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RESUMO 

 

Com o aumento do déficit alimentar e carência nutricional, a escolha por culturas 

alternativas e de características relevantes se fazem importantes. Com isso, Vigna 

unguiculata L. se faz como uma cultura de grande interesse. Entretanto, o feijão-caupi 

ainda é susceptível a alguns patógenos, como no caso do CowPea Severe Mosaic Virus 

(CPSMV). Em condições adversas, como infecção por patógenos, um dos mecanismos 

iniciais para a resposta ao estresse envolve a produção de espécies reativas de oxigênio. 

Uma dessa moléculas é o peróxido de hidrogênio, que tem sua maior taxa de produção 

relacionada a Glicolato Oxidase (GOX), uma enzima do processo de fotorrespiração. 

Mas, como toda espécie reativa, sua produção e consumo devem ser balanceados 

finamente, assim a enzima Catalase (CAT) é responsável por esse controle durante um 

fenômeno de estresse. Logo, o presente trabalho teve como objetivo analisar a expressão 

das cópias génicas da enzima GOX e CAT, a nível de transcrito e de atividade, em 

resposta ao CPSMV. Para tal, os exemplares vegetais foram inoculados com o CPSMV 

em 3 pontos ao longo do tempo (16 horas, 48 horas e 144 horas). Análises de atividade 

enzimática da catalase demonstraram diferenças entre os cultivares apenas nas horas 

iniciais (16h), nas condições controle de Pitiúba inoculada e Mock. Além disso, análises 

com coloração por DAB (3,3’-Diaminobenzidina), MDA (Malonaldeído) e conteúdo de 

peróxido foi utilizado para constatar o grau de estresse oxidativo, novamente com 

diferenças apenas entre Pitiúba Mock e inoculado nas coletas de 16 e 48h. Dados de 

expressão demonstraram diferenças principalmente no gene VuGOX1 no cultivar 

Macaíbo sendo induzida sua expressão durante a infecção em comparação ao Mock. 

Enquanto VuGOX2 foi o gene com a maior abundância a nível de transcrito, apresentando 

diferenças entre os cultivares nos tempos de 16 e 144h, com a expressão reduzida em 

Pitiúba inoculado em comparação com o Mock 144h. Análises de bioinformática, como 

elementos cis, filogenia e previsão de localização subcelular, demonstrou características 

relacionadas à resposta a vários estresses. Assim, nossos dados sugerem que o complexo 

GOX-CAT durante a resposta ao patógeno, modulando sua resposta local e 

sistemicamente. Assim, é esperado que os resultados encontrados ajudem programas de 

melhoramento e o entendimento sobre o fenômeno de resistência. 

Palavras-chave:  Fotorrespiração; Comovirus; ácido salicílico; resistência; GOX-CAT 
switch 



ABSTRACT 

With the increase in food shortages and nutritional deficiencies, the choice of alternative 

crops with relevant characteristics is important. Vigna unguiculata L. is therefore a crop 

of great interest. However, cowpeas are still susceptible to some pathogens, such as the 

CowPea Severe Mosaic Virus (CPSMV). Under adverse conditions, such as infection by 

pathogens, one of the initial mechanisms for the stress response involves the production 

of reactive oxygen species. One of these molecules is hydrogen peroxide, which has its 

highest production rate related to Glycolate Oxidase (GOX), an enzyme in the 

photorespiration process, but like all reactive species, its production and consumption 

must be finely balanced, so there is the peroxisomal enzyme Catalase (CAT), responsible 

for this control during a stress phenomenon. The aim of this study was therefore to analyse 

the expression of GOX and CAT gene copies, at transcript and activity level, in response 

to CPSMV. To this end, the plant specimens were inoculated with CPSMV at three time 

points (16 hours, 48 hours and 144 hours). Analyses of catalase enzyme activity showed 

differences between the cultivars only in the initial hours (16h), in the control conditions 

of inoculated Pitiúba and Mock, possibly related to the initial response to the pathogen. 

In addition, analyses using DAB (3,3'-Diaminobenzidine) staining, MDA 

(Malonaldehyde) and peroxide content were used to determine the degree of oxidative 

stress, again with differences only between Pitiúba Mock and inoculated at 16 and 48 

hours. In addition, the expression data showed differences mainly in the VuGOX1 gene 

in the Macaíbo cultivar, whose expression was induced during infection compared to the 

Mock. While VuGOX2 was the gene with the highest abundance at transcript level, 

showing differences between the cultivars at times of 16 and 144h, with reduced 

expression in inoculated Pitiúba compared to Mock 144h. Bioinformatics analysis, such 

as cis-elements, phylogeny and sub-cellular localisation prediction, demonstrated 

characteristics related to the response to various stresses. Thus, our data suggest that the 

GOX-CAT switch complex acts during the response to the pathogen, modulating its 

response locally and systemically. Thus, it is hoped that the results found will help 

breeding programmes and understanding of the resistance phenomenon. 

Keywords: photorespiration; Comovirus; qPCR; hydrogen peroxide; resistence; genetic 

expression.  
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1.FUNDAMENTAÇÃO TEÓRICA 

 

1.1 Vigna unguiculata 

O feijão-caupi (Vigna unguiculata [L.] Walp.), denominado popularmente 

feijão-de-corda, feijão-fradinho ou feijão massacar, é um membro da família Fabaceae, 

da ordem Fabales, classe Magnoliopsida (Carvalho et al., 2017). Tal espécie é 

amplamentecultivada em regiões de clima subtropical e tropical, como no continente 

africano, parte da Ásia, e na América Latina, onde no Brasil, especificamente, tem seu 

cultivo focado nas regiões Norte, Nordeste e Centro-Oeste (Duraipandian et al., 2022). A 

prevalência do cultivo do feijão-caupi nessas regiões deve-se àsua grande tolerânciaao 

déficit hídrico, tendo em vista que são regiões, em sua maioria, de baixa pluviosidade 

(Martins et al., 2003; Hall et al., 2003; Bastos, 2017). Ademais, a leguminosa possui um 

alto teor nutricional agregado, contando com grande concentração de proteínas e 

aminoácidos essenciais em seus grãos secos e verdes, vagens e folhas, além de alto 

conteúdo de fibra alimentar e macro e micronutrientes (Silveira et al., 2001; Gonçalves 

et al., 2016; Carvalho et al., 2017). A espécie também possui um papel agroecológico 

relevante, devido à sua relação simbiótica com bactérias fixadoras de nitrogênio, 

enriquecendo o solo para o cultivo de outras culturas e do próprio feijão-caupi (Silveira 

et al., 2001; Gonçalves et al., 2016).  

Devido às características de alto valor nutricional e tolerância à seca, o feijão-

caupi é um organismo candidato para estudos de melhoramento genético e engenharia 

genética de plantas, visando a produção de novos cultivares (Pereira et al., 2014). Nos 

últimos anos, cultivares de V. unguiculata vêm sendo amplamente utilizados para o 

estudo de tolerância a estresses ambientais, principalmente ao déficit hídrico (Carvalho 

et al., 2019; Gomes et al., 2020; Jayawardhane et al., 2022). Entretanto, além dos 

estresses abióticos, o feijão-caupi enfrenta grandes desafios devido àação de patógenos e 

pragas, capazes de afetar o indivíduo vegetal em todas as fases do desenvolvimento 

(Allen, 1983). Em relação às fitopatologias causadas por vírus, as perdas de produtividade 

podem variar de 10% até casos de 100%, dependendo das relações entre hospedeiro e 

vetor (Raheja; Leleji, 1975; Shoyinka, 1997; Kareem; Taiwo, 2007). 

Apesar de não se tratar de uma espécie modelo tradicional, nos últimos anos a 

utilização do feijão-caupi como objeto de estudo vem sendo cada vez mais empregada, 

com estudos nas áreas multi-ômicas, para melhor entender seus mecanismos genéticos, 
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fisiológicos e moleculares, visando a utilização de técnicas de melhoramento vegetal 

(Ferreira-Neto et al., 2021; Omomowo, 2021).      

1.2 Cowpea Severe Mosaic Virus (CPSMV) 

Como comentado anteriormente, diversos estímulos podem acabar impactando 

negativamente o desenvolvimento e produtividade de espécies cultivadas, incluindo tanto 

estresses de origem abióticas como bióticas (Nawaz et al., 2023). Os impactos de estresse 

abiótico são amplamente descritos, como no caso de seca/escassez hídrica, alagamento, 

salinidade alta, toxicidade ou escassez por nutrientes, temperaturas extremas ou estresse 

osmótico (Zhang et al., 2023). Entre os tipos de estresse biótico um dos principais são os 

vírus, já que com as mudanças das dinâmicas das temperaturas no mundo nas últimas 

décadas, houve um aumento na distribuição de vários vetores de vírus, o que fez com que 

os patógenos entrassem em contato com novos potenciais vetores (Trebicki, 2020). Isso 

pode levar a um impacto em diversas espécies cultivadas, e trazendo problemas de 

abastecimento de comida ao redor do mundo. 

Os vírus são um grupo taxonômico capaz de infectar um grande número de 

hospedeiros, que vão desde bactérias, animais, até plantas. Entre os hospedeiros, os 

indivíduos vegetais são aqueles que mais apresentaram um aumento no número de 

patógenos infectando novas espécies (Anderson et al., 2004; Stukenbrock; McDonald, 

2008). Como já comentado, os vírus trazem consigo perda de qualidade e produtividade, 

além de agravar o problema de insegurança alimentar no mundo, onde as perdas em 

espécies cultivadas foram responsáveis por cerca de U$20 bilhões de dólares, e com as 

perdas estimadas totais chegando a U$60 bilhões (Zhao et al., 2017). 

