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RESUMO

O feijao-caupi [Vigna unguiculata (L.) Walp] € uma leguminosa de elevada
importancia socioecondmica, principalmente em regides semiaridas do Brasil e do
mundo. No entanto, sofre perdas significativas causadas por fitopatégenos e pragas
virais. Dentre as viroses destaca-se o cowpea aphid-borne mosaic virus (CABMV),
virus de RNA fita simples sentido positivo, o qual apresenta na extremidade 5’ a
proteina do genoma viral (VPg). O CABMV sequestra a maquinaria de tradugao do
hospedeiro ao interagir sua proteina VPg com os fatores de iniciacdo da traducao 4E
(elF4E), mimetizando o 5'cap do mRNA do hospedeiro, 0 que garante a replicagao
viral e resulta em sintomas como mosaico e distorgdes foliares. Mutagbes no gene
elF4E ja foram associadas a resisténcia recessiva a outros virus da familia
Potyviridae, mas seu papel na interagdo CABMV e V. unguiculata era inexplorado.
Com isso, o objetivo do trabalho foi avaliar qual relagédo existente entre mutagdes no
gene elF4E de V. unguiculata com a resisténcia ao CABMV. A hipdtese considerada
foi que alteragcdes nesse gene poderiam comprometer a interagao entre as proteinas
elF4E e VPg, conferindo resisténcia ao hospedeiro. Inicialmente, o gene elF4E de trés
cultivares, duas suscetiveis e uma resistente ao CABMV foram sequenciados. As
sequéncias apresentaram um percentual de conservacao de 98,45%. Trés mutacoes
na mesma foram encontradas entre as cultivares suscetiveis e resistente (C203G,
G325C e C329T), dentre essas as mutacbes C203G e G325C alteram as
caracteristicas dos aminoacidos das respectivas proteinas. Fundamentado nisso, dois
pares de primers foram desenhados para serem utilizados na selegdo de gendtipos
de cultivares de V. unguiculata. No total, vinte sete cultivares foram utilizadas para
avaliacdo do genotipo por PCR e bioensaio com o CABMV. Das 27 cultivares
estudadas, 17 amplificaram com o primer para a possivel suscetibilidade, das quais
15 (88.24%) apresentaram sintomas 10 dias apds infec¢ao. Entre as 8 cultivares que
amplificaram para a possivel resisténcia, 5 (62,5%) foram assintomaticas e, duas néo
amplificaram com os dois pares de primers utilizados, como também, nao exibiram
sintomas. Paralelamente, anélises in silico com cinco cultivares foram realizadas.
Modelos tedricos gerados no AlphaFold 3 mostraram que mutagdes ndo sindnimas
alteram a dinamica estrutural da elF4E, especialmente na interagdo com a VPg.
Simulagdes de dindmica molecular (MD) revelaram que a ligacdo VPg-elF4E induz

ajustes estruturais e maior estabilidade em cultivares resistentes. Analises de cargas



eletrostaticas indicaram perfis complementares entre VPg e elF4E, reforgcando o papel
central desse mecanismo no sequestro da maquinaria de traducdo. Analises da
energia livre de ligacdo e da area de interacdo elF4E-VPg demonstraram que
cultivares suscetiveis tém maior afinidade pela VPg, enquanto resistentes exibem
valores intermediarios, sugerindo outros fatores na determinagao da resisténcia. Este
estudo descreve pela primeira vez o papel do gene elF4E na infecgdo por CABMV em
V. unguiculata, fornecendo bases para estratégias de manejo, melhoramento genético

e investigagdes futuras sobre resisténcia.

Palavras-chave: Fatores de iniciacdo 4E; feijdo-caupi; Potyvirus; Resisténcia

recessiva; VPg.



ABSTRACT

Cowpea [Vigna unguiculata (L.) Walp] is a legume of high socioeconomic
importance, especially in semi-arid regions of Brazil and the world. However, it suffers
significant losses caused by phytopathogens and viral pests. Among the viral diseases,
the Cowpea aphid-borne mosaic virus (CABMV) stands out. It is a positive-sense
single-stranded RNA virus, which has the viral genome-linked protein (VPg) at the 5’
end. CABMV hijacks the host's translation machinery by interacting its VPg protein with
the translation initiation factors 4E (elF4E), mimicking the host mRNA 5’ cap, which
ensures viral replication and results in symptoms such as mosaic and leaf distortion.
Mutations in the elF4E gene have already been associated with recessive resistance
to other viruses from the Potyviridae family, but their role in the CABMV and V.
unguiculata interaction had not been explored. Thus, the objective of this work was to
evaluate the relationship between mutations in the elF4E gene of V. unguiculata and
resistance to CABMV. The hypothesis considered was that alterations in this gene
could compromise the interaction between the elF4E and VPg proteins, conferring
resistance to the host. Initially, the elF4E gene of three cultivars—two susceptible and
one resistant to CABMV—was sequenced. The sequences showed a conservation
percentage of 98.45%. Three mutations were found between the susceptible and
resistant cultivars (C203G, G325C, and C329T), among which the mutations C203G
and G325C altered the characteristics of the respective protein amino acids. Based on
this, two pairs of primers were designed to be used in the selection of genotypes of V.
unguiculata cultivars. In total, twenty-seven cultivars were used for genotype
evaluation by PCR and bioassay with CABMV. Of the 27 cultivars studied, 17 amplified
with the primer for possible susceptibility, of which 15 (88.24%) showed symptoms 10
days after infection. Among the 8 cultivars that amplified for possible resistance, 5
(62.5%) were asymptomatic, and two did not amplify with either of the two primer pairs
used and did not show symptoms. In parallel, in silico analyses were performed with
five cultivars. Theoretical models generated in AlphaFold 3 showed that non-
synonymous mutations alter the structural dynamics of elF4E, especially in the
interaction with VPg. Molecular dynamics (MD) simulations revealed that the VPg—
elF4E binding induces structural adjustments and greater stability in resistant cultivars.
Electrostatic charge analyses indicated complementary profiles between VPg and

elF4E, reinforcing the central role of this mechanism in hijacking the translation



machinery. Analyses of binding free energy and the elF4E-VPg interaction area
showed that susceptible cultivars have greater affinity for VPg, while resistant ones
exhibited intermediate values, suggesting other factors in the determination of
resistance. This study describes for the first time the role of the elF4E gene in CABMV
infection in V. unguiculata, providing a foundation for management strategies, genetic

improvement, and future investigations into resistance.

Keywords: Translation initiation factors 4E; cowpea; Potyvirus; recessive resistance;
VPg.
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INTRODUGAO

O feijdo-caupi (Vigna unguiculata (L.) Walp.) € uma importante leguminosa que
possui um elevado teor de proteinas, como também carboidratos, vitaminas e sais
minerais (Boukar et al., 2019). Além de ser importante para fertilidade do solo, uma
vez que possui a capacidade de fixagdo de nitrogénio (Carvalho et al., 2017). No
Brasil, sua comercializagéo € dada principalmente nas regides Norte e Nordeste, mas
com ampliagdo para a regido Centro — Oeste (Freire Filho, 2011). Mundialmente seu
cultivo concentra-se em regides semiaridas, como Africa Subsaariana, Sudeste
Asiatico, América do Sul e Estados Unidos (Herniter; Mufioz-Amatriain; Close, 2020).

Os virus de plantas estdo entre os principais agentes de perdas na produgao
agricola em escala global, resultando em prejuizos econémicos substanciais (Faizal
et al., 2024). Embora a incidéncia de doencgas virais possa ser atenuada por medidas
integradas (ex. controle de vetores virais, uso de sementes livres de doencgas),
estratégia mais eficaz e sustentavel reside na resisténcia genética conferida pela
planta hospedeira (Manzoor et al., 2024).

O género Potyvirus representa o maior grupo de virus de RNA que infectam
plantas (Nigam et al., 2019). Entre os principais virus pertencentes a este género,
destaca-se o virus do mosaico do feijao-caupi transmitido por afideos (cowpea Aphid-
borne Mosaic virus - CABMV), sendo responsavel por perdas em rendimento de
culturas entre 13-87%, a depender das condicbes de campo, da suscetibilidade da
cultura, da cepa do virus e das condigcbes ambientais (Bashir; Ahmad; Ghafoor, 2002).
O CABMV (como os demais Potyvirus) apresenta um RNA fita simples, sentido
positivo (Wylie et al., 2017). A extremidade 5 é ligada a uma proteina denominada
VPg (Viral Protein genome-linked), sendo a extremidade 3’ composta por uma cauda
poli-A (Wylie et al., 2017). Durante a infecgao viral, a proteina VPg mimetiza o Cap-5’
(m7GpppN) do mRNA eucariético, ligando-se ao fator iniciagdo da tradugdo de
eucariotos 4E (elF4E - eukaryotic translation initiation factor 4E), a fim de promover a
sintese proteica e completar seu ciclo de vida no hospedeiro (Revers; Garcia, 2015;
Wang; Krishnaswamy, 2012; Xu et al., 2017).

Além da resisténcia dominante, mediadas pelos genes R (de resisténcia), as
plantas apresentam uma resisténcia recessiva, associada aos genes S (de
suscetibilidade) (Pavan et al., 2010; Wu et al., 2019; Zlobin; Taranov, 2023). Neste
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caso, quando ocorre a perda da fungao de uma proteina hospedeira (necessaria para
o ciclo de vida do virus), a interagdo entre os fatores do hospedeiro e o virus nao
ocorre, levando a resisténcia da planta ao referido patogeno (Gallois; German-Retana,
2023). Em geral, essa resisténcia € adquirida na auséncia ou presenga de mutagdes
em genes que codificam proteinas essenciais para o ciclo de vida viral (Zlobin;
Taranov, 2023). Tais mutagdes podem gerar substituicbes néo sindnimas,
promovendo alteragdes na carga e hidrofobicidade da proteina (Poulicard et al., 2016).
Mudangas estruturais podem resultar em nao interagdo entre proteinas do virus e da
planta hospedeira, levando a resisténcia ao patégeno (Gomez et al.,, 2019). A
resisténcia €, em muitos casos, conferida por genes recessivos que codificam fatores
de iniciagao da traducao da familia elF4E, comumente associados a resisténcia a virus
do género Potyvirus (Gutierrez Sanchez et al., 2020).

Em eucariotos, a subunidade elF4E atua como a proteina responsavel pela
ligacdo do Cap 5" do mRNA ao complexo elF4F, além de recrutar a helicase elF4A e
o fator elF4G (Gutierrez Sanchez et al., 2020). Em plantas sdo conhecidos dois ou
mais membros dessa familia de fatores, os quais atuam em conjunto com os demais
fatores do complexo de traducao (Bastet; Robaglia; Gallois, 2017). Entretanto, sabe-
se que os Potyvirus normalmente apresentam preferéncia por uma das isoformas do
membro elF4E para atuar como fator de susceptibilidade, destacando a especificidade
na interagao patogeno x hospedeiro (Gallois; Moury; German-Retana, 2018).

Diante dessa especificidade, diversas abordagens moleculares e
computacionais tém sido empregadas para investigar, em nivel atbmico, as interagdes
entre proteinas do hospedeiro e proteinas virais. Metodologias como ferramentas de
bioinformatica, modelagem molecular, simulagdes de dinamica molecular e
ancoragem (docking) tém contribuido significativamente para a compreensao desses
complexos moleculares e para a identificacdo de possiveis alvos de manipulacéao
genética (Coutinho De Oliveira et al., 2019; Saha; Makinen, 2020; Sharmila et al.,
2019). Além disso, essas abordagens podem contribuir para a compreensédo da
complexidade nas relagdes entre hospedeiro e patdbgeno que ocorrem nos niveis
celulares e moleculares (Santos-Silva et al., 2020).

Substituicbes na proteina elF4E, localizadas em regides préximas ao sitio de
ligagdo com a VPg (Coutinho De Oliveira et al., 2019), ja foram identificadas em
pimenta (Val67Glu, Ala68GIlu e Gly107Arg) (Charron et al., 2008; Ruffel et al., 2002,
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2006), ervilha (Arg107Gly) (Gao et al., 2004) e melancia (Asp71Gly) (Zhou et al., 2024)
como relacionadas a resisténcia contra Potyvirus. No entanto, em Vigna unguiculata,
0 mecanismo de resisténcia ao CABMV ainda ndo esta completamente elucidado.
Diante disso, este estudo teve como objetivo analisar a presenga de mutagdes no
gene elF4E em V. unguiculata e investigar sua relagdo com a suscetibilidade ou
resisténcia ao referido Potyvirus. Considerada a hipétese que alteragdes nesse gene
poderiam comprometer a interacdo entre as proteinas elF4E e VPg, conferindo

resisténcia ao hospedeiro.
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1.1 OBJETIVOS

1.1.1 Objetivo geral

Este trabalho teve como objetivo analisar as sequéncias codificadoras do gene
elF4E de trés cultivares de feijao-caupi, visando identificar mutagdes potencialmente
relacionadas a resisténcia ou suscetibilidade ao Potyvirus CABMV, através de

abordagens computacionais e experimentais.

1.1.2 Objetivos especificos

e Obter as sequéncias codificadoras do gene elF4E das cultivares suscetiveis (Boca
Negra e BR14 Mulato) e resistente (IT85F-2687) ao CABMV;

e Obter primers especificos para o gene elF4E, visando discriminagao de cultivares
suscetiveis e resistentes ao CABMV;,

e Realizar bioensaios com o CABMV buscando avaliar a presenca ou auséncia de
sintomas em cultivares de feijao-caupi;

¢ Avaliar o impacto das mutagcdes do gene elF4E sobre a estrutura, estabilidade e
flexibilidade da proteina elF4E, assim como seus efeitos na interacdo com a

proteina do genoma viral (VPg).
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2 REVISAO DA LITERATURA

2.1 FEIJAO-CAUPI: IMPORTANCIA, PRODUGAO E DESAFIOS POR
POTYVIROSES

O feijao-caupi [Vigna unguiculata (L.) Walp.] € uma leguminosa herbacea anual,
com capacidade de se desenvolver em solos de baixa fertilidade, pouca
disponibilidade hidrica e em uma ampla faixa de pH (Foyer et al., 2016). Além disso,
apresenta habilidade de estabelecer associagbes com diversos microrganismos,
como bactérias fixadoras de nitrogénio (Carvalho et al., 2017), o que contribui para a
fertilidade do solo (Magrini et al., 2016).

Seu cultivo é direcionado principalmente para a produgao de graos (secos ou
verdes), para o consumo humano devido ao notavel valor nutricional, apresentando
cerca de 32% de proteinas, 62% de carboidratos, além de deter um alto teor de
aminoacidos essenciais, vitaminas e minerais (Boukar et al., 2019). Por essas razoes,
a cultura do feijao-caupi € muito importante na dieta da populagao brasileira, além de
ser umas das leguminosas mais cultivadas na Africa Subsaariana, além do Sudeste
Asiatico, América do Sul e Estados Unidos (Herniter; Muioz-Amatriain; Close, 2020;
Lonardi et al., 2019).

E uma cultura adaptada as condi¢des tropicais e subtropicais, produzindo bem
em todas as regides do Brasil, com produg¢ao predominantemente concentrada nas
regides Norte e Nordeste, embora tenha se expandido para a regido Centro- Oeste,
especialmente no estado do Mato Grosso (Freire Filho, 2011). Segundo a CONAB
(Companhia Nacional de Abastecimento) a safra 23/2024 no Brasil abrangeu uma
area de 1.245,00 ha, com a producéo de 588,6 toneladas e produtividade de 473,0
kg/ha. As regides Nordeste e Norte correspondem a 92,6% da area total.

Apesar da elevada produgédo e produtividade do feijdo-caupi no Brasil, esta
cultura é impactada por diferentes pragas e doencas causadas por fitopatégenos
(Amorim et al., 2018). Dentre as quais se destacam as viroses, uma das mais
importantes doencas que acometem tal cultura, principalmente devido a alta
frequéncia e severidade com que acontecem (Borges-Martins et al., 2023; Cruz;
Aragao, 2014). Entre as viroses destaca-se o virus do mosaico severo do caupi
(CPSMV - cowpea severe mosaic virus), familia Secoviridae, género Comovirus. Além

do virus do mosaico do feijdo-caupi transmitido por afideos (CABMV - cowpea aphid-
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borne mosaic virus), familia Potyviridae, género Potyvirus (Borges-Martins et al., 2023;
Cruz; Aragao, 2014).

