007) (Figure 5C). Metabolic engineering efforts in tomato fruits were
concentrated both on increasing lycopene and f-carotene content. Bacterial genes did
not favoured carotenoid accumulation like in previously mentioned crop plants. Neither
the constitutive overexpression of crtl nor the fruit specific expression of crtB
succeeded in obtaining significant quantity of B-carotene in tomato fruit (Romer et al.,
2000; Fraser et al., 2002), but the overexpression of a tomato lycb gene resulted in the
accumulation of B-carotene by the cyclization of almost all lycopene to B-carotene
(Rosati et al., 2000; D'Ambrosio et al., 2003). With the combination of several enzymes
of different origin, a diverse metabolic profile was reached in edible crops also
expressing ketocarotenoids, like astaxanthin, a widely used food supplement, feed
additive and natural colorant (Zhu et al., 2008; Fujisawa et al., 2009).
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Reporter genes for tracking viral infection in plants

The use of reporter genes in plant virology contributed tremendously to the
knowledge about plant viruses by permitting the visualization of viral presence in

infected tissue, as well as the quantification and monitoring of viral infection.

The GUS reporter system based on the action of the enzyme B-glucoronidase
(GUS) was used in pioneering plant virology studies. GUS is a hydrolase that catalyzes
the cleavage of a variety of B-glucuronides, many of which are commercially available

as spectrophotometric, fluorometric and histochemical substrates (Figure 6A). This
technique, developed almost thirty years ago (Jefferson et al., 1987), consists of the
fusion of a GOI with the GUS, and the detection of the GUS enzyme activity. The GUS
system enabled the in vitro visualization of subcellular localization of viral proteins and
the virus extension through the infected plant (Figure 6A) (Restrepo et al., 1990;
Chapman et al., 1992; Dolja et al., 1992). Nevertheless, the detection of GUS activity

requires a destructive technique which limits studies of plant virus infection dynamics.

The in vivo visualization of proteins in cell biology was achieved first thanks to
the green fluorescent protein (GFP) from the jellyfish Aequorea victoria and its many
derivatives (Day and Davidson, 2009; Matz et al., 2002). The technique is based on the
unique capacity of GFP chromophore to exhibit bright fluorescence when exposed to
light with an appropriate wavelength, through a self-catalyzed protein folding
mechanism and intramolecular rearrangement without any additional cofactors. The
GFP chromophore is buried in the center of a ‘B-barrel’ protein structure (Ormo et al.,
1996) and both amino and carboxy termini are exposed on the surface of the protein,
making it ideal as marker gene without affecting structural integrity of the protein and
the fluorophore. Fluorescent proteins permitted the observation of virus spreading
dynamics through living tissues (Baulcombe et al., 1995; Oparka et al., 1997) and
facilitated many discoveries about plant virus proteins (Tilsner and Oparka, 2010)
(Figure 6B). The joint use of several fluorescent proteins, available with different
excitation and emission wavelengths, made possible the co-visualization of many viral
proteins at the same time as well as the co-localization of viral and host factors (Caplan
et al., 2008; Wei et al., 2010b; Wei et al., 2010a). Nevertheless this technique requires
specialized equipment and dissection of plant organs which imposes important

limitations on viral dynamics studies, particularly in large scale or field experiments.
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Plants exhibit a great variety of natural colored pigments, as the result of
endogenous metabolic reactions. The production of pigments, due to their striking color,
also can serve as reporters of viral infection. Plant pigments, except chlorophylls,
belong to three mayor classes: anthocyanins, carotenoids and betalains (Tanaka et al.,
2008). Anthocyanins, a class of flavonoids, are water soluble pigments, synthetized in
the cytosol, localized in the vacuole and broadly distributed in the plant kingdom. They
provide a wide spectrum of colors ranging from red to blue depending on the pigment’s
structure, metal ions and pH. Colored carotenoids confer yellow-to-red coloration to
fruits, flowers and roots. Betalains, also award yellow-to-red colors but these

compounds are limited to a number of plants in the order Caryophyllales.

Studies on post-transcriptional gene silencing of the phytoene desaturase (PDS),
a gene involved in carotenoid biosynthesis, served to visualize unequivocally the
presence of virus in carotenoid rich organs (Kumagai et al., 1995; Ruiz et al., 1998;
Ratcliff et al., 2001; Liu et al., 2002). Since carotenoids are accessory pigments of
photosynthesis and UV protectants of chlorophyll, interfering with carotenoid
biosynthesis leads to drastic consequences for the plant. In fact, many herbicides target
steps from carotenoid biosynthesis and in particular PDS (Dayan et al., 2014). The
result of PDS-inhibition is the loss of carotenoid pigments, and the destruction of
chlorophyll by photo-oxidation. The expression of PDS sequences with a viral vector
triggers the consequent virus-induced gene silencing against the virus at post-
transcriptional level, which in this case leads to the silencing of the endogenous plant

PDS in infected tissues causing bleaching phenotype (Figure 6C).

Bedoya et al. (2012) developed a visual reporter system for virus infection
consisting of red colored plant pigment production in infected tissues (Bedoya et al.,
2012) (Figure 6D). This reporter system is based on the expression of a MYB-type
transcription factor, Roseal, from A. majus. The biosynthesis of anthocyanins, members
of the family of flavonoids, is controlled by a triad of transcription factors, an R2R3
MYB, a basic helix-loop-helix (bHLH) and a WD40 repeat protein complex. The
anthocyanin biosynthetic pathways are tightly regulated during plant development in a
spatio-temporal manner, requiring a specific combination of transcription factors which
form a ternary complex (Hichri et al., 2011). In A. majus three genes encoding MYB-
related transcription factors, namely Roseal, Rosea2 and Venosa, and two genes

encoding bHLH proteins, Delila and Mut interact in a tissue specific manner to regulate
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Figure 6. Markers for tracking viral infection in plants. A. Histochemical analysis of GUS activity in
systemically infected N. tabacum leaves with PV X tagged with GUS. B. Symptoms of PV X tagged with
GFP infecting N. benthamiana. C. N. benthamiana transfected with TMV harboring a PDS cDNA in its
genome. D. Symptoms of TEV tagged with Roseal visual marker in N. tabacum.

anthocyanin biosynthesis (Schwinn et al., 2006). Roseal in combination with Delila
were previously used to boost anthocyanin accumulation in tomato fruits conferring
purple coloration to these fruits (Butelli et al., 2008). The same transcription factors
were used to tag transgenic tomatoes expressing a recombinant human immunoglobulin
A, making them easily distinguishable from wild-type tomatoes (Juarez et al., 2012).
Based on these findings, Bedoya et al. (2010) co-expressed Roseal and Delila in N.
tabacum plants with the TEV-based expression vector which conferred red coloration to
the infected tissue. However, Roseal, a protein whose size is similar to GFP, was
enough to induce pigmentation visible to naked eye. Roseal was proposed as a visual
marker for tracking viral infection and movement in several host plants (Bedoya et al.,
2010; Bedoya et al., 2012) (Figure 6D).

The use of Roseal as visual marker presented several advantages over other
reporter systems. First, viral infection and movement can be easily detected by the
naked eye without the need of any specific devices enabling quick monitoring of many
plants in a nondestructive manner. Second, Roseal is stable in the viral genome during
the infectious cycle and through successive passages from plant to plant. Third, Roseal
induced anthocyanin accumulation correlates with the viral load, so it can be considered
as a quantitative reporter with an easy methanol-based extraction of anthocyanins and a
colorimetric measurement of pigment content. These findings make this visual marker
ideal for quick monitoring of plants in field experiments. However, each virus-host

combination has to be tested, because the capacity of Roseal to induce anthocyanin
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biosynthesis depends on the natural set of enzymes in each particular plant species or

taxonomic groups.
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Plants may be excellent biofactories to produce products of interests, including
proteins and peptides, but also chemical compounds. Thanks to the simplicity of their
genomes and to their remarkable biological properties, plant viruses can be converted
into biotechnological tools that may facilitate some of the goals of plant metabolic
engineering. The capacity of potyvirus-derived vectors to co-express several
heterologous proteins converts this type of plant viruses in promising tools in plant

metabolic engineering. The objectives of this work have been:

1. To study potyvirus genome organization analyzing the effect of inserted genes on
virus viability.

2. To target heterologous proteins to different subcellular compartments from a
potyvirus-based vector.

3. To manipulate carotenoid biosynthesis by expressing several heterologous enzymes
with a potyvirus vector and to produce lycopene in the cytosol of tobacco cells.

4. To develop visual markers of virus infection based on the expression of genes which

modify endogenous metabolic pathways in plants.
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Abstract

Potyviruses express most of their proteins from a long open reading frame that is
translated into a large polyprotein processed by three viral proteases. To understand the
constraints on potyvirus genome organization, we relocated the viral RNA-dependent
RNA polymerase (NIb) cistron to all possible intercistronic positions of the Tobacco
etch virus (TEV) polyprotein. Only viruses with NIb at the amino terminus of the
polyprotein or in between P1 and HC-Pro were viable in tobacco plants.

Research article

Viral genomes are compact assemblies of genes and regulatory sequences, and
plant viruses are no exception (Roossinck, 2011). To compact their genomes (Belshaw
et al., 2007; Chirico et al., 2010), plant viruses have evolved mechanisms that include
overlapping open reading frames (ORFs), ambisense coding or translational frame-shift
and read through (Nguyen and Haenni, 2003). One of the most common strategies,
however, coding for a polyprotein that is processed in many different gene products
after translation. Potyviruses (genus Potyvirus, family Potyviridae) are one of the
largest groups of plant viruses and take this strategy to an extreme. Potyviral genomes
are RNA molecules of positive polarity approximately 10,000 nucleotides (nt) long,
consisting of a long ORF flanked by two short untranslated regions (UTRs) (Riechmann
et al., 1992). The potyviral ORFs apparently encode for ten mature gene products: P1
proteinase; helper-component proteinase (HC-Pro); P3 protein; 6K1 polypeptide;
cylindrical inclusion (CI) protein; 6K2 polypeptide; nuclear inclusion a (Nla) protein, a
polyprotein that is further processed to, at least, the viral protein genome-linked (VPQ)
and the Nla proteinase (NlaPro); nuclear inclusion b (NIb) protein, the viral RNA-
dependent RNA polymerase; and the coat protein (CP) (Urcuqui-Inchima et al., 2001).
These products are released from the viral polyprotein through the activity of the three
viral proteinases: P1, HC-Pro and NlaPro. An additional gene product, P3N-PIPO,
results from a translation frame shift in a slippery region of the P3 cistron (Chung et al.,
2008).

The aim of this work was to improve our understanding of the functional,
structural and evolutionary constraints that rendered the actual genome organization of

potyviruses. To achieve this goal, we relocated one of the genes of Tobacco etch virus
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(TEV) to all possible intercistronic positions in the genome, and assayed the infectivity
of the resulting recombinant viruses in tobacco (Nicotiana tabacum L. cv. Xanthi nc)
plants. To avoid further complexity, P3N-PIPO was excluded from this study. We chose
the NIb gene because the infectivity of a TEV deletion mutant lacking the entire NIb
cistron can be rescued by NIb expression in trans from a transgene (Li and Carrington,
1995) or a compatible viral vector (Bedoya et al., 2010). When relocating the NIb gene
to the different intercistronic sites, in some cases we added appropriate sequences to the
amino and carboxy NIb termini to create NlaPro proteolytic sites that could mediate
NIb release from the viral polyprotein. To facilitate the monitoring of virus infection,
spread and accumulation, all recombinant viruses were constructed from a TEV clone
carrying the Roseal (Rosl) visual marker (Bedoya et al., 2012; Majer et al., 2013).
TEV-Rosl load correlates with anthocyanin accumulation in tobacco tissues (Bedoya et
al., 2012). Figure 1 outlines the genome of the parental (TEV-Rosl) and the derived
(TEVANIb-Ro0s1-NIb1l to 9) recombinant viruses. Figure S1 in the supplemental
material specifies the exact nucleotide sequences of all recombinant viral clones.

The parental and recombinant TEV clones, constructed from the binary plasmid
pGTEV-Rosl (Bedoya et al., 2012; Majer et al., 2013), were agroinoculated (Bedoya
and Daros, 2010) in two leaves of twenty 3-week-old wild-type plants and 20 transgenic
plants constitutively expressing TEV NIb (Li and Carrington, 1995). Plants were grown
in a glasshouse at 25 °C and 16 h light, and Ros1 expression was visually monitored
during 4 weeks. For each clone, systemic leaves from three wild-type and three
transgenic plants were harvested at 15 days post-inoculation (dpi), photographed, and
used to estimate viral load by measuring the anthocyanins accumulation induced by the
Ros1 marker (Bedoya et al., 2012).

Most of the viral clones tested were not viable in either wild-type or transgenic
plants. In other words, systemic tissue 4 weeks after agroinfiltration had no visible
anthocyanin accumulation or infection symptoms. Only viruses with NIb relocated to
the first two intercistronic positions were viable in wild-type plants. Rosl activity was
detected in systemic leaves of all 20 wild-type plants agroinoculated with TEVANIb-
Ros1-NIbl and TEVANIb-Ros1-NIb2, as well as the parental virus TEV-Rosl (Figure
2A). There is therefore a statistically significant effect of NIb position on viability (test

of equal proportions, X? = 180.00, 8 d.f., P < 0.001). An identical, statistically signifi—
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Figure 1. Schematic representation of parental TEV clone (TEV-Rosl) including the visual Rosl marker
(gray rectangle) and the nine recombinant clones in which the NIb gene (black rectangle) was relocated to
nine different intercistronic positions of the viral polyprotein (TEVANIb-Ros1-NIbl to 9). Amino acid
sequences that are indicated next to the NIb amino or carboxy terminus in some cases (TEVANIb-Ros1-
NIbl, 2, 3 and 9) were inserted to complement NIb processing from the polyprotein.

cant result was obtained for transgenic plants expressing NIb (X?=155.077, 8 d.f., P <
0.001), except that approximately half of the plants agroinoculated with the virus
carrying NIb in the third intercistronic position (TEVANIb-R0s1-NIb3) also showed
systemic marker expression (Figure 2B). The number of Rosl-expressing plants for
TEVANIb-Ros1-NIb3 was intermediate, as it was significantly different from all other
clones (pairwise test of equal proportions: P < 0.001 for all comparisons).
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Figure 2. Infectivity of TEV recombinant clones in which the NIb gene was relocated to different
intercistronic positions in the viral polyprotein. Plots show the cumulative frequency of infection in wild-
type (A) and transgenic (consitutively expressing TEV NIb) (B) tobacco plants versus days post-
inoculation (dpi) with TEV-Rosl and TEVANIb-Ros1-NIbl to 9. Symptoms were screened at 7, 9, 11,
14, 16, 21 and 28 dpi. Error bars represent 95% confidence interval of the estimated frequencies.

Next, we considered at what time after agroinfiltration anthocyanin
accumulation was first apparent. In wild-type plants, there were significant differences
in median time until visual detection of Rosl expression for all three viable viruses
(Figure 2A) (log-rank test: P < 0.001 for all three comparisons between TEV-Rosl,
TEVANIb-R0s1-NIbl and TEVANIb-Ros1-NIb2). So, TEVANIb-Ros1-NIb2 was
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significantly slower than TEVANIb-Ros1-NIbl, while TEVANIb-Ros1-NIbl was
significantly slower than TEV-Rosl. In transgenic plants, TEV-Ros1, TEVANIb-Ros1-
NIbl and TEVANIb-R0s1-NIb2 all had the exact same median time until Rosl
expression was observed visually (Figure 2B). For TEVANIb-Ros1-NIb3, anthocyanin
accumulation in systemic tissue was first observed significantly later than for any of the
other viable viruses (pairwise log-rank test: X* = 11.600, 1 d.f., P = 0.001 for all three
comparisons). In summary, TEVANIb-R0s1-NIbl and TEVANIb-Ros1-NIb2 were
viable in both plant genotypes, although infection appears to proceed more slowly than
for the ancestral virus in wild-type plants. For TEVANIb-Ros1-NIb3, viral spread was

only seen in some transgenic plants, and when it appeared, it was significantly delayed.

We then analyzed the stability of the relocated NIb in the progeny of the viable
viruses. For TEVANIb-R0s1-NIbl and TEVANIb-Ros1-NIb2, reverse transcription
polymerase chain reaction (RT-PCR) analysis of the viral progeny 15 dpi confirmed the
stability of the relocated NIb gene (Figure 3A and B). For TEVANIb-Ro0s1-NIb3, which
showed delayed anthocyanin accumulation in only some transgenic plants, RT-PCR
analysis and sequencing confirmed that the N1b gene was lost (Figure 3C). Anthocyanin
accumulation was quantified in extracts from systemic leaves of three plants inoculated
per recombinant clone at 15 dpi (Figure 4). The data were analyzed with a generalized
linear model with full-factorial design, using a log-link function and gamma distributed
error structure. Overall, the recombinant clone (X? = 2383.451, 10 d.f., P < 0.001) and
plant genotype (X* = 35.356, 1 d.f., P < 0.001), had significant effects on anthocyanin
accumulation, and there was a significant interaction between these two factors as well
(X? = 419.276, 10 d.f., P < 0.001). A Tukey post hoc test highlights the existence of
three non-overlapping groups of recombinant clones (Figure 4A): TEVANIb-Ros1-NIbl
and TEVANIb-Ros1-NIb2 showed the same expression level as the wild-type TEV-
Rosl, TEVANIb-R0s1-NIb3 showed an intermediate expression level that depended on
the plant genotype (explaining the significant interaction term), and the other six
recombinant clones were not significantly different from the mock inoculated plants in

either plant genotype.

These results suggest the existence of many restrictions to the organization of
the potyviral genome. Even though NIb can be provided in trans (Li and Carrington,
1995; Bedoya et al., 2010), it can only be relocated to the amino terminus of the

polyprotein or in between P1 and HC-Pro without affecting virus viability.
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Figure 3. Stability of the relocated NIb gene in the viral progeny at 15 dpi. RNA from systemic leaves of
three representative inoculated plants was purified. cDNAs amplified by RT-PCR using primers flanking
the new NIb location for TEVANIb-Ros1-NIbl (A), TEVANIb-Ros1-NIb2 (B), and TEVANIb-Ros1-
NIb3 (C), were separated by electrophoresis in 1% agarose gels, and stained with ethidium bromide.
Lanes 1, DNA marker with the size of some of the components indicated on the left; lanes 2,
noninoculated negative control; lanes 3, parental virus positive control (TEV-Rosl); lanes 4 to 6, three
infected wild-type plants; lanes 7 to 9, three infected transgenic plants. Note that in panel C, lanes 4 to 6
(wild-type plants) are missing because none of these plants was infected. The black and gray arrows
indicate the positions of the expected RT-PCR products if the relocated NIb is present or absent,
respectively. Primers used to amplify the different c¢cDNAs were, for RT reactions, 5’-
CTTTACATAGTTTTTTTCCAACATTTCATG-3’, and for PCRs, 5-AAAATAACAAATCTCAACA-
CAACATATAC-3’ and 5’-CTCTTGCCATGGGTGAGCGCGCGAC-3" (A), 5’-CTCAACTCCAAG-
AATTTC-3’ and 5>-GTCGCGCGCTCACCCATGGCAAGAG-3’ (B), and 5>-GTGGCCAACAATGCA-
AGATGTTGC-3’ and 5’-GTTAACTTTTGCGCCAAGGCTGAC-3’ (C).

The relocation of NIb to the other seven positions renders nonviable viruses,
even in a transgenic plant constitutively expressing TEV NIb that can be infected by a
TEV mutant with a complete NIb deletion (Li and Carrington, 1995). The relatively late
infection of approximately half of the transgenic plants inoculated with TEVANIb-
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Figure 4. Anthocyanins accumulation at 15 dpi in systemic leaves of tobacco plants inoculated with TEV
recombinant clones in which the NIb gene was relocated to different intercistronic positions. (A) The
absorbance at 530 nm of extracts from systemic leaves from three inoculated wild-type and transgenic
plants constitutively expressing TEV NIb was plotted. Error bars represent +1 standard deviation among
experimental replicates. Letters a, b and ¢ over the bars represent groups of inoculations with
homogeneous accumulation of anthocyanins according to a Tukey honestly significant difference test. (B)
Pictures of systemic leaves harvested at 15 dpi from three wild-type and three transgenic tobacco plants
noninoculated and inoculated with TEV-Ros1 and TEVANIb-Ros1-NIb1 to 3 as indicated.

Ros1-NIb3 probably resulted from a sporadic recombination event in which the
relocated NIb was deleted. The resulting virus (TEVANIb-R0s1) was then able to infect
the plant, but only when NIb was provided from a transgene. We amplified by RT-PCR
a cDNA fragment corresponding to the HC-Pro/P3 intercistronic region from the
TEVANIb-R0s1-NIb3 progeny arising in the NIb-expressing transgenic plants and
clone it. Sequencing of three independent clones showed that recombination cleanly

restored the wild-type HC-Pro/P3 junction in all cases. Interestingly, no such
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recombination events were observed in the case of any of the recombinant clones. In
fact, the inoculated leaf of both wild-type and transgenic plants inoculated with
TEVANIb-Ros1-NIb3 showed slight anthocyanin accumulation, suggesting some

replication capacity of this chimera.

The relocation of NIb to seven intercistronic positions probably results in non-
viable viruses because of the induction of lethal defects in polyprotein processing,
disruption of partially processed gene products with distinctive roles during infection, or
disruption of regulatory RNA elements in the potyviral genome. A related potyvirus
(Turnip mosaic virus) was found to support expression of heterologous proteins
between HC-Pro and P3, and between 6K1 and CI in Nicotiana benthamiana and
Chenopodium quinoa (Chen et al., 2007). These differences may be due to the use of
different virus species and host plants in both studies. On the other hand, in the previous
work heterologous genes were inserted in the potyviral genome (Chen et al., 2007),
while here a potyviral gene was relocated along the genome. Processing of the potyviral
polyprotein seems to be a finely regulated process that produces the right amounts of
the different gene products in time and space (Merits et al., 2002). Regulation is mainly
based on the specific amino acid sequence recognized by the viral NlaPro, with some
processing sites being cleaved faster than others (Carrington et al., 1993; Parks et al.,
1995; Kim et al., 1995). Insertion of NIb in some of the intercistronic positions of the
polyprotein may have fatal effects on this regulation. Partially processed products from
the potyviral polyprotein may have distinctive roles in the infectious cycle, different to
those of the final processing products. This seems to be the case for the
6K2/VVPg/NIlaPro polyprotein that has been suggested to anchor TEV replication
complexes to cellular endomembranes while recruiting N1b for replication (Daros et al.,
1999). Insertion of NIb may therefore be lethal because it interrupts functional
polyproteins. Finally, the potyviral genome contains regulatory RNA elements
overlapping the ORF, including a series of RNA hairpins at the end of the CP cistron
and 3 UTR that are involved in TEV replication (Haldeman-Cahill et al., 1998).
Disruption of these elements may also have fatal consequences for the virus. Our results
highlight the complexity of the potyviral genome organization, suggesting the existence
of many more regulatory elements and functional entities than those currently
recognized. Our results seem also to reflect the genomic organization of the different

Potyviridae genera apparently consisting of two genome blocks: a more conserved
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block from P3 to the end, and the block including P1 and HC-Pro (in the genus
Potyvirus) that is more variable between the different genera and even species.

Potyviruses have been used as expression vectors in plants (Dolja et al., 1992;
Fernandez-Fernandez et al., 2001; Sanchez et al., 2013). Their expression strategy,
mainly based on production of a large polyprotein, makes them particularly attractive to
simultaneously produce equimolar amounts of several heterologous proteins (Masuta et
al., 2000; Beauchemin et al., 2005; Kelloniemi et al., 2008; Bedoya et al., 2010) . Our
results show the potentials and limitations inherent in expressing heterologous proteins
from potyviral vectors. According to our results, the only positions where sequences
coding heterologous proteins can be inserted without completely compromising viral
viability are the amino terminal end of the polyprotein, between P1 and HC-Pro, and
between NIb and CP. The P1/HC-Pro and NIb/CP intercistronic positions have been
used with great frequency to express heterologous proteins in many potyviruses (Dolja
et al., 1997; Whitham et al., 1999; Fernandez-Fernandez et al., 2001; Dietrich and
Maiss, 2003; Beauchemin et al., 2005). However, the outmost amino terminal end of
the polyprotein has never been used yet, although the green fluorescent protein has been
successfully expressed close to the amino terminus of potato potyvirus A polyprotein
(Rajamaki et al., 2005).
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Supporting information

Supplemental figure S1 Nucleotide sequences of TEV-Rosl and TEVANIb-Rosl
clones. Recombinant clones in which NIb was relocated to different intercistronic
positions (TEVANIb-R0s1-NIbl to 9) are like TEVANIb-Rosl but with the insertions
indicated in each case. TEV sequence corresponds to Genbank accession number
DQ986288, but includes two silent mutations (G273A and A1119G, in red) to eliminate
endogenous Eco31l restriction sites. Cistron borders are highlighted on blue
background. Nlb sequence is in blue. Antirrhinum majus Ros1 cDNA is in red. In TEV-
Rosl, Rosl is flanked with sequences (in green and underlined) that complement
NlaPro proteolytic sites and mediate releasing from the viral polyprotein. Amino and
carboxy terminal sequences next to the relocated NIb in some of the clones (TEVANIb-
Ros1-NIbl, 2, 3 and 9) to complement processing from the viral polyprotein are in

green and underlined.

>TEV-Rosl

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAG
CTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTG
ATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCG
CGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTG
AGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATG
CCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGA
GATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAARAGGG
TGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCA
AGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGC
TCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGG
AGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGT
GGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCT
GAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCG
TCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTC
GAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAARATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTC
ATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTC
TTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTG
ATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAA
TTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTG
GCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTG
AATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGC
ATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGT
ATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTAC
AATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGA
GGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAA
ATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAG
TATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGA
GATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGG
ACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGC
GGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAARAGGT
AAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCT
TGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAARAGAGAGCGAGTGGGACAATATC
ATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTA
CTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAA
TGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGT
TTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAA
GCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTG
CCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGG
AGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGG
GAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTG
TCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCC
ACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGAC
AGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGG
GATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAARAAAGCATTTCATAGTCGCAACT
AATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGT TGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTA
CAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAA
CACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTG
GAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGT
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CATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTG
GAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCAC
ATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGC
GAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACT
CAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAG
TTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCA
TCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACT
TCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAG
GTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCG
GAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCAC
CTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCAT
GCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATT
TCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAA
GCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGA
TTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCAC
GACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCAC
AAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGC
ATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAA
TTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAA
ATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTG
GTGTACTCGCAAGGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGT
GGTTAAAGGAAAGTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGAC
TTAATAGAGAGGCGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTC
ATCACAAAGCTCAAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAARAGCAGCTATGGGAGCACT
ATACAAAGGCAAGAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGG
GAATTTGGAATGGCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTT
GCTGGTAAAGTTTGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAA
TGAATTGATGGAGGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGA
AAGTGCGACTTGCCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGT
ACTATCATTAAGAAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAA
GTGTGGAATCAACAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAG
AATCTTTCGGAGAGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGC
ATGTATATACCAAAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAAT
GATCGAAGCATGGGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAA
AGGCGCCATATCTGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTAC
GATATTCCAACGACTGAGAATCTTTATTTTCAGTCAGGTACAATGGAAAAGAATTGTCGTGGAGTGAGAAAAGGTACTTGGACCAAAGAAGAAGACACTCT
CTTGAGGCAATGTATAGAAGAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGGTGGT
TGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGAAGTGGACCTAATTGTGAGGCTTCATAAGCTGTTGGGTAACAAATGGTCGCTG
ATTGCTGGTAGAATTCCTGGAAGGACAGCTAATGACGTGAAGAACTTTTGGAATACTCATGTGGGGAAGAATTTAGGCGAGGATGGAGAACGATGCCGGAA
AAATGTTATGAACACAAAAACCATTAAGCTGACTAATATCGTAAGACCCCGAGCTCGGACCTTCACCGGATTGCACGTTACTTGGCCGAGAGAAGTCGGAA
AAACCGATGAATTTTCAAATGTCCGGTTAACAACTGATGAGATTCCAGATTGTGAGAAGCAAACGCAATTTTACAATGATGTTGCGTCGCCACAAGATGAA
GTTGAAGACTGCATTCAGTGGTGGAGTAAGTTGCTAGAAACAACGGAGGATGGGGAATTAGGAAACCTATTCGAGGAGGCCCAACAAATTGGAAATACTAC
AGAGAACCTCTACTTTCAAAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGG
ATAGGGATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTT
GTAAACTTGAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGAT
GACAGCCTATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAATTTGAACGGAACTT
GGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGAC
CTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGTTTGTCACGCTATGC
GTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTAT
TTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAG
TGATAGTTTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTT
ATATGTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIb-Rosl

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAG
CTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTG
ATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCG
CGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTG
AGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATG
CCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGA
GATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGG
TGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCA
AGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGC
TCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGG
AGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGT
GGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCT
GAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCG
TCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTC
GAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTC
ATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTC
TTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTG
ATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAA
TTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTG
GCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTG
AATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGC
ATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGT
ATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTAC
AATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGA
GGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAA
ATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAG
TATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGA
GATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGG
ACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGC
GGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGT
AAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCT
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TGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATC
ATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTA
CTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAA
TGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGT
TTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAA
GCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTG
CCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGG
AGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGG
GAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTG
TCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCC
ACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGAC
AGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGG
GATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACT
AATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTA
CAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAA
CACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTG
GAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGT
CATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTG
GAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCAC
ATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGC
GAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACT
CAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAG
TTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCA
TCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACT
TCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAG
GTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCG
GAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCAC
CTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCAT
GCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATT
TCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAA
GCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGA
TTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCAC
GACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCAC
AAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGC
ATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAA
TTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAARATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAA
ATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTG
GTGTACTCGCAAGGGGAGAAGATGGAAAAGAATTGTCGTGGAGTGAGAAAAGGTACTTGGACCAAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAAGA
GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGGTGGTTGAATTATCTGAGGCCAAATA
TCAAAAGAGGTCGGTTTTCGAGAGATGAAGTGGACCTAATTGTGAGGCTTCATAAGCTGTTGGGTAACAAATGGTCGCTGATTGCTGGTAGAATTCCTGGA
AGGACAGCTAATGACGTGAAGAACTTTTGGAATACTCATGTGGGGAAGAATTTAGGCGAGGATGGAGAACGATGCCGGAAAAATGTTATGAACACAAAAAC
CATTAAGCTGACTAATATCGTAAGACCCCGAGCTCGGACCTTCACCGGATTGCACGTTACTTGGCCGAGAGAAGTCGGAAAAACCGATGAATTTTCAAATG
TCCGGTTAACAACTGATGAGATTCCAGATTGTGAGAAGCAAACGCAATTTTACAATGATGTTGCGTCGCCACAAGATGAAGTTGAAGACTGCATTCAGTGG
TGGAGTAAGTTGCTAGAAACAACGGAGGATGGGGAATTAGGAAACCTATTCGAGGAGGCCCAACAAATTGGAAATACGACTGAGAATCTTTATTTTCAGAG
TGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGGATAGGGATGTTAATGCTGGAA
CTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTA
GGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCCTATGGAGTGAATGA
AGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTATGATGGATGGTGAGG
AGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGAG
ATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGACTTCTATGAGCTAAC
TTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTGG
GTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTT
GCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTTTTAATATGTCTTAT
TAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAA
AAAAAAAAAAA