Entre os diversos gêneros de vírus existentes, o Comovirus que faz parte da 

subfamília Comovirinae, da família Secoroviridae, compreende vírus de genomas 

bipartidos e encapsulados em proteínas (Fuchs et al., 2022; ICTV, 2025). O RNA-1 e 

RNA-2 são ambos RNA de fita simples (ssRNA) com uma orientação positiva (+), ambos 

apresentado uma calda poli-A, e porções N- e C-terminal, com seus vírions compostos 

por 60 copias de dois tipos de polipeptídeos, cada um com três diferentes estruturas 

(Goldbach; Wellink, 1996; Carette et al., 2002; Pouwels et al., 2002; Thompson et al., 

2017). Com dois tipos de polipeptídeos se unindo no capsídeo viral, um grande e outro 

pequeno (Figura A), que são traduzidas pelo RNA-2, sendo vital para o movimento viral 

entre células (Thompson et al., 2017; Texeira et al., 2021). Além disso, a molécula de 
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RNA-2 viral é responsável por codificar duas poliproteínas que se sobrepõem, que por 

clivagem diferencial, resultam em três domínios, que irão codificar para a proteína grande 

do capsídeo (CP-L; capside large-protein; 40-45 kDa), a proteína pequena do capsídeo 

(CP-S; capside small-protein; 21-27 kDa), e a proteína de movimento (MP; movement 

protein) (Carette et al., 2002; Sanfaçon et al. 2009; Thompson et al., 2017; Texeira et al., 

2021; ICTV, 2025). 

Figura A. Representação molecular da partícula do vírus do mosaico do feijão-caupi 

(CPMV), com a parte superior representando A:  proteína pequena do capsídeo, B:  

domínio C-terminal da proteína grande do capsídeo e C: domínio N-terminal da proteína 

grande do capsídeo. Parte inferior com três partículas de Comovirus com a partícula B 

contendo uma molécula de RNA-1, a partícula M contendo o RNA-2, e a partícula T 

vazia. 

 

 

Fonte: ICTV (https://ictv.global/report_9th/RNApos/Picornavirales/Secoviridae) 

Enquanto o RNA-1 é responsável por codificar uma única poliproteína que será 

processada em cinco domínios através de processos alternativos de clivagem (Figura B), 

relacionados ao processo de replicação viral (Texeira et al., 2021). Na sua porção N-

terminal, há o cofator proteico (Co-Pro; 32 kDa), que é gerado após a primeira clivagem, 

https://ictv.global/report_9th/RNApos/Picornavirales/Secoviridae
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importante para o processamento da poliproteína gerada nos processos de clivagem 

seguintes (Thompson et al., 2017). Após isso, o restante da proteína terá processos de 

clivagens alternativas formando os quatro domínios restantes (Figura B), sendo esses a 

helicase de ligação a NTP (NTB; NTB-biding helicase; 58 kDa), proteína viral de ligação 

ao genoma (VPg; viral protein genome-linked), a proteinase (Pro; 24 kDa), e a RNA 

polimerase dependente de RNA (Pol; RNA-dependent RNA polymerase; 87 kDa) (Peters 

et al., 1994; Carette et al., 2002; Pouwels et al., 2002; Thompson et al., 2017; Oliveira et 

al., 2020;  Texeira et al., 2021). 

O gênero possui 19 espécies distintas, onde são principalmente caracterizados 

pelo sintoma do mosaico característico, com a maioria dos seus vetores sendo compostos 

principalmente por insetos da família Chrysomelidae, com um gama de hospedeiros 

sendo bem restrito para indivíduos vegetais da família Fabaceae (Cassell, 2011; 

Thompson et al., 2017; ICTV, 2025). E entre as espécies dos vírus o Vírus do Mosaico 

Severo do Caupi (CPSMV; Cowpea Severe Mosaic Virus) foi inicialmente confundido 

com uma cepa do vírus do mosaico do caupi (CPMV; Cowpea Mosaic Virus), entretanto 

apresentando sintomas de formas mais severas, e posteriormente diferenciado por teste 

de serologia realizadas em regiões da América Central e do Sul (Fulton, 1979; Chen; 

Bruening; 1992). 

Figura B. Organização genômica e os processos de clivagem da poliproteína do 

vírus do mosaico do feijão-caupi (CPMV). MP: proteína de movimento; CP-L e CP-S: 

proteína grande e pequena do capsídeo, respectivamente; Co-Pro: cofactor da proteinase; 

NTB: proteína de ligação ao NTP; Pro: proteinase; Pol: RNA polimerase dependente de 

RNA. Círculo preto representando a extremidade 5’- do RNA, enquanto A(n) na 

extremidade 3’- representa a cauda poli-A. 

 

Fonte: ICTV (https://ictv.global/report/chapter/secoviridae/secoviridae/comovirus) 

https://ictv.global/report/chapter/secoviridae/secoviridae/comovirus
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Os isolados de CPSMV no Brasil apresenta grande similaridade de sequência de 

nucleotídeos, variando entre 92-100%, demonstrando uma grande estabilidade genética, 

com diferenças do isolado dos EUA, mais comumente utilizado como referência em 

pesquisas (Lima et al., 2012; Texeira et al., 2021). Como previamente comentado, o 

CPSMV, como a maioria dos vírus do gênero Comovirus tem como hospedeiro espécies 

da família Fabaceae, sendo as culturas de maior interesse a soja, devido a sua importância 

econômica (Glycine max L.) e o feijão-caupi (Kitajima, 2020). Entre os sintomas 

causados pelo vírus os comuns são manchas cloróticas, manchas irregulares, 

bolhosidades, folhas retorcidas e/ou reduzidas, e o padrão clássico de mosaico, com a 

severidade dos sintomas variando de acordo com a espécies e cultivar infectado, onde as 

perdas de produtividade podem chegar a 85% (Booker et al., 2005; Booker et al., 2007; 

Souza et al., 2017). 

1.3 Glicolato Oxidase e Catalase 

 As plantas, devido a sua natureza séssil, durante o processo evolutivo acabaram 

por desenvolver diversos mecanismos a fim de contornarem diferentes cenários de 

estresses provenientes do ambiente e de outros organismos. Comumente em situações de 

estresse, as plantas têm como resposta o fechamento estomático seguido como 

consequência o processo de fotorrespiração ocorre, visando uma forma de evitar a perda 

de água e a manutenção do metabolismo por meio de uma rota energética diferente da 

fotossíntese (Sharkey, 1998; Tcherkez, 2013; Hagemann; Bauwe, 2016). 

A fotorrespiração é um processo metabólico em que, devido ao fechamento 

estomático, ocorre a oxigenação da molécula de ribulose-1,5-bifosfato (RuBP) pela 

Ribulose-Bifosfato Carboxilase/Oxigenase (RuBisCO), ao invés da carboxilação, 

gerando um 3-fosfoglicerato (3PG), que seguirá o metabolismo normal, e outra molécula 

de 2-fosfoglicolato (2PG) (Pick et al., 2013; Foyer et al., 2009; Hagemann; Bauwe, 2016; 

Stirbert et al., 2020). A molécula de PG para que seja reciclada novamente a RuBP, é 

levada a rota de fotorrespiração, onde a molécula de PG irá para o peroxissomo, na forma 

de glicolato, onde será oxidada pela Glicolato Oxidase (GLO/GOX) formando glioxilato 

e peróxido de hidrogênio, seguido pela conversão em glicina (Gly) ainda no peroxissomos 

(Hagemann; Bauwe, 2016).  

A GLO é uma enzima oxidante de α-hidroxiácido flavina mononucleotídeo 

(FMN)-dependente encontrada tanto em plantas como em animais, pertencente à família 
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enzimas flavoproteínas oxidases (Figura C), onde a molécula de glicolato é oxidada pela 

porção de FMN da enzima, e reoxidada formando peróxido de hidrogênio (Foyer et al., 

2009; Rojas et al., 2012; Yang et al., 2018; Liu et al., 2018;). GOX é responsável por 

cerca de 70% das espécies reativas de oxigênio (ROS) gerada durante a fotorrespiração 

no peroxissomos, apresentando um papel central no processo fotorrespiratório e em 

condições de estresse ambiental (Foyer et al., 2009). Para além desse processo 

metabólico, a glicolato oxidase possui um papel importante para o mecanismo de 

sinalização celular, principalmente na defesa contra patógenos (Yang et al., 2019). 

Tendo em vista que a produção e depleção de ROS é vital para os estágios 

iniciais da infecção, já que influencia como a resposta da planta se dará e a sua velocidade 

(Li et al., 2021; Li et al., 2023). Para tal, o entendimento do aparato redox é chave para 

compreender como os organismos vegetais respondem a infecção por patógenos e como 

essas são moduladas. Entre as espécies reativas mais importantes para a resposta a 

estresse, o H2O2 já foi relatado sendo um importante mensageiro celular na rota 

relacionada a espécies reativas de oxigênio, tendo em vista sua estabilidade maior que as 

das outras formas de ROS e maior permeabilidade em relação as membranas celulares 

(Costa et al, 2010; Cui et al., 2016). Em estudos utilizando abordagens de proteômica em 

plantas de V. unguiculata usando plantas resistentes para o CPSMV, demonstraram nas 

primeiras horas após a infecção com o patógeno, um aumento na presença das proteínas 

homologas a GLO, isso para os dois primeiros dias após a infecção, no caso de 6 dias 

depois não foi observado mudanças (Varela et al., 2019). Outro trabalho usando 

Nicotiana bethamiana demonstrou ainda uma interação direta e física entre o vírus do 

mosaico estriado da cevada (BSMV) e a proteína GOX em folhas e a importância dessa 

proteína no balanço dessa espécie reativa de oxigênio e a resistência ao patógeno (Yang 

et al., 2018). Onde a proteína γb ao interagir com a GLO, diminuiu expressivamente o 

conteúdo de peróxido de hidrogênio, permitindo a infecção vírus (Yang et al., 2018). Com 

algo semelhante tendo sido demonstrado previamente para Arabidopsis thaliana, 

infectado com a bactéria Pseudomonas syringae, e N. bethamiana, com o vírus TRV 

(Tobacco rattle virus; vírus do chocalho do tabaco), onde foi reforçada a importância de 

GOX como uma fonte de H2O2 e na resposta tanto gene-gene ou não relacionado ao 

hospedeiro (Rojas et al., 2012). 
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Figura C. Principais locais de produção de H2O2 em células fotossintéticas. GO, 

glicolato oxidase. 3PGA, 3-fosfoglicerato. POX, peroxidase. RuBisCO, ribulose 1,5-

bisfosfato carboxilase/oxigenase. RuBP, ribulose 1,5-bisfosfato. SOD, superóxido 

dismutase. XO,xantina oxidase. 