O virus do mosaico severo do feijao-caupi (CPSMV) é conhecido no Brasil
desde 1947 e ocorre em todo territorio brasileiro onde o feijdo-caupi € cultivado. Pode
ser transmitido pelos besouros crisomelideos, essencialmente o Cerotoma arcuata
(Pio Ribeiro, 2005). O CPSMV ganha destaque pela intensidade da infec¢do que
causa e pela sua ocorréncia disseminada (Varela et al., 2019). Os sintomas s&o
bolhosidade, grave mosaico verde-amarelo nas folhas, redugdo do tamanho e
enrugamento das folhas, afetando a taxa fotossintética e, consequentemente, o
rendimento da cultura (Costa et al., 2020).

O CABMYV é considerado um dos mais importantes agentes infecciosos do
feijao-caupi sendo transmitido através da inoculagdo mecénica e por meio de
sementes das plantas infectadas (Neya et al., 2015). Todavia, destaca-se como vetor
natural os afideos, em especial, Aphis craccivora Koch (Barros et al., 2013; Neya et
al., 2015). Os sintomas mais frequentes s&o: mosaico intenso, clorose, distorgdo das
folhas, necrose e diminuicdo do crescimento das plantas (Oliveira et al., 2012).

Os Potyvirus constituem o maior grupo de virus de plantas de elevada
importancia para a agricultura (Yang; Li; Wang, 2021). Desde a criacao do programa
de melhoramento genético do feijao-caupi, a Empresa Brasileira de Pesquisa
Agropecuaria (Embrapa), em parceria com outras institui¢des, langou até 2020 cerca
de 84 cultivares de diversas categorias comerciais (Freire Filho, 2023). Entre os
ganhos mais significativos do programa, destaca-se a aquisicdo de certo grau de
resisténcia aos virus CPSMV e CABMV (Barros et al., 2013). Apesar dos avangos no
melhoramento classico do feijdo-caupi, existe necessidade de estudos para
compreensao de fatores do hospedeiro envolvidos na resisténcia contra
fitopatégenos. Além disso, o interesse em utilizar ferramentas da engenharia genética
para facilitar e reduzir o tempo necessario para a introducdo de caracteristicas

desejadas no feijao-caupi (Popelka et al., 2006).

2.2 POTYVIRUS: ORGANIZACAO GENOMICA E POLIPROTEINAS

Os virus do género Potyvirus (familia Potyviridae) constituem o maior grupo de

virus de RNA, transmitidos por mais de 200 espécies de afideos (Nigam et al., 2019).
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Este género infecta uma vasta gama de plantas, resultando em perdas significativas
em diversas culturas (Gadhave; Vineeth; Gadekar, 2020; Moury; Desbiez, 2020).

Virus pertencentes ao género Potyvirus, como o CABMV, apresentam genoma
monopartido, constituido por RNA fita simples positiva (ssSRNA) protegido por uma
proteina de capa proteica (CP - coat protein). Os genomas monopartidos possuem
tamanho entre 8 -11 kb, e dispdéem de uma particula que varia de 11-15 nm de
didametro e 650-900 nm de comprimento (Wylie et al., 2017)

Os genomas dos Potyvirus possuem um quadro de leitura aberta (ORF - Open
Reading Frame), que codifica uma poliproteina (Wylie et al., 2017), a qual é
autoclivada pela atividade de trés proteases (P1-Pro, HC-Pro e Nla-Pro), formando
um conjunto de 10 proteinas (P1-Pro, HC-Pro, P3, 6K1, Cl, 6K2, VPg, Nla-Pro, NIb e
CP). Uma segunda ORF, denominada PIPO (Pretty Interesting Potyviridae ORF),
também esta presente, sobre a regido da poliproteina que da origem a proteina P3
(Makinen, 2020; Revers; Garcia, 2015; Wylie et al., 2017). A extremidade 5 é
covalentemente ligada a proteina VPg e a extremidade 3’ é poliadenilada (REVERS;
GARCIA, 2015). As regides ndo traduzidas 5 e 3'(UTRs) fornecem sequéncias
regulatdrias essenciais para muitas fungdes virais, protegendo contra a degradagao
(MAKINEN, 2020a). Um esquema da organizagdo gendmica de Potyvirus esta

apresentado na Figura 1.

Figura 1 - Organizagédo do genoma de um membro tipico da familia Potyviridae e principais
caracteristicas e fungbes propostas para as proteinas potyvirais. VPg (Viral Protein genome-linked);
P1-Pro (protease da proteina 1); HC-Pro (protease de componente auxiliar); P3 (proteina 3); PIPO
(Pretty Interesting Potyviridae ORF); 6K1 e 6K2 (proteinas transmembrana); Cl (inclusdo
citoplasmatica); Nla-Pro (protease de inclusdo nuclear a); NIb (proteina de inclusdo nuclear b); CP

(proteina do capsideo). Clivagem: P1-Pro (seta tracejada 1), HC-Pro (seta tracejada 2) e Nla-Pro (|).

l l l _3UTR

Nib )
Poli A
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Fonte: WYLIE et al., 2017 (modificada pela autora).
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A VPg pode interagir com diversas proteinas potyvirais, além de fatores
presentes nos hospedeiros, como o elF4E (Eukaryotic Translation Initiation Factor 4E)
(Wang; Krishnaswamy, 2012), auxiliando no ciclo de replicagdo do proprio virus.
Estudos sugerem que a ligagao entre a VPg e os fatores de iniciagdo da traducéo 4E

sdo essenciais para a tradugao e replicagao do RNA viral (Revers; Garcia, 2015).

2.3 MECANISMOS DE SUSCETIBILIDADE/ RESISTENCIA DAS PLANTAS AOS
VIRUS (POTYVIRUS)

Devido ao seu genoma pequeno, os virus de plantas utilizam proteinas do
hospedeiro para completar seu ciclo de vida. Essas proteinas também atuam como
fatores de suscetibilidade na interagcéo planta — virus (Zlobin; Taranov, 2023). Dentre
os fatores do hospedeiro, destacam-se duas classes funcionais: os antivirais e os pro-
virais (Figura 2) (Garcia-Ruiz, 2018). Os fatores proé-virais sao fundamentais no
processo de infecg¢ao viral (replicagao, tradugéo, movimento e formagao dos virions).
Por outro lado, os fatores antivirais apresentam papel essencial, suprimindo a infec¢ao
(Garcia-Ruiz, 2018).

Figura 2 - Fatores do hospedeiro: pré-viral e antiviral. Os fatores antivirais (linha vermelha)
influenciam na resisténcia a infecgao viral, inibindo uma ou mais etapas essenciais do ciclo de
infeccdo (caixa cinza). Por outro lado, os fatores pré-virais (seta verde) colaboram com os fatores
virais no ciclo de infecgdo, determinando a suscetibilidade ao virus, podendo ser essenciais ou nao

essenciais para o hospedeiro.
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Fonte: Garcia-Ruiz, 2018 (modificado pela autora).
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Em plantas suscetiveis, a presencga de fatores pré-virais essenciais resultam na
infeccdo, em uma interagao compativel. Por outro lado, na auséncia de algum desses
fatores, estamos diante de uma “interagdo incompativel’, obtendo-se a
resisténcia/imunidade (Garcia-Ruiz, 2019). Esse tipo de resisténcia € conhecido
também por perda de suscetibilidade, resisténcia recessiva ou genes de
suscetibilidade (genes S) (Pavan et al., 2010). A resisténcia recessiva € mais
duradoura, de amplo espectro, e genes dessa categoria codificam fatores de
suscetibilidade fundamentais com mutacdes (Pavan et al., 2010). Em contrapartida, a
resisténcia dominante identifica genes préprios de viruléncia para estimular respostas
imunes (Van Schie; Takken, 2014).

A resisténcia por perda de suscetibilidade é transmitida de forma recessiva e
exibe um numero elevado de genes herdados recessivamente quando comparada a
outros patégenos vegetais (Truniger; Aranda, 2009). Ao contrario de patdégenos néo
virais, cuja resisténcia geralmente €& dominante, a resisténcia a Potyvirus é
frequentemente recessiva, envolvendo mutagdes em genes criticos utilizados pelo
patogeno viral (Akhter; Nakahara; Masuta, 2021; Wu et al., 2019).

Dentre os genes mais conhecidos de resisténcia recessiva contra diferentes
Potyvirus esta o elF4E e suas isoformas (Zlobin; Taranov, 2023). Essa resisténcia
mediada por elF4E esta associada a alteragdes na sequéncia da proteina elF4E
(Gallois; German-Retana, 2023) e nao se restringe apenas a Potyvirus, mas a outros
virus de RNA fita simples como Bymovirus e Ipomovirus (Kanyuka et al., 2005; Nieto
et al., 2007). Além de duradoura, esse tipo de resisténcia tem agdo sobre a inibigéo
da multiplicagao viral no hospedeiro, sobre o movimento viral dentro da célula, de
célula a célula e a longas distancias (Sanfagon, 2015).

Para que ocorra a infecgdo, os virus precisam suprimir 0s principais
mecanismos de defesa da planta, como a imunidade inata, silenciamento de RNA e
repressao traducional (Wu et al., 2019). Primeiro, as plantas podem perceber, por
meio de receptores de reconhecimento de padrdes (PRRs - Pattern recognition
receptor), presentes na superficie celular, os padrdes moleculares associados a
patdogenos (PAMPs - Pathogen-Associated Molecular Patterns). Dando inicio a
primeira camada de defesa chamada imunidade desencadeada por PAMP (PTI -
PAMP Triggered Immunity) (Dodds; Rathjen, 2010). Essa defesa pode ser suprimida



23

através de moléculas produzidas pelos patégenos, chamadas de efetoras (Wu et al.,
2019).

Outro aspecto frequente na resposta imune do hospedeiro a patdgenos,
incluindo virus, é a morte celular programada (PCD - Programmed Cell Death) das
células que circundam a regiao da infeccdo, chamada resposta de hipersensibilidade
(HR - Hypersensitive Response) (De Ronde; Butterbach; Kormelink, 2014). A HR
frequentemente comega com o reconhecimento do fator de aviruléncia (Avr) pelos
genes de resisténcia dominante (R) do hospedeiro (Huang, 2021). Grande parte dos
genes R codifica proteinas que possuem dominios ricos em repeticdbes em leucina de
ligacado a nucleotideos (NB - LRRs ou NLRs), os quais identificam o fator Avr através
de uma interagéo entre genes (Moffett, 2017).

A resisténcia desencadeada pelo gene R é dita desencadeada por efetores
(ETI - Effector-Triggered Immunity) (Moffett, 2017). No entanto, as proteinas NLRs
normalmente conferem resisténcia a um patégeno especifico, abrangendo apenas um
numero limitado de cepas (Boualem; Dogimont; Bendahmane, 2016), diferentemente
das proteinas elF4E. Para o virus suplantar a resisténcia mediada pelo gene R, uma
mutacdo pontual em um efetor reconhecido pelas proteinas NLR é suficiente,
impedindo o reconhecimento (Ravensdale et al., 2011). Ja, no caso da resisténcia
mediada pelo gene S, é preciso que o virus ndo seja dependente dos fatores do seu
hospedeiro (Van Schie; Takken, 2014).

2.4 GENES elF4E E ISOFORMAS
Genes elF4E constituem a classe de fatores de inicio da traducdo em

eucariotos, participando da interagcdo com o0 mRNA (RNA mensageiro), facilitando o

recrutamento da maquinaria de traducao (Zlobin; Taranov, 2023) (Figura 3).
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Figura 3 - Esquema da maquinaria de tradugdo em eucariotos, evidenciando o complexo de inicio da

tradugao.
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Fonte: a autora (uso da ferramenta Bio Render.com).

O processo traducional € dividido em trés etapas: iniciagdo, elongacéo e
terminacao, sendo a iniciagdo uma das etapas com maior numero de fatores, sob a
qual a proteina elF4E interage (Browning; Bailey-Serres, 2015). A iniciagao envolve
trés complexos essenciais: 0 complexo elF4F (proteina elF4E e helicases elF4A e
elF4G), o complexo 43S (subunidade 40S dos ribossomos e a proteina elF3); e o
complexo ternario (elF2, GTP e o Met-tRNAI) (Merrick; Pavitt, 2018).

Resumidamente, o processo da traducéo inicia com a interacao entre a 5' CAP
do mRNA e a proteina de ligacao elF4E. Esta, por sua vez, recruta a proteina elF4G
e a helicase elF4A, formando o complexo elF4F (Sesma; Castresana; Castellano,
2017). Neste complexo, a elF4G liga-se a proteina PABP (proteina de ligagao ao poli-
A) e a helicase elF4A atua desfazendo as estruturas secundarias do mRNA, a fim de
recrutar o complexo 43S (Merrick; Pavitt, 2018). O complexo 43S junto com o
complexo ternario é formado pela ligagao entre o0 elF4G e o elF3. Assim, a subunidade
ribossémica menor (40S) inicia a varredura ao longo do mRNA (dire¢céo 5’ - 3’), até o
reconhecimento do cdédon de inicio AUG (Hinnebusch; Ivanov; Sonenberg, 2016;
Urquidi Camacho; Lokdarshi; Von Arnim, 2020), cujo reconhecimento promove a
liberagao do elF2-GDP, favorecendo a jungédo da subunidade 60S, concluindo a fase
de iniciagao (Hinnebusch; Ivanov; Sonenberg, 2016).

Em geral, as plantas apresentam dois ou mais fatores de iniciagdo da tradugao
elF4E, denominado elF(iso)4E os quais, juntos com outras proteinas formam o
complexo elF4F, denominado elF(iso)4F (Bastet; Robaglia; Gallois, 2017). Em

algumas plantas, mais de duas isoformas foram observadas, incluindo Arabidopsis e
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mandioca (Gomez et al., 2019; Kropiwnicka et al., 2015). Apesar dos membros desta
familia apresentarem um nivel moderadamente baixo de similaridade das sequéncias,
a estrutura tridimensional é semelhante (Estevan et al., 2014). Estruturalmente, a
elF4E passou por muitas duplicagdes ao longo do processo evolutivo, gerando formas
da proteina que podem desempenhar novas funcgdes (Joshi et al., 2005).

De acordo com Duprat et al., 2002 a excluséo da isoforma elF(iso)4E resultou
no aumento da expresséo de elF4E, sugerindo uma redundéncia de fung¢des entre as
isoformas de elF4E. Entretanto, em plantas cultivadas sob condi¢cdes de estresse, a
distingao nas funcdes de elF4E e elF(iso)4E pode ser mais evidente (Martinez-Silva
et al., 2012). No tomate, a inativagao dos genes elF4E2 e elF(iso)4E foi letal (Bastet;
Robaglia; Gallois, 2017). Ja o knockout simultdneo de elF4E1 e elF4E2 do tomate
gerou plantas com nanismo, em comparagao com a inativagao de apenas um desses

genes (Kumar et al., 2022).

2.4.1 Ligacao dos fatores elF4E e elF(iso)4E com a VPg

A viruléncia dos virus da familia Potyviridae esta associada a proteina VPg -
uma caracteristica exclusiva das potyviroses (Saha; Makinen, 2020). Ligada ao final
5 do mRNA (5’-VPg-mRNA), a VPg do virus mimetiza o CAP 5 do mRNA de
eucariotos (Figura 4B), favorecendo a sua interagdo com os fatores elF4E ou
elF(iso)4E do hospedeiro — etapa fundamental para a infec¢ao (Figura 4) (Lebedeva
et al., 2024).
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Figura 4 - Representagéo da interagao elF4E - VPg. Em (A) atuacdo do complexo elF4F em sua
forma nativa na planta hospedeira (elF4E ligado ao CAP 5’- mRNA) e em (B) o complexo elF4F
sendo utilizado pelo CABMV (elF4E ligado a VPg 5’-mRNA viral).
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Fonte: a autora (criagdo no BioRender.com).