>TEVANIb-Ros1l-NIbl (NIb insertion between positions 144-145 of TEVANIb-Rosl; NIb included the
indicated extra nucleotides)

ATGGGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGTGGTTAAAGG
AAAGTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTAATAGAG
AGGCGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATCACAAAG
CTCAAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACTATACAAAGG
CAAGAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGARAGCTGGGAATTTGGA
ATGGCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCTGGTAAA
GTTTGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAATGAATTGAT
GGAGGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGAAAGTGCGAC
TTGCCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACTATCATT
AAGAAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAAGTGTGGAAT
CAACAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAATCTTTCG
GAGAGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATGTATATA
CCAAAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAATGATCGAAGC
ATGGGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGGCGCCAT
ATCTGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGATATTCCA
ACGACTGAGAATCTTTATTTTCAGAGT

>TEVANIb-ROs1-NIb2 (N1b insertion between positions 1056-1057 of TEVANIb-Rosl; NIb included
the indicated extra nucleotides)

AGCGACAAAGGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGT TAGTCACAAAGCATGTGGT
TAAAGGAAAGTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTA
ATAGAGAGGCGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATC
ACAAAGCTCAAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACTATA
CAAAGGCAAGAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGARAGCTGGGAA
TTTGGAATGGCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCT
GGTAAAGTTTGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAATGA
ATTGATGGAGGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGAAAG
TGCGACTTGCCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACT
ATCATTAAGAAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAAGTG
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Chapter |

TGGAATCAACAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAAT
CTTTCGGAGAGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATG
TATATACCAAAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAATGAT
CGAAGCATGGGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGG
CGCCATATCTGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGAT
ATTCCAACGACTGAGAATCTTTATTTTCAG

>TEVANIb-Ros1l-NIb3 (NIb insertion between positions 2433-2434 of TEVANIb-Rosl; NIb included
the indicated extra nucleotides)
GGGATGAACGGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGTGGT
TAAAGGAAAGTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTA
ATAGAGAGGCGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATC
ACAAAGCTCAAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACTATA
CAAAGGCAAGAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGGGAA
TTTGGAATGGCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCT
GGTAAAGTTTGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAATGA
ATTGATGGAGGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGAAAG
TGCGACTTGCCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACT
ATCATTAAGAAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAAGTG
TGGAATCAACAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAAT
CTTTCGGAGAGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATG
TATATACCAAAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAATGAT
CGAAGCATGGGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGG
CGCCATATCTGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGAT
ATTCCAACGACTGAGAATCTTTATTTTCAG

>TEVANIb-Rosl-NIb4 (NIb insertion positions 3474-3475 of TEVANIb-Rosl)
GGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGTGGTTAAAGGAAA
GTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTAATAGAGAGG
CGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATCACAAAGCTC
AAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACTATACAAAGGCAA
GAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGGGAATTTGGAATG
GCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCTGGTARAGTT
TGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAATGAATTGATGGA
GGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGAAAGTGCGACTTG
CCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACTATCATTAAG
AAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAAGTGTGGAATCAA
CAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAARAGCTGAGAGGTTGAGTGGATTCAAAGAATCTTTCGGAG
AGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATGTATATACCA
AAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAATGATCGAAGCATG
GGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGGCGCCATATC
TGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGATATTCCAACG
ACTGAGAATCTTTATTTTCAG

>TEVANIb-Ros1l-NIb5 (NIb insertion between positions 3633-3634 of TEVANIb-Rosl)
GGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGTGGTTAAAGGAAA
GTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTAATAGAGAGG
CGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATCACAAAGCTC
AAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACTATACAAAGGCAA
GAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGGGAATTTGGAATG
GCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCTGGTAAAGTT
TGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAATGAATTGATGGA
GGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGAAAGTGCGACTTG
CCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACTATCATTAAG
AAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAAGTGTGGAATCAA
CAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAATCTTTCGGAG
AGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATGTATATACCA
AAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAATGATCGAAGCATG
GGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGGCGCCATATC
TGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGATATTCCAACG
ACTGAGAATCTTTATTTTCAG

>TEVANIb-Ros1l-NIbé6 (NIb insertion between positions 5532-5533 of TEVANIb-Rosl)
GGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGTGGTTAAAGGAAA
GTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTAATAGAGAGG
CGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATCACAAAGCTC
AAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACTATACAAAGGCAA
GAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGGGAATTTGGAATG
GCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCTGGTAAAGTT
TGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAATGAATTGATGGA
GGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGAAAGTGCGACTTG
CCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACTATCATTAAG
AAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAAGTGTGGAATCAA
CAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAATCTTTCGGAG
AGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATGTATATACCA
AAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAATGATCGAAGCATG
GGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGGCGCCATATC
TGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGATATTCCAACG
ACTGAGAATCTTTATTTTCAG

>TEVANIb-Rosl1l-NIb7 (NIb insertion between positions 5691-5692 of TEVANIb-Rosl)

GGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGTGGTTAAAGGAAA
GTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTAATAGAGAGG
CGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATCACARAGCTC
AAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACTATACAAAGGCAA
GAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGGGAATTTGGAATG
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GCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCTGGTAAAGTT
TGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAATGAATTGATGGA
GGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGARAGTGCGACTTG
CCTTCATGGAGGAATGGGATATTGGTGAGCAARATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACTATCATTAAG
AAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAAGTGTGGAATCAA
CAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAATCTTTCGGAG
AGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATGTATATACCA
AAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAATGATCGAAGCATG
GGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGGCGCCATATC
TGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGATATTCCAACG
ACTGAGAATCTTTATTTTCAG

>TEVANIb-Ros1-NIb8 (NIb insertion between positions 6255-6256 of TEVANIb-Rosl)
GGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGTGGTTAAAGGAAA
GTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGACTTAATAGAGAGG
CGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTCATCACAAAGCTC
AAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACTATACAAAGGCAA
GAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGGGAATTTGGAATG
GCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTTGCTGGTAAAGTT
TGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAATGAATTGATGGA
GGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGAAAGTGCGACTTG
CCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGTACTATCATTAAG
AAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAAGTGTGGAATCAA
CAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAGAATCTTTCGGAG
AGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGCATGTATATACCA
AAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAATGATCGAAGCATG
GGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAAAGGCGCCATATC
TGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTACGATATTCCAACG
ACTGAGAATCTTTATTTTCAG

>TEVANIb-Ros1-NIb9 (NIb insertion between positions 8463-8464 of TEVANIb-Rosl; NIb included
the indicated extra nucleotides)
GAGAATCTTTATTTTCAGGGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAA
GCATGTGGTTAAAGGAAAGTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAA
GTCGACTTAATAGAGAGGCGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGC
ATGCTCATCACAAAGCTCAAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGG
AGCACTATACAAAGGCAAGAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAA
AGCTGGGAATTTGGAATGGCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACT
CTTCTTGCTGGTAAAGTTTGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGG
GTGGAATGAATTGATGGAGGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTG
TATTGAAAGTGCGACTTGCCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCG
GATGGTACTATCATTAAGAAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATG
TGAGAAGTGTGGAATCAACAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGAT
TCAAAGAATCTTTCGGAGAGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGG
GATGGCATGTATATACCAAAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGC
ATCAATGATCGAAGCATGGGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAG
AAGGAAAGGCGCCATATCTGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTAT
GATTACGATATTCCAACGACTGAGAATCTTTATTTTCAG
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Abstract

Plant virus-based expression systems allow quick and efficient production of
recombinant proteins in plant biofactories. Among them, a system derived from
Tobacco etch virus (TEV; genus Potyvirus) permits co-expression of equimolar
amounts of several recombinant proteins. This work analyzed how to target
recombinant proteins to different subcellular localizations in the plant cell using this
system. We constructed TEV clones in which green fluorescent protein (GFP), with a
chloroplast transit peptide (cTP), a nuclear localization signal (NLS) or a mitochondrial
targeting peptide (mTP) was expressed either as the most amino-terminal product or
embedded in the viral polyprotein. Results showed that cTP and mTP mediated efficient
translocation of GFP to the corresponding organelle only when present at the amino
terminus of the viral polyprotein. In contrast, the NLS worked efficiently at both
positions. Viruses expressing GFP in the amino terminus of the viral polyprotein
produced milder symptoms. Untagged GFPs and cTP and NLS tagged amino-terminal
GFPs accumulated to higher amounts in infected tissues. Finally, viral progeny from
clones with internal GFPs maintained the extra gene better. These observations will help
in the design of potyvirus-based vectors able to co-express several proteins while
targeting different subcellular localizations, as required in plant metabolic engineering.

Introduction

Several plant virus-based expression systems are currently available for
transiently expressing proteins of interest in plant biofactories. The key to their success
is simplicity of manipulation, rapidity and yield, when compared to the difficult and
time consuming generation and unpredictability of stably transformed plants. This way,
some plant viruses, either as replicating viral vectors or as non-replicating transient
expression systems, have been engineered to express antigen vaccines, antibodies,
pharmaceutical proteins and peptides, industrial enzymes, as well as components of
nanoparticles (Pogue et al., 2002; Sainsbury et al., 2010; Chen et al., 2011; Peyret and
Lomonossoff, 2013; Gleba et al., 2014). Attempts have also been made to use plant
virus-derived expression systems in metabolic engineering (Bedoya et al., 2010; Zhang
et al., 2013; Sainsbury and Lomonossoff, 2014). Nonetheless, goals in plant
biotechnology frequently require concurrent expression of several proteins, which is a
limitation for most plant viral vectors (Sainsbury et al., 2008). Expression of proteins
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involved in multi-step metabolic pathways requires control on stoichiometry and timing
of expression. Similarly, expression of protein complexes such as virus-like particles
requires several proteins to be expressed in different amounts. Some solutions have
been offered to simultaneously express various proteins in plants using viral vectors
(Giritch et al., 2006; Kelloniemi et al., 2008; Roy et al., 2011; Wang et al., 2014). To
these, we recently added a system derived from Tobacco etch virus (TEV; genus
Potyvirus, family Potyviridae) based on replacing a viral gene, nuclear inclusion b (NIb)
—coding for the viral RNA-dependent RNA polymerase—, with a cassette to coexpress
several heterologous proteins (Bedoya et al., 2010). Two important properties of this
system are that the various recombinant proteins are produced embedded in the viral
polyprotein which they are then efficiently released from by the activity of the virus-
encoded nuclear inclusion a protease (NlaPro), and that the viral vector is only able to
replicate and spread in plants in which the viral NIb protein is supplied in trans (Bedoya
etal., 2010).

Potyviruses (genus Potyvirus) make up one of the two largest groups of plant
viruses and infect many economically important crops. The potyviral genome consists
of an approximately 10-kb long, plus-polarity, single-stranded RNA that is covalently
attached to a viral protein genome-linked (VPg) through its 5’ end and contains a
poly(A) tail at the 3° end. It is encapsidated in elongated and flexuous virions containing
approximately 2000 copies of the coat protein (CP). The potyviral genome encodes a
large polyprotein that is apparently processed into ten mature gene products (P1, HC-
Pro, P3, 6K1, Cl, 6K2, VPg, NlaPro, NIb and CP) by the activity of three viral-encoded
proteases (P1, HC-Pro and NlaPro) (Urcuqui-Inchima et al., 2001). P1 and HC-Pro
catalyze their own cleavage from the viral polyprotein, whereas NlaPro cleaves in the
remaining sites in cis and in trans, recognizing a seven-amino acid-long sequence motif
(Carrington et al., 1990). An additional gene product, P3N-PIPO, is produced through a

translation frame-shift mechanism in the P3 cistron (Chung et al., 2008).

Using the TEV-derived viral vector, we simultaneously expressed three
fluorescent proteins (mCherry, Venus and TagBFP) in transgenic tobacco (Nicotiana
tabacum L.) plants constitutively expressing NIb, which accumulated in comparable
amounts in the same tissues and nucleocytoplasmic location (Bedoya et al., 2010). We
also co-expressed two transcription factors, Delila and Roseal from Antirrhinum majus

L. that activate the biosynthesis of anthocyanins in plants (Butelli et al., 2008), and
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managed to produce remarkable amounts of red colored anthocyanins in the tobacco
tissues invaded by the virus, demonstrating the utility of the TEV-derived vector in
plant metabolic engineering (Bedoya et al., 2010). In later works, we showed that
expression of Roseal was enough to successfully activate anthocyanin biosynthesis to
levels readily visible to human eye (Bedoya et al., 2012; Majer et al., 2013).
Anthocyanins are a class of flavonoid compounds responsible of many of the vivid
colors of flowers and fruits in plants; dietary anthocyanins are considered health

promoting compounds (Zhang et al., 2014).

In plant metabolic engineering, an important consideration is how to target the
recombinant proteins to specific subcellular compartments, because the complex
metabolic networks in plants are highly compartmentalized (Heinig et al., 2013). In
addition targeting recombinant proteins to specific subcellular compartments can also be
important for proper folding, solubility, stability and ease of purification. The goal of
this work was to analyze the possibilities of targeting proteins of interest to different
subcellular compartments in plants using a TEV-derived vector. To this end, we
constructed recombinant TEV clones lacking NIb (TEVANIb) and harboring the green
fluorescent protein (GFP) at two alternative positions in the viral polyprotein: the
amino-terminal end or embedded inside the polyprotein, replacing the endogenous viral
NIb. Recombinant TEV clones included sequence motifs to target the GFP to the
chloroplasts, nuclei or mitochondria. We infected transgenic tobacco plants
constitutively expressing NIb and analyzed GFP subcellular location and accumulation,
as well as the stability of the recombinant viral vectors. Our results show new
possibilities, but also some limitations, in targeting proteins of interest to different

subcellular compartments in plants using potyviral vectors.

Materials and methods

Recombinant TEV clones

Recombinant TEV clones TEVANIb-aGFP, TEVANIb-acTPGFP, TEVANIb-
aNLSGFP, TEVANIb-amTPGFP, TEVANIb-iGFP, TEVANIb-icTPGFP, TEVANIb-
iINLSGFP and TEVANIb-imTPGFP (Figure 1) were constructed using parent plasmid
pGTEVa (Bedoya et al., 2012), which contains a TEV infectious cDNA (GenBank
accession number DQ986288, including two silent mutations, G273A and A1119G, that

were introduced for cloning purposes) flanked by Cauliflower mosaic virus (CaMV)
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Figure 1. Schematic representation of recombinant TEV clones: TEVANIb-aGFP, TEVANIb-iGFP,
TEVANIb-acTPGFP, TEVANIb-icTPGFP, TEVANIb-aNLSGFP, TEVANIb-iNLSGFP, TEVANIb-
amTPGFP, TEVANIb-imTPGFP and TEVANIb-acTPGFP-iNLSmCherry, in which cDNAs coding for
untagged GFP or GFP and mCherry variants tagged with a chloroplastic transit peptide (cTP), a nuclear
localization signal (NLS) or a mitochondrial targeting peptide (mTP) were inserted at the 5’ end of the
viral ORF (amino-terminal clones, a) or replacing NIb (internal clones, i). TEV cistrons P1, HC-Pro, P3,
P3N-PIPO, 6K1, CI, 6K2, VPg, NlaPro and CP and are represented by rectangles and TEV 5’ and 3’
untranslated regions (UTR) by black lines. GFP and mCherry are represented by green and red
rectangles, respectively. ¢cTP, NLS and mTP are represented by yellow, blue and orange rectangles,
respectively.

35S promoter and terminator in a binary vector derived from pCLEAN-G181 (Thole et
al., 2007). The exact nucleotide sequence of all recombinant TEV clones constructed in
this work is shown in Supporting information, Figure S1. All recombinant TEV clones
included the insertion of a cDNA encoding the enhanced GFP (GenBank accession
number AABO08060) either at the beginning of the viral open reading frame (between
positions 144 and 145 of DQ986288; clones TEVANIb-aGFP, TEVANIb-acTPGFP,
TEVANIb-aNLSGFP, TEVANIb-amTPGFP; Figure 1) —these clones also contained the
deletion of the whole NIb cistron from position 6982 to position 8517 of DQ986288- or
replacing most of the NIb cistron (from positon 6991 to 8493; clones TEVANIb-iGFP,
TEVANIb-icTPGFP, TEVANIb-INLSGFP and TEVANIb-imTPGFP; Figure 1). The
remains of the NIb cistron in these last clones (the first three and last eight codons)
served for the NlaPro-mediated proteolytic processing of the different GFP variants.
Clones TEVANIb-aGFP, TEVANIb-acTPGFP, TEVANIb-aNLSGFP and TEVANIb-
amTPGFP included a sequence (5’-ACGACTGAGAATCTTTATTTTCAG/GGGGAG-
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AAG-3’) after the GFP cDNA, encoding a typical NIaPro cleavage site (Nt-
TTENLYFQ/GEK-Ct). At the nucleotide level, this sequence was not homologous to
any fragment of TEV sequence, although the encoded amino acids matched those
surrounding the NIb/CP cleavage site in TEV. This sequence was inserted to facilitate
the NlaPro-mediated proteolytic release of the different GFP variants from the viral
polyprotein. Variant cTPGFP (included in clones TEVANIb-acTPGFP and TEVANIb-
ICTPGFP; Figure 1) contained the 180 first nucleotides of RuBisCO small subunit from
N. tabacum (position 1048 to 1227 of GenBank accession number X02353.1), encoding
a chloroplastic transit peptide (cTP) (Mazur and Chui, 1985). Variant NLSGFP
(included in clones TEVANIb-aNLSGFP and TEVANIb-INLSGFP; Figure 1) contained
a sequence corresponding to two repetitions of the nuclear localization signal (NLS)
from Simian virus 40 (SV40) T antigen (5’-CCAAAAAAGAAGAGAAAGGTACCA-
AAGAAGAAAAGAAAGGTA-3’; the second repetition contains two silent mutations
with respect to the first, underlined nucleotides) (Kalderon et al., 1984; Lassner et al.,
1991). The NLS was preceded by an ATG. Finally, variant mTPGFP (included in
clones TEVANIb-amTPGFP and TEVANIb-imTPGFP; Figure 1) contained the
mitochondrial targeting presequence (mTP) of cytochrome oxidase subunit IV from
Saccharomyces cerevisiae (5’-ATGTTGTCACTACGTCAATCTATAAGATTTTTC-
AAGCCAGCCACAAGAACTTTGTGTAGCTCTAGATATCTGCTTCAGCAAAAA-
CCC-3’) (Hurt et al., 1985; Kohler et al., 1997). All these signal sequences (cTP, NLS
and mTP) were fused to the 5° end of GFP cDNA.

Recombinant TEV clone TEVANIb-acTPGFP-iINLSmCherry is like TEVANIb-
acTPGFP, but also contained the cDNA coding for the red fluorescent protein mCherry
(GenBank accession number AY678264) including two repetitions of the SV40 NLS, as
described above, replacing most of Nlb cistron (from positon 6991 to 8493). The exact
nucleotide sequence of this recombinant clone is also shown in Supporting information,

Figure S1.

Plasmids with the recombinant TEV clones were constructed using standard
molecular biology techniques, including PCR amplification of cDNAs with the high-
fidelity Phusion DNA polymerase (Thermo Scientific), DNA digestion with the type-11S
restriction enzyme Eco31I (Thermo Scientific) for assembly of DNA fragments (Engler
et al., 2009), DNA ligation with T4 DNA ligase (Thermo Scientific) and transformation
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of Escherichia coli DH5a by electroporation. The sequences of the resulting plasmids
were confirmed by standard DNA sequencing techniques.

Plant inoculation

Transgenic tobacco plants (Nicotiana tabacum L. cv. Xanthi nc), constitutively
expressing TEV NIb under the control of CaMV 35S promoter (Li and Carrington,
1995), were cultivated in a growth chamber at 25°C with a photoperiod of 12 h day and
12 h night. Four week old plants were infiltrated in the third true leaf with cultures of
Agrobacterium tumefaciens C58C1 transformed with the helper plasmid pCLEAN-S48
(Thole et al., 2007) and each of the plasmids containing the different recombinant TEV
clones described above. Previous to agroinoculation, A. tumefaciens cultures were
adjusted to an optical density of 0.5 at 600 nm in 10 mM MES-NaOH, pH 5.6, 10 mM
MgClI,, and virulence genes induced with 150 uM acetosyringone for 2 h at 28°C
(Bedoya and Daros, 2010).

Analysis of fluorescent proteins

Ten days post-inoculation (dpi), symptomatic tissues from upper leaves were
collected and analyzed by confocal laser scanning microscopy (CLSM) using a Zeiss
LSM 780 microscope with a Plan-Apochromat 63x/1.4 NA oil-immersion lens and 488
(GFP and chlorophyll) and 561 nm (mCherry) excitation lasers. The emission detection
windows were 492-532, 590-630 and 700-800 nm for GFP, mCherry and chlorophyll,

respectively.

GFP and TEV CP were analyzed in infected tissues by Western blot. For this
purpose, frozen aliquots of 0.3 g of symptomatic tissues from upper leaves were
homogenized in 0.9 ml of buffer TEW (60 mM Tris-HCI, pH 6.8, 2% (w/v) sodium
dodecyl sulfate —SDS—, 100 mM dithiothreitol, 10% (w/v) glycerol and 0.01% (w/v)
bromophenol blue). Extracts were incubated for 5 min at 95°C, vortexed and centrifuged
for 15 min at 16,000xg. Equivalent aliquots of the clarified supernatants (40 pl,
equivalent to approximately 13 mg of fresh tissue) were separated by discontinuous
polyacrylamide gel electrophoresis (PAGE) in 12.5% (w/v) polyacrylamide gels (5%
(w/v) polyacrylamide for the stacking gel) containing 0.05% (w/v) SDS. Separated
proteins were electroblotted to polyvinylidene fluoride membranes (GE Healthcare).
Membranes were blocked for 1 h in 5% (w/v) non-fat milk in buffer WB (10 mM Tris-
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HCI, pH 7.5, 154 mM NacCl, 0.1% (w/v) Nonidet P40) and incubated overnight at 4°C
with a GFP polyclonal antibody (Sigma-Aldrich) or a TEV CP polyclonal antibody
conjugated to alkaline phosphatase (Agdia), both at 1:10,000 dilution in 5% (w/v) non-
fat milk in WB. Next, membranes were washed three times with WB and, in the case of
GFP, incubated for 3 h at room temperature with an anti-mouse secondary antibody
conjugated to horseradish peroxidase (GE Healthcare) at a 1:10,000 dilution in 5%
(w/v) non-fat milk in WB. After washing the membranes, horseradish peroxidase and
alkaline phosphatase were finally detected using reagents to produce luminesce (ECL
Western Blot Detection, Applied Biological Materials; CSPD; Roche). Luminescence
was detected and quantified with an image analyzer (LAS-3000, Fujifilm).

Analysis of viral progeny

Ten dpi, viral progeny in symptomatic tissues from upper leaves was analyzed
by reverse transcription (RT) using Moloney murine leukemia virus reverse
transcriptase (RevertAid, Thermo Scientific) coupled to PCR amplification with
Thermus thermophilus DNA polymerase (Biotools). RNA from symptomatic tissues of
three independent plants infected with each viral clone was purified by chromatography
using silica spin-columns (Zymo Research). To analyze the presence of the GFP cDNA
in the progeny of TEVANIb-aGFP, TEVANIb-acTPGFP, TEVANIb-aNLSGFP and
TEVANIb-amTPGFP, RNA was subjected to RT using primer I (5’-TTGTTT-
TGCCTGTTCAACGAGGTC-3’) and the reaction products amplified by PCR using
primers II (5’-AAAATAACAAATCTCAACACAACATATAC-3’) and III (5’-
ATAATGTGTCATTGAGTGACAAACAGC-3’). To analyze the presence of the GFP
cDNA in the progeny of TEVANIb-iGFP, TEVANIb-icTPGFP, TEVANIb-INLSGFP
and TEVANIb-imTPGFP, RNA was reverse transcribed using primer IV (5’-
CTCGCACTACATAGGAGAATTAGAC-3’) and the reaction products were amplified
by PCR with primers V (5-TTATTCGCATGCCTAAGGATTTCCC-3’) and VI (5’-
TACCTAGGCATGTATGGTCGCTCCC-3"). The products of the RT-PCR
amplifications were separated by electrophoresis in 1% (w/v) agarose gels in buffer
TAE (40 mM Tris, 20 mM sodium acetate, 1 mM ethylenediaminetetraacetic acid
—-EDTA-, pH 7.0), stained with ethidium bromide and imaged on a UV trans-

illuminator.
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Results

A TEVANIb-based vector targets recombinant proteins to chloroplast, nucleus and

mitochondria

To analyze whether it is possible to target recombinant proteins to different
subcellular locations in plants using a viral vector derived from a potyvirus, we
constructed a series of recombinant TEV clones to express GFP, with or without a cTP
(CTPGFP), a NLS (NLSGFP) and an mTP (mTPGFP). These clones were constructed in
the context of our previous TEV-derived viral vector that lacks the NIb cistron
(TEVANID) and is only able to replicate and move systemically in plants in which NIb
Is expressed in trans (Bedoya et al., 2010). Two series of clones were constructed to
express the different GFP variants. The first series contained the GFP variants at the
amino-terminal end of the viral polyprotein (TEVANIb-aGFP, TEVANIb-acTPGFP,
TEVANIb-aNLSGFP and TEVANIb-amTPGFP; Figure 1). The second series contained
the GFP variants embedded inside the viral polyprotein, replacing most of the viral NIb
cistron (TEVANIb-iGFP, TEVANIb-icTPGFP, TEVANIb-iINLSGFP and TEVANIb-
imTPGFP; Figure 1). All clones were designed to allow release of the GFP variants
from the viral polyprotein by NlaPro mediated proteolysis. Clones with the GFP
variants at the amino terminus included an artificial NlaPro cleavage site after GFP.
Constructs with the GFP variants replacing the NIb cistron maintained the three first
and eight last codons from NIb, the GFP thus flanked by two native NlaPro cleavage

sites.

Transgenic tobacco plants constitutively expressing NIb were agroinoculated
with the eight recombinant TEV clones. Ten dpi, all inoculated plants showed
symptoms of infection, although they varied in severity. As a general rule, recombinant
viruses with the GFP variants at the amino terminus of the viral polyprotein produced
milder symptoms than the counterparts with the GFP variants inside the viral
polyprotein. Clones with an internal GFP produced leaf distortion and severe stunting,
whereas clones with an amino-terminal GFP only produced vein clearing and mild
etching in leaf tissues. To illustrate this difference, Figure 2 shows the symptoms
produced in whole plants (Figure 2A) and leaves (Figure 2B) by the two viral clones
containing the untagged GFP variants, TEVANIb-aGFP and TEVANIb-iGFP.
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Chapter 11
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Figure 2. Tobacco plants infected by recombinant TEV clones expressing (A and B) untagged GFP as
the most amino-terminal product of the viral polyprotein (TEVANIb-aGFP) or embedded inside the viral
polyprotein (TEVANIb-iGFP), and (C) GFP and mCherry targeted to the chloroplast and nucleus,
respectively (TEVANIb-acTPGFP-iNLSmCherry). Pictures were taken at 10 (A and B) or 20 dpi (C) and
include non-inoculated controls.

Symptomatic tissues from plants infected by the eight TEV recombinant clones
were examined by CLSM. Green fluorescence corresponding to GFP emission was
detected in tissues from plants infected by all eight recombinant clones (Figure 3A). As
expected, tissues from plants infected by TEVANIb-aGFP and TEVANIb-iGFP,
expressing untagged GFP, showed similar GFP fluorescence in both the cytoplasm and
nucleoplasm of infected cells (Figure 3A, compare images I, V and IX with |1, VI and
X). Interestingly, tissues from plants infected with TEVANIb-acTPGFP showed GFP
fluorescence inside the chloroplast, in contrast to tissues infected with TEVANIb-aGFP
(Figure 3A, compare images | and I11). Chloroplasts are clearly recognized in all these
images thanks to the red fluorescence emission of chlorophylls (Figure 3A). On the
contrary, tissues from plants infected with TEVANIb-icTPGFP showed no GFP
fluorescence in the chloroplasts (Figure 3A, compare images Il and 1V). These results
indicate that the cTP assayed in this work is effective only when the recombinant

protein is expressed as the most amino-terminal product of the viral polyprotein.

In the case of tissues from plants infected with TEVANIb-aNLSGFP and
TEVANIb-INLSGFP, GFP fluorescence was clearly detected in nucleoli, in contrast to
what occurred in tissues from plants infected with TEVANIb-aGFP and TEVANIb-
IGFP (Figure 3A, compare images V and VI with VII and V1I1). These data indicate that
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Figure 3. Subcellular localization of GFP and mCherry variants tagged with a chloroplastic transit
peptide (cTP), a nuclear localization signal (NLS), or a mitochondrial targeting sequence (mTP) in
tobacco tissues infected by different recombinant TEV clones. (A) CLSM images of tissues infected with
TEVANIb-aGFP (images I, V and 1X), TEVANIb-iGFP (images II, VI and X), TEVANIb-acTPGFP
(image IIT), TEVANIb-icTPGFP (image 1V), TEVANIb-aNLSGFP (image VII), TEVANIb-iNLSGFP
(image VIII), TEVANIb-amTPGFP (image XI) and TEVANIb-imTPGFP (image XII). Images are
overlays of the green and red channels. (B) CLSM images of systemically infected tissue by TEVANIb-
acTPGFP-iINLSmCherry, corresponding to transmitted light, chlorophyll, GFP and mCherry
fluorescence, respectively, and the overlay of these three fluorescence images. (A and B) All pictures
were taken at 10 dpi. Scale bars in all images represent 10 pm.

the NLS employed in this work is effective to target proteins to the nucleus and enter
the nucleolus at both assayed positions in the viral polyprotein. Finally, tissues from
plants infected with TEVANIb-amTPGFP showed GFP fluorescence in small
subcellular organelles in the cytoplasm that can be undoubtably assigned to
mitochondria based on their number and shape, in contrast to tissues infected by
TEVANIb-aGFP (Figure 3A, compare images IX and Xl). On the contrary, GFP
fluorescence in tissues infected by TEVANIb-imTPGFP was indistinguishable from that
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in tissues infected by TEVANIb-iGFP (Figure 3A, compare images X and XII). These
data indicate that the mTP selected in this work to target recombinant proteins to the
mitochondria is only functional from the most amino-terminal end of the viral
polyprotein. Fluorescence intensities were quantified from CLSM pictures using an
image analysis software (Fiji). Supporting information, Figure S2 shows the ratios

between the GFP fluorescence in the different organelles and the cytoplasm.

