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RESUMEN

Las enfermedades de las plantas pueden ocasionar pérdidas en la produccién de cultivos o
pérdidas econdmicas de grandes dimensiones en industrias dependientes de material vegetal.
Una de las patologias de mayor importancia son los virus, el Virus del enrollamiento de la
hoja amarilla del tomate, TYLCV (del inglés: Tomato yellow leaf curl virus) es uno de los
virus de mayor relevancia fitosanitaria a nivel mundial, ya que afecta a un amplio rango de
hospedantes comerciales, como es el tomate, tomatillo, chile, frijol, soja. Hasta el momento
no se conoce una formulacion agroquimica que ayude a mitigar la enfermedad causada por
dicho virus una vez gue esta se encuentra instalada. Previamente se ha reportado el uso de
péptidos y proteinas como agentes correctivos de la enfermedad a nivel de controlar el ciclo
replicativo del virus, sin embargo, estos necesitan ser expresados en lineas transgénicas para
su aplicacion en campo. Utilizando los principios de disefio y/o seleccidn racional de
agroguimicos; en esta tesis se presenta el uso de semilla de amaranto como una fuente de
péptidos bioactivos con actividad antiviral contra TYLCV. La primera evaluacion consistid
en estudiar si el extracto peptidico derivado de la hidrolisis enzimética de globulinas de
amaranto era capaz de inducir actividad protectora contra la infeccion por TYLCV en tomate
(Solanum lycopersicum). En los resultados se observo que el tratamiento con dicho extracto
en dos variedades comerciales (Bola y Maya) induce proteccidon contra la virosis por la
activacion de genes relacionados a defensa como la enzima fenilalanina amonio liasa (PAL)
ademas de inducir promocion de crecimiento en dicha especie vegetal. Por otro lado, dicho
extracto mostré la misma actividad de induccion de defensa al prevenir el desarrollo de
manchado foliar en maiz causado por Helminthosporium sp. Posteriormente se procedio a la
busqueda de péptidos en el extracto los cuales tuvieran afinidad hacia la secuencia que forma
la estructura de tallo y asa (horquilla) presente en el origen de replicacion de TYLCV, los
péptidos se seleccionaron mediante resonancia de plasmon localizada en superficie (LSRP)
y se obtuvo un péptido denominado AmPep1 el cual demostro tener alta afinidad (kq=1.4x10
2uM) hacia el blanco viral en estudio. Dicho péptido mostr6 actividad antiviral curativa en
plantas de Nicotiana benthamiana y tomate infectadas con el TYLCV al ser aplicado
exdgenamente, asi como actividad antiviral curativa en plantas de N. benthamiana infectadas
con el Virus de la vena amarilla del chile Huasteco (PHYVV). Al estudiar su potencial
mecanismo de accion mediante la técnica “2-Steps-qPCR” se comprob6 que el péptido reduce
la sintesis de intermediarios replicativos como el DNA sentido viral (VS) y por consecuente
la sintesis del DNA sentido complementario (CS) de TYLCV, lo que indic6 que al ser un
péptido seleccionado hacia el origen de replicacion del virus este interfiere negativamente
con la replicacion de TYLCV, atenuando el desarrollo de la enfermedad. En un ensayo de
interaccién molecular mediante espectroscopia Raman y modelado teérico se deduce que el
péptido se une a la horquilla de origen de replicacién viral mediante puentes de hidrdgeno e
interacciones Pi en la region 3°, la cual es la zona donde la proteina iniciadora de la
replicacion viral (Rep) lleva a cabo el inicio de este proceso, por lo tanto, se concluye que el
péptido AmPepl afecta directamente la sintesis de DNA viral en la planta generando
actividad antiviral contra TYLCV.
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ABSTRACT

Plant diseases can cause losses in crop production or large economic losses in industries
dependent on plant material. One of the most important diseases are viruses. Tomato yellow
leaf curl virus TYLCYV, is one of the most relevant phytosanitary viruses worldwide, since it
affects a wide range of commercial hosts, such as tomato, tomatillo, pepper, bean, soybean.
So far, an agrochemical formulation which helps mitigate the disease caused by the virus
once it is installed is not known. Previously, the use of peptides and proteins as corrective
agents of the disease has been reported to control the replicative cycle of the virus, however,
these need to be expressed in transgenic lines for field application. Using the principles of
design and / or rational selection of agrochemicals; this thesis presents the use of amaranth
seed as a source of bioactive peptides with antiviral activity against TYLCV. The first
evaluation was to study whether the peptide extract derived from the enzymatic hydrolysis
of amaranth globulins was able to induce protective activity against TYLCV infection in
tomato (Solanum lycopersicum). In the results it was observed that the treatment with this
extract in two tomato commercial varieties (Bola and Maya) induced protection against the
viral disease by the activation of defense-related genes such as the enzyme phenylalanine
ammonia lyase (PAL) as well as inducing growth promotion in these vegetable species. On
the other hand, this extract showed the same activity of defense induction by preventing the
development of leaf blight in corn leaves caused by Helminthosporium sp. Subsequently we
proceeded to search for peptides in the extract which had affinity to the sequence that forms
the structure of stem and loop (hairpin) present in the origin of replication of TYLCV, the
peptides were selected by localized surface resonance plasmon ( LSRP) and a peptide called
AmPep1 was selected, this peptide showed high affinity (kq = 1.4x1072uM) towards the viral
target under study. AmPepl peptide showed curative antiviral activity in Nicotiana
benthamiana and tomato plants infected with the TYLCV when it was applied exogenously,
as well as curative antiviral activity in N. benthamiana plants infected with the Pepper
Huasteco yellow vein virus (PHYVV). By studying its potential mechanism of action using
the technique "2-steps-qPCR" it was found that the peptide reduces the synthesis of
replicative intermediates such as viral sense DNA (VS) and consequently the synthesis of
complementary sense DNA (CS) of TYLCV , which indicated that being a peptide selected
towards the origin of replication of the virus this negatively interferes with the replication of
TYLCV, attenuating the development of the disease. In a molecular interaction assay using
Raman spectroscopy and theoretical modeling, it was deduced that the peptide binds to the
hairpin of origin of viral replication by forming hydrogen bonds and Pi interactions in the -
3' region, which is the area where the viral replication initiation protein (Rep) performs the
beginning of this process, therefore, it is concluded that the peptide AmPepl directly affects
viral DNA synthesis in the plant, generating antiviral activity against TYLCV.
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SAMMANFATTNING

Véxtsjukdomar kan fororsaka minskade skordar och stora ekonomiska forluster i industrier
som dar beroende av vaxtmaterial. En av de viktigaste patogenerna ar virus. Tomato yellow
leaf curl virus, TYLCV, &r ett av de virus som har storst fytosanitar betydelse i véarlden,
eftersom det paverkar ett brett spektrum av kommersiella vardvéxter sisom tomat, tomatillo,
chili, bonor och sojabdnor. Hittills finns det inget kant lantbrukskemiskt preparat som kan
hjalpa till att lindra sjukdomen som orsakas av viruset nér det har etablerat sig i vardvaxten.
Det har tidigare rapporterats att peptider och proteiner, nar de anvands som behandling mot
sjukdomen, kan reglera forokningscykeln hos viruset; dock maste dessa uttryckas i transgena
linjer for att anvandas i falt. Genom tillampning av principer for design och/eller rationellt
urval av lantbrukskemikalier presenterar denna avhandling anvandning av amarantfré som
en kalla till bioaktiva peptider med antiviral aktivitet mot TYLCV. Till att bdrja med
undersoktes om peptidextrakt framstallt genom enzymatisk hydrolys av amarantglobuliner
kunde inducera skyddsaktivitet mot TYLCV-infektion i tomat (Solanum lycopersicum).
Resultaten visade att behandling med detta extrakt i tvd kommersiella varianter av tomat
(Bola och Maya) inducerade skydd mot virussjukdom genom aktivering av forsvarsrelaterade
gener sasom enzymet fenylalanin-ammoniaklyas (PAL) och framjade tillvaxt i dessa
vaxtarter. Dessutom visade extraktet samma forsvarsinducerande aktivitet genom att
forebygga utveckling av mjoldagg pa majsblad orsakad av Helminthosporium sp. I nasta steg
Overgick vi till att leta i extraktet efter peptider som hade affinitet till den sekvens som bildar
en harnalsloop i startpunkten for replikation i TYLCV. Dessa peptider identifierades genom
lokaliserad yt-plasmonresonans (LSRP) och en peptid kallad AmPepl valdes ut som
uppvisade hog affinitet (k¢ = 1.4x102uM) till malsekvensen som studerades. AmPep1-
peptiden uppvisade lakande antiviral aktivitet i Nicotiana benthamiana och tomatplantor
infekterade med TYLCV nar den applicerades exogent, liksom lakande antiviral aktivitet i
N. benthamiana infekterad med Pepper Huasteco yellow vein virus (PHYVV). Genom att
studera dess potentiella verksamma mekanism med tekniken *’2-stegs-qPCR” upptacktes att
peptiden reducerar syntesen av mellanprodukter i replikationen sdsom DNA viral mening
(VS) och foljaktligen syntesen av DNA av komplementar (CS) hos TYCLYV, vilket indikerar
att den, till foljd av sin affinitet till replikationsstarten, verkar genom negativ interferens med
replikationen av TYLCV och déarigenom dampar sjukdomsférloppet. | en molekylar
interaktions-assay med anvandning av Raman-spektroskopi och teoretisk modellering, kunde
slutsatsen dras att peptiden binder till harnalsstrukturen i replikationsstarten genom att forma
vatebindningar och Pi-interaktion i 3°-regionen, vilket &r det omrade dar virusets Rep-protein
paborjar replikationsprocessen. Darfor dras slutsatsen att peptiden AmPep1 direkt paverkar
syntesen av viralt DNA i véxten, vilket genererar antiviral aktivitet mot TYLCV.
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1. INTRODUCCION

El mejoramiento en la calidad agroalimentaria de los cultivos (e.g. la resistencia al estrés
biotico) viene acompafiado de una serie de cuidados al sistema agricola de produccién. Por
ejemplo, la nutricion vegetal, la prevencion de enfermedades y plagas, ente otros (Zadoks J.
2003). El ser humano desde que comenzo con la domesticacion de cultivos ha buscado una
gran variedad de estrategias que ayuden a mantener a la planta en una homeostasis con el
medio ambiente, ya sea mediante la aplicacion de extractos vegetales repelentes de insectos,
mezclas salinas con accion fungicida, agroquimicos tipo plaguicidas, insecticidas,
bactericidas, fungicidas, nematicidas o inductores de defensa vegetal asi como hormonas de
origen natural o sintético (Jeschke P. 2016; Urech P. A. 1999; Zadoks J. C. y Waibel H. 2000;
Zadoks J. 2003).

El control de las enfermedades y plagas en los cultivos es de suma importancia, ya que si
éstas no son controladas pueden generar pérdidas parciales o totales en la produccion
agricola, perdidas econémicas totales, e inclusive derivar en hambrunas a nivel regional,
continental o mundial (Vurro M. et al 2010; Pinstrup Andersen P. 2001; Turner R. 2005).
Actualmente, se ha desarrollado una estrategia de control quimico directo para casi todos los
grupos microbianos que generan enfermedades, sin embargo, un grupo faltante son los virus
(Sanfacon H. 2017; Rybicki E. P. 2015). Estos agentes patdgenos pueden ser trasmitidos
mecéanicamente mediante herramientas de cultivo o bien mediante insectos o aracnidos que
se alimentan de la planta (vectores) (Sacristan S. et al 2011; Whitfield A. E. et al 2015),
aunque se han desarrollado un buen nimero de agroquimicos de tipo insecticida y acaricida,
los organismos vectores han generado resistencia por el uso desmedido de estas moléculas
(Sudo M. et al 2018). Sin embargo, cuando la enfermedad viral se ha instalado, hasta el
momento ha sido dificil erradicarla mediante un control quimico correctivo, aun cuando su
vector haya sido eliminado (Nicaise V. 2014; Rybicki E. P. 2015).

En el desarrollo de productos antivirales es importante considerar el correcto disefio o

eleccion de la molécula (s), debido a que muchos de los virus se alojan en tejidos profundos
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de la planta (e.g. haces vasculares) o bien en estructuras celulares como el nucleo, lo que

puede complicar la correcta translocacion tisular de una molécula potencial con actividad
antiviral (Smith C. y Gilberson L. 2018; Li X. y Song B. 2017).

Para el correcto desarrollo de un producto viricida se propone considerar los siguientes

factores:

Blanco viral. Definido como el o los sitios moleculares del virus (genoma o proteinas
virales) que interactuardn directamente con el compuesto antiviral. Es preferible
sea(n) muy definido y lo méas conservado posible entre especies virales con la
finalidad disminuir la susceptibilidad de mutaciones del blanco con una consecuente
generacion de resistencia al tratamiento, en el disefio actual de agroquimicos
propuesto por Speck Planche A. et al 2011 se plantea el uso de al menos dos
mecanismos de accién (dos blancos) con la finalidad de evadir la resistencia que
pudiera generar el fitopatdégeno (Liu Y. et al 2014; Xiao J. J. et al 2015)
Farmacdforo. Es el nucleo activo del agroquimico (a&tomos, grupo funcional, nucleo
quimico) que interaccionara directamente con el blanco. Es recomendable que se
conozca o se haga un disefio adecuado o prediccion para elegir la mejor molécula que
pueda interaccionar en el blanco viral (Smith C. y Gilberson L. 2018; Li X. y Song
B. 2017).

Mecanismo de accion antiviral. Es necesario conocer el mecanismo bioquimico o
molecular por el cual la molécula presenta dicha actividad, ya sea induciendo
mecanismos de defensa moleculares en la planta o bien directamente afectando
replicacion del material genético, sintesis de una proteina o desestabilizacion de la
capside. Este mecanismo debera de corresponder a lo predicho o esperado en el
disefio del blanco viral y el mecanismo del farmaco6foro (Li X. y Song B. 2017).
Mecanismo de translocacion al tejido y células. Ademas de que la molécula presente
actividad viricida, es necesario que a su vez esta tenga propiedades fisicoquimicas
como la polaridad que permitan moverse a través de las diferentes estructuras
tisulares del tejido vegetal, por ejemplo, cruzar la cuticula, la pared celular, la
membrana y/o mantenerse estable en el citoplasma (Smith C. y Gilberson L. 2018;
Lamberth C. et al 2013; Speck Planche A. et al 2011).
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e Capacidad de alcance celular. Si el virus se aloja en el nlcleo, es necesario disefiar o
seleccionar alguna molécula que una vez penetrando en la célula pueda dirigirse
libremente hasta encontrar su blanco. Por ejemplo, translocarse hasta el nucleo si se
trata de un inhibidor de la replicacion (Zhang Y. et al 2018; Arand K. et al 2018).

Las biomoléculas como proteinas y péptidos constituyen una alternativa para el control de
enfermedades en plantas, debido a que pueden ser extraidas facilmente de otras fuentes de
origen vegetal, como semillas y follaje en cantidades relativamente grandes, abaratando los
costos de produccion comparado con los compuestos agroquimicos de origen sintético (Zhao
L. et al 2016; Islam W. et al 2018; Zabielski R. et al 2008; Barbosa Pelegrini P. et al 2011).

Utilizando los principios descritos en los parrafos anteriores para el disefio y/o seleccion de

agroguimicos con actividad antiviral, en esta tesis presento el estudio bioguimico para la
obtencion racional de péptidos derivados de la globulina de amaranto (Amaranthus
hypochondriacus) con actividad antiviral contra el Virus del enrollamiento de la hoja
amarilla del tomate, TYLCV (del inglés: Tomato yellow leaf curl virus) el cual es uno de los
virus de mayor relevancia fitosanitaria en cultivos de importancia econdémica a nivel mundial
(Rybicki E. P. 2015). Uno de los objetivos principales de esta tesis es mostrar si la aplicacion
exogena de los péptidos obtenidos con afinidad quimica hacia el origen de replicacion de
TYLCV tienen actividad correctiva contra dicho virus, sin la necesidad de desarrollar lineas
transgénicas, proponiendo asi un modelo para el control agroquimico directo de la
enfermedad causada por TYLCYV en cultivos comerciales de alta importancia como el tomate.
Ademas, presento el estudio del efecto bioldgico que el extracto de péptidos de las globulinas
de amaranto puede tener en crecimiento y activacion de respuesta de defensa en tomate contra
TYLCV, asi como la activacion de respuesta de defensa en gramineas para contrarrestar el

desarrollo de tizon de halo en maiz.
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2. ANTECEDENTES

2.1 Cereales y pseudocereales como fuente de moléculas bioactivas.

Los cereales y pseudocereales han sido utilizados como fuente de alimento de alto valor
nutricional y energético, proporcionando aminoacidos esenciales para la dieta humana y
ganadera, debido a la calidad y cantidad proteica que poseen, ademas, tienen un alto
contenido energético debido a la calidad de almiddn que contienen sus semillas. Al igual que
los cereales, algunas plantas leguminosas como el frijol, el haba, la soja y otras asociadas a
la familia Amaranthaceae como la quinoa y el amaranto han sido utilizados para la
produccidn de harinas, consumo de follaje, etc (Zhu F. 2017; Nieto Barrera J. O. et al 2016).
A diferencia de los primeros, estas plantas forman parte del grupo de las dicotiledoneas, por
lo que son considerados pseudocereales. Se ha reportado que el contenido proteico en del
amaranto es en algunos casos mayor que el de los cereales tradicionales como el trigo, el
maiz y el arroz, asimismo tienen un mayor contenido de aminoacidos esenciales como el
triptofano y algunas moléculas antioxidantes (Gorinstein S. y Arruda P. 1991; Lépez D. N.
2018). En la agricultura, el amaranto debido al elevado rendimiento de la cosecha por
hectarea de esta planta, representa una valiosa alternativa agroindustrial para la busqueda de
compuestos de interés farmacéutico, nutraceutico y agricola (Venskutonis P. R. y Kraujalis
P. 2013; Subia Garcia C. 2012).

2.2 El amaranto.

El amaranto (Amaranthus) es un género de planta perteneciente a la familia Amaranthaceae;
este género comprende mas de 60 especies. La planta es una dicotiledonea del orden
Caryopyllaes, que comprende plantas anuales o perennes. Entre las especies principales en
México se encuentra A. hypochondriacus, A. cruentus, A. caudatus, A. hybridus y A. spinosus
(Fuente: Asociacion Mexicana del Amaranto, 2018). La distribucion geogréafica de siembra
en el pais es en orden creciente: Puebla, Tlaxcala, Morelos, Estado de México y Ciudad de
México. Siendo la especie mas explotada Amaranthus hypochondriacus en sus diferentes

razas (Azteca, Mercado, Mixteco) y sus variedades mejoradas en México (Nutrisol y Rojita),
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de las cuales la raza azteca y variedad Nutrisol (derivada de raza Azteca) son consideradas
la de mayor potencial productivo, ya que cada planta puede generar en promedio de 100 a
150 gramos de semilla por planta, tieniendo una rentabilidad por hectarea de 1.4-1.5
toneladas (Subia Garcia C. 2012; Ayala Garay A. V. et al 2014).

2.2.1 Perfil bioquimico de la semilla y la planta

La semilla de amaranto al igual que otras semillas contienen proteinas de reserva como
globulinas, albdminas, prolaminas y glutelinas. El contenido proteico del amaranto es mayor
comparado a los cereales, pseudocereales y leguminosas utilizadas en México; este oscila en
peso seco de semillas en un 18-20%, mientras que para maiz: 9-10%, arroz: 8-10%, frijol:
17-19% y avena: 9-10%. La composicion de la semilla de A. hypochondriacus en base seca
es: proteinas crudas 18%, extracto etéreo 6.1%, fibra cruda 5.0%, cenizas 3.3%, hidratos de
carbono 62% y energia 370 Kcal (Ayala Garay A. V. et al 2014). Aunque otras especies de
amaranto como A. caudatus y A. cruentus tienen un aporte nutricional mayor que los cereales
comparados anteriormente, su contenido proteico es menor que el descrito para A.
hypochondriacus, siendo el contenido proteico del 13% para A. caudatus y de 14.1% para A.
cruentus (Ayala Garay A. V. et al 2014). Dentro de los aminoacidos esenciales mas
importantes que contiene el amaranto destacan: metionina, cisteina, treonina, isoleucina,
valina, lisina, fenilalanina, leucina y triptéfano, este Gltimo encontrado de 1.8 g por cada 100
g de proteina (Alvaro Montoya Rodriguez et al, 2015). Las proteinas mas abundantes en la
semilla de amaranto son las globulinas representando un 48-50 % del total, en segundo lugar,
se encuentran la fraccion albumina ocupando un 20%, seguida por glutelinas y prolaminas
con un 30 y 2 %, respectivamente (Romero Zepeda H. y Paredes Lopez O. 1995; Vasco
Méndez N.L. et al 1999; Venskutonis P. R. y Kraujalis, P, 2013).

La fraccion globulina se compone por la globulina 11S y 7 S. La globulina 11S es un
polipéptido de 504 aminoéacidos, formada por dos subunidades: una acida, que tiene un peso
molecular de 35-37 KDa y una basica que tiene un peso molecular de 25-28 KDa. Esta Ultima
unidad monomerica se asocia con otras 5 unidades formando un complejo hexamérico de

peso molecular de 350 KDa. La fraccion 7S es un polipeptido de 430 amino&cidos con un
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peso molecular de 150 KDa, formado por 3 subunidades de 66, 52 y 38 KDa, respectivamente
(Romero Zepeda H. y Paredes Lopez O. 1995; Vasco Méndez N.L. et al 1999; Tandang
Silvas M.R. et al 2012; Venskutonis P. R. y Kraujalis P. 2013). Ambas globulinas tienen
estructura tridimensional tipo globular. Su extraccion de la semilla se logra mediante la
mezcla con soluciones amortiguadores con bajas concentraciones de sales, o usando

soluciones ligeramente alcalinas.

2.2.2 Aplicaciones nutraceuticas.

Debido al alto valor nutricional de las proteinas contenidas en la semilla de amaranto, asi
como a su facil digestion en condiciones fisioldgicas (digestibilidad >90%), se ha reportado
su uso potencial como agentes terapéuticos, como es el caso de la lunasina, la cual se
encuentra principalmente dentro de la fraccién glutelina; este péptido de 43 amino &cidos
tiene actividad citotdxica en células cancerigenas de la linea HeLa teniendo como mecanismo
de accion la induccion de apaptosis, cabe sefialar que dichas moléculas no indujeron actividad
citotoxica significativa en fibroblastos, mostrando asi especificidad hacia células neoplasicas
(Silva Sénchez C. et al 2008). Ademas, las proteinas de amaranto pueden derivarse a
subproductos como son péptidos obtenidos a partir de digestion enzimética. El estudio de
secuencias de péptidos bioactivos en proteinas como la globulina 11 y 7S ha permitido
obtener modelos de péptidos con capacidad de inhibicion in vitro de la enzima convertidora
de la angiotensina, ACE (del inglés: angiotensin-converting enzyme), ademas de se ha
podido predecir mediante ensayos bio informaticos posibles péptidos con actividad
antioxidante e inhibidores de la enzima dipeptidil-peptidasa 4, DDP4 (del inglés: Dipeptidyl
peptidase-4) (Silva Sanchez C. et al 2008; Quiroga A.V. et al 2012; Malaguti M. et al 2014;
Montoya Rodriguez A. et al 2015).

©
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2.2.3 Aplicaciones agricolas del amaranto

Las aplicaciones del amaranto en el area agricola ain son poco estudiadas. Por ejemplo,
trabajos descritos por Rivillas-Acevedo 2007a y 2007b reportan la purificacion del péptido
Ay-AMP a partir de la semilla de A. hypochondriacus. Este péptido tiene actividad
antifungica in vitro sobre los hongos fitopatdgenos Fusarium oxysporum y Alternaria
alternata. Por otro lado, Valdés Rodriguez S. et al 2010, reportan la sobreexpresion de una
cistatina de A. hypochondriacus (AhCPI), lo cual resultd en una actividad antifangica contra
F. oxysporum, Rhyzoctonia solani y Sclerotium seviporum. De manera natural, la cistatina
estd involucrada en mecanismos de defensa que presentan las plantas contra insectos y
algunos fitopatdgenos, su principal funcion es ser un inhibidor de las cistein-proteinasas.
Ademas, se ha descrito que cuando el amaranto se encuentra cultivado en climas aridos o
muy himedos, dicha proteina tiende a acumularse en el follaje, incrementando la resistencia
de la planta a estrés biotico (Diaz I. 2018; Valdés Rodriguez S. et al 2010). Otros péptidos
con actividad antimicrobiana descritas en especies de amaranto son péptidos antimicrobianos
tipo Heveina (AcCAMP1) descrito principalmente en Amaranthus caudatus, los cuales han
mostrado actividad antifungica contra el hongo fitopatégeno Cercospora beticola (Stotz H.U.
et al 2013).

De acuerdo con los antecedentes mencionados en esta seccion, el amaranto se presenta como
un cultivo con potencial aplicacion agroindustrial, debido a la alta cantidad de moléculas
bioactivas tipo proteico (Cuadro 1), pudiendo ser utilizadas como moléculas que participen
en la proteccidn vegetal de otros cultivos de alto interés agroeconémico en México como es

el maiz y el tomate.
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Cuadro 1. Potenciales aplicaciones de las proteinas de amaranto en el area agricola.

PROTEINA/PEPTID . REFEREN
o FAMILIA FUENTE ACTIVIDAD AGRO-BIOLOGICA CIA
Rivillas
Proteina de A. hypochondriacus Antiflngica contra F. oxysporum y Acevedo
AY-AMP
unién a quitina (semilla) A. alternata et al 2007
ayb
Antifingica contra F. oxysporum, Valdés
Cistein- A. hypochondriacus . . .

CISTATINA ] ] Rhyzoctonia solani y Sclerotium Rodriguez

proteinasas (hoja) .
seviporum et al 2010

péptidos
o A. caudatus . . Stotz H.U.
ACAMP1 antimicrobianos ) Antiflngica contra Cercospora beticola
. . (hoja) etal 2013
tipo Heveina
. A. hypochondriacus o . Stotz H.U.
KNOTTINAS Knottinas ) Inhibidores de alfa-amilasa

(hoja) etal 2013

2.3 El tomate, biologia y cultivo

2.3.1 Generalidades agrobioldgicas del tomate.
Taxondmicamente el tomate (Lycopersicum esculentum) es una planta dicotileddnea,
perteneciente a la clase Angiospermae, del orden Solanales y familia Solanaceae. Se describe
como una planta perenne de porte arbustivo, puede tener un desarrollo rastrero o de forma
erecta. Esta ultima forma de desarrollo es preferible en los invernaderos de alta produccion,
mientras que la forma arbustiva se presenta generalmente en campo abierto. El cultivo es
ligeramente tolerante a la salinidad (no en etapas iniciales de desarrollo), ambientes
templados a célidos y alta incidencia de iluminacion. Una de las caracteristicas notables que
presentan sus hojas es que en el envés de estas se encuentra un alto nimero de estomas lo

que potencializa la entrada de agroquimicos foliares a la planta (Cepeda-Siller M. 2009).

El desarrollo del cultivo desde la germinacion hasta la etapa de senescencia abarca en
promedio 150 dias, teniendo a las etapas de maduracion y de vida adulta con la duracién mas
larga del ciclo de vida con un promedio de 80 dias. Esta especie se considera como cultivo
de crecimiento rapido, aunque se puede considerar un cultivo robusto de acuerdo con sus

requerimientos agronémicos ya que es importante considerar su temperatura éptima que




José Silvestre Mendoza Figueroa
Seleccion y caracterizacion bioquimica de péptidos derivados de la hidrélisis enzimatica de las globulinas de amaranto y su evaluacion antiviral contra TYLCV

oscila de los 18-28°C, sobre suelos francos bien drenados con un pH de 5.0 a 7.0, incidencia
luminosa de al menos 10 horas por dia, y una cantidad (kg) de fertilizante recomendado por
hectarea sembrada en promedio de 100-150 N, 65-110 P y 160-240 de K (Cepeda-Siller M.
2009; Al-Amri, S. M. 2013 )

2.3.2 Enfermedades del cultivo del tomate

El estudio de plagas y enfermedades del tomate, asi como las estrategias de control integrado
de estas, es de vital importancia para evitar pérdidas en produccién con consecuencias
economicas y garantizar frutos con alta calidad nutricional. Ademas, de las plagas causadas
por insectos y acaros, las enfermedades microbianas son unas de las principales responsables
de las pérdidas productivas del cultivo. Dentro de las enfermedades mas comunes se
encuentran las de origen fangico como el tizon tardio y la cenilla, seguidas de estas se
encuentran las enfermedades causadas por virus, siendo estas de las mas devastadoras debido
a que hay pocas estrategias de control quimico o bioldgico, comparado con el control de
enfermedades de origen fungico. Dentro de las virosis mas importantes en México se
encuentran aquellas causadas por begomovirus como el Virus Huasteco de la vena amarilla
del chile, PHYVV (del inglés: Pepper Huasteco yellow vein virus) asi como el Virus del
mosaico dorado del chile, PepGMV (del inglés: Pepper golden mosaic virus) los cuales se
han descrito como un fitopatdgenos endémicos en México afectando no solo a tomate si no
a otros hospedantes como chile y tomatillo (Melendrez Bojorquez N. et al 2016; Renteria
Canett I. et al 2011) el Virus del enrollamiento de la hoja amarilla del tomate, TYLCV
tiene una incidencia importante a nivel nacional, por ejemplo, tan solo en el valle agricola de
Culiacéan en el afio 2011 es el de mayor incidencia junto con otros virus asociados a su mismo
género (Lugo Melchor O.Y. et al 2011); a nivel mundial representa el primer lugar en
importancia fitosanitaria de la familia Geminiviradae (Rybicki E. P. 2015). En el grupo de
enfermedades bacterianas dentro de las mas reportadas se encuentra principalmente la
enfermedad de la peca bacteriana causada por Pseudomonas syringae pv tomato, mientras
gue en el caso de enfermedades asociadas a nematodos el género Meloidogyne y la mayoria
de sus especies tiene la capacidad de infectar al tomate induciendo formacion de agallas. En
el (Cuadro 2), se resumen las principales especies microbianas y virales que afectan el cultivo

de tomate a nivel nacional y mundial.
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Cuadro 2. Principales agentes fitopatégenos (microorganismos y virus) que afectan el cultivo de tomate.

Grupo Agente etioldgico Enfermedad Referencia
Patégeno
Pseudomonas syringae pv. tomato Peca bacteriana
. L . Tsitsigiannis D.I.
Xanthomonas campestris pv. Manchado/tizon bacteriano o al 2008
) Vesicatoria Rodriguez
Bacterias ] ) )
Ralstonia solanacearum Marchitez bacteriana Alvarado G. et al
. _— . , . 2011; DGSV-
Clavibacter  michiganensis  subsp. Cancer bacteriano
o . Nayarit
michiganensis
Phytophtora infestans Tiz6n tardio
Alternaria solani Tiz6n temprano
Sanoubar R. y
Phytophtora parasitica Pudricién radicular Barbanti L
Fusarium oxysporum Fusariosis del tallo y pudricion ~ 2017;
Hongos radicular, marchitamiento Tsitsigiannis et
- - - - - =z al 2008;
oomicetos Rhizoctonia spp. Damping-off, pudricién Rodriguez
radicular Alvarado et al
Oidium neolycopersici Cenicilla 2011;  DGSV-
. .. Nayarit
Sclerotium rolfsii Podredumbre negra Y
Septoria lycopersici Manchado de la hoja
Meloidogyne spp. Agallas Quiroga
Nematodos Madrigal R. et al
2007.
Tomato yellow leaf curl virus, TYLCV  Enrollamiento amarillo de la Hanssen LM. et
Pepper Huasteco yellow vein virus, hoja del tomate al 2010;
Camacho Beltran
PHYW E. etal 2015
Pepper golden mosaic virus, PepGM Mosaico dorado Gamez-Jiménez
Virus Tomato mosaic virus, ToMV mosaico et al 20
. . Melendrez
Tomato torrado virus, ToTV Marchitez
Bojorquez N. et
Cucumber mosaic virus. CMV mosaico

Tonato spott wilt virus, TSWV

Pepino Mosaic virus, PepMV

Tomato marchitez virus, ToMarV

Manchado necr6tico

Necrosis de fruto

Marchitamiento

al 2016; Renteria
Canett I. et al
2011
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2.4 Virus del enchinamiento amarillo de la hoja del tomate, TYLCV

2.4.1 Clasificacion y diversidad

El virus del enrollamiento de la hoja amarilla del tomate (del inglés, Tomato yellow leaf curl
virus, TYLCV) es un virus de DNA de cadena sencilla circular, con una longitud aproximada
de 2780 nucledtidos (Glick E. et al 2007). El material genético se encapsula en una capside
icosaédrica geminada, la cual estd formada por 110 unidades de proteina de capside
organizadas como 22 capsémeros pentaméricos. El virus se encuentra clasificado dentro del
género Begomovirus perteneciente a la familia Geminiviridae (Zerbini F. et al 2017). A
diferencia de otros miembros del género Begomovirus, TYLCV presenta un genoma unico
(monopartita) que codifica para todas sus proteinas (estructurales y no estructurales),
mientras que otros virus de este género como PHYVV, presentan dos genomas (bipartita): el
componente DNA-A y el componente DNA-B (Moreno Félix M.L. et al 2018). Ademas, se
ha descrito que el genoma de los begomovirus monopartitas es muy parecido en organizacion

y funcién al componente DNA-A de los bipartitas (Melgarejo T.A. et al 2013).