Em geral, os Potyvirus apresentam preferéncia por apenas uma isoforma elF4E
para atuar como fator de suscetibilidade, embora as outras isoformas disponiveis nas
plantas também possam ser recrutadas(Gallois; Moury; German-Retana, 2018;
Nicaise et al., 2007). Por exemplo, o virus Y da batata (PVY - potato virus Y) utiliza
apenas o elF4E1 da pimenta para a traducdo do mRNA viral, enquanto na batata ele
pode utilizar as duas isoformas (elF4E1 e elF4E2), embora nao interaja com
elF(iso)4E (Lebedeva et al., 2021). Além disso, um unico Potyvirus é capaz de utilizar
diferentes formas de elF4E em distintas plantas (Zlobin; Taranov, 2023). Em
Solanaceas, por exemplo, o pepper veinal mottle virus (PVMV) depende do el4E2 em
plantas de tomate (Moury; Desbiez, 2020), mas muda para elF4E1 e elF(iso)4E
quando em plantas de pimenta (Ruffel et al., 2006).

A interagdo entre as isoformas de elF4E e a VPg pode ser interrompida por
substituicdes de apenas alguns aminoacidos em seu dominio de ligagdo (Gomez et
al., 2019). Em geral, esses aminoacidos ndo sdo conservados, 0 que resulta em
alteracdes significativas na carga e hidrofobicidade das regides proteicas equivalentes
(Poulicard et al., 2016). Os residuos de aminoacidos Y64, F107, 1108, G111, E112,
S115, Q116 e V118, presentes no dominio central da VPg, estdo intimamente
relacionados com sua interacdo com elF4E ou elF(iso)4E, e caracterizam uma regiao
de carga negativa no PVY (Saha; Makinen, 2020). Ja os residuos W22, W68, R118,
R120 e K123, presentes na regiao de ligagdo CAP 5 do elF4E e suas isoformas,

formam uma regiao de carga positiva e sdo essenciais na interagdo com a VPg dos
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Potyvirus (Coutinho De Oliveira et al., 2019). Em melancia, mutagdes ndo sinbnimas
de aminoacidos estao situadas dentro ou proximo dessa regiao de ligagao da proteina
elF4E (Zhou et al., 2024). No feijdo comum (Phaseolus vulgaris) mutacbes nao
silenciosas nos cédons 53, 64, 76 e 111 dos elF4E foram associadas a resisténcia
recessiva ao clover yellow vein virus (CIYVV), um Potyvirus que causa doengas em
plantas de trevo e outras leguminosas (Hart; Griffiths, 2013).

Assim, mutagdes nos genes elF4E podem conferir perda de suscetibilidade a
Potyvirus e varios outros virus. Desta forma, na auséncia de cultivares naturalmente
resistentes recessivas, e se a resisténcia mediada por elF4E nao for eficaz em uma
interagao planta-virus, uma mutagdo em um gene de resisténcia recessiva pode ser
introduzida, permitindo o melhoramento genético de culturas baseadas em resisténcia

recessiva contra uma ampla gama de virus (Hashimoto et al., 2016).

2.5 MODELAGEM MOLECULAR

O desenvolvimento de ferramentas computacionais para obten¢ao de modelos
tridimensionais (3D) de proteinas a partir de sequéncias primarias, tem fornecido
informacgdes preciosas para compreensdo das bases moleculares de sistemas
bioloégicos (Wodak; Velankar, 2023). Essas ferramentas tém proporcionado avangos
em estudos mutacionais e de dobramento, comparacdo estrutural, além de
investigagdes evolutivas (Bertoline et al., 2023).

As analises in silico para modelagem de proteinas podem ser divididas em
quatro grupos distintos: modelagem comparativa ou de homologia, ab initio e
threading, além dos métodos de aprendizado de maquina (Bertoline et al., 2023).

Os métodos de modelagem comparativa produzem modelos 3D funcionais com
base em seu alinhamento com modelos ja resolvidos, utilizando a comparacao de
sequéncias e perfis (Kallberg et al., 2012; Webb; Sali, 2016). Esses métodos partem
da premissa de que sequéncias semelhantes geralmente apresentam dobramentos
tridimensionais similares, reforcando ao final com sua fungao bioldgica (Santos-Silva
et al., 2020). Apesar da automacao favorecer a utilizagdo da modelagem comparativa
tanto para iniciantes quanto para especialistas, alguns ajustes ainda sao
indispensaveis para aumentar a precisao do modelo (Webb; Sali, 2016). Dessa forma,

€ necessario avaliar de forma cuidadosa os modelos gerados, levando em
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consideragao a resolucédo e a qualidade do modelo aplicado, assim como o grau de
homologia entre modelo e proteina de interesse (Santos-Silva et al., 2020).

O método threading tem como fundamento que estruturas tridimensionais de
proteinas sdo mais conservadas do que suas sequéncias primarias (de aminoacidos),
além de possuir um numero reduzido nos tipos de dobras estaveis (Du et al., 2020).
E estruturas semelhantes podem ser encontradas em proteinas sem relagao evolutiva
proxima ou que estejam relacionadas (Santos-Silva et al., 2020). As abordagens
threading selecionam o melhor modelo tridimensional de dobramentos conhecidos, e
que melhor se encaixe na sequéncia-alvo. Com isso, a sequéncia-alvo é alinhada ao
modelo e seus atomos sao reestruturados no backbone equivalente. Por fim, a
afinidade da sequéncia com a dobra 3D é analisada, seguida de revisdo manual
(Bertoline et al., 2023). Apesar de ser uma opgao para contextos em que a modelagem
comparativa ndao apresenta boa precisao, a sua utilizagao pode se limitar quando n&o
houver homologos com dobramentos previamente resolvidos (Bertoline et al., 2023;
Santos-Silva et al., 2020).

A abordagem ab initio € utilizada quando n&o ha disponibilidade de informacdes
sobre a sequéncia-alvo. Na auséncia de um modelo tridimensional, tal método exige
amostragem conformacional e a aplicagao de critérios de avaliagao para identificar
conformagdes quase nativas que podem ser usadas como possiveis candidatas
(Paiva et al., 2022). A abordagem ab initio tem como base a hipétese de Anfinsen, o
qual assegura que o estado nativo de uma proteina é aquele de energia livre minima,
permitindo prever o modelo mais adequado (Paiva et al., 2022; Wu; Skolnick; Zhang,
2007). Esse menor estado de energia livre € ilustrado por um funil de enovelamento
proteico, no qual o ponto inferior do funil representa o estado de energia livre global
mais estavel (Chong; Ham, 2019). A hipétese central dessa teoria € que, ao passo
que a proteina se dobra, as interagdes intramoleculares e intermoleculares guiam sua
estrutura através do funil. Durante esse processo, a proteina perde entropia,
ganhando estabilidade conformacional, alcangcando assim, niveis mais baixos de
energia livre (Koga et al., 2021). Dessa forma, os métodos ab initio podem ser mais
eficazes ao prever uma estrutura tridimensional correta, pois conduzem a proteina a
alcangar sua conformacgao unica (Bloodworth et al., 2022; Koga et al., 2021).

Por fim, atualmente, surgiram as novas técnicas hibridas que combinam

ferramentas existentes ou métodos ja conhecidos foram aperfeigoados com modelos
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baseados em aprendizado de maquina (Bertoline et al., 2023). De acordo com o CASP
(Critical Assessment of Protein Structure Prediction), os algoritmos fundamentados
em aprendizado de maquina sdo eficientes para prever e escolher modelos
tridimensionais com elevado grau de assertividade quando comparado com outros
métodos de modelagem (Jumper et al., 2021; Kryshtafovych et al., 2021). Entre os
principais preditores agrupados a algoritmos de aprendizado de maquina, destacam-
se o AlphaFold 2 (AF2), RosettaFold, I-TASSER e MULTICOM, conforme os ultimos
rankings do CASP. Em 2020, o AF2 foi o preditor com melhor desempenho no teste
do CASP-14, apresentando-se com maior precisdo quando comparado com outros
métodos (Kryshtafovych et al., 2021). Atualmente, o AF2 ja esta disponivel em versbes
mais atualizadas, permitindo a predi¢cao de interacdes do tipo proteina-proteina, com
excelente grau de exatiddo (Yang et al., 2023). A exceléncia do AF2 tem revolucionado
a biologia estrutural, impactando profundamente o campo da biologia (Yang et al.,
2023).

2.6 SIMULACAO EM DINAMICA MOLECULAR

A simulagao em dinamica molecular (MD — Molecular Dynamics) € um método
amplamente utilizado na biologia estrutural, que permite investigar propriedades
cinéticas e termodinamicas de biomoléculas (Vieira et al., 2023). Além disso, essa
abordagem obtém informagdes de mudangas conformacionais, ligagdo de ligantes e
dobramentos de proteinas ao longo do tempo, com base em modelos fundamentados
nas leis fisicas que regem as interagdes do sistema (Belghit et al., 2024; Lazim; Suh,;
Choi, 2020). A principio, um arquivo PDB com a biomolécula a ser simulada é utilizado
para configurar a simulagdo. Durante o processo, sao definidos parametros como
campo de forga, modelo da agua, tipo de caixa de simulagao e bordas da caixa (Figura
5) (Vieira et al., 2023).
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Figura 5 - Fluxograma das etapas de uma simulagdo em Dinamica Molecular: definicao dos
parametros da caixa; insergdo da proteina na caixa; adicdo de moléculas de agua ao redor da

proteina; e inclusdo de ions para neutralizagao do sistema.

I~ < I~
J(

Fonte: autora (modelo em VMD).

As simulacbées em MD atuam com base nas posi¢des iniciais de todos os
atomos de determinado sistema biolégico (como proteinas ou acidos nucleicos, por
exemplo), é possivel calcular a forga que cada atomo atua nos demais (Hollingsworth;
Dror, 2018). Esse processo é conduzido utilizando leis da mecéanica classica (leis do
movimento de Newton), utilizando paradmetros empiricos definidos pelo campo de
forca. Esse método é capaz de calcular a posi¢cado e o comportamento ao longo de um
tempo designado (Hollingsworth; Dror, 2018; Robustelli; Piana; Shaw, 2018).
Essencialmente, o resultado da trajetéria consiste em um filme tridimensional que
retrata a configuragdo atémica do sistema em cada instante ao longo do intervalo de

tempo simulado (Hollingsworth; Dror, 2018).
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Atualmente, esse método tem sido amplamente utilizado em estudos com
proteinas, buscando compreender as propriedades fisico-quimicas das proteinas
individuais (Santos-Silva et al., 2020; Sinha; Tam; Wang, 2022). Permitindo prever, ao
nivel atbmico, como as biomoléculas podem reagir a perturbagdes, como mutagoes,
fosforilagdes, remogao ou adigado de ligantes e protonagao (Hollingsworth; Dror, 2018;
Lazim; Suh; Choi, 2020). Ademais pode, por meio dos modelos desenvolvidos através
de técnicas de modelagem molecular, validar e descrever fenbmenos estruturais e
biolégicos (Hollingsworth; Dror, 2018). As informacdes obtidas através da trajetoria da
simulacdo em MD, sdo fundamentais para o entendimento do sistema, incluindo
aspectos como convergéncia energética, flexibilidade estrutural, estabilidade,
dindmica molecular e interagdes interatdmicas ou intermoleculares (Hollingsworth;
Dror, 2018). As analises dessas trajetdrias sao interpretadas a partir de quatro
principais informacodes: Raiz do desvio quadratico médio (RMSD — Root Mean Square
Deviation), Raiz da flutuagdo quadratica média (RMSF — Root Mean Square
Fluctuation), Pontes de Hidrogénio (HBOND - Hydrogen Bond) e Raio de giragéo (Rg
— Radius of Gyration) (Margreitter; Oostenbrink, 2017).

A simulacdo em MD também pode ser empregada para avaliar a precisdo ou
refinar estruturas modeladas in silico (Hollingsworth; Dror, 2018). Um exemplo séo as
estruturas cristalinas as quais podem apresentar artefatos causados pelo
empacotamento da rede cristalina. Esses artefatos podem ser corrigidos ao realizar
uma simulagdo baseada na estrutura cristalina, em um ambiente solvatado
(normalmente com agua e ions, em concentracao fisiolégica) permitindo que a
estrutura relaxe até atingir uma conformacado estavel (Burg et al.,, 2015). Como
também ¢é possivel refinar estruturas obtidas por difracdo de raio X através de
protocolos de recozimento simulado com base em MD, que ajustam o modelo aos
dados experimentais, preservando uma estrutura fisicamente consistente (Afonine et
al., 2012). Atualmente, a simulagdo em MD tornou-se uma ferramenta fundamental no
desenvolvimento de farmacos e como algumas proteinas interagem com ligantes ou
outras macromoléculas, em conjuntos com estudos de ancoragem molecular (Pan et
al., 2019; Santos; Ferreira; Caffarena, 2019; Sinha; Tam; Wang, 2022).
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2.7 ANCORAGEM MOLECULAR

As técnicas de ancoragem molecular (Molecular Docking), sé&o utilizadas na
biologia estrutural para prever a melhor forma de interacdo entre um ligante e uma
macromolécula, como proteina, incluindo distintos tipos de interagdes, como proteina-
acido nucleico, proteina-farmaco e proteina-proteina (Figura 6) (Salmaso; Moro,
2018). Para tal finalidade, a estrutura tridimensional do alvo € um pré-requisito
necessario, sendo obtida através dos meétodos computacionais de modelagem
molecular (Salmaso; Moro, 2018). O processo de ancoragem molecular é constituido
sobretudo por dois momentos: um que inclui a previsdo da orientagdo e posigcao
molecular (conformagéo) do ligante dentro do receptor, seguido do calculo da
complementaridade de sua interagdo através da fungdo de pontuacdo, ou seja, a

conformidade da ligagdo(Meng et al., 2011; Salmaso; Moro, 2018).

Figura 6 - Modelo de docking molecular.

%

Fonte: a autora (criagdo no BioRender.com).

As funcbes de pontuacao sao ferramentas fundamentais para a ancoragem
molecular, ja que sao utilizadas para selecionar as melhores posigdes e orientagdes
geradas pelo mecanismo de amostragem. E podem ser divididas em trés grupos tendo
baseados em campo de for¢a, em funcédo de pontuagao empirica e de conhecimento
(Hollingsworth; Dror, 2018; Meng et al., 2011). Os calculos baseados no campo de
forca aproximam a energia potencial de determinado sistema com uns arranjos
intermoleculares (ndo ligados), os quais compreendem as interagdes de van der

Waals e forcas de Coulomb (termos eletrostaticos) entre os pares de atomos
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(Hollingsworth; Dror, 2018; Meng et al., 2011). Na ancoragem molecular, os elementos
intermoleculares, ou seja, a interagdo entre ligante e receptor sao priorizadas.
Entretanto, para uma maior precisdo, as caracteristicas internas do ligante, como
rotacdo torcional, também podem ser consideradas, uma vez que influenciam a forma
e ajuste no receptor (Hollingsworth; Dror, 2018; Vanommeslaeghe; Guvench;
MacKerell, 2014). GoldScore e AutoDock, sao exemplos de software fundamentados
em campo de for¢a (Hollingsworth; Dror, 2018).

No que se refere as fungdes de pontuagdes empiricas, a energia de ligagao &
separada em varios elementos de energia, como interacdo ibnica, ligagcao de
hidrogénio, efeitos hidrofobicos e a colaboragao da entropia de ligagao (Huang; Zou,
2010). A partir da multiplicagado de cada um desses componentes por um determinado
coeficiente € entdo somado, € gerado um valor de pontuagéo final. Esses coeficientes
sao obtidos a partir de um conjunto de dados experimentais de ligantes e proteinas
previamente conhecidas, utilizando analises de regressao (Hollingsworth; Dror, 2018).
Ja as funcbes de pontuacdo baseadas em conhecimento, partem de avaliagdes
estatisticas para obter frequéncias de contato entre pares de atomos do ligante e
proteina. Os quais partem da suposi¢cao de que interagdes mais adequadas tendem a
ocorrer com maior frequéncia (Hollingsworth; Dror, 2018; Meng et al., 2011). Dentre
os softwares desenvolvidos para analises de ancoragem molecular, o HADDOCK
(Dominguez; Boelens; Bonvin, 2003) destaca-se como o0 mais bem sucedido em gerar
uma grande quantidade de modelos precisos para complexos proteina-
proteina(Santos-Silva et al., 2020). Um bom exemplo de sua aplicagao para prever
interagcdes proteina-proteina em larga escala no proteoma de Arabidopsis thaliana,
contribuindo percepgdes acerca da organizagao funcional das proteinas nas plantas
(Dong et al., 2019). Atrelado a outras técnicas computacionais e de biologia molecular,
os estudos de ancoragem molecular podem contribuir para compreensao de novas
interagcdes biomoleculares, como aquelas entre proteinas de plantas e virus. Essas
descobertas podem ser aplicadas na mitigagao de fitopatdégenos e pragas virais, com
o0 objetivo de promover melhoramento genético de culturas (Sharma; Kumar;
Ramakrishnan, 2021).
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SANTOS-SILVA, Carlos André dos et al. Plant Antimicrobial Peptides: State of the
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SHARMILA, D. Jeya Sundara et al. Molecular dynamics investigations for the
prediction of molecular interaction of cauliflower mosaic virus transmission helper
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VirusDisease, v. 30, n. 3, p. 413-425, set. 2019.
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2014.
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exposure to salt stress. Journal of Proteomics, v. 194, p. 200-217, 1 mar. 2019.
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citagoes
bibliograficas

Formacdo académica/titulagdo

2023 Mestrado em Genética e Biologia Molecular.
Universidade Federal de Pernambuco, UFPE, Recife, Brasil
Titulo: Caracterizagdo de mutacdes do gene elF4E de Vigna unguiculata (L.) Walp e possiveis
implicagdes quanto a resisténcia g CABMYV (Cowpea aphid-borne mosaic virus)
Orientador: Dra. Valesca Pandolfi*
Co-orientador: Dra. Ana Maria Benko-Iseppon
Bolsista do(a): Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico, CNPq, Brasil.