A TEVANIb-based vector is able to target two recombinant proteins to distinct

subcellular compartments

Considering the results showed above, we investigated the possibility to build a
TEVANIb-based vector able to deliver two recombinant proteins to different subcellular
compartments from a single vector backbone. To check this, we constructed TEVANIb-
acTPGFP-INLSmCherry, in which a GFP including a cTP was expressed from the
amino terminus of the viral polyprotein followed by an artificial NlaPro cleavage site,
and the red fluorescent protein mCherry including a NLS was expressed from inside the
viral polyprotein replacing most of NIb cistron, flanked by the viral NlaPro cleavage
sites (Figure 1). NIb-expressing tobacco plants, agroinoculated with this viral clone,
showed mild symptoms (Figure 2C). Analysis of symptomatic tissue from upper leaves,
by CLSM at 10 dpi, demonstrated accumulation of GFP in the chloroplasts and
mCherry in nuclei and nucleoli of infected cells (Figure 3B).

Recombinant proteins are efficiently processed from TEV polyprotein

Next, we investigated whether the recombinant proteins expressed from the
TEV-derived vectors were properly and efficiently released from the viral polyprotein.
To this end, proteins were extracted from systemic symptomatic tissues of plants
infected with the different recombinant TEV clones at 10 dpi. Proteins were separated
by denaturing PAGE and GFP detected by Western blot using a specific polyclonal
antibody (Figure 4A). As a control, we also detected TEV CP in the same protein
preparations with an anti-TEV CP polyclonal antibody (Figure 4B). We checked that
both antibodies do not produce any cross-reactivity. Theoretical molecular mass of the
enhanced GFP used in this study is 26.9 kDa. However, the GFP variants expressed by
means of the TEVANIb vector were expected to contain additional amino acids from

the different signal peptides and remains from the NlaPro-mediated proteolytic process—
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Figure 4. Western blot analysis of (A) GFP variants and (B) TEV CP accumulating in tobacco tissues
infected by different recombinant TEV clones at 10 dpi. Proteins were separated by denaturing PAGE,
blotted to a membrane and detected with anti-GFP (A) or anti-TEV CP polyclonal antibodies (B). (A and
B) Lanes 0, non-inoculated control plant; lanes 1 to 8, plants infected by TEVANIb-aGFP, TEVANIb-
acTPGFP, TEVANIb-aNLSGFP, TEVANIb-amTPGFP, TEVANIb-iGFP, TEVANIb-icTPGFP,
TEVANIb-iNLSGFP and TEVANIb-imTPGFP, respectively. Positions and molecular mass (in kDa) of
marker proteins are indicated on the left side of both panels.

ing that change electrophoretic mobility. Western blot analysis revealed bands
exclusively corresponding to GFP forms released from the TEV polyprotein (Figure
4A). No signal arising from a slow migrating species that could be attributed to an
unprocessed intermediate from the viral polyprotein was detected. The intensity of the
different bands informed about differences in GFP accumulation in infected tissues
(Supporting information, Table S1), which were previously unnoticed in our
microscopic analyses. Tissues infected with viruses expressing untagged GFP, either at
the amino terminus or internally (TEVANIb-aGFP and TEVANIb-iGFP) accumulated
comparable amounts of GFP (Figure 4A, lanes 1 and 5; Supporting information, Table
S1). Same accumulation was also observed in tissues infected by viruses expressing
GFP with a cTP and a NLS, but only when expressed from the amino-terminal end of
the viral polyprotein (Figure 4A, compare lanes 2 and 3 with 6 and 7; Supporting
information, Table S1). Interestingly, two different bands were detected in tissues
infected with viruses expressing GFP variants including ¢cTP (TEVANIb-acTPGFP and
TEVANIb-icTPGFP), indicating that GFP forms including the transit peptide are
initially produced and, then, the transit peptide is processed in part. Notably, while the
unprocessed form is less abundant than the processed GFP in tissues infected by
TEVANIb-acTPGFP, in tissues infected by TEVANIb-icTPGFP abundance of both
species is similar (Figure 4A, compare lanes 2 and 6; Supporting information, Table
S1). Moreover, total GFP accumulation in tissues infected by TEVANIb-icTPGFP was
lower than in tissues infected by TEVANIb-acTPGFP (Figure 4A, compare lanes 2 and
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6; Supporting information, Table S1). GFP accumulation in tissues infected by
TEVANIb-aNLSGFP was also higher than that in tissues infected by the internal
counterpart virus TEVANIb-INLSGFP (Figure 4A, compare lanes 3 and 7; Supporting
information, Table S1). Finally, GFP accumulation in tissues infected by both virus with
the mTP (TEVANIb-amTPGFP and TEVANIb-imTPGFP) was low compared with the
untagged counterparts (Figure 4A, compare lane 1 with 4 and lane 5 with 8; Supporting
information, Table S1). In this case, similarly to what occurred with the cTP, two GFP
forms were detected, suggesting accumulation of a full-length GFP including the mTP
and a processed form without the mTP (Figure 4A, lanes 4 and 8). Some differences
were also observed in accumulation of TEV CP in the analyzed tissues (Figure 4B;
Supporting information, Table S1).

Cistrons encoding recombinant proteins are more stable inside the TEV genome

Finally, we asked about the stability of the cistrons encoding the different GFP
variants in the viral progeny. To analyze this, we collected infected tissue at 10 dpi from
upper symptomatic leaves of three different plants per recombinant viral clone. RNA
was purified and the presence of the GFP cistron analyzed by RT-PCR amplification
followed by electrophoretic separation of the PCR products. In case of the GFP variants
at the amino terminus of the polyprotein, RT-PCR products ranging between 1806 and
1986 base pairs (bp) were expected from full-length viral genomes depending on the
particular GFP variant. These products were obtained from most of the plants (Figure
5A, white arrowhead). However, one, two, three and one of the plants respectively
infected with TEVANIb-aGFP, TEVANIb-acTPGFP, TEVANIb-aNLSGFP and
TEVANIb-amTPGFP produced substantial amounts of smaller RT-PCR products,
indicating the deletion of the GFP cistron (Figure 5A, gray arrowheads). Conversely, all
plants infected with viral clones expressing the GFP variants internally in the
polyprotein produced RT-PCR products consistent with full-length viral clones (Figure
5B, white arrowhead; 1768 and 1948 bp depending on the GFP variant). These data
indicate that, in the TEV-based vector, recombinant genes replacing Nlb in the viral
polyprotein are more stable than those inserted as the most amino-terminal product of

the viral polyprotein.
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Chapter II
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Figure 5. RT-PCR analysis of the viral progeny of the TEV vectors expressing distinct GFP variants
from two different positions in the viral polyprotein at 10 dpi. RT-PCR products amplified with primers |
to Il (A) or IV to V (B) were separated by agarose electrophoresis and the gel stained with ethidium
bromide. (A and B) Lanes M, marker DNA ladder with the size (in kbp) of some of the components on
the left side; lanes 0, RT-PCR control of non-inoculated plant. (A) Lanes 1 to 12, RT-PCR products
amplified from three plants infected with TEVANIb-aGFP (lanes 1 to 3), TEVANIb-acTPGFP (lanes 4 to
6), TEVANIb-aNLSGFP (lanes 7 to 9) and TEVANIb-amTPGFP (lanes 10 to 12). (B) Lanes 1 to 12, RT-
PCR products amplified from three plants infected with TEVANIb-iGFP (lanes 1 to 3), TEVANIb-
icTPGFP (lanes 4 to 6), TEVANIb-INLSGFP (lanes 7 to 9) and TEVANIb-imTPGFP (lanes 10 to 12). (A
and B) Lanes 13, PCR control of TEVANIb plasmid. White arrowheads point to RT-PCR products
amplified from viral progenies with full-length genomes. Gray arrowhead point to products arising from
viral progenies with deletions.

Discussion

Plant virus-derived expression vectors are currently envisioned as powerful
platforms to generate products of interest in plant biofactories (Pogue et al., 2002;
Sainsbury et al., 2010; Chen et al., 2011; Peyret and Lomonossoff, 2013; Gleba et al.,
2014). However, goals approached with this technology frequently require simultaneous
expression of more than one recombinant protein in time and precise subcellular
localization of the expressed proteins. Potyviruses form one of the largest groups of
viruses infecting plants (Gibbs and Ohshima, 2010). Some particularities of potyviruses,
specifically their expression strategy of producing a large polyprotein that is efficiently
cleaved by viral encoded proteases and their encapsidation in flexuous elongated virions
that can accommodate substantial amount of extra genetic material, have made them
good starting points to construct vectors to express proteins in plants, and particularly to
simultaneously co-express equimolar amounts of several proteins (Masuta et al., 2000;
Beauchemin et al., 2005; Kelloniemi et al., 2008; Bedoya et al., 2010). We developed
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an expression system derived from TEV (genus Potyvirus) that infects solanaceous
plants, based on replacing the viral NIb cistron by a cassette containing the cDNAs
coding for several recombinant proteins. These cDNAs are flanked by sequences coding
for viral and artificial NlaPro cleavage sites. Recombinant proteins are synthesized in
equimolar amounts along the viral polyprotein and are efficiently and specifically
released by the proteolytic activity of NlaPro. Since this vector lacks the viral RNA-
dependent RNA polymerase NIb, it is only able to infect plants in which this protein is
supplied in trans, for example through a transgene, which is a very desirable property
for biocontainment purposes. Moreover, absence of the approximately 1.5-kb long NIb
cistron contributes to increase space to accommodate the recombinant cDNAs in the
viral vector. Using this system we have successfully expressed three fluorescent
proteins that exquisitely colocalized in the same cells and nucleocytoplasmic
localization and two transcription factors that strongly activated the biosynthesis of
anthocyanins in plant tissues (Bedoya et al., 2010; Bedoya et al., 2012; Majer et al.,
2013). However, to our knowledge, the possibility of targeting proteins to different
subcellular compartments using a potyviral vector has never been researched before.
One possible reason is that, in potyvirus-derived vectors, recombinant proteins have
always been expressed embedded inside the viral polyprotein. Several positions in the
potyviral polyprotein have been successfully used to date to express recombinant
proteins, particularly the P1/HC-Pro and the NIb/CP intercistronic positions (Dolja et
al., 1997; Whitham et al., 1999; Fernandez-Fernandez et al., 2001; Dietrich and Maiss,
2003; Beauchemin et al., 2005) and inside the P1 cistron (Rajamaéki et al., 2005).

Interestingly, in our recent research into relocation of the NIb cistron in the TEV
genome, we learned that in addition to the P1/HC-Pro intercistronic position, relocating
the NIb cistron to the outermost amino-terminal end of the polyprotein did not affect
virus viability, opening the possibility to express recombinant proteins from this
position using a TEV-derived vector (Majer et al., 2014). So, in this work we analyzed
the possibility to target recombinant proteins to three different subcellular
compartments (chloroplast, nucleus and mitochondria) from two substantially different
insertion sites in a potyvirus-derived vector, the amino-terminal end or an internal

position (replacing the NIb cistron) in the TEV polyprotein.
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Recombinant proteins efficiently reach the chloroplasts, nuclei and mitochondria

when expressed at the amino terminus of the potyvirus polyprotein

GFP variants including a cTP, an NLS or an mTP, all of them as amino-terminal
fusions, efficiently reached the chloroplasts, nucleoli and mitochondria, respectively, of
infected cells when expressed from the amino terminus of the TEV polyprotein (Figure
3A). In contrast, only the GFP variant with the amino-terminal NLS reached efficiently
the intended subcellular location when expressed from the internal position of the TEV
polyprotein (Figure 3A). These results suggest that in the context of a potyvirus vector,
a cTP or an mTP, at least those used in this work, are only able to mediate translocation
of a recombinant protein to the corresponding organelle when they occupy the amino
terminus of the nascent polypeptide. In contrast, they are not functional when the
recombinant proteins result from proteolytic processing in an internal position of the
viral polyprotein. This observation most probably reflects the necessary coordination

between protein synthesis and translocation to these organelles.

When the nascent chains of chloroplastic and mitochondrial preproteins emerge
from the ribosome to the cytosol, the amino-terminal presequence is quickly recognized
by specific factors that, in coordination with Hsp70 chaperones, form a cytosolic
guidance complex. Thus, the precursors remain unfolded until they engage with the
corresponding organelle translocon. The interacting proteins are then removed, and the
unfolded precursor, amino- terminal presequence first, is inserted into the translocation
channel (Soll and Schleiff, 2004; Neupert and Herrmann, 2007). This situation is most
likely to occur when recombinant proteins are synthesized as the most amino-terminal
product of the TEV polyprotein. In contrast, a recombinant protein resulting from
proteolytic processing, despite containing the proper amino-terminal signal peptides
may not be efficiently loaded by the translocation machinery. Tertiary structure of the
polyprotein prior to its cleavage can mask the targeting information of the inner
recombinant protein. In this scenario, the early binding of the organelle guidance factors
and the preservation of the extensively unfolded state required for translocation could be
compromised. Nonetheless, it should be taken into consideration that in our work, GFP
variants with a cTP and an mTP expressed from inside the TEV polyprotein contained
three extra amino-terminal amino acids (GEK) resulting from NlaPro cleavage site,
which might have interfered with the activities of both signal sequences. It is also worth

noting that, in the case of the GFP variants not reaching chloroplasts and mitochondria,
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Western blot analysis revealed the presence of two GFP forms (Figure 4A, lanes 6 and
8). Slow forms likely contained the corresponding signal peptides, while fast forms
most probably had the signal peptides processed. This may indicate some amounts of
these GFP variants being still able to reach the intended subcellular location with the
signal peptides being processed or, alternatively, spurious processing of the signal
peptides with no relation to traffic. The lack of GFP fluorescence in chloroplasts and
mitochondria of tissues infected by viruses expressing these GFP variants (Figure 3A,
images IV and XII) supports the second hypothesis.

In any case, our results indicate that, in practice, delivering recombinant proteins
to chloroplast and mitochondria from a potyvirus-derived vector must be accomplished
from the amino terminus of the viral polyprotein. This rule may also apply to other
signal peptides known to efficiently work from the amino terminus of the targeted
proteins. In contrast, delivering recombinant proteins to the nucleus can be done either
from the amino terminus or from the internal part of the TEV polyprotein. This result
could be anticipated from previously reported successful expression of transcription
factors, which efficiently activate gene expression in the nucleus of infected cells,
embedded inside the polyprotein of a potyvirus vector (Bedoya et al., 2010; Bedoya et
al., 2012; Majer et al., 2013). Moreover, nucleolar localization of some TEV proteins
such as P1 and Nla has been reported before (Schaad et al., 1996; Martinez and Daros,
2014).

Successful nuclear targeting of the NLS-tagged proteins independently of their
position into the polyprotein most likely results from the fact that protein transport
across nuclear envelope differs essentially from the transport of proteins across the
membranes of chloroplast and mitochondria, in that it occurs through a large aqueous
pore (nuclear pore complex, NPC). Contrary to the membrane-spanning protein
transporters, NPC allows the transport of completely folded proteins and, in addition,
the precise location of the NLS within the amino acid sequence is not important. NLS
are thought to form loops or patches on the protein surface that are recognized by

specialized receptors (Freitas and Cunha, 2009).

Together, these observations allowed us to construct a TEV-based vector to
target two different recombinant proteins (GFP and mCherry) to two different
subcellular locations (chloroplast and nucleus, respectively) from a single viral
backbone (Figure 3B).
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The type of signal peptide and the insertion position in the viral polyprotein affect

recombinant protein accumulation

Western blot analysis of GFP variants in infected tissues showed differences in
recombinant protein accumulation depending on the signal peptide and the insertion
position in the viral polyprotein (Figure 4A; Supporting information, Table S1). The
type of signal peptide and insertion position of GFP also affect TEV load (Figure 4B;
Supporting information, Table S1). When GFP variants were expressed from the amino
terminus of the polyprotein, good accumulations were obtained for the untagged GFP
and for the GFP variants tagged with the cTP and NLS. Only the GFP tagged with the
mTP accumulated poorly (Figure 4A; Supporting information, Table S1). In contrast all
tagged GFP variants expressed from the internal part of the TEV polyprotein
accumulated in lower amount compared with the untagged GFP (Figure 4A; Supporting
information, Table S1). These results suggest that, in some cases, signal peptides
negatively influence recombinant protein accumulation. The GFP variants with cTP and
NLS expressed as the amino-terminal products of the polyprotein are exceptions.
Higher accumulation in these two cases (Figure 4A, lanes 2 and 3; Supporting
information, Table S1) may result from successful subcellular localization that, in the
case of the chloroplastic variant, is apparently associated to efficient cTP processing.
Subcellular targeting has been shown to play an important role in determining the yield

of recombinant protein (Fischer et al., 2004).

Position of extra genes in the potyvirus genome affects the stability of recombinant

viruses

Our results also indicate that cDNAs coding for recombinant proteins are less
stable in the TEV genome when inserted in the 5’ end of the viral open reading frame
than when replacing the NIb cistron (Figure 5, compare A and B). The insertion site, the
nature of the recombinant protein and the duration of viral infection have been
previously shown to influence stability of heterologous sequences in potyviral genomes
(Dolja et al., 1992; Choi et al., 2000; Arazi et al., 2001; Beauchemin et al., 2005; Zwart
et al., 2014). This observation indicates that future work is needed to analyze why the
inserted cDNA is less stable in this position of the TEV genome and what sequence
manipulation can be done to increase stability, for example by breaking homology of

sequence regions that could mediate recombination during virus RNA replication. What

90



sequence is inserted and where in the virus genome have also been shown to affect
symptoms of infection (Dolja et al., 1997; Guo et al., 1998; German-Retana et al.,
2000). In our work, insertion of the cDNAs coding for all assayed GFP variants at the 5’
end of the TEV open reading frame led to milder symptoms than insertion inside the
viral open reading frame (Figure 2). In the case of untagged GFP and GFP tagged with a
cTP and an NLS, milder symptoms were also associated with higher accumulation of
recombinant proteins (Figure 4A, lanes 1 to 3). High accumulation of recombinant
proteins and mild symptoms of infection are usually desirable properties from a

biotechnological view.

Conclusively, results of this work will help to design potyvirus-based vectors to
co-express several proteins in plant biofactories, particularly when it is desired

recombinant proteins reach different subcellular localizations.
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Chapter II

Supporting information

Table S1. Accumulation of GFP variants and TEV CP in tissues infected by the
different recombinant TEV vectors. GFP and TEV CP were detected by Western blot

analysis using specific antibodies coupled to luminescent reactions.

GFP GFP TEV CP

Recombinant virus " N
form  amount amount

TEVANIb-aGFP 0.97 0.55

TEVANIb-acTPGFP slow 0.13 0.64
fast 1.15

TEVANIb-aNLSGFP 0.90 0.45
slow 0.18

TEVANIb-amTPGFP 5 025 0.71

TEVANIb-iGFP 1.00 1.00
} slow 0.24

TEVANIb-icTPGFP g 025 0.87

TEVANIb-iNLSGFP 0.10 0.60

TEVANIb-imTPGFP OV 0.25 0.41
fast 0.25

*Protein amounts are normalized to the GFP and TEV CP amounts produced by
TEVANIb-iGFP.

Figure S1. Complete sequence of recombinant TEV clones TEVANIb-aGFP,
TEVANIb-acTPGFP, TEVANIb-aNLSGFP, TEVANIb-amTPGFP, TEVANIb-iGFP,
TEVANIb-icTPGFP, TEVANIb-INLSGFP, TEVANIb-IimTPGFP and TEVANIb-
acTPGFP-INLSmCherry. cDNAs corresponding to GFP, mCherry and signal peptides
are in green, red and blue, respectively. cDNAs corresponding to TEV NlaPro cleavage
sites downstream or flanking recombinant protein cDNASs are on gray background. TEV
sequence corresponds to Genbank accession number DQ986288 including two silent
mutations (G273A and A1119G, in red). Limits between TEV cistrons are marked on

blue background.

>TEVANIb-aGFP

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGG
ACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAG
CTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTC
CGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGG
TGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATG
GCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCC
CATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGC
TGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGACGACTGAGAATCTTTATTTTCAGGGGGAGAAGATGGCACTCATCTTT
GGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAGCTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAA
GAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTGATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAG
AGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCGCGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGA
AGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTGAGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGA
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CATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATGCCAAAGCGTAAGAAGCAGAAARAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATG
CCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGAGATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAA
TTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGGTGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATT
TAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCAAGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTA
TGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGCTCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCA
ATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGGAGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTG
CGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGTGGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGT
CGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCTGAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAA
CAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCGTCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAG
CGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTCGAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAA
ATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTCATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGG
AATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTCTTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAG
GAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTGATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGC
GTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAATTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGAT
CTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTGGCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAA
TGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTGAATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTC
CAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGCATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATT
TTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGTATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAAT
TGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTACAATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCA
AGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGAGGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTAC
AACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAAATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAAC
TTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAGTATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTAT
CCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGAGATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAA
ATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGGACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAA
ATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGCGGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGA
AGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGTAAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTT
CCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCTTGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAA
GGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATCATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAG
CGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTACTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATA
GCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAATGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGG
AATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGTTTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATA
TGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAAGCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAG
GGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTGCCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATC
TGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGGAGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGA
GAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGGGAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACAC
CATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTGTCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACT
GTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCCACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAG
AAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGACAGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGC
TACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGGGATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAAT
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AGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTACAACAAAACTGTGGTGAGT TATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGA
CACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAACACTGGTTGAAATTCCAGARATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTA
CAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTGGAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTT
ACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGTCATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAG
TTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTGGAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGT
GTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCACATTGTAGTCGCCCATARAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAG
CAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGCGAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCAT
TTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACTCAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGA
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GAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCGGAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTG
GATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCACCTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGA
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TAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAARACCAATGGTTGAAAACGCGCAG
CCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACA
GAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGA
AAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTG
AACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATT
CACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGT
CTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIb-acTPGFP

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCTTCCTCAGTTCTTTCCTCTGCAGCAGTTGCCACCCGCAGCAATGTTGCTCAAG
CTAACATGGTTGCACCTTTCACTGGCCTTAAGTCAGCTGCCTCATTCCCTGTTTCAAGGAAGCAAAACCTTGACATCACTTCCATTGCCAGCAACGGCGGA
AGAGTGCAATGCATGCAGGTGATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAA
GTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCC
TCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTC
CAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGG
CATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCA
TCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG
GATCACTCTCGGCATGGACGAGCTGTACAAGACGACTGAGAATCTTTATTTTCAGGGGGAGAAGATGGCACTCATCTTTGGCACAGTCAACGCTAACATCC
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TGAAGGAAGTGTTCGGTGGAGCTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAARACCTCTCGT
GCAATCATGCACAAACCAGTGATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCG
GATGTATTATCTTGGTCGTCGCGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACG
TGGGGCGTGATTCCATTGTTGAGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACT
CAACTTGTGCATAATAGTATGCCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCG
CAAACGCCATATGCAGGTGGAGATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACA
TGTATGGCGAGAGGAAAAGGGTGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAA
TCGAAGCTCACTTTTGGTTCAAGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTC
GGATGGGATGTTGGTGGATGCTCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATAC
CATACTCTAAGAAATTCTTGGAGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTG
ACACAAGCACTTTCACCGTGTGGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCA
AGGTAAGCTCCTAGCAATGCTGAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAA
ATTTGACAGCCTGCGTGAGCGTCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAAT
AAACTAACAGGGGCCGATCTCGAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGG
TTCTTTCAGAAATAAAATCTCATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGG
GTGCACACGCAAAGAGGTTTCTTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGA
AAGCTAGCAATTGGCAATTTGATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTG
CATTTCAATGCGGAATGGTAATTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGAC
ATCTGGTCATTGGCAACTCTGGCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAAC
ATTTTCTTTGCTCTACTAGTGAATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAAC
AATGCAAGATGTTGCAACTGCATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAARA
CAATGCATGTTTTGGATTCGTATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTG
GAATCCGAAATGAAAACTTACAATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCT
CATGAAGCAGTTACTTGAGGAGGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGG
CGTTACAAATGTGGTTGCCAAATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAG
CAGCGTAATTTGATTAATGAGTATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTAC
TATTAAGCTGGCCACCCAAGAGATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAA
AGGCTTTGAAGGATGCATGGGACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATC
ATGAAAAACACCGTAGATTGCGGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGT
AAATGGTGGTGCAAGAAAGGTAAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCA
CAGTCTCGAGTGTCCTTTCCTTGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAA
GAGAGCGAGTGGGACAATATCATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGA
ACACCCCGAGGCTTTCGAGTACTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAG
CTTTCATCACACTTGTATTAATGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGG
GAGATCATCTACACGCAGAGTTTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAG
CCTTCCTGGAGTCACTTTTAAGCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCA
GAGATACTGCGGCATCGGTTGCCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCA
TACCATTTATCAAAGAGAGGGAGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTT
CCCAACTTTGAGGATGAGAGGGAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTG
AGGTAAAAACATACGATTTTGTCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGA
AAAGTCCTCAAAGTGTCAGCCACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGA
ATTTGTAAGTTTACAAGGGACAGGTGCCAACGCCGATGTGATTAGT TGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTG
GCAAGCTCCTTGTGCAAAAGGGATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAA
AAGCATTTCATAGTCGCAACTAATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGT
GGACAATAGAGCGGTGCAGTACAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTC
GAATTGGCCAAACAAATAAAACACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAG
AGTGTTTCAACCACACTGCTGGAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATT
TGATGGTAGTATGCATCCAGTCATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCT
TATCCTCTTGGCTTACGAGTGGAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCC
TTGCATGAGGAAATTTGGCACATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCA
AACGGATGTGCACTCAATTGCGAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAG
CATTTTCCTTCACAAATTACTCAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAG
GCAAAAGATCAATTGCTAGAGTTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATC
AGATAGCGAAGTGGCTAAGCATCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTG
GATGGATGCTTGCAACGTACTTCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGT
GGGGCTAGAGGGCAATATGAGGTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAG
AGGAATGGGTGCAAAGTCTCGGAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTA
TTGATGAGTCCACAAACGCACCTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTT
AGCACCCACACCACAATCCATGCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAA
ATCAACAGCAATAATGGGATTTCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGG
ACTTGACGTTTGAAGGAGAAAGCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACA
ACATCGTTGTATGGTATTGGATTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGT
ATTCAAGGTCAAGAACACCACGACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAA
AGCTGAAATTTAGAGAGCCACAAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGC
ACATTCCCTTCATCTGATGGCATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGT
TGGTATACACTCAGCATCGAATTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGT
GGGTTAGTGGTTGGCGATTAAATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCG
ACTCAACTCATGAGTGAATTGGTGTACTCGCAAAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGA
GCAGGCTTCAAAGGATAGGGATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGA
GGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGG
CATCAGGCAGTGATGACAGCCTATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAA
TTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGA
CACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGT
TTGTCACGCTATGCGTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAG
TGGAACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTAT
TAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTG
TTGAATGGTATCTTATATGTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGA
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIb-aNLSGFP

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGCCAAAAAAGAAGAGAAAGGTACCAAAGAAGAAAAGAAAGGTAATGGTGAGCAAGG
GCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCC
ACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTT
CAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCA
ACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGG
CACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGA

99



GGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCG
CCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGACG
ACTGAGAATCTTTATTTTCAGGGGGAGAAGATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAGCTCGTATGGCTTG
CGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTGATCTTCGGAGAAG
ACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCGCGCGCTCACCCAT
GGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTGAGAAGATTGTAGT
GCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATGCCAAAGCGTAAGA
AGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGAGATCATTAGCAAG
AAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGGTGGACTTACGTAT
TGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCAAGTGGCCTAGTTT
TGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGCTCGTGCGAAGGTA
ACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGGAGTTGAGGCCAGA
TGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGTGGTAAGATCACAT
GCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCTGAAAGAACAGTAT
CCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCGTCAAACAACTCAT
TGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTCGAAGAGGCAAGCA
CACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTCATCGAAGGCCCAT
GTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTCTTAAAGGATTTTT
CACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTGATAATGTCAACTG
ACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAATTACGTGTACCCA
TGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTGGCGATTCAAAGTA
CCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTGAATGTCAAGGAAG
AGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGCATGCTACTTACTT
TCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGTATGGGTCTAGAAC
GACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTACAATGTTGGAGGGA
TGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGAGGAGCCATACATA
ATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAAATACAATGAGGTT
AGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAGTATGCGCAGGTAA
TTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGAGATGGACATGGCG
TTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGGACGAATTAACTTG
GTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGARAAACACCGTAGATTGCGGCGGACATATAG
ACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGTAAGAGTAGCGAAG
AATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCTTGTTGTTGACATT
CTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATCATCAATAGAACTT
TCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTACTACAAGTTTTGC
ATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAATGGCTTTTGACGC
TGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGTTTGGATGATTACG
TTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAAGCAATGGTGGAAC
AACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTGCCAGCGAGATATC
ACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCARAGAGAGGGAGAGTGTTAATGC
TTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGGGAAGTCAACTTTT
GGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTGTCATAATTGATGA
ATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCCACACCACCAGGTA
GAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGACAGGTGCCAACGCC
GATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGGGATACAAAGTGTC
GAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACTAATATTATTGAGA
ATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTACAACAAAACTGTG
GTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAACACTGGTTGAAAT
TCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTGGAAAATGCCACAT
TATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGTCATACATGACAAG
CTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTGGAGAGTATAAGCG
ACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCACATTGTAGTCGCCC
ATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAARACGGATGTGCACTCAATTGCGAGGACTCTAGCA
TGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACTCAATACAAAGCAT
ATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAGTTTTCGAACCTAG
CAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCATCTGAAGCTTAAA
AGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACTTCAAGGACAAGTT
CAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAGGTTGCAGCGGAGC
CAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCGGAAATTCATAAAC
ATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCACCTATTGATTTAGT
GCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCATGCTTATTTGGTGA
ATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATTTCCTGAAAGGGAG
AATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAAGCTTGTTTAAGGG
ACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGATTTGGTCCCTTCA
TCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCACGACTTTGCAACAA
CACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCACAAAGGGAAGAGCG
CATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGCATATTCTGGAAGC
ATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAATTTCACCAACACA
AACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAAATGCTGACTCAGT
ATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTGGTGTACTCGCAAA
GTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGGATAGGGATGTTAATGCTGGA
ACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACTTGAATCACCTTTT
AGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCCTATGGAGTGAATG
AAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTATGATGGATGGTGAG
GAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGA
GATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGACTTCTATGAGCTAA
CTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTG
GGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTT
TGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTTTTAATATGTCTTA
TTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAA
AAAAAAAAAAA