La distribucién de este virus es mundial, fue reportado por primera vez en Israel en los afios
sesenta (Cohen S. y Nitzany F.E 1960, 1966). El virus ha sido movilizado desde su centro de
origen (medio oriente) por casi toda la region mediterranea europea hasta alcanzar el
hemisferio occidental, afectando principalmente paises del Caribe, Centro y Norte América,
siendo el Caribe la puerta de entrada de TYLCV al continente alrededor de los afios 80s (Wan
H.J. et al 2014; Mabvakure B. et al 2016). En México el primer reporte de esta enfermedad
data de 1999 en la Peninsula de Yucatan (Ascencio Ibafiez J.T. et al 1999) y posteriormente
se detectd en Sinaloa. Se reconocen siete cepas de este virus, sin embargo, las cepas Mild
(MId) e Israel (IL) son las que se han distribuido mundialmente (Brow J.K. et al, 2015). Se
ha descrito que la variabilidad genomica entre especies de TYLCV aisladas en la region
geografica de Shangai es menor al 3%, sin embargo, dentro del genoma las zonas mas
variables en secuencia son la regién intergénica “IR” (sin tomar en cuenta el origen de
replicacion, estructura de tallo y asa, el cual es muy conservado entre los geminivirus) y la

region terminal 5’ de V2, mientras que las regiones mas conservadas son las que se
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sobreponen entre los genes V1y V2 (Yang X. et al 2014; SilvaS. J. C et al 2012; Campos-
Olivas R. et al 2002).

2.4.2 Genoma y replicacion
El genoma de TYLCV estd formado por genes codificados por la cadena viral o VS, los
cuales son aquellos que se codifican directamente por el DNA viral monocatenario contenido
en la capside, y genes complementarios codificados por la cadena complementaria a la
cadenaviral, CS. En la (Figura 1) se representa el genoma de TYLCV clona LV2015SATom.
(Acs: KU836749.1), el cual al igual que todos los genomas reportados de este virus tiene seis
marcos de lectura abiertos, 2 para VS y 4 para CS, los cuales se encuentran superpuestos
entre si. Dentro de los genes codificados por VS se encuentra v1 y v2, mientras que los genes
cl, c2, c3 y c4 se encuentran en la CS (Glick E. et al 2007); en el (Cuadro 3), se detalla la
funcion bioldgica de cada una de estos genes y sus proteinas codificadas. Entre la region c1
y V2 se encuentra la region intergénica, la cual a pesar de tener flancos con una alta variacion
como se menciond anteriormente, presenta una secuencia altamente conservada que da
origen a una estructura secundaria de tallo y asa u horquilla. La secuencia del asa
TAATATT|AC, es donde se inicia el proceso replicativo cuando ésta es reconocida por el
producto de cl en la zona (). Dentro de las funciones de los genes codificados en VS, se
encuentra la formacion de la proteina de capside viral (CP), que participa en encapsidacion
y en procesos de regulacion de la replicacion junto con V2, mientras que los productos de los
genes CS, se encuentra la proteina iniciadora de la replicacion (Rep) codificada en el gen c1,
asi como proteinas participantes en el desarrollo de la enfermedad como son C2, Ren, y C4;
su funcion es principalmente silenciamiento de respuesta inmune de la planta,
potencializador de la replicacion del virus y reguladores transcripcionales de proteinas

relacionas a patogénesis en la planta, respectivamente (Wang L. et al 2017).




Se

TYLCV.2015.Tom.Gve. (1)
2768 bp

Figura 1. Mapa genémico de TYLCV clona LVV2015SATom. Acs: KU836749.1 aislado Sinaloa

Cuadro 3. Funcién de Genes y proteinas de TYLCV.

Gen Proteina Funcién Peso Molecular Referencia
(KDa)
1 CcpP Proteina de capside, envoltura y formacion del virién, interaccion con vector, 29.9 Basak J, 2016;
movimiento celular, podria actuar como gen temprano regulador de replicacién Gover O. et al
2014,
v2 V2 Suprime silenciamiento génico de la planta al virus, interacciona con cistein- 13.4 Bar-Ziva A.et al
proteasas 2016; Hak H. et
al 2015
cl C1/Rep Iniciador de la replicacion por corte enzimatico de la region TAATATT|AC en 41 Campos-Olivas
la estructura de asa de la regién IR y actividad circularizacién de la nueva et al 2002;
cadena viral Basak J. 2016
c2 C2/TrAP Determinante patol6gico, induce decaimiento en respuesta inmune por 15 Rosas-Diaz T. et
supresion de la produccién de &cido jasménico. Puede actuar como gen tardio al 2016; Gover
para regular la sobreexpresion de CP O. etal, 2014.
c3 C3/Ren “Potenciador de la replicacion”, aunque se describe por interactuar con Rep en 15.9 Gover O. et al
fases tardias, no por interaccion directa con el DNA 2014.
c4 C4 Desregulador del sistema inmune de la planta o regulador post transcripcional, 10.9 Kim N. et al
involucrada en ciclo del metilo 2016
IR No Zona de inicio de la replicacion, es altamente conservada entre la familia viral. 300-314 pares de Gover O. et al
codificante bases 2014; Mori T. et
al 2013
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El proceso replicativo del virus se lleva a cabo dentro del ndcleo de las células del floema.
Este inicia cuando el virion es translocado dentro de la célula y el DNA viral monocatenario
(ssDNA, VS) se mueve al interior del nicleo. Una vez dentro, se llevara a cabo una
replicacion inicial del ssDNA, para formar la cadena complementaria (cDNA, CS) utilizando
las polimerasas de la planta, las cuales pudieran ser las polimerasas tipo TLS (Ritcher K.S.
et al 2016). Una vez formado el intermediario replicativo de doble cadena (formado por el
sSDNA y el cDNA) se lleva a cabo la transcripcion del gen ¢l para dar origen a la proteina
Rep, la cual reconocera parte de la region intergénica y especificamente en la estructura de
tallo y asa en la zona TAATATT |AC realizara un corte en la cadena de DNA de la cadena
VS, dejando un extremo 3’ -OH el cual servird como iniciador de la replicacion por el modelo
del circulo rodante (Laufs J. et al 1995; Campos-Olivas R. et al 2002). Los nucledtidos se
irdn incorporando, usando como molde la cadena CS, desplazando al resto de la cadena VS
conforme la replicacion avance. Una vez sintetizada una nueva cadena viral, la Rep actuara
como ligasa para circularizar a la cadena VS desplazada permitiendo que esta quede libre en
el interior del nucleo para formar nuevas cadenas CS o bien empaquetarse en la capside
(Pooggin M.M. 2013). Algunas de las proteinas como Ren participaran en el incremento del
material genético por interaccion directa con la proteina CP a nivel tardio, para incrementar

el nimero de virus encapsidados (Gover O. et al 2014).

2.4.3 Biologia de la infeccion.

Naturalmente TYLCV es un virus trasmitido por la mosca blanca (Bemisia tabaco,
Gennadius 1889) principalmente por los biotipos B y Q, siendo en algunas ocasiones las
hembras quienes presentan mejor eficiencia de adquisicion y transmision (Ning W. et al
2015). TYLCV es un virus persistente, circulativo y tiene capacidad de invadir 6rganos
reproductivos de la mosca, sin embargo, no se ha observado que el virus tenga la capacidad
replicativa en el vector (Sanchez-Campos S. et al 2016). Las moscas blancas adquieren al
virus durante su periodo de alimentacion, estas se alimentan directamente del floema
acarreando a los virus presentes en su estilete. Una vez instalado el virus en las glandulas
salivales del vector, este comenzard a circular por su cuerpo, produciendo alteraciones

conductuales en la mosca (Czosnek H. et al 2017). Cuando una B. tabaci infectada con
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TYLCV se mueva a una planta sana, ésta diseminaré la infeccion al alimentarse, los viriones
seran depositados en el floema y estos interaccionaran directamente con proteinas asociadas
a choque térmico de la planta como la HSP70 (del inglés: Host shock protein 70) las cuales
facilitaran la translocacion del virion hasta el nicleo de las células acompariantes en dicho
tejido para iniciar los procesos replicativos descritos anteriormente (Gorovit R. y Czosnek
H. 2017). Debido a la tasa de reproduccion del vector y fécil adaptacion a climas de zonas de
produccidn horticola, ademas de la persistencia del virus en el vector, las virosis causadas

por TYLCYV se consideran una de las mas dafiinas a nivel fitosanitario.

Una vez instalada la infeccién dentro de la planta se producirén los sintomas caracteristicos
de la enfermedad como se muestra en la (Figura 2), hojas con enrollamientos hacia el haz,
ampollamientos, clorosis marginal y generalizada, enanismo, acortamientos de nudos y
abortos florales si la infeccion es avanzada. Aunque la sintomatologia dependera del grado
de infeccidn, clima, variedad de la planta, infecciones mixtas con otros virus u otros
patdgenos y persistencia del vector; se puede considerar la prescencia de los sintomas arriba
descritos un indicativo de una enfermedad viral por begomovirus. Dentro de las afecciones
mas importantes es el aborto floral el cual no permitird desarrollo de frutos, y si estos logran
desarrollarse seran de tamafio pequefio y con propiedades bromatoldgicas de baja calidad. El
acortamiento de los nudos (Figura 2 B) inducira falta de crecimiento de la planta lo que

conllevard a que estas presenten “enanismos” comparadas a plantas sanas.
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Figura 2. Sintomas de la enfermedad causad por TYLCYV (aislado Sinaloa) en plantas

de tomate Rio Grande bajo condiciones de invernadero de produccion. A) Sintomas
generales asociados a la enfermedad del enrollamiento de la hoja amarilla del tomate como enrollamiento hacia
el haz, ampollamientom clorosis generalizada y marginal, defromacidn total de la planta, reduccion de laminas
foliares. B) Acercamiento mostrando el enrollamiento hacia el haz de la hoja, conocido tambien como
acucharamiento. C) Acercamiento mostrando el acortamiento de nudos y hojas con clorosis marginal. Las
plantas mostradas fueron infectadas con el virus TYLCV LV2015SATom Acs: KU836749.1 clonado en
Agrobacterium tumefaciens GVR3101 mediante el método de agroinfeccidn. Las plantas se mantuvieron libres
de vector. Foto tomada en San Andrés Nicolas Bravo, Malinalco, Estado de México, septiembre 2017.
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Ademas del tomate, se ha reportado un amplio rango de hospedantes para dicho virus como
tomatillo (Physallis ixocarpa) (Gamez-Jiménez et al, 2009), chile (Capsicum annum), soja
(Glycine max) (Kil E.J et al 2017) y malezas (Smith H.A. et al 2015), sin considerar el amplio
rango de hospederos del vector. El virus se transmite verticalmente, este puede moverse a
través de la planta y localizarse en flores y en el fruto prevaleciendo desde su desarrollo hasta
su maduracion, convirtiendo a este en un foco de diseminacion de la enfermedad debido a
movimientos comerciales. El virus, ademas, prevalece en el embrion generando semillas que
contienen virus, las cuales daran origen a nuevas plantas de tomate que congénitamente
estardn infectadas con TYLCYV, siendo focos de diseminacion de la enfermedad en campo
(Just K. et al 2014 y 2017; Kil E.J. et al 2016).

2.4.4 Respuesta inmunolégica de la planta ante la infeccion por TYLCV.

Se ha descrito que en plantas de tomate susceptibles a infeccion por TYLCV la produccion
de especies reactivas de oxigeno, ROS (del inglés: reactive oxigen species) es mas elevada
que en variedades resistentes (Moshe A. et al 2012). Al respecto se ha reportado que la
actividad de la enzima polifenol oxidasa (POD) es mayor en plantas resistentes que en plantas
suceptibles a TYLCV (Huang Y. et al 2016a), lo que sugiere la existencia de un balance en
la activacion de la respuesta inmune, planteando al estrés oxidativo como una de las primeras
barreras quimicas que la planta de tomate puede desencadenar contra TYLCV. Se han
descrito que factores transcripcionales como WRKY asociados al grupo I11, principalmente
el 41 y 53 se sobre expresan en infecciones por TYLCV en tomate, el silenciamiento de estos
factores hace mas susceptible a la planta para el desarrollo de la infeccién (Huang Y. et al
2016b). La activacion de estos factores transcripcionales activa a las protein-cinasas
activadas por mitdgeno, MAPK (del inglés: mithogen-activated protein kinase) como la
MAPK 1, 2 y 3, siendo la MAPK3 la mayormente asociada a respuesta de defensa durante
infecciones de TYLCV. La activacion de estas proteinas cinasas da origen a la expresion de
proteinas relacionadas a patogénesis, PRs (de las ingles: pathogensis related proteins) como
PR1, PR1b/SILapA, SIPI-1y SIPI-1I (Li Y. etal 2017). Ademas, se ha visto que su activacion
conlleva a un incremento en la produccion de &cido salicilico (SA) el cual es un transductor

de activacion inmunologica (Li Y. et al 2017). La sobreproduccion de SA ha sido también
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descrita en variedades resistentes a TYLCV (Moshe A. et al 2012). Asimismo, otros
metabolitos encontrados en tomate infectado son poliaminas, fenoles, indoles, ferulatos
(Dagan S. et al 2015), siendo estos ultimos reportados como agentes antivirales de fitovirus
(Guang G.Y. et al 2013). Otro gen necesario en la respuesta inmune de TYLCV es el gen
tipo-lipocalina, el cual se encuentra altamente expresado en variedades resistente. Los
productos de este gen son proteinas con funcion de enlace a pequefias moléculas hidrofébicas
y a receptores encontrados en la superficie celular para formacion de complejos, donde
pudiera tener funcion activadora de proteinas asociadas a las llamadas “guardianas”; el

silenciamiento de este gen rompe la resistencia contra TYLCV (Dagan S. et al 2012).

2.5 Estrategias para el manejo de la enfermedad del enchinamiento de la hoja

amarilla del tomate.

Para un buen manejo de virosis en cultivos horticolas se deben de considerar medidas
profilacticas y medidas correctivas de emergencia. Dentro de las primeras resalta el uso de
semillas de variedades resistentes, limpieza y desinfeccion de herramientas de poda,
eliminacion de hospederos alternativos para el vector, eliminacion del vector previo al inicio
del cultivo e induccidn de resistencia mediante estimulacion inmunolégica. En las medidas
correctivas de emergencia resalta el uso de insecticidas para eliminar vectores y el uso de
soluciones nutritivas (mezcla de aminoacidos y hormonas) que ayuden a amortiguar el estrés
en la planta causado por la infeccion viral. Hasta el momento la ningnanmicina se conoce
como antiviral correctivo utilizado en campo en China; este compuesto es utilizado
principalmente en infecciones causadas por el Virus del mosaico del tabaco, TMV (del
inglés: Tobaco mosaic virus) (Han Y. et al 2014; Li X. et al 2017).

2.5.1 Estrategias biologicas para el manejo de la enfermedad.
El manejo bioldgico de la enfermedad generada por TYLCV esta dado por el uso de
variedades resistentes de tomate las cuales poseen genes de resistencia contra el virus, el uso
de microorganismos inductores de resistencia sistémica y el control del vector mediante
parasitismo por hongos entomopatdgenos. Las variedades resistentes de tomate a TYLCV se

caracterizan por poseer los genes Ty, en los cuales se encuentra la resistencia especifica a

21



José Silvestre Mendoza Figueroa
Seleccion y caracterizacion bioquimica de péptidos derivados de la hidrélisis enzimatica de las globulinas de amaranto y su evaluacion antiviral contra TYLCV

este virus. Aungue los genes Ty, formen parte de genes de resistencia transgeneracional
(genes R), no se han asociado a la produccion de hipersensibilidad (HR) o muerte celular
(Verlaan M.G. et al 2013), como lo hacen sus homologos participantes en la defensa
antibacteriana y antifingica. Se conocen los genes Ty-1, Ty-2, Ty-3, Ty-4 y ty-5, estos genes
dan lugar a diferentes productos proteicos. Si bien no se conoce completamente su
mecanismo de accidn, se ha descrito que para los genes Ty-1/3 el producto de este es una
RNA Polimerasa RNA-dependiente, RDR (del inglés: RNA-dependent RNA polymerase);
se propone que la funcién de estas RDR es potencializadora en la formacion de iRNA,
favoreciendo el silenciamiento de los transcritos virales de TYLCV (Verlaan M.G. et al
2013). El gen de mayor resistencia conocido es el ty-5, recientemente se describe que su
funcion es sintetizar un factor “vigilante” de RNA denominado “Pelota o pelo”. Este factor
esta involucrado en la fase de reciclamiento ribosomal en la sintesis de proteinas; cuando este
factor es silenciado, las variedades de tomate susceptibles a TYLCV pueden adquirir fenotipo
de resistencia, mientras que cuando es sobre expresado, las variedades resistentes se vuelven
susceptibles (Lapidot M. et al 2015).

Otra estrategia bioldgica para el control de la enfermedad radica en la induccién de
resistencia sistémica mediante microorganismos, por ejemplo, bacterias y hongos promotores
de crecimiento. Recientemente se describe el uso de Enterobacter asburiae BQ9 como una
rizobacteria que tiene efectos de promocién de crecimiento en la planta, y ademas induce la
expresion de PRs (PR1a y b) en plantas de tomate sanas e infectadas con TYLCV. La
expresion de estos genes se observa en tan solo 6 horas post inoculacion, con una consecuente
reduccion de la carga viral, ademas, la presencia de esta rizobacteria incrementa la
produccién de ROS y enzimas relacionadas a defensa como la fenilalanin-amonio-liasa
(PAL) (Li H. et al 2016). Otro ejemplo de induccion de resistencia contra TYLCV es
mediado por la micorriza Piriformospora indica, que tiene efectos de promocion de
crecimiento; en variedades susceptibles de tomate se ha visto una reduccion de la enfermedad
significativa comparada con sus grupos control. Hasta ahora, no se conoce el mecanismo de
accion de este microrganismo (Wang H. et al 2015). Se ha descrito que la micorriza

Rhizophagus intraradices induce la expresion del gen relacionado a patogénisis Plante una
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infeccion por TYLCV en tomate, activando parcialmente el sistema de defensa (Valle
Castillo L.B. 2016).

El control del insecto vector es una de las estrategias mas utilizadas para evitar virosis. Se
emplea el uso de hongos entomopatdgenos que tienen actividad parasitaria contra B. tabaci,
por ejemplo, Lecanicillium muscarium, Isaria fumosorosea y Metarhizium anisopliae son
los ejemplos méas comunes; el mecanismo de accion es parasitar al insecto hasta la muerte de
este (Dong T. et al 2016; Ali S. et al 2017).

Otras estrategias utilizadas son el silenciamiento mediante siRNA. Se ha reportado que la
induccion de silenciamiento de proteinas supresoras como la CP de TYLCV mediante RNA
de doble cadena disminuye la expresion de la proteina con una consecuente disminucién del
fenotipo de la enfermedad en N. benthamiana (Zrachya A. et al 2007). Ademés, el
silenciamiento de otros genes como C2 y C4 inducen la tolerancia a la infeccién por TYLCV
(Peretz Y. et al 2011). Una nueva alternativa para el control molecular del virus es mediante
la tecnologia de repeticiones palindromicas cortas agrupadas y regularmente interespaciada
mejor conocida como CRISPR/Cas9 (del inglés: clustered regularly interspaced short
palindromic repeats); se ha reportado recientemente su uso para generar inmunidad o
tolerancia contra TYLCV y otros geminivirus principalmente por generar interferencia con
secuencias en CP y Rep vy regiones IR no codificantes (Ali Z. et al 2016; Tashkandi et al,
2017).

2.5.2 Control de geminivirus basado en proteinas y péptidos

Una alternativa que ha sido explorada para el control de virosis causadas por begomovirus
es el uso de proteinas y peptidos, ya sea por el uso de ingenieria genética generando lineas
transgénicas que sobre expresen proteinas virales para inducir una respuesta inmunoldgica o
gue desempefien alguna funcion de enlace hacia una proteina viral o regién genémica del
virus, o bien, mediante la aplicacion exdgena de este tipo de moléculas desempefiando una
funcién antiviral. Se ha reportado la generacion de lineas transgénicas de tomate sobre

expresando fragmentos de la proteina Rep, mostrando que sus siguientes generaciones
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muestran resistencia a desarrollar la enfermedad con severidad (Cilio F. y Palukaitis P. 2014,
Yang Y et al 2004; Tamarziz et al 2009). La sobre expresion de la proteina Rep puede servir
para inducir su reconocimiento como un patrén molecular asociado a patégeno, PAMP (del
inglés: pathogen associate molecular pattern), de esta manera se induce a la planta a sintetizar
moléculas de inmunidad como MAPK3, WRKY53 y SA descritas previamente como

moléculas de defensa ante una infeccion por TYLCV.

En el bloqueo de mecanismos de replicacion directos se han descrito el disefio de plantas
transgénicas sobre expresando fragmentos de anticuerpos que reconocen Rep, demostrando
la reduccion de titulo viral en plantas de N. benthamiana infectadas con TYLCV (Safarnejad
M.R. et al 2009). El uso de péptidos como control de infecciones por geminivirus es otra
estrategia que se propone para el control de replicacion viral. Por ejemplo, se han reportado
el uso de péptidos aptameros (Reverdatto S. et al 2015) que reconocen la region N terminal
de Rep de algunos geminivirus; estos aptdmeros fueron seleccionados mediante la técnica de
doble hibrido de levadura. Los péptidos aptameros que mostraron mayor interaccion con la
zona blanco redujeron el titulo viral en células infectadas con Tomato golden mosaic virus
(TGMV) y Cabbage leaf curl virus (CaLCV) (L6pez-Ochoa L. et al 2006). Posteriormente
los péptidos aptameros seleccionados fueron evaluados para estudiar su capacidad de
reconocer la region N terminal de otros géneros asociados a la familia Geminiviridae como
Beet curly top virus, (BCTV, Curtovirus) y Maize strike virus (MSV, Mastrevirus); en los
ensayos de interaccién bioqupimica se observd que estas moléculas tuvieron alta afinidad a
las proteinas de replicacién entre los tres géneros analizados de la familia Geminiviridae.
Con estos péptidos aptdmeros se crearon lineas transgénicas de tomate, las cuales sobre
expresaron a estas moléculas y se evalud si la sobre expresidn de estos péptidos en las plantas
podrian modular la infeccion por TYLCV y Tomato mottle virus (ToMoV). Los resultados
mostraron el abatimiento titulos virales para ambos virus y una consecuente reduccion de
sintomas de la enfermedad, debido a la interferencia de estos péptidos aptameros con la
proteina de inicio de replicacién, alterando el ciclo replicativo de los virus (Reyes M.I. et al
2013).
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La proteina Rep y el origen de replicacion en la IR del genoma de geminivirus pueden ser un
blanco terapeutico relevante para el desarrollo de agroquimicos antivirales, debido a la alta
conservacion de las secuencias de Rep entre la familia Geminiviridae, asi como la secuencia
del origen de replicacion en la IR. Ademas de péptidos aptdmeros que reconozcan Rep, se ha
descrito proteinas tipo dedos de Zinc, que pueden competir con Rep a nivel de sitio de union.
Estas proteinas reconocen la zona de enlace de Rep en la region IR de TYLCV (zona de
iterones), asi como la secuencia de corte catalitico TAATATT | AC, realizando entonces una
mimetizacion de la actividad bioquimica de la molécula de inicio de la replicacién viral, no
se han reportado ensayos in vivo que muestren su actividad antiviral (Mori T. et al 2012;
Chen W. et al 2014).

Ademas del uso de la tecnologia del DNA recombinante para la generacion de lineas
transgénicas que sobre expresen proteinas o péptidos antivirales, se ha planteado el uso de
estas biomoléculas de manera exdgena. Se ha observado que proteinas esterificadas derivadas
de suero como lactoglobulina, lactoalbdmina y lactoferrina presentan actividad antiviral
contra TYLCV, se reportd que plantas de tomate infectadas con TYLCV al ser tratadas con
estas moléculas el contenido de DNA viral disminuyd (efecto curativo) (Abdelbacki A.M. et
al 2010). Aunque no se ha descrito el mecanismo de accion de estas biomoléculas en este
modelo de infeccion, se ha observado que estas proteinas inducen una respuesta altamente
relacionada a una activacion inmunoldgica en un modelo infectivoy de tratamiento con TMV
(Wang J. et al 2013).

2.5.3 Propuesta para el control quimico directo de TYLCV

Comunmente se utiliza el término control quimico para referirse al uso de moléculas
sintéticas o pequefias moléculas naturales purificadas y aplicadas exdgenamente a la planta.
Se ha reportado el uso de eugenol, una molécula del grupo guaicol, la cual se considera como
un inductor de resistencia contra TYLCV. Se ha observado que el tratamiento con esta
molécula de manera profilactica incrementa la acumulacion de ROS y SA, asi como la
expresion de PR1 en plantas de tomate (Wang Chunmei y Fan 2013). El eugenol tambiéen
activa la sobre expresion de la proteina SiPerl, el cual se ha sugerido ser un gen R, este es
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inducible por &cido salicilico y acido jasmonico, y se ha observado que el eugenol puede
inducirlo y ofrecer una proteccion eficiente contra el desarrollo de la enfermedad causada
por TYLCV (Sun W. et al 2016). Otros compuestos como derivados quimicos de
aminoacidos de la arginina e histidina han mostrado induccién inmunolégica al activar
enzimas relacionadas a defensa como peroxidasa (POD) y fenilalanina amonio liasa, PAL
(de las ingles: phenylalanine ammonia lyase) manteniendo su actividad de activador de
defensa en 3 lineas de tomate distintas infectadas con TYLCV (Deng Y. et al 2015). Hasta
el momento no se ha reportado alguna molécula sintética pequefia que directamente interfiera

con los eventos replicativos de TYLCV u otros geminivirus.
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JUSTIFICACION, HIPOTESIS Y OBJETIVOS.

Justificacion

La agricultura es una de las principales actividades humanas para el sustento nutricional y
comercial. Los virus fitopatdgenos son uno de los agentes etioldégicos de mayor importancia
fitosanitaria en los sistemas agricolas debido a las pérdidas agroeconémicas que generan,
ademas de la falta de estrategias para su control. Una de las virosis mas importantes debido
a su tipo de transmisién, dispersion geografica y rango de hospedantes es la causada por el
Virus del enrollamiento de la hoja amarilla del tomate, TYLCV. A pesar de que existen
estrategias basadas en el uso de biomoléculas para el control directo del virus, estas requieren
el uso de plantas transgénicas las cuales su uso aln es controversial entre organizaciones
internacionales de agricultura, haciendo dificil su aplicacién en campo. Debido a lo anterior
en este trabajo se plantea el uso de biomoléculas de origen vegetal como una alternativa para
el control de esta virosis utilizando péptidos derivados proteinas de reserva de amaranto
(Amaranthus hypochondriacus), eligiendo a aquellos que tras un proceso de seleccion
molecular puedan unirse al origen de replicacion del DNA de TYLCV Yy asi bloquear o
disminuir su proceso de replicacién, actuando como un control correctivo del virus cuando

este sea aplicado de manera exdgena sobre plantas infectadas con el virus.
La hipdtesis planteada en este trabajo es:

La semilla de amaranto contiene un alto porcentaje de proteinas de reserva, las cuales tienen
un elevado porcentaje de aminoacidos basicos y aromaticos que pueden dar origen a péptidos
con actividad bioldgica de union a DNA. Si la interaccion de algunos péptidos de amaranto
es de alta afinidad hacia la secuencia de DNA del origen de replicacion del TYLCV, entonces
se espera que estos presenten actividad antiviral por alteracién en la tasa de replicacion del

virus.
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Para abordar esta hipdtesis, se planteo el siguiente objetivo general:

Obtener y seleccionar péptidos derivados de la digestion enzimatica de las globulinas de

amaranto los cuales presenten actividad antiviral contra TYLCV.

Objetivos especificos:

o Determinar si los péptidos derivados de globulinas de amaranto presentan actividad
bioldgica en plantas de promocion de crecimiento y activacion de defensa contra
TYLCV.

o Realizar la purificacion de péptidos derivados de la fraccion hidrolizada de

globulina/albumina de semillas de A. hypochondriacus.

o Seleccion de péptidos con mayor interaccion quimica hacia el origen de replicacion
de TYLCV mediante métodos espectrofotométricos y su posterior evaluacion de su

actividad antiviral en hospedantes experimentales y naturales.

o Demostrar el mecanismo de accion de los péptidos con mayor actividad antiviral
mediante evaluacion de su tasa replicativa y ensayos estructurales de interaccién entre

péptido y horquilla de replicacion.




José Silvestre Mendoza Figueroa
Seleccion y caracterizacion bioquimica de péptidos derivados de la hidrélisis enzimatica de las globulinas de amaranto y su evaluacion antiviral contra TYLCV

3.0 MATERIALES Y METODOS

3.1 Obtencion, purificacion y aislamiento de péptidos bioactivos de globulinas y

albUminas de amaranto.

A partir de semillas de amaranto, se procedio a la extraccion de globulinas y aloiminas como
describen Romero-Zepeda y Paredes-Lopez, 1995 con ligeras modificaciones. La harina
producida tras la molienda de la semilla de amaranto se suséndié en agua y se ajusté a pH
8.5, luego se extrajo por maceracion con agitacion a 4 °C durante 8 hy se reajusté nuevamente
el pH a 7.0, para su posterior hidr6lisis con papaina por 18 h. Una vez trascurrido el tiempo
de hidrdlisis se monitoreé por RP-HPLC en una columna de fase reversa C18 y en
electroforesis SDS-PAGE. El proceso de hidrdlisis y su monitoreo se repitié al menos 6 veces
para asegurar repetibilidad. Los péptidos menores a 10 KDa se separaron mediante
ultrafiltracion. La solucion obtenida se fraccion6 en una columna de RP-HPLC C18,
colectando las fracciones con sefial de absorbancia a 280 nm. Este se tom6 como criterio para
incluir péptidos que posiblemente tuvieran aminoacidos aromaticos en su secuencia
promoviendo interaccion con bases nitrogenadas de esta biomolécula (Rajeswari M.R et al
1992; Rajeswari M.R etal 1987; Lee S. etal 2016; Kim Y.y Jo K. 2011). Ademas, en algunos
casos la presencia de ese residuo de aminoacidos promueve la translocacion hacia el interior
celular (Chan D. I. et al 2006), favoreciendo su posible aplicacion exdgena en la planta. Los
péptidos con sefial mayor a 280 nm se purificaron completamente utilizando cromatografia
de fase reversa (RP-HPLC). Una vez purificados, cada péptido seanalizd por espectrometria
de masas (MALDI-TOF) para analizar su relacién carga/masa y asi mismo se analizé la

presencia de aminoacidos aromaticos mediante espectroscopia de fluorescencia.
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3.2 Seleccion de péptidos con capacidad de interaccion quimica hacia el OriRep
de TYLCV.

Los péptidos puros se mezclaron separadamente de manera equimolar con una solucién del
oligonucleotido OriRep (5’-CGTATAATATTACCGGATGGCCGCGC-3), el cual incluye
la secuencia que forma parte de la estructura de tallo y asa ubicada en la horquilla del origen
de replicacion de TYLCV y que es necesaria para el inicio de la replicacion de todos los
geminivirus a través del modelo del circulo rodante; la mezcla se incub6 durante 10, 30, y
60 minutos y se procedié a medir la fluorescencia intrinseca del peptido con la fluorescencia
de una solucion del péptido sin oligonucleétido, utilizando la misma concentracion y
volumen final, durante el tiempo mencionado. En aquellos péptidos que se presenté un mayor
abatimiento de la fluorescencia intrinseca se tomaron como candidatos para medir su constate
de disociacion (Kg) mediante resonancia de plasmén localizada en superficie (LSRP) con
nanoparticulas de oro, se utilizd como control de interaccion el péptido
NIQGAKSSSDVKSYIDK (llamado RepApep, dicho péptido no mostré fluorescencia
intrinseca, por lo cual se utilizé la técnica de LSRP) el cual contiene la secuencia de
reconocimiento y corte catalitico de la proteina Rep hacia el asa del origen de replicacion. El
valor de Kq se calcul6 utilizando el método y modelo propuesto por Tan L. et al 2012. S6lo
tres péptidos mostraron afinidad hacia OriRep en diferentes grados. El péptido con mayor
indice de abatimiento fluorescente y con una menor Kq fue llamado AmPepl, seguido por
AmPep2 y con muy baja afinidad el péptido AmPep3. AmPepl se utiliz6 para los ensayos
posteriores debido a su alta afinidad hacia OriRep.