 

 

Fonte: (Mhamdi et al., 2010) 

Entretanto, como todas as formas de espécies reativas, sua superprodução ou 

então a manutenção prolongada pode acabar sendo prejudicial para o indivíduo e seu 

funcionamento, tendo em vista a ocorrência de danos celulares, que a depender do nível, 

pode levar a morte celular (Wingler et al., 2000; Gechev et al., 2006). Assim, na região 

peroxissomal de forma antagônica com a glicolato oxidase há enzima Catalase (CAT), 

bem conhecida e descrita pelo seu papel antioxidante na quebra do peróxido de hidrogênio 

em água e oxigênio, visando minimizar os níveis dessa ROS nas células (Li et al., 2023; 

Riseh et al., 2024). Dessa forma, a CAT é uma enzima de extrema importância junto com 

a glicolato oxidase no peroxissomo, tendo em vista que a resposta a patógenos está 

intimamente ligada aos níveis de espécies reativas de oxigênio produzidas, e sua 

homeostase ao ponto de não danificar as células e atuarem como moléculas de sinalização 

celular (Guan; Scandalios, 2000; Foyer et al., 2009). Ademais, plantas de N. bethamiana 

demonstraram resistência ao vírus do mosaico do tabaco (TMV; Tobacco Mosaic Virus) 

após a superexpressão das cópias de CAT nas fases iniciais de infecção, relacionado a 
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diminuição do conteúdo de ROS e peróxido lipídios, permitindo a manutenção dos 

fotossistemas, além de um crosstalk com a rota de síntese de ácido salicílico (Huang et 

al., 2023). 

Figura D. Um modelo de troca dinâmica para a associação-dissociação de glicolato 

oxidase e catalase em plantas. Onde há um mecanismo de canalização de substrato, 

quando o complexo GLO e CAT for dissociado, com o produto H2O2 sendo aumentado 

no meio em massa. Supõe-se que as difusões de glicolato (GCL) e H2O2 sejam 

direcionais. 

 

 

Fonte: (Zhang et al., 2016) 

Como verificado na literatura, ambas as proteínas, GOX e CAT, possuem um 

papel chave na resposta a patógenos nas primeiras horas após o início do processo de 

infecção por agentes patogênicos (Li et al., 2023). Sendo essa interação ocorrendo de 

forma física demonstrado por Zhang e colaboradores (2016), onde em situações normais 

há um complexo formado entre GLO e CAT, o que modula uma menor produção de 

peróxido de hidrogênio (Figura D), mas sob algum estresse ou estímulo pode haver a 

dissociação do complexo e aumentando os níveis de H2O2 peroxissomal. Essa interação 

permitiria então o mecanismo já conhecido nos organismos vegetais a resposta a insetos 

e vírus, que seriam as ondas de peróxido de hidrogênio (H2O2 waves), que poderia estar 

relacionado a rota de síntese de ácido salicílico, comum na rota de resposta a patógenos 

(Zhang et al., 2016). E um trabalho recente do mesmo grupo demonstrou uma relação 
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entre a formação de peróxido de hidrogênio e o complexo GLO-CAT, onde os canais de 

Ca+2 peroxissomais durante dano físico poderiam estar regulando a dissociação para uma 

resposta rápida com as ondas de peróxidos (Li et al., 2023). Assim, um mecanismo 

semelhante podendo ocorrer nas espécies vegetais durante a infecção por patógenos.  

2 OBJETIVOS 

2.1 Objetivo geral 

Avaliar o papel das famílias de enzimas Glicolato Oxidase (GOX) e Catalase (CAT) de 

cultivares resistentes e susceptíveis de Vigna unguiculata [L.] Walp. durante a infecção 

pelo CPSMV. 

2.2 Objetivos específicos 

 Analisar o padrão de expressão dos genes de VuGOX1, VuGOX2 e VuGOX3, 

durante tempos diferentes de inoculação com o vírus do mosaico severo do caupi 

(16 horas, 2 dias e 7 dias) em tecido foliar; 

 Quantificar e comparar a atividade total e por cinética, dos cultivares susceptível 

e resistente, de Catalase por ensaios de atividade enzimática durante os tempos de 

coleta após infecção pelo patógeno CPSMV (16 horas, 2 dias e 7 dias); 

 Avaliar e caracterizar a presença das cópias génicas de CAT (VuCATa; VuCATb; 

VuCATc) e sua expressão em tecidos foliares durante tempos diferentes de 

inoculação com o vírus do mosaico severo do caupi (16 horas, 2 dias e 7 dias) em 

cultivares resistentes e susceptíveis ao patógeno; 

 Quantificação de peróxido de hidrogênio em tecido foliar durante tempos 

diferentes de inoculação com o vírus do mosaico severo do caupi (16 horas, 2 dias 

e 7 dias) em tecido foliar; 

 Avaliar a resposta de cultivares resistente (Macaíbo) e susceptível (Pitiúba) a nível 

de transcrito e proteína, relacionado ao metabolismo redox, e correlacionar com 

suas respostas ao patógeno.  
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ABSTRACT 

With the increase in food shortages and nutritional deficiencies, the choice of alternative 

crops with relevant characteristics is important. Vigna unguiculata L. is therefore a crop 

of great interest. However, cowpeas are still susceptible to some pathogens, such as the 

CowPea Severe Mosaic Virus (CPSMV). Under adverse conditions, such as infection by 

pathogens, one of the initial mechanisms for the stress response involves the production 

of reactive oxygen species. One of these molecules is hydrogen peroxide, which has its 

highest production rate related to Glycolate Oxidase (GOX), an enzyme in the 

photorespiration process, but like all reactive species, its production and consumption 

must be finely balanced, so there is the peroxisomal enzyme Catalase (CAT), responsible 

for this control during a stress phenomenon. The aim of this study was therefore to analyse 

the expression of GOX and CAT gene copies, at transcript and activity level, in response 

to CPSMV. To this end, the plant specimens were inoculated with CPSMV at three time 

points (16 hours, 48 hours and 144 hours). Analyses of catalase enzyme activity showed 

differences between the cultivars only in the initial hours (16h), in the control conditions 

of inoculated Pitiúba and Mock, possibly related to the initial response to the pathogen. 

In addition, analyses using DAB (3,3'-Diaminobenzidine) staining, MDA 

(Malonaldehyde) and peroxide content were used to determine the degree of oxidative 

stress, again with differences only between Pitiúba Mock and inoculated at 16 and 48 

hours. In addition, the expression data showed differences mainly in the VuGOX1 gene 

in the Macaíbo cultivar, whose expression was induced during infection compared to the 

Mock. While VuGOX2 was the gene with the highest abundance at transcript level, 

showing differences between the cultivars at times of 16 and 144h, with reduced 

expression in inoculated Pitiúba compared to Mock 144h. Analysis of cis-elements 

showed regions that corroborate points raised in the discussion, mainly related to the 

pathogen response route and the synthesis of salicylic acid (SA). Thus, it is hoped that 

the results found will help breeding programmes and understanding of the resistance 

phenomenon. 

 

Keywords: Photorespiration; Comovirus; Glicolate Oxidase; Catalase; Resistence; 
Cowpea Severe Mosaic Virus.  
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3.1 INTRODUCTION 

The cowpea plant (Vigna unguiculata [L.] Walp.) is one of the most important 

agronomic crops regionally in tropical and subtropical areas, due to its ecological and 

nutritional impact (Gonçalves et al., 2016; Duraipandian et al., 2022). However, cowpea 

plants throughout the world, besides being affected by salinity or other types of abiotic 

stress, suffers mainly due to pathogens. Among all those that infect cowpea, the Cowpea 

Severe Mosaic Virus (CPSMV) is the major pathogen affecting productivity (Booker; 

McDavid, 2005; Bastos, 2017; Carvalho et al., 2019; Kitajima et al., 2020; Gomes et al., 

2022; Jayawardhane et al., 2022). 

The CPSMV is a Comovirus from the Secorovidae which has the Fabaceae 

members as its main host, being characterized by its genetic material as a single strand 

RNA (ssRNA) with a positive sense (+), and bipartite, with two RNA molecules (RNA1 

and RNA2) (Thompson et al., 2017; Walker et al., 2020; Pouwels et al., 2020; Fuchs et 

al., 2022). Infections with CPSMV are responsible for 85% of production loss in cowpea 

plants, due to its symptoms, such as leaf reduction, chlorotic leaves with mosaic pattern, 

leaf crinkling, and necrosis, leading to photosynthetic loss which directly affects yield; 

(Booker; McDavid, 2005; Lima et al., 2012; Souza et al., 2017; Varela et al., 2018). 

When infected by a pathogen, plants normally trigger diverse types of 

mechanisms, such as differential expression of pathogens-related genes, changes in the 

metabolic and ion flux pathways, and the production and balance of reactive oxygen 

species (ROS) (Mandadi; Scholthof, 2013; Pandey et al., 2015). ROS production is a key 

factor in a wide range of responses to a plethora of stimuli, such as viral infection, since 

these molecules act as an important signal in plant systems (Averyanov, 2009; Bacete; 

Mélida; Molina, 2017; Li et al., 2023; Riseh; Fathi; Vatankhak; Kennedy, 2024). Among 

all ROS, hydrogen peroxide (H2O2) is a key molecule, due to its stability and capability 

to pass through cell walls, playing an important role in pathogen response (Costa et al., 

2010; Cui et al., 2016). Since mainly H2O2 and other types of ROS lead plant cells to 

respond by expressing pathogen-related proteins (PR-proteins) which leads plants to 

hypersensitive response (HR), a key mechanism to stop pathogen from spreading to other 

healthy cells and turning the infection systemic, mainly due to programmed cell death 

(PCD) (Mandadi; Scholthof, 2013; Riseh et al., 2024). Which in some cases could lead 

to systemic acquired? resistance (SAR). 
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Thus, due to its importance, plants along the evolutive course-maintained 

mechanism that is able to finely regulate the levels of ROS, mainly in the H2O2 

homeostasis, where among the enzymatic apparatus the Glycolate Oxidase (GLO/GO) is 

responsible for converting the glycolate, under photorespiration, to glyoxylate, for the 

recycle to glyceradehyde-3-phosphate (G3P) to return to the Calvin-Benson Cycle (Foyer 

et al., 2009; Liu et al., 2018). 