>TEVANIb-amTPGFP

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCAAAAGCAATTTTCTGAAA
ATTTTCACCATTTACGAACGATAGCCATGTTGTCACTACGTCAATCTATAAGATTTTTCAAGCCAGCCACAAGAACTTTGTGTAGCTCTAGATATCTGCTTCAGCAAAAACCCATGGT
GAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGC
AAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGC
AGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCT
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GGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAG
AACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACA
ACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTA
CAAGACGACTGAGAATCTTTATTTTC] GAAGATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAGCTCGTATGGCTTGCGTTACCAGC
GCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTGATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTT
ACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCGCGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAG
AAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTGAGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCT
ACCACTCAACTTGTGCATAATAGTATGCCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATA
TGCAGGTGGAGATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGGTGGACTT
ACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCAAGTGGCCTAGTTTTGAGGCAAGGC
TCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGCTCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACAC
ATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGGAGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTG
CGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGTGGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACC
AACCAAGGTAAGCTCCTAGCAATGCTGAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCT
GCGTGAGCGTCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTCGAAGAGGC
AAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTCATCGAAGGCCCATGTGAATAACGCA
CTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTCTTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACG
ATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTGATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCG
TAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAATTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAG
AGACATCTGGTCATTGGCAACTCTGGCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTC
TACTAGTGAATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGCATGCTACTT
ACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGTATGGGTCTAGAACGACAGGATACCAC
ATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTACAATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAA
TTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGAGGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAA
CTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAAATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTC
CAGCAGCGTAATTTGATTAATGAGTATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCA
CCCAAGAGATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGGACGAATTAAC
TTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGCGGCGGACATATAGACTTGTCTGTGAAA
TCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGTAAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAA
TCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCTTGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGT
TGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATCATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCA
GAACACCCCGAGGCTTTCGAGTACTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTG
TATTAATGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGTTTGGATGATTA
CGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAAGCAATGGTGGAACAACCAAATCAGCCGA
GGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTGCCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAG
GTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGGAGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAG
TGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGGGAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCT
GAGGTAAAAACATACGATTTTGTCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGT
CAGCCACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGA( TCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGACAGGTGCCAACGC
CGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGGGATACAAAGTGTCGAAGATTGATGGAAGA
ACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACTAATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGG
ATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTACAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAA
GGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAACACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAG
AGTGTTTCAACCACACTGCTGGAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATC
CAGTCATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTGGAGAGTATAAGCG
ACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCACATTGTAGTCGCCCATAAAGGTGACTCGGGT
ATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGCGAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGA
AGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACTCAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATAT
TGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAGTTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCA
GATAGCGAAGTGGCTAAGCATCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGT
ACTTCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAGGTTGCAGCGGAGCC
AGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCGGAAATTCATAAACATGTATGGGTTTGATCCA
ACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCACCTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGT
TAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCATGCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCT
ACGTGCGAGTGAGAAATCAACAGCAATAATGGGATTTCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGAC
TTGACGTTTGAAGGAGAAAGCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTG
GATTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCACGACTTTGCAACAACA
CCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCACAAAGGGAAGAGCGCATATGTCTTGTGACAACC
AACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGCATATTCTGGAAGCATTGGATTCAARACCAAGGATGGGCAGTGTGGCAGTC
CATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAATTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCA
GGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAAATGCTGACTCAGTATTGT CATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACT
CAACTCATGAGTGAATTGGTGTACTCGCAAAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGGATAGGG
ATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTAGG
ATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCCTATGGAGTGAATGAAGAGCAAATGAAAATATTG
CTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAA
ACGCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACAT
TACAGACATGAGTTTGTCACGCTATGCGTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAGTGGA
ACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGT
TTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTTTTAATATGTCTTATTAG
TCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIb-iGFP

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAG
CTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTG
ATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCG
CGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTG
AGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATG
CCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGA
GATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGG
TGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCA
AGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGC
TCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGG
AGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGT
GGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCT
GAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCG
TCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTC
GAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTC
ATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTC
TTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTG
ATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAA
TTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTG
GCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTG
AATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGC
ATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGT
ATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTAC
AATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGA
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GGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAA
ATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAG
TATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGA
GATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGG
ACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGC
GGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGT
AAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCT
TGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATC
ATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTA
CTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAA
TGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGT
TTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAA
GCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTG
CCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGG
AGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGG
GAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTG
TCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCC
ACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGAC
AGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGG
GATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACT
AATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTA
CAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAA
CACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTG
GAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGT
CATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTG
GAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCAC
ATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGC
GAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACT
CAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAG
TTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCA
TCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACT
TCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAG
GTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCG
GAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCAC
CTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCAT
GCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATT
TCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAA
GCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGA
TTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCAC
GACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCAC
AAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGC
ATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAA
TTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAA
ATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTG
GTGTACTCGCAAGGGGAGAAGATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAA
GTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCC
TCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTC
CAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGG
CATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCA
TCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG
GATCACTCTCGGCATGGACGAGCTGTACAAGACGACTGAGAATCTTTATTTTCAGAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATC
AAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGGATAGGGATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACA
AAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCAC
ACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCCTATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCA
TAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAG
CCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACA
GAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGA
AAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTG
AACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATT
CACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGT
CTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIb-icTPGFP

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAG
CTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGARACCTCTCGTGCAATCATGCACAAACCAGTG
ATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCG
CGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTG
AGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATG
CCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGA
GATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGG
TGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCA
AGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGC
TCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGG
AGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGT
GGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCT
GAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCG
TCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTC
GAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTC
ATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTC
TTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTG
ATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAA
TTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTG
GCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTG
AATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGC
ATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGT
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ATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTAC
AATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGA
GGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAA
ATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAG
TATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGA
GATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGG
ACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGC
GGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGT
AAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCT
TGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATC
ATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTA
CTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAA
TGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGT
TTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAA
GCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTG
CCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAARATCCACAGGACTTCCATACCATTTATCAAAGAGAGGG
AGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGG
GAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTG
TCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAARAAGTCCTCAAAGTGTCAGCC
ACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGAC
AGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGG
GATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACT
AATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGT TGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTA
CAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAA
CACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTG
GAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGT
CATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTG
GAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCAC
ATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGC
GAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACT
CAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAG
TTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCA
TCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACT
TCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAG
GTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCG
GAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCAC
CTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCAT
GCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATT
TCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAA
GCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGA
TTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCAC
GACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCAC
AAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGC
ATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAA
TTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAARATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAA
ATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTG
GTGTACTCGCAAGGGGAGAAGATGGCTTCCTCAGTTCTTTCCTCTGCAGCAGTTGCCACCCGCAGCAATGTTGCTCAAGCTAACATGGTTGCACCTTTCAC
TGGCCTTAAGTCAGCTGCCTCATTCCCTGTTTCAAGGAAGCAAAACCTTGACATCACTTCCATTGCCAGCAACGGCGGAAGAGTGCAATGCATGCAGGTGA
TGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC
GAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGG
CGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCA
AGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGC
AACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCG
CCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGA
GCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAG
CTGTACAAGACGACTGAGAATCTTTATTTTCAGAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGA
GCAGGCTTCAAAGGATAGGGATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGA
GGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGG
CATCAGGCAGTGATGACAGCCTATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAA
TTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGA
CACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGT
TTGTCACGCTATGCGTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAG
TGGAACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTAT
TAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTG
TTGAATGGTATCTTATATGTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGA
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIb-iNLSGFP

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAG
CTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTG
ATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCG
CGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTG
AGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATG
CCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGA
GATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGG
TGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCA
AGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGC
TCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGG
AGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGT
GGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCT
GAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCG
TCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTC
GAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTC
ATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTC
TTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTG
ATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAA
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TTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTG
GCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTG
AATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGC
ATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGT
ATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTAC
AATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGA
GGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAA
ATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAG
TATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGA
GATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGG
ACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGC
GGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGT
AAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCT
TGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATC
ATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTA
CTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAA
TGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGT
TTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAA
GCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTG
CCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGG
AGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGG
GAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTG
TCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCC
ACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGAC
AGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGG
GATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACT
AATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTA
CAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAA
CACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTG
GAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGT
CATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTG
GAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCAC
ATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGC
GAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACT
CAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAG
TTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCA
TCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACT
TCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAG
GTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCG
GAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCAC
CTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCAT
GCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATT
TCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAA
GCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGA
TTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCAC
GACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCAC
AAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGC
ATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAA
TTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAA
ATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTG
GTGTACTCGCARGGGGAGAAGATGCCAAAAAAGAAGAGAAAGGTACCAAAGAAGAAAAGAAAGGTAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGT
GGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGA
AGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATG
AAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGT
GAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACA
ACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCC
GACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGA
GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGACGACTGAGAATCTTTATTTTCAGA
GTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGGATAGGGATGTTAATGCTGGA
ACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACTTGAATCACCTTTT
AGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCCTATGGAGTGAATG
AAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTATGATGGATGGTGAG
GAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGA
GATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGACTTCTATGAGCTAA
CTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTG
GGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTT
TGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTTTTAATATGTCTTA
TTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAA

>TEVANIb-imTPGFP

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAG
CTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTG
ATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCG
CGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTG
AGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATG
CCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGA
GATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGG
TGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCA
AGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGC
TCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGG
AGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGT
GGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCT
GAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCG
TCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTC
GAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTC

104



ATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTC
TTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTG
ATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAA
TTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTG
GCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTG
AATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGC
ATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGT
ATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTAC
AATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGA
GGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAA
ATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAG
TATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGA
GATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGG
ACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGC
GGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGT
AAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCT
TGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATC
ATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTA
CTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAA
TGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGT
TTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAA
GCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTG
CCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGG
AGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGG
GAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTG
TCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCC
ACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGAC
AGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGG
GATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACT
AATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTA
CAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAAAA
CACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTG
GAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGT
CATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTG
GAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCAC
ATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGC
GAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACT
CAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAG
TTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCA
TCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACT
TCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAG
GTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCG
GAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCAC
CTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCAT
GCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATT
TCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAA
GCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGA
TTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCAC
GACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCAC
AAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGC
ATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAA
TTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAARATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAA
ATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTG
GTGTACTCGCAAGGGGAGAAGATGTTGTCACTACGTCAATCTATAAGATTTTTCAAGCCAGCCACAAGAACTTTGTGTAGCTCTAGATATCTGCTTCAGCA
AAAACCCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCG
GCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTG
ACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCAT
CTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGG
AGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTC
AAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCA
CTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCA
TGGACGAGCTGTACAAGACGACTGAGAATCTTTATTTTCAGAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAA
GTCGCTGAGCAGGCTTCAAAGGATAGGGATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCC
AAGGATGAGGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTG
CCGCGTGGCATCAGGCAGTGATGACAGCCTATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACT
TCCCCAAATTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCA
AATTATGACACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAG
ACATGAGTTTGTCACGCTATGCGTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTA
CGAAACAGTGGAACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCA
CACACTATTAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTG
GTCTTGTGTTGAATGGTATCTTATATGTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATG
TAGTGCGAGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIb-acTPGFP-iNLSmCherry

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCTTCCTCAGTTCTTTCCTCTGCAGCAGTTGCCACCCGCAGCAATGTTGCTCAAG
CTAACATGGTTGCACCTTTCACTGGCCTTAAGTCAGCTGCCTCATTCCCTGTTTCAAGGAAGCAAAACCTTGACATCACTTCCATTGCCAGCAACGGCGGA
AGAGTGCAATGEATGCAGGTGATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGETGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAA
GTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGT TCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCC
TCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACT TCTTCAAGTCCGCCATGCCCGAAGGCTACGTC
CAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGG
CATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCA
TCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG
GATCACTCTCGGCATGGACGAGCTGTACAAGACGACTGAGAATCTTTATTTTCAGGGGGAGAAGATGGCACTCATCTTTGGCACAGTCAACGCTAACATCC
TGAAGGAAGTGTTCGGTGGAGCTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGARACCTCTCGT
GCAATCATGCACAAACCAGTGATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCG
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GATGTATTATCTTGGTCGTCGCGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACG
TGGGGCGTGATTCCATTGTTGAGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACT
CAACTTGTGCATAATAGTATGCCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCG
CAAACGCCATATGCAGGTGGAGATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACA
TGTATGGCGAGAGGAAAAGGGTGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAA
TCGAAGCTCACTTTTGGTTCAAGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTC
GGATGGGATGTTGGTGGATGCTCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATAC
CATACTCTAAGAAATTCTTGGAGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTG
ACACAAGCACTTTCACCGTGTGGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCA
AGGTAAGCTCCTAGCAATGCTGAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAA
ATTTGACAGCCTGCGTGAGCGTCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAAT
AAACTAACAGGGGCCGATCTCGAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGG
TTCTTTCAGAAATAAAATCTCATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGG
GTGCACACGCAAAGAGGTTTCTTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGA
AAGCTAGCAATTGGCAATTTGATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTG
CATTTCAATGCGGAATGGTAATTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGAC
ATCTGGTCATTGGCAACTCTGGCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAAC
ATTTTCTTTGCTCTACTAGTGAATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAAC
AATGCAAGATGTTGCAACTGCATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAA
CAATGCATGTTTTGGATTCGTATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTG
GAATCCGAAATGAAAACTTACAATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCT
CATGAAGCAGTTACTTGAGGAGGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGG
CGTTACAAATGTGGTTGCCAAATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAG
CAGCGTAATTTGATTAATGAGTATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTAC
TATTAAGCTGGCCACCCAAGAGATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAA
AGGCTTTGAAGGATGCATGGGACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATC
ATGAAAAACACCGTAGATTGCGGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGT
AAATGGTGGTGCAAGAAAGGTAAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCA
CAGTCTCGAGTGTCCTTTCCTTGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAA
GAGAGCGAGTGGGACAATATCATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGA
ACACCCCGAGGCTTTCGAGTACTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAG
CTTTCATCACACTTGTATTAATGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGG
GAGATCATCTACACGCAGAGTTTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAG
CCTTCCTGGAGTCACTTTTAAGCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCA
GAGATACTGCGGCATCGGTTGCCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCA
TACCATTTATCAAAGAGAGGGAGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTT
CCCAACTTTGAGGATGAGAGGGAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTG
AGGTAAAAACATACGATTTTGTCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGA
AAAGTCCTCAAAGTGTCAGCCACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGA
ATTTGTAAGTTTACAAGGGACAGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTG
GCAAGCTCCTTGTGCAAAAGGGATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAA
AAGCATTTCATAGTCGCAACTAATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGT
GGACAATAGAGCGGTGCAGTACAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTC
GAATTGGCCAAACAAATAAAACACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAG
AGTGTTTCAACCACACTGCTGGAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATT
TGATGGTAGTATGCATCCAGTCATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCT
TATCCTCTTGGCTTACGAGTGGAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCC
TTGCATGAGGAAATTTGGCACATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCA
AACGGATGTGCACTCAATTGCGAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAG
CATTTTCCTTCACAAATTACTCAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAG
GCAAAAGATCAATTGCTAGAGTTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATC
AGATAGCGAAGTGGCTAAGCATCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTG
GATGGATGCTTGCAACGTACTTCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGT
GGGGCTAGAGGGCAATATGAGGTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAG
AGGAATGGGTGCAAAGTCTCGGAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTA
TTGATGAGTCCACAAACGCACCTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTT
AGCACCCACACCACAATCCATGCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAA
ATCAACAGCAATAATGGGATTTCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGG
ACTTGACGTTTGAAGGAGAAAGCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACA
ACATCGTTGTATGGTATTGGATTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGT
ATTCAAGGTCAAGAACACCACGACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAA
AGCTGAAATTTAGAGAGCCACAAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGC
ACATTCCCTTCATCTGATGGCATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGT
TGGTATACACTCAGCATCGAATTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGT
GGGTTAGTGGTTGGCGATTAAATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCG
ACTCAACTCATGAGTGAATTGGTGTACTCGCAAGGGGAGAAGATGCCAAAAAAGAAGAGARAGGTACCAAAGAAGAARAGAAAGGT

TTTATTTTCAGAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGGATAGGGAT
GTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACTT
GAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCCT
ATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTATG
ATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTGA
AGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGACT
TCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTATTTGGTCTT
GATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGTT
TCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTTT
TAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAARAA
AAAAAAAAAAAAAAAAAAAAAAA
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Figure S2. Ratios of GFP fluorescence in the (A) chloroplast, (B) nucleolus and (C)
mitochondria versus cytoplasm in tissues infected by the different recombinant viruses,
as indicated. Error bars indicate standard deviation of three independent measures.
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Abstract

Plants can be engineered to sustainably produce compounds of nutritional,
industrial, or pharmaceutical relevance. This is, however, a challenging task as
complexity of biosynthetic pathways hampers major metabolic changes. Here we
describe the use of a single engineered RNA virus to produce carotenoids, plastidial
pigments with health-promoting properties and industrial interest, outside plastids. We
rewired metabolic circuits by connecting the endogenous plant cytosolic isoprenoid
pathway to a biosynthetic pathway producing the anticancer carotenoid lycopene. We
also showed that plant viruses expressing a bacterial phytoene synthase triggered a
reduction in chlorophylls and an accumulation of carotenoids, hence resulting in a
bright yellow pigmentation of infected tissues in various host-virus combinations. So,
besides illustrating the potential of virus-derived vectors for engineering complex
metabolic pathways and demonstrating the feasibility of producing carotenoids outside
plastids, we also show a carotenoid-based visual reporter that can be used to visually

track infection dynamics of plant viruses.

Research article

Given their photoautotrophic nature and stunning biosynthetic capacity, plants
represent exceptional systems from which to sustainably obtain valuable compounds.
Much interest has been shown in engineering plants to improve their nutritional quality,
to increase the yield of natural compounds, or to produce novel metabolites of industrial
and pharmaceutical interest (O'Connor, 2015). Compounds such as C40 carotenoids are
valuable for both health-promoting and economically-relevant reasons. Generally,
animals cannot synthesize carotenoids but need to take them in their diets as a source of
pigments and essential retinoids (including vitamin A, mainly produced from f-
carotene). In humans, dietary carotenoids such as phytoene, lycopene and lutein have
also been shown to act as health-promoting phytonutrients (Fraser and Bramley, 2004;
Meléndez-Martinez et al., 2015). Carotenoids are widely used in the chemical,
pharmaceutical, cosmetic, and feed and food industries, and thus represent really

interesting targets for biotechnological production.

All photosynthetic organisms and some non-photosynthetic bacteria and fungi

synthesize carotenoids. In plants, carotenoids are produced and stored in plastids
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Figure 1. Schematic overview of the endogenous plant isoprenoid pathways and the virus-enabled
metabolic engineering approach implemented in this study. The endogenous MEP and carotenoid
pathways are localized in the chloroplast. The natural MVVA pathway and the engineered carotenoid
biosynthetic pathway are localized in the cytosol. Solid and dashed arrows represent single or multiple
enzymatic steps, respectively. The steps catalyzed by Pantoea ananatis crtE, crtB and crtl are indicated.
GAP, glyceraldehyde-3-phosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate;
GGPP, geranylgeranyl diphosphate; crtE/GGPPS, GGPP synthase; crtB/PSY, phytoene synthase; crtl,
phytoene desaturase.

(Figure 1). As all isoprenoids, carotenoids derive from the basic C5 building units
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). In the cytosol,
these units are produced by the mevalonate (MVA) pathway and are then used mainly
for the biosynthesis of sterols (Figure 1). In plastids, however, IPP and DMAPP are
produced by the completely unrelated methylerythritol 4-phosphate (MEP) pathway and
used for the production of carotenoids and other photosynthesis-related compounds
(Rodriguez-Concepcion and Boronat, 2002). The condensation of three IPP molecules
with one DMAPP acceptor generates C20 geranylgeranyl diphosphate (GGPP) in a
reaction catalyzed by GGPP synthase (GGPPS). The first committed step of the
carotenoid pathway, catalyzed by the enzyme phytoene synthase (PSY), is phytoene
production from two GGPP molecules. The desaturation and isomerization reactions
catalyzed by at least four enzymes in plants eventually transform the non-colored

phytoene molecule into lycopene, a red carotenoid. Further modifications of lycopene
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subsequently generate P-carotene and derived xanthophylls in one branch of the

pathway and lutein in the other branch (Figure 1).

Carotenoid metabolic engineering in plants has focused on potentiating,
modifying, removing or adding components to the endogenous plastid-localized MEP
and carotenoid pathways (Giuliano, 2014). Regrettably, engineering plant pathways
toward high-level carotenoid biosynthesis has proven extremely challenging given the
extensive multilevel regulatory constraints (Cazzonelli and Pogson, 2010; Ruiz-Sola
and Rodriguez-Concepcion, 2012; Nisar et al., 2015). Furthermore, standard plant
metabolic engineering typically relies on the generation of stable transgenic lines, which
is a time-consuming and resource-intensive process. Development of novel metabolic
engineering approaches, which are easy to implement and operate beyond the
constraints set by evolution should therefore be explored to overcome current
limitations and to optimize production yields. In this context, virus-derived systems
circumvent the need for stable plant transformation and enable the efficient
simultaneous expression of heterologous genes on a timescale of a few days (Sainsbury
and Lomonossoff, 2014).

In our previous work, we induced the biosynthesis of large amounts of
anthocyanins in tobacco (Nicotiana tabacum L.) leaves with a vector derived from
Tobacco etch virus (TEV) that harbors Antirrhinum majus transcription factors Roseal
and Delila (Bedoya et al., 2010; Bedoya et al., 2012; Majer et al., 2013). TEV is a
cytoplasmic replicating plus-strand RNA virus that belongs to the genus Potyvirus in
the family Potyviridae. Potyviruses are useful expression systems in plants for two main
reasons. First, they can accommodate large amounts of extra genetic material in their
elongated and flexuous capsids without losing infectivity (Kelloniemi et al., 2008).
Second, their expression strategy involves the release of different proteins from a large
viral polyprotein by viral-encoded proteases. Insertion into the potyviral genome of
heterologous sequences separated by the sequence motifs targeted by these proteases
allows the production of encoded proteins in equimolar amounts (Carrington et al.,
1993). In the TEV-derived expression system that we developed, the ca. 1.5 kb viral
cistron that codes for the RNA-dependent RNA polymerase nuclear inclusion b (NIb)
was replaced with a cassette that contains the heterologous sequences flanked by the
native cleavage sites of the viral nuclear inclusion a protease (NlaPro). This strategy

increases the space to accommodate extra genes while provided advantages from a
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biosafety viewpoint as the TEV-derived vectors can infect only plants in which NIb is

supplied in trans (Li and Carrington, 1995; Bedoya et al., 2010).

In the present work we dramatically extend the use of viral vectors in plants to
reconstruct an entire heterologous multistep pathway that rewires metabolic circuits to
synthesize carotenoids from cytosolic isoprenoid precursors. We also describe a
carotenoid-based metabolic reporter, which can be very useful as a color-based system
to track the infection dynamics of plant viruses. We demonstrate the excellent
performance of this visual marker in a series of plant-virus combinations, including co-
infection with a previously described anthocyanin-based reporter (Bedoya et al., 2012)
to simultaneously follow the distribution of two different viral infections based on their

clearly distinguishable associated colors.

Results

Redirecting cytosolic isoprenoid biosynthesis to produce extraplastidic lycopene in

tobacco leaves infected with engineered viral vectors

Using the TEV-based system that we previously developed (Bedoya et al., 2010;
Bedoya et al., 2012; Majer et al., 2013), we aimed to explore whether viral vectors
could be used to incorporate completely new metabolic pathways into plant cells. We
chose to engineer a three-enzyme pathway from the soil bacterium Pantoea ananatis
(Misawa et al., 1990) to synthesize the health-promoting carotenoid lycopene in the
cytosol of tobacco leaf cells. Lycopene is a red carotenoid that is easy to track visually
if produced and accumulated at high enough levels (e.g. it provides ripe tomato and
watermelon fruits with their characteristic red color). As MVA-derived IPP and
DMAPP are used mostly to synthesize C15 farnesyl diphosphate for the production of
downstream isoprenoids such as sterols, we hypothesized that enhanced GGPP supply
might be needed for efficient carotenoid biosynthesis in the cytosol. We therefore
incorporated the P. ananatis crtE gene that encodes GGPPS as the first step of the
engineered pathway. The second gene of the pathway was crtB, which encodes PSY.
The third selected gene, crtl, encodes the bacterial enzyme that directly converts

phytoene into lycopene (Figure 1).

A cassette that contains the coding regions of P. ananatis genes crtB, crtl, and

crtE separated by artificial sequences that code for a peptide efficiently cleaved by
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Figure 2. Production of lycopene in the cytosol of the virus-infected plant cells. (A) Schematic
representation of TEV clones TEVANIb and TEVANIb-BIE. TEV cistrons P1, HC-Pro, P3, P3N-PIPO,
6K1, CI, 6K2, VPg, NlaPro and CP are represented by rectangles and the 5 and 3’ untranslated regions
(UTR) by black lines. The NIb cistron is deleted. P. ananatis crtB, crtl and crtE are represented by
yellow, red and orange rectangles, respectively. Lower panel images correspond to representative
systemic leaves of the tobacco plants mock-inoculated or infected with TEVANIb or TEVANIb-BIE.
Pictures were taken at 10 dpi. (B) Analyses by RT-PCR and electrophoresis separation of the viral RNA
that encode crtE, crtB and crtl from the symptomatic systemic leaves infected with TEVANIb or
TEVANIb-BIE. (C) Accumulation of phytoene and lycopene in the tobacco systemic leaves infected with
TEVANIb or TEVANIb-BIE. Metabolites were extracted from infected tissues and analyzed by HPLC.
The average abundance relative to total carotenoid contents in n=4 independent samples is represented.
Error bars indicate SEM. (D) Confocal microscopy detection of chlorophylls and lycopene in the tobacco
leaf cells infected with TEVANIb or TEVANIb-BIE. The overlay images of the autofluorescence emitted
at 650-700 nm (chlorophylls, in red) or at 500-550 nm (lycopene, in green) after excitation at 488 nm are
shown. Cell boundaries were drawn using the corresponding bright field images. Bar, 10 um. (E) Light
microscopy observation of red lycopene crystals (marked with arrows) in vascular cells from the leaves
infected with TEVANIb-BIE. Bar, 10 pm.

(

NIaPro, was inserted into the TEV vector to generate viral clone TEVANIb-BIE
(Figure 2A and Supplementary Figure 1).This recombinant virus was used to inoculate
tobacco plants that constitutively express the viral NIb protein (Li and Carrington,
1995). As a control, we used an empty viral vector that expressed no recombinant
protein (TEVANIb; Figure 2A and Supplementary Figure 1). At 10 days post-
inoculation (dpi), systemic (noninoculated) leaves from the plants infected with

TEVANIb-BIE exhibited spots and areas with a distinctly red coloration, suggestive of
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lycopene accumulation (Figure 2A). RNA analysis via specifically designed primers
and reverse transcription-polymerase chain reactions (RT-PCR) indicated that crtE, crtB
and crtl were expressed in these tissues (Figure 2B). More importantly, HPLC analysis
revealed the presence of phytoene (the product of crtB) and high lycopene levels in the
leaf areas infected with TEVANIb-BIE, but not in those infected with the empty
TEVANIDb vector (Figure 2C). Lycopene is an intermediate of the carotenoid pathway
that is readily converted into lutein, P-carotene and downstream xanthophylls in
chloroplasts (Figure 1), and normally goes undetected given its very low abundance in
tobacco leaves (Mann et al., 2000; Wurbs et al., 2007; Hasunuma et al., 2008; Lu et al.,
2013). In leaves infected with TEVANIb-BIE, however, lycopene comprised
approximately 10% of the total carotenoid content in the symptomatic red tissues
(Figure 2C). A microscopic examination of the red-colored arcas of the TEVANIb-BIE-
infected leaves revealed the presence of extraplastidic needle-like-shaped structures that
were not present in the TEVANIb-infected leaf cells. It was deduced that these
structures corresponded to lycopene crystals according to their autofluorescence
properties (Figure 2D) (D'Andrea et al., 2014), and their distinctive red color (Figure
2E). Some of these crystals were considerably large in size, and exceeded the diameter
of chloroplasts by many times (Figure 2D and E), which reinforces the hypothesis of
extraplastidial biosynthesis and localization. In agreement with this conclusion, green
fluorescent protein (GFP)-tagged versions of the individual enzymes used in the
synthetic pathway were confirmed to be excluded from chloroplasts in transient

expression assays (Supplementary Figure 2).