3.3 Secuenciacion e identificacion de secuencias de los péptidos purificados

Una vez seleccionados los péptidos con mayor afinidad (AmPepl y AmPep2) se analizaron
por MALDI-TOF-TOF con la finalidad de obtener la secuencia del péptido. Las secuencias
resultantes se analizaron bio-informéaticamente en el servidor BLAST (Stephen F. et al 1997)
restringiendo el alineamiento de secuencias a proteinas de plantas de la familia

Amaranthaceae.
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3.4 Inhibicion de sintesis in vitro de DNA.

Utilizando la técnica de amplificacion por el circulo rodante (RCA, del inglés Rolling circle
replication), la cual utiliza como molde DNA circular, se procedi6 a verificar si el péptido
AmPepl y el péptido control RepApep tienen un efecto de bloquear o disminuir la sintesis
in vitro de DNA viral. Se utiliz6 como molde un extracto de DNA proveniente de una planta
infectada con TYLCV-[LV2015SATom] (Acceso no. KU836749.1), se cuantifico el DNA
mediante gPCR absoluta y se ajusté la concentracion de DNA viral. Se probaron
concentraciones crecientes de ambos péptidos de manera separada (0, 1, 2, 5, 10, 20 y 30
M) manteniendo constante la concentracion de DNA viral a 5 x10° moléculas (N= 3 réplicas
por concentracion). Los oligonucle6tidos utilizados en RCA para TYLCV se disefiaron para
cubrir todo su genoma (ver Cuadrol, articulo 1) con una modificacion de tipo PTO en la
region 5°. Como control se utilizo el plasmido pUCI1S, el cual contiene horquillas de
replicacion de secuencia diferente a la de los geminivirus, utilizando el mismo nimero de
copias de DNA que las utilizadas con TYLCV y las mismas concentraciones de péptidos.
Para esta reaccion se utilizaron iniciadores hexameros aleatorios (Random primers) con la
misma modificacion tipo PTO. Los productos de RCA del virus y plasmido se analizaron por
electroforesis en gel de agarosa para observar el efecto sobre la sintesis; dichos productos se
ajjustaron a una concentracién constante y se digirieron con enzimas de restriccion para
observar el DNA viral monomérico y comparar el efecto de las distintas concentraciones de
los péptidos en la sintesis. Los productos de la digestion enzimatica se analizaron en gel de
agarosa Y la intensidad de la banda se cuantificé (nimero de pixeles por banda). EI promedio
de la intensidad de bandas entre las distintas concentraciones se compar6 con la intensidad
promedio de las bandas en la concentracion 0 UM de péptido, la cual represent6 un 100% de
eficiencia media en la sintesis viral. Se realizd un analisis estadistico utilizando el modelo
ANOVA de 1 via, para encontrar si existia una diferencia significativa entre las diferentes
concentraciones de péptidos en la reaccion comparado con el control de 0 uM de péptidos.




José Silvestre Mendoza Figueroa
Seleccion y caracterizacion bioquimica de péptidos derivados de la hidrélisis enzimatica de las globulinas de amaranto y su evaluacion antiviral contra TYLCV

3.5 Pruebas bioldgicas

3.5.1 Actividad biologica del extracto de péptidos en plantas de tomate y

maiz.

3.5.1.1 Efecto del extracto de péptidos sobre el crecimiento de tomate

e induccidn de defensa primaria.

Se sembraron semillas de tomate (S. lycopersicum) en una mezcla de sustrato vermiculita:
perlita (1:1). Durante todo el desarrollo del experimento las plantas se mantuvieron en una
camara climatica con un fotoperiodo de 16 horas luz/8 horas oscuridad y se fertilizaron con
una solucion nutritiva comercial Hydrosol ® la cual contiene una proporcién de
macroelementos N:P: K (10:10:10). Una vez que las plantulas alcanzaron tres semanas de
edad, fueron tratadas mediante aspercion foliar con una solucion del extracto de péptidos a
concentraciones de 100, 10, 1y 0.1 mg/mL. Se utiliz6 una N=8 para cada grupo experimental.
Un grupo experimental se asperjo con agua y funciondé como control basal. EI tratamiento
consistié en las aspercion de las soluciones de péptidos tres veces por semana durante 2
semanas consecutivas, una vez finalizado el esquema de tratatamiento, se monitoreo el efecto
en crecimiento en las semanas posteriores al tratamiento. 1 dia concluido el esquema de
tratamiento se colectaron muestras de hojas apicales y se evalu6 la formacion de especies
reactivas de oxigeno (ROS) en los diferentes tratamientos, se realizd la tincién con
diaminobenzidina (DAB) y paralelamente con azul de nitrotetrazolio (NBT) sumergiendo las
hojas en una solucién de de DAB 1 mg/mL o en NBT 0.1 mg/mL exponiéndolas a vacio por
15 minutos y posteriormente se incubaron durante 12 horas, posteriormente las hojas se
traspasaron a una solucion de destincion (etanol:acido aceético:glicero, 3:1:1) hasta la
decoloracion de clorofila. La formacion de ROS se observd con el microscopio
estereoscopico dando como resultado positivo a formacion de peroxido la prescencia de
precipitados marrén en las hojas en la tincion con DAB y como positivo a la formacion de

superdxido la prescencia de precipitados azules en la tincién con NBT.
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3.5.1.2 Efecto del extracto de péptidos en la induccion de defensa en
plantas de tomate contra TYLCV.

Se sembraron semillas de tomate del hibrido comercial Maya de la variedad bola bajo las
condiciones descritas anteriormente. Una vez alcanzadas las tres semanas las plantulas fueron
transplantadas en sustrato nuevo y fueron cultivadas en invernadero, fertilizando como se
menciond arriba. Una semana posterior al transplante se realizaron los tratamientos
experimentales. Se crearon grupos experimentales de plantas en ambas variedades de prueba
teniendo una N=6 por grupo experimental. El primer grupo fue el control basal, el cual solo
fue asperjado con agua sin infeccion viral. EI grupo control de infeccion fueron plantas
asperjadas con agua y posteriormente al esquema de tratamiento se infectaron con TYLCV
aislado Sinaloa clona LV2015SATom Acs: KU836749.1. Un tercer grupo experimental fue
asperjado  con una solucion de extracto de péptidos a concentracion de 1mg/mL
(concentracion que ejerci6 mejor crecimiento e induccion de respuesta inmunoldgica
primaria), asperjando hasta escurrimiento durante tres dias consecutivos por dos semanas
consecutivas Yy sin infeccion viral con la finalidad de observar el efecto del péptido en la
fisiologia de la planta (Mock). El cuarto grupo fue tratado con el extracto de péptidos como
se describe anteriormente, pero fue agroinfectado con TYLCV para observar si el extracto
de péptidos ejerce defensa contra la enfermedad. Una vez agroinfectadas las plantas se
mantuvieron en invernadero; cuando el control de infeccion comenzé a desarrollar sintomas
se extrajo DNA mediante el método CTAB (Doyle J.J. y J.L. 1987) y se realiz6 una PCR
estandar utilizando los iniciadores degenerados universales para begomovirus AC1048 y
AV548 (Wyatt y Brown 1996) para verificar la infeccion sistémica y se monitored el
desarrollo de sintomas por 15 dias mas. Una vez transcurrido este tiempo se colectaron
muestras de hojas apicales de todos los grupos y variedades experimentales y se procedio a
extraer DNA y se cuantifico el titulo viral mediante qPCR utilizando los oligonucleétidos
OVS/OCS reportados por Rodriguez Negrete E.A. et al 2014. Se realiz6 un anélisis
estadistico utilizando el modelo ANOVA de 1 via, para encontrar si existia una diferencia
significativa del titulo viral entre los diferentes tratamientos. Paralelamente se colectaron
muestras de los grupos experimentales para extrater RNA utilizando el kit Spectrum™ Plant

Total RNA Kit, se cuantifico el RNA y se ajusto a una concentracion de 50 ng y se realizo
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una reaccion de retrotranscripcion (RT) y posteriormente una PCR estdndar para amplificar
una region del gen LePAL el cual codifica para la enzima Fenilalanina amonio liasa, PAL
utilizando los oligonucledtidos forward 5’-CTGGGGAAGCTTTTCAGAATC-3’ y reverse
5’-TGCTGCAAGTTACAAATCCAGAG-3’ (Song Y. et al 2015). Como gen de referencia
se utilizo a el gen que codifica para la ubiquitina 3 (UBI) con los oligonucléotidos forward
5’-TCCATCTCGTGCTCCGTCT-3" y reverse 5’-GAACCTTTCCAGTGTCATCAACC-
3’(Mascia T. et al 2010). Los productos de la RT-PCR se analizaron en electroforesis en gel
de agarosa.

El experimento se monitore6 hasta que los frutos en las plantas se maduraran y con un
desarrollo éptimo para cosecha. Se cosecharon los frutos y se compar6 la produccion entre

grupos experimentales y entre variedades.

3.5.1.3 Efecto del extracto de péptidos en el desarrollo de tizén foliar

en maiz.

Con la finalidad de estudiar si el extracto de péptidos tiene actividad bioldgica en otras
especies vegetales y si induce defensa contra otros fitopatdgenos se procedio a realizar un
ensayo in vitro para verificar dicha premisa. Se cortaron fragmentos de hojas de maiz de 4
semanas de edad. Se realizaron grupos experimentales con una N=3 como sigue: Un grupo
denominado control sano, se traté unicamente con agua destilada estéril; un segundo grupo
denominado control de infeccidn se tratd con agua destuilada estéril y una suspension 100000
conidios/mL de Helminthosporium sp; un tercer grupo tratado con una solucion de Actigard®
a 300mg/L e infectado posteriormente con Helminthosporium sp, y un cuarto y quinto grupo
tratados con una concentracion de 1 y 0.1 mg/mL del extracto de péptidos y posteriormente
infectados con el hongo. Las hojas se asperjaron con agua, BTH o extracto de péptidos segun
el grupo experimental y 24 horas después se infectaron agregando 50 pL de la suspension de
Helminthosporium sp. en 4 puntos equidistantes sobre la hoja. Se monitoreo0 el desarrollo de
lesiones durante una semana. Las hojas fueron mantenidas en camaras himedas durante el

experimento y en fotoperioro de 16 horas luz/8 horas oscuridad.
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3.5.2 Actividad antiviral en Nicotiana benthamiana y Solanum

lycopersicum

Plantas de N. benthamiana y S. lycopersicum de tres semanas de edad se agroinocularon con
el virus TYLCV-[EE-Imp-05-08] (Acceso no. HF548826). Cuando las plantas manifestaron
indicios de sintomas de la enfermedad, aproximadamente a las 2 semanas de inoculacion, se
extrajo DNA de las hojas apicales utilizando el método de CTAB (Doyle J.J. y J. 1987). Se
realizd una PCR estandar para verificar la infeccion sistémica utilizando los iniciadores
degenerados universales para begomovirus AC1048 y AV548 (Wyatt y Brown 1996). Una
vez que se confirmo la infeccion, se agruparon plantas infectadas con un N=6, un grupo
asignado como ‘“Tratamiento” se infiltr6 con una solucion de péptido 100 mg/L
(concentracion aproximada a 30 UM que muestra efecto de abatimiento de sintesis in vitro
de DNA viral en la reaccion de RCA, ver articulo 1, figura 3) en todas las hojas apicales con
sintomas. Un segundo grupo se utiliz6 como control de infeccion (sin tratamiento) y un tercer
grupo se infiltrd con buffer. Un grupo de plantas sanas (N=6), se utiliz6 como control sano,
y otro grupo fue tratado con el péptido. El progreso de la enfermedad se monitoreo a los 0,
7, 15y 21 dias post tratamiento (dpt). En cada dia de monitoreo se tomardn muestras de las
hojas apicales nuevas para extraccion de DNA vy se cuantific el virus mediante gPCR
utilizando los oligonucleétidos OVS/OCS reportados por Rodriguez Negrete E.A. et al 2014.

3.5.3 Evaluacion in vivo de la tasa replicativa del virus.

Plantas de N. benthamiana de tres semanas de se agroinocularon con TYLCV -[EE-Imp-05-
08] (Acceso: HF548826) v se verifico la infeccion sistémica como se describid en la seccion
anterior tanto en hojas apicales como en hojas completamente extendidas. En las hojas mas
extendidas y sistémicamente infectadas (superiores a donde se inoculd) se infiltré en la mitad
derecha de dicha hoja una solucién de 5, 15 y 30 uM de AmPepl de manera separada (2
hojas por planta y 3 plantas por cada concentracion, teniendo en consideracion gque fueran de
homologas en su desarrollo), mientras que en la parte izquierda se infiltrd solucion de
infiltracion (ver figura 3, manuscrito 2). Siguiendo el mismo disefio experimental, otro grupo

de plantas fue tratado bajo las mismas condiciones, pero con el péptido control RepApep. Se
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tomo una muestra de cada hoja y planta de las diferentes concentraciones a las 0, 12, 48 'y 72
horas post tratamiento, paralelamente un grupo de plantas sistémicamente infectadas fueron
tratadas en hojas homologas a los tratamientos mencionados, pero utilizando solo solucion
de infiltracion tanto del lado izquierdo como derecho; estas fueron usadas como control de

infeccién.

De cada muestra se extrajo DNA mediante el método de CTAB y se procedié a cuantificar
las cadenas virales (VS) y complementaria (CS) de TYLCV, asi como el DNA viral total en
la planta, de acuerdo con el protocolo descrito por Rodriguez Negrete et al 2014 y manuscrito
2. Los resultados obtenidos fueron analizados para observar si existia una alteracion en la
produccién de VS o CS dependiente de la concentracion del péptido en el tejido tratado como
en el no tratado con péptido, asimismo una dependencia entre conetracion-respuesta-tiempo.
Se realiz6 un andlisis tipo ANOVA de dos vias, comparando todos los tratamientos con el

control de infeccién.

3.5.4 Translocacion del péptido en las células.

El péptido AmPepl fue marcado con isotiocianato de fluoresceina isémero | (FITC, Sigma-
Aldrich) de acuerdo con las indicaciones de manufactura. Se utilizaron hojas apicales
pequefias (aprox. 1 cm?) de N. benthamiana con tres semanas de edad. Las hojas se incubaron
en una solucién acuosa de AmPepl-FITC 5 uM por 10, 30 y 60 minutos a temperatura
ambiente y otro lote a 4 °C (3 hojas por tiempo). Inmediatamente cumplido el tiempo de
incubacion las hojas se lavaron con una solucion de SDS 0.5% y se fijaron en una solucion
de glutaraldehido 1% (Pasternak T. et al 2015). Posteriormente, las muestras se tifieron con
2-(4-amidinofenil)-1H-indol-6-carboxamidina (DAPI) a una concentracion de 1 pg/mL.
Como control se utilizaron plantulas no tratadas con péptido marcado. Las plantulas se
analizaron en el microscopio confocal Nikon A1R+ STORM utilizando un laser de argén con
longitud linea de excitacién de 492 nm para el FITC y un filtro de excitacién de 405 nm para

el DAPI. La auto fluorescencia de la clorofila se detectd empleando un filtro de paso entre
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650-800 nm, las observaciones se realizaron en un objetivo de inmersion de agua de 60X.
Las imagenes se analizaron en NIS-Elements-Viewer 4.20 (Nikon).

3.6 Interaccion de AmPepl- OriRep mediante espectroscopia Raman.

El espectro Raman de cada una de las biomoléculas y de la mezcla de interaccion se grabd
usando la técnica de drop-coating deposition Raman (DCDR) (Filik, J. y Stone, N. 2007),
debido a las bajas concentraciones de biomoléculas que se estaban manejando en este
experimento. Para preparar las soluciones de analisis Raman, a partir de las soluciones
concentradas tanto de AmPepl y del oligonucleétido 5'-
GGCCATCCGTATAATATTACCGGATGGCC-3’ correspondiente a la horquilla de
replicacion de TYLCV, se tom6 una alicuota necesaria para obtener 1 pmol de cada
biomolécula, esta alicuota se concentr6 hasta sequedad y se solubilizé en 10 pL de buffer
(10mM Tris-HCL, 50mM NaCl, pH 7.4). Para realizar la interaccion, se prepar6 por separado
cada una de las biomoléculas como se menciono con anterioridad a una concentracion final
de 1 umol, cada una fue solubilizada en 5 pL de buffer y estas soluciones se mezclaron en
un solo tubo (relacion molar final 1:1), se homogenizaron por 1 minuto con pipeta y se
incubaron 10 minutos a temperatura ambiente para permitir la interaccion entre las
moléculas. Posteriormente 10 pL de cada solucion analitica (Péptido, DNA o mezcla) se
depostiaron sobre un sustrato de vidrio forrado con aluminio y se dejaron secar a temperatura
ambiente hasta la formacidn de un anillo sobre la zona de depdsito de la gota. El espectro
Raman de cada condicion se adquirié usando el equipo Confocal-Microscopy Witek Raman
Alpha 300 con un objetivo de agua 100X, N.A. 0.9 y con un laser de excitacion de 532 nm.
Los datos espectrales se capturaron por un lector CCD, con un tiempo de integracion de 3s 'y
una potencia del laser de 26.4 mW para la muestra de DNA y de 20 mW para el péptido y la
mezcla de interaccion. La zona de enfoque se realizo en la region del anillo de la gota seca
formada. Previamente se obtuvo un espectro Raman del buffer para descartar sefiales en el
analisis. Se obtuvieron espectros de 10 diferentes areas, se obtuvo el promedio de los
espectros utilizando OriginPro software version 2017, se realizé el suavizado de los espectros
usando el método Adjacent-Averaging y se normalizaron con la sefial del pico maximo del

espectro en la region de 600 a 1800 cm™. Se realiz6 un analisis de deconvolucion de la region
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de 1620 a 1720 cm'1 utilizando el programa PeakFit v4.12 considerando un buen analisis de

deconvolucién cuando la R? alcanzé un valor mayor a 0.99.
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4.0 RESULTADOS Y DISCUSION

4.1 Péptidos bioactivos derivados de globulinas de amaranto.

La hidrdlisis enzimatica de las globulinas y albiminas de amaranto se realiz6 con papaina, a
pesar de que la enzima no genera un patrén de corte hacia aminoacidos especificos como lo
hace la tripsina, por ejemplo, se lograron obtener condiciones reproducibles para todas las
repeticiones de hidrolisis de acuerdo con su monitoreo en RP-HPLC y patron de masas. La
papaina es una enzima tipo serina-proteasa que ha mostrado tener preferencia hacia residuos
de glutamina en sitios de corte P1 y P1’ seguido por residuos de valina, alanina y serina en
la posicion P2 y P2’ de la zona de hidrolisis (St. P.M. et al 1999; Choe Y. et al 2006). EIl uso
de enzimas con una baja especificidad, asi como el uso de cocteles enzimaticos es preferible
para la obtencion de péptidos bioactivos, debido a que se puede incrementar la poblacion de
residuos terminales en el péptido, lo que conlleva a generar una poblacion peptidica con
diferentes propiedades fisicoquimicas como punto isoeléctrico, solubilidad, transporte al
interior de tejidos, propiedades Opticas como fluorescencia intrinseca, etc (Panchaud A. et
al 2012).

Como primera parte de esta tesis se analizo la actividad biolégica del extracto de péptidos
obtenidos sobre plantas de tomate y maiz analizando si estos pueden tener actividades como
promotores de crecimiento o inductores de defensa contra TYLCV Yy otros fitopatégenos. De
esta manera se puede especular acerca de la diversidad en la poblacién de estas biomoléculas
al generar mas de una bioactividad en plantas. Se demostrd que este extracto puede generar
induccion de crecimiento y desarrollo en plantas de tomate, ver articulo 3. Como se observa
en la (Figura 3A) a concentraciones de 1 y 0.1 mg/mL comparado con el control basal
unicamente tratado con agua, hay un incremento visible en el desarrollo de la planta; una
explicacion para el efecto observado puede ser asociada a que algunos de los péptidos pueden
generar cascadas de sefializacidn las cuales enciendan la expresion de genes codificantes para
la poteina expansina en tejidos aéreos tal y como demostro Ertani A. et al 2017 al verificar
que un hidrolizado proteico de alfafa induce la sobreexpresion del gen mencionado en

tomate, asi como la sobre expresion del gen codificante para la glutation-S-trasferasa y otros
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genes relacionados al catabolismo de amino &cidos. A concentraciones de 10 mg/mL el
desarrollo apical de la planta es visulamente similiar al control basal, lo que podria sugerir
que un incremento en la concentracion del extracto peptidico no favorece la entrada o
penetracion de estas moléculas al interior del tejido y esto puede ser debido al tamafio de la
gota atomizada que se forma, la cual visulamente es mas grande a concentraciones de 10mg/L
comparado con las gotas generadas por el espray de las concentraciones de 1 y 0.1 mg/mL.
Se ha reportado que la prescencia de moléculas poliméricas incrementa el tamario de las gotas
de un espray en formulaciones agroquimicas a manera concentracion dependiente (Williams
P. A. et al 2008), esto puede traer beneficios en una formulacion completa, sin embargo
también se corre el riesgo que el aumento en el tamafio de la gota favorezca que esta caiga
de la superficie foliar no deando tiempo a que las moléculas activas ingresen al tejido
(Pesticide Environmental Stewardship, Consultado Noviembre de 2018), reduciendo
significativamente su actividad biol6gica como se observa en este estudio en concentraciones
de 10 mg/mL.

En la (Figura 3B) se observo ademas que el extracto peptidico puede activar la respuesta
inmune innata por la produccién de ROS y puede deberse a que una parte de la poblacion de
péptidos en el extracto presenten secuencias similares a patrones moleculares asociados a
patégeno o a dafio. Se ha descrito que algunos péptidos en Arabidopsis thaliana pueden
inducir defensa al actuar como factores de transcripcion para proteinas de membrana
necesarias para activar defensa primara (Krol E. et al 2010; Yamada K. et al 2016. Se evalu6
si la defensa inducida por el extracto peptidico en tomate es capaz de prevenir el desarrollo
de la infeccion por TYLCV.
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Figura 3. Efecto de los péptidos derivados del hidrolizado de globulina de amaranto en

la promocion de crecimiento e induccidn de especies reactivas de oxigeno en tomate. A)
Las plantas de tomate (N=8 por tratamiento) fueron asperjados con tres concentraciones distintas del extracto
peptidico, se observa que las concentraciones de 1 y 0.1 mg/mL inducen la mejor promocién en desarrollo foliar
y desarrollo apical. B) El extracto de péptidos induce formacion de ROS en hojas de tomate (flechas rojas), se
observa la formacién de peréxido (precipitados marrones) en las zonas intervenales del tejido asi como la
formacion de superéxido (precipitado azul) en ambas dosis experimentales. Para ambos expeirmentos se utilizd
el compuesto comercial inductor de resistencia sistémica Actigard® que contiene como principio activo
benzotiadiazol-S-mentil (BTH), nuestros resultados indican que el extracto peptidico ademas de inducir
respuestas de defensa primaria tiene la funcion de inducir crecimiento, mientras que el BTH no presenta la

funcidn de promocién de desarrollo comparado con el control basal tratado con agua.

Para corroborar dicho efecto se evalu6 un hibrido comercial (tomate Maya) y una variedad

comercial (bola), los resultados mostrados en la (Figura 4 A'y B) muestran que el tratamiento
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con el extracto de péptidos previene el desarrollo severo de la virosis, es notorio como los
sintomas se ven reducidos en la planta tratada e infectada comparado con las plantas del
control de infeccién la cual presenta enanimos comparado con las demaés, enchinamientos,
disminucion de lamina foliar, ampollamientos y clorosis, el efecto protector del extracto de
péptidos es ademas reflejado en el titulo viral el cual disminuye significativamente en las
plantas tratadas comparado con las no tratadas, (Figura 4B). Para explicar el posible
mecanismo de accién que generan el extracto se monitored la activacion de un gen
relacionado a la via del acido shikimico, la cual es una de las principales vias metabdlicas
relacionada a defensa en las plantas (Alvarez A. et al 2016), en la (Figura 4C) se observa que
la enzima fenilalanina amonio liasa, PAL, se sobre expresa en plantas tratadas (Mock) con el
extracto de péptidos respecto al control basal. Dicha enzima se encargara de la sintesis de
precursores de coumarinas, acido salicilico y precursores de liginina, los cuales participaran
en el desarrollo de defensa molecular y estructural, respectivamente (Al-Amri S. M. 2013).
Se puede pensar que otra via por la cudl la planta activa sefiales de defensa al ser tratada con
un extracto peptidico derive del catabolismo de los aminoacidos, es bien sabido que el
catabolismo de lisina en plantas es dado por la ruta de la sacaropina, dicha ruta metabdlica
genera productos relacionados a defensa como el pipecolato el cual es un metabolito
indispensable para mantener la homeostasis en estrés bidtico y abiético (Braun H. et al 2015).
El catabolismo de los aminoacidos ademas generard moléculas intermediarias de vias
anfibolicas como acetil coenzima A, succinato, acetoacetato, etc. El incremento en la
produccion de estos intermediarios de vias centrales trareria como consecuencia un mejor
desarrollo de la planta y de los frutos, en la (Figura 4D) se observa un incremento
significativo en el tamafio de los frutos de las plantas tratadas con el extracto peptidico

comparado al control basar y al control de infeccion.
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A)
Control Sana + Extracto Peptidos
. + TYLCV
Variedad basal Extracto de péptidos + TYLCV

Bola B)

Nimero de copias TYLCV (Log)

Bola Maya

Variedad comercial de tom ate

mm—— Tratamiento extracto péptidos Img/mL — Control de infeccion

Maya

Bola

PAL

Ubi3

Figura 4. Efecto de induccion de defensa del extracto de péptidos en tomate sobre el
desarrollo de la enfermedad por TYLCV. A) Se evaluo el efecto de induccion de defensa sobre

plantas de tomate (N= 6 por grupo experimental) generado por el hidrolizado de globulinas de amaranto en dos
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variedades comerciales de tomate (Bola y Maya) suceptibles a TYLCV. Las plantas fueron tratadas a la
concentracion de 1 mg/mL durante dos semanas, una semana post tratamiento las plantas fueron infectadas con
el aislado Sinaloa de TYLCV clona LV2015SATom. Acs: KU836749.1 mediante agroinoculacion. Las plantas
se mantuvieron en condiciones de invernadero. El desarrollo de sintomas se monitoreé por aproximadamente
un mes post inoculacion. En la imagen se muestra el efecto sobre el desarrollo sintoméatico que induce el
tratamiento con el hidrolizado. En ambas variedades, las plantas tratadas con dicha solucién no muestras
desarrollo severo de sintomas comparado con el control de infeccidn, el cual muestra en variedad Bola
enanismo, ampollamientos en hojas, encucharamientos, disminucion de ldmina foliar, acortamiento entre nudos
y clorosis generalizada en el caso de la variedad Maya (ver fotos de acercamientos). Es notorio como ademas
se aprecia visulamente un incremento en el desarrollo foliar en los tratamientos Mock, los cuales son plantas
sanas asperjadas Unicamente con la solucion de péptidos. B) Cuantificacién de DNA viral. Se observa que las
plantas tratadas con el extracto muestran un titulo viral significativamente menor a un mes post infeccion
comparado al control de infeccidn, los asteristicos indican diferencia significativa con respecto al grupo control
de infeccion con una (P<0.05), el resultado es un promedio del andlisis de 6 muestras bioldgicas independientes
para cada grupo. C) El tratamiento con el extracto de péptidos induce la expresion de la enzima Fenilalanina-
amonio-liasa (PAL). Se observa que en ambas variedades estudiadas la enzima PAL, se encuentra ligeramente
inducida cuando estas son tratadas con la solucidn de péptidos a 1mg/mL, el efecto es mejor observado en el
grupo Mock. La enzima PAL es una de las principales participantes en la via del &cido skikimico la cual es una
ruta central para la biosintesis de metabolitos realcionados a defensa; Ubi3, gen de referencia codificante para
la Ubiquitina de tomate utilizado para realizar la RT-PCR, la imagen es una representacipon de tres muestras
bioldgicas distintas para cada grupo expeirmental. D) Iméagen representativa sobre los efectos de produccién de
tomate entre los diferentes grupos experimentales en las dos variedades de prueba respecto a los tratamientos
con hidrolizado de globulina de amaranto. Las plantas del grupo mock presentan los tomates con mayor
desarrollo, se observa que las plantas del control de infeccién tienen la fruta mas pequefia respecto a los demas
grupos experimentales, mientras que las plantas infectadas y tratadas desarrollan frutos similares al control

basal, indicando el potencial efecto biolégico de proteccion y desarrollo generado por el extracto de péptidos.

Para corroborar si el efecto inductor de defensa puede extrapolarse en otras especies
vegetales, se realizé una prueba de induccion de defensa en maiz. En la (Figura 5) se puede
observar que el tratamiento con el extracto peptidico previene la formacion de lesiones
asociadas a tizon foliar causado por Helminthosporium sp. teniendo un efecto similiar al
generado por un inductor de defensa comercial (Actigard ®, el cual contiene como principio
activo benzotiadizol-S-metil). Una caracteristica notable es que el tratamiento con el extracto
induce lesiones de hipersensibilidad cuando se encuentra el patdégeno lo que puede dar indicio
de que este ha activado la respuesta inume para detener el avance del patdégeno por el tejido

(ver articulo 3).
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Control sano Control de Actigard +Helminthosporium sp. +Helminthosporium sp.
Infeccién

Figura 5. El hidrolizado de glubulinas de amaranto induce respuesta preventiva contra

manchado foliar por Helminthosporium sp. en maiz. Con la finalidad de evaluar si el efecto
bioldgico de induccion de defensa producido por el extracto de péptidos podria ser repetible en otra especie
vegetal y en otro modelo fitopatoldgico, se realizd un ensayo de proteccion en hojas de maiz contra la
enfermedad de tiz6n foliar causado por Helminthosporium sp. Las plantas fueron asperjadas con la solucion de
péptidos y 24 horas después infectadas con una suspensidn de esporas del hongo, se observa que el extracto de
péptidos a las concentraciones de 1 y 0.1 mg/mL protegen del desarrollo de lesiones caracteristicas de tizon
comparadas con el control de infeccion, en donde se observa claramente la zona de desarrollo fungico (flecha
roja). El extracto de péptidos tiene una actividad similar al inductor comercial de resistencia Actigard ®,
retardando el desarrollo del tizon. Flecha amarilla sefiala zonas de hipersensibilidad generadas por exaservacion

de respuesta de defensa. Imagen reprsentativa de tres experimentos independientes a 5 dias por infeccion.

Los resultados de esta seccion indican que la digestion de proteinas de amaranto genera una
poblacion de péptidos con uso potencial en agricultura para promocion de crecimiento y
proteccion vegetal contra TYLCV en tomate y previene el desarrollo de manchado foliar

fangico en maiz.
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4.2 Seleccion y purificacion de péptidos con afinidad hacia el OriRep de
TYLCV.

El extracto peptidico se separ6 cromatograficamente mediante RP-HPLC usando una
columna C18, de este analisis se obtuvieron dos fracciones principales las cuales se
recircularon en la columna cromatografica para separar sub-fracciones que presentaron sefial
de absorcién a 280 nm, como se mencioné en la seccion de metodologia, este fue un criterio
de inclusion de péptidos para ensayos posteriores debido a que la presencia de aminoacidos
aromaticos como triptéfano, ademas de tener una ventaja para su analisis de interaccion con
otra biomolécula. Teniendo en cuenta estas consideraciones se seleccionaron 10 péptidos de
los cuales, solo tres mostraron interaccién con el OriRep (utilizando la técnica de titulacion
de fluorescencia y por LSRP). El de mayor afinidad fue llamado AmPepl (Kq = 1.4 nM),
seguido por AmPep2 (Kq = 1.8 uM) y finalmente AmPep3 mostro muy poca afinidad (valor
de Kgq arriba de 10 mM, lo que significa que no tiene afinidad suficiente al receptor). AmPepl
se selecciond para los posteriores ensayos de actividad bioldgica debido a que su constante
de disociacion con OriRep es muy similar al péptido sintético RepApep, el cual contiene la
secuencia de Rep que tiene capacidad de unién a la estructura de asa en la secuencia
TAATATTAC en el origen de replicacion asi como el sitio catalitico para apertura de esta
estructura secundaria, por lo que este péptido se utilizd como control de interaccién (Figuras
6 y Figura 2 del articulol).