2017 - 2022 Graduacdo emCiéncias Bioldgicas
Universidade Federal de Pernambuco, UFPE, Recife, Brasil
Titulo: Andlise da expressédo génica de Stylosanthes scabra Vogel sob condi¢édo de déficit hidrico
Orientador: Profa. Dra. Valesca Pandolfi

2013 - 2015 Ensino Profissional de nivel técnico em Técnico em Registro e Informag6es em Saude.
Escola Técnica Estadual José Humberto de Moura Cavalcanti, ETE, Brasil

2013 - 2015 Ensino Médio (20 grau) .
Escola Técnica Estadual José Humberto de Moura Cavalcanti, ETE, Brasil

Formagdo complementar

2024 - 2024 Fundamentos e Préaticas de Conservagéo de Solo e Agua. . (Carga horéria: 20h).
Empresa Brasileira de Pesquisa Agropecuaria, EMBRAPA, Brasil

2024 - 2024 Curso de curta duragado em Bioinfoormatica: Uma abordagem tedrico-pratica. (Carga horaria: 12h).
Universidade Federal do Vale do Sao Francisco, UNIFASYV, Brasil

2022 - 2022 Monitoria de Fundamentos da Genética 2022.1. . (Carga horaria: 216h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2022 - 2022 Curso de curta duragédo em Modelagem molecular em biotecnologia. (Carga horaria: 8h).
Fundagao Oswaldo Cruz, FRIOCRUZ, Brasil

2022 - 2022 Curso de curta duragéo em Sequenciamento de DNA e suas geragdes: de pequenos genes a genomas
completo. (Carga horaria: 4h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2022 - 2022 Gestao & Tributagdo no Agronegdcio. . (Carga horéria: 2h).
Faculdade BSSP, BSSP, Goiania, Brasil

2022 - 2022 Curso de curta duragdo em Sistema CRISPR na edigdo de plantas: conceitos e aplicagdes praticas.
(Carga horaria: 41.
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2021 - 2021 Curso de curta duragéo em | Curso de Inverno LIBM. (Carga horaria: 25h).
Faculdade Integrada Cete, FIC, Brasil

2020 - 2020 Curso de curta duragéo em IV Curso de Inverno em Genética Humana. (Carga horaria: 20h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2020 - 2020 Monitoria de Fundamentos da Genética 2020.1. . (Carga horaria: 216h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2020 - 2020 Monitoria de Fundamentos da Genética 2020.3. . (Carga horaria: 216h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2020 - 2020 Monitoria de Fundamentos da Genética 2020.2. . (Carga horaria: 216h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2019 - 2019 Monitoria de Hlistologia 2019.2. . (Carga horaria: 216h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2019 - 2019 Curso de curta duragdo em Introdugéao ao Cultivo de Células Tronco. (Carga horaria: 4h).
Fundagao Oswaldo Cruz, FRIOCRUZ, Brasil

2019 - 2019 Monitoria de Hlstologia 2019.1. . (Carga horaria: 216h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil
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2019 - 2019

Curso de curta duragdo em Curso pratico de atualizagdo em histologia basica. (Carga horaria: 30h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2018 - 2020 Estagio. . (Carga horaria: 416h).

Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2018 - 2018 Curso de curta duragéo em Preparagéo de Laminas. (Carga horaria: 2h).

Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2018 - 2018 Curso de curta duragéo em Produgéo de Transgénicos. (Carga horaria: 8h).

Projetos

Projetos de
pesquisa

2021 - 2022

Universidade Federal de Pernambuco, UFPE, Recife, Brasil

Expressao de Taumatinas do tecido foliar de S. scabra e C. pyramidale sob condigdo de estresse salino e
hidrico

Situagao: Concluido Natureza: Projetos de pesquisa
Alunos envolvidos: Graduagao (1); Mestrado académico (1);
Integrantes: Fernanda Alves de Andrade; Valesca Pandolfi (Responsavel); Maria Cidinaria da Silva Alves

2020 - 2021 Andlise da expressao de Taumatinas de S. scabra e C. pyramidale sob condigéo de estresse abidtico

Projeto de
extensao

2022 - 2022

Situagao: Concluido Natureza: Projetos de pesquisa
Alunos envolvidos: Graduagao (1); Mestrado académico (1);
Integrantes: Fernanda Alves de Andrade; Valesca Pandolfi (Responsavel); Maria Cidinaria da Silva Alves

Biologia nos Bairros

Descri¢ao: Participagdo como membro da comissao organizadora. Carga horaria de 360 horas.
Situagao: Concluido Natureza: Projeto de extensédo
Integrantes: Fernanda Alves de Andrade (Responsavel); ; Patricia Vieira Tiago

Areas de atuacdo

1.
2,

3.

Producao

Grande area: Ciéncias Bioldgicas / Area: Genética
Grande area: Ciéncias Bioldgicas / Area: Genética

Grande &rea: Ciéncias Bioldgicas / Area: Genética

Producao bibliografica

Trabalhos publicados em anais de eventos (resumo)

1.

ANDRADE, F. A;; FERREIRA, J. D. C.; SOUZA, F. F;; COSTA, A. F,; OLIVEIRA,A. C. R;;
BENKOISEPPON, A. M.; PANDOLFI, V.. Estudo da variagé@o genética para resisténcia/suscetibilidade
ao CABMV em acessos de feijao-caupi In: XIV JORNADA PPGGBM, 2024, Recife. .. 2024,

PENNA, S. R. M.; LUNA-ARAGAO, M. A.; ANDRADE, F. A.; LEMOS, A. B.; SILVA, M. D.; SANTOS-
SILVA, C. A.; FERREIRA, J. D. C.; PANDOLFI, V.; BENKO-ISEPPON, A. M.. In silico structural
characterization of elF4E isoforms in Vigna unguiculata In: 8 School of Computacional Chemistry, 2024,
Sé&o Paulo. Semiempirical Methods and Tight-Binding Model. 2024,

OLIVEIRA, A. C. R;; SILVA, P. V. G; SILVA, M. E.; LIMA, C. B.; ANDRADE, F. A.;; CRUZ,R. C;
FERREIRA, J. D. C.; PANDOLFI, V.. Otimizacao do sistema de selegao in vitro utilizando o imazapyr na
regeneracdo de embrides de feijdo-comum (Phaseolus vulgaris L.) cultivar olathe pinto In: XIV JORNADA
PPGGBM, 2024, Recife. .. 2024,

t‘.\{ALVES, M. C. S;; PIRES, C. J.; FROSI, G.; ARAUJO, F. C.; SANTOS-SILVA, C. A.; ANDRADE, F. A.;
BENKO-ISEPPON, A. M.; PANDOLFI, V.. Structural and functional analysis of the TLPs family in the
Stylosanthes scabra transcriptome under irrigation supression In: Genética 22, 2022, Natal - RN. Anais
do GENETICA 22. 2022,

ANDRADE, F. A;; SILVA, A. A;; DIAS, F. C. R.;; ALVES, L. C.. CAMUNDONGOS BALB/C
IMUNODEPRIMIDOS TEM SUA MORFOLOGIA ESPERMATICA ALETERADA QUANDO INFECTADOS
PELO VIRUS ZIKA In: IV Encontro de Morfofisiologia: Inovagées tecnolégicas e aspectos terapéuticos,
2021, VI Encontro de Morfofisiologia: Inovacées tecnologicas e aspectos terapéuticos. 2021,

ALVES, M. C. S;; PIRES, C. J.; FROSI, G.; LIMA, M. O.; ANDRADE, F. A.; ARAUJO, F. C,;
BENKOISEPPON, A. M.; PANDOLFI, V.. Propescg¢éo e Caracterizagéo In Silico de TLPs no
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Transcriptoma de Stylosanthes scabra sob Deficiéncia Hidrica In: XXIII Encontro de Genética do
Nordeste, 2021, Petrolina. XXIIl Encontro de Genética do Nordeste - Engene. 2021,

ANDRADE, F. A;; SILVA, A. A;; DIAS, F. C. R;; ALVES, L. C.. Virus zika reduz o nivel de testosterona
serica em camundongos balb/C adultos In: V Simposio Capixaba de Ciéncias Biologicas, V Simpdsio
Capixaba de Ciéncias Biologicas. 2021,

Apresentacao de trabalho e palestra

1.

ANDRADE, F. A;; FERREIRA, J. D. C.; SOUZA, F. F;; COSTA, A. F,; OLIVEIRA,A. C. R;;
BENKOISEPPON, A. M.; PANDOLFI, V.. Estudo da variagéo genética para resisténcia/suscetibilidade
ao CABMV em acessos de feijao-caupi, 2024. (Outra,Apresentacdo de Trabalho)

ANDRADE, F. A.. Uso do sistema CRISPR/Cas9 para nocaute do gene elF4E de feijao-caupi visando a
resisténcia ao Potyvirus, 2024. (Seminario,Apresentagdo de Trabalho)

ANDRADE, F. A;; FERREIRA, J. D. C.; SOUZA, F. F; SILVA, M. E.; COSTA, A. F.; BENKO-ISEPPON,
A. M.; PANDOLFI, V.. Avaliagao da resisténcia ou susceptibilidade de variedades de feijao-caupi ao
CABMV”, 2023. (Congresso,Apresentagéo de Trabalho)

ALVES, M. C. S.; PIRES, C. J.; ARAUJO, F. C.; FROSI, G.; SANTOS-SILVA, C.A;; LIMA, M. O;
ANDRADE, F. A.; BENKO-ISEPPON, A. M.; PANDOLFI, V.. “CARACTERIZAGAO ESTRUTURAL E
EXPRESSAODIFERENCIAL DE TLPS (THAUMATIN-LIKE PROTEINS) EM DUAS LEGUMINOSAS DA
CAATINGA SOBESTRESSES ABIOTICOS, 2023. (Outra,Apresentacéo de Trabalho)

ANDRADE, F. A.; ARAGAO, F. J. L.; FERREIRA, J. D. C.; TANAKA, Y. M. R;; ROCHA, M. E. O. P;
SILVA, M. E.; BENKO-ISEPPON, A. M.; PANDOLFI, V.. Edigao génica (CRISPR/Cas9) de feijao-caupi
visando resisténcia a virus, 2023. (Congresso,Apresentagédo de Trabalho)

ANDRADE, F. A.. Uso do sistema CRISPR/Cas9 para nocaute do gene elF4E de feijao-caupi visando a
resisténcia ao Potyvirus, 2023. (Conferéncia ou palestra,Apresentagéo de Trabalho)
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7.

8.

ANDRADE, F. A;; SILVA, A. A;; DIAS, F. C. R;; ALVES, L. C.. CAMUNDONGOS BALB/C
IMUNODEPRIMIDOS TEM SUA MORFOLOGIA ESPERMATICA ALETERADA QUANDO INFECTADOS
PELO VIRUS ZIKA, 2021. (Simpodsio,Apresentagao de Trabalho)

ANDRADE, F. A; SILVA, A. A;; DIAS, F. C. R;; ALVES, L. C.. VIRUS ZIKA REDUZ O NIVEL DE TESTOSTERONA SERICA EM
CAMUNDONGOS BALB/C, 2021. (Simpodsio,Apresentagdo de Trabalho)

Producao técnica

Entrevistas, mesas redondas, programas e comentarios na midia

1.

2.

3.

Eventos

PANDOLFI, V.; ANDRADE, F. A.; SOUZA, F. F.. Alimentos Modificados Geneticamente, 2024.

ANDRADE, F. A.. “Field Resistance to Phakopsora pachyrhizi and Colletotrichum truncatum of Transgenic Soybean Expressing the NmDef02 Plant Defensin Gene,
2024.

ANDRADE, F. A.. Design of Three Residues Peptides against SARS-CoV-2 Infection, 2023.

Eventos

Participagdao em eventos

o M w0 N

20.

21.

22.

23.

24,

25.

26.

AGROWORK 2024 - "Uso de biolégicos na agricultura moderna®, 2024. (Encontro) .

| Ciclo de Seminarios LGBV, 2024. (Seminario) Uso do sistema CRISPR/Cas9 para nocaute do gene elF4E de feijdo-caupi visando a resisténcia ao Potyvirus.
Xl Workshop de Genética e Melhoramento: Integragcéo entre o campo e as novas tecnologias, 2024. (Outra) .

XIV JORNADA PPGGBM, 2024. (Outra) Estudo da variagdo genética para resisténcia/suscetibilidade ao CABMV em acessos de feijdo-caupi.

XIV JORNADA PPGGBM, 2024. (Outra) .

AGROWORK 2023 - "Uso de biolégicos na agricultura moderna®, 2023. (Outra) .

Apresentagao Oral no(a) Encontro de Genética do Nordeste, 2023. (Congresso) Avaliagao da resisténcia ou susceptibilidade de variedades de feijao-caupi ao
CABMV”.

Apresentacao de Poster / Painel no(a) Encontro de Genética do Nordeste, 2023. (Congresso) Uso do sistema CRISPR/Cas9 para nocaute do gene elF4E de feijao-
caupi visando a resisténcia ao Potyvirus.

Apresentacédo Oral no(a) | Workshop de Bioinformatica e Biotecnologia de Plantas, 2023. (Outra) Uso do sistema CRISPR/Cas9 para nocaute do gene elF4E de
feijdo-caupi visando a resisténcia ao Potyvirus

CABMV.

| Workshop de Bioinformatica e Biotecnologia de Plantas, 2023. (Outra) .

Xlll Jornada de Pés-Graduagdo em Genética e Biologia Molecular, 2023. (Outra) .

Apresentacao de Poster / Painel no(a) Xlll Jornada de Pé6s-Graduagiao em Genética e Biologia Molecular, 2023. (Outra) Edi¢ao génica (CRISPR/Cas9) de feijao-
caupi visando resisténcia a virus.

10° Semana de Biociéncias e Biotecnologia em Satde, 2022. (Congresso) .

Congresso Biotecnologia do Brasil, 2022. (Congresso) .

| Workshop in Genetics and Molecular Biology/XIl Jornada de Pés-Graduagao em Genética ua, 2022. (Outra) .
IV Simpésio de Genética e Biotecnologia da UFRPE, 2022. (Outra) .

Il Congresso Digital de Nanobiotecnologia e Bioengenharia (Il CDNB), 2021. (Congresso) .

IV Encontro de Morfofisiologia: Inovagées tecnolégicas e aspectos terapéuticos, 2021. (Encontro) CAMUNDONGOS BALB/C IMUNODEPRIMIDOS TEM SUA
MORFOLOGIA ESPERMATICA ALETERADA QUANDO INFECTADOS PELO VIRUS ZIKA.

Apresentagdo de Poster / Painel no(a) V Simpoésio Capixaba de Ciéncias Biologicas, 2021. (Simpoésio) Virus Zika reduz o nivel de testosterona sérica de
camundongos balb/C adultos.

| Ciclo de Palestras - Programa de Pé6s - Graduagao em Fisiologia Vegetal-UFV, 2020. (Simpdsio) .
| Simpésio Digital de Sistematica e Evolugdo de Plantas, 2020. (Simpdsio) .

| Simpésio da Liga Académica de Endocrinologia Unigranrio, 2020. (Simpoésio) .

| Simpésio de Principios Oncolégicos, 2020. (Simpdsio) .