GOX is responsible for more than 70% of hydrogen peroxide production in the 

cell, thus reaffirming its importance (Foyer et al., 2009; Zhang et al., 2017). However, 

the production of ROS without regulation could leave cells to oxidative stress, thus other 

enzyme that works antagonistically with GLO is Catalase (CAT), which acts depleting 

H2O2 and forming water and oxygen as a final product (Li et al., 2013; Riseh et al., 2024). 

Previous works has shown a possible GOX-CAT association-dissociation mechanism 

(GC switch) responsible to modulate intracellular hydrogen peroxide levels, where 

environmental or stimuli (Zhang et al., 2016). With the GC switch being related to plant 

response by regulating H2O2 waves involved in plant systemic response to abiotic/biotic 

stress (Li et al., 2023). And previous works using contrasting V. unguiculata cultivars 

showed an increase of hydrogen peroxide with plants infected with CPSMV and 

combined with salinity, as well as the increase GLO and CAT using proteomics approach 

(Varela et al. 2019). 

Genome-wide analysis in cowpea plants identified three  genes of GOX in its 

genome, VuGOX1 (Vigun01g052400), VuGOX2 (Vigun03g162000) and VuGOX3 

(VigunL052501), where the two first genes are the most expressed in leaves, where the 

VuGOX3 is expressed in radicular portion (Roque et al., 2023). And catalase has also 

three genes in cowpea genome, being VuCATa (Vigun09g260100), VuCATb 

(Vigun08g001400) e VuCATc (Vigun05g264800) (Goodstein et al., 2012). Thus, due to 

the importance of the interaction between catalase and glycolate oxidase for the hydrogen 

peroxide levels modulations, V. unguiculata was chosen as model to understand under 

CPSMV inoculation, using two contrasting cultivars, the role of GOX and CAT copies 

after infection response. 

3.2 MATERIAL AND METHODS 

3.2.1 Cultivars growth conditions and CPSMV inoculation 
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The Pitiúba, described as susceptible to CPSMV virus, and Macaibo cultivars 

were provided by the Laboratório de Análise de Sementes (LASA), from Universidade 

Federal do Ceará (UFC), which were used to carry out the experiments and analysis. The 

seed were germinated in 2,5 L pots filled with a substrate composed of 1: 1 soil: 

vermiculite. During the growth period cowpea plants were maintained in greenhouse 

conditions, with a photoperiod of 12h/12h (light/dark), with relative humidity of 70% and 

medium temperature of 35/37°C. 

For the treatments 2 groups were formed for each collection time, on being the 

mock, where the plants were not inoculated with the virus, and inoculated, with each 

group containing 5 biological replicates, having a factorial design of 2 cultivars x 5 

replicates x 2 treatments = 60 plants at the total. The inoculation with CPSMV were 

performed with plants as with the third trifoliate leaves fully expanded (V4), and the 

samples were collected after 16h, 2 days (48h) and 7 days (144h) post inoculation (hpi), 

where the leaves tissues were maintained in liquid nitrogen and storage at 80ºC for further 

analysis. Thus, the treatments were nominated Mock of Pitiúba after 16h (Mock16-P) and 

Pitiúba inoculated after 16 (P-16), the same used for Macaibo genotype: Mock16-M and 

M-16. And the same nomenclature used for the other times, such as Mock48-P, P-48, 

Mock48-M and M-48, for 48h inoculation, and Mock144-P, P-144, Mock144-M and M-

144, for 144h inoculation.  

The inoculation with Cowpea Severe Mosaic Virus was performed as described 

by Texeira et al. (2023). Where 1,5g of inoculated leaves were grounded with the aid of 

a mortar and pistil using 10 mL of phosphate buffer 100 mM pH 7.0 with sodium sulfite 

0,1% (m/v), and an abrasive (carburudum) added at the end of the process in a proportion 

of 1: 8.  And for the negative control (Mock) plants the same process was performed but 

using heathy leaves.  

3.2.2 Catalase (CAT) activity 

Catalase activity was performed as described by Beers and Sizers (1952), with 

the adaptations of Queiroz et al. (2020). Thus, 100 mg of fresh mass was extracted with 

the aid of liquid nitrogen, mortar and pistil, and homogenised with 1,5 mL of cold 

phosphate buffer 100 mM pH 7.0 and maintained in ice in all further steps. After that, the 

samples were centrifuged at 12.000g at 4°C for 15 minutes, and the supernatant obtained 

transferred to a new tube. The enzymatic extract used for the assay, where assay tubes 
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containing 1290 uL of phosphate buffer 100 mM pH 7.0 at 37°C was added with 60 uL 

of hydrogen peroxide 60 mM, followed by vortex, and finally added 150 uL of the sample 

extract. The reads were performed in the wavelenght of λ = 240 nm during 1 minute at 

each 15 seconds. Catalase activity was expressed using the breakdown of hydrogen 

peroxide and expressed as H2O2.minute-1 fresh mass. 

3.2.3 Hydrogen peroxide quantification in leaves tissue 

         For hydroperoxide quantification in leaf tissue the method used was performed as 

described by Velikova & Yordanov (2000). Approximately 100 mg of fresh mass of the 

leaf were homogenised with 1 mL of TCA 5% (m:v) with the aid of a mortar and a pistil, 

where the homogenised was centrifuged at 12.000 g for 20 min at 4°C. The obtained 

supernatant was used for the hydrogen peroxide quantification, by adding 100 uL in a 

solution of potassium iodate (KI) and phosphate buffer 100 mM pH 7.0, followed by 

vortex. All the reactions were performed in the dark and incubated for 15 minutes at room 

temperature. At the end the samples were read at 390 nm, with the absorption obtained 

was used to calculate the hydrogen peroxide concentration, by using a standard curve. 

And expressed as µmol H2O2 g-1 of fresh mass.  

3.2.4 Dead cells detection in Vigna unguiculata leaves  

For the detection of H2O2 accumulation, cowpea leaves were detached and 

incubated in DAB (3,3’-Diaminobenzidine) [4,67 mM DAB; 1% isopropanol (v/v); 

Triton 0,1% (v/v)], covered in aluminium, for 24 h. After that period, the leaves were 

incubated in whitening solution (ethanol: acetic acid: glycerol; 4: 1: 1) for 24 h, and at 

the end the leaved were incubated in water bath at 95°C until the solution evaporates. 

3.2.5 Oxidative damage 

 The oxidative damage was assessed by measuring cell membrane damage and the 

content of malondialdehyde (MDA), a product of lipids peroxidation. MDA was 

quantified using the thiobarbituric acid reactive species (TBARS) method (Heath & Pack 

et al., 1986; Carvalho et al., 2019).  Approximately 100 mg of fresh mass of leafs were 

homogenised with 1 mL of TCA 5% (m:v) with the aid of a mortar and a pistil. The 

homogenised obtained was centrifuged at 12.000g for 15 min at 4°C, and the supernatant 

obtained transferred to a new tube, where was added 500 uL of TBA 0,5% and 500 uL of 

TCA20% and incubated for 30 min at 95°C to accelerate the reaction. After the reaction 
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the samples were read in a spectrophotometer at the absorbance of 532 nm and 600 nm, 

where the MDA concentration was expressed as nM of MDA. g-1 Fresh Mass. 

3.2.6 RNA extraction 

For the RNA extraction 100 mg of leaf tissue was pulverized with the aid of liquid 

nitrogen, pistil, mortar and extracted with the RibospinTM vRD Kit (GeneAll) using 

microcolumns. Where 500 uL of VL Buffer were added to the leaf tissue, vortexed and 

incubated for 10 minutes at room temperature, and after that period centrifuged at 12.000 

g for 1 minute at 25 °C, with the supernatant collected and transferred to a new microtube. 

The supernant was mixed with 700uL of the RBI buffer and homogenised and vortexed. 

After that 750uL of the supernatant was added to the microcolumns type IV and followed 

by centrifugation at 12.000 g for 30 seconds at 25°C, with the mobile phase discarded 

and the previous step repeated with the remain sample. 

After this step, 500 uL of RBW buffer was added to the microcolumn type IV and 

centrifuge at 10.000 g for 30 seconds at 25°C, with the mobile discarded, and followed 

by the addition of 500 uL of RNW buffer as previously described. To remove the excess 

of the RNW buffer, the microcolumn was centrifuged one more time at 10.000 g for 1 

min at 25°C.  

The microcolumn was transferred to new nuclease free microtubes and added 30 

uL of nuclease free water in the middle of the membrane and incubated for 1 minute, 

followed by a centrifugation at 10.000g for 1 min at 25°C. Where the RNA samples were 

storage at -80°C for further analysis. 

Due to RibospinTM vRD Kit (GeneAll) RNA lower extraction yields other 

extraction, to extract 2ug of RNA, TRIzol extraction was performed using 100mg tissue 

from each sample grounded using a mortar and a pestle (cooled in liquid nitrogen). The 

obtained powder was transferred to a tube (RNAse-free) and then 1 mL of TRIzol was 

added. Samples was incubated for 5 min at 25 °C for complete dissociation of the 

nucleoprotein complexes. After incubation, 0.2 mL of chloroform is added to the mixture 

and shaken vigorously for 15 s. Afterwards, it is centrifuged for 15 min, 12 000 x g, 4 °C 

and the RNA present in the aqueous phase is transferred to a new tube. The RNA is 

precipitated by adding 0.5 mL isopropanol and kept on ice for 10 min. It is then 

centrifuged for 10 min, 12 000 x g, 4 °C. The supernatant is discarded and the RNA pellet 

washed with 1 mL of 75% (v/v) Ethanol and vortexed. The sample will be centrifuged 
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for 5 min, 7,500 x g, 4 °C, the supernatant discarded. The resulting RNA pellet dried at 

25 °C for ethanol evaporation. The pellet obtained was resuspended with 25 uL of 

deionized water (RNase-free) and stored at -80 °C. 

3.2.7 cDNA synthesis and quantitative PCR analysis 

The cDNA synthetized was obtained using 2 ug of total RNA, oligo (dT) and 

Moloney murine leukaemia virus reverse transcriptase (M-MLV RT; Promega®), 

adapted from the manufacturers protocol. And before the synthesis treated with RQ1 

RNase Free DNase (Promega ®). 