La fuerte interaccion de AmPepl con OriRep puede deberse a una interaccion directa entre
la lisina (K), arginina (R) y el triptofano (W) del péptido AmPepl
(SVGRKWRMKWAQMRQQ) con el esqueleto de fosfatos y las bases nitrogenadas de
OriRep. La prescencia de aminoacidos basicos como K y R pueden favorecer la interaccién
electrostatica entre los grupos con carga postiva de los residuos de la cadena lateral de Ky R
con la carga negativa presente en el esqueleto de fosfato, los grupos amino de K y guanidino
de R se encuentran protonados al pH de trabajo (pH 7.4). Se ha observado que dichos
aminoéacidos basicos pueden alterar la estructura secundarias de DNA, pudiendo alterar la
conformacién de dicha molécula (Rajeswari M.R et al 1992 ; Roy K.B. et al 1992). Ademas,
puede ser favorable la formacion de puentes de hidrogeno por estos aminoacidos. La
prescencia de W es quimicamente importante en proteinas o péptidos de union a DNA ya que

46



José Silvestre Mendoza Figueroa
Seleccion y caracterizacion bioquimica de péptidos derivados de la hidrélisis enzimatica de las globulinas de amaranto y su evaluacion antiviral contra TYLCV

estos pueden interaccionar directamente mediante electrones pi. Esta interaccion fue
observada al analizar el decaimiento en la fluorescencia intrinseca del péptido cuando este se
hace interaccionar con OriRep (ver Figura 2 del articulo 1). Se ha reportado que la presencia
de las secuencias continuas de KW favorece la union de estas biomoléculas a DNA, y
favorablemente en regiones ricas en adenina (A) y timina (T), como es el caso de la secuencia
del oligonucledtido en estudio (Rajeswari M.R et al 1987; Lee S. et al 2016; Kim Y. y Jo K.
2011). En la secuencia de AmPep 1 los residuos de triptéfano (W) se encuentran proximos
(SVGRKWRMKWAQMRQQ) a diferencia del péptido AmPep2
(MSVGRKWRSTMKWAQ), la cercania de estos residuos en AmPepl podria potencializar
un enlace mas fuerte al blanco viral mediante interacciones pi (Roy K.B. et al 1992).

Para corroborar la afinidad quimica de AmPepl sobre OriRep se realizo la técnica de RCA,
demostrandose que el péptido AmPepl afecta de manera dependiente de la concentracion a
la sintesis in vitro de DNA viral, utilizando como control el plasmido pUC18 (el cual
contiene también estructuras de inicio de replicacion tipo tallo y asa). Se observé que la
sintesis in vitro de este, no es afectada por AmPepl, sugiriendo que el tamafio y disposicién
tridimensional del asa en TYLCV lo hace mas afin a AmPepl que las localizadas en el
plasmido (Ver Figura 3 del articulo 1). De manera interesante, se observé que la sintesis de
DNA de PHYVV, es también inhibida por el péptido AmPepl, debido a que en ambos virus
la secuencia de la horquilla de replicacion es conservada, lo que sugirié explorar la actividad

bioldgica antiviral in vivo de este péptido en modelos infectivos con ambos virus.
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Figura 6. Calculo de la constante de afinidad entre el péptido AmPepl y el
oligonucledtido OriRepTYLCV mediante resonancia de plasmon localizada en

superficie (LSRP) utilizando nanoparticulas de oro. A) Regresion no lineal para obtencion del
valor de disociacién entre las biomoléculas analizadas, se utiliz6 como control de interaccion al péptido
RepApep. Las constantes de disociacion obtenidas fueron para AmPepl (ke= 1.8 X 102 uM) y para RepApep
(kg=1.4 X 102 uM), los resultados son representaciones de 3 experimentos independientes cada uno con tres
replicas técnicas por andlisis. B) La técnica de LSRP para el estudio de interacciones entre moléculas se basa
en que si el receptor adsorbido sobre la superficie de las nanoparticulas de oro tiene afinidad hacia el ligando
en estudio, la formacion del complejo ligando-receptor cambiaré el plasmdn en la superficie de la nanoparticula
produciendo cambios en su espectro de absorcién, ademas este complejo formado produce efectos de repulsion
electrostatica y estéricos entre las nanoparticulas que ayudan a que estas se protegan de la agregacion cuando
hay un exceso de sal en el medio. Dichos fendmenos pueden monitorearse ademas del cambio de color (cambio
en la resonancia del plasmon) mediante el monitoreo de agregacion por microsopia electronica. Se observa que
la presencia del complejo de interaccion formado entre el DNA de la horquilla de replicacién de TYLCV y el

péptido AmPepl, amortigua el cambio de plasmén de las nanoparticulas respecto a cuando estas no se
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encuentran asociadas a una biomolécula o a un complejo de interaccidn (tubo azul), asi mismo la agregacion
fisica es menor a cuando estas Unicamente tienen capeado el oligonucleétido de prueba. Dichos cambios se

presentan en forma de concentracion dependiente. Detalles ver articulo 1).

4.3 Actividad antiviral de AmPepl

Se infectaron plantas de N. benthamiana y tomate mediante agroinoculacion con TYLCV y
se trataron mediante infiltracion de AmPep1 en las hojas apicales sintomaticas, después de 7
y 15 dias de monitoreo. Las plantas de ambas especies comenzaron a disminuir el desarrollo
sintomético (enchinamiento, clorosis, enanismo) comparado con el fenotipo medio del grupo
control de infeccion (plantas infectadas sin tratamiento). Se midié ademés la concentracion
de DNA viral en todos los tratamientos, mostrando que las plantas tratadas de manera
correctiva con AmPepl disminuyen la concentracion de DNA viral. Dicho resultado
concuerda con los datos arrojados por los estudios quimicos de interaccién entre AmPepl y
OriRep, los cuales demuestran una alta afinidad entre estas dos moléculas y que in vivo,
presentan repercusiones en la tasa de DNA viral, sugiriendo que AmPepl interfiere
directamente con los eventos de replicacion del virus, teniendo como consecuencia una
desaceleracion en el progreso de la enfermedad (desarrollo sintomético y disminucion del
titulo viral) ( Figura 7 y ver figura 4 del articulo 1). Cabe sefialar que AmPep1 también mostrd
efecto antiviral sobre el progreso de la enfermedad causada por PHYVV en N. benthamiana,
qgue como se ha explicado anteriormente conserva la misma secuencia de la horquilla de
replicacion de TYLCV la cual es conservada entre toda la familia Geminiviridae (ver figura
5 del articulo 1).

Con el objetivo de verificar si el mecanismo de accién antiviral de AmPepl fue debido a
alteracion de efectos replicativos de TYLCYV, se procedi¢ a cuantificar la cantidad de cadena
VS y CS formada post tratamiento con el péptido utilizando la técnica de “2-stepts-gPCR”
propuesta por Rodriguez Negrete et al, 2014. En una mitad de una hoja de N. benthamiana
agroinfectada con TYLCYV, se realiz6 tratamiento con el péptido AmPepl y RepApep de
manera separada, mientras que la otra mitad fue tratada con solucion amortiguadora. De las
concentraciones ensayadas para ambos péptidos, 15 y 30 uM mostraron una tendencia de

abatir la concentracion de VS y CS comparado con la concentracion de estos intermediarios
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genomicos virales en las zona de tejido foliar no tratada (ver Figura 3 del manuscrito 2), sin
embargo a las 72 horas post tratamiento de la concentracion de 30 uM de AmPepl, se observo
una diferencia significativa en la sintesis de dichos intermediarios comparado con la
concentracion inicial de VS y CS, ademas ambas concentraciones mostraron diferencia
significativa con la zona del tejido foliar sin tratar. EI péptido RepApep se utiliz6 como
control mostrando de igual manera una reduccion de la sintesis de cadenas viral y
complementaria desde las 12 horas post tratamiento. La sintesis de VS es un producto directo
de la sintesis por el modelo de circulo rodante, si VS tendié a disminuir en plantas tratadas
con ambos peptidos (Rodriguez Negrete E.A. et al 2014). En nuestros resultados pudimos
observar que AmPep1 tiene una accion directa bloquendo el inicio de la replicacion viral al
medir el abatimiento de la tasa de VS y CS, posiblemente interfiriendo la con la accién de la
proteina iniciadora de la replicacion en TYLCV (Rep) (ver Figura 8 y Figura 3 del manuscrito
2).

B)

(Control de ififeccion)

[CJControl de infeccién
I Ampept

No. de moléculas TYLCV (Logio)

100

Dias post tratmiento

15

Figura 7. Actividad antiviral de AmPepl sobre TYLCV en plantas de tomate. A)
Imagen comparativa entre las plantulas sanas, infectadas e infectadas con tratamiento de AmPep1 a los 15
dias post tratamiento. El progreso de la enfermedad de las plantulas tratadas con AmPep1l fue comparado
con aquel desarrollado por plantulas no infectadas y no tratadas (control de infeccién) a 15 dias post
tratamiento, el grupo de pléntulas tratadas con AmPepl presentan un retraso en el desarrollo sintomético
comparado con el grupo control de infeccion el cual muestra una clara clorosis marginal, enanismo y
enrollamiento notable, el grupo de pléntulas tratadas con AmPepl muestran solo ligeros enrollamientos en

la hojas apicales sin clorosis evidente (todos los grupos analizados tiene una N=6). B) Cuantificacion del
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DNA total de TYLCV en hojas apicales de plantulas tratadas y no tratadas (control de infeccién) a los 7 y
15 dpTx. SD es indicada en lineas verticales, asteriscos: diferencia significativa de la media comparada

con el control de infeccion (P<0.05), cada barra representa un contenido promedio de DNA viral de 6

plantulas.
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Figura 8. El péptido AmPep1 disminuye la sintesis de intermediarios replicativos virales

de TYLCV en N. benthamiana. A) Evaluacion del efecto de AmPepl sobre la sintesis de DNA de
sentido complementario (CS) de TYLCV. C) Efecto de AmPep1 sobre la sintesis de DNA de sentido viral (VS)
de TYLCV. D) Cuantificacion del DNA total de TYLCV en post tratamiento con AmPepl. Los efectos sobre
la tasa de replicacion de CS, VS Y DNA total fueron monitoreados a las 0, 12 y 48 horas post tratamiento. Linea
azul: control de infeccion (hojas sin tratamiento en ambos lados), roja: AmPepl (15 uM), verde: AmPepl (30
uM), morado: RepApep (control, 15uM), cada punto en el tiempo es una representacion promedio del titulo de
DNA de 6 hojas, barras verticales: desviacion estandar (SD), asteriscos: Diferencia significativa de la media

respecto al control de infeccidn con una (P<0.05). (detalles ver manuscrito 2 Figura 3).
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4.4 Estudio de la interaccion molecular entre AmPepl y OriRep mediante

espectroscopia Raman y modelado tedrico.

La interaccion entre la secuencia correspondiente al origen de replicacion de TYLCV
(OriRepTYLCV) y el péptido AmPepl, derivado de la globulina de amaranto, se estudié
mediante espectroscopia confocal Raman. Se utilizaron el péptido AmPepl, purificado de un
hidrolizado de globulina de amaranto y el oligonucle6tido sintético 5'-
GGCCATCCGTATAATATTACCGGATGGCC-3, correspondiente a la region tipo
horquilla del OriRepTYLCV. Los espectros Raman correspondientes a cada una de estas dos
biomoléculas se adquirieron de manera individual (ver figura 7, tabla 1 y figura 1 manuscrito
2). Para el caso del péptido AmPepl (SVGRKWRMKWAQMRQQ), las sefiales observadas
son generadas principalmente por el Trp, Ser y la Amida I. En el caso del Trp, los modos
vibracionales observados se encuentran en las bandas de la region 760, 1010, 1074, 1550 y
1618 cm™* correspondiente a la respiracion del anillo aromatico, respiracion del anillo fuera
de fase del benceno y del pirrol, vibracion de doblado en el plano de los C-C del Trp,
estiramiento C2-C3 del anillo pirrélico, y el estiramiento C=C del anillo aromatico,
respectivamente (Wei F. et al 2008; Takeuchi H. 2003). Las sefiales del residuo de serina se
representan principalmente por la banda de 853 cm™ que corresponde al estiramiento C-C
adjunto al grupo OH (Jarmelo S. et al 2007). La sefial de la amida | indica la estructura
secundaria que el péptido adopta bajo las condiciones de estudio y corresponde
principalmente a una estructura tipo alfa hélice y desordenada indicado por las bandas en
posicion 1658, 1670 y 1686 cm™ (Overman S. A. et al 1998; Rivas Arancibia S. et al 2017).
Este hecho se pudo corroborar en la deconvolucién de la banda de amida | dentro de la region
de 1640 a 1700 cm?, donde las sefiales deconvolucionadas en el espectro Raman a 1658,
1671 y 1689 cm™) corresponden a las sefiales de la estructura mencionadas, ver Tabla 2,
manuscrito 2, contribuyendo mayoritariamente a la estructura del péptido.

El espectro del oligonucle6tido OriRepTYLCV muestra sefiales Raman caracteristicas de
DNA (ver Figura 9 y Figura 1 del manuscrito 2), como modos vibracionales del enlace
fosfodiester (O-P-O) a 786 y 840 cm™ los cuales corresponden al alargamiento simétrico de
este enlace, y la banda caracteristica a 1092 cm™ representa la vibracion del enlace didxico
del grupo fosfato (PO2) (Jangir D. K. et al 2014; Pagba C. V. et al 2010, Hernanndez B. et
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al 2012). Otras sefiales que contribuyen a la formacion del espectro Raman del DNA son las
generadas por las bases puricas y pirimidicas, las bandas observadas en la region de 1332 y
1574 cm™ corresponden al alargamiento del anillo aromatico de las bases puricas (A,G)
(Gorelik V. S. et al 2014; Jangir D. K. et al 2014) , las contribuciones de sus grupos
funcionales adjuntos a estas bases como el NH2 puede ser observado en la region de 1253
cm?ya 1480 cm™ la sefial correspondiente a la deformacion del enlace C8=N7 de la Guanina
(Ruiz Chica A. J. et al 2004; Lord R. C. et al 1967; Dina N. E. 2016). Las sefiales generadas
por las bases pirimidicas se encuentran principalmente generadas por la timina, en las
regiones de 1369 cm™ correspondiente al alargamiento C-N del anillo pirimidinico (Gorelik
V. S. et al 2014; Dina N. E. 2016) , ademas esta base nitrogenada genera una banda de
respuesta amplia en la region de 1660 a 1711 cm™ (ver manuscrito 2, Figura 1D), constituida
principalmente por la contribucion del alargamiento de los enlaces C=0, principalmente por
el C2=0 a 1660-1662 cm™, y con una menor contribucion del enlace C4=0 en la region de
1690-1 cm™*(Movileanu L. et al 2002; Wojtuszewski K. et al 2004).
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Cuadro 4. Asignacion de bandas del espectro Raman del oligonucléotido
OriRepTYLCV, del péptido AmPepl y de la matriz de interaccion de ambas

biomoléculas.
Desplazamiento Raman (cm™) Desplaz
Moléculas puras Mezcla all?rglﬁqr;tr? Asignacion
DNA Peptido  OriRepTYLCV desde el
(OriRepTYLCV) AmPepl + AmPepl origen
675 675 0 dG (respiracion)
729 729 0 dA(est. C1-N9)
760 751 -9 Trp (respiracion en fase)
786 786 0 fosfodiéster (est. sim O-P-0)
840 840 0 fosfodiéster (est. asim 0-P-0)
853 857 +4 Ser (est. fuera del plano CH2-O)
870 879 +9 Trp (curv. NH)
Trp (curv. indol més curv.
884 879 -5 del NH)
945 958 +13 Ser (est. C-0)
Trp (resp.. fuera del plano de
1010 1014 *4 benceno y pirrol)
1019 1019 0 dG(def N-H)
1062 1070 +8 Desoxirribosa (est. C-O)
1074 nd Trp (curv. en el plano C-C)
1092 1096 +4 PO21 (est)
1131 nd Peptido (balanceo C-NHs*)
dA,G (est C5-C6)/ dT( est.
1181 1181 nd en plano del anillo CHzs)
1202 nd Trp (est. C-C)
1249 dT (est. en plano del anillo)
1253 1257 +4 C (est. anillo y est. C-NH2)
1263 nd Amida 1l (desordenada)
dA,dG (est. anillo Purinas)/
1332 1336 1328 +/-4 Peptido (est CHs-CHy)
1369 1374 +5 dT, dA, dG (est C-N)
i Desoxirribosil (def 5’-Hy)/
1427 1437/35 1427 +/-8 peptido (def CHy/ CH)
1480 1485 +5 G (def N7, C8=N7-H2)
1550 nd Trp est. pirrol C2-C3)
1574 1578 +4 Purinas (estiramiento)
1618 nd Trp C=C
1658 1654 -4 Amida I (a-helix)
1662 1662 0 Timina (est. C=0)
1682 nd dA (tijereteo NHy)
1686 1690 4 Amida | (desordenada sin

puentes de H, giros f3)

Notas; resp: respiracion, est: estiramiento, sim: simétrico, asim: asimétrico, curv: curvatura, def: deformacion , tij:

tijereteo, A: adenina, G: Guanina, C: citocina, T: Timina, d: desoxy (A,G,C,T)
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Una vez que el péptido AmPepl y el oligonucleétido OriRepTYLCV se hicieron
interaccionar, el espectro Raman de la matriz formada de esta interaccion se obtuvo,
mostrando contribucion de los espectros de las biomoléculas analizadas (ver Figura 9, Cuadro
4y Figura del manuscrito 2). La interaccion de estas biomoléculas genera un espectro el cual
tiene contribuciones de sefiales de ambas biomoléculas, pero mostrando alteraciones en su
namero de onda y/o su intensidad. Con respecto a los desplazamiento en las sefiales del
péptido se observa que las sefiales debidas a las vibraciones de la respiracion anillo aromatico
del Trp muestran un desplazamiento comparado con el espectro original que va de 760 a 751
cm?y de 1010 a 1014 cm™, indicando que existe una posibilidad de que el grupo benceno
del Trp interactUe con algunas bases nitrogenadas del oligonucle6tido (Takeuchi H. 2003),
principalmente por interacciones débiles tipo Pi o por la posible formacion de puentes de
Hidrogeno (Tsuboi M. et al 2003). Dicha interaccidn de este residuo sobre el OriRepTYLCV
fue observada en el anélisis por apagamiento en la sefial de fluorescencia intrinseca del
péptido cuando este interacciona de manera dosis dependiente con OriRepTYLCV (ver
Figura 2 del articulo 1) correlacionando este ultimo fendmeno con el corrimiento y
disminucion de la intensidad de banda correspondiente a la respiracion del anillo aromatico
del Trp de 760 cm™ a 751 cm?, la afectacion de este modo vibracional en el Trp representa
un marcador estructural refiriéndose a residuos de Trp involucrados en una fuerte interaccion
hidrofébica (Takeuchi H. 2003), la disminucion de la intensidad en el marcador
conformacional de Trp a 1550 cm™ es afectado, mostrando un posible reordenamiento
estructural de la cadena lateral Trp cuando interactta con el DNA. Otras bandas que se ven
afectadas son el estiramiento C-C acoplado al -OH de la serina, que va de 853 a857 cm 1y
el modo vibratorio de C-O (de 945 a 958 cm-1) posiblemente debido a la formacion de
enlaces de hidrégeno con DNA (Murli C. et al 2006). También se observo un desplazamiento
en la sefial de la cadena alifatica del péptido de 1336 cm™ que disminuy6 hasta 1328 cm™
posiblemente debido a un re-arreglo estructural en la interaccion con DNA (Wei F. et al
2008). El efecto sobre el re-arreglo en la estructura secundaria del péptido concuerda con el
analisis de deconvolucidon de la banda de amida I en la mezcla de reaccion (ver manuscrtio 2
Figura 1C-tabla 2) mostrando un aumento del porcentaje de la sefial debida a la conformacion

alfa hélice por mas del 3% a 1653 cm™ con una disminucion en el porcentaje de estructura




José Silvestre Mendoza Figueroa
Seleccion y caracterizacion bioquimica de péptidos derivados de la hidrélisis enzimatica de las globulinas de amaranto y su evaluacion antiviral contra TYLCV

desordenada (1681 cm™) en comparacion con el espectro del péptido puro (Camerlingo C. et
al 2014).

Con respecto a los cambios en las sefiales Raman del oligonucle6tido tras una interaccion
con el péptido se observa que sélo la sefial del alargamiento del grupo fosfato correspondiente
a dioxi fosfato es afectada, mostrando un desplazamiento de la sefial original que va de 1092
a1096 cm, no se observe una afeccion en el alargamiento del enlace fosfodiester O-P-O, se
puede atribuir que los oxigenos libres del grupo PO2 pueden interaccionar de manera
electrostatica o por puentes de H con grupos funcionales cationicos del péptido como los
grupos amino de la arginina o lisina (Filho P. et al 2007; Faria J. 2009; Sereda V. et al 2017).
Algunos otros modos vibraciones del DNA fueron afectados principalmente como la
vibracion de los grupos NH, de G y C desplazando la sefial de 1253 a 1257 cm™, asi como
las vibraciones correspondientes al enlace C-N de timina (T), adenina (A) y guanina (G),
mostrando un desplazamiento que va de 1369 a 1374 cm™, asi como los grupos C8-N7 de G
(Jangir D. et al 2014; Hernanndez B. et al 2012), desplazando la sefial Raman de 1480 a 1485
cm-1. El desplazamiento hacia ndmeros de onda mayores indica la formacion de una
interaccidn estable que involucre distancias cortas de enlace, de acuerdo con la naturaleza de
estos grupos funcionales afectados (aminos); en las bases nitrogenadas se puede presumir de
una posible formacion de puentes de hidrogeno (Jangir D. et al 2014) con algunos elementos
del péptido AmPepl. Este fendbmeno de desplazamiento hacia frecuencias menores se
observa en la region correspondiente al enlace C=0 de la T (1600 a 1711 cm™Y), esta region
contiene ademas la contribucion de la amida 1 del péptido, en la (figura 1C, manuscrito 2) se
observa que las bandas caracteristicas de la timina del oligonucleétido (letra b) tienen
desplazamientos marcados de 1691 a 1995 cm en la sefial del C2=0, presentando la premisa
de la potencial formacion de puentes de H. Otros modos vibracionales afectados son aquellos
generados por los anillos de la bases pdricas la cual muestra un cambio en la frecuencia de
alargamiento que va de 1574 a 1578 cm, indicando una posible interaccion entre los
sistemas aromaticos de la A y G con el grupo inddl del Trp mediante interacciones tipo Pi
(Takeuchi H. 2003; Duraisamy P. y lyandurai N. 2011)

Con base a estos resultados se propone que el péptido AmPepl interacciona principalmente
con adeninas, timinas y citosinas del OriRepTYLCV las cuales se encuentran de manera
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abundante en la zona blanco de la proteina iniciadora de la replicacion (Rep) de TYLCV que
involucra a la region del asa (marcado en negritas y flecha) de la secuencia 5'-
GGCCATCCGTATAATATTA |CCGGATGGCC-3".

Para buscar una explicacion molecular los datos experimentales de interaccion entre ambas
biomoléculas, se procedié a realizar un analisis tedrico de dichos sistema, para lo cual se
realizd el modelado de la estructura de la horquilla formada por la secuencia de
OriRepTYLCV, siguiendo la prediccion de estructura secundaria reportada previamente para
este tipo de secuencias y calculada en el servidor RNA structure web server (Orozco B. M.
y Hanley Bowdoin L. 1996). El péptido se modelé en el servidor Pep-Fold, y optimizado de
acuerdo a lo observado en el analisis por Raman. Una vez optimizada la geometria de ambas
biomoléculas, estas se hicieron interaccionar. Los resultados muestran el acomodo maés
estable del péptido en la horquilla de replicacién de TYLCV, se observa que este se distribuye
principalmente en la regién central y extremo 3’ del asa, con poca perturbacién en la region
del tallo de la horquilla de replicaciéon. Las interacciones que mayoritariamente son
observadas son de tipo puente de hidrogeno, electrostaticas e interacciones entre sistemas
aromaticos.

En el caso de enlaces de hidrdgeno, se predice la formacion de tres puentes entre los residuos
de adenosina 14 y 11, asi como con la citosina (C) 20, la adenina(A) 14 interacciona con el
residuo glutamina 16, mientras que la adenina 11 y citosina 20 interaccionan principalmente
con el esqueleto del enlace peptidico (ver Figura 9 y manuscrito 2 en la Figura 2b.1), dichas
interacciones se presentan entre los grupos NH2 la C y A y del N7 de la A con el grupo
carboxilo de la glutamina y el C=0 del enlace peptidico (Nagy P. I. 2014). Estas predicciones
teoricas correlacionan con los resultados experimentales de interaccion arrojados por el
analisis Raman donde se observa un desplazamiento de banda de 1253 a 1257 cm
(alargamiento NH,), y el desplazamiento de la banda de 1369 a 1374 cm™ correspondiente
al estiramiento del C-N de la A, el cual se puede ver afectado por la formacion de un enlace
de H con el N7 de la purina. El efecto de este enlace en la estructura del péptido puede verse
reflejado en el cambio en la sefial Raman del esqueleto del péptido de 1336 a 1328 cm™ y
un cambio en la sefial de la amida I, principalmente un corrimiento de la banda de la alfa
hélice de 1658 a 1653 cm™ (Camerlingo C. et al 2014).
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Otro tipo de interacciones moleculares observada en el modelo tedrico son de tipo
electrostéaticas, formado entre los grupos fosfatos del oligonucledtido cargado negativamente
y con cargas positivas del péptido, principalmente derivadas de aminoacidos basicos como
lisina y arginina. El modelo predice la interaccién del grupo -NHz* de la cadena lateral de
los residuos aisina 5, arginina 4 y arginina 14 del péptido directamente con el grupo PO,y
con el oxigeno del enlace O-P-O de la cadena principal del DNA a la altura de los residuos
de bases A5, T6 Y T10, respectivamente. Dicha interaccion electrostatica afecta el tallo de
la horquilla de replicacion y una parte del asa en la regién 3’ la cual es la zona de
reconocimiento para la proteina Rep. Se ha mostrado que la alteracion en secuencia en esta
zona abate la tasa replicativa de los geminivirus, lo que podria ayudar a entender la actividad
antiviral mostrada en este trabajo (Orozco B. M. Hanley-Bowdoin, L. 1996). Ademas, el
utilizar una secuencia altamente conservada como blanco antiviral, no solo en estrcutra si no
en funcidn, podria mitigar la generacion de resistencia por parte del virus contra este péptido
si este fuese aplicado en campo. Siguiendo los principios del disefio racional de agroquimicos
propuesto por (Liu Y. et al 2014; Xiao J. J. et al 2015), ese modelo de estudio presenta dos
mecanismos de accion antiviral: correctivo (péptido AmPepl) y preventivo en el modelo de
extracto total, lo que ayudaria a mitigar la potencial generacion de resistencia. Cabe sefialar
que es importante realizar pruebas con otros géneros de la familia Geminiviridae para
asegurar la especificidad de este modelo de tratamiento y evaluar su eficacia en otros modelos
vegetales. La interaccion entre estos grupos concuerda con lo observado experimentalmente
en el estudio por Raman, correlacionando el desplazamiento de la sefial del grupo PO2 de
1092 cm en el oligonucledtido hacia valores de 1096 cm™, dicha interaccion podria tener
repercusiones locales en la estructura secundaria en el origen de replicacion haciendo que el
reconocimiento atdmico por la proteina Rep se vea afectado negativamente.

Ademas, se predicen otro tipo de interacciones débiles entre el DNA y el péptido, como son
las interacciones entre los sistemas aromaticos principalmente por electrones tipo Pi y atomos
cargados negativamente, asi como una tendencia a formacion de un apilado. Este tipo de
interacciones se observa principalmente en los anillos aromaticos de los triptéfanos 6 y 10,
el benceno del residuo W 6 interacciona potencialmente en la modalidad Pi-ani6n con el

grupo C4=0 de la T18, y posiblemente forma un apilado con la A19 en forma de T. El
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residuo W10 presenta una potencial interaccion con el residuo T10 del DNA (Lucas X. et al
2016; Wilson K. et al 2014).

Los resultados experimentales y tedricos indican que el péptido AmPepl interacciona con el
OriRep de TYLCV, dichos enlaces podrian alterar localmente la conformacion de la horquilla
de replicacion y dificultar el reconocimiento molecular por Rep o bien realizar un
impedimento estérico que no permita la adecuada sintesis de DNA viral en la planta.
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Figura 9. Modelo experimental y tedrico de la interaccion entre AmPepl y OriRepTYLCV
utilizando espectroscopia Raman y modelado molecular. A) Analisis Raman, en azul el espectro

Raman del péptido AmPepl, el espectro rojo corresponde a la sefial Raman del DNA de la secuencia
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OriRepTYLCV, mientras que en verde se muestra el espectro correspondiente a la interaccion entre AmPepl
y OriRepTYLCV. En el espectro de interaccion se sefialan con negritas las bandas que fueron consideradas para
realizar el estudio de interaccion molecular debido a su desplazamiento en nimero de onda o en intensidad
(para consultar los valores de nimeros de onda ver cuadro 4). B) Modelo teorico de interaccion mostrando la
zona de mejor interaccion del péptido con el DNA es la zona del extremo 3 de la horquilla de replicacion de

TYLCYV (detalles ver Figura 2 del manuscrito 2).

4.5 Transporte del péptido en el tejido vegetal.

Con base en los resultados anteriores se reportd la habilidad del péptido AmPepl para
controlar la replicacion de TYLCV in vivo, lo que hace sospechar que esta molécula tiene la
capacidad de translocarse al interior de las células, ya que el virus se replica en el nucleo.
Para corroborar este hecho, se procedid a analizar si el péptido tiene la capacidad de cruzar
eficientemente las barreras celulares y llegar eficientemente hasta el nicleo, para dicho efecto
el péptido AmPepl fue marcado con isotiocianato de fluoresceina, FITC obteniéndose
AmPepl-FITC y se monitore6 la capacidad de penetracion celular en N. benthamiana. En la
(Figura 10) se observa que en los primeros 10 minutos el transporte del péptido (sefal
fluorescente) no es muy elevada comparada con los posteriores tiempos de monitoreo y que
ademas puede ser posiblemente ligado a procesos de difusiono o a un proceso de endocitosis,
principalmente debido a la observacion de formacion de vesiculas o puntos de transporte en
la membrana o pared celular (Kauffman W. et al 2016; Rafigi M. et al 2010), sin embargo,
a los 30 y 60 minutos la sefial fluorescente del péptido aumenta significativamente y de
manera homogénea concentrdndose principalmente en citoplasma y el nicleo de células
epiteliales y estomas, asi como en células del mesofilo. Para corroborar si este proceso es
unicamente dependiente de energia (endocitosis) se procedié a incubar tejido de N.
benthamiana en la solucién del AmPepl a baja temperatura (4°C) encontrandose que el
transporte del péptido no se ve afectado, y que la sefial de la sonda es similar a aquella
reportada en la incubacion de 1 hora a temperatura ambiente, este hecho se puede explicar
debido a que el péptido no presenta requerimientos energéticos para su transporte y que
debido a su secuencia puede entonces clasificarse como un péptido penetrador de células, la

baja temperatura reorganiza la fluidez y estructura de la membrana permitiendo que el
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péptido entre de manera pasiva por translocacion espontanea tal vez por un mecanismo de
flip-flop no dependiente de energia (Yamashita H. et al 2016; Graslun A. et al 2011; Jiao C.
et al 2009; Castanho M. et al 2008). La facil permeabilidad del péptido hacia el interior de
la célula permite que éste pueda llegar hasta el ndcleo de las células para poder interferir con
la replicacion de TYLCV.

DAPI AmPep1-FITC Clorofila Sobreposicion
- . .
Bomn. ’ i
o . |
60
min
- . .

Figura 10. Translocacion del péptido AmPepl en células de N. benthamiana. A) Imagenes
representativas de una cinética de internalizacién de AmPep1l. Sefial fluorescente de izquierda a derecha, DAPI
(azul): nucleos, FITC (verde): Péptido AmPepl, Autofluorescencia-Clorofila (rojo): cloroplastos. De arriba a
abajo incubacion a los 10, 30 y 60 minutos a rt 0 4 °C por 60 minutos, imagen en inferior: control no incubado
con AmPepl. Después de 10 minutos de incubacion se aprecia la formacion puntos de transporte a través de la

membrana (cabeza de flecha rosa) y traslocacion ligera hacia el nicleo. A 30 y 60 minutos a temperatura
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ambiente, se observa un incremento en la translocacion del péptido y acumulacién alrededor del tonoplasto
(cabeza de flecha blanca) y en el citoplasma (flecha amarilla), en una incubacién a baja temperatura no se
observa afeccion en el transporte, presentandose acumulacion de AmPepl alrededor del tonoplasto, nicleo y
citoplasma, en control, no se observa sefial de la marca FITC. Imagenes tomadas con un objetivo 60x-agua,
barras inferiores= 20um, B) Ampliacion digital de un estoma y C) ampliacion digital de células epidérmicas a
60 min de incubacion con AmPepl a temperatura ambiente. N= nlcleo, C: cloroplasto. Barras en B) y C) = 10
pm.
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5.0 CONCLUSIONES

v

El extracto de péptidos derivado de la hidrdlisis enzimética de las globulinas de
amaranto induce promocion de crecimiento y activacion de vias de defensa sistémica
en tomate, generando proteccion contra la infeccion por TYLCV.