A vellow visual marker to track the dynamics of virus infection in plants

To gain further insight into the virally expressed heterologous pathway, we
constructed three recombinant TEV clones in which each P. ananatis biosynthetic
enzyme was expressed alone (Figure 3A and Supplementary Figure 1). The Nlb-
expressing tobacco plants were inoculated with these recombinant viruses, and a few
dpi plants started to show typical symptoms of TEV infection. The tissues infected with
TEVANIb-B exhibited a bright yellow coloration at 10 dpi (Figure 3A). No difference
in coloration was noted between the tissues infected with TEVANIb-E or TEVANIb-I
and the control tissues infected with TEVANID (Figure 3A). Stems of the plants infected
with TEVANIb-B also exhibited a distinctive yellow pigmentation that was not
observed in the tissues infected with TEVANIb (Figure 3B). This was unexpected
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Figure 3. A yellow visual marker to track plant virus infection. (A) Schematic presentation of viral
clones TEVANIb, TEVANIb-E, TEVANIb-B, and TEVANIb-I. Pictures in the lower part of the panel
show systemic leaves of representative tobacco plants mock-inoculated or infected with TEVANIb,
TEVANIb-E, TEVANIb-B, and TEVANIb-I. (B) Visual symptoms in systemic leaves and stems of
tobacco plants infected with TEVANIb or TEVANIb-B. (C) Carotenoid and chlorophyll contents of
tobacco leaves either infected with the indicated virus clones or treated with a mock solution. The
average content in symptomatic systemic leaves from n=4 independent plants at 10 dpi is represented.

because phytoene, the direct product of crtB activity (Figure 1), is colorless.
Interestingly, HPLC analysis of the carotenoid profile of the infected leaves showed that
TEVANIb-B stimulated the accumulation of higher levels of chloroplastic (i.e.
endogenous) carotenoids compared to empty vector control TEVANIb (Figure 3C). In
particular, the orange carotenoid [3-carotene and the yellow carotenoid lutein (Figure 1)
were 70-75% more abundant in the symptomatic TEVANIb-B-infected yellow tissues
(Figure 3C). These tissues also presented an approximate 50% concomitant reduction in
chlorophylls (Figure 3C). A similar reduction in chlorophylls, but also in carotenoids,
was observed when comparing the tissues infected with the empty TEVANIb vector to
those from the mock-inoculated plants (Figure 3C). This indicates that chloroplast
functions are negatively impacted by viral infection. Collectively, these findings
suggested that the yellow pigmentation that derived from the virus-mediated expression

of crtB was caused by a combination of factors, including viral infection, which caused
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Figure 4. Simultaneous visual tracking of co-infecting plant viruses using crtB and Roseal markers.
Schematic presentation of recombinant clones TEV-crtB and TEV-Rosl. The crtB and Roseal (Rosl)
markers are represented with yellow and red boxes, respectively. Other details are as in Figure 2A. The
lower left picture shows representative systemic leaves from the tobacco plants infected with wild-type
TEV (TEV-wt) or co-infected with TEV-crtB and TEV-Rosl at 15 dpi. The lower right picture is a
magnification of a representative newly grown tobacco leaf co-infected with recombinant TEV viruses
that harbor the crtB and Roseal markers at 25 dpi.

chlorosis due to a reduction in the levels of photosynthetic pigments, and crtB activity,

which triggered increased carotenoid content.

Regardless of the molecular mechanism that caused the yellow pigmentation
observed in the plants infected with TEVANIb-B, we reasoned that P. ananatis crtB
could be used as a reporter marker to visually track virus infection in plants. We
previously described how the use of the transcription factor Roseal from A. majus (an
activator of anthocyanin biosynthesis) allowed us to visually monitor infection
dynamics in some plant-virus combinations based on the reddish color of the cells that
accumulate anthocyanins (Bedoya et al., 2010; Bedoya et al., 2012; Majer et al., 2013).
To evaluate whether the simultaneous use of these two color-based visual markers could
actually serve to monitor the infection of two different virus populations, we
constructed a new TEV-crtB clone by inserting the sequence coding for crtB between
the NIb and CP (coat protein) cistrons in the TEV genome (Figure 4 and Supplementary
Figure 3), in exactly the same position as the Roseal gene in the TEV-Rosl clone
(Figure 4 and Supplementary Figure 3) (Bedoya et al., 2012; Majer et al., 2013). Note
that, unlike the above-described TEVANIb-B, the TEV-crtB construct contains the full-
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length TEV genome, including NIb. As in TEV-Ros1, the crtB gene is also flanked by
artificial sequences to promote its proteolytic processing from the viral polyprotein
(Supplementary Figure 3). The third true leaves of wild-type tobacco plants were
inoculated with both TEV-crtB and TEV-Ros1, with each recombinant virus in one half
of the same leaf. After 4 days, plants started to show symptoms of infection and the
symptomatic tissues became pigmented approximately two days later. Depending on
which recombinant virus (TEV-crtB or TEV-Ros1) invaded the tissue, both inoculated
and systemic symptomatic tissues showed alternative yellow or red coloration (Figure
4). Yellow and red spots nicely marked the particular tissue sections colonized by

different viruses in systemic newly grown leaves at 25 dpi (Figure 4).

Then, we wondered whether P. ananatis crtB could be used as a more general
marker in different plant-virus combinations. To answer this question, we constructed
recombinant clones of two viruses that belong to different families: Tobacco mosaic
virus (TMV; family Virgaviridae) and Potato virus X (PVX; family Flexiviridae), both
of which harbored the crtB marker. The resulting clones, TMV-crtB and PVX-crtB
(Figure 5A and Supplementary Figure 3), as well as TEV-crtB, were used to inoculate
Nicotiana benthamiana plants. A few days later, plants developed symptoms of
infection and the symptomatic tissues subsequently turned yellow (Figure 5A). The
intensity and extension of yellow pigmentation differed according to virus, which
indicate that each species has its particular infection dynamics in N. benthamiana. We
also analyzed whether the crtB marker was useful for tracking virus infection in an
important crop like tomato (Solanum lycopersicum L.) and in the model plant
Arabidopsis thaliana. After inoculation with TEV-crtB, the symptomatic tissues of both
the tomato (Figure 5B) and A. thaliana (Figure 5C) plants exhibited yellow coloration
clearly discernible to the naked eye. Finally, we also analyzed the behavior of the new
marker in cucurbitaceous plants, a family that includes many important crops. Cucurbits
do not have the full anthocyanin pathway (Tadmor et al., 2010), and our own previous
observations have indicated that the Roseal marker does not function in this family. To
test whether the crtB marker could be extended to track virus infection in cucurbits, we
constructed two recombinant clones of Zucchini yellow mosaic virus (ZYMV; genus
Potyvirus, family Potyviridae) that harbor the sequences, which encode either crtB
(ZYMV-crtB) or Roseal (ZYMV-Rosl) (Figure 5D and Supplementary Figure 3).

Zucchini (Cucurbita pepo L.) plantlets were inoculated with both recombinant viruses,
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Figure 5. Performance of the crtB marker in different virus and plant species. (A) Schematic presentation
of recombinant clones TMV-crtB and PVX-crtB. RNA-dependent RNA polymerase (RdRp), movement
protein (MP), coat protein (CP) and triple gene block (TGB) proteins are represented by open boxes. 5’
and 3’ UTRs are represented by lines. crtB is denoted by a yellow box. The pictures in the lower part of
the panel show N. benthamiana plants (left) and representative leaves from these plants (right) mock-
inoculated or inoculated with TEV-crtB, TMV-crtB or PVX-crtB at 15 dpi. (B) Leaves from tomato
plants mock-inoculated or infected with TEV-crtB at 15 dpi. (C) A. thaliana plants mock-inoculated or
infected with TEV-crtB at 15 dpi. (D) Schematic presentation of the recombinant ZYMYV clones tagged
with crtB or Roseal. Details are as in Figure 2A and 4A. Pictures in the lower part of the panel show
representative zucchini plants (left) and leaves from these plants (right) mock-inoculated or infected with
wild-type ZYMV (ZYMV-wt), ZYMV-Rosl or ZYMV-crtB at 11 dpi.
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and also with an untagged virus control. Some days later, all the inoculated plants
developed symptoms of infection, but marker specific coloration was observed only for
ZYMV-crtB (Figure 5D).

Discussion

Engineering plant metabolism to produce compounds of nutritional, industrial,
or pharmaceutical relevance remains an important goal given the economic benefit of
using sunlight to fuel sustainable production methods. However, this is currently a
challenging process that is often hampered by the highly complex regulation of plant
metabolism. Orthogonal systems, which are mechanistically and spatially separated
from those hardwired by evolution and tightly regulated by the host, can potentially
operate with improved performance. The feasibility and efficiency of our orthogonal
approach was confirmed by the overproduction of lycopene and its accumulation as
cytosolic crystals in tobacco leaf cells to levels that represented approximately 10% of
total leaf carotenoid content (Figure 2). Most carotenoids, including lycopene, are
highly hydrophobic and, hence, precipitate and form crystals when massively
accumulated (Li et al., 2001; Maass et al., 2009; Cao et al., 2012; Yuan et al., 2015). In
ripe tomato fruits and watermelons, for instance, lycopene naturally accumulates in the
form of crystals (Yuan et al., 2015). It was not previously known, or expected, that
lycopene biosynthesis could be efficient enough in the cytosol of plant cells for crystals
to eventually form. The transient expression and localized distribution of the used viral
vector did not compromise plant survival, while allowing high carotenoid production in
the cytosol. Nonetheless in our experiments, the red tissues that accumulated lycopene
soon became necrotized, possibly because lycopene is not normally produced in the
plant cell cytosol, and overaccumulation of such a lipophilic compound in crystals, or

its association with cell membranes, may cause undesired effects on cell functions.

The fact that the TEV-mediated cytosolic expression of crtB turned infected
tissue into a bright yellow color (Figure 3) was an unexpected observation. Virus-
infected plants show strong metabolic alterations and typically display symptoms such
as chlorosis and necrosis. In particular, chloroplasts and photosynthesis have been
widely recognized as common targets by many plant viruses (Li et al., 2015), and
eventually result in low levels of photosynthetic pigments (chlorophylls and

carotenoids), as we observed in the tissues infected with the empty vector (TEVANIb)
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(Figure 3). The increased production of chloroplast carotenoids observed in tissues
infected with crtB-producing viruses, however, is more complex to explain and will

require further experimental insights in order to unveil the exact underlying mechanism.

The tissue pigmentation caused by virus-mediated crtB expression aroused a
second, and initially unanticipated, goal of the research herein; that is, its use as a visual
marker to track infection dynamics of plant viruses. Tracking plant viruses with reporter
genes has contributed significantly to our understanding of the infection process, and
has helped to decipher the role of host factors and to screen resistance genes. Most
current reporter marker systems used in plant virology rely on fluorescent proteins
(Tilsner and Oparka, 2010), which require specialized instrumentation for detection
purposes. A visual marker, unlike fluorescent proteins, facilitates high-throughput
screenings and allows continuous monitoring of the infectious process (Bedoya et al.,
2012; Majer et al., 2013). Previous reports showed that TMV-mediated expression of
tomato PSY or pepper capsanthin-capsorubin synthase induced yellow pigmentation in
infected tissues, although these plant enzymes were expressed including their
corresponding transit peptides to target the chloroplasts. Authors recognized the utility
of these visual markers in the analysis of viral insert stability, replication and movement
(Kumagai et al., 1995; Kumagai et al., 1998). We previously demonstrated the
effectiveness of plant metabolism-based reporter systems. Activating the biosynthesis of
anthocyanins with A. majus transcription factor Roseal has well revealed the infected
tissues with a reddish coloration in many plant-virus combinations (Bedoya et al., 2012,
Majer et al., 2013). Pigment accumulation is cell-autonomous and occurs only in those
tissues where the virus replicates. The Roseal visual marker is also quantitative and the
amount of anthocyanins correlates with viral load. The addition of a second reporter
gene that functions upon the utilization of a different metabolic pathway and displays an
alternative output color clearly extends the experimental possibilities of the visual
system, and allows the infection dynamics of two different viruses or of two different
strains of the same virus in co-infected plants to be tracked (Figure 4). Our results
indicated crtB to be a very versatile and robust marker that is capable of inducing
yellow coloration when used with several viruses of different genus and families,
including TEV, TMV, PVX, and ZYMV (Figure 5). Most interestingly, it works in a
wide variety of host species, including model plants A. thaliana and tomato (Figure 5).

Our experiments with cucurbitaceous plants showed that crtB may be a more general
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marker than Roseal because, unlike the ubiquitous presence of the carotenoid pathway
in plants, some taxonomic groups totally or partially lack the anthocyanin pathway
(Tadmor et al., 2010).

In summary, we herein engineered a heterologous complete pathway in an easy-
to-manipulate viral vector and rewired the plant cell metabolism for efficient
extraplastidic lycopene production, a valuable carotenoid present in minute quantities in
leaves. Overall, the modification of plant metabolism by using engineered viruses offers
a means of achieving compounds of nutritional or economic interest in a cost-effective
and scalable manner. Further advances should combine the use of virus-derived vectors
with stable genetic transformation, and even with the remodeling of the subcellular
architecture in increasingly sophisticated engineering approaches. While our study joins
others in demonstrating the enormous potential of viral vectors for engineering
metabolic pathways in plants (Kumagai et al., 1995; Kumagai et al., 1998; Bedoya et
al., 2010; Sainsbury et al., 2012; Kanagarajan et al., 2012; Mozes-Koch et al., 2012;
Zhang et al., 2013; Nielsen et al.,, 2013; Geisler et al., 2013; Sainsbury and
Lomonossoff, 2014), we take a step forward by demonstrating that carotenoids can be
efficiently produced and can accumulate outside plastids in plant cells, which represents
a new way for future biotechnological approaches. We also show that P. ananatis crtB
is an excellent visual marker for tracking infection dynamics of different viruses on
several plant species, and that it can be combined with the Roseal marker in
experiments with two different output colors.

Methods

Plasmid clones

Plasmid pGTEVa (Bedoya et al., 2012) contains the cDNA of an infectious
wild-type TEV (TEV-wt), with GenBank accession number DQ986288, but including
two silent and neutral mutations, G273A and A1119G, flanked by Cauliflower mosaic
virus (CaMV) 35S promoter and terminator in a binary vector that derives from
pCLEAN-G181 (Thole et al., 2007). This plasmid was used as a parental to construct
plasmids with TEV clones TEVANIb, TEVANIb-BIE, TEVANIb-E, TEVANIb-B,
TEVANIb-I, by standard molecular biology techniques, including PCR amplification
with high-fidelity Phusion DNA polymerase (Thermo Scientific); DNA assembly by
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digestion with type-IIS restriction enzyme Bsal-HF (New England Biolabs), followed
by ligation with T4 DNA ligase (Thermo Scientific) (Engler et al., 2009); and Gibson
DNA assembly (Gibson et al., 2009) with the NEBuilder HiFi DNA Assembly Master
Mix (New England Biolabs). P. ananatis crtE, crtB and crtl were amplified from
plasmid pACCRT-EIB (Cunningham et al., 1993). The sequences of TEVANIb and all
the recombinant TEVANIb-derived clones are seen in Supplementary Figure 1. A
plasmid with recombinant clone TEV-crtB (Supplementary Figure 3) was also
constructed from parental plasmid pGTEVa. Viral clone TEV-Ros1, which includes A.
majus Roseal between the Nlb and CP cistron (Supplementary Figure 3), was contained
in the previously described plasmid pGTEV-Ros1(NIb/CP) (Bedoya et al., 2012). Viral
clone TMV-crtB (Supplementary Figure 3) derives from the TMV 30B expression
vector, which includes the 3° end of Tobacco mild green mosaic virus (Shivprasad et
al., 1999). It was constructed in a binary plasmid that derived from pCLEAN-G181,
including the CaMV 35S promoter and terminator and a ribozyme to produce the 3’ end
of the viral RNA that derived from that of the minus strand of the human Hepatitis delta
virus (Schurer et al., 2002). Viral clone PVX-crtB (Supplementary Figure 3) was
constructed by starting from pgR107 (Lu et al., 2003), but recombinant crtB was
expressed from a heterologous promoter that derived from Bamboo mosaic virus and
contained the deletion of the 29 initial codons of PVX CP (Dickmeis et al., 2014).
Plasmid pGZYMV, which contained a ZYMV (Supplementary Figure 3) infectious
clone (GenBank accession number pending), was also a derivative of pCLEAN-G181,
including the CaMV 35S promoter and terminator. This plasmid was used to construct
recombinant clones ZYMV-crtB and ZYMV-Ros1 (Supplementary Figure 3). For the
transient expression in N. benthamiana leaves, full-length crtg, crtB and crtl sequences
were amplified from pACCRT-EIB and cloned into plasmid pDONR207 by the
Gateway technology (Invitrogen). Sequences were then subcloned into plasmid
pGWBA405 to obtain fusions with a carboxy-terminal GFP tag (Nakagawa et al., 2007).
The sequences of all the plasmids were confirmed by standard DNA sequencing

techniques.

Plant inoculation

The plasmids that contained the different viral clones were electroporated into
Agrobacterium tumefaciens C58C1, which carried helper plasmid pCLEAN-S4837. The

cultures of transformed A. tumefaciens were used to agroinoculate N. benthamiana
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plants (Nakagawa et al., 2007) that were cultivated in a growth chamber at 25°C with a
12-h photoperiod. As soon as symptoms were detected in systemic tissue, aliquots of
symptomatic tissue were collected and stored frozen at —80°C. The crude extracts from
these aliquots were used to mechanically inoculate 4-week-old N. tabacum cv. Xanthi
nc, 5-week-old N. benthamiana, 4-week-old A. thaliana ecotype Landsberg erecta, 3-
week-old tomato cv. Marglobe and 12-day-old zucchini cv. MU-CU16 plants, as
previously described (Bedoya and Daros, 2010). The transient expression in the N.

benthamiana leaves was performed as described elsewhere (Sparkes et al., 2006).

Analysis of metabolites in infected tissues

Carotenoids and chlorophylls were extracted from 4 mg of lyophilized tobacco
leaf tissue using 1 ml cold extraction solvent, and were analyzed by HPLC in an Agilent
1200 series HPLC system (Agilent Technologies), as previously described (Llorente et
al., 2016).

RNA analysis

Leaf samples of the symptomatic tissue infected with TEVANIb or TEVANIb-
BIE were harvested and total RNA was extracted with the Maxwell 16 LEV
simplyRNA Tissue Kit (Promega) according to the manufacturer’s instructions. Purified
RNAs were quantified by spectroscopy in a NanoDrop apparatus (Thermo Scientific)
and RNA integrity was evaluated by agarose gel electrophoresis. The First Strand
cDNA Synthesis Kit (Roche) was used to generate cDNA according to the
manufacturer’s instructions, with random primers and 1 pg of total RNA. The PCR
reactions for crtE, crtB and crtl detection were performed with the Go Taq Green
Master Mix (Promega) and primers Pa.crteE-F (5’-AACTGCTGGACGATTTGACC-3");
Pa.crtE-R (5’-CTCGGGCCTAACAGATTGAC-3"); Pa.crtB-F (5’-CTACGGCGA-
AGCAGGTTTAC-3’); Pa.crtB-R (5-GCAGCAGCGTTAATTTTTCG-3’); Pa.crtl-F
(5’-ATTACATGCCTGGCTTACGG-3’); and Pa.crtl-R (5-GCTCCACAGAAAAGG-
CTGAG-3). PCR products were analyzed by electrophoresis on 3% agarose gels and

stained with ethidium bromide.

Microscopic analyses

Lycopene and chlorophyll detection in the N. tabacum tissues infected with
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TEVANIb-BIE was performed as previously described (D'Andrea et al., 2014). Light
microscopy was done under a Zeiss Axiophot microscope. GFP and chlorophyll
fluorescence was detected in the agroinfiltrated N. benthamiana leaves under a Leica

TCS SP5 confocal laser scanning microscope.
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Chapter I

Supporting information

Figure S1. Full sequence of the viral vector TEVANIb and their derived recombinant
clones TEVANIb-BIE, TEVANIb-E, TEVANIb-B and TEVANIb-l. TEV sequence
corresponds to Genbank accession number DQ986288 including two silent mutations
(G273A and A1119G, in red). Limits between TEV cistrons are marked on blue
background. cDNAs corresponding to P. ananatis crtB, crtl and crtE are on yellow, red
and olive backgrounds, respectively. In the inserted cDNAs, sequences corresponding to

native and artificial TEV NlaPro cleavage sites are in black or blue, respectively.

>TEVANIb

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAG
CTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTG
ATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCG
CGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTG
AGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATG
CCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGA
GATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGG
TGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCA
AGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGC
TCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGG
AGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGT
GGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCT
GAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCG
TCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTC
GAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTC
ATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTC
TTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTG
ATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAA
TTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTG
GCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTG
AATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGC
ATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGT
ATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTAC
AATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGA
GGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAA
ATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAG
TATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGA
GATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGG
ACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGC
GGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGT
AAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCT
TGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATC
ATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTA
CTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAA
TGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGT
TTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAA
GCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTG
CCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGG
AGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGG
GAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTG
TCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCC
ACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGAC
AGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGG
GATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACT
AATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTA
CAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAARA
CACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTG
GAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGT
CATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTG
GAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCAC
ATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGC
GAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACT
CAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAG
TTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCA
TCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACT
TCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAG
GTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCG
GAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCAC
CTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCAT
GCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATT
TCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAA
GCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGA
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TTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCAC
GACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCAC
AAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGC
ATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAA
TTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAA
ATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTG
GTGTACTCGCAAAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGAGCAGGCTTCAAAGGATAGGGA
TGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGAGGGGAGAGGTGGTTGTAAACT
TGAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGGCATCAGGCAGTGATGACAGCC
TATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAAAATGGGACTTCCCCAAATTTGAACGGAACTTGGGTTAT
GATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGACACACTTCAGTGACCTGGCTG
AAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGTTTGTCACGCTATGCGTTCGAC
TTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAGTGGAACTAGGTTATTTGGTCT
TGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTATTAGGGGTCCGCCAGTGATAGT
TTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTGTTGAATGGTATCTTATATGTT
TTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGAGAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAA

>TEVANIDb-BIE (insert between possitions 6981-6982 of TEVANIb)
GGGGAGAAGATGAATAATCCGTCGTTACTCAATCATGCGGTCGAAACGATGGCAGTTGGCTCGARAAGTTTTGCGACAGCCTCAAAGTTATTTGATGCAAA
AACCCGGCGCAGCGTACTGATGCTCTACGCCTGGTGCCGCCATTGTGACGATGTTATTGACGATCAGACGCTGGGCTTTCAGGCCCGGCAGCCTGCCTTAC
AAACGCCCGAACAACGTCTGATGCAACTTGAGATGAAAACGCGCCAGGCCTATGCAGGATCGCAGATGCACGAACCGGCGTTTGCGGCTTTTCAGGAAGTG
GCTATGGCTCATGATATCGCCCCGGCTTACGCGTTTGATCATCTGGAAGGCTTCGCCATGGATGTACGCGAAGCGCAATACAGCCAACTGGATGATACGCT
GCGCTATTGCTATCACGTTGCAGGCGTTGTCGGCTTGATGATGGCGCAAATCATGGGCGTGCGGGATAACGCCACGCTGGACCGCGCCTGTGACCTTGGGL
TGGCATTTCAGTTGACCAATATTGCTCGCGATATTGTGGACGATGCGCATGCGGGCCGCTGTTATCTGCCGGCAAGCTGGCTGGAGCATGAAGGTCTGAAC
AAAGAGAATTATGCGGCACCTGAAAACCGTCAGGCGCTGAGCCGTATCGCCCGTCGTTTGGTGCAGGAAGCAGAACCTTACTATTTGTCTGCCACAGCCGG
CCTGGCAGGGTTGCCCCTGCGTTCCGCCTGGGCAATCGCTACGGCGAAGCAGGTTTACCGGAAAATAGGTGTCAAAGTTGAACAGGCCGGTCAGCAAGCCT
GGGATCAGCGGCAGTCAACGACCACGCCCGAAAAATTAACGCTGCTGCTGGCCGCCTCTGGTCAGGCCCTTACTTCCCGGATGCGGGCTCATCCTCCCCGC
CCTGCGCATCTCTGGCAGCGCCCGCTCACGACTGAAAACTTGTACTTCCAAAGCGGCACT)

ACTACAGAGAACCTCTACTTTCAATCAGGTACA

IACGACTGAGAATCTTTATTTTCAG

>TEVANIb-E (insert between possitions 6981-6982 of TEVANIDb)

IACGACTGAGAATCTTTATTTTCAG

>TEVANIb-B (insert between possitions 6981-6982 of TEVANIDb)
GGGGAGAAGATGAATAATCCGTCGTTACTCAATCATGCGGTCGAAACGATGGCAGTTGGCTCGAAAAGTTTTGCGACAGCCTCAAAGTTATTTGATGCAAA
AACCCGGCGCAGCGTACTGATGCTCTACGCCTGGTGCCGCCATTGTGACGATGTTATTGACGATCAGACGCTGGGCTTTCAGGCCCGGCAGCCTGCCTTAC
AAACGCCCGAACAACGTCTGATGCAACTTGAGATGAAAACGCGCCAGGCCTATGCAGGATCGCAGATGCACGAACCGGCGTTTGCGGCTTTTCAGGAAGTG
GCTATGGCTCATGATATCGCCCCGGCTTACGCGTTTGATCATCTGGAAGGCTTCGCCATGGATGTACGCGAAGCGCAATACAGCCAACTGGATGATACGCT
GCGCTATTGCTATCACGTTGCAGGCGTTGTCGGCTTGATGATGGCGCAAATCATGGGCGTGCGGGATAACGCCACGCTGGACCGCGCCTGTGACCTTGGGC
TGGCATTTCAGTTGACCAATATTGCTCGCGATATTGTGGACGATGCGCATGCGGGCCGCTGTTATCTGCCGGCAAGCTGGCTGGAGCATGAAGGTCTGAAC
AAAGAGAATTATGCGGCACCTGAAAACCGTCAGGCGCTGAGCCGTATCGCCCGTCGTTTGGTGCAGGAAGCAGAACCTTACTATTTGTCTGCCACAGCCGG
CCTGGCAGGGTTGCCCCTGCGTTCCGCCTGGGCAATCGCTACGGCGAAGCAGGTTTACCGGAAAATAGGTGTCAAAGTTGAACAGGCCGGTCAGCAAGCCT
GGGATCAGCGGCAGTCAACGACCACGCCCGAAAAATTAACGCTGCTGCTGGCCGCCTCTGGTCAGGCCCTTACTTCCCGGATGCGGGCTCATCCTCCCCGL
CCTGCGCATCTCTGGCAGCGCCCGCTCACGACTGAGAATCTTTATTTTCAG

>TEVANIb-I (insert between possitions 6981-6982 of TEVANIDb)
GGGGAGAAG
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IACGACTGAGAATCTTTATTTTCAG

Figure S2. Subcellular localization of the indicated GFP-tagged proteins in
agroinfiltrated N. benthamiana leaves visualized by confocal microscopy. A mock-
treated control and an empty vector control (with only the GFP protein) are also shown.
Chlorophyll autofluorescence (in red); GFP fluorescence (in green) and merged images

of both are shown. Bar, 10 um.

Chlorophyll GFP Merge

Control

GFP

crtE-GFP

crtB-GFP

crtl-GFP
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Figure S3. Full sequences of virus clones TEV-wt, TEV-crtB, TEV-Rosl, TMV-crtB,
PVX-crtB, ZYMV-wt, ZYMV-crtB and ZYMV-Rosl. Some details of each particular

virus clone are indicated below each sequence.