             All the qPCR test, validations and experimental steps followed the Applied 

Biosystems (Thermo Scientific TM) recommendations. All the qPCR analysis were 

performed in the BioRad CFX96 Touch Real-Time PCR Detection System (BioRad) using 

specific designed primers sequenced (Supplmentary Table) for the genes 

VuGOX1(Vigun01g052400), VuGOX2(Vigun03g162000),VuGOX3(VigunL052501), 

VuCATa (Vigun09g260100), VuCATb (Vigun08g001400), VuCATc (Vigun05g264800), 

and CPSMV-CP. Genomic and CDS (coding sequences) were retriever from the 

Phytozome v13 (https://phytozome-next.jgi.doe.gov) and the CPSMV-CP from the NCBI 

(National Center for Biotechnology Information) data bases 

(https://www.ncbi.nlm.nih.gov) (Supplementery Table 1). Amplification reactions were 

performed as the following steps: 95 °C for 10 min, 40 circles of 94 °C for 15 s and 62 

°C for 1 min, and the disassociation step of 95 °C for 1 s. The relative expression of the 

target genes was performed as described by Pffafl (2001), and the endogenous reference 

VuUBQ3() was used (Supplementary Table 1). 

3.2.8 Virus detection  

              All cowpea plants mock and infected were maintained at green house condition 

until the presence of clear symptoms (Supplementary Figure 1). 

 3.2.9 Identification of catalase cis-elements in V. unguiculata  

For the cis-elements identification 1500 bp sequence upstream of the start codon 

of CAT genes were retrieved from the Phythozome v13 (https://phytozome-

next.jgi.doe.gov) and used for the analysis.  

3.2.10 Database search, sequence retrieval, and analysis of physical properties of 

CAT protein members 

https://phytozome-next.jgi.doe.gov/
https://www.ncbi.nlm.nih.gov/
https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
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 The subcellular localization of VuCAT and VuGOX proteins was predicted 

using CELLO 2.5v: sub-cellular localization predictor (CELLO:Subcellular Localization 

Predictive System) and WoLF pSORT prediction software (WoLF PSORT: Protein 

Subcellular Localization Prediction Tool) (Supplementary Table 3; Supplementary 

Figure 2). For the estimated protein molecular weight (MW) and isoelectric point (pI), 

the Expasy tool (https://web.expasy.org/compute_pi/) from the SIB (Swiss Institute of 

Bioinfomatics) was used (Bjellqvist et al., 1993; Biellqvist et al., 1994; Gesteir et al., 

2005). All aminoacids (aa) sequences were retrieved from the Phytozome v13 database, 

and the confirmation of functional domain from VuCAT was performed using the 

InterPro 106.0 tool (https://www.ebi.ac.uk/interpro/) from the EMBL’s European 

Bioinformatics Institute. All VuGOX protein sequences were selected based on the work 

of Roque et al. (2023).  

3.2.11 Identification of catalase cis-elements in V. unguiculata  

For the cis-elements identification, 1500 bp sequences upstream of the start 

codon of CAT and GOX genes were retrieved from the Phytozome v13 

(https://phytozome-next.jgi.doe.gov), as previously described, and was used for the 

analysis (Roque et al., 2023).  

3.2.12 Phylogenetic tree construction 

Phylogenetic relationships were reconstructed by multiple sequence alignment 

of CDS from Arabidopsis thaliana (AT1G20630.1, AT4G35090.3, and AT1G20620.6), 

Oryza sativa (Os02g02400.1, Os06g51150.1, Os03g03910.1, and Os04g39780.1), 

Glycine max (Glyma.04G017500.1, Glyma.06G017900.1, Glyma.14G223500.1, and 

Glyma.17G261700.1), Sorghum bicolor (Sobic.001G517700.1, Sobic.010G274500.2,. 

and Sobic.004G011566.2), Chlamydomonas reinhardtii (Cre01.g045700.t1.1 and 

Cre09.g417150.t1.2). For V. unguiculata entries were used previously CDS commented. 

For the multiple alignment performance, the MUSCLE tool of the MEGA12 software 

was used (https://www.megasoftware.net; Kumar et al., 2018). For topology 

reconstruction validation., Neighbour-Joining analysis was performed, using a bootstrap 

of 1000 replications.  

3.2.13 Statistical Analyses 

https://cello.life.nctu.edu.tw/
https://cello.life.nctu.edu.tw/
https://www.genscript.com/wolf-psort.html
https://www.genscript.com/wolf-psort.html
https://web.expasy.org/compute_pi/
https://www.ebi.ac.uk/interpro/
https://phytozome-next.jgi.doe.gov/
https://www.megasoftware.net/
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The experiments were arranged in an entirely randomized design, and all analysis were 

carried out using five independent biological replicates. Data from physiological, 

biochemical, and relative expression assays were compared using One-Way analysis of 

variance (ANOVA) followed by Tukey’s statistical parametric variance test (p ≤ 0.05) 

for comparison between the means of the treatments. 

3.3 RESULTS 

3.3.1 Phenotypic traits of V. unguiculata cultivars post CPSMV inoculation and 

oxidative damage parameters 

Secondary leaves from the third trifoliate leaf of each treatment does not 

manifest any symptoms in both cultivars at all collection times (Figure 1 a-l). However, 

after 14 days of CPSMV inoculation, Pitiúba plants, reported as susceptible to the virus, 

demonstrate symptoms of mosaic in younger leaves, characteristic of CPSMV 

(Supplementary Figure 1.). 

Hydrogen peroxide accumulation in leaves tissue was evaluated in secondary 

leaves from the infected trifoliolate by DAB staining, however, due to the early stages of 

infection no characteristic HR points were observed (Figure. 1 a-l), only some stains from 

pigmentation and H2O2 from the tissue.  

Besides the hydrogen peroxide content, malonadialdehyde content was also 

quantified in secondary leaves after CPSMV infection. Lipid peroxide content was 

observed increased only in Pitiúba plants infected in both 16 (Figure 1m) and 48h times 

(Figure 1n). As a contrast the MDA content, an indicative of lipid peroxidation, in the 

Macaibo resistant cultivar no increase was observed in both treatments (Figure 1 n-o). 

3.3.2 Catalase activity were lower at early hours at the susceptible cultivar under 

CPSMV infection 

Catalase activity was measured in all three times after CPSMV inoculation, 

however only at the 16 hours post inoculation was observed significant difference among 

treatments and cultivars (Figure 2a). Where the Mo16-P was noticed lower when compare 

with the same genotype infected with CPSMV, however, the Mo16-M shown an 

increased activity when comparing mocking plants, and no difference in the activity 
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Figure 1. Vigna unguiculata secondary leaves from Macaibo (M) and Pitiúba (P) cultivars, collected and treated to observe the H2O2 accumulation 

after 16, 48 and 144 hours post inoculation (hpi) and mock (Mo). And malondialdehyde (MDA) content of infected leaves. Leaves were stained 

with 3,3’-diaminobenzidine (DAB). Different lowercase letters indicate significant differences among treatments according to Tukey's significance 

test (p ≤ 0.05). Columns indicate means of four biological replicates and bars indicate standard error deviation (±). 
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in infected plants (M-16). And the activity of Pitiúba increasing with 48 and 144 hours in 

the mock condition. 

To reinforce and confirm the data from DAB staining and CAT activity from 

both cultivars under all three infection conditions, hydrogen peroxide was measured in 

the secondary leaves from the infected trifoliate. At 16 hours post inoculation the content 

of H2O2 was equal among untreated leaves and infected ones (Figure 2d), however was 

possible to perceive a difference between both cultivars, where in both conditions (Mock 

and infected) the Macaibo cultivar demonstrated a lower hydrogen peroxide content on 

its leaf, where the susceptible shown higher levels. The same pattern was observed in 

both cultivars after 48 hpi, indicating no changes in the H2O2 levels after the infection on 

secondary leaves (Figure 2e).  

 

 

Figure 2. Catalase activity profile and hydrogen peroxide (H2O2) content in V. 

unguiculata leaves in non-inoculated and inoculated after 16, 48, and 144 hours post 

inoculation (hpi). Different lowercase letters indicate significant differences among 

treatments according to Tukey's significance test (p ≤ 0.05). Columns indicate means of 

four biological replicates and bars indicate standard error deviation (±).   

3.3.3 Quantitative PCR of V. unguiculata GOX and CAT genes and cis elements 

identification 
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Aiming to understand the correlation between the different hydrogen content 

among both cultivars, but with similar catalase activity, quantitative PCR (qPCR) analysis 

was performed to evaluate the expression from the different gene copies from both 

glycolate oxidase and catalase, due to its role in the H2O2 balance (Figure 3). 

Among all the transcript analysed, it was perceived an expression change in the 

VuGOX1 gene only in the Macaibo cultivar 16 hours post inoculation, where in Mock 

plants the expression levels were downregulated (Figure 3a), and the expression levels of 

VuGOX1 among the cultivars demonstrates different expression levels. VuGOX1 

expression levels were not statistically significant between the two cultivars when 

comparing Mock and infected after 48 hours post inoculation (Figure 3b).  The VuGOX1 

expression was not s The VuGOX2 gene, which is the most expressed among the genes 

and cultivars, does not shown any differential levels of expression among Mock and 

inoculated plants, in both 16hpi and 48hpi (Figure 3a-b). However, the levels of 

transcripts of VuGOX2 in Macaibo cultivar were lower when compared with Pitiuba at 

16hpi, raising after 48hpi (Figure 3a-b). 

The VuCATc expression levels followed a profile similar to the other genes 

previously mentioned, with no significant differences between Mock and infected plants 

at 16 hpi, only among the cultivar’s differences were perceived, where the VuCATc levels 

in Macaibo were lower (Figure 3a). However, at 48hpi the levels of VuCATc in the Pitiuba 

infected plants were shown upregulated, when compared with Mock plants, and Macaibo 

plants shown not statistically significant between treatments (Figure 3b). VuGOX3 and 

VuCATa no reads were detected.  