El extracto de péptidos induce respuesta de defensa en maiz previniendo el desarrollo
de tizon foliar por Helminthosporium sp.

Se aislé un péptido (denominado AmPepl) derivado de la hidrolisis enzimatica de las
globulinas de amaranto el cual present6 afinidad hacia la secuencia que forma la
horquilla del origen de replicacion de Tomato yellow leaf curl virus.

El péptido AmPepl mostr6 un efecto antiviral correctivo en plantas de N.
benthamiana y tomate infectadas con TYLCV, retardando el progreso de la
enfermedad y disminucion del titulo viral en ambas especies.

El péptido AmPepl mitiga la formacion de intermediarios replicativos de TYLCV
como VSy CS.

El péptido AmPep1l interacciona principalmente con la secuencia de la horquilla de
replicacion mediante formacion de puentes de hidrégeno, interacciones
electrostaticas e interacciones Pi, principalmente en la regién 3’ del asa de dicha
secuencia.

El péptido AmPepl tiene la capacidad de translocacion hacia el interior de las células

Ilegando hasta el ndcleo.
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ABSTRACT

Tomato yellow leaf curl virus (TYLCV; genus Begomovirus; family Geminiviridae) infects mainly plants of the
family Solanaceae, and the infection induces curling and chlorosis of leaves, dwarfing of the whole plant, and
reduced fruit production. Alternatives for direct control of TYLCV and other geminiviruses have been reported,
for example, the use of esterified whey proteins, peptide aptamer libraries or artificial zinc finger proteins. The
two latter alternatives affect directly the replication of TYLCV as well as of other geminiviruses because the
replication structures and sequences are highly conserved within this virus family. Because peptides and proteins
offer a potential solution for virus replication control, in this study we show the isolation, biochemical char-
acterization and antiviral activity of a peptide derived from globulins of amaranth seeds (Amaranthus hy-
pochondriacus) that binds to the replication origin sequence (OriRep) of TYLCV and affects viral replication with
a consequent reduction of disease symptoms in Nicotiana benthamiana. Aromatic peptides obtained from papain
digests of extracted globulins and albumins of amaranth were tested by intrinsic fluorescent titration and lo-
calized surface resonance plasmon to analyze their binding affinity to OriRep of TYLCV. The peptide AmPep1
(molecular weight 2.076 KDa) showed the highest affinity value (Kd = 1.8 nM) for OriRep. This peptide shares a
high amino acid similarity with a part of an amaranth 118 globulin, and the strong affinity of AmPep1 could be
explained by the presence of tryptophan and lysine facilitating interaction with the secondary structure of
OriRep. In order to evaluate the effect of the peptide on in vitro DNA synthesis, rolling circle amplification (RCA)
was performed using as template DNA from plants infected with TYLCV or another begomovirus, pepper
huasteco yellow vein virus (PHYVV), and adding AmPepl peptide at different concentrations. The results
showed a decrease in DNA synthesis of both viruses at increasing concentrations of AmPep1. To further confirm
the antiviral activity of the peptide in vivo, AmPepl was infiltrated into leaves of N. benthamiana plants pre-
viously infected with TYLCV. Plants treated with AmPep1 showed a significant decrease in virus titer compared
with untreated N. benthamiana plants as well as reduced symptom progression due to the effect of AmPepl
curtailing TYLCV replication in the plant. The peptide also showed antiviral activity in plants infected with
PHYVV. This is the first report, in which a peptide is directly used for DNA virus control in plants, supplied as
exogenous application and without generation of transgenic lines.

1. Introduction Lycopersicum), tomato yellow leaf curl virus (TYLCV; family Geminivir-
idae; genus Begomovirus) is one of the most important viruses [2]. The

Plant diseases caused by viruses affect crops worldwide resulting in symptoms that TYLCV induces are curling of leaves, chlorosis, dwarfing
large economic losses [1]. For production of tomato (Solanum and floral abortion. TYLCV is naturally transmitted by whiteflies of the
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Bemisia tabaci species complex producing a systemic infection, in which
the virus is translocated to the sieve elements and is spread throughout
the plant [3]. The virus can accumulate in the fruit, including the seed
embryo [4a,b,5], allowing this virus to be transmitted by seeds [6],
which in turn increases the risk of spread of the virus.

TYLCV has a genome of a circular and single stranded (ss) DNA
(viral sense, VS) with an approximately length of 2.8 Kb. The genome
has six overlapping open reading frames (ORFs), with two ORFs on the
viral sense strand (V1 and V2) and the other four ORFs on the com-
plementary DNA strand (C1, C2, C3 and C4) [7]. The replication of this
virus is mediated by a rolling circle replication (RCR) mechanism or
recombination dependent replication (RDR). The intergenic region (IR)
of the TYLCV genome contains the replication origin, which is a se-
quence of 25 nucleotides forming a secondary structure of “loop” shape
[8], and this loop has the function to regulate replication through RCR,
mainly by being target for the Rep protein (encoded by the CI gene),
which is the initiator of this replication process [8,9]. Once the viral
DNA (VS) enters the nucleus of the host cell, synthesis of the com-
plementary strand (CS) occurs. Subsequently, when the Rep protein is
expressed, it binds specifically to the loop type structure in the IR and
nicks it leaving a free hydroxyl group for start of DNA synthesis through
RCR [9]. As the new chain grows, it displaces the original VS strand,
resulting in the production of a new VS strand, which will be used as a
template for synthesis of the CS strand as well as for the packaging of
new viral particles [10,11].

Proteins and peptides have been offering an alternative method for
control of pathogens in crops, showing biological activity as inducers of
systemic acquired resistance against fungal [12] and viral pathogens
[13] in the experimental models of maize and tobacco, respectively. It
has also been found that peptides with hydrophobic characteristics
have direct antifungal activity on Fusarium oxysporum [14], as well as
direct antibacterial activity against Xylophilus ampelinus and Agro-
bacterium vitis in grape plants [15]. Furthermore, it has been found that
peptide extracts derived from enzymatic digestion of vegetable proteins
induce growth in tomato and promote root development in maize [16].

Peptides have shown the ability to control infections by plant
viruses because of their ability to bind specifically to molecular targets.
Screening of aptamer peptide libraries identified peptides that showed
affinity for the Rep protein of the begomovirus tomato golden mosaic
virus (TGMV) and interfered with viral replication in cell cultures [17].
When two of these peptides were expressed in tomato plants infected by
TYLCV or another begomovirus, tomato mottle virus (ToMoV), a de-
crease in symptoms development was observed in the transgenic lines
[17]. Another effort for virus control with peptides has been reported
using an artificial zinger protein, which has a strong affinity to the IR of
the TYLCV genome [18]. However, no plant experiments were done in
this study.

Cereals and pseudocereals offer a big source of bio-macromolecules,
as they contain high amounts per gram-tissue of proteins, poly-
saccharides and lipids in comparison to other plants [19,20,21]. These
molecules can be purified or partially purified and be a source of de-
rivative molecules such as peptides and oligosaccharides, hence in-
creasing the library of possible compounds with biological activity from
natural sources. Seeds of amaranth (Amaranthus hypochondriacus) con-
tain large amounts of proteins in comparison to other cereals and
pseudocereal plants, making this plant a good candidate for extraction
of bioactive molecules such as peptides. The albumin and globulin
fraction in amaranth represents approximately 19-20% of the total
protein content, and can be used directly or as peptides for the design of
molecules with bio-functional activity [22,23,24].

Previous research on amaranth proteins has focused mainly on the
antihypertensive, cytotoxic, antioxidant and antifungal activities, while
the antiviral activity properties of these proteins in animal or plant
systems are still unknown. Peptide derivatives obtained through enzy-
matic digestion of water-soluble proteins from amaranth keep the
bioactivities mentioned above. In vitro experiments have shown that the
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bioactivity of peptides may be higher because the size of the biomole-
cule is smaller allowing improved uptake into the cell and interaction
with cell receptors [25].

In the present work, we describe the anti-viral activity of a peptide
obtained through enzymatic digestion of the globulin fraction of
amaranth seeds. When the peptide solution was infiltrated into
Nicotiana benthamiana plants infected by TYLCV, it showed antiviral
activity by reducing symptoms and viral titer. The possible mechanism
of action of this molecule is that AmPep1 binds with highly affinity to
the virus origin of replication preventing further interaction with viral
replicase and subsequent viral replication. To our knowledge, this is the
first report, which uses a peptide derived directly from a plant source
for direct treatment against TYLCV and applies it in an exogenous way
without the generation of transgenic plants.

2. Material and methods
2.1. Cultivation of plants and bacteria

Seeds of N. benthamiana and S. lycopersicum cv. “Moneymaker” were
disinfected with ethanol (70%) for one minute and then rinsed several
times with sterile water. Plants were cultivated separately in pots with a
mixture of perlite-vermiculite (1:1) and incubated in a growth chamber
with a photoperiod of 18/6, light and darkness, respectively, at 28 °C
and a relative humidity of 72%.

Cells of Agrobacterium tumefaciens C58C1 containing an 1.8-mer
construct (1.8 genome units) of the genome for TYLCV-[EE-Imp-05-08]
(Accession no. HF548826) [4b,4] cloned in pLH7000*, were grown in
LB with antibiotics (rifampicin 50 pg/mL, streptomycin 300 pg/mL) for
24h with shaking (28 °C,200 rpm). The preparation of inoculum for
agroinoculation was essentially as described previously [5].

2.2. Synthetic peptide and oligonucleotides

The oligonucleotide OriRep (5’-CGTATAATATTACCGGATGGCCG
CGC-3") [26] was used as viral target. This is a conserved DNA sequence
of TYLCV and other geminiviruses, located in the origin of replication
loop structure, which is recognized by the Rep protein to initiate re-
plication. The short peptide RepApep (NIQGAKSSSDVKSYIDK; MW
1.84 KDa, pl 8.43), contains the domain of Rep binding to the TYLCV
replication origin (sequence mentioned above) and was used as a po-
sitive control for interaction assays [8,26]. Oligonucleotide primers for
rolling circle amplification (RCA) were designed to cover the complete
genome of TYLCV (Table 1). For detection of systemic infection by
TYLCV using standard PCR, the universal degenerate begomovirus
primers AC1048 and AV548 were used [27].For TYLCV DNA

Table 1
Primers used for Rolling Circle Amplification to TYLCV. Primers cover forward and re-
verse sense of whole viral genome, * PTO modification for stabilization during reaction.

Primer name Primer 5— > 3’ %GC Tm Size
V2173 TTCCTGAAT*C 40 28 10
V2 488 CAGGGCTTC*G 70 34 10
CP 519 GCCCATGTA*A 50 30 10
CP 593 CACGAGTAA*C 50 30 10
CP 694 GCAGAATCA*C 50 30 10
CP 796 ACTGGGCTC*A 60 32 10
CP 882 CCTCTGGAA*T 50 30 10
CP 1050 TAGATGCGT*A 40 28 10
C3 1105 TGAGTTTCT*G 36.36 30 10
C3 1473 GATTCACGC*A 50 30 10
C2 1247 CCAGTCTGA*G 60 32 10
C2 1608 CCTCTACGA*G 60 32 10
C1 1670 CTTCGTCTA*G 50 30 10
C1 2024 GAAGAGTGG*G 60 32 10
C1/C4 2150 AGTCCTTTG*G 50 30 10
C1/C4 2606 ATGCCTCGT*T 50 30 10
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quantification by qPCR, the TYLCV primers OVS and OCS were used
[28]. Normalization of QPCR was performed using the primers 25SUNIV
(+) and 25SUNIV (—) (TAG Copenhagen A/S), which target the 25S
nuclear ribosomal RNA gene (accession no. x13557). This gene is
conserved among plants within the family Solanaceae and these pri-
mers have been used for normalization of geminivirus quantification in
plants of N. benthamiana and tomato [28,29,30].

2.3. Extraction of aqueous protein fraction of amaranth seeds

Amaranth globulins and albumins were extracted according to the
protocol of Romero-Zepeda & Paredes-Lopez, 1995 [31] with slight
modifications. In brief, amaranth flour was obtained from ground heated
seeds, and the flour was defatted and conserved at room temperature
until use. A flour suspension was prepared in water and the pH was ad-
justed to 8.5 with 0.1 M NaOH. The suspension was incubated at +4°C
overnight and centrifuged. The supernatant containing globulins and al-
bumins was collected and the pH adjusted to 7.0. The globulin/albumin
suspension was digested with 0.05% of papain (Sigma-Aldrich) for 18 h at
37 °C with shaking. After the incubation, the digested suspension was
collected quickly in cryo-concentrator devices [32]. The eluted peptide
extract was passed through an ultrafiltration system (Amicon) with a cut
range membrane of 10 KDa. Liquid that passed through the membrane
(< 10KDa) was collected and the upper remnant was discarded.

2.4. Purification and partial characterization of peptide fraction

The UV spectrum (Shimadzu, U160) of the peptide total extract
(PTE) was measured to identify the maximum absorption peaks for
downstream application. Then, the PTE was pre-fractionated in a
Kromasil C18 250 mm HPLC column using a linear gradient of water:
0-30% acetonitrile for 20 min with a flow rate of 1 mL/min and de-
tection channels at 210 and 280 nm. Two main fractions were collected,
and each fraction was recirculated in the same HPLC C18 column as
mentioned above under the following conditions: Fraction 1 linear
water gradient with 0-4% acetonitrile, flow 1mL/min for 15 min;
Fraction 2 linear water gradient with 5-15% acetonitrile, flow 1 mL/
min for 15 min. The peaks with high absorbance at 280 nm were col-
lected; this was an exclusion criterion in order to get peptides with
aromatic residues, which have higher probability for crossing through
cell walls and membranes in plants than non-aromatic peptides [33,34].
Each collected peak was recirculated in the HPLC C18 column. The
molecular weights of the purified fractions were analyzed by MALDI-
TOF (Bruker Microflex). To confirm the content of aromatic amino
acids, purified peptides were analyzed using intrinsic fluorescence with
an excitation wavelength of 280-295 nm (Trp excitation wavelength)
and an emission wavelength of 310-410 nm.

2.5. Interaction affinity assay of amaranth peptides and TYLCV DNA by
nanogold localized surface resonance plasmon (LSRP)

2.5.1. Interaction assay

The interaction between the DNA oligonucleotide OriRep and
amaranth peptide was studied using LSRP with gold nanoparticles
(AuNP) [35]. Nine peptide concentrations (1000, 500, 250, 125, 63, 32,
16, 8 and 0nM) were used to test the affinity between peptides and
OriRep. In brief, to each well of a microplate, 70 uL of AuNP, 10 pL of
the oligonucleotide OriRep at different concentrations and 10 pL of
milliQ water were added, followed by the addition of 10 uL of amaranth
peptide dilutions in interaction buffer (0.2M NaHCO;, 0.5M NaCl,
pH7.4) and incubation for 10 min at room temperature with gentle
shaking. The absorbance spectra were then recorded at 400-800 nm.
The dissociation constant (K4q) was calculated with non-linear regres-
sion [35]. Data was collected from three repetitions with three
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technical replicates for each condition, and was analyzed using non-
linear regression in GraphPad version 6 (GraphPad Software, Inc).

2.5.2. Electronic microscopy and dynamic light scattering (DLS)

The AuNP-DNA-peptide system was prepared as described in
Section 2.5.1 in a total volume of 100 pL. After the incubation time, one
aliquot was analyzed in an electronic microscope (VEGA3 TESCAN in
mode TE Bright, HV 15.0KV) to evaluate the grade of particle ag-
gregation. Another aliquot of the AuNP-DNA-peptide system was ana-
lyzed using DLS, recording the hydrodynamic ratio at 25°C. Three
technical replicates were used. One-way ANOVA was used for com-
paring the hydrodynamic ratio of AuNP with different treatments
against the ratio of gold particles in water.

2.6. Effect of AmPep1 peptide on in vitro TYLCV DNA synthesis

The isolated amaranth peptide with the strongest interaction with
OriRep of TYLCV was called AmPepl, and was selected for studying its
effect on in vitro TYLCV DNA synthesis by rolling circle amplification
(RCA, phi29 system, Thermo Scientific). The DNA of TYLCV clone
LV2015SATom (Accession no: KU836749.1) was used for this purpose.
Specific primers were designed for amplification of the TYLCV genome
by RCA and they were synthesized with a PTO modification at the 3’
end for increased stability (Table 1). The RCA premix consisted of the
16 TYLCV-specific primers at a final concentration of 0.4 uM each, 1 x
phi29 DNA polymerase buffer, 5 x 10° copies of TYLCV in total tomato
DNA extract (viral copy number quantified by qPCR as described
below) and water in a final volume of 10 pL. The premix solution was
denatured for 3min at 95°C and cooled. After that, the denatured
premix solution was used for RCA in a volume of 20 pL and with a final
concentration of 0.4 uM of each TYLCV RCA oligonucleotide, 1 x phi29
DNA polymerase buffer, 15mM of dNTPs, 2 U/uL of phi29 DNA poly-
merase, water and the amaranth peptide (AmPepl) or positive control
(RepApep) in final concentrations of 0, 0.5, 1, 2, 5, 10, 20, 30 uM. The
reaction was incubated at 30 °C for 18 h followed by a final enzyme
inactivation step at 65 °C for 10 min. Negative controls for the assay
were DNA of a healthy plant as well as pUC18 plasmid. Oligonucleo-
tides used for the negative controls were nonspecific PTO modified
Random Primers (Thermo Scientific). The RCA products were analyzed
by agarose gel electrophoresis and 1 pg of RCA product of all treatments
was digested with BamHI (Thermo Scientific) to generate monomeric
virus genome units. Digestion products were analyzed by agarose gel
electrophoresis. The intensity of bands in the gel was used for relative
quantification of the effect of peptide on in vitro viral DNA synthesis.
Band intensity was estimated using the pixel number in the bandarea
with the software Quantity-one (Bio—Rad) from three independent re-
actions for each condition, and the results are presented as the average
of intensity between the three replicates (Fig. 3). A statistical analysis
using One-Way ANOVA was performed, in which the band intensity of
the reaction with peptide was compared to the treatment control (RCA
reaction without peptide). Calculations were done in GraphPad version
6.

2.6.1. Effect of AmPepl on the in vitro DNA synthesis of another
begomovirus

Because the TYLCV IR sequence chosen as the molecular target for
the AmPepl peptide has a sequence highly conserved among viruses
within the genus Begomovirus, it was decided to explore if AmPepl had
the same effect reducing in vitro viral DNA synthesis of another bego-
movirus: Pepper huasteco yellow vein virus (PHYVV). Amplification with
RCA and electrophoretic analysis were performed as described in sec-
tion 2.6, but using as template the DNA-A component of PHYVV
LV2014GveCap9 (Accession no. KP890827). The EcoRI enzyme
(Thermo Scientific) was used for digestion of PHYVV RCA products.
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Fig. 1. Protein extraction and peptide purification. (A) As SDS-PAGE shows, the soluble proteins in alkaline conditions (pH 8.5) were globulins and albumins: globulin subunits (36 and
27 KDa) marked with yellow arrow heads, albumin precursor marked with red arrow head (weak band around 12 KDa), lane 1. After extraction, the protein suspension was hydrolyzed
with papain, and after 18 h of enzymatic digestion, no remaining proteins were observed, just peptides with a molecular weight of < 11 KDa, lane 2. MW: molecular weight ruler, BluEye
Prestained Protein Marker, Jena Bioscience. B) The peptide extract was concentrated and analyzed by PR-HPLC using a C18 column. Almost all peptides in the extract were eluted
with < 30% of acetonitrile, and two main fractions were separated for further purification steps. Peaks with strong abundance and absorbance at 280 nm were collected in both fractions
(C), purified with RP-HPLC and analyzed for intrinsic fluorescence. Only peptides from fraction 2 showed this last property. The purified peptide AmPepl was used for subsequent
biological experiments (inner chart C) due to its ability to bind with TYLCV DNA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

2.7. Antiviral activity in Nicotiana Benthamiana plants

At the age of 3 weeks, N. benthamiana plants were agroinoculated
with an infectious clone of TYLCV as described in Section 2.1. At
15 days post-inoculation (dpi), plants started to display symptoms of
disease, and samples of each plant were collected to extract DNA using
a CTAB method [36]. A standard PCR was performed to verify systemic
infection using universal begomovirus primers as described in section
2.2 [27]. Once infection was confirmed, groups of 6 plants (n = 6) were
used to evaluate the effects of peptide treatment on disease develop-
ment. Infected plants in the first group were infiltrated in the upper
symptomatic leaves with a solution of AmPepl (100 mg/L), plants in
the second group with RepApep (100 mg/L), and plants in the third
group only with infiltration buffer (untreated control). As another
control, a group of healthy plants were infiltrated with infiltration
buffer. Disease progress was evaluated during 15 days after treatment.
Samples of new apical leaves were collected for DNA extraction at 0, 7
and 15days after treatment. Symptom evaluation was performed
through 15 days after treatment. Plant height and inter-node distance
were considered as symptom indicators.

To evaluate the effect of AmPepl on infection by another bego-
movirus, N. benthamiana plants were infected with PHYVV (component
A and B) as described in Section 2.1. After symptoms had developed in
new apical leaves, AmPepl (100 mg/L) was infiltrated in all apical
symptomatic leaves of six infected plants, and the progress of disease
symptoms was evaluated. A group of six PHYVV-infected plants
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infiltrated with infiltration buffer was used as untreated control and
another group of healthy plants infiltrated with infiltration buffer was
also used as a control.

2.8. Quantification of viral DNA amount in treatments

To evaluate the amount of TYLCV DNA in N. benthamiana plants
after treatment with AmPep1, qPCR was performed using primers OVS/
OCS [27] and SensyFAST SYBR Lo-Rox (Bioline) mix according to
manufacturer's instructions. The reactions were performed in a CFX-
Connect Real-Time PCR detection Machine (Bio—Rad). For normal-
ization of the qPCR results, amplification of the host reference gene 258
rRNA with the primer set 25UNIV(+)/25 UNIV(—) was used [27,28].
The relative amount of viral DNA was determined in individual plants
for each treatment according to the 244 formula [37], comparing the
relative DNA titer of treated against untreated infected plants. One-Way
ANOVA was used for analyzing the differences statistically.

2.9. Peptide sequence and BLAST analysis

Purified peptides samples were analyzed using MALDI-TOF-TOF
method at The Mass Spectrometry Center of Boston College. The BLAST
server [38] was used for identifying the origin of the peptide, restricting
the analyses to only proteins of plants belonging to the family Amar-
anthaceae.
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Fig. 2. Screening and interaction of amaranth peptides (AmPep) with TYLCV origin of replication. (A) Saturation curves of three purified amaranth peptides (AmPep1, 2 and 3, red, blue
and green chart, respectively) with OriRep TYLCV oligonucleotide (target). The inner plots show the quenching of intrinsic fluorescence by peptides at increasing concentrations of
OriRep. AmPepl (red) showed faster saturation (inflexion in curve with increasing concentration of the target) than the other two peptides. (B) The dissociation constant (K4) of AmPepl
and RepApep with OriRep was calculated using LSRP. Gold nanoparticles were coated with 500 nM of OriRep, and then peptides (AmPep1 or RepApep) dissolved in interaction buffer (IB)
were added separately in increasing concentration. Langmuir charts were plotted using the relative absorbance at 700 nm as interaction indicator, and non-linear regression was
performed to calculate K4 values. The inner plots show the effect of peptides protecting aggregation of AuNP (increase of plasmon signal at 520 nm) under saline conditions, compared
with AuNP coated just with the oligonucleotide OriRep (bottom pink line). (C) The hydrodynamic radius of AuNP was estimated to confirm interaction between OriRep and peptides.
Strong binding between target and ligand (DNA and peptide) protects the AuNP from aggregation in IB (the aggregated particles should be increasing the radius), keeping the size and
distribution of AuNP similar to water conditions. (D) TEM micrographics of AuNP (left to right) in water conditions, AuNP coated with OriRep after adding AmPepl in IB and AuNP
coated with OriRep in IB. The last blue tube contains non-coated AuNP after adding only IB, showing the displacement of plasmon to 700 nm (blue colour) due to complete aggregation of
AuNP. Error bars represent SD, asterisk indicates a significant difference (P < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

3. Results

3.1. Purification and biochemistry study of peptides from aqueous
amaranth extract

Soluble proteins in alkaline aqueous conditions (globulins and al-
bumins) of Amaranthus hypochondriacus seeds were extracted and then
digested with papain. The main protein fraction observed under the
extraction conditions (water pH 8.5) was polypeptides of 11S globulin
and polypeptides of albumins (Fig. 1A). After digestion, reverse phase
HPLC was performed to purify the main peptide fraction for further
applications, and a fraction with high absorbance in 280 nm was col-
lected (Fig. 1B). The aromaticity in peptides have been shown to in-
crease the ability of peptides to cross through cell membranes, which
means that they can be used easily for exogenous application in plant
treatments. Four main aromatic sub-fractions from fraction 2 were
collected (Fig. 1C), purified and analyzed for intrinsic property of
fluorescence confirming the presence of tryptophan residues in the
purified peptides (peptide fractions from fraction 1 did not show in-
trinsic fluoresce for Trp, Tyr or Phe). This last chemistry property was
used also to study the interaction of amaranth peptides with the viral
DNA target. Three out of four peptides showed strong intrinsic fluor-
escence (AmPepl, AmPep2, AmPep3) at different intensities. When a
solution of viral DNA target (OriRep) was added at an equimolar ratio,
AmPepl showed the highest quenching effect on fluorescence in com-
parison with the other two peptides (Fig. 2A, inner plots). The inter-
action effect was best visualized when OriRep with increased con-
centration was added to the peptide solution, showing faster saturation
of binding sites for AmPepl compared with the other two ligands (see
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inflexion of the curve in the red chart, Fig. 2A). For this reason, we
chose AmPep1 as the model for downstream studies on antiviral ac-
tivity.

To identify the physicochemical binding parameters of AmPepl
with viral DNA (OriRep), LSRP was performed. This method was se-
lected to compare the interaction of AmPep]1 versus the control peptide
RepApep, which represents the binding domain of the TYLCV RepA
protein to the OriRep DNA sequence, used as the target in this study.
Because RepApep has not shown any intrinsic fluorescence feature, we
decided to use the LSRP method. AmPepl and RepApep showed similar
dissociation constant values (Table 2) when increasing concentrations
of both peptides were added (Fig. 2B), confirming the interaction
identified for AmPepl by quenching fluorescence (Fig. 2A). LSRP uses
nanogold particles (AuNP) as the matrix, and plasmons in AuNP are
used to detect any change in the surface after being coated with a target
in saline buffer media. High ionic strength of the interaction buffer
causes physical aggregation of AuNP, and this increase in particle size
changes the plasmon absorbance to 700 nm. When the viral target oli-
gonucleotide OriRep was attached to AuNP, this protected AuNP
against aggregation in the interaction buffer due to electrostatic and
steric effects. When a ligand (peptide) in the same saline buffer is added
to DNA-coated AuNP, the ligand binds to target (if the ligands have
affinity), increasing the electrostatic repulsion effect and the distance
between particles. Hence, the aggregation reaction is avoided, and the
plasmon absorbance is kept at 520 nm (see inner charts in Fig. 2B).
Also, the size of the AuNP in the saline conditions is a direct measure of
the ligand-binding interaction. We observed that particles coated with
only DNA significantly increased the radius compared to the smaller
radius of particles in water. When particles were coated with DNA and
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Biochemistry properties of peptides derivated from enzymatic digestion of proteins of Amaranthus hypochondriacus. MW:Molecular weight, K4: dissociation constant with OriRep DNA, pl:

Isoelectric point.

Peptide MW (KDa) Sequence pl Kq(uM) Origin

RepApep 1.84 NIQGAKSSSDVKSYIDK 8.43 1.4 x 1072 * 4.25 RepA TYLCV

AmPepl 2.076 SVGRKWRMKWAQMRQQ 12.3 1.8 x107% x 0.22 Partial Complementary with 11SGlobulin
AmPep2 1.852 MSVGRKWRSTMKWAQ 12.0 12.84 = 1.97 Partial Complementary with AmA1 protein

peptides were added (AmPepl and RepApep), the radius was smaller
than in the case of particles coated just with DNA. Also, AmPep2 was
tested in order to confirm the weak interaction observed in fluorometric
analyses, showing a significant increase of the particle radius compared
with AuNP in water or with AmPepl (Fig. 2C,D). These results indicate
a strong interaction of the amaranth peptide AmPepl with DNA of
TYLCV.

3.2. AmPep1 could affect in vitro viral DNA synthesis

The oligonucleotide OriRep is a short sequence located in the re-
plication origin of TYLCV and other geminiviruses. It is part of a
structured DNA loop that has the function to bind the RepA protein and
initiate the replication of viral DNA according to the rolling circle re-
plication model. The idea of using this viral target was to use a

(A)

candidate molecule with antiviral activity to affect directly virus re-
plication in the plant. An assay of in vitro viral DNA synthesis was
carried out for evaluating the effect of AmPepl on DNA synthesis. If the
peptide had a strong affinity to TYLCV DNA, it was expected that in vitro
DNA synthesis would be blocked because the peptide could interfere
with DNA synthesis by clogging sterically the activity of the phi29 DNA-
polymerase and decrease the amount of synthesized DNA product. The
assay showed that AmPepl and the control peptide RepApep were both
able to decrease in vitro synthesis of the TYLCV genome at concentra-
tions above 5 uM (Fig. 3A, B). At a peptide concentration above 10 uM,
there was a significant reduction in the amount of RCA product. In-
terestingly, the peptide AmPepl could also decrease the in vitro DNA
synthesis of another begomovirus: PHYVV. In order to verify specific
binding of AmPep1 to the viral target and rule out an unspecific effect
of the peptide on the DNA-polymerase, an RCA reaction with pUC18
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Fig. 3. AmPep1 decreases the in vitro synthesis of TYLCV and PHYVV DNA. (A) RCA reaction with increasing concentration of AmPep1 or RepApep (0, 1, 2, 5, 10, 20 and 30 uM) and in all
treatments, equal DNA concentration. Top to bottom: DNA of TYLCV and AmPep1, DNA of TYLCV and RepApep, DNA of PHYVV and AmPepl1. (B) Relative quantification of percentage of
viral DNA synthesis by RCA in the presence of peptides. The results were obtained using densitometric analyses of bands in gels shown in (A). Top to bottom: DNA of TYLCV and AmPepl1,
DNA of TYLCV and RepApep, DNA of PHYVV and AmPepl. (C) Control RCA reaction. The plasmid pUC18 was used as control with the same copy number as used for TYLCV. Two
concentrations of AmPepl were used (2 and 20 pM). No decrease in plasmid DNA synthesis by RCA was observed as a result of peptide treatment. Error bars represent SD, asterisk

indicates a significant difference (P < 0.05).



J.S. Mendoza-Figueroa et al.

A)

Days after treatment

Healthy

AmPep1 Untreated

Pesticide Biochemistry and Physiology 145 (2018) 56-65

2.04 -
- *x
1.5
3
£
z 1.0
3
0.5 I
0.0
Healthy Untreated AmPep1
Treatment

2.0

Relative virus content

M Infected Untreated Control

* N AmPep1

0 7

Time after treatment (days)

Infected plants

Fig. 4. Antiviral activity of AmPepl in N. benthamiana plants infected with TYLCV. (A) Disease progress after treatment. Four-week-old plants were agroinfected with TYLCV, and when
plants started to present symptoms of viral infection, one group of infected plants were infiltrated with AmPepl in all apical leaves, while the other infected plants were used as a control
group without peptide treatment. A group of healthy plants infiltrated with AmPep1 were used in order to compare the progress of disease. At 7 days post-treatment (dtr), infected plants
treated with AmPepl showed increased flowering and growth of stem internodes compared to infected plants not treated with AmPepl. (B) Internode distances between new leaves
emerging after the peptide-infiltrated leaves were measured as symptom indicator showing a protection from dwarfing in treated plants. (C) Relative quantification of TYLCV DNA was
performed using qPCR, and the virus DNA level had decreased significantly at 15 dtr. Error bars represent SD, asterisk indicates a significant difference(P < 0.05).

plasmid as template was performed. No significant changes in band
intensity of pUC18 RCA product were observed when AmpPepl was
added at a low or high concentration (2 or 20 puM, respectively), in-
dicating that AmPep1 specifically binds to TYLCV DNA (Fig. 3C).