>TEV-wt

AAAATAACAAATCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTCTATTGCAGCAATTTAAATCATTTCTTTTAAAGCA
AAAGCAATTTTCTGAAAATTTTCACCATTTACGAACGATAGCCATGGCACTCATCTTTGGCACAGTCAACGCTAACATCCTGAAGGAAGTGTTCGGTGGAG
CTCGTATGGCTTGCGTTACCAGCGCACATATGGCTGGAGCGAATGGAAGCATTTTGAAGAAGGCAGAAGAAACCTCTCGTGCAATCATGCACAAACCAGTG
ATCTTCGGAGAAGACTACATTACCGAGGCAGACTTGCCTTACACACCACTCCATTTAGAGGTCGATGCTGAAATGGAGCGGATGTATTATCTTGGTCGTCG
CGCGCTCACCCATGGCAAGAGACGCAAAGTTTCTGTGAATAACAAGAGGAACAGGAGAAGGAAAGTGGCCAAAACGTACGTGGGGCGTGATTCCATTGTTG
AGAAGATTGTAGTGCCCCACACCGAGAGAAAGGTTGATACCACAGCAGCAGTGGAAGACATTTGCAATGAAGCTACCACTCAACTTGTGCATAATAGTATG
CCAAAGCGTAAGAAGCAGAAAAACTTCTTGCCCGCCACTTCACTAAGTAACGTGTATGCCCAAACTTGGAGCATAGTGCGCAAACGCCATATGCAGGTGGA
GATCATTAGCAAGAAGAGCGTCCGAGCGAGGGTCAAGAGATTTGAGGGCTCGGTGCAATTGTTCGCAAGTGTGCGTCACATGTATGGCGAGAGGAAAAGGG
TGGACTTACGTATTGACAACTGGCAGCAAGAGACACTTCTAGACCTTGCTAAAAGATTTAAGAATGAGAGAGTGGATCAATCGAAGCTCACTTTTGGTTCA
AGTGGCCTAGTTTTGAGGCAAGGCTCGTACGGACCTGCGCATTGGTATCGACATGGTATGTTCATTGTACGCGGTCGGTCGGATGGGATGTTGGTGGATGC
TCGTGCGAAGGTAACGTTCGCTGTTTGTCACTCAATGACACATTATAGCGACAAATCAATCTCTGAGGCATTCTTCATACCATACTCTAAGAAATTCTTGG
AGTTGAGGCCAGATGGAATCTCCCATGAGTGTACAAGAGGAGTATCAGTTGAGCGGTGCGGTGAGGTGGCTGCAATCCTGACACAAGCACTTTCACCGTGT
GGTAAGATCACATGCAAACGTTGCATGGTTGAAACACCTGACATTGTTGAGGGTGAGTCGGGAGACAGTGTCACCAACCAAGGTAAGCTCCTAGCAATGCT
GAAAGAACAGTATCCAGATTTCCCAATGGCCGAGAAACTACTCACAAGGTTTTTGCAACAGAAATCACTAGTAAATACAAATTTGACAGCCTGCGTGAGCG
TCAAACAACTCATTGGTGACCGCAAACAAGCTCCATTCACACACGTACTGGCTGTCAGCGAAATTCTGTTTAAAGGCAATAAACTAACAGGGGCCGATCTC
GAAGAGGCAAGCACACATATGCTTGAAATAGCAAGGTTCTTGAACAATCGCACTGAAAATATGCGCATTGGCCACCTTGGTTCTTTCAGAAATAAAATCTC
ATCGAAGGCCCATGTGAATAACGCACTCATGTGTGATAATCAACTTGATCAGAATGGGAATTTTATTTGGGGACTAAGGGGTGCACACGCAAAGAGGTTTC
TTAAAGGATTTTTCACTGAGATTGACCCAAATGAAGGATACGATAAGTATGTTATCAGGAAACATATCAGGGGTAGCAGAAAGCTAGCAATTGGCAATTTG
ATAATGTCAACTGACTTCCAGACGCTCAGGCAACAAATTCAAGGCGAAACTATTGAGCGTAAAGAAATTGGGAATCACTGCATTTCAATGCGGAATGGTAA
TTACGTGTACCCATGTTGTTGTGTTACTCTTGAAGATGGTAAGGCTCAATATTCGGATCTAAAGCATCCAACGAAGAGACATCTGGTCATTGGCAACTCTG
GCGATTCAAAGTACCTAGACCTTCCAGTTCTCAATGAAGAGAAAATGTATATAGCTAATGAAGGTTATTGCTACATGAACATTTTCTTTGCTCTACTAGTG
AATGTCAAGGAAGAGGATGCAAAGGACTTCACCAAGTTTATAAGGGACACAATTGTTCCAAAGCTTGGAGCGTGGCCAACAATGCAAGATGTTGCAACTGC
ATGCTACTTACTTTCCATTCTTTACCCAGATGTCCTGAGTGCTGAATTACCCAGAATTTTGGTTGATCATGACAACAAAACAATGCATGTTTTGGATTCGT
ATGGGTCTAGAACGACAGGATACCACATGTTGAAAATGAACACAACATCCCAGCTAATTGAATTCGTTCATTCAGGTTTGGAATCCGAAATGAAAACTTAC
AATGTTGGAGGGATGAACCGAGATATGGTCACACAAGGTGCAATTGAGATGTTGATCAAGTCCATATACAAACCACATCTCATGAAGCAGTTACTTGAGGA
GGAGCCATACATAATTGTCCTGGCAATAGTCTCCCCTTCAATTTTAATTGCCATGTACAACTCTGGAACTTTTGAGCAGGCGTTACAAATGTGGTTGCCAA
ATACAATGAGGTTAGCTAACCTCGCTGCCATCTTGTCAGCCTTGGCGCAAAAGTTAACTTTGGCAGACTTGTTCGTCCAGCAGCGTAATTTGATTAATGAG
TATGCGCAGGTAATTTTGGACAATCTGATTGACGGTGTCAGGGTTAACCATTCGCTATCCCTAGCAATGGAAATTGTTACTATTAAGCTGGCCACCCAAGA
GATGGACATGGCGTTGAGGGAAGGTGGCTATGCTGTGACCTCTGAAAAGGTGCATGAAATGTTGGAAAAAAACTATGTAAAGGCTTTGAAGGATGCATGGG
ACGAATTAACTTGGTTGGAAAAATTCTCCGCAATCAGGCATTCAAGAAAGCTCTTGAAATTTGGGCGAAAGCCTTTAATCATGAAAAACACCGTAGATTGC
GGCGGACATATAGACTTGTCTGTGAAATCGCTTTTCAAGTTCCACTTGGAACTCCTGAAGGGAACCATCTCAAGAGCCGTAAATGGTGGTGCAAGAAAGGT
AAGAGTAGCGAAGAATGCCATGACAAAAGGGGTTTTTCTCAAAATCTACAGCATGCTTCCTGACGTCTACAAGTTTATCACAGTCTCGAGTGTCCTTTCCT
TGTTGTTGACATTCTTATTTCAAATTGACTGCATGATAAGGGCACACCGAGAGGCGAAGGTTGCTGCACAGTTGCAGAAAGAGAGCGAGTGGGACAATATC
ATCAATAGAACTTTCCAGTATTCTAAGCTTGAAAATCCTATTGGCTATCGCTCTACAGCGGAGGAAAGACTCCAATCAGAACACCCCGAGGCTTTCGAGTA
CTACAAGTTTTGCATTGGAAAGGAAGACCTCGTTGAACAGGCAAAACAACCGGAGATAGCATACTTTGAAAAGATTATAGCTTTCATCACACTTGTATTAA
TGGCTTTTGACGCTGAGCGGAGTGATGGAGTGTTCAAGATACTCAATAAGTTCAAAGGAATACTGAGCTCAACGGAGAGGGAGATCATCTACACGCAGAGT
TTGGATGATTACGTTACAACCTTTGATGACAATATGACAATCAACCTCGAGTTGAATATGGATGAACTCCACAAGACGAGCCTTCCTGGAGTCACTTTTAA
GCAATGGTGGAACAACCAAATCAGCCGAGGCAACGTGAAGCCACATTATAGAACTGAGGGGCACTTCATGGAGTTTACCAGAGATACTGCGGCATCGGTTG
CCAGCGAGATATCACACTCACCCGCAAGAGATTTTCTTGTGAGAGGTGCTGTTGGATCTGGAAAATCCACAGGACTTCCATACCATTTATCAAAGAGAGGG
AGAGTGTTAATGCTTGAGCCTACCAGACCACTCACAGATAACGTGCACAAGCAACTGAGAAGTGAACCATTTAACTGCTTCCCAACTTTGAGGATGAGAGG
GAAGTCAACTTTTGGGTCATCACCGATTACAGTCATGACTAGTGGATTCGCTTTACACCATTTTGCACGAAACATAGCTGAGGTAAAAACATACGATTTTG
TCATAATTGATGAATGTCATGTGAATGATGCTTCTGCTATAGCGTTTAGGAATCTACTGTTTGAACATGAATTTGAAGGAAAAGTCCTCAAAGTGTCAGCC
ACACCACCAGGTAGAGAAGTTGAATTCACAACTCAGTTTCCCGTGAAACTCAAGATAGAAGAGGCTCTTAGCTTTCAGGAATTTGTAAGTTTACAAGGGAC
AGGTGCCAACGCCGATGTGATTAGTTGTGGCGACAACATACTAGTATATGTTGCTAGCTACAATGATGTTGATAGTCTTGGCAAGCTCCTTGTGCAAAAGG
GATACAAAGTGTCGAAGATTGATGGAAGAACAATGAAGAGTGGAGGAACTGAAATAATCACTGAAGGTACTTCAGTGAAAAAGCATTTCATAGTCGCAACT
AATATTATTGAGAATGGTGTAACCATTGACATTGATGTAGTTGTGGATTTTGGGACTAAGGTTGTACCAGTTTTGGATGTGGACAATAGAGCGGTGCAGTA
CAACAAAACTGTGGTGAGTTATGGGGAGCGCATCCAAAGACTCGGTAGAGTTGGGCGACACAAGGAAGGAGTAGCACTTCGAATTGGCCAAACAAATAARAA
CACTGGTTGAAATTCCAGAAATGGTTGCCACTGAAGCTGCCTTTCTATGCTTCATGTACAATTTGCCAGTGACAACACAGAGTGTTTCAACCACACTGCTG
GAAAATGCCACATTATTACAAGCTAGAACTATGGCACAGTTTGAGCTATCATATTTTTACACAATTAATTTTGTGCGATTTGATGGTAGTATGCATCCAGT
CATACATGACAAGCTGAAGCGCTTTAAGCTACACACTTGTGAGACATTCCTCAATAAGTTGGCGATCCCAAATAAAGGCTTATCCTCTTGGCTTACGAGTG
GAGAGTATAAGCGACTTGGTTACATAGCAGAGGATGCTGGCATAAGAATCCCATTCGTGTGCAAAGAAATTCCAGACTCCTTGCATGAGGAAATTTGGCAC
ATTGTAGTCGCCCATAAAGGTGACTCGGGTATTGGGAGGCTCACTAGCGTACAGGCAGCAAAGGTTGTTTATACTCTGCAAACGGATGTGCACTCAATTGC
GAGGACTCTAGCATGCATCAATAGACTCATAGCACATGAACAAATGAAGCAGAGTCATTTTGAAGCCGCAACTGGGAGAGCATTTTCCTTCACAAATTACT
CAATACAAAGCATATTTGACACGCTGAAAGCAAATTATGCTACAAAGCATACGAAAGAAAATATTGCAGTGCTTCAGCAGGCAAAAGATCAATTGCTAGAG
TTTTCGAACCTAGCAAAGGATCAAGATGTCACGGGTATCATCCAAGACTTCAATCACCTGGAAACTATCTATCTCCAATCAGATAGCGAAGTGGCTAAGCA
TCTGAAGCTTAAAAGTCACTGGAATAAAAGCCAAATCACTAGGGACATCATAATAGCTTTGTCTGTGTTAATTGGTGGTGGATGGATGCTTGCAACGTACT
TCAAGGACAAGTTCAATGAACCAGTCTATTTCCAAGGGAAGAAGAATCAGAAGCACAAGCTTAAGATGAGAGAGGCGCGTGGGGCTAGAGGGCAATATGAG
GTTGCAGCGGAGCCAGAGGCGCTAGAACATTACTTTGGAAGCGCATATAATAACAAAGGAAAGCGCAAGGGCACCACGAGAGGAATGGGTGCAAAGTCTCG
GAAATTCATAAACATGTATGGGTTTGATCCAACTGATTTTTCATACATTAGGTTTGTGGATCCATTGACAGGTCACACTATTGATGAGTCCACAAACGCAC
CTATTGATTTAGTGCAGCATGAGTTTGGAAAGGTTAGAACACGCATGTTAATTGACGATGAGATAGAGCCTCAAAGTCTTAGCACCCACACCACAATCCAT
GCTTATTTGGTGAATAGTGGCACGAAGAAAGTTCTTAAGGTTGATTTAACACCACACTCGTCGCTACGTGCGAGTGAGAAATCAACAGCAATAATGGGATT
TCCTGAAAGGGAGAATGAATTGCGTCAAACCGGCATGGCAGTGCCAGTGGCTTATGATCAATTGCCACCAAAGAGTGAGGACTTGACGTTTGAAGGAGAAA
GCTTGTTTAAGGGACCACGTGATTACAACCCGATATCGAGCACCATTTGTCACTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGA
TTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAAGAACACCAC
GACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCAC
AAAGGGAAGAGCGCATATGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTGATGGC
ATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAA
TTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAA
ATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGAGCAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAGTGAATTG
GTGTACTCGCAAGGGGAGAAGAGGAAATGGGTCGTGGAAGCACTGTCAGGGAACTTGAGGCCAGTGGCTGAGTGTCCCAGTCAGTTAGTCACAAAGCATGT
GGTTAAAGGAAAGTGTCCCCTCTTTGAGCTCTACTTGCAGTTGAATCCAGAAAAGGAAGCATATTTTAAACCGATGATGGGAGCATATAAGCCAAGTCGAC
TTAATAGAGAGGCGTTCCTCAAGGACATTCTAAAATATGCTAGTGAAATTGAGATTGGGAATGTGGATTGTGACTTGCTGGAGCTTGCAATAAGCATGCTC
ATCACAAAGCTCAAGGCGTTAGGATTCCCAACTGTGAACTACATCACTGACCCAGAGGAAATTTTTAGTGCATTGAATATGAAAGCAGCTATGGGAGCACT
ATACAAAGGCAAGAAGAAAGAAGCTCTCAGCGAGCTCACACTAGATGAGCAGGAGGCAATGCTCAAAGCAAGTTGCCTGCGACTGTATACGGGAAAGCTGG
GAATTTGGAATGGCTCATTGAAAGCAGAGTTGCGTCCAATTGAGAAGGTTGAAAACAACAAAACGCGAACTTTCACAGCAGCACCAATAGACACTCTTCTT
GCTGGTAAAGTTTGCGTGGATGATTTCAACAATCAATTTTATGATCTCAACATAAAGGCACCATGGACAGTTGGTATGACTAAGTTTTATCAGGGGTGGAA
TGAATTGATGGAGGCTTTACCAAGTGGGTGGGTGTATTGTGACGCTGATGGTTCGCAATTCGACAGTTCCTTGACTCCATTCCTCATTAATGCTGTATTGA
AAGTGCGACTTGCCTTCATGGAGGAATGGGATATTGGTGAGCAAATGCTGCGAAATTTGTACACTGAGATAGTGTATACACCAATCCTCACACCGGATGGT
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ACTATCATTAAGAAGCATAAAGGCAACAATAGCGGGCAACCTTCAACAGTGGTGGACAACACACTCATGGTCATTATTGCAATGTTATACACATGTGAGAA
GTGTGGAATCAACAAGGAAGAGATTGTGTATTACGTCAATGGCGATGACCTATTGATTGCCATTCACCCAGATAAAGCTGAGAGGTTGAGTGGATTCAAAG
AATCTTTCGGAGAGTTGGGCCTGAAATATGAATTTGACTGCACCACCAGGGACAAGACACAGTTGTGGTTCATGTCACACAGGGCTTTGGAGAGGGATGGC
ATGTATATACCAAAGCTAGAAGAAGAAAGGATTGTTTCTATTTTGGAATGGGACAGATCCAAAGAGCCGTCACATAGGCTTGAAGCCATCTGTGCATCAAT
GATCGAAGCATGGGGTTATGACAAGCTGGTTGAAGAAATCCGCAATTTCTATGCATGGGTTTTGGAACAAGCGCCGTATTCACAGCTTGCAGAAGAAGGAA
AGGCGCCATATCTGGCTGAGACTGCGCTTAAGTTTTTGTACACATCTCAGCACGGAACAAACTCTGAGATAGAAGAGTATTTAAAAGTGTTGTATGATTAC
GATATTCCAACGACTGAGAATCTTTATTTTCAGAGTGGCACTGTGGGTGCTGGTGTTGACGCTGGTAAGAAGAAAGATCAAAAGGATGATAAAGTCGCTGA
GCAGGCTTCAAAGGATAGGGATGTTAATGCTGGAACTTCAGGAACATTCTCAGTTCCACGAATAAATGCTATGGCCACAAAACTTCAATATCCAAGGATGA
GGGGAGAGGTGGTTGTAAACTTGAATCACCTTTTAGGATACAAGCCACAGCAAATTGATTTGTCAAATGCTCGAGCCACACATGAGCAGTTTGCCGCGTGG
CATCAGGCAGTGATGACAGCCTATGGAGTGAATGAAGAGCAAATGAAAATATTGCTAAATGGATTTATGGTGTGGTGCATAGAARATGGGACTTCCCCAAA
TTTGAACGGAACTTGGGTTATGATGGATGGTGAGGAGCAAGTTTCATACCCGCTGAAACCAATGGTTGAAAACGCGCAGCCAACACTGAGGCAAATTATGA
CACACTTCAGTGACCTGGCTGAAGCGTATATTGAGATGAGGAATAGGGAGCGACCATACATGCCTAGGTATGGTCTACAGAGAAACATTACAGACATGAGT
TTGTCACGCTATGCGTTCGACTTCTATGAGCTAACTTCAAAAACACCTGTTAGAGCGAGGGAGGCGCATATGCAAATGAAAGCTGCTGCAGTACGAAACAG
TGGAACTAGGTTATTTGGTCTTGATGGCAACGTGGGTACTGCAGAGGAAGACACTGAACGGCACACAGCGCACGATGTGAACCGTAACATGCACACACTAT
TAGGGGTCCGCCAGTGATAGTTTCTGCGTGTCTTTGCTTTCCGCTTTTAAGCTTATTGTAATATATATGAATAGCTATTCACAGTGGGACTTGGTCTTGTG
TTGAATGGTATCTTATATGTTTTAATATGTCTTATTAGTCTCATTACTTAGGCGAACGACAAAGTGAGGTCACCTCGGTCTAATTCTCCTATGTAGTGCGA
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

TEV sequence corresponds to Genbank accession number DQ986288 including two
silent mutations (G273A and A1119G, in red). Limits between TEV cistrons are marked
on blue background.

>TEV-crtB (insert between possitions 8517-8518 of TEV-wt)
TCAGGTACAATGAATAATCCGTCGTTACTCAATCATGCGGTCGAAACGATGGCAGTTGGCTCGAAAAGTTTTGCGACAGCCTCAAAGTTATTTGATGCAAA
AACCCGGCGCAGCGTACTGATGCTCTACGCCTGGTGCCGCCATTGTGACGATGTTATTGACGATCAGACGCTGGGCTTTCAGGCCCGGCAGCCTGCCTTAC
AAACGCCCGAACAACGTCTGATGCAACTTGAGATGAAAACGCGCCAGGCCTATGCAGGATCGCAGATGCACGAACCGGCGTTTGCGGCTTTTCAGGAAGTG
GCTATGGCTCATGATATCGCCCCGGCTTACGCGTTTGATCATCTGGAAGGCTTCGCCATGGATGTACGCGAAGCGCAATACAGCCAACTGGATGATACGCT
GCGCTATTGCTATCACGTTGCAGGCGTTGTCGGCTTGATGATGGCGCAAATCATGGGCGTGCGGGATAACGCCACGCTGGACCGCGCCTGTGACCTTGGGC
TGGCATTTCAGTTGACCAATATTGCTCGCGATATTGTGGACGATGCGCATGCGGGCCGCTGTTATCTGCCGGCAAGCTGGCTGGAGCATGAAGGTCTGAAC
AAAGAGAATTATGCGGCACCTGAAAACCGTCAGGCGCTGAGCCGTATCGCCCGTCGTTTGGTGCAGGAAGCAGAACCTTACTATTTGTCTGCCACAGCCGG
CCTGGCAGGGTTGCCCCTGCGTTCCGCCTGGGCAATCGCTACGGCGAAGCAGGTTTACCGGAAAATAGGTGTCAAAGTTGAACAGGCCGGTCAGCAAGCCT
GGGATCAGCGGCAGTCAACGACCACGCCCGAAAAATTAACGCTGCTGCTGGCCGCCTCTGGTCAGGCCCTTACTTCCCGGATGCGGGCTCATCCTCCCCGC
CCTGCGCATCTCTGGCAGCGCCCGCTCACTACAGAGAACCTCTACTTTCAA

cDNA corresponding to P. ananatis crtB is on yellow background. Sequences
corresponding to artificial TEV NlaPro cleavage sites are in blue.

>TEV-Rosl (insert between possitions 8517-8518 of TEV-wt)

ey NeleaWNOIN\ TGGAAAAGAATTGTCGTGGAGTGAGAAAAGGTACTTGGACCAAAGAAGAAGACA! TLT‘TTGAGbCAATGTATAbAAGAGTATGbTbAAGb
GAAATGGCATCAAGTTCCACACAGAGCAGGGTTGAAC TG > GAC 5 GGCTC TGGTTGAATTA
GGTTTTCGAGAGATGAAGTGGACCTAATTGTGAGGCTTC

ACTTTTGGA.

cDNA corresponding to A.majus Ros1 is on red background. Sequences corresponding
to artificial TEV NlaPro cleavage sites are in blue.

>TMV-crtB

GTATTTTTACAACAATTACCAACAACAACAAACAACAGACAACATTACAATTACTATTTACAATTACAATGGCATACACACAGACAGCTACCACATCAGCT
TTGCTGGACACTGTCCGAGGAAACAACTCCTTGGTCAATGATCTAGCAAAGCGTCGTCTTTACGACACAGCGGTTGAAGAGTTTAACGCTCGTGACCGCAG
GCCCAAGGTGAACTTTTCAAAAGTAATAAGCGAGGAGCAGACGCTTATTGCTACCCGGGCGTATCCAGAATTCCAAATTACATTTTATAACACGCAAAATG
CCGTGCATTCGCTTGCAGGTGGATTGCGATCTTTAGAACTGGAATATCTGATGATGCAAATTCCCTACGGATCATTGACTTATGACATAGGCGGGAATTTT
GCATCGCATCTGTTCAAGGGACGAGCATATGTACACTGCTGCATGCCCAACCTGGACGTTCGAGACATCATGCGGCACGAAGGCCAGAAAGACAGTATTGA
ACTATACCTTTCTAGGCTAGAGAGAGGGGGGAAAACAGTCCCCAACTTCCAAAAGGAAGCATTTGACAGATACGCAGAAATTCCTGAAGACGCTGTCTGTC
ACAATACTTTCCAGACATGCGAACATCAGCCGATGCAGCAATCAGGCAGAGTGTATGCCATTGCGCTACACAGCATATATGACATACCAGCCGATGAGTTC
GGGGCGGCACTCTTGAGGAAAAATGTCCATACGTGCTATGCCGCTTTCCACTTCTCCGAGAACCTGCTTCTTGAAGATTCATGCGTCAATTTGGACGAAAT
CAACGCGTGTTTTTCGCGCGATGGAGACAAGTTGACCTTTTCTTTTGCATCAGAGAGTACTCTTAATTACTGTCATAGTTATTCTAATATTCTTAAGTATG
TGTGCAAAACTTACTTCCCGGCCTCTAATAGAGAGGTTTACATGAAGGAGTTTTTAGTCACCAGAGTTAATACCTGGTTTTGTAAGTTTTCTAGAATAGAT
ACTTTTCTTTTGTACAAAGGTGTGGCCCATAAAAGTGTAGATAGTGAGCAGTTTTATACTGCAATGGAAGACGCATGGCATTACAAAAAGACTCTTGCAAT
GTGCAACAGCGAGAGAATCCTCCTTGAGGATTCATCATCAGTCAATTACTGGTTTCCCAAAATGAGGGATATGGTCATCGTACCATTATTCGACATTTCTT
TGGAGACTAGTAAGAGGACGCGCAAGGAAGTCTTAGTGTCCAAGGATTTCGTGTTTACAGTGCTTAACCACATTCGAACATACCAGGCGAAAGCTCTTACA
TACGCAAATGTTTTGTCCTTCGTCGAATCGATTCGATCGAGGGTAATCATTAACGGTGTGACAGCGAGGTCCGAATGGGATGTGGACAAATCTTTGTTACA
ATCCTTGTCCATGACGTTTTACCTGCATACTAAGCTTGCCGTTCTAAAGGATGACTTACTGATTAGCAAGTTTAGTCTCGGTTCGAAAACGGTGTGCCAGC
ATGTGTGGGATGAGATTTCGCTGGCGTTTGGGAACGCATTTCCCTCCGTGAAAGAGAGGCTCTTGAACAGGAAACTTATCAGAGTGGCAGGCGACGCATTA
GAGATCAGGGTGCCTGATCTATATGTGACCTTCCACGACAGATTAGTGACTGAGTACAAGGCCTCTGTGGACATGCCTGCGCTTGACATTAGGAAGAAGAT
GGAAGAAACGGAAGTGATGTACAATGCACTTTCAGAATTATCGGTGTTAAGGGAGTCTGACAAATTCGATGTTGATGTTTTTTCCCAGATGTGCCAATCTT
TGGAAGTTGACCCAATGACGGCAGCGAAGGTTATAGTCGCGGTCATGAGCAATGAGAGCGGTCTGACTCTCACATTTGAACGACCTACTGAGGCGAATGTT
GCGCTAGCTTTACAGGATCAAGAGAAGGCTTCAGAAGGTGCATTGGTAGTTACCTCAAGAGAAGTTGAAGAACCGTCCATGAAGGGTTCGATGGCCAGAGG
AGAGTTACAATTAGCTGGTCTTGCTGGAGATCATCCGGAATCGTCCTATTCTAAGAACGAGGAGATAGAGTCTTTAGAGCAGTTTCATATGGCGACGGCAG
ATTCGTTAATTCGTAAGCAGATGAGCTCGATTGTGTACACGGGTCCGATTAAAGTTCAGCAAATGAAAAACTTTATCGATAGCCTGGTAGCATCACTATCT
GCTGCGGTGTCGAATCTCGTCAAGATCCTCAAAGATACAGCTGCTATTGACCTTGAAACCCGTCAAAAGTTTGGAGTCTTGGATGTTGCATCTAGGAAGTG
GTTAATCAAACCAACGGCCAAGAGTCATGCATGGGGTGTTGTTGAAACCCACGCGAGGAAGTATCATGTGGCGCTTTTGGAATATGATGAGCAGGGTGTGG
TGACATGCGATGATTGGAGAAGAGTAGCTGTTAGCTCTGAGTCTGTTGTTTATTCCGACATGGCGAAACTCAGAACTCTGCGCAGACTGCTTCGAAACGGA
GAACCGCATGTCAGTAGCGCAAAGGTTGTTCTTGTGGACGGAGTTCCGGGCTGTGGAAAAACCAAAGAAATTCTTTCCAGGGTTAATTTTGATGAAGATCT
AATTTTAGTACCTGGGAAGCAAGCCGCGGAAATGATCAGAAGACGTGCGAATTCCTCAGGGATTATTGTGGCCACGAAGGACAACGTTAAAACCGTTGATT
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CTTTCATGATGAATTTTGGGAAAAGCACACGCTGTCAGTTCAAGAGGTTATTCATTGATGAAGGGTTGATGTTGCATACTGGTTGTGTTAATTTTCTTGTG
GCGATGTCATTGTGCGAAATTGCATATGTTTACGGAGACACACAGCAGATTCCATACATCAATAGAGTTTCAGGATTCCCGTACCCCGCCCATTTTGCCAA
ATTGGAAGTTGACGAGGTGGAGACACGCAGAACTACTCTCCGTTGTCCAGCCGATGTCACACATTATCTGAACAGGAGATATGAGGGCTTTGTCATGAGCA
CTTCTTCGGTTAAAAAGTCTGTTTCGCAGGAGATGGTCGGCGGAGCCGCCGTGATCAATCCGATCTCAAAACCCTTGCATGGCAAGATCTTGACTTTTACC
CAATCGGATAAAGAAGCTCTGCTTTCAAGAGGGTATTCAGATGTTCACACTGTGCATGAAGTGCAAGGCGAGACATACTCTGATGTTTCACTAGTTAGGTT
AACCCCTACACCGGTCTCCATCATTGCAGGAGACAGCCCACATGTTTTGGTCGCATTGTCAAGGCACACCTGTTCGCTCAAGTACTACACTGTTGTTATGG
ATCCTTTAGTTAGTATCATTAGAGATCTAGAGAAACTTAGCTCGTACTTGTTAGATATGTATAAGGTCGATGCAGGAACACAATAGCAATTACAGATTGAC
TCGGTGTTCAAAGGTTCCAATCTTTTTGTTGCAGCGCCAAAGACTGGTGATATTTCTGATATGCAGTTTTACTATGATAAGTGTCTCCCAGGCAACAGCAC
CATGATGAATAATTTTGATGCTGTTACCATGAGGTTGACTGACATTTCATTGAATGTCAAAGATTGCATATTGGATATGTCTAAGTCTGTTGCTGCGCCTA
AGGATCAAATCAAACCACTAATACCTATGGTACGAACGGCGGCAGAAATGCCACGCCAGACTGGACTATTGGAAAATTTAGTGGCGATGATTAAAAGAAAC
TTTAACGCACCCGAGTTGTCTGGCATCATTGATATTGAAAATACTGCATCTTTGGTTGTAGATAAGTTTTTTGATAGTTATTTGCTTAAAGAAAAAAGAAA
ACCAAATAAAAATGTTTCTTTGTTCAGTAGAGAGTCTCTCAATAGATGGTTAGAAAAGCAGGAACAGGTAACAATAGGCCAGCTCGCAGATTTTGATTTTG
TGGATTTGCCAGCAGTTGATCAGTACAGACACATGATTAAAGCACAACCCAAACAAAAGTTGGACACTTCAATCCAAACGGAGTACCCGGCTTTGCAGACG
ATTGTGTACCATTCAAAAAAGATCAATGCAATATTCGGCCCGTTGTTTAGTGAGCTTACTAGGCAATTACTGGACAGTGTTGATTCGAGCAGATTTTTGTT
TTTCACAAGAAAGACACCAGCGCAGATTGAGGATTTCTTCGGAGATCTCGACAGTCATGTGCCGATGGATGTCTTGGAGCTGGATATATCAAAATACGACA
AATCTCAGAATGAATTCCACTGTGCAGTAGAATACGAGATCTGGCGAAGATTGGGTTTCGAAGACTTCTTGGGAGAAGTTTGGAAACAAGGGCATAGAAAG
ACCACCCTCAAGGATTATACCGCAGGTATAAAAACTTGCATCTGGTATCAAAGAAAGAGCGGGGACGTCACGACGTTCATTGGAAACACTGTGATCATTGC
TGCATGTTTGGCCTCGATGCTTCCGATGGAGAAAATAATCAAAGGAGCCTTTTGCGGTGACGATAGTCTGCTGTACTTTCCAAAGGGTTGTGAGTTTCCGG
ATGTGCAACACTCCGCGAATCTTATGTGGAATTTTGAAGCAAAACTGTTTAAAAAACAGTATGGATACTTTTGCGGAAGATATGTAATACATCACGACAGA
GGATGCATTGTGTATTACGATCCCCTAAAGTTGATCTCGAAACTTGGTGCTAAACACATCAAGGATTGGGAACACTTGGAGGAGTTCAGAAGGTCTCTTTG
TGATGTTGCTGTTTCGTTGAACAATTGTGCGTATTACACACAGTTGGACGACGCTGTATGGGAGGTTCATAAGACCGCCCCTCCAGGTTCGTTTGTTTATA
AAAGTCTGGTGAAGTATTTGTCTGATAAAGTTCTTTTTAGAAGTTTGTTTATAGATGGCTCTAGTTGTTAAAGGAAAAGTGAATATCAATGAGTTTATCGA
CCTGACAAAAATGGAGAAGATCTTACCGTCGATGTTTACCCCTGTAAAGAGTGTTATGTGTTCCAAAGTTGATAAAATAATGGTTCATGAGAATGAGTCAT
TGTCAGGGGTGAACCTTCTTAAAGGAGTTAAGCTTATTGATAGTGGATACGTCTGTTTAGCCGGTTTGGTCGTCACGGGCGAGTGGAACTTGCCTGACAAT
TGCAGAGGAGGTGTGAGCGTGTGTCTGGTGGACAAAAGGATGGAAAGAGCCGACGAGGCCALTCTCGGATCTTACTACACAGCAGCTGCAAAGAAAAGATT
TCAGTTCAAGGTCGTTCCCAATTATGCTATAACCACCCAGGACGCGATGAAAAACGTCTGGCAAGTTTTAGTTAATATTAGAAATGTGAAGATGTCAGCGG
GTTTCTGTCCGCTTTCTCTGGAGTTTGTGTCGGTGTGTATTGTTTATAaAAATAATATAAAATTAGGTTTGAGAGAGAAGATTACAAACGTGAGAGACGGA
GGGCCCATGGAACTTACAGAAGAAGTCGTTGATGAGTTCATGGAAGATGTCCCTATGTCGATCAGGCTTGCAAAGTTTCGATCTCGAACCGGAAAAAAGAG
TGATGTCCGCAAAGGGAAAAATAGTAGTAGTGATCGGTCAGTGCCGAACAAGAACTATAGAAATGTTAAGGATTTTGGAGGAATGAGTTTTAAAAAGAATA
ATTTAATCGATGATGATTCGGAGGCTACTGTCGCCGAATCGGATTCGTTTTAAATAGATCTTACAGTATCACTACTCCATCTCAGTTCGTGTTCTTGTCAT
TAATATGAATAATCCGTCGTTACTCAATCATGCGGTCGAAACGATGGCAGTTGGCTCGAAAAGTTTTGCGACAGCCTCAAAGTTATTTGATGCAAAAACCC
GGCGCAGCGTACTGATGCTCTACGCCTGGTGCCGCCATTGTGACGATGTTATTGACGATCAGACGCTGGGCTTTCAGGCCCGGCAGCCTGCCTTACAAACG
CCCGAACAACGTCTGATGCAACTTGAGATGAAAACGCGCCAGGCCTATGCAGGATCGCAGATGCACGAACCGGCGTTTGCGGCTTTTCAGGAAGTGGCTAT
GGCTCATGATATCGCCCCGGCTTACGCGTTTGATCATCTGGAAGGCTTCGCCATGGATGTACGCGAAGCGCAATACAGCCAACTGGATGATACGCTGCGCT
ATTGCTATCACGTTGCAGGCGTTGTCGGCTTGATGATGGCGCAAATCATGGGCGTGCGGGATAACGCCACGCTGGACCGCGCCTGTGACCTTGGGCTGGCA
TTTCAGTTGACCAATATTGCTCGCGATATTGTGGACGATGCGCATGCGGGCCGCTGTTATCTGCCGGCAAGCTGGCTGGAGCATGAAGGTCTGAACAAAGA
GAATTATGCGGCACCTGAAAACCGTCAGGCGCTGAGCCGTATCGCCCGTCGTTTGGTGCAGGAAGCAGAACCTTACTATTTGTCTGCCACAGCCGGCCTGG
CAGGGTTGCCCCTGCGTTCCGCCTGGGCAATCGCTACGGCGAAGCAGGTTTACCGGAAAATAGGTGTCAAAGTTGAACAGGCCGGTCAGCAAGCCTGGGAT
CAGCGGCAGTCAACGACCACGCCCGAAAAATTAACGCTGCTGCTGGCCGCCTCTGGTCAGGCCCTTACTTCCCGGATGCGGGCTCATCCTCCCCGCCCTGL
GCATCTCTGGCAGCGCCCGCTCTAAGGGGTAGTCAAGATGCATAATAAATAACGGATTGTGTCCGTAATCACACGTGGTGCGTACGATAACGCATAGTGTT
TTTCCCTCCACTTAAATCGAAGGGTTGTGTCTTGGATCGCGCGGGTCAAATGTATATGGTTCATATACATCCGCAGGCACGTAATAAAGCGAGGGGTTCGG
GTCGAGGTCGGCTGTGAAACTCGAAAAGGTTCCGGAAAACAAAAAAGAGAGTGGTAGGTAATAGTGTTAATAATAAGAAAATAAATAATAGTGGTAAGAAA
GGTTTGAAAGTTGAGGAAATTGAGGATAATGTAAGTGATGACGAGTCTATCGCGTCATCGAGTACGTTTTAATCAATATGCCTTATACAATCAACTCTCCG
AGCCAATTTGTTTACTTAAGTTCCGCTTATGCAGATCCTGTGCAGCTGATCAATCTGTGTACAAATGCATTGGGTAACCAGTTTCAAACGCAACAAGCTAG
GACAACAGTCCAACAGCAATTTGCGGATGCCTGGAAACCTGTGCCTAGTATGACAGTGAGATTTCCTGCATCGGATTTCTATGTGTATAGATATAATTCGA
CGCTTGATCCGTTGATCACGGCGTTATTAAATAGCTTCGATACTAGAAATAGAATAATAGAGGTTGATAATCAACCCGCACCGAATACTACTGAAATCGTT
AACGCGACTCAGAGGGTAGACGATGCGACTGTAGCTATAAGGGCTTCAATCAATAATTTGGCTAATGAACTGGTTCGTGGAACTGGCATGTTCAATCAAGC
AAGCTTTGAGACTGCTAGTGGACTTGTCTGGACCACAACTCCGGCTACTTAGCTATTGTTGTGAGATTTCCTAAAATAAAGTCACTGAAGACTTAAAATTC
AGGGTGGCTGATACCAAAATCAGCAGTGGTTGTTCGTCCACTTAAATATAACGATTGTCATATCTGGATCCAACAGTTAAACCATGTGATGGTGTATACTG
TGGTATGGCGTAAAACAACGGAAAAGTCGCTGAAGACTTAAAATTCAGGGTGGCTGATACCAAAATCAGCAGTGGTTGTTCGTCCACTTAAAAATAACGAT
TGTCATATCTGGATCCAACAGTTAAACCATGTGATGGTGTATACTGTGGTATGGCGTAAAACAACGGAGAGGTTCGAATCCTCCCCTAACCGCGGGTAGCG
GCCCA

TMV sequence corresponds to vector TMV 30B, which includes the 3” end of Tobacco
mild green mosaic virus (see reference 41). cDNA corresponding to P. ananatis crtB is
on yellow background.