To correlate the levels of expression with the CPSMV stimuli, cis-elements from 

promoter regions of GOX and CAT from cowpea were analysed, where in the total 36 

types promoters were identified among all genes evaluated, excluding those related only 

to transcriptional process and light response. Among all the promoters identified the 

abscisic acid responsive element (ABRE; ABRE3a; ABRE4),  light responsive element 

(3-AF3 binding site), elements associated to MYB transcription factor (MYB; MYB 

recognition site; MYB-like sequence), cis-acting regulatory element essential for the 

anaerobic induction (ARE), cis-acting regulatory element related to meristem expression 

(CAT-box), MYBHv1 binding site (CCAAT-box), cis-acting regulatory element 

involved in the MeJA-responsiveness (CGTCA-motif; TGACG-motif), dehydration-
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Figure 3. Relative expression profiles of Glycolate Oxidase (GOX) genes, VuGOX1 and VuGOX2, and Catalase (CAT), VuCATc, from leaves 

collected after Cowpea Severe Mosaic Virus infection times of 16, 48, and 144 hours post inoculation (hpi). Gene expression was normalized using 

as reference gene VuUBQ3. Different lowercase letters indicate significant differences among treatments according to Tukey's significance test (p 

≤ 0.05). Columns indicate means of three biological replicates and bars indicate standard deviation (±). 
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responsive element (DRE-1), ethylene-responsive element (ERE),  hormone-responsive 

element (F-box) and gibberellin-responsive element (GARE-motif) were reported 

(Supplementary Table 1.).Also, the cis-acting element involved in low-temperature 

responsiveness (LTR), MYB binding site involved in drought- inducibility (MBS), MYB 

binding site involved in flavonoid biosynthetic genes regulation (MBSI), MYB binding 

site involved in light responsiveness (MRE), abiotic stresse-responsive element (MYC) 

and gibberellin-responsive element (P-box; TATC-box).  

The cis-element involved in salicylic acid responsiveness (TCA; TCA-element), 

cis-acting element involved in defense and stress responsiveness (TC-rich repeats), auxin-

responsive element (TGA-element), stress-responsive element (STRE), cis-acting 

regulatory element involved in high temperature (WRE3), and wound responsive element 

(WUN-motif) was also identified. All the other cis-elements not cited has not known 

function, such as AAGAA-motif, ACTCATCCT sequence, AP1, as-1 and box S. 

 

Figure 4. Cis-elements from promoter region of Glycolate Oxidase (GOX) and catalase 

(CAT) genes from Vigna unguiculata. Coloured blocks indicate distinct cis-elements 

present in the promoter region.  

Also, physical properties of VuCAT and VuGOX were analysed, where the 

conservated domain of Catalase, the heme-binding pocket (cd08154) was observed in 
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both VuCATa and VuCATb (Table 1). The V. unguiculata catalase gene copies were 

present in two different chromosomes, chromosome eight for VuCATa and chromosome 

nine for VuCATb, and the transcripts coding only for one protein each (Table1). Also, 

protein polypeptide, CDS sequence, isoelectric point, and molecular weight among 

catalases were remarkably similar, and both predicted sub-cellular localization for the 

peroxisome organelle as expected (Table 1).  

Table 1. List with detailed information about Catalase and Glycolate Oxidase in Vigna 

unguiculata along with their gene and protein identification/alternative splicing forms, 

chromosome location, coding sequences, polypeptide length, and predicted molecular 

weight, isoelectric point (pI), and subcellular localization.  

 
Gene 

 
Protein 

 
Locus name 

 
CDS(bp) 

 
Protein(aa) 

 
MW(kDa) 

 
pI 

 
Localization 

 

VuCATa 

 

VuCATa.1 

 

Vigun08g001400.1 

 

1479 

 

493 

 

57.06243 

 

6.56 

 

Peroxisomea,b 

 

VuCATb 

 

VuCATb.1 

 

 

Vigun09g260100.1 

 

1479 

 

493 

 

56. 781 

 

6.8 

 

Peroxisomea,b 

VuGOX1 VuGOX1.1 

VuGOX1.2 

VuGOX1.3 

 

Vigun01g052400 

 

1119 

 

373 

 

40.92529 

 

9.02 

 

Peroxisomea,b 

VuGOX2 VuGOX2.1 

VuGOX2.2 

VuGOX2.3 

VuGOX2.4 

VuGOX2.5 

VuGOX2.6 

 

 

Vigun03g162000 

 

 

1107 

 

 

369 

 

 

40.34485 

 

 

9.16  

 

 

Peroxisomea,b 

VuGOX3 VuGOX3.1 VigunL052501 1158 386 41.90391 9.98 Mita; Cytb 

Abbreviations: CDS, coding DNA sequences; aa, aminoacids; MW, molecular weight; 

pI, isoelectric point; Mit, mitochondria. 

        a CELLO v.2.5: sub-cellular localization predictor (CELLO:Subcellular 

Localization Predictive System); 

https://cello.life.nctu.edu.tw/
https://cello.life.nctu.edu.tw/
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        b WoLF pSORT prediction software (WoLF PSORT: Protein Subcellular 

Localization Prediction Tool). 

Glycolate oxidase physical properties was also analysed, where all the copies 

share similar traits, such as CDS and protein length, molecular weight, and pI. However, 

the number of coding protein was very variable, with VuGOX1 gene resulting in three 

different proteins, and VuGOX2 coding for six proteins, both from different 

chromosomes, one and three, respectively, and with similar sub-cellular localization, in 

the peroxisome (Table 1). And more distinguish was the VuGOX3 gene, which was 

observed previously in a contig, having similar traits to other GOX members, however 

coding only one protein, and having as it is sub-cellular localization the Mitochondria, 

something already observed in other species, such as A. thaliana (Table 1). 

 

Figure 4. Phylogenetic relationship among Catalase orthologs in model and V. 

unguiculata plants. All sequences of Catalase coding DNA sequence were retrieved from 

the Phytozome database. With a rooted phylogenetic tree constructed based on the 

Neighbour-Joining method from the software MEGA 12 tool using a bootstrap of 1000 

replications. Where the abbreviations from each species being Gma, Glycine max, Vu, 

https://www.genscript.com/wolf-psort.html
https://www.genscript.com/wolf-psort.html
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Vigna unguiculata, Os, Oryza sativa, Sb, Sorghum bicolor, At, Arabidopsis thaliana, and 

for Cre, Chlamydomonas reinhardtii. Each  sequence identification are presented in the 

Material and Methods section. 

A phylogenetic tree was constructed to observe the evolutionary relationship 

among VuCAT genes and other plant models more and less related through the evolution 

course, such as G. max, S. bicolor, O. sativa,  and A. thaliana(Figure 4). 

3.4 DISCUSSION 

3.4.1 Lipid peroxidation indicates damage from CPSMV inoculation 

The presence of symptoms in the susceptible cultivar was expected due to the 

compatible interaction already reported between the Pitiúba and CPSMV (Booker et al., 

2007; Mandadi; Scholthof, 2013; Souza et al., 2017; Souza et al., 2020). Which was 

confirmed after 2 weeks post inoculation (Supplementary Figure 1a.), with only Macaíbo 

and Mock plants remained asymptomatic (Supplementary Figure 1b-d). Where plants 

from both cultivars at 16, 48, and 144 post inoculation, shown no clear symptoms 

characteristic of the CPSMV, as expected (Figure 1a-l)  

As a form to evaluate the initial infection and how both contrasting cultivars 

would response to CPSMV infection and its relationship with oxidative burst the DAB 

staining was used, as method to detected hydrogen peroxide accumulation in leaves 

tissues at early hours post inoculation (Souza et al., 2020). Due to the role of ROS 

molecules, manly the H2O2, as a key molecule to act as a signal in the early stages of 

pathogen response, due to its stability and permeability (Costa et al, 2010; Neill et al., 

2002; Mittler et al., 2011; Cui et al., 2016). Previous works from Varela and coworkers 

(2017) using gel-free/label free analysis of cowpea plants infected with CPSMV 

demonstrated the increase of peroxisomal (S)-2-hydroxy-acid oxidase (GLO), related to 

the hydrogen peroxide production, which lead to H2O2 elevating content, in plants 

infected after 2 and 6 days, possible related to CPSMV response (Rojas et al., 2012). 

However, no significant phenotype alteration was observed among the cultivars in distinct 

collection times, with no presence of previous characteristic symptoms described, only 

with secondary leaves presenting brownish stains prevenient from residual pigments and 

H2O2 normal content from the tissue (Figure 1 a-l). 
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However, as commented ROS production and it role as a signal molecule by the 

plant is followed by a great risk, giving the fact the high concentration of reactive species 

could lead to peroxidation of membrane lipids, which are toxic to cells that can cause 

great damage to vegetal cell and even, in the last stage, cell death (Wu et al., 2006; Sharma 

et al., 2012). The malondialdehyde content in secondary leaves were evaluated, and only 

in the susceptible cultivar (Pitiúba) the lipidic oxidated content were higher when 

compared with the Mock plant, in both 16 and 48 hpi (Figure 1 m-n). Indicating that in 

Macaíbo plants is possible to be present a mechanism related effective ROS mitigation, 

probable through an antioxidative enzymes apparatus, thus not being harmful to leaf 

tissues, while the susceptible cultivar had an increase in the lipidic peroxidation levels 

(Varela et al., 2017). Thus, due to the importance of hydrogen peroxide importance and 

catalase role in the H2O2 homeostasis, CAT total activity and H2O2 content was 

investigated. 

3.4.2 Hydrogen peroxide content was different among the genotypes 

Among the antioxidant enzymes related with the hydrogen peroxide and its 

relationship with pathogen response, the Catalase enzymes are responsible to scavenge 

H2O2, manly in the peroxisome, and turn this ROS in water and oxygen (Nicholls et al., 

2000; Zhang et al., 2016; Riseh; Fathi; Vatankhak; Kennedy, 2024). Thus, among all the 

treatments only Mo16-P shown a reduced activity of catalase when compared with P-16 

(Figure 2a), probably related to the infection or damage caused by the CPSMV 

inoculation, acting as a mechanism to mitigate the upcoming ROS stress. 