3.3. Antiviral activity of AmPep1 in Nicotiana Benthamiana

Nicotiana benthamiana plants were infected with TYLCV. After en-
suring systemic infection, the plants were treated once by infiltration
with AmPepl in apical symptomatic leaves (infiltrating the whole
leave), and the progress of disease was quantified at 7 and 15 dpt. The
internode distance was measured between new leaves after treatment.
Dwarfing of the plant is an important symptom indicator of the TYLC
complex disease. The length of the internodes was increasing in infected
plants treated with AmPepl, and also flowering was increasing in these
plants (Fig. 4A, B). The data of qPCR revealed a significant reduction in
relative virus accumulation in new apical leaves at 15 dpt compared
with the infected control, which show in vivo the expected antiviral
effect of the amaranth peptide (Fig. 4C). In order to study the effect of
AmPepl on another begomovirus, N. benthamiana plants were infected
with PHYVV. After ensuring systemic infection, the plants were treated
with a solution of AmPep1, and at 15 dpt, the treated batch showed a
decrease in symptom severity compared with untreated plants (Fig. 5).
The effect of AmPepl treatment on PHYVV titer was not determined,
but the visual effects on the development of disease symptoms were
evident. The effects on PHYVV infection were expected because the
replication origin (target of AmPepl), as mentioned above, is highly
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conserved in the geminivirus family, making AmPepl a robust candi-
date agrochemical against geminivirus infections in crops.

3.4. Peptide sequence analysis

The amaranth peptide sequences (AmPepl SVGRKWRMKWAQMRQQ
and AmPep2 MSVGRKWRSTMKWAQ) were analyzed by comparing them
with available protein sequences of plants belonging to the family
Amaranthaceae. AmPepl showed four conserved residues, which mat-
ched with the basic subunit of 11S amaranth globulin (Fig. 6A), while
AmPep2 contained residues, which matched with the reported sequence
of albumin subunit AmA1 (Fig. 6B), both from Amaranthus hypochon-
driacus. Lack of a 100% identity between the amaranth peptides and these
proteins can be because of the variety of amaranth used in these experi-
ments, which was a native A. hypochondriacus variety. Also, there are not
enough reported sequences of amaranth globulins and albumins to de-
velop a consensus sequence analysis, nor to verify if the amino acids that
matched residues in AmPepl and AmPep2 are part of a conserved se-
quence in these kinds of proteins.

4. Discussion

The amaranth plant is a crop with potential industrial application. It
has a high content of essential amino acids, among which aromatic
residues represent around 19%. The protein content in the amaranth
grain is around 20% higher than for other cereal plants. Globulin and
albumin are the main protein fractions, representing around 48% and



J.S. Mendoza-Figueroa et al.

PHYVV + TYLCV Guasave

Pesticide Biochemistry and Physiology 145 (2018) 56-65

Days after treatment

MOCK
(100mg/L)

Infection Control
PHYVV

PHYVV
+100mg/L

[

7

Fig. 5. Effect of AmPepl in Nicotiana benthamiana plants infected with PHYVV. Three-week-old seedlings were agroinfected with PHYVV, and when plants started to present symptoms of
viral infection, one group of infected plants were infiltrated with AmPep1 in all apical leaves, while the other infected plants were used as a control group without peptide treatment. A
group of healthy plants infiltrated with AmPepl were used in order to compare the progress of disease. The progress of disease symptoms was evaluated for 15 days. Plants treated with
AmPepl showed a decrease in symptom development. The image is a representation of 10 replicates of each condition.
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Fig. 6. Alignment analysis of AmPepl and AmPep2 with amaranth proteins 11S globulin (3QAC_A) and albumin (AAM09540). A) AmPepl showed partial identity with Chain A of
amaranth 118 globulin and B) AmPep2 showed partial identity with amaranth albumin (AmA1) protein. Both proteins were extracted under our experimental conditions from amaranth
seeds. There are not enough of reported sequences of either protein to perform a consensus sequence analysis. The protein sequences are shown in dark gray, amino acid residues
conserved between peptide and protein in light gray, and different amino acids in red. The numbers above the protein sequences indicate amino acid position. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

20%, respectively [23]. Albumin is soluble in water, while globulin
mainly is soluble in low concentration salt buffer. However, in alkaline
conditions, around pH 8.5, extraction of both proteins is enhanced
[39,40]. A few studies have reported the use of proteins against plant
virus infections. In experiments with tobacco mosaic virus (TMV), es-
terified lactoferrin and lactoferrin were shown to have an inhibitory
effect on TMV multiplication in tobacco when added together with the
virus inoculum [41]. The mechanism of action was explained mainly by
the induction of defense gene expression [41]. Another study has re-
ported the use of lactoferrin and lactoalbumin from milk whey against
TYLCV infection [42], showing a decrease of viral DNA after treatment,
however without clarification of the possible mechanism of action.
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Only one example of direct control of TYLCV replication has been re-
ported [18], where an artificial zinc finger (AZF) protein was designed
that binds to the replication origin of TYLCV, the same DNA sequence
used in the present study. The AZF protein was shown to have one
thousand times higher affinity than the Rep protein to viral DNA, with
the affinity measured using electrophoretic mobility shift assay (EMSA).
Compared with the affinity methods described here, for example, LSRP,
which can quickly and in an inexpensive way analyze several candidate
compounds simultaneously, the EMSA requires more experimental
time, and is a more limiting method for exploring a big library of bio-
molecules. Moreover, these authors did not report the antiviral activity
in plants. A previous study by these authors [43] has shown the
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interaction and binding effect between the AZF mentioned above with
the replication origin of another geminivirus: beet severe curly top
virus. They also reported that the concentration for avoiding binding
between the RepA protein and the replication origin, determined using
EMSA, is 10nM of AZF. The AZF was also expressed in a transgenic
Arabidopsis line. These transgenic plants did not show symptoms of viral
disease, and the replicative forms of the virus decreased, indicating
inhibition of replication. Transgenic crops are under higher regulation
worldwide, making the benefits of the technology less accessible. Here,
we are presenting the use of a peptide extracted from a plant source
with antiviral function when it is applied exogenously, showing to be a
cheaper alternative for control of viruses in plants.

The OriRep sequence is conserved within the whole geminivirus
family, making it a molecular target for the control of viral replication.
As observed in this study, the AmPepl peptide decreases the DNA
synthesis of TYLCV and PHYVV and also decreasessymptom expression
caused by both viruses in N. benthamiana plants, giving us an indication
that the peptide has strong affinity for a highly conserved viral region
andconsequently reduces the rate of virus replication. The results in-
dicate that this approach may be explored for controlling viruses of the
genus Begomovirus and other viruses classified within the family
Geminiviridae.

Until now, the use of bioactive peptides from storage seed proteins
with antiviral activity in plants has not been reported. In order to ex-
plore the potential antiviral activity of peptides derived from hydro-
lyzed protein fractions from amaranth, we performed a non-specific
enzymatic hydrolysis using papain. The peptides from these proteins
can keep the same biological activity, enhance or have a new one, but
they change in physicochemical properties, for example isoelectric
point, solubility, permeability, etc. Non-specific enzymes such as papain
or a cocktail of enzymes should be used for increasing the range of
physicochemical and biological properties of peptides derived from
proteins [44]. Papain has a non-specific cleavage site, which is not
highly conserved as for trypsin for example, but has preference for
cleavage between glutamine residues, followed by valine, alanine, and
serine at the P2 and P2 positions, respectively. The peptides AmPe-
pland AmPep2 analyzed here showed this cleavage pattern [45,46].

The aim of antiviral agrochemical development is discovering mo-
lecules that, besides control of the viral target, can efficiently cross cell
barriers such as cell walls and membranes [47]. In this study, we in-
filtrated the peptide solution to ensure entrance to the parenchyma
tissue. It seems that the peptide can move with certain freedom into all
plant tissues, because it is able to control a virus located in the phloem.
This translocation mechanism is supported also by the peptide se-
quence. AmPepl is a basic peptide with two aromatic residues in its
structure. The amino acid composition of this peptide is similar to
peptides grouped as cell-penetrating peptides, which have the parti-
cularity of containing basic and aromatic residues. These peptides ea-
sily cross the cell membrane through a putative mechanism of action
similar to a “flip-flop” mode allowing a direct passage through the
membrane [48]. In this transport model, basic residues could interact
with phosphates in the membrane, while aromatics (mainly tryptophan
and phenylalanine) interact with the inner aliphatic chains, thereby
disordering the phospholipids and facilitating translocation into the
cytoplasm. This transport is mainly free from energy consumption. Cell-
penetrating peptides can also be distributed into the nucleus with the
same mechanism described for crossing cell membranes [49]. These
kinds of peptides are located in several cellular proteins, viral capsids,
etc. [33]. In plant proteins, the globulins contain basic sub-units;
amaranth seeds have a basic subunit that contains aromatic residues
such as tryptophan and phenylalanine as well as basic residues.

The antiviral mechanism of action of AmPepl can be explained by
the presence of tryptophan in its sequence. Besides giving the peptide
the ability to cross cell structures, this amino acid has showed high
affinity for DNA loop structures [50]. Tryptophan contains an indole
ring that can be intercalated into a nucleotide base and interacts by
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stacking forces between rings (indole and bases). In the affinity binding
experiments between AmPepl and TYLCV DNA a prominent quenching
of intrinsic fluorescence emission was observed, supporting the idea of
direct interaction between tryptophan residues and DNA. Peptides
containing tryptophan and basic residues as well as being larger than
four residues have been shown to discriminate loop DNA sequences as
opposed to shorter peptides that are more non-specific [50,51]. This is
explained by the flexibility of the molecule, which allows it to move
through the DNA loop for binding in the best physicochemical condi-
tion (steric effect, proper partial charges, enough space for staking
between indole rings and base rings). In our experiments, we showed
that the peptide from amaranth does not affect synthesis of non-viral
DNA, which might be because the size of the peptide (16 residues)
enhances the specificity for the secondary structure of the replication
origin of TYLCV.

From the present results, it can be concluded that proteins of
amaranth seeds are a source of potential antivirals for application in
crop protection. These peptides are rich in aromatic and basic amino
acid residues, improving the uptake into plant cells, and increasing the
affinity for replication structures. Further studies are being developed
in our research group for revealing the complete molecular mechanism
of action from a structural point of view.

5. Conclusions

The AmPep1 peptide derived from globulin hydrolysis of plant seeds
of Amaranthus hypochondriacus has high affinity binding to the TYLCV
replication origin loop structure. The exogenous application of this
peptide reduced viral replication resulting in the suppression of symp-
toms caused by this virus in N. benthamiana.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.pestbp.2018.01.005.
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ABSTRACT

The development of anti-viral compounds that target the viral replicative processes has
been studied as an alternative for the control of begomoviruses. Previously was reported
that the peptide AmPepl isolated from an amaranth globulin hydrolysate showed strong
affinity binding to the replicative hairpin sequence of this virus with consequent anti-
viral activity. In this work we describe the mechanism of action of this peptide as a novel
alternative for plant DNA virus control. When AmPep1 is applied exogenously in tomato
and Nicotiana benthamiana plants infected with TYLCV was observed a decrease in the
synthesis of viral replicative intermediates such as VS and CS with a consequent delay in
the development of the disease progress in the treated plants. The anti-viral effect can be
explained due to the ability of the peptide to translocate to the cell nucleus and interacts
chemically with the hairpin structure of the virus, forming H bonds, electrostatic
interactions between the Arg and Lys of the peptide with the phosphate groups of the
DNA and the formation of Pi interactions between the Trp of AmPepl and hairpin
purines.



INTRODUCTION

The Geminiviridae family is one of the most devastating plant pathogenic virus group for
the cultivation of Solanacea crops worldwide. This family includes the genera
Begomovirus, Mastrevirus, Turncurtovirus, Curtovirus, Becurtovirus, Eragrovirus,
Topocuvirus, Grablovirus and Capulavirus. Within the genus Begomovirus is classified
Tomato yellow leaf curl virus (TYLCV) which is the main etiological agent of the yellow
leaf curling disease in tomatoes crops®, inducing symptoms in the leaves as curling,
marginal and complete chlorosis, dwarfing, floral abortus and loss in fruit productivity
and quality.

The TYLCV genome monopartite??, is formed by genes encoded directly in the single-
stranded viral DNA (VS) contained in the capsid and by complementary genes encoded
by the complementary chain of the viral chain, CS. The genome has six open read frames,
two for VS and four for CS, which are superimposed on each other. The encoded genes
by VS are vl and v2, while the genes c1, c2, c3 and c4 are located in the CS, between the
c1 and v2 regions is the intergenic region (IR)* which despite having flank sequences
with a high sequence variation it presents in the origin of replication a highly conserved
sequence (5-GGCCATCCGTATAATATTACCGGATGGCC-3') that forms a secondary
structure with shape of stem-loop type (hairpin)>®, the sequence found in the loop region
5-TAATATT | AC-3'is where the replicative process starts when it is recognized by the
cl protein product in the area marked with (])"®.

The replicative process of the virus starts when the virion is translocated into the cell and
the single-stranded viral DNA (ssDNA, VS) translocate into the nucleus, once inside, a
first replication of the ssDNA will be performed to form the complementary chain
(cDNA, CS) using some plant polymerases, which could be the TLS type polymerases®,
once the double chain replicative intermediary has been formed (by the ssDNA and
cDNA) the transcription of c1 gene is performed to give origin to the Rep protein, which
will recognize part of the intergenic region, specifically the stem and loop structure in the
TAATATT|AC area and this enzyme will make a nick to the DNA VS strand, leaving a
3-OH end which serves as an initiator of the rolling circle replication model®°. The
nucleotides will be incorporated using the CS chain as a template, displacing the rest of
the VS chain as the replication progresses, once a new viral chain is synthesized, the Rep
will act as a ligase to circularize the displaced VS chain allowing it to be free inside of
the nucleus to form new CS chains, pack itself in the capsid or translocated to neighboring
Ce”S 10,11,12.

Some strategies that have been reported for the management of this viral disease, for
example, the use of resistant tomato varieties to TYLCV due they possess Ty type
resistance (R) genes'®, as well as the use of microorganisms as inducers of systemic
resistance, for example Enterobacter asburiae BQ9!*. The generation of transgenic
tomato lines has reported the overexpression of Rep protein fragments, showing
resistance to the severe development of the disease®®. About the TYLCV control blocking
directly the replication mechanisms is reported the design of transgenic plants
overexpressing fragments of antibodies that recognize Rep protein, demonstrating the
reduction of viral titer of TYLCV in infected Nicotiana benthamiana plants®.



The use of peptides as a control for geminivirus infections is another strategy that is
proposed due the direct control of viral replication, for example, aptamer peptides
libraries have been tested to recognize the N terminal region of Rep, the peptides that
showed the highest interaction with the target reduced the viral titer in cells infected with
Tomato golden mosaic virus (TGMV) and Cabbage leaf curl virus’, subsequently these
peptides were evaluated to study their capacity to recognize the N terminal region of other
geminivirus as Beet curly top virus (Curtovirus) and Maize strike virus (Mastrevirus).
With these peptides transgenic lines of tomato were created overexpressing these
molecules, showing a reduction of symptoms caused by the TYLCV and Tomato mottle
virus (ToMoV) infection due to the peptide interference with the viral replication
process®,

The Rep protein and the origin of replication in the IR of the geminivirus genome are an
important agrochemical target for development antiviral molecules, due to the
participation of Rep in the replicative process in the Geminiviridae family, as well as the
conserved sequence of the replication origin in the IR'®?°, In a recent work we have
reported that the AmPepl peptide derived from an enzymatic hydrolysis of globulins of
Amaranthus hypochondriacus has the ability to chemically recognize the sequence that
forms the loop at the TYLCV replication origin, showing a consistent high affinity
towards that sequence, and also the treatment with this molecule in N. benthamiana plants
infected with TYLCV decreases the DNA titer of the virus with a consequent
symptomatic decrease?.

The aim of this work was to show the antiviral mechanism of the AmPepl peptide on
TYLCYV from a structural and molecular point of view, showing the entry mechanism of
the peptide in plant tissue and the anti-viral effect on a natural host (tomato) applied in
exogenous way without the need to develop transgenic lines. This paper could help to
develop new strategies for improve the control of geminiviruses using peptides, without
transgenic models, making cheaper and manageable the production and applications in
fields of these class of biomolecules.

RESULTS
The The peptide AmPepl(SVGRKWRMKWAQMRQQ), purified from hydrolysate
amaranth globulin and the synthetic oligonucleotide 5'-

GGCCATCCGTATAATATTACCGGATGGCC-3, corresponding to the hairpin region
of the OriRepTYLCV, were used as target, respectively. Raman spectra of both pure
biomolecules were recorded individually, previously to the interaction. Figure 1A shows
the spectrum of the peptide, in blue, while the DNA is in red line. Pure Raman spectrum
of AmPepl peptide depict bands that are mainly generated by characteristic amide | and
I11, skeletal and residual amino acids vibrational modes. Wavenumber position of the
amide | band indicates the secondary structure that the peptide adopts under analysis
conditions, which corresponds mainly to an alpha helix conformation with contribution
of unordered structure?>2®, indicated by bands at positions 1658, 1670 and 1686 cm™ On
the other hand, amide Il position at 1263 cm-1, corroborates the unordered structure of
the peptide. In addition, a detailed peak fitting of the amide I interval (1640-1700 cm-1)
in Figure 1B, provides semiquantitative information about abundance percentage of each



sub-band, where a-helix (28%) is the main abundant, followed by the unordered structure
(26%) with minor contributions of random and turn conformations in the secondary
structure (table 2)%26343545 Residual amino acid that depict characteristic bands are
coming mainly from tryptophan (Trp) and serine (Ser); where Trp exhibits one of the
most intense bands in the spectra at 760 cm-1, from the breathing mode of the aromatic
ring?>%; band at 1010 cm™ indicates the out-of-plane breathing mode of benzene and
pyrrole rings?#%3; band at 1074 cm™ coming from the C-C in-plane bending mode 2%
band at 1550cm™ due to the stretching C2-C3 of the pyrrolic ring; and band at 1618 cm™
describes the C = C stretching mode of the aromatic ring?>?%. On the other hand, Ser
shows two small but characteristic bands at 853 and 945 c¢cm-1 due to C-C and C-O
stretching modes, respectively, from the attached OH residual group?*. Skeletal vibration
of the backbone in the aliphatic chain of the peptide, are shown by the CH and CH2
multiple deformation modes in the 1300-1500 cm-1 range (See table 1 for detailed
assignment).

Raman spectrum of oligonucleotide OriRepTYLCV (bottom plot, red line) shows the
characteristic DNA Raman bands; where vibrational modes of the phosphodiester bond
(O-P-0) at 786 and 840 cm™, due to the symmetric and asymmetric stretching modes?’,
respectively, are the most representatives. In addition, characteristic band at 1092 cm™ is
due to the dioxide bond of the phosphate group (PO2) 2?82, Other bands contributing to
the pure Raman spectrum of DNA are those generated by the purine bases, at 1332 and
1574 cm™, coming from the aromatic ring stretching mode of purines A and G?’*, while
the band at 1480 cm™ is due to the deformation of C8 = N7 in Guanine3!. In addition,
contributions of the C-N stretching of amine modes in G can be observed!?2 at 1253 cm-
!, Bands generated by the pyrimidine bases, mainly from the contribution of thymine,
which shows bands at 1369 cm™, due to the C-N stretching of the pyrimidine ring
mode®*% ;and a broad band from the C = O stretching bonds 3*3, originated mainly
from the C2 = O at 1660-1662 cm, with minor contribution of C4 = O bond at 1690-1
cm” Band fitting of the 1660-1711 cm-ltinterval is presented in Fig 1.D for better
assignment of the C = O stretching bonds contributions, (Fig 1d. See table 1 and 2)..

Raman spectrum of the matrix interaction of AmPepl with the oligonucleotide
OriRepTYLCV is described in green color in Figure 1A, showing contributions from both
biomolecules with evident altered Raman profiles , due to the chemical interaction.
Characteristic Raman bands of peptide show changes both in wavenumber position and
band intensities; vibrations of the aromatic ring breathing modes of Trp show notable
shifts after the interaction, from 760 to 751 cm™ and from 1010 to 1014 cm™ %, indicating
that the benzene ring of Trp is strongly affected after the interaction. In addition, there is
a strong decreased intensity of the Trp pyrrole ring at 1150 cm-1. Those evidences
indicates that there is a strong interaction between the two biomolecules due to
preferential aromatic interactions; one possibility is the strong pi-pi type aromatic
coupling between the benzene ring of Trp with the ring purine and pyrimidine bases of
the oligonucleotide?®; a second possibility is the preferential hydrogen bonding (H-
bonding) with the indole ring in Trp, which is a well-known marker of Trp for
hydrophobic interactions?. The aforementioned observations were previously intuited by
Mendoza-Figueroa et al, 2018 !, where a quenching of intrinsic fluorescence of peptide
was observed when it interacts in a dose-dependent manner with the OriRepTYLCV;
these results matched with the decreased intensity and downshifting of the band at 760



cm? to 751 cm™. Moreover, the C-C stretching mode, coupled to the OH in the serine
residues, undergoes a shift from 853 to 857 cm 1, followed by a shift from 945 to 958
cm-1, in the vibrational mode of C-O stretching, corroborating the preferential hydrogen
bondings with DNA?*4¢_ In addition, characteristic bands from the peptide backbone are
strongly affected, such as the aliphatic chain downshifts from 1336 to 1328 cm-1 as well
as the decrease intensity of the multiple aliphatic CH and CH2 deformation modes at 1435
cm-1, indicating a strong structural rearrangement of the peptide with the DNA and
interestingly, the strong decreased intensity at 1435 band of the peptide can indicate a
hide underneath the large DNA structure.  Detailed peak fitting of the amide | band of
the mixture in Fig. 1C, shows a broad band after the interaction, where the alpha helix
secondary structure shows an increased area percentage of over 3% and now centered at
1653 cm-1, while the disordered structure decrease its abundance, without band shifting
position (1670 and 1681 cm-1) “°. These observations support the effect under the spatial
conformational arrangement of the peptide, indicating that the full structure is more
packed when is in close contact with the DNA structure. Moreover, downshifted of the
alpha-helix amide | band position from 1658 to 1653, after the interaction, supports the
strong influence due to H-bonding from the DNA over the peptide, leading to disturb its
conformational arrangement.

Chemical interaction between both biomolecules also modify the PO, vibrational mode
of the dioxyphosphate group, leading to a shift from 1092 to 1096 cm™*, which can be
attributed to the electrostatic interaction between negatively charged PO2- group with
positively charged amino acid side chains such as Arg or Lys?®#4243 this interaction is
reflected from the decreased band of NHs* vibrational mode of the peptide at 1131 cm"
! In addition, other characteristic vibrational modes of DNA are affected, for example;
ring stretching of G and C bases are shifted from 1253 to 1257 cm™; C-N stretching
vibrations of T, A, and G, are shifted from 1369 to 1374 cm™; C-N stretching vibration
in groups C8-N7 of G, redshift from 1480 to 1485 cm™; as well as the vibrational modes
coming from the rings moieties of the purine bases leading to a higher shifted from 1574
to 1578 cm™, which are the mayor DNA interaction markers?"?°. These evidences
supports the strong ring interaction between the aromatic systems of A and G with the
indole group of Trp, mainly through Pi-Pi type interactions?®. On the othe hand, slightly
shifting in the C = O stretching of T in the displacements of 1660 to 1662 cm™and from
1691 to 1695 cm™ from the vibrational modes of C4=0 and C2 = O, respectively, supports
the notion that hydrogen bonding is preferentially originated with T moety?°.
Interestingly, changes in the DNA backbone after the interaction can only be observed
due the Raman shift from 1062 to 1072 cm-1, corresponding to the stretching mode of C-
O bonds in deoxyribose, indicating a slightly rearrangement of the DNA structure®,
However, no changes at 786 neither at 811 cm™ were observed,which are markers of
sugar puckering as well DNA conformation, indicating that the DNA secondary structure
is not fully affected after the interaction, thus, peptide interaction is well preserved and
localized preserving the DNA structure 278, The aforementioned Raman results indicate
that the AmPepl peptide interacts mainly with Adenines, Thymines and Cytosines from
the OriRep, which are found abundantly in the target zone of the replication initiator
protein (Rep) of TYLCV that involves the region of the loop (marked in bold and arrow)
of sequence 5'- GGCCATCCGTATAATATTA |CCGGATGGCC-3".



To corroborate the experimental interaction provides by Raman spectroscopy, a
theoretical analysis of the system was carried out. A computational 3D models of the
hairpin structure formed by the OriRepTYLCV sequence and for the peptide AmPepl
were modeled. Once the geometry of both biomolecules was optimized, a Docking
process was developed, leading to the most stable arrangement of the peptide in the
replication hairpin of TYLCV, showed in (Figure 2A). It is observed that the favorable
site of peptide binding is located mainly in the cavity region formed in the loop and also
forming contacts in the 3’ extreme of the loop sequence, with a slight perturbation in the
stem region of the whole hairpin.

Interactions that were mostly observed after the docking were electrostatic hydrogen
bonding and interactions between aromatic and ring systems. In the case of H bonds, they
were predicted to be formed between residues of Adenosine 14 and 11, as well as with
Cytosine 20 (see Figure 2B). The residues Al4 interacts with Glutamine (Q16) residue,
while the A11 and C20 interact mainly with the backbone of the peptide bond, all of them
are forming bond distance less than 2.5 A considering them as strong H bond*’. These
theoretical predictions can be corroborated with the experimental results from the Raman
analysis, in the following shifting: a band displacement from 1253 to 1257 cm™ in the
stretching mode of NH-C of Cytosine and from 1369 to 1374 cm® corresponding to the
stretching of the CN of the A and the shift at 1574 to 1578 cm™ corresponding also to
purine stretching. The effect of this H bond in the structure of the peptide can be seen in
the change in the Raman signal of the peptide backbone from 1658 to 1653 cm™
corresponding to signal of the alpha helix secondary structure in the amide I region (figure
1b,c) inducing a re-structuration of the peptide structure this is confirming due the
increase of abundance of the signal corresponding to alpha helix* when it is interacting
with DNA (table 2), the affection in the alteration of peptide structure is also confirmed
in the shift showed in the vibration mode of the aliphatic chain of peptide due 1336 to
1328 cm™ .

Electrostatics interactions between the negatively charged phosphate groups of the
oligonucleotide with positive charges basic amino acids, K and R, of the peptide are also
depicted in the molecular model. Theoretical model predicts the interaction of the NH3*
group of the side chain of residues K5, R4 and R14 of the peptide directly with the PO,
group and with the oxygen of the O-P-O bond of the DNA backbone in the DNA residues
of bases A5, T6 and T10, respectively (figure b.2). This electrostatic interaction affects
both the stem of the hairpin and a short part of the loop. The interaction agrees with
Raman experimental observations, due to the shifting from 1092 cm™ to 1096 cm™ of the
PO2 vibrational mode in the oligonucleotide and the decrease in intensity of the band at
1131 cm™? corresponding to the vibration of NHs* groups of the peptide residues. This
interaction could have repercussions in the vibrational mode of DNA backbone affecting
the original conformational structure or just inducing local changes, the biological
consequences of the interaction could produce a poor recognition of the Rep protein
towards its target (the hairpin).

In addition, other types of weak interactions between DNA and peptide are predicted,
such as the interactions between aromatic systems mainly by Pi -type interactions (anion-
pi, pi-pi), (Figure 2C). This type of interaction is observed mainly in the aromatic rings
of tryptophan 6 and 10; the benzene of the W6 residue potentially interacts in the Pi-anion



mode with the C4 = O group of the T18, and possibly forms stacking with the A19in T -
shape (figure 2c.1). The W10 residue has a potential interaction with the T10 residue of
the DNA due the closely distance between each other®4°, The Raman analysis is showing
an affection in both the displacement and the intensity of signal corresponding to the
main aromatic vibrational modes of Trp (W) (from 760 to 751 cm™ and at 1010 to 1014
cm?). The shift of these signals and intensities also correlates with the intrinsic
fluorescence quenching that AmPepl shows when it interacts with OriRepTYLCV, due
to the electrostatic and aromatic coupling.

Experimental and theoretical results have shown that the peptide AmPepl interacts with
the OriRep of TYLCV, these formed bonds between these biomolecules could either alter
the conformation of the replication hairpin structure and hinder molecular recognition by
Rep or perform a steric hindrance that does not allow adequate synthesis of viral DNA in
the plant.

To verify if the chemical interaction between the AmPepl peptide and the replication
loop of TYLCV has secondary effects on viral replication, the replicative rate of TYLCV
in plants of N. benthamiana was evaluated in vivo. N.benthamiana plants were infected
by agroinoculation, systemic infection was ensured in the most extended apical leaves,
and the viral titer was measured on the left and right side of the central vein to verify the
symmetry of the viral titer in the model plant. The left half of the leaf served as a control
treated only with buffer and the right half was treated with AmPepl or RepApep (Figure
3A). Quantification of viral sense (VS) and complementary sense (CS) of viral DNA was
performed in both sides of the leaves of all treatments and controlst. The (Figure 3B)
shows that on the left side of the leaf (UnTx) comparing with infection control, no
significant difference of CS concentration is observed in any treatment except for the
leaves where the right side was treated with concentrations of 30 uM of AmPepl. On the
right side of the leaf (+Tx) at concentrations of 15 and 30 uM of AmPepl the amount of
CS decreases significantly compared to infection control and compared with the time cero
of treatment, indicating a potential effect of tamper the replication process. The leaves
sides treated with RepApep peptide also showed a decreasing titer of CS significantly
compared to the infection control but not significant difference comparing with the time
cero of treatment, keeping the viral titer significantly stable for all replicative molecules,
meaning a static effect on the viral replication, compared also with infection control
where the viral titter trends to increase significantly through the time. The significant
decrease of viral titer on the left side of the leaf in concentrations of 30 uM might be due
to a possible translocation of the peptide through the vascular bundles due to a potential
ease of crossing the cell membranes due to its sequence similar like cell-penetrating-
peptides®.

The replication of TYLCV is based in the models of RCR and recombination -dependent
replication (RDR), in the first case, it starts with the synthesis of a complementary strand
(CS) to VS (which titer is usually lower than VS), to form a double-stranded intermediate
(dsDNA), this replicative form will serve as a template for the synthesis of new viral DNA
(VS) through the rolling circle replication model, when CS concentration decreases after
a treatment with AmPepl, it was observed that the VS formation in the plant is
significantly lower (Figure 3C) in the right side of the leaf (+Tx) since 12 hours post
treatment with 15 and 30 uM of AmPeplcompared with the infection control. Comparing



the initial titer of this replicative intermediary under these experimental concentrations
the VS amount keeps stable during the experimental time, inducing a static effect over
the viral replication. In the left side of the leave at concentrations of 30 uM, the VS titer
decrease significantly respect to the control. VS concentration is also negatively affected
in the treatment with the peptide RepApep. These results indicate that the peptide
AmPepl interacts directly in the replication cycle of the virus, by partially tamper the
synthesis of new VS chains, which will be used as new CS templates or for the formation
of new virions.

Because the concentration of VS and CS decreased on the treated side of the leaf (right),
the total viral DNA titer was negatively affected in the case of treatments with AmPepl
(Figure 3D) mainly on the right side (+Tx), on the left side (UnTx) only in the leaves
treated with 30 uM of AmPepl showed a significant decrease in viral DNA compared
with infection control, suggesting again that the peptide can be translocated.

In order to test if the AmPep1l has the same anti-viral efficacy in one of the natural hosts
of TYLCV, tomato seedling were infected with this virus, once the systemic infection
was assured, a treatment with AmPepl was carried out in all the apical leaves, in (Figure
4A) it is observed that in seedlings infected with TYLCV and treated with AmPepl there
Is a significant reduction of the characteristic symptoms of TYLCV disease in this host,
comparing with the infection control, the infected plants treated with AmPepl does not
present a high rate of leaves showing curling and marginal chlorosis at 7 and 15 dpTx,
nor is there observed dwarfism and shortening of internodes compared with the
symptomatic development of the untreated plants. Visually, severe symptomatic
development is delayed until 15 days after treatment with the peptide (Figure 4C). In
addition, the viral DNA titer in the treated plants is significantly lower compared to the
infection control at 15 dpTx (Figure 4B), then, we can propose that the visual decrease in
symptoms is directly proportional to the lower viral DNA concentration in the tissue
possible due the alteration of replication rate of the virus. Correlating these data with the
analysis of viral replication in Nicotiana, it can be proposed that the peptide has a similar
mechanism in this natural host, binding to the replication hairpin of the virus making a
steric hindrance for the correct recognition of Rep and consequently tampering the correct
realization of the viral replication by rolling circle model, decreasing CS and VS and
consequently the concentration of total viral DNA.