Jornada Cientifica Laboratério Virtual, 2020. (Simpésio) .

Semana do Bidélogo, 2020. (Simpésio) .

VI Encontro de Agroecologia do Agreste de Pernambuco, 2020. (Simpdsio) .
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27. Semana de Biociéncias e Biotecnologia em Saude, 2019. (Congresso) .

28. Coloquio de Ecologia e Evolugéo, 2018. (Outra) .

29. Simpédsio Pernamb 10 de Biocéncias, 2018. (Simposio) .

Organizagéo de evento

1. ANDRADE, F. A.. XIV JORNADA PPGGBM, 2024. (Outro, Organizag&o de evento)

2. ANDRADE, F. A.. Xlll Jornada de Pos-Graduagdo em Genética e Biologia Molecular, 2023. (Outro, Organizagdo
de evento)

3. ANDRADE, F. A.; SILVA, A. A.. 2° Curso de Boas Praticas em Laboratorio e em Biotérios, 2022. (Outro,
Organizagao de evento)

4. ANDRADE, F. A; SILVA, A. A.. 1° Curso de Boas Praticas em Laboratdrios e em Biotérios, 2021. (Outro,
Organizagao de evento)

5. ANDRADE, F. A.; SILVA, A. A.. 3° Curso Pratico de Capacitagdo em Neuroanatomia, Estesiologia,
Sistemas de Tegumentos e Enddcrino, 2021. (Outro, Organizagdo de evento)




49

APENDICE - Deciphering Cowpea Resistance to Potyvirus: Assessment of

elF4E Gene Mutations and Their Impact on the elF4E-VPg Protein Interaction

O artigo “Deciphering Cowpea Resistance to Potyvirus: Assessment of e/F4E Gene
Mutations and Their Impact on the elF4E-VPg Protein Interaction” foi publicado no
periodico Viruses, link de acesso: https://doi.org/10.3390/v17081050.
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Abstract

Cowpea (Vigna unguiculata) is a crop of significant socioeconomic importance, particularly
in the semi-arid regions of Africa and America. However, its productivity has been ad-
versely affected by viral diseases, including the cowpea aphid-borne mosaic virus (CABMYV),
a single-stranded RNA virus. It is known that the VPg protein interacts with the host’s
translation initiation factor (eIF4E), promoting viral replication. This study aimed to in-
vestigate the relationship between mutations in the cowpea eIF4E gene and resistance to
CABMV. Twenty-seven cultivars were screened by PCR and bioassays for presence/absence
of mutations associated with resistance or susceptibility to Potyviruses. Of the cultivars
with mutations previously associated with susceptibility, 88.24% exhibited viral symptoms,
while 62.5% associated with resistance remained asymptomatic. The in silico analyses
revealed that non-synonymous mutations (Pro68Arg, Glyl09Arg) alter the structure of the
elF4E protein, reducing its affinity to VPg. Molecular dynamics simulations also pointed to
an enhanced structural stability of e[F4E in resistant cultivars and reinforced, for the first
time, key mutations and the functional role of the eIF4E gene in resistance to CABMV in
cowpea. Our results offer valuable insights for virus disease management and for genetic
improvement programs for this important crop.

Keywords: Vigna unguiculata; translation initiation factor 4E; CABMYV; recessive resistance

1. Introduction

Cowpea (Vigna unguiculata (L.) Walp) is a multifunctional legume known for its ability
to tolerate poor soils and hot environments [1]. The cultivation of this legume contributes
to soil quality due to its ability to fix nitrogen through symbiosis with rhizobia bacteria [2].
In addition to its high adaptability, cowpea stands out for its remarkable nutritional value,
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with about 32% protein and 62% carbohydrates, besides a high content of essential amino
acids, vitamins, and minerals [3,4]. It is a crop of socioeconomic interest, prevalent in
semi-arid regions around the world, mainly in countries of America and Africa [5].

Although this crop exhibits adaptability to unfavorable environments, its productivity
has been negatively impacted in various regions worldwide due to the incidence of phy-
topathogens and pests, including plant viruses [6]. Among the major plant viruses affecting
cowpea, two are particularly noteworthy: cowpea severe mosaic virus (CPSMV), from the
Secoviridae family (genus Comovirus), and cowpea aphid-borne mosaic virus (CABMV), a
member of the Potyviridae family (genus Potyvirus), which is transmitted by aphids [7,5].
Of these, CABMV is considered one of the most widespread and damagjing viruses, directly
impacting production and, consequently, having a major economic impact on the agro-
industrial sector [9]. Viruses of the Potyviridae family exhibit a monopartite single-stranded
positive-sense RNA (+ssRNA) genome that encodes ten viral proteins. The 5" end of the
viral RNA is covalently linked to the viral protein genome-linked (VPg), while the 3" end
has a polyadenylated tail (Poly-A) [10]. VPg is part of the group of proteins present in
viruses of the Potyviridae family [11]. In Potyvirus, VPg is correlated with the hijacking and
utilization of the plant host’s translation machinery through association with translation
initiation factor 4E (eIF4E), which is used to complete the viral replication cycle [12]. The
elF4E-VPg interaction occurs due to the physicochemical characteristics of VPg, which
mimics and competes with the 7-methylguanosine cap (m7GpppN), found at the 5 end of
the host’s messenger RNA (mRNA), by binding to the cap-binding domain of e[F4E [13].
A study on the VPg of potato virus Y (PVY) revealed, through nuclear magnetic resonance
(NMR) and molecular docking, that the VPg region binding to eIF4E has a negative surface
charge. In contrast, the binding domain of eIF4E has a predominantly positive surface
charge [13].

Furthermore, during infection, VPg acts as a primer, analogous to the 5’ cap, being
essential for both the translation and replication of viral RNA, after undergoing a process
called uridylylation [14]. During uridylylation, the nuclear inclusion protein b (Nib) acts as
a viral RNA polymerase and covalently links a uridine monophosphate (UMP) molecule to
a specific tyrosine residue (Tyr-Y) in the VPg protein, converting it into VPg-pUpU [15,16].
These features enable the Potyvirus to infect a broad range of plant hosts, consolidating
this genus as one of the most relevant for agriculture [9,17].

In addition to the responses triggered by innate immunity, also called dominant
resistance, mediated by resistance (R) genes, plants can also exhibit recessive resistance [18].
Recessive resistance, known for the loss of susceptibility and related to susceptibility (S)
genes, is correlated with the absence or mutations of host genes that encode proteins,
essential for viral replication and life cycle [19,20].

Mutations in these genes can lead to non-synonymous substitutions in the encoded
protein, thereby altering the physicochemical properties of specific amino acids [21]. Con-
sidering the perspective of their three-dimensional folding, these amino acid changes
may induce local and global structural alterations in the molecule [22]. Such changes
can compromise the structural stability, dynamics, and ability to interact with its natural
ligands [23] and may even lead the host to manifest resistance to some pathogens. For
Potyvirus, recessive resistance in several crops have been frequently associated with eIF4E
factors and their isoforms [17] because the mandatory e[F4E-VPg interaction is fundamental
for viral success [24].

In eukaryotes, eIF4E interacts with the 5’ cap end (m7GpppN) of mRNA. Then, it re-
cruits the eIF4G protein and the elF4A helicase, among other accessory subunits, ultimately
forming the elF4F complex. Once assembled, the translation process begins through ribo-
some recruitment [25]. Throughout plant evolution, due to duplications, mutations, and
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translocations, paralogs and/or isoforms of elF4E, named elF(iso)4E, have emerged [26,27].
These isoforms often display functional redundancy; for example, it has been demon-
strated that the deletion of elF(iso)4E in Arabidopsis thaliana resulted in increased expression
of eIF4E, suggesting functional redundancy between these genes [28]. Furthermore, al-
though the amino acid sequences between isoforms show moderately low identity, their
three-dimensional structures remain highly conserved [29].

Even if plants possess one or more elF4E isoforms, it has been demonstrated that
Potyviruses show a preference for only one available isoform, usually the one considered
primary in the translation pathway, using it as a susceptibility factor [20,30]. For example,
PVY uses only one eIF4E isoform, the main one for translation, among the six available in
tobacco plants [31]. In other cases, a Potyvirus may require more than one isoform as a
susceptibility factor [17]. This was reported for PVY, which uses two isoforms in potato
(elF4E1 and elF4E2) for viral mRNA translation but does not interact with elF(iso)4E [32].
Meanwhile, pepper veinal mottle virus (PVMV) uses e[FAE2 in tomato species and, on the
other hand, switches to elF4E1 and elF(iso)4E in pepper species [33,34], suggesting that the
same Potyvirus may require distinct e[F4E isoforms in different crops [17].

To date, the nature of the natural recessive resistance of V. unguiculata to Potyvirus
remains unclear. In this context, our study aimed to investigate mutations in the e[F4E
gene in cowpea cultivars and their possible relationship with susceptibility / resistance to
the Potyvirus CABMV through molecular and computational approaches. This study is
essential for understanding the biology of Potyvirus infection in cowpea with impacts on
the genus Vigna, considering both the socioeconomic importance of these legumes and the
fundamental role of elF4E/iso4E isoforms in Potyvirus infection. Moreover, the insights
gained from this study provide a valuable foundation for future marker-assisted selection
aiming at cowpea’s genetic improvement.

2. Materials and Methods
2.1. Analysis of the Coding Sequence of eIF4E Genes and VPg Coding Sequence

Two susceptible cowpea cultivars (cv Boca Negra and BR14 Mulato) and one resis-
tant cultivar (cv IT85F-2687) to CABMV were evaluated for the presence of mutations
in the coding sequence (CDS) of the eIF4E gene. Total RNA extraction was performed
on leaves of 4-week-old plants (both cultivars) using the SV Total RNA Isolation Sys-
tem kit (Promega, Madison, WI, USA). For each of the three cultivars analyzed, three
independent biological replicates were used, corresponding to samples from different
plants grown under the same experimental conditions. Each RNA extraction was ana-
lyzed in technical duplicate, totaling two technical replicates per biological replicate. RNA
extraction was also carried out from leaves of 4-week-old virally symptomatic plants (pre-
viously inoculated with CABMV). After DNase I treatment (Invitrogen, Carlsbad, CA,
USA), RNA quality was estimated by agarose gel electrophoresis and quantified by a
Qubit 2.0 Fluorometer (Invitrogen). For each sample, 1 pg of RNA was converted to
c¢DNA using the ImProm-II Reverse Transcription Systems kit (Promega). The primer pairs
5 ATGGTTGTGGAAGATTCACAA 3’ (forward) and 5 TCATATCACGTATTTATTTTTAG-
CACCC 3’ (reverse) and 5’CATATGGGGAAGAAAAGGATGATACAGAAG 3’ (forward)
and 5" CTCGAGTTCAACTCCAACATCTTCATTGGG 3’ (reverse) were used for amplifica-
tion of eIF4E and VPg coding sequences, respectively. The total reaction volume was 20 uL,
containing 1 pL of cDNA, 2 uL of 10x buffer, 0.3 uL of each primer (forward and reverse),
0.2 pL of dNTPs, 0.1 uL of Tag DNA polymerase, and 15.5 uL of H;O. Amplification
reactions were performed using a TC-412 Thermal Cycler (Bibby Scientific, Staffordshire,
UK). All samples were amplified in triplicate assays using the following conditions: 95 °C
for 7 min, followed by 35 cycles at 95 °C for 1 min, 60 °C for 1 min, and 72 °C for 1 min,
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and a final extension at 72 °C for 10 min. The PCR band was extracted from the agarose
gel, then purified with a PureLink Quick Gel Extraction Kit (Invitrogen) and cloned into
the pGEM-T Easy PCR Product Cloning kit (Promega), according to the manufacturer’s
instructions. Individual E. coli DH10B colonies (Invitrogen) were selected for plasmid
preparation using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) for plasmid
purification. The authenticity of the CDSs was confirmed by Sanger sequencing, using
the BigDye Terminator v3.1 Cycle Sequence Kit (Applied Biosystems) in a 2250XL DNA
analyzer (Applied Biosystems, Foster City, CA, USA).

2.2. Confirmation of Mutations in the eIF4E Gene in Cowpea

The sequencing result of the eIF4E gene CDSs revealed the presence of mutations
between the susceptible cultivars (cv Boca Negra and BR14 Mulato) and the resistant
cultivar (cv IT85F-2687) to CABMV. Based on this, two pairs of primers were designed,
one for each mutation type: elF4E_Susc (F: 5 GACCTTCTGGTTCGACAACCC 3'; R: 5
GCAGTGAAAGTCCGCCCC 3') and elF4E_Res (F: 5" GACCTTCTGGTTCGACAACCG
3'; R: 5 GCAGTGAAAGTCCACCCG 3'). The forward sequence of the elF4E_Susc primer
recognizes position 203 with a cytosine (C203), and the reverse sequence recognizes posi-
tion 325 with a guanine (G325), both positions associated with susceptibility to CABMV
Potyvirus. In the e[F4E_Res primer, the forward sequence recognizes position 203 with a
guanine (G203), and the reverse sequence recognizes position 325 with a cytosine (C325),
potentially associated with resistance.

2.3. Analysis of eIFAE Gene Mutations and Assessment of Susceptibility/Resistance to CABMV in
Cowpea Cultivars

The possible association of elF4E gene mutation with susceptibility or resistance
to CABMV was evaluated in 27 cowpea cultivars. The plants were cultivated in 4 L
pots containing soil and vermiculite (1:1), under controlled greenhouse conditions at the
Agronomic Institute of Pernambuco (IPA), Pernambuco, Brazil. For each cultivar, two
pots were prepared, with four plants per pot. One week after sowing, leaf tissue samples
were collected for DNA extraction following the method of Doyle and Doyle (1987) [35].
Plants were inoculated with CABMYV as described by Oliveira and collaborators [36]. PCR
reactions were performed as previously described in Section 2.1, using the primer pairs
eIF4E_Res and eIF4E_Susc (annealing temperature of 55 °C and amplification product of
297 bps).

The viral inoculum was prepared from infected leaf tissues, which were macerated
[0.01 M sodium phosphate buffer (pH 7.0)] at a 1:9 (w/v) ratio of tissue to buffer. For
inoculation, a pestle was dipped into the viral extract and gently rubbed onto the surface
of leaves (trifoliolate leaves) from cultivars. Prior to inoculation, the leaves were dusted
with 600-mesh Carborundum to create micro-wounds and facilitate viral entry. After
inoculation, the residual inoculum and abrasive were rinsed off with distilled water [36].
Disease symptoms were evaluated through regular inspections of the inoculated plants, by
observing and recording the emergence and development of any symptom, such as vein
clearing, chlorosis, or mosaic. Plants with visible symptoms were classified as susceptible
and those without symptoms as resistant [37].

An additional group of plants not inoculated with CABMV was evaluated for mu-
tation in the CDS of the eIF4E gene. RNA isolation, cDNA synthesis, PCR reactions,
purification, and sequencing were performed as described in Section 2.1, except for the
annealing temperature (57 °C), as well as the primer pair used, SeqVuELF4E-Indel (F: 5/
CTAGCAGGGTCGACAACG 3'; R: 5 CTGAGCAGCTTCATTTGAAGC 3'), amplifying
a fragment of 527 base pairs (bps). The data was processed to assess sequence quality
and to exclude low-quality reads using BioEdit software (v. 7.7). Subsequently, nucleotide
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sequences were aligned using the Clustal W software in the MEGA package (v. 11) and
visualized with Jalview (v. 2.11) [38]. These sequences were analyzed alongside those
from the three cultivars initially examined in the study—Boca Negra, BR14 Mulato, and
IT85F-2687, which served as reference standards for comparative analysis.