>PVX-crtB

GAAAACTAAACCATACACCACCAACACAACCAAACCCACCACGCCCAATTGTTACACACCCGCTTGAAAAAGAAAGTTTAACAAATGGCCAAGGTGCGCGA
GGTTTACCAATCTTTTACAGACTCCACCACAAAAACTCTCATCCAAGATGAGGCTTATAGARAACATTCGCCCCATCATGGAAAARACACAAACTAGCTAACC
CTTACGCTCAAACGGTTGAAGCGGCTAATGATCTAGAGGGGTTCGGCATAGCCACCAATCCCTATAGCATTGAATTGCATACACATGCAGCCGCTAAGACC
ATAGAGAATAAACTTCTAGAGGTGCTTGGTTCCATCCTACCACAAGAACCTGTTACATTTATGTTTCTTAAACCCAGAAAGCTAAACTACATGAGAAGARAA
CCCGCGGATCAAGGACATTTTCCAAAATGTTGCCATTGAACCAAGAGACGTAGCCAGGTACCCCAAGGAAACAATAATTGACAAACTCACAGAGATCACAA
CGGAAACAGCATACATTAGTGACACTCTGCACTTCTTGGATCCGAGCTACATAGTGGAGACATTCCAAAACTGCCCAAAATTGCAAACATTGTATGCGACC
TTAGTTCTCCCCGTTGAGGCAGCCTTTAAAATGGARAAGCACTCACCCGAACATATACAGCCTCAAATACTTCGGAGATGGTTTCCAGTATATACCAGGCAA
CCATGGTGGCGGGGCATACCATCATGAATTCGCTCATCTACAATGGCTCAAAGTGGGAAAGATCAAGTGGAGGGACCCCAAGGATAGCTTTCTCGGACATC
TCAATTACACGACTGAGCAGGTTGAGATGCACACAGTGACAGTACAGTTGCAGGAATCGTTCGCGGCAAACCACTTGTACTGCATCAGGAGAGGAGACTTG
CTCACACCGGAGGTGCGCACTTTCGGCCAACCTGACAGGTACGTGATTCCACCACAGATCTTCCTCCCAAAAGTTCACAACTGCAAGAAGCCGATTCTCAA
GAAAACTATGATGCAGCTCTTCTTGTATGTTAGGACAGTCAAGGTCGCAAAAAATTGTGACATTTTTGCCAAAGTCAGACAATTAATTAAATCATCTGACT
TGGACAAATACTCTGCTGTGGAACTGGTTTACTTAGTAAGCTACATGGAGTTCCTTGCCGATTTACAAGCTACCACCTGCTTCTCAGACACACTTTCTGGT
GGCTTGCTAACAAAGACCCTTGCACCGGTGAGGGCTTGGATACAAGAGAAAAAGATGCAGCTGTTTGGTCTTGAGGACTACGCGAAGTTAGTCAAAGCAGT
TGATTTCCACCCGGTGGATTTTTCTTTCAAAGTGGAAACTTGGGACTTCAGATTCCACCCCTTGCAAGCGTGGAAAGCCTTCCGACCAAGGGAAGTGTCGG
ATGTAGAGGAAATGGAAAGTTTGTTCTCAGATGGGGACCTGCTTGATTGCTTCACAAGAATGCCAGCTTATGCGGTAAACGCAGAGGAAGATTTAGCTGCA
ATCAGGAAAACGCCCGAGATGGATGTCGGTCAAGAAGTTAAAGAGCCTGCAGGAGACAGAAATCAATACTCAAACCCTGCAGAAACTTTCCTCAACAAGCT
CCACAGGAAACACAGTAGGGAGGTGAAACACCAGGCCGCAAAGAAAGCTAAACGCCTAGCTGAAATCCAGGAGTCAATGAGAGCTGAAGGTGATGCCGAAC
CAAATGAAATAAGCGGGACGATGGGGGCAATACCCAGCAACGCCGAACTTCCTGGCACGAATGATGCCAGACAAGAACTCACACTCCCAACCACTAAACCT
GTCCCTGCAAGGTGGGAAGATGCTTCATTCACAGATTCTAGTGTGGAAGAGGAGCAGGTTAAACTCCTTGGAAAAGAAACCGTTGAAACAGCGACGCAACA
AGTCATCGAAGGACTTCCTTGGAAACACTGGATTCCTCAATTARAATGCTGTTGGATTCAAGGCGCTGGAAATTCAGAGGGATAGGAGTGGAACAATGATCA
TGCCCATCACAGAAATGGTCTCCGGGCTGGAAAAAGAGGACTTCCCTGAAGGAACTCCAAAAGAGTTGGCACGAGAATTGTTCGCTATGAACAGAAGCCCT
GCCACCATCCCTTTGGACCTGCTTAGAGCCAGAGACTACGGCAGTGATGTAAAGAACAAGAGAATTGGTGCCATCACAAAGACACAGGCAACGAGTTGGGG
CGAATACTTGACAGGAAAGATAGAAAGCTTAACTGAGAGGAAAGTTGCGACTTGTGTCATTCATGGAGCTGGAGGTTCTGGAAAARAGTCATGCCATCCAGA
AGGCATTGAGAGAAATTGGCAAGGGCTCGGACATCACTGTAGTCCTGCCGACCAATGAACTGCGGCTAGATTGGAGTAAGAAAGTGCCTAACACTGAGCCC
TATATGTTCAAGACCTCTGAAAAGGCGTTAATTGGGGGAACAGGCAGCATAGTCATCTTTGACGATTACTCAAAACTTCCTCCCGGTTACATAGAAGCCTT
AGTCTGTTTCTACTCTAAAATCAAGCTAATCATTCTAACAGGAGATAGCAGACAAAGCGTCTACCATGAAACTGCTGAGGACGCCTCCATCAGGCATTTGG
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GACCAGCAACAGAGTACTTCTCAAAATACTGCCGATACTATCTCAATGCCACACACCGCAACAAGAAAGATCTTGCGAACATGCTTGGTGTCTACAGTGAG
AGAACGGGAGTCACCGAAATCAGCATGAGCGCCGAGTTCTTAGAAGGAATCCCAACTTTGGTACCCTCGGATGAGAAGAGAAAGCTGTACATGGGCACCGG
GAGGAATGACACGTTCACATACGCTGGATGCCAGGGGCTAACTAAGCCGAAGGTACAAATAGTGTTGGACCACAACACCCAAGTGTGTAGCGCGAATGTGA
TGTACACGGCACTTTCTAGAGCCACCGATAGGATTCACTTCGTGAACACAAGTGCAAATTCCTCTGCCTTCTGGGAAAAGTTGGACAGCACCCCTTACCTC
AAGACTTTCCTATCAGTGGTGAGAGAACAAGCACTCAGGGAGTACGAGCCGGCAGAGGCAGAGCCAATTCAAGAGCCTGAGCCCCAGACACACATGTGTGT
CGAGAATGAGGAGTCCGTGCTAGAAGAGTACAAAGAGGAACTCTTGGAAAAGTTTGACAGAGAGATCCACTCTGAATCCCATGGTCATTCAAACTGTGTCC
AAACTGAAGACACAACCATTCAGTTGTTTTCGCATCAACAAGCAAAAGATGAGACCCTCCTCTGGGCGACTATAGATGCGCGGCTCAAGACCAGCAATCAA
GAAACAAACTTCCGAGAATTCCTGAGCAAGAAGGACATTGGGGACGTTCTGTTTTTAAACTACCAAAAAGCTATGGGTTTACCCAAAGAGCGTATTCCTTT
TTCCCAAGAGGTCTGGGAAGCTTGTGCCCACGAAGTACAAAGCAAGTACCTCAGCAAGTCAAAGTGCAACTTGATCAATGGGACTGTGAGACAGAGCCCAG
ACTTCGATGAAAATAAGATTATGGTATTCCTCAAGTCGCAGTGGGTCACAAAGGTGGAAAAACTAGGTCTACCCAAGATTAAGCCAGGTCAAACCATAGCA
GCCTTTTACCAGCAGACTGTGATGCTTTTTGGAACTATGGCTAGGTACATGCGATGGTTCAGACAGGCTTTCCAGCCAAAAGAAGTCTTCATAAACTGTGA
GACCACGCCAGATGACATGTCTGCATGGGCCTTGAACAACTGGAATTTCAGCAGACCTAGCTTGGCTAATGACTACACAGCTTTCGACCAGTCTCAGGATG
GAGCCATGTTGCAATTTGAGGTGCTCAAAGCCAAACACCACTGCATACCAGAGGAAATCATTCAGGCATACATAGATATTAAGACTAATGCACAGATTTTC
CTAGGCACGTTATCAATTATGCGCCTGACTGGTGAAGGTCCCACTTTTGATGCAAACACTGAGTGCAACATAGCTTACACCCATACAAAGTTTGACATCCC
AGCCGGAACTGCTCAAGTTTATGCAGGAGACGACTCCGCACTGGACTGTGTTCCAGAAGTGAAGCATAGTTTCCACAGGCTTGAGGACAAATTACTCCTAA
AGTCAAAGCCTGTAATCACGCAGCAAAAGAAGGGCAGTTGGCCTGAGTTTTGTGGTTGGCTGATCACACCAAAAGGGGTGATGAAAGACCCAATTAAGCTC
CATGTTAGCTTAAAATTGGCTGAAGCTAAGGGTGAACTCAAGAAATGTCAAGATTCCTATGAAATTGATCTGAGTTATGCCTATGACCACAAGGACTCTCT
GCATGACTTGTTCGATGAGAAACAGTGTCAGGCACACACACTCACTTGCAGAACACTAATCAAGTCAGGGAGAGGCACTGTCTCACTTTCCCGCCTCAGAA
ACTTTCTTTAACCGTTAAGTTACCTTAGAGATTTGAATAAGATGGATATTCTCATCAGTAGTTTGAAAAGTTTAGGTTATTCTAGGACTTCCAAATCTTTA
GATTCAGGACCTTTGGTAGTACATGCAGTAGCCGGAGCCGGTAAGTCCACAGCCCTAAGGAAGTTGATCCTCAGACACCCAACATTCACCGTGCATACACT
CGGTGTCCCTGACAAGGTGAGTATCAGAACTAGAGGCATACAGAAGCCAGGACCTATTCCTGAGGGCAACTTCGCAATCCTCGATGAGTATACTTTGGACA
ACACCACAAGGAACTCTAACCAGGCACTTTTTGCTGACCCTTATCAGGCACCGGAGTTTAGCCTAGAGCCCCACTTCTACTTGGAAACATCATTTCGAGTT
CCGAGGAAAGTGGCAGATTTGATAGCTGGCTGTGGCTTCGATTTCGAGACCAACTCACCGGAAGAAGGGCACTTAGAGATCACTGGCATATTCAAAGGGCC
CCTACTCGGAAAGGTGATAGCCATTGATGAGGAGTCTGAGACAACACTGTCCAGGCATGGTGTTGAGTTTGTTAAGCCCTGCCAAGTGACGGGACTTGAGT
TCAAAGTAGTCACTATTGTGTCTGCCGCACCAATAGAGGAAATTGGCCAGTCCACAGCTTTCTACAACGCTATCACCAGGTCAAAGGGATTGACATATGTC
CGCGCAGGGCCATAGGCTGACCGCTCCGGTCAATTCTGAAAAAGTGTACATAGTATTAGGTCTATCATTTGCTTTAGTTTCAATTACCTTTCTGCTTTCTA
GAAATAGCTTACCCCACGTCGGTGACAACATTCACAGCTTGCCACACGGAGGAGCTTACAGAGACGGCACCAAAGCAATCTTGTACAACTCCCCAAATCTA
GGGTCACGAGTGAGTCTACACAACGGAAAGAACGCAGCATTTGCTGCCGTTTTGCTACTGACTTTGCTGATCTATGGAAGTAAATACATATCTCAACGCAA
TCATACTTGTGCTTGTGGTAACAATCATAGCAGTCATTAGCACTTCCTTAGTGAGGACTGAACCTTGTGTCATCAAGATTACTGGGGAATCAATCACAGTG
TTGGCTTGCAAACTAGATGCAGAAACCATAAGGGCCATTGCCGATCTCAAGCCACTCTCCGTTGAACGGTTAAGTTTCCATTGATACTCGAAAGAGGTCAG
CACCAGCTAGCATGAATAATCCGTCGTTACTCAATCATGCGGTCGAAACGATGGCAGTTGGCTCGAAAAGTTTTGCGACAGCCTCAAAGTTATTTGATGCA
AAAACCCGGCGCAGCGTACTGATGCTCTACGCCTGGTGCCGCCATTGTGACGATGTTATTGACGATCAGACGCTGGGCTTTCAGGCCCGGCAGCCTGCCTT
ACAAACGCCCGAACAACGTCTGATGCAACTTGAGATGAAAACGCGCCAGGCCTATGCAGGATCGCAGATGCACGAACCGGCGTTTGCGGCTTTTCAGGAAG
TGGCTATGGCTCATGATATCGCCCCGGCTTACGCGTTTGATCATCTGGAAGGCTTCGCCATGGATGTACGCGAAGCGCAATACAGCCAACTGGATGATACG
CTGCGCTATTGCTATCACGTTGCAGGCGTTGTCGGCTTGATGATGGCGCAAATCATGGGCGTGCGGGATAACGCCACGCTGGACCGCGCCTGTGACCTTGG
GCTGGCATTTCAGTTGACCAATATTGCTCGCGATATTGTGGACGATGCGCATGCGGGCCGCTGTTATCTGCCGGCAAGCTGGCTGGAGCATGAAGGTCTGA
ACAAAGAGAATTATGCGGCACCTGAAAACCGTCAGGCGCTGAGCCGTATCGCCCGTCGTTTGGTGCAGGAAGCAGAACCTTACTATTTGTCTGCCACAGCC
GGCCTGGCAGGGTTGCCCCTGCGTTCCGCCTGGGCAATCGCTACGGCGAAGCAGGTTTACCGGAAAATAGGTGTCAAAGTTGAACAGGCCGGTCAGCAAGC
CTGGGATCAGCGGCAGTCAACGACCACGCCCGAAAAATTAACGCTGCTGCTGGCCGCCTCTGGTCAGGCCCTTACTTCCCGGATGCGGGCTCATCCTCCCC
GCCCTGCGCATCTCTGGCAGCGCCCGCTCTAGGGTTTGTTAAGTTTCCCTTTTTACTCGAAAGATGTCAGGCCTGTTCACCATCCCGGATGGGGATTTCTT
TAGTACAGCCCGTGCCATAGTAGCCAGCAATGCTGTCGCAACAAATGAGGACCTCAGCAAGATTGAGGCTATTTGGAAGGACATGAAGGTGCCCACAGACA
CTATGGCACAGGCTGCTTGGGACTTAGTCAGACACTGTGCTGATGTAGGATCATCCGCTCAAACAGAAATGATAGATACAGGTCCCTATTCCAACGGCATC
AGCAGAGCTAGACTGGCAGCAGCAATTAAAGAGGTGTGCACACTTAGGCAATTTTGCATGAAGTATGCTCCAGTGGTATGGAACTGGATGTTAACTAACAA
CAGTCCACCTGCTAACTGGCAAGCACAAGGTTTCAAGCCTGAGCACAAATTCGCTGCATTCGACTTCTTCAATGGAGTCACCAACCCAGCTGCCATCATGC
CCAAAGAGGGGCTCATCCGGCCACCGTCTGAAGCTGAAATGAATGCTGCCCAAACTGCTGCCTTTGTGAAGATTACAAAGGCCAGGGCACAATCCAACGAC
TTTGCCAGCCTAGATGCAGCTGTCACTCGAGGTCGTATCACTGGAACAACAACCGCTGAGGCTGTTGTCACTCTACCACCACCATAACTACGTCTACATAA
CCGACGCCTACCCCAGTTTCATAGTATTTTCTGGTTTGATTGTATGAATAATATAAATAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

PVX sequence corresponds to M95516.1, but contains a heterologous promoter that
derives from Bamboo mosaic virus and the deletion of the 29 initial codons of PV X coat
protein (see reference 44). cDNA corresponding to P. ananatis crtB is on yellow
background.

>ZYMV-wt

AAATTAAAACAAATCACAAAGACTACAGAAATCAACGAACAAACAAACGAATTTTAAACCGTGTTAACAAACAAGCAATTTATAATTCGCACAGCATCAAG
AATTTCTGCAATCATTTTGTTTATTTTAGACACAACAATGGCCTCAGTTATGATTGGTTCAATCTCCGTACCCATCGCACAGCCTGCGCAGTGTGCAAACA
CCCAAGCGAGCAACCGGGTTAACGTAGTGGCACCTGGCCACATGGCAACATGCCCACCATCATTGAAAACGCACACATACTACATGCATGAGTCTAAGAAG
TTGATAAATTCAGATAAAAGCAATGAAATTTTGAACAATTTCTTTAACACTGATGAGATGAAATTCGCGCTCACTAGGAATGAAATGAGTAAGGTGAAAAA
GGGTCCGAATGGGAGGGTAGTTCTTCGCAAACCGAGCAAGCAGCGGGTTTTCGCTCGGATCGAGCAGGATGAGGCAGCACGCAAGGAAGAAGCTGTTTTCC
TTGCAGGAAATTATGATGGTTCGATCACAAATCTAGTGAGTGTTCTTCCATCTGAAATGACTCGCGATGTTGATGCGAGTTTGCGATCACCATTTTACAAG
CGCACATATAAGAAGGACAGAAAGAAAGTGGCGCAAAAGCAAATCGCGCAGGCACCACTTAACAGCTTGTGCACACGTGTTCTTAAAATTGCGCGCAATAG
AAACATCCCTGTTGAGATAATTGGCAACAAGAAAGCAAGACATACACTTACCTTCAAGAGGTTTAGGGGATGTTTTGTTGGAAAGGTGTCAGTTGCACATG
AGGAAGGACGAATGCAACACACTGAGATATCATACGAGCAGTTTGAATGGATTCTACAAGCTATTTGTCGGGTTACTTATACAGAGCGAATTCGTGAGGAA
GACATTAAACCAGGTTGTAGTGGGTGGGTGTTAGGCACTGATCATACATTGACCAAGAGATATTCAAGATTGCCACATCTGGTAATTCGAGGTAGAGATGA
TGACGGGATTGTGAACGCGCTGGAACCGGTGTTATTTTACAGCGAAGTTGACCACTATTCGTCGCAACCGGAAGTTCAGTTCTTCCAAGGATGGCGACGAA
TGTTCGACAAGTTTAGACCCAGTCCAGATCATGTGTGCAAAGTTGATCACAACAATGAGGAGTGTGGTGAGTTAGCAGCAATCTTTTGTCAGGCTTTGTTC
CCAGTAGTGAAATTATCGTGCCAAACATGCAGAGAAAAGCTTAGTAGAGTTAGCTTCGAGGAATTCAAAGATTCTTTGAATACAAACTTTATTATCCATAA
GGACGAATGGGATAGTTTCAAAGAGGGCTCTCATTACGATAATATTTTCAAATTAATTAAAGTAGCAACACAGGTAACTCAGAATCTCAAGCTCTCATCTG
AAGTAATGAAGTTAGTTCAGAACCACACAAGCACTCACATGAAGCAAATACAAGATATCAACAAGGCGCTCATGAAAGGTTCATTGGTTACGCAAGACGAA
TTGGACTTGGCTTTGAAACAGCTTCTAGAAATGACTCAGTGGTTTAAGAACCACATGCACCTGACTGGTGAAGAAGCATTGAAGATGTTCAGAAACAAGCG
CTCTAGCAAGGCTATGATAAATCCTAACCTTTTATGTGATAACCAGTTGGACAAAAATGGAAACTTTGTCTGGGGAGAAAGAGGATATCATTCCAAGCGAT
TATTCAAGAACTTCTTTGAGGAAGTTATACCAAGTGAAGGATATACGAAATACGTAGTGCGAAACTTCCCAAATGGTACTCGTAAGTTGGCCATAGGCTCA
TTGATCGTACCACTCAACTTGGATAGGGCACGCACTGCACTCCTTGGAGAGAGTATTGAGAAGAAGCCACTCACATCAGCATGTGTCTCCCAACAGAATGG
AAATTATATACACTCATGCTGCTGTGTGACGATGGATGATGGAACTCCGATGTACTCAGAGCTTAAGAGCCCGACGAAGAGACATCTAGTTATAGGAGCTT
CTGGTGATCCAAAGTACATTGATTTACCAGCATCTGAGGCAGAACGCATGTATATAGCAAAGGAAGGTTATTGCTATCTTAACATTTTTCTCGCAATGCTT
GTGAATGTTAATGAGAACGAGGCAAAGGATTTCACCAAAATGATTCGTGATGTTTTGATCCCTATGCTTGGGCAATGGCCTTCGTTGATGGATGTCGCGAC
TGCAGCATACATTTTAGGTGTATTCCATCCTGAAACGCGATGCGCTGAATTACCTAGGATTCTTGTTGACCATGCTACGCAAACCATGCATGTCATTGATT
CATATGGATCATTAACTGTTGGTTATCACGTGCTCAAGGCCGGAACTGTCAATCATTTAATTCAATTTGCCTCAAATGATCTGCAGAGCGAGATGAAGCAT
TACAGAGTCGGCGGAACGCCAACACAGCGCATAAAACTTGAGGAGCAATTGATTAAAGGAATCTTCAAACCAAAACTTATGATGCAGCTCTTGCACGATGA
CCCATACATATTATTGCTTGGCATGATCTCACCCACCATTCTTGTGCACATGTATAGGATGCGTCATTTTGAGCGAGGTATTGAAATATGGATTAAGAGAG
ATCATGAAATTGGAAAGATTTTCGTCATATTGGAACAGCTCACACGGAAGGTTGCTCTGGCTGAAGTTCTTGTTGATCAGCTCGATTTGATAAGTGAAGCT
TCACCACATTTACTTGAAATCATGAAGGGTTGTCAAGATAATCAAAGGGCGTATGTACCTGCGCTGGATCTGTTAACGATACAAGTAGAGCGTGAGTTTTC
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AAATAAAGAACTTAAAACCAATGGCTATCCAGATTTGCAGCAAACGTTGTTTGATATGAGAGAAAAAATGTATGCARAAGCAGTTGCACAGTTCATGGCAAG
AGCTAAGCTTGCTGGAAAAATCTTGTGTAACCGTGCGATTGAAGCAATTCTCGATTTTTACGGAAAGAAATTTAATCCAGCGAGCAAAAGAAGGAAAGCGC
ACATCTTCGCTACAATTTGTTCACGAGTGCTTTATCACGACCCGAGTACATGCGAAGAGCATTCGCGATGCAGGCGTGCGCAAGCTAAATGAGGCTCTCGT
TGGAACTTGTAAGTTCTTTTTCTCTTGTGGTTTCAAGATTTTTGCGCGGTGTTACAGCGACATTATATACCTTGTGAACGTGTGTTTGGTATTCTCTTTGG
TGTTACAAATGTCTAATACTGTGCGCAACATGATAGCGGCGACAAGGGAAGAAAAGGAGAGAGCGATGGCAAATAAAGCTGATGAAAATGAAAGGACGTTA
ATGCACATGTACCACATTTTCAGTAAGAAGCAGGATGAAGCGCCCATATATAACGACTTTCTTGAACATGTTCGCAATGTAAGACCAGATCTTGAGGAAAC
CCTCTTGTACATGGCTGGTGCAGAGGTTGTTGCAACACAGGCCAAGTCAGCGGTTCAGATTCAGTTCGAGAAGATTATAGCTGTATTGGCGCTGCTCACTA
TGTGCTTTGACGCCGAAAGAAGTGATGCCATTTTCAAGATTTTGACAAAGCTCAAAACAGTTTTTGGCACGGTTGGAGAAACGGTCCGACTTCAAGGACTT
GAAGATATTGAGAGCTTGGAAGACGATAAGAGACTCACAATTGACTTTGATATTAACACGAATGAGGCTCAATCGTCGACAACGTTTGATGTTCATTTTGA
TGATTGGTGGAATCGGCAGCTACAGCAAAATCGCACAGTTCCACATTATAGGACCACAGGTAAATTCCTCGAATTCACCAGAAGCACTGCAGCTTTTGTGG
CTAATGAAATAGCATCATCAAGTGAAGGAGAATTTTTAGTTAGAGGAGCAGTGGGTTCTGGAAAATCAACGAGCTTGCCTGCGCATCTTTCCAAGAAGGGT
AAAGTATTACTACTCGAACCCACACGCCCTTTGGCGGAGAATGTCAGTAGACAGTTGGCAGGCGATCCTTTTTTCCAAAACGTCACACTCAGAATGAGAGG
GCTAAATTGCTTTGGTTCAAGTAACATTACAGTGATGACGAGTGGATTTGCTTTTCACTACTATGTTAATAATCCACACCAATTAATGGAATTTGACTTTA
TTATCATAGACGAATGCCATGTTACGGACAGTGCGACTATAGCTTTCAATTGCGCACTTAAGGAGTATAATTTTGCTGGCAAATTGATTAAAGTATCTGCA
ACGCCGCCAGGGAGGGAGTGTGATTTCGATACGCAATTCGCGGTGAAAGTCAAAACGGAGGACCACCTTTCATTCCATGCATTCGTTGGCGCACAGAAGAC
TGGTTCAAACGCTGATATGGTTCAGCATGGCAATAACATACTTGTGTATGTTGCAAGTTATAACGAAGTAGACATGCTTTCCAAATTACTCACTGAGCGAC
AATTTTCAGTGACGAAGGTAGATGGGCGAACAATGCAACTTGGGAAAACTACCATTGAAACGCATGGCACTAGTCAAAAGCCTCATTTCATAGTAGCCACA
AACATCATTGAGAATGGAGTGACGTTGGATGTCGAATGTGTTGTTGATTTTGGGCTAAAAGTGGTCGCAGAATTAGACAGCGAAAATCGGTGTGTGCGCTA
CAACAAGAAATCAGTTAGTTATGGAGAAAGGATTCAGCGGCTAGGGAGAGTGGGGAGATCTAAGCCTGGAACTGCATTGCGTATAGGGCACACAGAAAAAG
GCATCGAGAACATTCCCGAATTCATTGCCACAGAAGCAGCAGCCTTATCATTTGCATATGGGCTTCCAGTCACCACGCATGGGGTTTCCACAAATATACTC
GGAAAGTGCACAGTTAAACAGATGAGATGTGCTTTGAATTTTGAGTTAACTCCTTTCTTTACCACTCATTTAATTCGCCATGATGGTAGCATGCACCCACT
GATACACGAAGAACTGAAACAATTTAAACTCAGGGACTCAGAAATGGTGCTCAACAAGGTTGCATTACCTCACCAATTTGTGAGTCAATGGTTGGATCAAA
GTGAGTATGAACGCATTGGAGTGCACGTTCAATGCCATGAGAGCACACGCATACCTTTTTACACAAATGGAGTGCCTGATAAAGTCTATGAGAAAATTTGG
AAGTGCATACAAGAAAACAAGAATGATGCGGTTTTTGGTAAGCTTTCAAGTGCTTGTTCGACTAAGGTTAGTTATACACTCAGCACTGATCCAGCAGCATT
ACCCAGAACTATTGCAATCATCGACCACCTGCTTGCCGAGGAAATGATGAAGCGGAATCACTTCGACACGATCAGCTCAGCTGTAACGGGCTATTCATTTT
CCCTCGCTGGAATTGCTGATTCTTTTAGGAAAAGGTATATGCGCGATTACACAGCGCATAACATTGCAATTCTCCAACAAGCACGTGCCCAGCTGCTCGAA
TTCAATAGTAAAAATGTGAACATCAACAACCTGTCCGATCTGGAAGGAATTGGAGTTATTAAGTCGGTGGTGTTGCAAAGTAAGCAAGAGGTCAGCAACTT
CCTAGGACTTCGCGGTAAATGGGATGGGCGGAAATTTGCGAATGATGTGATATTGGCGATCATGACACTCTTAGGAGGTGGATGGTTCATGTGGGAATACT
TCACGAAAAAGATCAATGAACCCGTGCGCGTTGAAAGCAAGAAACGGCGATCTCAAAAGTTGAAATTCAGGGATGCGTACGATAGGAAAGTCGGACGTGAG
ATTTTTGGCGATGATGACACAATTGGGCGCACTTTTGGCGAAGCTTACACGAAGAGAGGAAAGGTCAAAGGAAACAACAGCACAAAAGGAATGGGACGGAA
AACTCGCAATTTTGTGCATTTATATGGTGTGGAGCCTGAGAATTACAGCTTTATTAGATTTGTGGACCCTCTCACTGGCCATACATTGGACGAAAGCACCC
ATACAGACATTTCGTTAGTGCAGGAGGAGTTTGGAAGTATTAGAGAGAAATTTCTGGAGAATGATTTAATCTCGAGGCAGTCTATTATTAACAAACCCGGT
ATTCAAGCATATTTTATGGGCAAGGGCACCGAAGAAGCACTCAAAGTTGATTTGACTCCTCATGTACCATTGCTTCTGTGCAGAAACACCAATGCCATTGC
GGGGTATCCAGAGAGAGAAAATGAGTTGAGACAAACCGGCACACCAGTTAAGGTTTCTTTTAAAGACGTGCCAGAGAAAAACGAACATGTCGAGTTGGAGA
GCAAATCCATCTACAAAGGAGTGCGCGATTACAATGGCATTTCAACAATCGTCTGTCAATTAACGAACGATTCTGATGGCCTCAAGGAGACTATGTATGGT
ATTGGCTACGGGCCGATAATCATTACTAATGGGCACCTCTTCAGGAAAAACAATGGTACACTTCTAGTCAGGTCTTGGCATGGTGAATTCACTGTTAAAAA
TACCACAACGCTCAAAGTGCATTTCATAGAAGGGAAGGATGTTGTTTTAGTGCGTATGCCAAAGGACTTTCCACCGTTCAAAAGCAACGCTTCTTTTAGAG
CGCCAAAACGCGAGGAACGAGCATGCTTGGTTGGAACAAATTTTCAAGAGAAGAGTCTCCGCTCCACTGTTTCAGAATCTTCAATGACAATACCTGAAGGA
ACTGGCTCATATTGGATTCATTGGATTTCAACCAATGAAGGGGACTGCGGATTACCCATGGTTTCAACAACGGATGGTAAGATAATTGGAGTTCATGGTTT
GGCTTCCACAGTCTCATCTAAGAATTATTTTGTCCCATTCACTGATGATTTTATAGCCACGCATTTGAGCAAGCTTGATGATCTCACATGGACTCAGCATT
GGCTATGGCAACCTAGCAAAATCGCGTGGGGAACGCTCAACTTAGTTGATGAACAACCAGGGCCTGAATTTCGTATTTCAAATCTAGTCAAGGATTTGTTC
ACTTCTGGTGTTGAAACACAGAGCAAGCGGGAAAGATGGGTCTACGAAAGCTGTGAAGGGAACCTTCGAGCTGTTGGAACTGCGCAATCAGCGTTAGTCAC
CAAACATGTTGTCAAGGGCAAGTGTTCTTTCTTCGAAGAATATTTGCAAACACACGCAGAAGCGAGCGCCTATTTCAGACCCTTAATGGGAGAGTACCAGC
CGAGCAAGTTGAACAAAGAGGCCTTCAAAAAGGATTTCTTTAAATACAACAAACCCGTCACTGTTAATCAATTGGATCATGATAAATTTTTAGAAGCAGTG
GATGGGGTTATACGTATGATGTGTGACTTTGAGTTCAATGAATGCCGATTCATTACAGATCCCGAGGAAATTTACAACTCTCTGAACATGAAAGCAGCAAT
TGGAGCCCAATATAGAGGAAAGAAGAAAGAATATTTTGAAGGGCTAGATGATTTTGATCGAGAGCGACTATTATTTCAAAGTTGTGAAAGGTTGTTTAATG
GCTATAAAGGTTTGTGGAATGGATCTTTAAAGGCTGAGCTCAGGCCGCTTGAGAAAGTCAGGGCTAACAAAACACGAACTTTTACAGCAGCGCCAATTGAT
ACATTGCTTGGAGCTAAAGTTTGCGTGGATGATTTCAATAATGAATTTTACAGCAAAAATCTCAAGTGTCCATGGACGGTTGGCATGACAAAATTTTATGG
TGGTTGGGATAAATTGATGAGATCGTTACCTGATGGTTGGTTATACTGTCATGCTGATGGATCACAGTTTGACAGTTCATTAACCCCAGCTCTATTGAATG
CAGTTCTTATAATCAGGTCTTTTTACATGGAAGATTGGTGGGTTGGCCAAGAGATGCTCGAAAATCTCTATGCTGAGATTGTGTACACTCCAATTCTTGCT
CCGGATGGAACAATTTTCAAGAAATTTAGAGGTAACAACAGTGGGCAACCCTCAACAGTGGTGGATAACACACTAATGGTTGTGATCTCTATTTACTATGC
GTGCATGAAGTTTGGGTGGAATTGCGAGGAAATTGAGAATAAACTTGTCTTCTTTGCAAATGGAGATGACCTGATACTTGCAGTCAGAGATGAAGACAGCG
GCTTACTTGATAACATGTCATCCTCTTTTTCCGAACTTGGACTGAATTACGATTTTTCGGAACGCACGCACAAAAGAGAAGATCTTTGGTTCATGTCCCAC
CAGGCAATGTTAATTGATGGAATGTACATCCCAAAACTTGAGAAAGAGAGAATTGTTTCAATTCTAGAATGGGATAGAAGTAAGGAAATAATGCACCGAAC
AGAGGCTATTTGCGCTGCAATGATTGAAGCATGGGGACACACCGAGCTTTTACAAGAAATCAGAAAGTTTTACCTGTGGTTCGTTGAAAAGGAAGAAGTGC
GAGAATTGGCTGCCCTCGGAAAAGCTCCATACATAGCTGAGACAGCTCTTCGTAAGTTATACACTGACAAGGGAGCGGATACGAGTGAACTGGCACGCTAT
CTACGAGCCCTCCATCAAGATATCTTCTTTGAACAAGGAGACACTGTAATGCTCCAATCAGGCACTCAGCCAACTGTGGCAGACGCTGGGGCTACAAAGAA
AGACAAAGAAGATGACAAAGGGAAAAACAAGGATGTTTCAGGCTCCGGCTCAGGTGAGAAAACGATAGCAGCTGTCACAAAGGACAAGGATGTGAATGCTG
GTTCTCATGGGAAGATCGTGCCGCGTCTTTCAAAGATCACAAAGAAAATGTCACTGCCACGCGTGAAAGGAAATGTGATACTCGATATCGATCATTTGCTG
GAATATAAACCGGATCAAATCGAGTTGTACAACACACGAGCGTCTCATCAGCAATTCGCTTCCTGGTTTAACCAAGTTAAAACAGAATATGATCTGAATGA
GCAACAGATGGGAGTTGTAATGAATGGTTTCATGGTTTGGTGTATTGAAAATGGCACCTCACCCGACATTAATGGAGTGTGGGTTATGATGGACGGAAATG
AGCAAGTTGAATATCCTTTGAAACCAATAGTTGAAAATGCAAAGCCAACGCTGCGGCAAATAATGCATCATTTTTCAGATGCAGCGGAGGCATACATAGAG
ATGAGAAATGCAGAGGCACCATACATGCCGAGGTATGGTTTGCTTCGAAACCTACGGGATAGGAGTTTGGCACGATATGCTTTCGATTTCTATGAAGTCAA
TTCTAAAACTCCTGAAAGAGCCCGTGAAGCTGTTGCGCAAATGAAAGCAGCAGCTCTTAGCAATGTTTCTTCAAGGTTGTTTGGCCTTGATGGAAATGTTG
CCACTACTAGCGAAGACACTGAACGGCACACTGCACGTGATGTTAATAGAAACATGCACACCTTACTAGGTGTGAATACAATGCAGTAAAGGGTAGGTCGC
CTACCTAGGTTATTGTTTCGCTGCCGACGTAATTCTAATATTTACCGCTTTATTTGATATCTTTAAATTTCTAGAGTGGGCTTCCCACCCTTAAAGCGTAA
AGTTTATGTTAGTTGTCCAGGAGTGCCGTAGTCCTGTCGGAAGCTTTAGTGTGAGCCTCTCACGAATAAGCTCGAGATTAGACTCCGTTTGCAAGCCTAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAA

This ZYMV sequence is pending to deposit in GenBank. Limits between ZYMV
cistrons are marked on blue background.

>ZYMV-crtB (insert between possitions 8541-8542 of ZYMV-wt)
TCTGGCACAATGAATAATCCGTCGTTACTCAATCATGCGGTCGAAACGATGGCAGTTGGCTCGAAAAGTTTTGCGACAGCCTCAAAGTTATTTGATGCAAA
AACCCGGCGCAGCGTACTGATGCTCTACGCCTGGTGCCGCCATTGTGACGATGTTATTGACGATCAGACGCTGGGCTTTCAGGCCCGGCAGCCTGCCTTAC
ARACGCCCGAACAACGTCTGATGCAACTTGAGATGAAAACGCGCCAGGCCTATGCAGGATCGCAGATGCACGAACCGGCGTTTGCGGCTTTTCAGGAAGTG
GCTATGGCTCATGATATCGCCCCGGCTTACGCGTTTGATCATCTGGAAGGCTTCGCCATGGATGTACGCGAAGCGCAATACAGCCAACTGGATGATACGCT
GCGCTATTGCTATCACGTTGCAGGCGTTGTCGGCTTGATGATGGCGCAAATCATGGGCGTGCGGGATAACGCCACGCTGGACCGCGCCTGTGACCTTGGGE
TGGCATTTCAGTTGACCAATATTGCTCGCGATATTGTGGACGATGCGCATGCGGGCCGCTGTTATCTGCCGGCAAGCTGGCTGGAGCATGAAGGTCTGAAC
AAAGAGAATTATGCGGCACCTGAAAACCGTCAGGCGCTGAGCCGTATCGCCCGTCGTTTGGTGCAGGAAGCAGAACCTTACTATTTGTCTGCCACAGCCGG
CCTGGCAGGGTTGCCCCTGCGTTCCGCCTGGGCAATCGCTACGGCGAAGCAGGTTTACCGGARAATAGGTGTCAAAGTTGAACAGGCCGGTCAGCAAGCCT
GGGATCAGCGGCAGTCAACGACCACGCCCGAAAAATTAACGCTGCTGCTGGCCGCCTCTGGTCAGGCCCTTACTTCCCGGATGCGGGCTCATCCTCCCCGE
CCTGCGCATCTCTGGCAGCGCCCGCTCCAGGGAGATACTGTGATGCTTCAR
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cDNA corresponding to P. ananatis crtB is on yellow background. Sequences
corresponding to artificial ZYMV NlaPro cleavage sites are in blue.

>TEV—Rosl (insert between possitions 8541-8542 of ZYMV—wt)
AGAAAAGGTACTTGGACCAAAGAAGAA
A CAPCWTTCAAC GGTGTAGGAAGAGTTGCAGGC
cT

C
T

aonTFAAGnAFTTTTPFP

TAATATCGTAAGACCCCGAG
CTGATGAGATTCCAGATTGT
CTAGAAACAACGGAGGATGG

cDNA corresponding to A.majus Rosl is on red background. Sequences corresponding
to artificial ZYMV NlaPro cleavage sites are in blue.
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General Discussion






Photosynthetic organisms like plants are the backbone of life on Earth, able to
transform solar energy into carbohydrates and oxygen. They are essential for human life
since they serve as foodstuffs, feedstock, building material and fuel. Furthermore, plants
are important sources of medicines and health promoting molecules, since they produce
thousands of biologically active compounds in which the majority of the human
population still relies as primary health care (Gurib-Fakim, 2006). Therefore, it is not
surprising that humans tried to enhance plant productivity from ancient times. In the
past thirty years, biotechnological tools enabled scientists make important agronomic
trait improvements (Cressey, 2013; Chen and Lin, 2013). In addition, plants have been
developed as biofuels as well as alternative platforms for pharmaceutical protein
production (Ma et al., 2003; Xu et al., 2012). Many attempts have been also made to re-
engineer metabolic pathways to induce the production of health promoting compounds
in natural host plants (Farré et al., 2014). Plant viruses have contributed to these
objectives as transient expression systems enabling the fast and high level expression of

several recombinant proteins (Sainsbury and Lomonossoff, 2014).

Plant viruses are obligate intracellular parasites that debilitate the host and often
cause enormous economic losses in crop yields worldwide. Some of them —mainly those
infecting staple crops in developing countries— have such devastating effects on plant
production that occasionally could originate serious problems in food supply (Rybicki,
2015). The economic damage caused by plant viruses stimulated the research on their
molecular biology, which also contributed to the understanding of eukaryotic biology
and plant biology. Furthermore, the capacity of plant viruses to synthetize high amounts
of viral proteins prompted plant virologists to take advantage of this fascinating
attribute. The new technologies of genome manipulation enabled the construction of
infectious clones of plant viruses that both served as experimental purposes and
heterologous protein production systems in plants. Several plant viruses were
successfully used to construct vectors for foreign protein expression, making in effect
an ‘ally from the enemy’ (Pogue et al., 2002; Gleba et al., 2014; Peyret and
Lomonossoff, 2015). These expression systems benefitted from plant virus gene
expression strategies to build new vectors enabling protein production in microgram
quantities per kilogram of fresh tissue. Nonetheless, the use of plant virus-based

expression vectors requires a fine design and a deep understanding of virus biology.

145



Their relatively small genome helps gene manipulation, but the complexity of genome

organization hinders the simple insertion of foreign cDNAs for protein expression.

Bedoya et al. (2010) developed a potyvirus-based gene expression vector which
takes advantage of the genome expression strategy of the viral genus and expresses
several heterologous proteins in equimolar amounts in the same subcellular localization.
Potyviruses produce a large polyprotein, which is processed co- and post-tanslationally
by three viral encoded proteases resulting in ten mature gene products in equimolar
amounts (Urcuqui-Inchima et al., 2001; Ivanov et al., 2014). An additional gene
product, P3N-PIPO, is expressed as the result of a frame-shift mechanism (Chung et al.,
2008; Mingot et al., 2016). Despite of their apparent simplicity of this genome
expression strategy, the processing of potyviral polyprotein seems to be finely regulated
resulting in the production of viral proteins in the right amount, time and space (Merits
et al., 2002; Ivanov et al., 2014). The regulation is mainly based on the recognition
efficiency of a viral encoded protease, NlaPro, responsible for the proteolytic
processing of the main genome block of potyviruses from P3 to the end of the
polyprotein (Carrington et al., 1993; Parks et al., 1995; Kim et al., 1995). Several
studies demonstrated that there are some intercistronic positions that enable insertion of
foreign genes without interrupting viral functions resulting in viable chimeric viruses.
These sites are located between the P1/HC-Pro and NIb/CP junctions and has been
frequently used by many scientists to insert the cDNA of heterologous proteins (Dolja et
al., 1997; Fernandez-Fernandez et al., 2001; Beauchemin et al., 2005; Dietrich and
Maiss, 2003). In addition, an insertion site near to the amino terminus of Potato virus A
polyprotein was also identified (Rajaméki et al., 2005).

For a deeper understanding of regulatory elements on potyvirus genome, and for
the identification of possible new insertion sites in the genome, an experimental setup
was designed in which TEV genome was reorganized by relocating the NIb cistron to
all possible intercistronic positions of the genome —excluding P3N-PIPO- and the
viability of chimeric viruses was tested. NIb, the RNA-dependent RNA polymerase,
was chosen because it is known that this gene can be supplemented in trans either from
a transgene or from a compatible viral vector for efficient virus replication (Li and
Carrington, 1995; Bedoya et al., 2010). Chimeric virus constructs were assayed both in
wild-type and transgenic plants in which NIb was supplemented in trans from a

transgene. Recombinant viruses with NIb relocated to the most amino-terminal end of
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the polyprotein and between cistrons P1 and HC-Pro were the only viable virus
constructs both in wild-type and transgenic plants. Chimeric virus harboring the
relocated NIb between HC-Pro and P3 were rescued partially in transgenic plants. All
other recombinant viruses showed to be non-viable. Our hypothesis is that in these last
cases, the insertion of NIb induced lethal effects in polyprotein processing or disrupted
partially processed gene products or regulatory RNA elements. Our results
demonstrated that potyviral genome organization is much more complex than just a set
of individual cistrons. These results served as the basis for further genome organization
studies (Willemsen et al., 2016). We found that TEV genome only tolerates insertions
in certain sites like P1/HC-Pro and NIb/CP junctions, as previously described, and at the
here discovered amino-terminal end of the polyprotein. This newly described insertion
position opened the possibility to explore new questions of recombinant protein

expression using the TEV-based vector.

Since plants are natural source of various specialized secondary metabolites
which have a wide range of biological activities and are used for pharmaceutical,
cosmetic and agrochemical purposes, huge efforts have been made to understand and
manipulate metabolic pathways in plants, to boost the production of desired compounds
with special attention on those which are conferring nutritional benefits for humans. The
capacity of plant viruses to produce high amounts of proteins avoiding the time-
consuming generation of transgenic plants has been exploited in this field. Plant viruses
were used to elucidate endogenous biosynthetic pathways (Robertson, 2004) and re-
engineer plant metabolism by expressing active enzymes and transcription factors
(Kumagai et al., 1995; Kumagai et al., 1998; Bedoya et al., 2010; Mozes-Koch et al.,
2012; Zhang et al., 2013; Nielsen et al., 2013). Between them, the potyvirus-based
expression vector developed by Bedoya et al. (2010) was used to induce a large
accumulation of anthocyanins, plant pigments with antioxidant properties, in tobacco
leaves through the expression of two interacting transcription factors (Delila and

Roseal) from A. majus.

However metabolic pathway manipulation is not as easy as the expression of a
sole enzyme even in the natural host and metabolic engineering of plants faces many
challenges because of the tight regulation of the host genes (Farré et al., 2014). One of
them is the identification of the most suitable subcellular compartments of metabolic

reactions and targeting the selected enzymes to these locations (Heinig et al., 2013).
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Therefore, our next goal was to study the important question of subcellular targeting of
expressed proteins from the TEV-based viral vector. We explored if heterologous
protein delivery is possible to different subcellular compartments and which insertion
site is the most suitable for this purpose. Recombinant TEV clones harboring GFP at the
amino-terminal site or at an internal site (between Nla-Pro and CP, replacing the NIb
cistron) of the polyprotein with sequence motifs fused to the amino-terminal of GFP for
chloroplasts, nuclei and mitochondria delivery were constructed. Our results revealed
that the insertion position in the viral genome is crucial for protein delivery. Proteins
expressed from the amino-terminal insertion site were successfully delivered, but only
the GFP variant targeted to the nucleus was able to reach the corresponding organelle
from the internal insertion position. These results may reflect the difference between the
translocation process of proteins targeted to chloroplasts or mitochondria and proteins
targeted to the nuclei. In chloroplasts and mitochondria targeted proteins throughout
synthesis, the amino-terminal sequence are recognized by specific factors of the
translocation complex, which keeps preproteins in an unfolded state to facilitate the
translocation into the corresponding organelle. Nuclear transport of proteins differs
essentially, since it occurs through the nuclear pore complex, which allows the transit of
completely folded proteins. In the potyvirus vector context, the signal sequence of
recombinant proteins inserted into the internal position may not be efficiently
recognized by chloroplasts and mitochondria translocons because the tertiary structure
of the polyprotein could mask the targeting information and therefore the amino-
terminal signal peptide may not be efficiently loaded by the translocation machinery. In
case of nucleus targeting, the translocation is successfully completed from both
insertion positions, since nucleus targeting sequences are recognized independently
from the folded state of the protein and the location of these signals. In summary, our
results indicate that for delivering recombinant proteins to the chloroplasts and
mitochondria from the TEV-based vector, proteins have to be inserted in the amino
terminus of the viral polyprotein but for nuclear delivery, both insertion positions are
suitable. Based on these findings, we were able to target different fluorescent proteins
into chloroplasts and the nuclei from the same viral vector. We also studied the effect of
the insertion site and the signal sequence on the accumulation of targeted heterologous
proteins. Our results showed that the type of signal peptide and the insertion position
both affect recombinant protein accumulation. In general we observed that the fusion of

signal peptides can negatively alter protein accumulation, but successful subcellular
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targeting of heterologous proteins from the viral vector can result in higher
accumulation, which corroborate previous studies (Fischer et al., 2004). Our results also
showed that the position of extra genes in the potyvirus genome affects the stability of
recombinant viruses and amino-terminal insertion position seems less stable than the
internal site. Furthermore, we observed milder symptoms of virus constructs with
amino-terminal expression of heterologous proteins which could be beneficial from a

biotechnological point of view.

Based on the promising previous results, inducing anthocyanin accumulation in
infected tissues with the viral vector (Bedoya et al., 2010), we wanted to go further and
demonstrate that the potyvirus-based vector is able not just to express transcription
factors which activate several genes, but also an entire heterologous biosynthetic
pathway in plant cells. For this aim we cloned the cDNAs coding for three enzymes
from bacterial origin into the potyvirus-based vector which are responsible for the
conversion of lycopene, a type of carotenoid, in a three-step biosynthetic pathway. In
plants, carotenoids, a group of isoprenoids, are biosynthesized in plastids through the
MEP pathway from the universal isoprenoid precursors IPP and DMAPP, but these
molecules are also synthetized in the cytosol through the MVVA pathway where they are
mainly used for the biosynthesis of sterols (Rodriguez-Concepcion and Boronat, 2002).
Much effort have been made on engineer carotenoid metabolic pathway in plants and
maximize the accumulation of p-carotene and lycopene, because of their important role
in human health and diet (Giuliano, 2014). Nevertheless, engineering high level
carotenoid content has proven to be extremely challenging because of the existing
multilevel regulator constrains of the pathway and the time-consuming and resource-
intensive creation of stable transgenic lines (Cazzonelli and Pogson, 2010; Ruiz-Sola
and Rodriguez-Concepcién, 2012; Nisar et al., 2015). By expressing the three enzyme
pathway in the cytosol with the viral vector, we expected to redirect carbon flow and
produce lycopene outside the plastids where this compound is not synthetized naturally.
With this experimental setup, we also expected to gain interesting insights into
carotenoid biosynthetic pathway regulation. Carotenoids are present in green leaves,
fruits and flowers, but they are quantitatively and qualitatively different in these tissue
types. In green tissues, yellow colored xanthophylls associated to photosynthetic
functions are predominant, but their color is masked by green chlorophylls. Carotenoids

in non-photosynthetic tissues are visual and act as colorants calling the attention of
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pollinating and seed-dispersing animals (Glover, 2011). Lycopene accumulates mostly
in fruits, but it is also synthetized in green tissues where it is rapidly converted to other
types of carotenoids, mainly xanthophylls with photosynthetic functions.

The recombinant TEV clone expressing bacterial enzymes was constructed by
inserting the cDNA of these genes in place of the NIb cistron, and flanking them with
artificial processing sites of the NlaPro. Ten dpi symptomatic leaves exhibited reddish
coloration suggesting lycopene accumulation which was confirmed by HPLC. The
analysis revealed the presence of colorless phytoene and high levels of orange lycopene
which comprised approximately 10% of the total carotenoid content in leaves, never
described before. The light microscopic examination of the infected tissue revealed that
the accumulated lycopene was organized in extraplastidic structures. This was not
surprising since these compounds are highly hydrophobic and tend to form crystals
when accumulated in high amounts (Li et al., 2001; Maass et al., 2009; Cao et al., 2012;
Yuan et al., 2015), and the increase in the carotenoid content usually induces the
proliferation of carotenoid sequestering structures (Rabbani et al., 1998). According to
our hypothesis, the newly engineered pathway expressed with the viral vector resulted
in the production of lycopene outside the plastids where this compound can be
accumulated since no carotenoid biosynthetic enzymes are present to use it as substrate.
Nevertheless, necrosis of lycopene expressing tissue was observed which probably
indicates that lycopene accumulation outside plastids is not stable. Further studies are
needed to engineer storage of accumulated lycopene, which could be accomplished by
inducing carotenoid-sequestering organelle production, formerly used to store these
compounds in cauliflower (Li et al., 2001; Paolillo et al., 2004).

To gain further insight into the virally expressed heterologous pathway, we
expressed the three carotenoid biosynthetic enzymes separately with the TEV-based
vector. Interestingly, the tissue infected with the recombinant virus expressing the
bacterial phytoene synthase, crtB (TEVANIb-B) exhibited a bright yellow coloration,
which was unexpected since phytoene, the direct product of crtB, is colorless. The
phytoene synthase was identified as the most important regulatory step in the pathway
and crtB was used to re-engineer the pathway in many important crops (Shewmaker et
al., 1999; Fraser et al., 2002; Ducreux et al., 2005; Fujisawa et al., 2008). HPLC
analysis of infected leaves revealed that virally expressed crtB stimulated the

accumulation of chloroplastic carotenoids in particular B-carotene and lutein which was
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accompanied with the concomitant reduction of chlorophylls, as the result of viral

infection.

The yellow coloration of the infected tissue incited us to study crtB, as a reporter
system to visually track viral infection. Previously tested red virus marker, Roseal,
resulted to be an excellent plant virus visualizing system especially for experiments
involving massive inoculation of plants. Roseal enabled the easy detection and
monitoring of viral infection, without the need of any specific devices in a non-
destructive manner (Majer et al., 2013; Bedoya et al., 2012). Additionally, Roseal
permitted the quantification of viral load in infected tissue with an easy and cheap
anthocyanin extraction method and a colorimetric measurement of pigment content
(Bedoya et al., 2012). CrtB was able to report infection of several plant viruses, like
TEV, TMV, PVX in N. benthamiana, in A. thaliana and tomato. Furthermore crtB
resulted to be a more general marker than Roseal, since it was functional in plant
species where Roseal failed to detect virus presence, like zucchini. CrtB operates in a
different biosynthetic pathway, therefore complements Roseal, enabling the plant virus
detection in species where the anthocyanin biosynthetic pathway is deficient or
inexistent. In addition, the co-infection of TEV tagged with crtB and Roseal,
demonstrated the capability of these visual markers to simultaneously monitor two
different plant virus populations.

Definitively, this work reflects the versatility of plant viruses as biotechnological
tools. Here we explored foreign protein insertion sites in potyvirus genome, new
possibilities to delivery heterologous proteins to specific subcellular compartments from
the viral backbone, and vector capacity to manipulate plant metabolism resulting in the

accumulation of secondary metabolites with dietary and medical importance.
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Conclusions






The relocation of the NIb cistron to all intercistronic positions of the TEV genome
demonstrated the complexity of potyviral genome organization suggesting the
existence of regulatory elements unknown yet. Our results showed that even though
NIb can be provided in trans, it can only be relocated to the amino terminus of the
polyprotein or in between P1 and HC-Pro without affecting virus viability. The
insertion of NIb into any other intercistronic positions results in nonviable viruses
most probably because of introduction of lethal effects in polyprotein processing,
disruption of partially processed gene products with distinctive roles during
infection, or disruption of regulatory RNA elements in the genome.

Our results also demonstrated the existence of a novel insertion position at the
outermost amino-terminal end of the polyprotein where sequences coding
heterologous proteins can be inserted.

Targeting heterologous proteins to chloroplasts, nuclei and mitochondria can only
be reached from the amino-terminal insertion position of the potyvirus-based vector
but for nucleus targeting, both the amino-terminal and internal insertion positions
are suitable. This difference most probably reflects the necessary coordination
between protein synthesis and translocation to the chloroplast or mitochondria.
Based on these observations two different subcellular localizations —chloroplasts
and nuclei— could be reached from a single viral backbone.

. Accumulation of targeted recombinant proteins depends on the signal peptide and
the insertion position in the viral polyprotein. GFP variants expressed from the
amino-terminal positions were accumulated in higher amounts, in contrast to all
tagged GFP variants expressed from the internal site.

The position of the extra genes in the potyvirus genome affects the stability of
recombinant viruses and, according to our results, cDNAs inserted into the internal
position are more stable than those inserted at the amino-terminal site.

The reconstruction of an entire heterologous multistep biosynthetic pathway was
achieved with the potyvirus-based vector. The heterologous pathway composed of
three bacterial enzymes successfully rewired metabolic circuits to synthetize
carotenoids from cytosolic isoprenoid precursor. We also demonstrated that the
bottleneck of this pathway is the phytoene synthase, crtB, which is enough to induce

carotenoid accumulation in tobacco leaves to visual levels.
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7. We exploited the possibilities of crtB as visual marker to track virus infection in
plants. CrtB proved to be a more general marker than the previously described

Roseal for visual tracking and succeeded in reporting viral presence in various
plants of both scientific and agronomic importance.
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Plant viruses are obligate intracellular
parasites which are able to force host cells to
synthetize high amounts of viral proteins. This

fascinating capacity was exploited with
recombinant virus vectors which express foreign
proteins in plant biofactories. Some attempts

were also made to use viral vectors in endogenous

metabolic pathway modification of valuable
natural products. The main limitation of many
plant virus-based systems is the difficulty to
co-express various heterologous proteins in the
same cell with proper subcellular localization,
which is a crucial question in metabolic

engineering, since these pathways are composed of

many enzymes located in different subcellular
organelles.

This work provides a solution to overcome this
limitation by using a potyvirus-based vector
system which was manipulated to express several
foreign proteins in equimolar amounts, target
them to different subcellular compartments and
express a whole heterologous biosynthetic pathway
to induce valuable secondary metabolite
production in infected tobacco Teaves.