In the previous experiments, was showed the ability of AmPepl peptide to control the
replication of TYLCV in vivo, which made us suspect that this molecule could easily
translocate to the interior of the cells, since the virus replicates in the nucleus. To
corroborate this fact, we proceeded to analyze if the peptide can efficiently cross the
cellular barriers and efficiently reach the nucleus, for this effect the AmPepl peptide was
labeled with FITC (AmPepl-FITC) and the internalization capacity was monitored in
cells of in N. benthamiana. In (Figure 5) it can be observed that AmPep1 could internalize
within cells, and that this is dependent on incubation time and no energy-depended. It is
observed that in the first 10 minutes the transport of the peptide (fluorescent green signal)
is not very high compared to the subsequent monitoring times and that it can also be
possibly linked to an endocytosis process, mainly due to the observation of vesicle
formation or transportation points in the cell wall or membrane®>?, however, at 30 and
60 minutes, the green fluorescent signal of peptide increases significantly and uniformly



around the tonoplast, mainly in cytoplasm and nucleus of epithelial and stomatal cells.
To confirm if translocation AmPepl is an energy-dependent process (endocytosis) was
proceeded to incubate leaf tissue of N. benthamiana in a solution of AmPepl at low
temperature (4 ° C) and was found that peptide transport is not affected, and that the signal
of the green probe increases, with a greater accumulation within the cytoplasm and
nucleus with respect to the incubation time of 1 hour at room temperature, this fact can
be explained because the peptide does not present energetic requirements for its transport
and due its sequence it can be related as a cell-penetrating-peptide (CPP), the low
temperature rearranges the fluidity and structure of the membrane allowing this peptide
to enter passively by spontaneous translocation, perhaps by a non-energy dependent flip-
flop mechanism®3°455_ The easy permeability of the peptide to the interior of the cell
allows it to reach the nucleus of the cells interfering with the replication of TYLCV with
a subsequent anti-viral activity.

DISCUSSION

We have been able to show the capability of the peptide AmPepl as a potential anti-viral
against TYLCV, showing that it interacts chemically with the sequence of replication
origin of this virus showing the biological effects of decreasing the viral replication rate
and reducing the disease progress. In addition, the easy translocation of AmPep1l inward
the plant cells make this molecule a potential candidate for explore it in the agrochemical
area without the need to develop transgenic lines. Until now, the use of peptides as anti-
viral molecules applied in an exogenous way as a direct control of geminivirus has been
poorly reported. Previously we have shown that AmPepl has high affinity binding to the
hairpin of the replication origin of TYLCV, decreasing the TYLCV DNA in N.
benthamiana with a consequent decline of symptoms progress .

The hairpin structure located in the intergenic region of some DNA viruses such as
geminiviruses, circoviruses and nanoviruses is a crucial factor in the initiation of viral
replication process because it is target for the replication initiator protein or replicase®”.
In the case of geminiviruses, this sequence-structure is preserved throughout the viral
family®’. Through the results showed here we described that the AmPep1 interferes with
the replication of TYLCV by altering the structure and replicative events of the virus,
decreasing the synthesis of DNA replicative intermediaries molecules like VS and CS
DNA within the plant tissue, the efficient synthesis of these intermediaries is crucial for
the correct viral replication to establish a successfully systemic infectious process in the
plant!!,

The effectiveness of the AmPep1 peptide reducing the replicative intermediaries and the
symptoms development in plant can be attributed to its sequence
(SVGRKWRMKWAQMRQQ), which contains amino acids with a DNA binding
potential such as Lysine (K), Arginine (R) and Tryptophan (W)*°°85960 which increases
the possibility of strongly interaction with the sequence OriRepTYLCV, promoting the
arrangement of electrostatic interactions, hydrogen bonds and interactions between
aromatic rings between purines and tryptophan. AmPep1 also has the ability to translocate
inward of cells in a non-mediated and non-energy-dependent manner, this also enhances
its internalization to the nucleus, which helps explain why the peptide has anti-viral
activity against a virus whose replicative cycle is limited to this organelle. Correlating



these results with those obtained in the biochemical analysis of interaction, it has been
reported that the alteration in the begomoviral loop sequence, precisely in the region 5’-
TTAC-3’ affects directly the replication rate of begomoviral DNA®, in our results, most
of the interactions shown in the theoretical model, show interactions between the AmPepl
peptide with the OriRepTYLCV sequence very close or neighboring in to the 5’-TTAC-
3’ sequence of the hairpin (Figure 2), mainly by electrostatic interactions between the
dioxyphosphate groups with R, and by Pi interactions between the A and T with the W.

The RepApep control peptide has the analogous sequence to the catalytic site of Rep that
recognizes the TAC region of the loop, it only shows a significant decrease in VS and CS
concentration at 12 hpTx, mostly showing a “static” effect in the viral replication, an
explanation might be due it contains just tyrosine as unique aromatic amino acid in its
sequences not allowing a good interaction with the DNA template by Pi interaction as the
tryptophan, as well the amount in basic amino acid content is lower compared with
AmPepl, reducing the electrostatic interaction between molecules

Although a strong alteration to the conformation in the secondary structure of the DNA
by AmPepl was not observed in the Raman analysis, it can be speculated that AmPepl
induce local transitions of this conformation according to the vibrational shift of the
dioxide bond of the phosphate from 1092 to 1096 cm™ inferring that it is due to an
electrostatic interaction of negative charges of the phosphodioxy group with positive
charge of the amino groups of the peptide, as reported in the case of some cationic
peptides?®, when they interact with oligonucleotides, these shift the vibration signal of the
phosphodioxy group band with values close to or above 1100 cm™, this upward
displacement can be explained due to a conformational transition from DNA B to A,
however, no emergence of the marked band of this conformational change at 807 cm™
was observed, suggesting just local transitions of the DNA backbone towards this
conformation?’ in the binding sites. The binding of AmPepl over the hairpin and
induction of local conformation transition could produce a steric hindrance for Rep
protein not allowing the properly recognition of its target sequence, blocking an accurate
start of replication models for the virus, resulting like in our data, a delay in the disease
progress.

There is a possibility that AmPepl has anti-viral action on other begomoviruses or
geminiviruses of phytosanitary importance due its conserved molecular target. The use
of plant derived peptides as potential agrochemicals against viral infections is presented
as an novel alternative to the use of transgenic plants and also of synthetic products
considering their mode and cost of production.

Conclusion

The peptide AmPepl derived from amaranth globulins binds in the loop of the replicative
hairpin structure of TYLCV by electrostatic, Pi and H bond interactions inducing local-
structure changes in the hairpin structure, therefore, the biological effect is tampering the
replicative process of the TYLCV in tomato and Nicotiana benthamiana with a
consequent reduction of viral replication process, total virus titer and reduction of disease
development.



MATERIAL AND METHODS

Plant and bacteria culture

Seeds of Nicotiana benthamiana and Tomato “Moneymarker” were disinfected with
ethanol 70% per 1 minute, then rise with sterile water several times and cultivated
separately in pots with a mixture perlite-vermiculite (1:1) and incubated in growth
chamber with a photoperiod 18/6, light and darkness, respectively, at 28°C, relative
humidity 72%.

Agrobacterium tumefaciens C58C1 containing 1.8mer of TYLCV (Accesion no.
HF548826) was prepared for agroinfection as describe Just K. et al 2017 ©*.

Reagents

The oligonucleotide 5-GGCCATCCGTATAATATTACCGGATGGCC-
3"corresponding to the replication hairpin of TYLCV®’8 was used to study the molecular
interaction between this viral region and the AmPepl peptide by Raman spectroscopy,
the synthetic oligonucleotide was purchased from Sigma Aldrich (oligo-synthesis
service), with HPLC purity quality, the stock solution was prepared at 100 puM using
sterile milli-Q water. The AmPepl peptide was purified from an amaranth globulin
hydrolysate as described by Mendoza-Figueroa et al, 20182, To prepare Raman analysis
solutions, an aliquot was taken from the stocks to obtain 1 umol of each biomolecule, this
aliquot was concentrated to dryness and re suspended in 10 uL of buffer (10mM Tris-
HCL, 50mM NaCl, pH 7.4)?"%2 To perform the interaction assay, each of the
biomolecules was prepared separately as mentioned above at a final concentration of 1
umol, each was re-suspended in 5 pL of buffer and these solutions were mixed (final
molar ratio 1: 1), then homogenized 1 minute with pipette and incubated 10 minutes at
room temperature to allow interaction between these molecules, after this time the mix
solution was dropped on the glass-Al substrate to dry.

The peptide NIQGAKSSSDVKSYIDK called RepApep (TAG Copenhagen A/S)
containing the binding and catalytic domain of TYLCV Rep protein was used as positive
control for replication assays®21,

Oligonucleotides for single PCR

For detection of TYLCV systemic infection in N. benthamiana and tomado by standard
or single PCR, the set of universal degenerated begomovirus primers AC1048 5’-
GGRTTDGARGCATGHGTACATG-3’ and AV548 5’-
GCCYATRTAYAGRAAGCCMAG-3’ were used®*. Viral strand-specific
oligonucleotides for T4 DNA polymerase synthesis containing the TAG sequence were
OCS-TAG 5-AGTTTAAGAACCCTTCCCGCGGACTTTACATGGGCCTTCAC-3’
and OVS-TAG 5-AGTTTAAGAACCCTTCCCGCGAAGGCTGAACTTCGACAGC-
3’ for detection of viral sense strand (VS) and complementary sense strand (CS),
respectively. For strand-specific gPCR, the primers OVS 5’-
GAAGGCTGAACTTCGACAGC-3’ and OCS 5’- GGACTTTACATGGGCCTTCAC-
3’ were used combining with TAG primer 5’- AGTTTAAGAACCCTTCCCGC-3’ for



quantify the specific VS or CS after T4 synthesis, or just combining OVS and OCS for
total TYLCV DNA quantification'?.

Raman measurements

The Raman spectrum of each biomolecule and the interaction mixture was recorded using
drop-coating deposition Raman (DCDR) method®> 2, In brief, 10 pL of each solution was
deposited on a glass aluminum mirror substrate, allowed to dry at room temperature until
the formation of a characteristic ring. Raman spectrum acquisition of each drop was
recorded using a confocal Witec Alpha 300 series Raman-AFM and a Zeiss, 100x , 0.9
N.A. objective. Excitation laser wavelength at 532 nm with thermoelectrically cooled
CCD detector with 672 I/mm grating. Integration time of 3s and a laser power of 26.4
mW for the DNA and 20 m\W for the peptide and the mixture were performed. Initially,
a Raman spectrum of the buffer and aluminum mirror were obtained to discard
background signals in the analysis. Raman spectra were acquired in 10 random areas of
the formed ring of the dried drop, a total of 10 punctual Raman spectra were recorded
within the same parameters. Raman spectra were averaged, smoothed using the adjacent-
averaging method and 0-1 normalized, considering exclusively the --/fingerprint/ region
(600 to 1800 cm-1) for comparative analysis. Peak fit analysis of the amide | band (1620
101720 cm? ) was performed using PeakFit v4.12 software (Systat Software, Inc),
considering a good deconvolution analysis when R? reaches a value greater than 0.99..

Molecular modelling and Docking

Docking was carried out with AutoDock 4.2 software (The Scripps Research Institute, La
Jolla, CA, USA) using the default parameters®®%’. HyperChem 8 was necessary to
calculate the energy-minimized form with geometric optimization for the ligand. The
molecular docking was performed with a model built by homology with of TYLCV
hairpin, following the prediction of secondary structure previously reported for these
sequences’ and calculated on the server RNAstructure web server (David H. Mathews,
Rochester Med.Center, N, https://rna.urmc.rochester.edu/) the peptide was modeled on
the Pep-Fold server®®®° and optimized according to secondary structure observed in the
Raman analysis. AutoDock tools were first used to prepare all files by adding polar
hydrogen atoms and merged non-polar hydrogens to the hairpin structure and computing
Gasteiger charges for the molecular model of analyzed AmPepl peptide. The entire
system was subjected to a surface scanning and refined docking, the grid map was 80 x
80 x 80 grid point, with the center corresponding to the hairpin, which was held rigid
during the docking process. The Lamarckian genetic algorithm was applied®®. During the
docking experiment, 100 runs were carried out.

In vivo analysis of the TYLCYV replication in Nicotiana benthamiana by Two-step
gPCR

Nicotiana benthamiana plants with 3-old weeks were agroinfected with 1.8 mer DNA of
TYLCV-IL (Accesion no. HF548826) contained in pLH7000* (modified binary vector
pLHO000)%! in Agrobacterium tumefaciens C58C1, after 10 days post infection (dpi),
samples from new full expanded apical leaves were collected and DNA was extracted
with CTAB method™ to verify the systemic infection by single PCR. Two infected
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expanded leaves of three plants from N. benthamiana were treated as show in (figure 3A).
The left side were infiltrated with infiltration buffer (MES 10Mm pH 5.7, MgCl> 10Mm)
and the right side were infiltrated with 15 and 30 uM of AmPepl peptide or RepApep
peptide at 15 uM dissolved in infiltration buffer. As infection control, 2 leaves of 3 plants
were infiltrated with only buffer in both sides. Approximately 0.5 mm? of tissue of each
side were collected at 0, 12 and 48 hours after treatment and DNA was extracted with
CTAB method, with this DNA, Two-step qPCR method was performed according the
reported by Rodriguez- Negrete et al, 2014 for quantify the viral sense (VS) and
complementary (CS) DNA of TYLCV.

First, a single amplification with T4 DNA polymerase (Thermo Scientific) was performed
using 1uM of specific viral strands primers (OVS-TAG to CS or OCS-TAG to VS), after
this linear amplification, products were cleaned from reaction mixture with GeneJET
PCR purification kit (Thermo Scientific) according instructions. The second step of
method was performed by standard gPCR, using as template the T4 amplification product
and specific primers according to the virus strand: The set OVS /TAG primer to detect
CS, and the set primer OCS /TAG to detect VS or OCS/OVS to detect total TYLCV
DNA. Standard gPCR was performed according kit instructions (SensyFAST SYBR Lo-
Rox Bioline Supermix): 1 cycle at 95°C for 1 minute and 40 cycles at 95°C in 5 seconds
and 60°C 15 seconds, melting curves were analyzed after last step under ramp of 0.5°C
each 10 seconds from 60° to 90°C in a CFX-Connect Real-Time PCR detection Machine
(BioRad).

The results of qPCR were analyzed with absolute quantification using a standard curve.
The template for standard curves was prepared using a single PCR amplicon product, this
product was obtained for amplified a region of CP gene of TYLCV with the primer set
OVS/OCS using DNA from infected TYLCV tomato leaves as template. Five dilutions
of the TYLCV PCR amplicon from 10" to 10° copies were prepared, T4 DNA polymerase
linear amplification were performed amplifying one set of dilutions with the primer OCS-
TAG and other set with the primer OVS-TAG, then the products were cleaned from the
rest of reactions components using GeneJET PCR purification kit (Thermo Scientific)
and amplified with standard qPCR with appropriated primers as describe above. For
standard curve of total TYLCV DNA, the PCR amplicon dilutions were directly amplified
with the primer set OVS/OCS. Standard curve was created using linear regression of the
mean of three technical replicates of the Cq value of each dilution over concentration of
those standards in Logio. The amount of CS or VS in experimental samples were
calculated for extrapolated the mean of Cqvalues of each treatment and time (6 biological
replicates per treatment with 3 technical replicates in the gPCR analysis).

Two-Way ANOVA statistical analysis was performed for examines the difference
between treatments, comparing the titer of CS, VS or Total TYLCV DNA between
different peptide treatments through the time respecting the infection control. GraphPad
Version 6 was used for calculations.

Anti-viral activity of AmPepl in tomato leaves.

The anti-viral activity of the AmPepl peptide was evaluated in the natural host tomato,
10-old days tomato seedlings (containing 2 true leaves) were agroinoculated with
TYLCV-IL® in the true leaves and cotyledons, 10 days after infection, new apical leaves



started to show curling, then, tissue from apical leaves were collected and DNA was
extracted to verify systemic infection using a single PCR, then, a group of plants (N=4)
were treated by infiltration with AmPep1 in all new apical leaves of tomato seedlings for
3 consecutive days, Other group of infected plants (N=4) was treated just with infiltration
buffer (MES 10 mM, MgCl, 10 mM). Samples of apical leaves were collected at 0,7 and
15 days after last day of treatment and DNA was extracted by CTAB method. Symptoms
(chlorosis, curling and dwarfing) were consider as disease progress indicator through the
observation time. Disease progress was evaluated through 15 days after treatments in both
conditions. DNA of TYLCV was quantified absolutely in leaf samples using standard
gPCR with the primer set OVS/OCS, experimental and analysis of standard curve was
performed as describe above. Two-Way ANOVA was performed to analyze significative
difference in the mean of viral titer between the plants treated with AmPepl comparing
with infection control trough the time.

Confocal microscopy.

The peptide AmPep1 was labeled with fluorescein isothiocyanate isomer | (FITC, Sigma-
Aldrich) according to the manufacturing indications. Small apical leaves (size
approximately 1 cm?) of N. benthamiana with 3 weeks of age, cultured as mentioned
above, were used. The leaves were incubated in an aqueous solution of 5 uM AmPepl-
FITC for 10, 30 and 60 minutes (3 leaves per time) at room temperature and at 4°C,
immediately after the incubation time the leaves were washed with 0.5% SDS and fixed
in a glutaraldehyde solution 1% . Subsequently, the samples were stained with DAPI at
a concentration of 1 ug / mL. As control, seedlings not treated with labeled peptide were
used. The seedlings were analyzed in the Nikon A1IR + STORM confocal microscope
using an argon laser with excitation line filter of 492 nm for the FITC and a 405 nm
excitation filter for the DAPI. The chlorophyll autofluorescence was detected with the
650-800 nm bandpath filter, observations were performed on a 60X water objective. The
images were analyzed in NIS-Elements-Viewer 4.20 (Nikon).
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Table 1. Raman assignments for DNA, peptide and mixed DNA-peptide samples.

Raman shift (cm™) Raman
Pure molecules - - Mix fsrrg:; Assignments Cererence
DNA Peptide ~ OriRepTYLCV the
(OriRepTYLCV) AmPepl + AmPepl origin
675 675 0 dG (breathing) 31
729 729 0 dA(str C1-N9) 36
760 751 -9 Trp (in-phase breathing) 22,23
786 786 0 phosphodle;'ftg)(sym str O- 27
840 840 0 phosphodlesptir) )(asym str O- 27
853 857 +4 Ser (str out-of-plane CH,-O) 24
870 879 +9 Trp (bending NH) 22,23
i Trp (bending indole ring 22,23
884 879 5 coupled NH bending)
945 958 +13 Ser (str C-0) 24
Trp (sym out-of-phase
1010 1014 +4 breathing Benzene and 22,23
pyrrole)
1019 1019 0 dG(def N-H) 39,40
1062 1070 +8 Deoxyribose (str C-O) 38
1074 nd Trp (bending in plane C-C) 22,23
1092 1096 +4 PO2? (stretching) 27,28,29
1131 nd Peptide (rocking C-NH3s*) 41,42,43
1181 1181 nd dA,G (str C5TCG)/ dT(strin 33,39
plane ring CHs)
1202 nd Trp (str C-C) 22,23
1249 dT (str in-plane ring) 38,39
1253 1257 +4 C ('ring str and str C-NH2) 32
1263 nd Amide 111 (unordered) 29
i dA,dG (str,ring Purines)/ 27,30,31
1332 1336 1328 +/-4 Peptide (str CHs-CHy)
1369 1374 +5 dT, dA, dG (str C-N) 33
i Deoxyribosyl (def 5’-Hy)/ 39,44
1427 1437/35 1427 +/-8 peptide (def CHy/ CH)
1480 1485 +5 G (def N7, C8=N7-H2) 31
1550 nd Trp pyrrole (str C2-C3) 22,23
1574 1578 +4 Purine (stretching) 27,30,31
1618 nd Trp C=C 22,23
1658 1654 -4 Amide I (a-helix) 25,26
1662 1662 0 Thymine (str C=0) 30
1682 nd dA (scissoring NH>) 33
1686 1690 +4 Amide | (Unordered no H 26

bond, B-turns)



Table 2. Deconvolution analysis of the Raman spectra in the region of 1600 to 1710
cm,

Peak Center Abundance

number om-L (%) Assignment Reference
Peptide (AmPep1l)

1 1644 5.4 Unordered structure

2 1658 28.2 a-helix

3 1670 26.8 Unordered helix + random 25, 26,45

structure

4 1682 19.2 B- turns/Unordered

5 1689 14.7 Disordered structure

6 1699 5.0 Turns and bands
DNA (OriRepTYLCV)

a 1660 7351 Thymine (C4=0) str

b 1691 24.04 Thymine (C2=0) str 34,35

c 1711 2.43 Thymine (C2=0) str

Mix (OriRepTYLCV + AmPepl)

Aromatic amino acid ring mode

1 1638 8.27 (Trp)
2 1653 31.50 a- helix
a 1662 8.09 Thymine (C4=0) str 25, 26,34,35,45
4 1670 16.54 Unordered helix + random
structure
5 1681 15.58 B- turns/Unordered
b 1695 14.21 Thymine (C2=0) str
c 1710 5.77 Thymine (C2=0) str



-Figure captions:

Figure 1. Chemical interaction between peptide AmPepl with the hairpin of replication
origin of TYLCV by Raman spectroscopy. A) Raman spectra of the peptide AmPep1 (blue
plot), oligonucleotide OriRepTYLCV (red) and interaction mix AmPepl-OriRepTYLCV
(green plot). The upper number in all the spectra indicates the wavenumber (Raman shift cm-
1y of each band. In the spectrum of the interaction mix (green) the contribution of each band
is marked as D if it comes from the OriRepTYLCV DNA or as P if it comes from the
AmPepl, The bands that show displacements due to the chemical interaction between both
molecules are highlighted in bold and indicated with a dotted arrow, showing if the origin
and the affected functional group is from DNA (red arrows) or from the peptide (blue
arrows). The gray boxes in all the spectra highlight the region from 1620/40 to 1720 cm™. B)
Deconvolution of the Amida | region of the peptide around 1640 to 1710 cm?, C)
Deconvolution of the interaction spectrum in the region of 1620 to 1720 cm™ involving the
signals of Amida I and vibrations of C = O of Thymine, D) Deconvolution of the area from
1620 to 1720 cm® of the oligonucleotide OriRepTYLCV showing the vibration of the C2/4
= O of Thymine.

Figure 2. Theoretical model of the interaction between AmPepl- OriRepTYLCV. A)
Three-dimensional model of the peptide-DNA interaction (AmPepl-OriRepTYLCV), the
arrangement of the peptide in the region of the replication loop is shown. B) Close contacts
between AmPepl and OriRepTYLCV, b.1) H-bonds interactions, b.2) electrostatic
interactions. C) Other weak contacts involved in the peptide-DNA interaction, c.1) formation
of Pi-Anion interactions (orange box) between Trp (W) and Adenine. A: Adenine, T:
Thymine, C: Cytosine, G: Guanine.

Figure 3. The peptide AmPepl tampers the replicative process of TYLCV in N.
benthamiana. A) Schematic representation of the assay to evaluate the effect of AmPepl on
the replication process of TYLCV in N. benthamiana leaves infected systemically with the
virus, the left side was not treated with peptide (UnTx) and the right side was treated (Tx)
separately by infiltration with a solution 15 and 30 uM of peptide AmPepl and with a
solution 15 uM of peptide RepApep peptide control. B) Effect of AmPepl on the synthesis
of complementary sense DNA (CS) of TYLCV in the treated and untreated side of the leaf.
C) Effect of AmPepl on the synthesis of viral sense DNA (VS) of TYLCV in the treated and
untreated side of the leaf. D) Quantification of the total DNA of TYLCV on the treated and
untreated side of the leaf of N. benthamiana after treatment with AmPep1. The effects on the
replication rate of CS, VS and total DNA were monitored at 0, 12 and 48 hours post treatment.
Blue line: infection control (leaves without treatment on both sides), red: AmPepl (15 uM),
green: AmPepl (30 uM), purple: RepApep (control, 15uM), each point in time is an average
representation of the DNA titer of 6 leaves (3 plants, 2 leaves per plant), vertical bars:
standard deviation (SD), asterisks (*): Significant difference of the mean with respect to
infection control (P <0.05).



Figure 4. Anti-viral activity of AmPepl in tomato plants infected with TYLCV. A)
Representative image of disease progress in infected seedlings and treated with AmPepl
(100mg7L) at 0, 7 and 15 days post treatment (dpTx), the progress of viral symptoms
develop after treatment with AmPep1 was compared with that developed by infection control.
At 0 dpTx, the infected seedlings showed the same symptomatic level (curl of apical leaves
without chlorosis), at 7dpTx the group of seedlings treated with AmPepl present a delay in
the symptomatic development compared with the infection control group which shows
beginning of marginal chlorosis, dwarfism and curling, at 15 dpTx the group of treated
seedlings show only slight curling in the apical leaves without evident chlorosis, while the
infection control shows advanced marginal chlorosis, blistering and severe curling in the
whole apical area (all the analyzed groups have a N = 4). B) Quantification of total DNA of
TYLCV in apical leaves of treated and untreated seedlings at 7 and 15 dpTx. SD is indicated
in vertical lines, asterisks: significant difference of the mean compared to infection control
(P <0.05), each bar represents an average of viral DNA titer in 4 biological replicates. C)
Comparative picture between healthy, infected and infected seedlings plus AmPepl
treatment at 15 days post treatment.

Figure 5. Translocation of AmPepl into N. benthamiana cells. A) Representative images
of an internalization kinetics of AmPepl. Fluorescent signal from left to right, DAPI (blue):
nuclei, FITC (green): Peptide AmPepl, Autofluorescence-Chlorophyll (red): chloroplasts.
From top to bottom incubation at 10, 30 and 60 minutes at rt or 4 ° C for 60 minutes, bottom
image: control not incubated with AmPepl. After 10 minutes of incubation, the formation of
transport points through the membrane (pink arrow head) and light translocation towards the
nucleus is observed. At 30 and 60 minutes of incubation at rt, there is an increase in the
translocation of the peptide and accumulation around the tonoplast (white arrow head) and
in the cytoplasm (yellow arrow), in a low temperature incubation the internalization of
AmPepl is not affected negatively, and accumulation of AmPepl is observed around the
tonoplast, nucleus and cytoplasm, in control, no FITC mark signal is observed. Images taken
with 60x-water objective, lower bars = 20um, B) Digital zoom of a stoma and C) digital
zoom of epidermal cells at 60 min incubation with AmPepl at rt. N = nucleus, CL:
chloroplast. Bars in B) and C) = 10 um. rt= room temperature
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Figure 1. Chemical interaction between peptide AmPepl with the hairpin of replication origin of TYLCV by Raman spectroscopy.



Figure 2. Theoretical model of the interaction

between AmPepl- OriRepTYLCV
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ABSTRACT

Aims: Evaluate the effect in growth and defense activation of a peptide extract from hydrolyzed
globulin of Amaranth in tomato and maize plants.

Study Design: Using different concentration of peptides we evaluated the physiological effect of
peptide extract from amaranth in two different commercial crops.

Place and Duration of Study: Department of Biomacromolecules Chemistry at the Chemistry
Institute UNAM, and Plant Pathology Lab, Escuela Nacional de Ciencias Bioldgicas, UNAM,
duration 1 year.

Methodology: For evaluating the effect of peptide extract from globulin (GPE), tomato seeds were
geminated in different concentration of GPE (10, 1 and 0.1 mg/mL), 5 seed per treatment were

*Corresponding author: E-mail: soriano@unam.mx;




Silvestre et al.; IJPSS, 19(6): 1-10, 2017; Article no.lJPSS.37089

used, the effect of germination was observed for the length of epicotyl and stem development.
Activation of plant innate immune response was tested using tomato leaf disc system (5 discs per
treatment), tomato disc were exposed to 3 concentration of GPE, boiled bacteria P. syrinage pv.
tomato and plant defense activator BTH for 15 minutes and analyzed with histochemistry detection
for ROS. ROS were also quantified in laves of tomato plants treated with GPE, boiled bacteria and
BTH, ROS were detected with DMPO using electronic paramagnetic resonance. To evaluate the
protective effect in other plants, leaf blight system with Helminthosporium sp. was used to know the
effect of GPE against fungi infection.

Results: GPE showed an improvement of seedling development at the concentration of 1 mg/mL,
while innate immune response was induced after 15 minutes with the concentration of 1 and 0.1
mg/mL of GPE. This result also matched with the observed protection assay in a model infection
system of leaf blight, showing protection of several blight development at 0.1 mg/mL.

Conclusions: The peptides derived from hydrolyzed globulin of Amaranthus hypochondriacus
induce promotion in growth and develop of tomato, also innate defense in tomato leaves and in
maize against fungi infections.

Keywords: Amaranthus hypochondriacus; peptides; hydrolyzed globulin; induce promotion; growth

and develop; tomato; maize; fungi infections.

1. INTRODUCTION

Amaranthus hypochondriacus is a Mexican plant
that have been used since prehispanic times, the
amaranth seed contains a large content of
proteins compared with other Mexicans grain
plants like maize, chia [1,2,3]. The total content
of proteins is around 20%, globulins and
albumins, represent approximately 48 and 20%
respectively, in the total protein fraction [4,5].
Several reports described the nutraceutical
activities of the amaranth proteins, and the
derived digestion products of these proteins [6].
The main activity of amaranth protein sub-
products is the anti-hypertensive function. the
amaranth proteins are wused mainly for
nutraceutical approach, there are no reports
about the use of amaranth proteins and sub-
products in agricultural applications [6,7].
Peptides have showed to be an attractive crop
protection agent in plant systems [8] inducing
plant immunity [9], growth promotion [10], anti-
viral [11], and anti-bacterial bioactivity [12],
however, the synthesis of synthetic peptides
entails high production cost. Transgenic plants
overexpressing peptides are a good alternative
for crop protection; nevertheless, the regulation
of genetically modified organism has not a good
opinion between populations, yet. Cereal and
pseudo-cereal plants have a larger amount of
proteins in the seeds comparing with other plant
species, these proteins are able to be extracted
in easy way with high yield extraction and also
represent a good source of obtaining peptides
with different bioactivities after digestion with
enzymes. The variabilty in size and
physicochemical properties of peptides can

increase the potential bioactivity [13]. In this
work, we explored the potential agricultural
application of a peptide extract derived from
digested globulin of amaranth (A.
hypochondriacus), evaluating the effect in
germination and development in other to market
Mexican tomato plant and also evaluating the
capability to induce innate immune response for
a potential use in crop protection.

2. MATERIALS AND METHODS
2.1 Geographical Study Area

The geographical localization of this experiment
was carried out at University City, National
Autonomous University of Mexico, UNAM in
México City, longitude: 19.327531, latitude: -
99.178831. In Mexico City, the huge capital of
Mexico, the climate is subtropical, mild or
pleasantly warm during the day, with cool nights
in summer and cold nights in winter. In fact, the
daily temperature range is remarkable, especially
in the dry season with average temperature of
23.5T.

2.2 Protein Extraction and Hydrolysis

Amarantus hypocondriacus seeds were ground,
the powder was filtered in gauze to remove the
fiber. The flour was defatted overnight at 4C
with n-hexane (1:10 w/v) in stirring, then
centrifuged at 10000 rpm / 15 min, and the
pellets were recovered and dried at room
temperature. After that, the flour was suspended
in water and the pH was adjusted to 8.5 with



NaOH 0.1 M (modified protocol Romero-Zepeda,
H., & Paredes-Lopez) [14], and incubated
overnight for extracting the soluble proteins at
alkaline pH. The protein extract was then
centrifuged at 10000 rpm/ 15 min to delete the
starch and non-soluble proteins. The supernatant
was recovered, and re adjusted the pH to 7.0
and used for enzymatic digestion. To know the
extracted proteins in the supernatant, a SDS-
PAGE was performed.

For hydrolysis, one litter of protein extract was
mixed with papain (Sigma-Aldrich) in proportion
0.5 g/L and incubated for 15 hours at 37<C to
control the hydrolysis activity avoiding the
completely proteolysis of proteins. After the
incubation time, peptide extract was fractioned in
Amicon pressure system with a membrane of 10
KDa, fraction less than 10 KDa were collected
and concentrated with  cryo-concentration
method [15]. C18 RP-HPLC was used to verify
the peptide formation after hydrolysis.