2.4. Primary Sequences, Alignments, and Conserved Domain of eIF4E Coding Region

To investigate the possible impact of specific mutations in the eIF4E gene on its
interaction with VPg (CABMV)—a factor potentially associated with susceptibility or
resistance to the virus—five cowpea cultivars (Bajao, Boca Negra, BRS Cauamé, BRS
Xiquexique, and IT85F-2687) were selected for in silico analyses. This selection was based
on mutations in the eIF4E coding sequence (CDS) and bioassay results. Boca Negra and
BRS Xiquexique were both susceptible to CABMYV, although BRS Xiquexique carries a
thymine at position 325. BRS Cauamé and IT85F-2687 share mutations at positions 203
and 325, but only IT85F-2687 showed a resistant phenotype. Bajao exhibited unique
changes, including a six-base-pair insertion between positions 223 and 230. The nucleotide
sequences of these cultivars were evaluated via BLAST (v.2.16.0) https:/ /blast.ncbi.nlm.
nih.gov/Blast.cgi (accessed on 10 July 2024 to confirm the conservation of the eIF4E gene.
Subsequently, the primary sequences of the eIF4E proteins (from the five cultivars, along
with the VPg protein) were translated using the ORFfinder tool https:/ /www.ncbi.nlm.nih.
gov/orffinder/ (accessed on 10 July 2024. The search for functional domains of the proteins
was performed via CD Search https://www.ncbinlm.nih.gov/Structure/cdd/wrpsb.cgi
(accessed on 11 July 2024). In parallel, a search for VPg protein sequences from different
Potywiruses was conducted on NCBI https:/ /www.ncbinlm.nih.gov/ (accessed on 14 July
2024) to verify conserved domains (Figure S1). All sequence alignments were performed
using the ClustalW method in the MEGA package (v. 11) and subsequently visualized in
Jalview (v. 2.11).

2.5. Molecular Modeling, Model Validation, and Molecular Dynamics Simulations

The predicted theoretical models were selected based on two confidence metrics, the
Predicted Local Distance Difference Test (pLDDT) and Predicted Aligned Error (PAE), both
available in the AlphaFold 3 algorithm [39]. The models were validated for folding quality
and thermodynamics using ProSA, PROCHECK, and QMEANDIsCo. Furthermore, the
theoretical models were aligned with an experimental model from Arabidopsis thaliana
(PDB ID: 5BXV). Molecular dynamics (MD) simulations for the isolated eIF4E, the VPg
proteins, and the elFAE-VPg complexes (obtained by molecular docking with HADDOCK)
were analyzed and executed in the GROMACS package [40]. Physiological conditions
were simulated at 0.15 M, with water (SPC type) and NaCl ions, for 100 ns, using the
GROMOS 53A6 force field [40,41]. Periodic boundary conditions were applied in the x, y,
and z directions, centering the models in a cubic box of 10 nm x 10 nm x 10 nm, followed
by energy minimization of the systems [40,42]. In the NVT step, the temperature was
set to 300 K, employing solute atom restraints at the initial positions [40]. The LINCS
method was used to apply constraints to the covalent bonds of the systems, including
those involving hydrogen atoms [43]. Integration was performed by the leapfrog algorithm,
using an integration time step of 2 fs [44]. Using the steepest descent algorithm, the energy
of the systems was optimized using 50,000 steps. MD simulations were performed without
restraints, with constant temperature and pressure (300 K and 1 atm, respectively) for
100 ns. The MD simulation trajectories were also analyzed with GROMACS, considering the
following parameters: Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation
(RMSF), radius of gyration (RG), and hydrogen bonds (HBs) [40]. Finally, Electrostatic
Surface Potential (ESP) analyses were performed using the APBS server [45].
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2.6. Molecular Docking and Binding Energy Between eIF4E-VPg Complexes

Molecular docking was performed with representative models from each trajectory
of the isolated systems simulated by MD. The molecular docking interaction between the
proteins of the selected cultivars, elF4E and VPg, was submitted to HADDOCK (v. 2.4),
following the software’s default settings. Interaction residues were defined according to
the literature [13]. For VPg, the residues determined as active were F107, 1108, E112, 5115,
Q116, and V118. For the elF4E proteins of Boca Negra, IT85F-2687, BRS Cauamé, and BRS
Xiquexique, they were W22, W68, R118, R120, and K123. In contrast, for the eIF4E protein of
the Bajao cultivar, the residues were W24, W70, R120, R122, and K125. The pairs generated
by molecular docking were selected based on the most favorable HADDOCK score values,
considering the combination of cluster positions and physicochemical characteristics of
the interactions. The results were submitted to the Rosetta package (v. 4.0) to calculate
the Gibbs free energy between elF4E and VPg. Additionally, the theorical binding free
energy for each complex was estimated using the MM/GBSA method. For this purpose, all
complex structures were submitted to the HawkDock server, defining eIF4E (chain A) as
the receptor and VPg (chain B) as the ligand [46].

The complexes generated by HADDOCK were subjected to MD (parameters from
Section 2.5) to assess possible alterations in eIF4E after interaction with VPg. Furthermore,
the positions of the mutations identified in the five cowpea cultivars were analyzed to
determine whether they are located in or close to the VPg-binding pocket.

3. Results
3.1. Mutations in the eIF4E Gene of Vigna Unguiculata

Analysis of the eIF4E gene revealed five mutations (at positions 203, 224, 325, 329,
and 520) between the two susceptible cultivars (Boca Negra and BR14 Mulato) and the
resistant cultivar (IT85F-2687) (Table 1). Of these, three mutations (at positions 203, 325,
and 329) differed between the two susceptible cultivars and the resistant one (Table 1). The
substitutions included the following: C203G, leading to a change from proline to arginine
(P68R); G325C, with a change from glycine to arginine (Gly109Arg); and C329T, where
an alanine was replaced by a valine (Ala110Val) (Table 1). At positions 224 and 520, the
susceptible cultivars exhibited different types of substitutions compared to the resistant
one: C224A in the Boca Negra cultivar and T520A in the BR14 Mulato cultivar.

Table 1. Mutations identified in the eIF4E gene sequence and the corresponding amino acid sequences
of proteins from three cowpea cultivars: Boca Negra, BR14 Mulato (susceptible to CABMV), and
IT85F-2687 (resistant to CABMV). Of the five mutations detected, three (*) differentiate the susceptible

cultivars from the resistant one.

CULTIVAR/Condition
POSITION TYPE Susceptible Resistant

BOCA NEGRA BR14 MULATO IT85F-2687
203 Nucleotide Cytosine (C) Cytosine (C) Guanine (G) *
224 Nucleotide Cytosine (C) Adenine (A) Adenine (A)
325 Nucleotide Guanine (G) Guanine (G) Cytosine (C) *
329 Nucleotide Cytosine (C) Cytosine (C) Thymine (T) *
520 Nucleotide Adenine (A) Thymine (T) Adenine (A)
68 Amino acid Proline (Pro) Proline (Pro) Arginine (Arg) *

75 Amino acid Alanine (Ala) Aspartate (Asp) Aspartate (Asp)
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CULTIVAR/Condition
POSITION TYPE Susceptible Resistant
BOCA NEGRA BR14 MULATO IT85F-2687
109 Amino acid Glycine (Gly) Glycine (Gly) Arginine (Arg) *
110 Amino acid Alanine (Ala) Alanine (Ala) Valine (Val) *
174 Amino acid Tyrosine (Tyr) Asparagine (Asn) Asparagine (Asn)

3.2. Susceptibility/Resistance to CABMV Based on Mutations in the eIF4E Gene

Based on the mutations at positions 203 and 325 (observed in the eIF4E gene in the
cultivars Boca Negra, BR14 Mulato, and IT85F-2687), two primers pairs (elF4E_Susc and
elF4E_Res) were designed and employed in PCR assays across 27 cowpea cultivars. The
elF4E_Susc primer recognizes the C203/G325 mutations associated with susceptibility,
while the e[F4E_Res primer recognizes the G203/C325 mutations associated with resistance.
Of the 27 cultivars evaluated, 25 (92.52%) confirmed the amplification of the expected 297 bp
fragment (Figure S2). Of these, 17 cultivars (62.96%) amplified with the primer pair for
susceptibility (eIF4E_Susc: C203/G325), and eight cultivars amplified with the primer pair
for resistance (eIF4E_Res: G203/C325). Notably, two cultivars (TVU-966 and Bajao) failed
to amplify with either primer set.

3.3. Bioassay of Cowpea Cultivars Inoculated with Potyvirus CABMV

To confirm the association of mutations with susceptibility / resistance to CABMYV, the
27 cowpea cultivars previously analyzed by PCR were monitored for symptom develop-
ment following CABMYV inoculation. Of the 17 cultivars that tested positive (via PCR) for
the mutation associated with susceptibility, 15 (88.24%) exhibited symptoms 10 days after
inoculation (dais) (Figure 1; Table 2). Among the eight cultivars that were used for the PCR
search of mutations associated with resistance, five (62.5%) remained asymptomatic, while
three (37.5%) developed symptoms (Table 2). Although the cultivars TVU-966 and Bajao did
not amplify with the tested primers, they present no symptoms in the bioassay, confirming
their resistance to CABMV (Table 2). Figure 1 shows the main symptoms observed in the
cowpea cultivars after viral inoculation, including reduced plant size and leaf distortion
(Figure 1A,B), severe mosaic (Figure 1C), and mosaic and green stripes along the veins
(Figure 1D).

Table 2. Analysis of the 27 cowpea cultivars for their response to CABMV infection (resis-
tant/susceptible), based on PCR results and bioassays, compared with published reports. *: negative

PCR (no amplification); **: no published data available regarding the cultivar’s response to CABMV.

THIS STUDY LITERATURE DATA
GENOTYPES PCR Bioassay Reaction Reference
1—Santo Inécio Susceptible Susceptible *
2—Pingo de Ouro Susceptible Susceptible Susceptible [37]
3—BR 14 Mulato Susceptible Susceptible Susceptible [47,48]
4—BRS Xiquexique Susceptible Susceptible Susceptible [48]
5—BRS Tumucumaque Resistant Susceptible Susceptible [48]
6—Inhuma Susceptible Susceptible *
7—Boca Negra Susceptible Susceptible *
8—Joao Paulo II Susceptible Susceptible *
9—IT85F-2687 Resistant Resistant Resistant [48]
10—BR 1 Poty Susceptible Susceptible Susceptible [37]

11—BRS Maratoa

Susceptible Susceptible Susceptible/ Resistant [37,47]
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Table 2. Cont.

THIS STUDY LITERATURE DATA
GENOTYPES PCR Bioassay Reaction Reference
12—BRS Cauamé Resistant Susceptible Susceptible/Resistant [45,46]
13—BRS Guariba Resistant Resistant Resistant/Susceptible [47-49]
14—BRS Itaim Susceptible Susceptible Resistant [47]
15—BRS Paraguagu Susceptible Susceptible =
16—L.950.002 Resistant Resistant i
17—Miranda IPA 207 Susceptible Resistant =
18—IPA 206 Resistant Resistant b
19—BRS Jurua Susceptible Susceptible Susceptible/Resistant [36,47]
20—Canapu Susceptible Susceptible i
21—BR10 Piaui Susceptible Susceptible Susceptible [48]
22—Corujinha Resistant Susceptible "
23—TVU-966 s Resistant Resistant [47,50]
24—Manteguinha Santarém Susceptible Resistant Resistant [48]
25—IT81D-1053 Resistant Resistant Resistant [48]
26—Sempre Verde Salgueiro Susceptible Susceptible Susceptible [50]
27—Bajao * Resistant Resistant [48]

Figure 1. Representative symptoms exhibited by the cowpea cultivars inoculated with cowpea aphid-
borne mosaic virus (CABMV): (A) Leaf distortions and mosaic symptoms. (B) Comparison of cowpea
cultivars: (B1) asymptomatic plant and (B2) infected plant showing mosaic symptoms and reduced
leaf size. (C) Severe mosaic. (D) Mosaic and green stripes along the veins. (E) Healthy leaf from a
resistant cultivar (IT85F-2687).

3.4. Genetic Variation in the eIF4E CDS Among 27 Cowpea Cultivars

In addition to PCR amplification and symptom evaluation, plants of the 27 cultivars
(not inoculated with CABMV) were also analyzed for mutations in the coding sequence
of the eIF4E gene. For this purpose, the 527 bp fragments amplified from the cDNA of
all 27 cultivars were sequenced. Sequence analysis revealed a high level of conservation
(>98%; Figure S3), although some mutations were detected (Figure S4).
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Among the 17 cultivars whose loci were amplified with the eIF4E_Susc primer pair
(indicating possible susceptibility), 16 (94%) exhibited a cytosine at position 203 (C203),
consistent with the expectation for susceptible phenotypes. Only one cultivar (Sempre
Verde Salgueiro) displayed guanine at this position (G203). Regarding the nucleotide at
position 325 (identified as G325 in susceptible cultivars), only two cultivars (BRS Xiquexique
and BRS Paraguacu, both susceptible) exhibited a thymine at this position (T325). Among
the eight PCR-positive cultivars for the elF4E_Res primer (suggesting possible resistance),
all exhibited a guanine at position 203 (G203) and a cytosine at position 325 (C325). Only two
cultivars failed to amplify with both primer pairs, TVu-966 and Bajao (both resistant). They
exhibited nucleotide substitutions preventing the annealing of primers. These substitutions
included C328/329 in the TVu-966 cultivar. Notably, the mutation at position 328 is also
found in the Inhuma and Sempre Verde Salgueiro cultivars (Figure 54). Interestingly, the
Bajdo cultivar displayed a greater number of differences in the eIF4E gene compared to
the other cultivars. This cultivar had the G203 mutation, also observed in other cultivars
possibly resistant to CABMV. Another difference was a 6 bp insertion detected between
positions 223 and 230. Furthermore, at position 331, this cultivar showed an adenine (A331),
distinguishing it from the other possibly resistant cultivars (Figure 54). The mentioned
mutations, classified as non-synonymous, alter the amino acid sequences of the elF4E
protein. The corresponding alterations in the protein sequence are shown in Figure S5.

3.5. Alignment and Conserved Domain of eIF4E and VPg Proteins

In silico analyses were performed on five selected cowpea cultivars (Bajao, Boca
Negra, BRS Cauamé, BRS Xiquexique, and IT85F-2687), based on the identified amino acid
substitutions and the performance observed in the bioassay following CABMYV inoculation
(Table 2 and Section 3.3). These substitutions are present in the conserved domain of the
cowpea elF4E protein, as shown in Figure 2A. Figure 2B shows the conserved domain of
the CABMV VPg protein.

3.6. Molecular Modeling and Structural Validation of eIF4E and VPg Models

The theoretical models of the elF4E proteins from cowpea cultivars (Boca Negra, BRS
Xiquexique, BRS Cauamé, IT85F-2687, and Bajdo) as well as the VPg protein from CABMYV,
all obtained through modeling using AlphaFold 3, exhibited validation metrics within
quality criteria [51,52]. Analyses performed in ProSA showed Z-Score values ranging from
—6.14 to —6.63 for the three-dimensional models of eIF4E and of —4.75 for the VPg model.
Furthermore, values obtained in PROCHECK revealed values above 92% for residues that
were located in regions with thermodynamically favorable torsion angles. The highest
scores (>95%) were observed for the VPg and the eIF4E models of Boca Negra and IT85F-
2687. The models for BRS Cauamé and BRS Xiquexique exhibited scores above 93%, while
the model for the Bajao cultivar had a score of 92.5%. QMEANDIsCo analysis further
supported the quality of the models, with all structures presenting values ranging from
0.85 to 0.87 for eIF4E and of 0.56 for VPg, highlighting the quality of the models [53].

The alignment of the three-dimensional models of the cowpea elF4E proteins revealed
an RMSD of 0.071 A (Figure S6). In turn, the alignment between the cowpea elF4E models
and the A. thaliana elFAE models exhibited an RMSD of 0.576 A (Figure 3A).
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Figure 2. Conserved domain analysis. (A) Conserved domain of the elF4E protein from five cowpea cultivars (Bajao, Boca Negra, BRS Cauamé, BRS Xiquexique, and
IT85F-2687). (B) Conserved domain of the VPg protein from CABMV (cowpea aphid-borne mosaic virus). The red circle (position 64) in the VPg sequence highlights the
tyrosine (Tyr) residue essential for the VPg uridylylation process.
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RMSD: 0.576 A

Models
—— Boca Negra
= BRS Xiquexique
—— BRS Cauamé
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(B)

Figure 3. Alignment between the theoretical three-dimensional models of eIF4E proteins. (A) Align-
ment of the three-dimensional structures of cowpea eIF4E proteins with A. thaliana eIF4E,
RMSD of 0.576 A (PYMOL v.3.1). (B) Three-dimensional structure of the VPg protein from the
CABMV Potyvirus.