In contrast, Macaíbo at the same conditions, had a similar catalase activity 

among both treatments (Figure 2a). With this difference not observed in plants Mock and 

inoculated collected after 48 and 144 hours post inoculation in both cultivars (Figure 2 b-

c). This higher activity of catalase at early hours of inoculation observed in Macaibo 

plants, in parallel with Pitiúba, can indicate a mechanism related to CPSMV resistance 

altogether with the lower levels of lipid peroxidation. Giving the fact that H2O2 content at 

Macaibo cultivar, could be observed a stable content among treatments (Figure 2 d-f).  

Where the lower content of H2O2 in Macaíbo secondary leaves after the CPSMV 

infection could indicate to us a mechanism not related to an oxidative burst at first, due 

to a lower and stable concentration of hydrogen peroxide and low catalase enzyme 
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activity hours post inoculation. Where the balance of ROS, more specifically hydrogen 

peroxide, being controlled local and systematically in plants reported by Li et al. (2023) 

by Ca+2 accumulation in the cytosol, which leads to the association of Glycolate Oxidase 

– Catalase (GOX-CAT) Switch complex, responsible to control the intracellular hydrogen 

peroxide balance, leading to a decrease of the ROS content (Zhang et a., 2016). 

However, in the susceptible cultivar, the opposite could be observed, with a 

higher level of hydrogen peroxide, combined with a lower activity of CAT enzyme, 

probably indicating a disassociation of the GOX-CAT Switch complex. Where an 

increase of ROS, after the plant cell recognize of damage molecular patterns (DAMPs) 

or even pathogen effectors, such as ssRNA from the CPSMV, through compatible 

interaction lead the cell plant to early pattern immunity trigger (PTI) and with the 

infection persistence, the effector immunity trigger (ETI), the cell organism maintained 

the reactive species burst, leading to cell death, also reinforced by lipid peroxidation 

content (Janes and Dangl, 2006; Katagiri and Tsuda, 2010; Dangl et al., 2013; Jones et 

al., 2024).

Nevertheless, due to importance of the GOX-CAT switch complex and it is 

possible role in the CPSMV immunity, it was of our interest to understand the expression 

pattern at systemic infection level of GOX and CAT transcripts. 

3.4.3 VuGOX and VuCAT transcripts were modulated after the inoculation with 

CPSMV 

A previous work of our team performed a. Genome-wide analysis in cowpea 

plants identified three genes of GOX in its genome, VuGOX1 (Vigun01g052400), 

VuGOX2 (Vigun03g162000) and VuGOX3 (VigunL052501), and were named as so due 

to its similarity of Arabidopsis thaliana copies (Roque et al., 2023). And here we 

recognized two genes of Catalase in cowpea genome, being VuCATa (Vigun09g260100), 

VuCATb (Vigun08g001400), where VuCATa and VuCATb being more similar to AtCAT1 

and AtCAT2, respectively (Table 1; Supplementary 3).Also, sub-cellular localization 

prediction of both catalase protein pointed to the peroxisome organelle, similar to the 

VuGOX1 and VuGOX2 proteins, reinforcing they play in the GOX-CAT switch and 

hydrogen peroxide balance in V. unguiculata. However, interestingly the VuGOX3 

protein shown as predicted sub-cellular localization the mitochondria, similar to A. 
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thaliana AT3 protein, involved in the L-lactate metabolism (Roque et al., 2023; Engqvist 

et al., 2015) 

Here, we observed that the transcript levels of VuGOX1 were only differential in 

Macaibo plants in infected plants at the early hours after inoculation, possible being 

related to hydrogen peroxide production as a signal molecule to systematic acquire 

resistance of CPSMV (Figure 3a), where no Pitiúba expression profile was observed 

altered. This could indicate in Macaibo a upregulation of VuGOX1 to act in plant defence 

mechanism due to CPSMV infection, which are maintained at 48 and 144 hpi (Figure 3 

b-c). In the Pitiúba cultivar the VuGOX1 expression pattern was not altered in all times 

analysed (Figure 3 a-c). Thus, this absence of alteration in the expression profile of GOX 

is probably related to the incapability of Pitiúba genotype to respond to the CPSMV 

infection, where previous works using mutated plants from the same cultivar which 

present a resistance phenotype, shown an increase of abundance of GOX proteins after 7 

of infection (Souza et al., 2020). 

VuGOX2 gene does not demonstrate differential expression among treatment at 

16 hpi, however the expression levels among cultivar were distinct, with a slightly 

reduction of the transcription in the Macaíbo cultivar (Figure 3a). With the expression 

profile been similar among cultivar and treatments after 48 hours of inoculation and 

reducing again the transcription levels after 144 hpi for all Macaíbo treatments and 

infected Pitiúba (Figure 3 b-c). These data which could corroborated the previous 

observations with VuGOX1, however the GOX transcripts levels of Macaíbo only 

increasing after 48 hpi, being similar to Pitiúba expression, and decreasing againd after 

144 hpi (Figure 3 b-c). And 144 hpi the levels of VuGOX2 in inoculated Pitiúba plants 

were downregulated in comparison to Mock (Figure 3c). 

 And VuCATb demonstrated differential among cultivars, where 16 hpi 

treatments have a similar profile with Mock plants, and Pitiúba having higher levels of 

expression tha Macaíbo (Figure 3a). However, after 48 hours post inoculation the 

transcript levels of VuCATb in infected Pitiúba plants were higher than Mock and 

Macaíbo plants, probably related to the oxidative burst in response to the pathogen 

infection. And all expression profiles being similar after 144 hpi. Where that increase of 

catalase transcripts are related to the higher activity in infected Pitiúbas plants at 16hpi 
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and 48hpi, which are similar in 144 hpi (Figure 2), which for viruses can help the disease 

establishment already reported in other plants (Mathioudakis et al., 2013). 

Thus, our data suggest that GLO and CAT must have a crucial role in CPSMV 

response and resistance mechanism. As was previous seen in works model plants such as 

Nicotiana benthamiana where viral particle from the BSMV (Barley Stripe Virus) 

interacts with the GOX protein, inhibiting glycolate oxidase activity, which leads to a 

lower production of ROS in the early stages of infection thus allowing infection to occur 

(Yang et al., 2017). Thus, we evaluate the Cis-elements from promoter regions from all 

VuGOX and VuCAT that we identified in the cowpea genome, as a form to correlate with 

the expression profiled shown and it is relation with CPSMV infection. 

3.4.4 Cis-elements from promoter regions from all VuGOX and VuCAT can shed a 

light in how the cowpea cultivars respond and modulate the expression levels 

Thus, due to the information obtained by gene expression of VuGOX1, VuGOX2 

and VuCATb after inoculation with CPSMV, cis-elements from all VuGOX and VuCAT 

copies from V. unguiculata were analysed as a form to relate the differential expression 

and the present promoters (Figure 3d). Among the interesting cis-elements the ones which 

are involved in salicylic acid responsiveness (TCA; TCA-element), cis-acting element 

involved in defense and stress responsiveness (TC-rich repeats), auxin-responsive 

element (TGA-element), stress-responsive element (STRE), cis-acting regulatory 

element involved in high temperature (WRE3), and wound responsive element (WUN-

motif) (Figure 4). Still, a great part of the cis-elements detected are related to stress 

conditions, more specifically abiotic, such as MYB, cis-acting regulatory element 

essential for the anaerobic induction (ARE), MYB binding site involved in drought- 

inducibility (MBS), abiotic stresse-responsive element (MYC), MYBHv1 binding site 

(CCAAT-box), dehydration-responsive element (DRE-1) and ethylene-responsive 

element (ERE) ( Fujimoto et al., 2000; Narusaka et al., 2003; Li; Mizoi et al., 2013; Ng; 

Fan, 2015; Kaur et al., 2017; Kang et al., 2022; Lazar et al., 2014;). Also, the WUN-motif, 

which is related to biotic stress, the wound responsive element (ain-Ali et al., 2021). 

An important cis-element observed was the TCA-element, which is related to 

salicylic acid response and pathogen defences, and could participate in the dynamic 

between GOX-CAT switch complex  association-dissociation dynamic, which was 
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proposed to be regulated by SA signalling, modulating hydrogen peroxide waves, 

important to abiotic and biotic stimuli (Raskin, 1992; Zhang et al., 2016), and having a 

possible relation with the resistance mechanism (Kamle et al., 2020). 

And phylogenetic tree analysis grouped the VuCAT conding DNA sequences 

with catalase sequences from G. max (Figure 4), which are related to drought stress and 

heat stress, and upregulated in plant organs such as young leaves, flower tissues, root and 

nodule, with same predicted sub-cellular localization (Aleem et al., 2022). 

Thus, incompatible interaction, such as reported in Macaibo, is supposed to 

occurs where the plant recognizes viral elicitors and rapidly response through signal 

cascades, such as oxidative burst, with the production of oxygen reactive species, 

hypersensitive response (HR), accumulation of pathogen-related proteins (PR-proteins) 

and systematic acquired resistance (SAR), and not showing the classic pathogen 

symptoms (Camarço et al., 2009; Mandadi; Scholthof, 2013). Other type of mechanism 

of tolerance of CPSMV infection already reported in cowpea plants is the RNA silencing 

through micro RNA (miRNA), leading to the synthesis of double strand RNA (dsRNA), 

which are processed by Dicer-lie proteins (Dicer RNase), generating small RNAs 

(sRNAs) which will lead to the formation of the Argonaute and RNA-induced silencing 

(AGO-RISC) complex(Martins et al., 2020). Where Macaíbo plants could act through the 

AGO-RISC complex leading to resistance and the ROS regulation, mediated by the GO-

CAT complex responsible to the systemic acquired resistance to other plant tissues 

(Figure 4). While the Pitiúba plants, which could be not capable to recognize early the 

pathogen effectors, are led to ETI pathway resulting in the ROS burst, lipid peroxidation, 

HR, and cell death as a tentative to restring CPSMV virus systemic proliferation (Figure 

4). 
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Figure 4.  Overview of possible pathway that could be acting in both Pitiúba (susceptible) 

cultivar, which presents a compatible interaction with CPSMV virus, and Macaíbo 

(resistant), reported with an incompatible interaction with the CPSMV virus. 