2.3 Effect of Globulins Peptide Extract
(GPE) in Germination of Tomato
Seeds

Tomato seeds commercial variety “Rio Grande”
was supplied by the Universidad Autonoma
Chapingo, Mexico, were disinfected with
common sodium hypochlorite 3% for 5 minutes,
and washing with sterile distillated water 3 times
to remove the excess of disinfectant. For
germination, we used a mix of vermiculite and
commercial black soil for vegetables in a
proportion 1:1 (w/w), the mix was autoclaved
before use. The germination substrate was
soaked in different treatments: 1) Water, 2)
Commercial Hydroponic nutritive solution Hydro-
sol (5:11:26; N:P:K, respectively), 3) GPE 10
mg/mL, 4) GPE 1 mg/mL and 5)GPE 0.1 mg/mL.
Once the substrate was prepared, the seeds
were seeded in the different treatment lots, 5
independent seeds per treatment. Then the plant
germination system was incubated in dark until
first signs of germination (emergence of epicotyl
and cotyledon), at this time, the measurement of
growth of the plant just started and the
germination trays were then changed to a
light/dark photoperiod (16 hours light/8 hours
darkness). The growth and development of the
plants were evaluated for next 15 days. The
substrate was watered with testing solutions
every 2 days during experimental time. The
length of the tail or epicotyl in each treatment
was used for comparing the effect between each
experimental conditions.
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2.4 Induction of Reactive Oxygen Species
(ROS) Production in Tomato Leaves
Mediated for GPE

Tomato plants with 3 weeks-old were used to
evaluate he ROS production mediated for GPE.
Full expanded new leaves were used for
preparing leaf disk around 10 mm of diameter.
The leaf's discs were floated in sterile distillated
water in dark Cconditions overnight, then, four
treatments were used for study the ROS
production: 1) Distillated water, 2) BTH 300
mg/L, 3) 10 mg/mL of GPE and 1 mg/mL of GPE,
GPE solution and BTH were diluted in sterile
distillated water, 5 leaf discs per treatment were
used to evaluate the immune response, 100 pL
of each solution were added on leaf discs for 15
minutes, after they were washed 3 times with
sterile distillated water and staining for detection
of peroxide and superoxide. Peroxide was
detected with Diaminobenzidine (Sigma-Aldrich)
and superoxide was detected with nitro
tetrazolium blue, NTB (Sigma-Aldrich). The
presence of brown precipitated or blue complex
in the tissue is indicative of peroxide and
superoxide production, respectively.

2.5R0OS Quantification Using Electron
Paramagnetic Resonance

In order to quantify the ROS production, we
performed electron paramagnetic resonance
(EPR) to quantify the peroxide and superoxide, in
brief, we used leaves of the same plants
mentioned in the above section, plants leaves
were sprayed with the treatments until saturation:
1) Distillated water, 2) BTH 300 mg/L, 3) 10
mg/mL of GPE and 4) 1 mg/mL of GPE and 5)
boiled suspension of bacteria Pseudomonas
syringe pv. Tomato, D.0.600 nm=0.2, GPE
solution, BTH and bacteria were diluted in sterile
distillated water. 100 mg of leaf sample of each
treatment were sampled at different times after
spraying the experimental solutions, the samples
were taken and immediately added 10 pL of
DMPO (Sigma), and then ground fast in tissue
lysis machine for 1 minute, after that, the ground
material was transferred in a EPR cell. The
sample was read in the EPR machine, Jeol JES
TE-300 Xband, 100 KHz, and Modulation. The
intensity of DMPO adducts coupled with the ROS
radical was used for relative quantification of
ROS production. The intensity signal of negative
control (plants treated with water) was used for
comparing the significant difference between
treatments; Two-Way ANOVA was used for



comparing treatments between different groups.
Data were analyzed in GraphPad Prism 6.0.

2.6 Protection Assay against Leaf Blight
in Maize

A four week old new leaf of Zea maize from 5
different plants were used for experiment, 3
different leaf segments with 4 treated spots per
leaf segment were used for each experimental
condition. The experimental conditions were:
Healthy control (treated with sterile water),
infected control (treated with sterile water and
infected with suspension of 120000 conidia/mL of
Helminthosporium sp, BTH 300 mg/L infected
with suspension of 120000 conidia/mL, GPE 1
mg/mL infected with suspension of 120000
conidia/mL and PGE 0.1 mg/mL with suspension
of 120000 conidia/mL . For treatment, 50 pL of
sterile water for healthy and infected control, and
50 uL of BTH and GPE solution all dissolved in
sterile water were dropped in 4 equidistant points
in each leaf segments, the testing solutions were
allowed to absorb on the leaf for 2 hours. After
this time, 10 pL of conidia suspension of
Helminsthosporium sp. was inoculated in the
treated spot. Leaves were incubated in humidity
chamber, under photoperiod 16 hours light/8
hours darkness. The symptoms develop or
hypersensitive reaction was monitored for 5
days.

3. RESULTS AND DISCUSSION

3.1 GPE Stimulates Growth in Tomato

Seedlings

Seeds germinated in presence of GPE improves
development of tomato seedlings inducing the
increase in size, leaf development and size
compared to seeds germinated in traditional
water system (Fig. 1) It has been demonstrated
that the commercial formulation "Trainer" that is
composed of a vegetable protein digest, induces
the rooting in tomato, as well as its elongation of
the stem. Likewise, this commercial formulation
induces elongation of coleoptile in maize, similar
to the effect of some phytohormones, such as
auxins [16]. In this work, it is possible to observe
a correlated effect exerted by the GPE extract on
tomato seedlings in the initial stages of
development and that is also reflected until
stages of foliar proliferation. At concentrations of
1 mg/mL of GPE, which is a lower concentration
than that used with “Trainer”, the size of the plant
increases more than plants treated with nutritive
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solution, an excess of peptide 10 mg/mL does
not show a significant effect in growing compared
with nutritive solution, but is notable compared to
the treatments that were just treated with water
(Fig. 1). The excess of peptide could be inducing
intermolecular interaction between peptide that
disturbs the function in the cell, the same effect
was observed with maize seedlings treated with
“Trainer”, high concentrations of peptide digest
product decreases the bio stimulating effect.

3.2GPE Induces Activation of Innate
Plant Response in Tomato Plants

Several peptides derived of pathogen related
proteins have been reported for be pathogen
associated molecular patterns (PAMPs) to
activate the innate defense response in plants.
These peptides are short sequence, less than 10
KDa, for example the pathogen associated
peptide flg22 and some peptides included in the
family PROPEP, the initial response that these
peptide produce is the induction of ROS
production in apoplastic space [17], to generate
an oxidative microenvironment to control the
pathogens, with subsequent strong and more
specific immunological pathways activation. This
work shows that peptides extract from GPE can
activate the ROS production in tomato leaves,
specifically peroxide and superoxide, in Fig. 2a,
tomato leaves produce peroxide (brown
precipitate) and superoxide (blue precipitate) in
apoplastic regions. That activity was also verified
in a different plant, we used the model system
plant Arabidopsis thaliana Col-0 to extrapolate
the results to other species. A. thaliana also
shows the production of superoxide (blue
colored) after GPE exposition for 15 minutes
(Fig. 2b). That response in both plants that agree
with the time reported for ROS production after
peptide like PAMP induction [9,17].

To quantify the oxygen radicals production, EPR
was used, the results in Fig. 2c shows a
significant increase of ROS response in plants
treated with 0.1 mg/mL, the response of ROS
production is even greater than that generated in
plants treated with a boiled bacteria culture of P.
syringae pv tomato. The response in ROS
production shows a decrease after 2 hours, this
result is indicating that ROS production is like
those with tomato leaf discs in other experiment
with tomato. In this experiment is included one
commercial immune inductor, that is analogue of
salicylic acid, this was acibenzolar-S-methyl,
BTH (Actigard, Syngenta), this molecule as same
salicylic acid, reduce the oxidative burst in the
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first step of plant immune activation but make water treated plant and plant treated with BTH in
also after time can induce a lightly ROS the first 15 minutes, however after 1.5 hour, the
production for increase the SA synthesis in the feedback response of ROS production increase
plant to increase the immune response, the lightly significant.

results showed no significant difference between

A)

Water

size (cm)

Nutrititive solution
10 mg/mL

1 mg/mL

Patwe

0.1 mg/mL

Days

B)

o

Fig. 1. Amaranth GPE induces growth promotion in to mato seedlings. A) Effect of GPE on

tomato seed germination under different solutions: Water, Nutritive solution Hydrosol ®, GPE
10, 1 and 0.1 mg/mL, GPE at 1 mg/mL. B) Phenotypic effect of GPE in tomato “Rio Grande” at
15 days post germination in different conditions in substrate, substrated soaked with 1) water,

2) nutritive solution Hydrosol ®, 3) GPE 10 mg/mL,  4) 1 mg/mL and 5) 0.1 mg/mL
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1 mg/mL

Fig. 2. Activation of immune pathway in

Plants treated with peptide and salicylic acid
showed difference in phenotype after 15 days
post treatment, salicylic acid and analogues are
well known that are antagonist as some growth
hormones, reducing size of plants, but at the
same time inducing protection, this work shows
that PGE induce related- innate defense
molecules and also promotes plant growth, Fig.
2a, d.

3.3GPE Induces Protection in Maize
against Leaf Blight

The activation of immune response showed in
tomato was also explored in Maize, with an
infection model of leaf blight caused by
Helminthosporium sp. This fungi strain was
isolated from maize cultivation field in Tenango
City, Estado de México, Meéxico, and
characterized in research group of Professor
Luna-Romero. GPE extract at concentration of 1
and 0.1 mg/ml induced protection of classic leaf
blight development (Fig. 3) compared with the
infected control pre-treated with water, these
results matched with those observed in tomato
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BTH 300

mg/L

10 mg/mL

Water

Arabidpsis thaliana col-0 and Tomato leaves with GPE.
A) The innate immune response activation in tomato
O-2 (lower B panel) production was evaluated using
1) Distillated water, 2) BTH 300 mg/L, 3) 10 mg/mL
water. H,0, and O-2 production show a brown and blue precipita
production in A. thalaiana col-0 seedlings with GPE, B.1) Distillated water,
suspension D.O 0.2, B.3) 1 mg/mL of GPE in water an

quantification with Electronic paramagnetic resonan
production response was normalized using the positi

EPR. Error bars represent SD, asterisk indicate a

D) Phenotypic effect of GPE in tomato plants od 5 o
promotion comparing with other plant activator like

plant. ROS like H ,0, (upper B panel) and
Diaminobenzidine and NTB, respectively.
of GPE in water and 4) 1 mg/mL of GPE in
tion, respectively. B) ROS
B.2) boiled bacteria
d B.4) 10 mg/mL of GPE in water. C) ROS
ce (EPR) in tomato leaves. The relative
ve control like 100% of ROS signal in
significant difference according (P = 0.05).
Id-weeks, the GPE induce growth
BTH

plants for ROS production, supporting our idea of
protein extract might contain some peptides with
similar sequence of pathogen peptide like-PAMP
with capability to induce innate immune
response, avoiding pathogen proliferation.
However, unlike those MAMP-like peptides such
as flg22, AtPepl and their Pepl / 2 homologs,
the peptides present in GPE not only induce the
appearance of molecules associated with
immunity downstream of the MAMP recognition,
but, in tomato plants, these peptides also
showed a favorable effect on growth [18].

In A.thaliana, when one of the receptors for flg22
or AtPepl has been mutated, the antagonistic
effect of growth is slightly reversed [19]. In the
findings reported in this work, it has shown that
the GPE peptide extract induces not only
immunological activation but also promotes
growth, meaning that the peptides present in the
extract may be partially recognized as MAMP or
peptides associated with damage (DAMP) but
not recognized by LRR-K receptors with high
affinity or specificity as flg22 or Pepl / 2 do
[19,20].
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GPE 1 mg/mL PGE 0.1 mg/mL

Fig. 3. GPE of amaranth induce protection in maize
treatments versus infection control they decrease t
arrow). Concentration on 1 mg/mL of GPE induces sma

against leaf blight. Comparing GPE
he characteristic leaf blight symptom (red
Il response of hypersensitivity (white

arrow) since one day after treatment

It has been reported that some peptides of
Glycine max from its precursor PROPEP, induce
defense in these seedlings and growth induction
after an exogenous application, activating genes
for the synthesis of a nucleotide-binding site
leucine-rich repeat protein (NBS-LRR), pectin
methylesterase inhibitor (PMEI), Respiratory
Burst Oxidase Protein D (RBOHD), indicating a
transcriptional reprogramming, which generates
not only defense, but also reprogramming in
developmental genes [21]. The main possible
mechanism of action of peptides presents in
GPE could be homologues to this last argument.
Analysis of peptide sequences presents in
performing to know the similarity of GPE
peptides  with  peptides from PROPEP
precursors.

4. CONCLUSION

The extract of peptides derived from the
enzymatic digestion of amaranth globulins has a
bio-stimulating effect in tomato plants by inducing
growth and increase development in leaves at
concentrations of 1 and 0.1 mg / mL, also this
extract induces the production of immunological
molecules such as ROS in tomato leaves. In
maize the peptide extract reduces symptoms of
blight caused by Helminthosporium sp.
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Abstract

Plant viruses are the most infectious agents in commercially important crops worldwide. Plant
viral diseases are important because both decreased yielding and quality of fruits, flowers or veg-
etables lead to million-dollar losses in production. At present there are no reports which suggest a
direct control of plant virus. A new strategy for plant virus control has been raised since 13 years
ago—the use of peptides. Peptides could offer a direct interaction by affinity selection against viral
proteins involved in infection cycle, like capsid or movement protein (e.g.) and affect viral replica-
tion. Peptidomics, as a new tool to study peptides, led us screening and selecting the best peptide
with antiviral activity, and re-designing it to enhance the biological effect as well as the potential
of bioactivity of those peptides secreted by microbes present in soil. In this paper we review cur-
rent aspects in the use of peptides and peptidomics as a strategy to study new methods that lead a
direct control against plant viral diseases.

Keywords
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1. Introduction

Plant diseases are known since men started cropping in ancient times, but concepts about them have been passed
through large and continued evolutionary process change in more than 20 centuries. Greeks philosophers as
Teofrasto, talked about disease in cultures and they supposed possible origin and some treatments [1]. Commer-
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cially important crops such as vegetables, ornamental plants, grasses and cereals are not free to get infections
which decrease their yielding and production. One of the main etiologies in plant diseases is caused by viruses;
these agents are responsible for high lost in yielding and quality in crops worldwide. These losses are variable
year to year, and have been in function of weather, crop management, chemical and cultural control of vectors
(insects) and weeds, and in some case reached 100% losses [2].

Pathogens plant viruses are small pathogens and depend on the replication host machinery to replicate and
generate progeny [3]. Plant viruses are classified based on features of nomenclature and taxonomy described by
International Committee for Taxonomy of Viruses (ICTV) [4]. Currently, there are 2828 species of plant viruses
that belong to 455 genera [5].

Last report by MicrobiologyBytes in collaboration with the Molecular Plant Pathology Association described
the “Top Ten” of plant virus and highlighted those viruses with more importance in point of view of scientist or
economy interest; this ranking is described in Table 1.

Frequency of these infections has been increased in most agricultural areas worldwide, pointing the theme of
the more important affection in crops. To get control in any disease, it is relevant to know the etiological agent
based on identification through miscellaneous laboratory methods, which leads us searching for handling and
control of disease. Accurate diagnosis of the viral agent is a determinate factor in developing control alternatives
[6].

A strategy to control plant virus is the use of plant resistance genes (R) to viral infection, natural or modified
by genetic engineering. If there are R genes over expressed in natural way, these could come into other cultures
by techniques like conventional breeding. Although genetic engineering offers unlimited chances to get virus-re-
sistance crops, its application to large scale has generated disgust for researches, government and people [3].
Genetics treatments, based on the use of resistant strains, seem ideal to control these disease, as option to de-
crease use of pesticides in crops. But, many kinds of reactions can be observed in a short or large time; partial
resistance, tolerance and immunity to disease, are some examples. Two alternatives are proposed along this re-
view to get news strategies in plant virus control: 1) the use of arbuscular mycorrhizal fungi, considered as a
natural defense in plant besides enhancing yield and resistance [7]; 2) the use of small molecules such as pep-
tides with high specificity to viral target, and block in direct way of the process of replication or viral assem-
bly.

The aim of this review is to collect and disclose current strategies to develop plant viral control using peptides,
based on techniques of peptidomics like tool for developing studies of direct molecule-molecule interaction.

Table 1. Ranking with principal plant virus in regard to scientist and economy effect (data from MicrobiologyBytes).

Specie Genus Host range

Tobacco mosaic virus (TMV) Tobamovirus Tobacco, tomato, and other Solanaceae

A . Over 1000 species in 85 families, including many
Tomato spotted wilt virus (TSWV) Tospovirus vegetables, peanuts and tobacco
Tomato yellow leaf curl virus (TYLCV) Begomovirus Mostly tomato and other Solanaceae

Cucumbers, squash, melons, peppers, beans,
Cucumber mosaic virus (CMV) Cucumuvirus tomatoes, carrots, celery, lettuce, spinach, various
weeds and many ornamental plants

Important crops such as pepper, potato, tobacco,

Potato virus Y (PVY) Potyvirus tomato, some ornamental plants and many weeds.
. L A Arabidopsis thaliana, Brassica spp., Raphanus spp.
Cauliflower mosaic virus (CaMV) Caulimovirus and other species of Brassicaceae and Resedaceae
African cassava mosaic virus (ACMV) Begomovirus Cassava, Nicotiana and Datura
. . Stone fruits including peaches, apricots, plums,
Plum pox virus (PPV) Potyvirus nectarines, almonds and sweet and sour cherries
- . Mainly monocots such as barley and others in the
Brome mosaic virus (BMV) Bromovirus grass family
Potato virus X (PVX) Potexvirus Potato and other Solanaceae
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2. Peptidomics a Tool for Plant Virus Control
2.1. Bioactive Peptide Libraries

Several strategies had been described to get peptides in function microbial agent’s control, between them, pep-
tides with target to bacterial membrane [8] or antifungal activity [9]. In some cases those molecules had gotten
from specificity selection assays based in directly interaction between molecules as well as modification of bio-
active peptides and de novo design reported previously in data base like PhytAMP [10]-[13], using combinatory
chemistry and computational chemistry like tools to enhance the antimicrobial activity and develop and chose
new peptides with a best biological activity [10]. Because, plant virus are particles formed of proteins like capsid
(CP), nucleoproteins (N) and movement proteins (MP), we may think in the possibility to produced synthetic
peptides or peptides derivate from hydrolysis of big proteins, which target, based via interaction peptide-viral
protein or peptide-viral peptide assays, and propose the potential biological effect based on this interaction affin-
ity system [12]. Those studies can use peptide libraries derivate of protein hydrolysis from plants or functional
foods like casein (e.g.) [14]. Peptides libraries from plant proteins with antiviral activity is not explorer option
yet, but peptides libraries from casein derivate has demonstrated that are able to decrease infection and symp-
toms in farms of salmons for IHNV (Infectious hematopoietic necrosis virus) [15]. Thus, a peptide derivate from
FGF (Fibroblast Growth Factor) showed antiviral activity against an influenza virus (H5N1) [16]. Thus, we
propose that peptides from protein plant hydrolysis could be a possible way to get peptide libraries with possible
anti plant virus activities.

The biopanning assay (selection through interaction) is performed fixing the target molecule (viral protein or
viral peptide, viral antigens) on a solid surface; it could be performed in solution (like immunoprecipitation).
The peptide libraries, either synthetics, derivate from protein hydrolysis or phagepeptides, after, they will be add
onto viral antigen fixed on the surface of reaction system (microplate e.g.), with the aim to let a random mole-
cular interaction, in this way, only peptides with the best affinity to target, will allow interacting. The interaction
time and incubation condition for this assay is at least 30 minutes to 1 hour in room temperature [12] [16]-[18].
After incubation time, is necessary to remove the peptides which did not interact or did not bind to the target.
Binding peptides are eluted (if we performed the beads to collect the complex peptide-target, likewise immuno-
precipitation). Eluted peptides should be analyzed using electrophoresis methods like Two-Dimensional gels
(2D gels), or purified using chromatographic methods [12]. 2D gels allow separating in two parameters the
complex mix or analyzed pure peptides or proteins, these parameters are 1) mass (Molecular Weight, MW) and
2) charge. Each band in the gel represent a peptide in the mix with itself features such as mass and charge. We
could remove each band and confirm the MW by Mass Spectrometry (MS) method. Furthermore, MS can con-
firm whether peptide contain an S-S bond. In the study of peptides via MS, principal ionization method is
MALDI and analyzed with TOF [12] [19]-[21]. MALDI (Matrix Assisted Laser Disruption lonization) as well
as ESI (Electro Spray lonization) there are soft ionization non-molecule destructive methods, which let know the
properties of peptides and proteins such as MW, pure, and S-S association [22] [23]. The MALDI-TOF MS, is a
tool to know the MW of peptide selected against target. We could purified the mix of peptides in HPLC (these
kind of peptides are not susceptible to degradation in high pressure indeed there are linear, small circular in
Phagepeptides (no more 15 amino acids) or derivate from hydrolysis) coupled ESI MS/MS to get purified pep-
tide and know the MW. Furthermore, we could know sequence de novo via trypsin digestion of each purified
peptide or band in 2D gel, using CID MS/MS or get the fingerprint MALDI TOF/TOF [23]. We could analyze
and purified via LC MS, the mix of selected peptides without passing 2D gels like shows in the general process
in Figure 1.

Once peptides sequences are known, the follow interest is to generate a 3D structure model of the peptide, this
approach, will let us theoretical studies of the interaction dynamics of peptide-target and know the docking
energy of the system in this interaction. These studies will help us to re-select peptides with the best probability
of biological activity [10]. 3D peptide structure is performed by Molecular mechanics or Markov alphabet, first
model is a singular mechanics balls-spring system using the real conformation state of the atoms in the peptide
[24] [25]. Markov alphabet is a alternative to propose a peptide structure using software which are based in
modeling by comparison of the original peptide sequence with a algorithm structural alphabet formed by
27 structural letters [26]. There are software’s like PEP-FOLD who modeling peptides with this method
(http://bioserv.rpbs.univ-paris-diderot.fr/PEP-FOLD/). Spectroscopic techniques like NMR is the way to know
the real 3D structure of the peptide, lineal or cyclic [20]. Last method above mentioned, allows get more infor-
mation about theoretical interactions between two molecules and predicts bioactivity for example in peptides.
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2.2. Evaluation of Antiviral Bioactivity in Plants

Before evaluation of antiviral bioactivity of peptides is required to know the cytotoxicity activity in the plant, we
can performed it experiment in protoplast model [10] with the aim to find the optimum peptide concentration
(purified peptide or mix peptides) which are not interfere with plant growth. Starting nontoxic minimum con-
centration (NTC), add peptides to test viral infection model to find the minimum inhibitory concentration
against the viral agent (MIC) [10]. We can choose the best activity and drive and match the biological activity
with theoretical biochemical studies of the peptide, like chemistry structure.

Above, we highlight the importance to find bioactive peptides in libraries of plant protein hydrolyzed, there-
fore, this requires of the selection specificity biopannings techniques in order to get the best peptide against vi-
rus. If we think get peptides derivate from this kind of libraries, the more logical is that those peptides are sup-
plied via sprayed [27] or add to substrate in this case maybe those peptides become inductors of resistance genes
(R) [27] [28]. To achieve this treatment, we need to know the features of viral pathogenicity, since methods like
sprayed could be more efficient in virus with replication and progeny develops in areas as mesophyll in leaves in
genera like Cilevirus, Tobravirus, Tospovirus [29]-[31] (see Table 2). In first proposal, arise the idea that pep-
tides introduce to mesophyll of leaves through hydathodes and stomata, crossing cell wall and membrane, in-
deed we may think the chemistry composition of the peptides should contain some hydrophobic residues to
cross the membrane and arrive to cytoplasm (the hydrophobicity of a peptide is not 100%, because some peptide
molecules could acts in cytoplasm that is aqueous area), another idea is that some peptides can bind to DNA o
RNA [11] if previously it were selected versus these targets.

Protection against systemic virus replication can propose in addition of peptides to substrate, in this way the
peptides could be absorbed by plant and arrive to infection sites in phloem, e.g. and finally be elicitors of R
genes [28]. Those peptides may generate Systemic Induce Resistance (SIR) and turn on some pathways in the
plant itself such as the case of salicylic acid [32] [33] or turn on PR synthesis proteins likewise systemic induc-
tors such as BTH (Benzothiadiazole) in geminivirus infections [34], induce turn on of ethylene factor, which
induce Programmed Cell Death (PCD) in response TYLCV infections [35] [36]. The treatment proposes could
be useful to virus which conducted Long-Distance-Movement (LDM), replication in Sieve Elements (SE) [37]
[38], for example Begomovirus, Closterovirus, Cucumovirus, Tobamovirus [30] (see Table 2, Figure 3).
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Table 2. Summary principal importance virus’s which produce local infections (superficial in leaves and roots) and systemic
infection (sieve elements).

Replication Site Genera Virus
Cilevirus CiLV-Ci (Citrus leprosis virus—Citplasmic),
Superficial (Leaves, Roots) Tobravirus TRV (Tobaco rattle virus), PepRSV (Pepper ringspot virus),
Tospovirus INSV (Impatiens necrotic spot virus)
Begomovirus TYLCV (Tomato yellow leaf curl virus),
Phloem (SE) Cucumovirus CMV (Cucumbermosaic virus),
Closterovirus CTV (Citrus tristeza virus),
Tobamovirus TMV (Tobacomosaic virus), TOMV (Tomatomosaic virus)

3. In Vivo Selection of Peptides Libraries against Viral Proteins

In regard to get treatments against systemic viral replication, some strategies had been developed; The form to
achieve this aim, is through in plant synthesis of peptides (transgenic plants) derivate from antigenic regions of
viral proteins such as CP, MP and Rep [31], in this way, plant will turn on the immune system response against
virus, like MAMP’s trigger immunity [32] [39]. Another way to achieve this goal is to develop a screening in
live system of peptide libraries which interacts and bind with some viral target, commonly using a yeast system
(yeast two-hybrid interaction assay [40]-[42]). The basis for this technique is induce the direct interaction
through peptide target (viral target) attachment region to DNA (DBD, DNA binding domain) in promoter of re-
porter selection gen, with, different peptides attachments (each peptide in a plasmid) to AD (Activation Domain
in RNA polymerase binding site). In normal conditions this regions interacts and their interaction becomes to
up-stream transcription of the gene, see Figure 2. This fact, was used as basis of the method for adding peptides
from a libraries to AD region and the targets or viral target in the DBD region, if both sequences are able to in-
teracts, these will conduce to closer the DBD and AD regions to drive transcription of the reporter gene. The
transcription of reporter gene, leads up to believe that both sequence, target and peptide, are able to bind and is
possible to use like bioactive peptide against target, this kind of peptides are called peptides aptamers [43]. The
select peptides are after cloning in plants (transgenic plants).

Reports on peptides aptamers with antiviral activity are based in the interaction of peptides derivates of com-
mon binding microdomain in N protein of Tosporvirus (TSWV, TCSV, GRSV, INSV and SYSV) as peptides
targets, and a library of peptides derivates from other places in N protein of Tospovirus. Results show antiviral
activity in Nicotiana benthamiana transgenic plants, peptides that closers interaction, decrease symptoms and
viral RNA [42].

In case of systemic virus, some more important: geminivirus (TYLCV, TGMV), there are reports with peptide
aptamers libraries with target to initiator replication proteins (AL1) [40] and Rep [41], these proteins are signif-
icant because are essential to starting replication in several virus [44]. Both reports show that using a N. bentha-
miana transgenic model, containing aptamers peptides with previously screening in YTH, decrease the symptom
and DNA level (see Figure 3).

Once established the peptides aptamers library with best biological activity, we can carry out computational
studies to confirm the biological dynamics of peptide and suggest modification to enhance the antiviral activity.
These kinds of peptides are able to control localized and systemic virus infection in plants like above mention.
Although the system is required in transgenic plants, there are not more studies in which peptides aptamers
shows disturb plant metabolism. Results with experimental crop field studies are not reported, yet.

4. Antiviral Plant Peptides from Plant-Microbe Interactions

The best nutritional source in plant is the soil. Is also source of pathogen microbe as fungi, bacterial, nematodes
and virus. However, there are some microbe groups which are associated with plant roots or live near plant, this
sometimes is an advantage in plant because this microbe group yield antimicrobial compounds against plant pa-
thogens. Especially in plant virus, had been described bacteria such as Pseudomonas chlororaphis O6 and fun-
gus as Trichodermapseudokoningii SMP2, Spedonium (Apiocrea, sexual phase), Boletus sp. [20] [27] [28] [45].
Their populations of these microbes are principally in soil, and can relate with plants [46] [47]. They produce
peptides, with difference in generic pathway, and structural, and they plays in Systemic Induced Resistance

(SIR), allowing the antiviral response.
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a) Normal Conditions

Reporter gene

Transcription

b) Afinity between Target and Peptide library

Peptide Library

Reporter gene
Transcription

Interaction

c) Non Afinity between Target and Peptide library

Target Peptide Library

Reporter gene
NO Transcription

No Interaction

Figure 2. Yeast two-hybrid interaction assay. In normal conditions DBD region and AD are closer to let transcrip-
tion of gen (a); If viral target coupled to DBD region and peptide from libraries coupled to AD region are able to
binding, they closer interaction of DBD-AD and let the transcription of reporter gene (b); If not affinity between
target and peptide from library the closer of DBD and AD does not occur, and does not transcription of reporter
gene (c). DBD: DNA binding domain, AD: Activation domain.

Experiments shows inoculated plants with P. chlororaphis O6 enable the plant develop resistance against
Cucumber mosaic virus (CMV) in Nicotianatabaccum [48]. Subsequently Park Y.J. and collaborators, 2012
performed a resistance model with P. chlororaphis O6 in tobacco plants infected with TMV, the goal of these
experiments were the purification of the active compound which induce SIR against TMV, researchers found in
aqueous extract a cyclic peptide, this molecule consist by 7 amino acids and was analyzed by ESI-Q-TOF MS
and NMR to structural studies. Pure peptide called “Peptamine” was assayed in tobacco plants TMV infected,
peptide was add to plant through spray on the leaves, results showed antiviral activity likewise model only P.
chlororaphis in substrate [20].

There are other peptide group comprise by non-proteinogenic amino acids called Peptaibols, they are formed
with N terminal with acetilation and C terminal amino alcohol, the principal amino acids are a-aminoisobutiric
(Aib) and Isovaline (Iva). Biological activity has broad spectrum against gram positive bacteria, and fungal [49].
However there are 3 kind of peptaibols with antiviral activity in plants such as 1) Chryospermins B and D, its
produced Apiocrea Chrysoperma [45]. 2) Peptavirins A and B, them produced by Spedonium (Apiocreasp 14T).
Both groups of pure peptaibols have showed resistance against TMV in tobacco plants [27]. 3) Trichokonins,
produced in Trichoderma pseudokoningii SMP2, were purified and tested in tobacco plants infected with TMV,
this peptaibol induced the SIR and decrease severe virus infection in concentration of 100 nM, it was showing
decrease of 60% in viral RNA, as well as decline in symptoms severity. Other important date in the experiment
is the test of Reactive Oxygen Species (ROS) production such as H,O, and O, and phenolic compounds
showed enhanced the production as well as the ROS enzymes in tobacco leaves; these dates suggest that peptai-
bols are peptides which acts like SIR elicitors [28], see Figure 3.

5. Conclusion

In our vision of peptidomics, all these peptides mentioned could be a new frontier to search and design new



J. S. Mendoza-Figueroa et al.

>

Re (
P Vascular cells

(SE)
————
PLP/D
-/ o
—+—) LDM
R genes \'I L 4
(4
Epidermal and mesophyll cells /
SA ET,rose—

PG 2
Trichodermo, P.chlororaphis 06

/

g

Figure 3. A general scheme of possible antiviral activity mechanism using peptides is shown. Peptides from libraries (PL/D)
(derivate from plant proteins, phagedisplay, synthetics) with specific selection against viral targets such Coat Protein (CP),
Movement Protein (MP) or Replicase (Rep); are sprayed on leaves and these come into cell, in cell they can bind to specific
target and block replication of Viral Nucleic Acid (Viral NA) and block other process such as transcription of other viral
proteins, both bind to MP and block the movement of viral nucleic acids and virion into cell-cell (C-CM) through Plasmo-
desmata (PLDM), having consequently decrease in Long Distal Movement (LDM) and systemic infection. Peptides aptamers
(PLY) in transgenic plants (Plas) are able to develop a response likewise described above. In case of peptaibols (PAIB), they
are synthesize by fungal as Trichoderma or cyclic peptides by P. chlororaphis O6 in soil, plant absorbs and in this way will
enhance Resistance genes (R genes) and pathways like Salicylic Acid (SA) and Ethylene (ET) consequently enhance of
Reactive Oxigen Species (ROS) and phenolic compounds, decrease the synthesis of viral nucleic assay and the systemic vi-
rus and localized.

strategies to enhance the protection against virus; tools like MALDI-TOF and computational chemistry are op-
tions that allow us to research direct molecular interactions into small molecules with viral particles and to think
in a possible direct treatment against plant virus. However studies in crops are not developed yet, it is necessary
to motive researches in the study of crop fields and monitor in vivo protection. This work also presents an alter-
native to the use of transgenic plants, exploring the use of peptide libraries derivates from plant or animal pro-
teins or other sources.
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