Analysis of the molecular dynamics (MD) trajectories of the five theoretical three-
dimensional models of eIF4E revealed RMSD values converging in all conditions around
15 ns (Figure 4A). The BRS Xiquexique and IT85F-2687 models showed the lowest RMSD
values, with structural convergence in the trajectory at 25 ns and 50 ns, respectively. In
contrast, the highest RMSD values, and therefore the largest fluctuations, were observed in
the Bajao and Boca Negra models, followed by the BRS Cauamé model. Additional MD
results for the VPg protein are presented in Figure S7.

Data extracted from the MD trajectories indicated that the interaction of eIF4E proteins
with VPg (eIF4E-VPg) caused local and global alterations in the structural dynamics of
elF4Es (Figure 4B). The eIF4E proteins from Bajao and BRS Xiquexique exhibited the largest
fluctuations, as indicated by RMSD values (Figure 4B). The eIF4E protein from the Bajao
cultivar, followed by that of IT85F-2687, showed less perturbation at the 5’cap-binding
site in response to VPg binding. In contrast, eIF4E from BRS Xiquexique displayed global
perturbations upon interaction with VPg (Figure 4B).

Additionally, RMSF analysis revealed similar flexibility profiles among the systems
before binding with VPg (Figure 5A), with emphasis on BRS Cauamé and Bajao, which
displayed an exclusive flexibility peak between residues 65 and 78. Boca Negra exhibited a
fluctuation peak at residue 150, while Bajao showed a characteristic peak between residues
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150 and 175, differing from the other evaluated systems. The degree of flexibility of each re-
gion in the protein structures is visualized in Figures S8 and S9. Notably, the 160-175 region
of eIF4E showed a marked decrease in flexibility upon VPg binding (Figure S8). This sta-
bilization suggests the direct involvement of this segment in the binding interface. This
result aligns with previous reports that map the interaction site to the C-terminal domain
of eIF4E [54,55]. Following VPg interaction (Figure 5B), the RMSF profiles of the eIF4E
proteins showed a global reduction in flexibility across all cultivars. However, the BRS
Cauamé and BRS Xiquexique models exhibited an exclusive gain in flexibility between
residues 8 and 16 (Figure 5B).

RMSD values—elF4E RMSD values—ell4C (under the influence of VPg)

Cuttvars

—— Boca Negra

—— BRS Xiquexique

— BRS Cauamé
IT8SF-2687

041 — majio

RMSD (nm)
RMSD (nm)

L) v P
Time (ns) Time (ns)

Figure 4. Evaluation of the structural convergence of V. unguiculata eIF4E proteins. (A) RMSD of
isolated eIF4E proteins; (B) RMSD of eIF4E proteins after docking with VPg.

RMSF values—elF4E RMSF values—elF4E (under the influence of VPg)

Cuttivars
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—— BRS Xiquexique
—— BRS Cavamé
1T85F.2687

— Bajlo

RMSF (nm)
RMSF (rm)

7 100 3 < 3 oo
Residue Residue

Figure 5. Evaluation of the flexibilities of the three-dimensional structures of V. unguiculata eIF4E.
(A) RMSF of isolated eIF4E proteins. (B) RMSF of eIF4E proteins after docking with VPg.

In addition to structural convergence and flexibility analyses, we also investigated
properties related to protein compaction and secondary structure maintenance, using
the number of intramolecular hydrogen bonds (HBs) and radius of gyration (RG) as
parameters. HB analysis revealed that the eIF4E protein of the Bajao cultivar exhibited the
highest number of HBs, whereas the other cultivars showed similar values (Figure 6A).
Furthermore, the number of HBs remained unchanged following the eIF4E-VPg interaction
(Figure 6B).
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Figure 6. Evaluation of the intramolecular hydrogen bonds (HBs). (A) Number of intramolecular
HBs in isolated elF4E proteins; (B) number of intramolecular HBs after interaction with the VPg
protein (eIF4E-VPg).

Regarding the degree of compaction, as assessed by the radius of gyration (RG)
parameter of the proteins, the elF4E protein isolated from the Bajao cultivar showed
lower compaction during the first 40 ns but then behaved similarly to the other cultivars
throughout the trajectory. For the elF4E-VPg complex, all cultivars displayed a numerically
similar degree of compaction among themselves (as also observed when analyzed in
isolation) (Figure 7).

Radius of gyration values—elF4E (under the influence of VPg)

Cutvars
— Boca Negra
| = BRS Xiquexique
~—— BRS Cauamé
FTBSF-2687
| — saise

@ o
Time (ns) Time (ns)

Figure 7. Evaluation of the radius of gyration (RG) of elF4E proteins. (A) RG of isolated eIF4AE
proteins; (B) RG after docking with VPg (elF4E-VPg).

To understand the electrostatic contribution of the eIF4E-VPg interaction, we eval-
uated the surface charge distribution of eIF4E proteins. Possible alterations in protein
charges, due to the observed mutations in the eIF4E of cowpea cultivars, were also assessed.
This analysis revealed opposite charge profiles localized in different VPg regions. The re-
gion directly interacting with eIF4E exhibited a predominantly anionic electrostatic profile
(Figure 8A,B), whereas another site displayed strongly cationic characteristics (Figure 8).
The VPg interaction site (dedicated to mimicking the 5’ cap) showed predominantly nega-
tive charges (Figure 8A,B). The data also revealed that the region responsible for recognizing
and binding to the 5’cap of mRNA in eIF4E is cationic in nature.
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elF4E binding site

5’cap (or VPg)
binding site

kJ mol-'e!

-5 4 5

Figure 8. Evaluation of the electrostatic surface profiles of elF4E structures from cowpea cultivars
and the VPg protein from CABMV Potyvirus. Dots highlight the e[F4E-VPg interaction regions with
anionic (green circle) and cationic charges (yellow circle), respectively. (A) VPg; (B) VPg's elF4E
binding site; (C) Boca Negra; (D) IT85F-2687; (E) Bajao; (F) BRS Xiquexique; (G) BRS Cauamé.

3.7. Molecular Docking, Interface Analysis, and Binding Energy

The docking scores for the elF4E-VPg complexes, which were generated using the
previously described AlphaFold 3 theoretical models and docked with HADDOCK, ranged
from —72.3 to —115.5 (Table 3). The most favorable interactions (indicated by more negative
scores) were observed between VPg and elF4E from the BRS Xiquexique (—102.9) and
IT85F-2687 (—115.5) cultivars. In contrast, dockings with eIF4E from the BRS Cauamé
and Bajao cultivars obtained the highest scores (—72.3 and —75.9, respectively) and were,
therefore, less favorable for interaction with CABMV VPg.
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Table 3. Data on HADDOCK score, Gibbs free energy difference (Theorical DDG), and interaction
area related to VPg-eIF4E complex formation.

COMPLEXES HADDOCK ROSETTA Hﬁ;vdl-(ctigik
Sivie Interaction Theorical DDG Molecular Prégiecied:fizi:glle’;ee

Area (A2) (REUs) Surface (A2) il
elF4E (Bajao)/VPg =759 1195.7 —35.724 632.566 —84.23
elF4E (Boca Negra)/VPg -91.2 14241 —41.459 684.034 -98.21
elF4E (BRS Cauamé)/VPg =723 1316.4 —20.840 455.246 —68.52
eIF4E (BRS Xiquexique)/VPg -1029 1944.6 —23.612 453.629 -7297
elF4E (IT85F-2687)/VPg -1155 1820.6 -30.910 518.889 —82.22

Molecular Surface: 684.034 A2 Molecular Surface: 518.889 A2

Additionally, the free binding energy and interaction area between the proteins were
calculated with the Rosetta package, aiming to understand the eIF4E-VPg fit (Table 3). It
should be noted that the absolute values of these computationally derived energies carry
inherent uncertainty. Therefore, it is more robust to use them to establish relative energetic
trends, for which the susceptible Boca Negra complex was used as the baseline to compare
the other cultivars. The Boca Negra cultivar showed the largest interaction area, as well
as the most favorable binding energy among all complexes tested. The BRS Cauamé and
BRS Xiquexique cultivars showed the smallest interaction areas between the eIF4E-VPg
complex, as well as the lowest binding energies (Figure 9).

Molecular Surface: 632.566 A2
Theorical DDG: -35.724 REUs

Theorical DDG: —41.459 REUs Theorical DDG: -30.910 REUs

@ erFae
@ vrg

O eIF4E-VPg interaction

Molecular Surface: 453.629 A2 Molecular Surface: 455.246 A2

Theorical DDG: -23.612 REUs Theorical DDG: 20.840 REUs

Figure 9. Schematic representation of the interaction areas in A2 of the VPg-elF4E complex and the
corresponding Gibbs free energy difference (Theorical DDG), expressed in Rosetta Energy Units
(REUs). (A) Boca Negra; (B) IT85F-2687; (C) Bajao; (D) BRS Xiquexique; (E) BRS Cauamé.

Furthermore, the binding free energies calculated using the MM-GBSA method
through HawkDock confirmed the energetic trends predicted by the other two previ-
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ously presented tools (Table 3). Notably, in addition to the total binding free energy, this
analysis also provided per-residue energy decomposition, highlighting the key residues
that contribute to the stability of the eIF4E-VPg complex. This decomposition detailed the
specific contributions from van der Waals (VDW), electrostatic (ELE), polar solvation (GB),
and nonpolar solvation (SA) interaction components. The per-residue energy decomposi-
tion (Supplementary Table 51) revealed a conserved interaction “hotspot” in the 118-121
region of eIF4E, where residues such as Arg-118 and Arg-120 act as fundamental binding
anchors in most variants, underscoring the importance of this region for the formation of
the eIF4E-VPg complex. A clear pattern emerged from this hotspot: it is dominated by a
strong positive charge, creating a key electrostatic surface. The analysis also highlighted the
diversity in binding strategies: the BRS Xiquexique cultivar presented a high interaction
dominated by Arg-120 (exhibiting a predicted theoretical binding free energy of the com-
plex = —14.89 kcal/mol), as exhibited in Table S1, while the Bajdo cultivar demonstrated a
divergent recognition pattern, utilizing a distinct set of residues at the interface (e.g., Pro-73,
Tle-74).

Notably, the Pro68Arg substitution stood out as the only one among the central
mutations of this study to directly and significantly impact the binding energy at the
interface, as evidenced by its high contribution in the Boca Negra cultivar. This finding,
along with the relevance of the Trp-68 residue in the same system, demonstrates the
importance of electrostatic and aromatic interactions at the main elF4E interface (cap
and VPg binding). In contrast, the other analyzed mutations are not among the main
energetic contributors, suggesting their role in resistance is likely indirect, acting through
the modulation of the protein’s global conformation and dynamics, a hypothesis supported
by our MD analyses. The extended per-residue decomposition results for all systems are
available in Supplementary Table S1.

These MM-GBSA-based findings help clarify the molecular recognition process be-
tween the systems, offering important clues as to the mechanism of action for the inves-
tigated resistance mutations. However, it is important to note that the absolute bind-
ing energy values derived from computational methods carry significant uncertainty,
largely due to the challenge of accurately capturing the entropic component of binding.
Therefore, these values are best interpreted not for their absolute magnitude but as semi-
quantitative estimates that reliably indicate the energetic trends and relative differences
between the systems.

The Boca Negra cultivar exhibited the largest interaction area, as well as the most
favorable binding energy, among all complexes analyzed. Interestingly, the resistant
cultivars IT85F-2687 and Bajao displayed intermediate interaction surface areas and free
binding energies when compared to the other cultivars. Three-dimensional models of eIFAE
revealed that the mutations identified in this study are located within the VPg-binding
pocket (Figure 10).

Complementarily, other strategies for identification of key amino acid residues driving
the eIF4E-VPg interaction were accomplished through two distinct analyses of the docking-
derived MD trajectories. Initially, the most representative structure was selected from each
of the five e[F4E-VPg systems, one for each cultivar. In this analysis, these structures were
used to map intermolecular contacts by categorizing all eIF4E residues located within a 5 A
radius of VPg (Supplementary Tables 52-57). Concurrently, hydrogen bond occupancy was
quantified across these MD trajectories, applying strict geometric criteria (donor-acceptor
distance < 3.5 A and angle > 120°) to identify the most persistent interactions stabilizing
the e[F4E-VPg interface (Supplementary Tables S8-512).
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Figure 10. Highlighted representation of arginine (blue), glutamate (orange), glutamine (magenta),
alanine (yellow), proline (tan), glycine (lime), valine (red), and tryptophan (purple) residues in V.
unguiculata in the VPg-binding pocket of eIF4E proteins. (A) Boca Negra; (B) IT85F-2687; (C) Bajao;
(D) BRS Xiquexique; (E) BRS Cauamé.

A combined analysis of the top favorable energetic residue contributions from MM-
GBSA (Supplementary Table S1), the frequency of all interaction types (Supplementary
Tables S2-S7), and hydrogen bond occupancy (Supplementary Tables S8-512) revealed a set
of key residues at the eIF4E-VPg-binding interface. Among the aromatic residues, Trp-68
was a standout (Supplementary Tables S1 and S7), not only ranking as the top energetic
contributor for the Boca Negra cultivar but also being one of its most frequent interactors.
This trend was also observed for other hydrophobic residues, such as Ile-74 and Pro-73 in
the Bajao cultivar, as shown in Supplementary Tables S1 and S7. The analysis underscored
the role of positively charged residues, particularly Arg-118, which was identified as a
convergent “hotspot” in four (Boca Negra, BRS Cauamé, BRS Xiquexique, and IT85F-2687) of
the five cultivars studied. Other charged residues, such as arginine and lysine, also showed
a correlation between high energetic contribution and frequent contact (Supplementary
Tables S1 and S7). Furthermore, polar uncharged residues were found to be essential,
exemplified by GIn-121, which was the most significant energetic contributor for BRS
Cauamé while also being a frequent binding interactor.

In addition, the hydrogen bond occupancy analysis (Supplementary Tables S8-512)
highlighted the key interaction anchors by quantifying the stability of the most persistent
bonds throughout the MD trajectories. For the BRS Cauamé cultivar, a persistent stable
hydrogen bond (97.36% occupancy) was observed between eIF4E’s backbone carbonyl
oxygen of Trp-68 and VPg’s amide nitrogen of Gly-111, suggesting this interaction serves
as a fundamental structural lock. In Boca Negra and IT85F-2687, the charged residue
Arg-120 was central, forming persistent hydrogen bonds (51.55% and 46.58%, respectively),
highlighting the role of electrostatic forces in complex stabilization. In the Bajao cultivar, the
most durable interaction (62.34%) occurred between the backbone (Gly-25) and the polar
side chain of Ser-115 (VPg), indicating a combination of specificity and structural stability.
In contrast, the BRS Xiquexique cultivar displayed more transient hydrogen interactions,
with the highest occupancy (Lys-18 and Gly-111) reaching only 4.60%, which may correlate
with a different binding affinity profile.

Taken together, these results of correlation between the binding scores, per-residue
energetic contribution, and contact frequency, enriched by hydrogen bond occupancy data,
provide robust evidence for identifying the most functionally relevant residues at the
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elF4E-VPg interface. The consistent identification of residues like Arg-118, Trp-68, and
GIn-121 and the importance of H-bond anchors involving Arg-120 and backbones suggest
that the interface’s stability relies on a cooperative network of hydrophobic, electrostatic,
and hydrogen-bonding interactions, the specific balance of which dictates the affinity in
each cowpea cultivar.

4. Discussion

Recessive resistance of plants to Potyvirus infection can be acquired through natural
(or induced) mutations in the elF4E protein and its isoforms (elF (iso) 4E). This type of
resistance typically results from single-nucleotide polymorphisms (SNPs) [56], involving
non-synonymous amino acid substitutions, which can hinder viral infection, reducing
symptoms in the host plant [57]. Based on this mechanism, the present study aimed to
investigate the effect of mutations in the coding region of the elF4E gene and their potential
role in determining susceptibility or resistance of selected cowpea cultivars to cowpea
aphid-borne mosaic virus (CABMV).

Five non-synonymous mutations in the eI[F4E gene were identified among the three
cowpea cultivars analyzed in this study. Of these, three mutations (at positions 203, 325,
and 329) distinguish the two susceptible cultivars (Boca Negra and BR14 Mulato) from the
resistant cultivar (IT85F-2687). These mutations corresponded to the nucleotide substitu-
tions C203G, G325C, and C329T, resulting in amino acid changes Pro68Arg, Gly109Arg,
and Alall0Val, respectively. The first two mutations involve the replacement of apolar
hydrophobic amino acids (proline and glycine) with arginine, a basic amino acid with
a positive charge, resulting in important structural and functional changes in the e[F4E
protein. On the other hand, the third mutation (Alal10Val), although also non-synonymous,
involves a substitution between two apolar amino acids, (hydrophobic), not altering the
charge or polarity of the protein [58]. It is worth noting that point mutations can lead to
local and global alterations in the protein and, consequently, affect its interaction with other
proteins [59], such as VPg. These alterations may contribute to resistance against Potyvirus
infection. Similar substitutions, at the same or nearby positions in eIF4E, have previously
been associated with recessive resistance to Potyviruses [56]. Amino acid substitutions such
as Val67Glu, Ala68Glu, and Gly107Arg have been identified in pepper resistant to potato
virus Y (PVY) [34,60]. Similarly, in lettuce and watermelon, resistance to Potyvirus has been
associated with the Argl107Gly and Asp71Gly substitutions, respectively [61,62]. These
mutations reflect a pattern in which basic or acidic amino acids (Arg, Glu, or Asp) found in
resistant cultivars were replaced by apolar amino acids (Gly, Ala, or valine) in susceptible
phenotypes, consistent with the pattern observed in cowpea in the present study:.

Molecular approaches, including PCR amplifications using specific primers for each
mutation (resistant/susceptible), largely supported the results from the viral infection assay
across the 27 cowpea cultivars. Similarly, sequencing and alignment results confirmed the
presence of mutations at positions 203 and 325 in most of the cultivars tested.

While BRS Tumucumaque, BRS Cauamé, and BRS Guariba have been described as
susceptible [48,49], other studies have reported BRS Cauamé and BRS Guariba as resistant
to CABMV [47]. The discrepancy observed (where some cultivars amplified with the primer
associated with resistance but showed symptoms of CABMV) may be explained by resis-
tance breakdown. Such breakdowns are often driven by viral mutations, as observed in the
coat protein (CP) of Pepino mosaic virus (PepMYV) [63]. Resistance breakdown mediated by
elF4E occurs mainly through single or multiple mutations in the VPg protein, allowing the
virus to reuse elF4E or another isoform as a susceptibility factor [64], as reported in pepper,
tomato, pea, and barley [64,65]. These alterations represent one of the main factors responsi-
ble for the decrease in the durability of recessive resistance of plants to phytopathogens [20],
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such as Potyvirus. Furthermore, some plants, when possessing resistant eIF4E alleles in
homozygosity, may occasionally exhibit symptoms, albeit late [66,67].

In the case of the cultivars Miranda IPA 207 and Manteiguinha Santarém, although
both tested PCR-positive for susceptibility, they did not show symptoms after viral infec-
tion. Notably, the Miranda IPA 207 cultivar has previously been described as susceptible,
whereas Manteiguinha Santarém has been reported as resistant to CABMV [48]. The latter,
Manteiguinha Santarém, could be a target for future studies aimed at prospecting genes
related to cowpea resistance to CABMV. Moreover, understanding the involvement of
susceptibility genes in the plant-virus pathosystem is fundamental for advancing genetic
improvement programs focused on developing resistant cultivars.

The alignments of the three-dimensional structures revealed a high conservation of
the three-dimensional folding of eIFAE among the five cowpea cultivars, corroborating the
data described experimentally in several studies [13]. Despite this, some point mutations
were observed, which can cause local and global alterations in the protein [59,68,69]. These
mutations are close to the eIF4E binding site with VPg (Figure 10), suggesting they could
potentially affect their interaction.

Among the five proteins analyzed in silico, BRS Xiquexique and Bajao showed the
most pronounced discrepancies in RMSD values. The Trp109Gly substitution in BRS
Xiquexique, which distinguishes it from the other susceptible cultivars, and the addition of
two amino acid residues (Glu and Gln) at positions 76 and 77, respectively, in Bajao, may
account for the observed RMSD deviation. These findings suggest that BRS Xiquexique
and Bajao presented the greatest alterations throughout the MD. When interacting with
VPg, the elF4E of Bajao was less perturbed, unlike BRS Xiquexique, which exhibited global
perturbations after the interaction. These observations may be associated with viral resis-
tance mechanisms, as CABMYV relies critically on hijacking eIF4E, a key component of the
translational complex to complete its viral replication process [17,20,67]. Moury et al. [33]
demonstrated that knocking out the eIF4E gene in tomato conferred resistance to pepper
veinal mottle virus (PVMV), proving the importance of eIF4E genes in Potyvirus infection.

The interaction with VPg markedly altered the flexibility profile of the eIF4E proteins
in the analyzed cultivars, suggesting that the formation of the e[F4E-VPg complex generates
global conformational charges. These alterations may result from steric hindrances due
to proximity to VPg or from conformational adjustments directly caused by the interac-
tion. The fluctuation peak observed between residues 8 and 16 (characteristic of the BRS
Xiquexique and BRS Cauamé cultivars) coincided with the site of the Pro68Arg mutation,
differentiating susceptible cultivars from resistant ones. Nearby residues may have led
to increased flexibility, since the properties of amino acids have the potential to influence
protein flexibility significantly [70,71]. A remarkable contribution to the entropy of a sys-
tem consists of its greater flexibility which, in turn, interferes with interactions with other
systems [72]. This observation supports the experimental data, as BRS Cauamé, despite pre-
senting mutations similar to those found in resistant cultivars, exhibited a flexibility peak
comparable to that of the susceptible BRS Xiquexique cultivar and behaved as susceptible
when inoculated with CABMV.

Moreover, our findings shed light on the dynamics of the N-terminal region of elF4E. In
agreement with the previous literature [73,74], our MD simulations suggest that this domain
(residues 1-25) is highly flexible, as indicated by its high RMSF values (Figure 5), and that its
flexibility is not completely reduced upon VPg binding (Figures 5 and 58). This is consistent
with the established role of the N-terminal domain of eIF4E as the primary binding site
for eIF4G, a crucial interaction for the initiation of translation hijacked by Potyviruses [74,
75]. This raises an intriguing possibility for the mechanism of the Pro68Arg resistance
mutation. Rather than directly impeding the VPg interaction, the Pro68Arg substitution
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could remotely modulate the dynamics of the N-terminal domain. Such a long-range
effect could consequently impair the recruitment of elF4G, disrupting viral polyprotein
synthesis and ultimately leading to the resistant phenotype. This proposed structural
pattern mechanism provides an interesting hypothesis for future experimental validation.

Although eIF4E factors play a critical role in viral replication and contribute to reces-
sive resistance in plants, other viral proteins may also act as secondary factors influencing
susceptibility or resistance. For example, the HC-Pro protein has been shown to interact
with elF4E isoforms in peanut [76], in addition to VPg. The interaction of HC-Pro, VPg,
and eIF4E is essential not only for the efficient translation of viral RNA [76] but also for the
suppression of the host plant’s defense responses [77].

Intramolecular HBs play a fundamental role in various biological processes, including
the stabilization of three-dimensional protein structures [78]. In addition to HBs, the con-
formation and compaction of protein structures analyzed through RG [79] is an important
parameter for MD studies. The results obtained from HB and RG analysis indicate that the
elFAE-VPg interaction does not affect the degree of compaction, which was numerically
similar among them and also like that of the isolated eIF4Es. This suggests that, although
interaction with VPg directly affects the degree of flexibility, it does not significantly influ-
ence the degree of compaction of eIF4E. The electrostatic profiles of eIF4E and VPg proteins
revealed predominantly cationic and anionic charges, respectively. The distribution of
positive charges in the 5" cap recognition region of mRNA by elF4E is critical for effi-
cient translation initiation in eukaryotes. Furthermore, this same characteristic allows the
recognition of VPg, which has a negative charge, resembling the physicochemical nature
of N7-methylguanosine (m7G) of the host’'s mRNA 5’cap region [13]. This mechanism
is shared with other viruses of the Potyviridae family, known for hijacking the host's
translation machinery to ensure successful infection.

The findings revealed by the analysis of the e[F4E-VPg-binding interface reveal that its
stability does not depend on a single force but on a network of intramolecular interactions,
combining both hydrophobic and electrostatic effects. Docking analysis and binding
free energy calculations revealed distinct thermodynamic profiles among the cultivars.
The Boca Negra cultivar, for instance, exhibited highly thermodynamically favorable
binding interactions, whereas BRS Cauamé displayed a less favorable energetic profile.
Suggestive divergent binding profiles were also observed, such as the use of the polar
residue Arg-120 by BRS Xiquexique and the hydrophobic residue Pro-73 by the Bajao
cultivar. Hydrophobic residues like Trp-68 and Ile-74 were prominent, and electrostatic
forces involving charged residues appear to be crucial for both the orientation and energetic
stabilization of the complex.

Furthermore, one of the most significant findings was the identification of interaction
“hotspots”, both conserved and cultivar-specific patterns. The residue Arg-118 emerged as
a fundamental and convergent anchoring point in four (Boca Negra, BRS Cauamé, BRS
Xiquexique, and IT85F-2687) of the five cultivars, while specific residues, such as GIn-121
in BRS Cauamé and the Pro-73 and Ile-74 pair in Bajao, likely determine the differences
in binding affinity. These variations in the interface may be the molecular basis for the
observed differences in susceptibility to viral infection. Although the data is computational,
it provides a solid basis for prioritizing these residues in future site-directed mutagenesis
studies, with experimental validation being a critical next step for developing durable
resistance strategies.

The physicochemical conservation of VPg enables it to mimic the 5’cap structure of
eukaryotic mRNA. This feature in viruses of the Potyviridae family may be one of the keys
to their high infection potential across diverse plant hosts, including potato, tomato, passion
fruit, and peanut [17]. In vitro and NMR-based structural studies have demonstrated that
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PVY VPg can interact with human eIF4E, reflecting the strong conservation of the primary
sequence and structural folding of eIF4E across eukaryotes [13]. This conservation of
physicochemical nature in both VPg and eukaryotic e[FAE may be one of the factors
explaining the broad infection capacity of Potyviridae family viruses in a wide variety of
vegetables belonging to different genera and families.

Finally, our analysis of the eIF4E-VPg interaction suggests that additional factors,
independently of eIF4E, may influence the process of susceptibility or resistance to CABMV
in V. unguiculata cultivars. The results also indicate that resistance to viral infection in V.
unguiculata is not absolute. Therefore, further investigations are essential to elucidate other
additional resistance mechanisms against Potyviruses.

5. Conclusions

The results obtained suggest that mutations in the eIlF4E gene affect the structural
properties of the protein and, consequently, its interaction with the CABMV VPg protein,
potentially modulating the resistance or susceptibility of V. unguiculata. The mutation data
presented in this study suggests that they may be associated with the resistance or sus-
ceptibility of V. unguiculata cultivars to CABMYV, as confirmed with bioassays, where most
cultivars harboring susceptibility-associated mutations exhibited symptoms. In turn, some
of the cultivars with resistance-associated mutations remained asymptomatic. Supporting
the experimental findings, a suite of computational analyses, including MD simulations,
docking, and binding free energy calculations, revealed that structural adjustments both
within the elF4E protein and at the elF4E-VPg interface dictate binding affinity. The stability
of this interaction is critically dependent not only on hydrophobic and electrostatic forces
but also on a more complex network of interactions required to maintain the bond. Also,
the interface and energetic analyses pinpointed a set of key residues driving this interaction,
which represent promising targets for enabling a basis for a deeper future understanding.

These findings reinforce the role of eIF4E in the response to CABMV and provide a
basis for selecting genotypes resistant to CABMV and other plant viruses dependent on
translation factors. Furthermore, this study presents, for the first time, approaches involving
protein modeling, MD simulations, and docking analysis, providing strong evidence of
the association between specific mutations and susceptibility /resistance of V. unguiculata
cultivars to agriculturally important Potyviruses. The results also highlight the complexity
of the mechanisms involved in the virus-host interaction, suggesting that additional, yet
unidentified, factors may be indirectly acting on the condition of susceptibility /resistance
to CABMV. Our data reinforces the importance of the eIF4E gene as a potential target in
generating CABMV-resistant cultivars via gene editing.

6. Future Perspectives

The data obtained in this study indicates some key regions and mutations of the
eIF4E gene associated with cowpea resistance to CABMYV. As future perspectives, the target
regions may be promising for gene editing approaches, such as CRISPR/Cas9. Furthermore,
the identified polymorphisms are valuable for application in marker-assisted selection
(MAS) in breeding programs, significantly reducing the time required for the identification
and introgression of resistance genes in cultivars of interest.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/v17081050/51, Figure S51: Conserved domain of VPg proteins from different plant viruses.
Figure 52: Agarose gel electrophoresis (1.5%) of e[F4E gene CDS amplifications from 27 cowpea
cultivars. Figure 53: Percent identity matrix of eI[F4E gene sequences from 27 V. unguiculata cultivars,
performed in MEGA (v. 11). Figure 54: Alignment between cowpea cultivars. The three reference
sequences (with the Full tag), with the 27 cowpea cultivars (1 to 27). Figure 55: Alignment of
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elF4E proteins from cowpea cultivars that showed characteristic mutations. Figure S6: Alignment
of the three-dimensional structures of V. unguiculata elF4E proteins. Figure S7: Graphs referring
to the molecular dynamics of CABMV VPg. Figure S8: Annotated RMSF plot highlighting key
flexibility peaks in elF4E.Figure S9: Graphical representation of b-factor values in elF4E protein
models, highlighting flexibility peaks that vary to warmer (red/orange) and thicker tones. Table S1.
Per-residue binding free energy decomposition for elF4E variants from different cultivars interacting
with CABMV VPg. Table S2: Intermolecular contacts at the e[F4E-VPg interface for the Bajao
cultivar. Table S3: Intermolecular contacts at the elF4E-VPg interface for the Boca Negra cultivar.
Table 54: Intermolecular contacts at the e[F4E-VPg interface for the BRS Cauamé cultivar. Table
55: Intermolecular contacts at the el[F4E-VPg interface for the BRS Xiquexique cultivar. Table Sé:
Intermolecular contacts at the e[FAE-VPg interface for the BRS IT85F-2687 cultivar. Table S7: Summary
of the most frequent elF4E residues at the interaction interface with VPg. Table 58: Hydrogen bond
occupancy (%) at the e[F4E-VPg interface for the Bajao cultivar. Table 59: Hydrogen bond occupancy
(%) at the e[F4E-VPg interface for the Boca Negra cultivar. Table S10: Hydrogen bond occupancy (%)
at the e[FAE-VPg interface for the BRS Cauamé cultivar. Table 511: Hydrogen bond occupancy (%) at
the e[F4E-VPg interface for the BRS Xiquexique cultivar. Table 5S12: Hydrogen bond occupancy (%)
at the elF4E-VPg interface for the IT85F-2687 cultivar.
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+ssRINA Positive-sense single-stranded RNA

A Adenine

Ala Alanine

Asn Asparagine

Asp Aspartate

C Cytosine

CABMV Cowpea aphid-borne mosaic virus
cDNA Complementary DNA

CDs Coding sequence

CPSMV Cowpea severe mosaic virus
DAIs Days after inoculation

DDG Delta Delta G
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elF4E Eukaryotic translation initiation factor 4E
F Forward
G Guanine
Gln Glutamine
Glu Glutamate
Gly Glycine
HBs Hydrogen bonds
m7GpppN  7-Methylguanosine
MD Molecular dynamics
mRNA Messenger RNA
NMR Nuclear magnetic resonance
PAE Predicted Aligned Error
PDB Protein Data Bank
pLDDT Predicted Local Distance Difference Test
Poly-A Polyadenylated tail
Pro Proline
PSE Electrostatic Surface Potential
PVMV Pepper veinal mottle virus
PVY Potato virus Y
R Reverse
R genes Resistance genes
REU Rosetta Energy Unit
RG Radius of gyration
RMSD Root Mean Square Deviation
RMSF Root Mean Square Fluctuation
S genes Susceptibility genes
SNPs Single-nucleotide polymorphisms
T Thymine
Trp Tryptophan
Tyr Tyrosine
umpP Uridine monophosphate
Val Valine
VPg Viral protein genome-linked
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