Abbreviations: SA, salicylic acid; GOX, glycolate oxidase; CAT, catalase; ROS, reactive 

oxygen species; H2O2, hydrogen peroxide; SAR, systematic acquired resistance, HR, 

hypersensitive response; ETI, effector trigger immunity; PTI, pattern trigger immunity; 

NBLRR, nucleotide; Rboh, NADPH oxidases; ssRNA, single strand RNA; DAMPs; 

damage-associated molecular pattern; NLR, nucleotide-binding leucine-rich-repeat 

receptor; LP, lipid peroxidation; TFs, transcription factors; PRR, pattern recognition 

receptors. 

Other crucial point, beside the previous one commented, is the capability of the 

vegetal organism during the pathogen infection, such as virus, to provide energy from the 

primary metabolism support cellular requirements for plants defence response and could 

cause symptoms to manifest much later than compared with new leaves (Bolton, 2009; 

Kangasjarvi et al., 2012; Rojas et al., 2014), which could give us a hint about the 

differences of enzymatic, transcriptional and biochemical patterns observed in the present 

work and the mild/delayed symptoms shown in the Pitiúba genotype. Considering that 

previous works already brought the importance of photosynthesis and photorespiration 

apparatus to plant resistance (Souza et al., 2020; Souza and Carvalho, 2019). 

3.5 CONCLUSION 

Thus, our present work compared two contrasting cowpea genotypes inoculated 

with CPSMV after 16 and 144 hours post inoculation, aiming to understand the aspects 

behind the resistance phenom. Our finding supported past studies using younger plants 

that the redox apparatus seems to play a key role in response to CPSMV infection, and 

later resistance. Where the transcription of GOX in the first few hours after virus 

inoculation together with a higher activity of catalase seem to be correlated with the 

process of acquired systemic resistance, this for the resistant genotype. While susceptible 

plants showed no modulation at the transcript level of the GOX enzyme, they did show a 

higher level of hydrogen peroxide and peroxidised lipids, indicating processes related to 

the HR and ETI phenomenon. Thus, through biochemical, molecular and bioinformatics 

data, our work suggests that the GOX-CAT switch complex acts during the response to 

the pathogen, modulating its response locally and systemically. 
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Supplementary Tables: 

Supplementary Table 1. List of genes used for quantification of gene expression by 
qPCR and the reference genes. Primer sequences of V. unguiculata reference and target 
genes, gene product description, amplicon size, accession number at Phytozome database, 
and optimal melting temperature (Tm) of each oligonucleotide. 

 

Gen
e 

ID Gene 
Prod
uct 

Primer Sequence Ampli
con 
(bp) 

Fw/ 
Rv 
Tm 
(°C) 

 

GO
X1 

 

Vigun01g05

2400 

 
 

Fw: 
TACCCCAAGACTAGGACGCA 

 

Rv: 
CGCTCAATGCCATGGTTAGC 

 

112 

 

60/60 

 

 

 

GO
X2 

 

 

Vigun03g16

2000 

 
 

Fw: 
GCCCTTACTGTGGACACTCC 

 

Rv: 
CACACCAGCCTCTCCATCAG 

 

513  

 

60/61 

 

GO
X3 

 

VigunL0525

01 

  

Fw: 
AAGCACGATGAACGCGAATG 

 

Rv:
GGGCCAGAAACCCCGTATAG 

 

 685 

 

59.9/5
9.9 

 

CA
Ta 

 

Vigun09g26

0100 

  

Fw: 
CCGGAGAGCCTTCACATGTT 

 

Rv: 
AGCCTGTGCCTCTGTGAATC 

 

530  

 

60/60 
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CA
Tb 

Vigun08g00

1400 
 Fw: 

ACCTGTGCTGACTTCCTTCG 

 

Rv: 
TCGTAAAGGTCTTGGGTGGC 

518 60/60 

CA
Tc 

Vigun05g26

4800 
 Fw:

CTTGTGTGTGGACTTGCTGC 

 

Rv:
AGGCACTTTGGGTGTTGGAA 

574 60/60 

 

MP 

 

MW392574 

  

Fw: 
GGGGGGATCCATGTCAACATT
TCGTTACAGG 

 

Rv: 
GGGGGAATTCTCAATACTGAA
TGTATCCTGT 

 

599 

 

60/60.
1 

 

UB
Q3 

 

Vigun03g10

5700.2 

  

Fw: 
TCTTGTCTTGCGACTCCGTG 

 

Rv: 
TCGTGTCTGAACTCTCGACC 

 

90 

 

60/60 

 
Supplementary Table 2. List of all cis-elements found in the promoter region of 
Glycolate Oxidase (GOX) and Catalase (CAT) from V. unguiculata, showing cis-element 
identification, class, and description 

Gene ID Cis-element Class Cis-element description 
CATa CAAT-box 

 

CATa CAAT-box 

common cis-acting element in promoter and enhancer 

regions 

CATa WUN-motif 
 

CATa Box 4 

part of a conserved DNA module involved in light 

responsiveness 

CATa ERE 
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CATa GARE-motif gibberellin-responsive element 

CATa TCA 
 

CATa Myb-binding site 

CATa AAGAA-motif 

CATa TATC-box cis-acting element involved in gibberellin-responsiveness 

CATa GA-motif part of a light responsive element 

CATa TATA 
 

CATa AT~TATA-box 

CATa Myc 
 

CATa TATA-box core promoter element around -30 of transcription start 

CATa circadian 

cis-acting regulatory element involved in circadian 

control 

CATa 
 

short_function 

CATa AP-1 
 

CATa MYB 
 

CATa MYB-like sequence 

CATa ATCT-motif 

part of a conserved DNA module involved in light 

responsiveness 

CATa ARE 

cis-acting regulatory element essential for the anaerobic 

induction 

CATb Myb 
 

CATb Box 4 

part of a conserved DNA module involved in light 

responsiveness 

CATb CAAT-box 
 

CATb CAAT-box 

common cis-acting element in promoter and enhancer 

regions 

CATb 
 

short_function 

CATb TCT-motif part of a light responsive element 

CATb ERE 
 

CATb F-box 
 

CATb MYC 
 

CATb Unnamed__1 60K protein binding site 
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CATb ATCT-motif 

part of a conserved DNA module involved in light 

responsiveness 

CATb TATA 
 

CATb chs-CMA1a part of a light responsive element 

CATb P-box gibberellin-responsive element 

CATb AT~TATA-box 

CATb GATA-motif part of a light responsive element 

CATb STRE 
 

CATb GT1-motif light responsive element 

CATb TATA-box core promoter element around -30 of transcription start 

CATc Box 4 

part of a conserved DNA module involved in light 

responsiveness 

CATc CAAT-box 
 

CATc CAAT-box 

common cis-acting element in promoter and enhancer 

regions 

CATc LTR 

cis-acting element involved in low-temperature 

responsiveness 

CATc TCT-motif part of a light responsive element 

CATc ERE 
 

CATc ABRE4 
 

CATc Myb-binding site 

CATc G-Box 

cis-acting regulatory element involved in light 

responsiveness 

CATc MYC 
 

CATc TGA-element auxin-responsive element 

CATc AAGAA-motif 

CATc AT~TATA-box 

CATc GA-motif part of a light responsive element 

CATc TATA-box core promoter element around -30 of transcription start 

CATc MBSI 

MYB binding site involved in flavonoid biosynthetic 

genes regulation 

CATc ABRE 

cis-acting element involved in the abscisic acid 

responsiveness 
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CATc ABRE3a 
 

CATc 
 

short_function 

CATc TC-rich repeats 

cis-acting element involved in defense and stress 

responsiveness 

CATc MYB 
 

CATc MYB-like sequence 

CATc ARE 

cis-acting regulatory element essential for the anaerobic 

induction 

CATc GATA-motif part of a light responsive element 

CATc GT1-motif light responsive element 

GOX1 MYB-like sequence 

GOX1 Unnamed__4 

GOX1 as-1 
 

GOX1 GT1-motif light responsive element 

GOX1 P-box gibberellin-responsive element 

GOX1 G-box 

cis-acting regulatory element involved in light 

responsiveness 

GOX1 ARE 

cis-acting regulatory element essential for the anaerobic 

induction 

GOX1 MRE MYB binding site involved in light responsiveness 

GOX1 TGACG-motif 

cis-acting regulatory element involved in the MeJA-

responsiveness 

GOX1 TC-rich repeats 

cis-acting element involved in defense and stress 

responsiveness 

GOX1 MYB 
 

       GOX1 short_function 

GOX1 WRE3 
 

GOX1 CAT-box 

cis-acting regulatory element related to meristem 

expression 

GOX1 DRE1 
 

GOX1 Unnamed__6 

GOX1 TATA-box core promoter element around -30 of transcription start 
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GOX1 MBSI 

MYB binding site involved in flavonoid biosynthetic 

genes regulation 

GOX1 Myc 
 

GOX1 ABRE 

cis-acting element involved in the abscisic acid 

responsiveness 

GOX1 STRE 
 

GOX1 AT~TATA-box 

GOX1 TATA 
 

GOX1 GA-motif part of a light responsive element 

GOX1 CAAT-box 
 

GOX1 CAAT-box 

common cis-acting element in promoter and enhancer 

regions 

GOX1 Box 4 

part of a conserved DNA module involved in light 

responsiveness 

GOX1 TCA-element 

cis-acting element involved in salicylic acid 

responsiveness 

GOX1 CGTCA-motif 

cis-acting regulatory element involved in the MeJA-

responsiveness 

GOX1 ERE 
 

GOX1 TCT-motif part of a light responsive element 

GOX2 AT1-motif part of a light responsive module 

GOX2 LAMP-element part of a light responsive element 

GOX2 as-1 
 

GOX2 CCAAT-box MYBHv1 binding site 

GOX2 Unnamed__4 

GOX2 AT-rich element binding site of AT-rich DNA binding protein (ATBP-1) 

GOX2 MRE MYB binding site involved in light responsiveness 

GOX2 P-box gibberellin-responsive element 

GOX2 G-box 

cis-acting regulatory element involved in light 

responsiveness 

GOX2 TGACG-motif 

cis-acting regulatory element involved in the MeJA-

responsiveness 

GOX2 MBS MYB binding site involved in drought-inducibility 
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GOX2 MYB 
 

       GOX2 short_function 

GOX2 box S 
 

GOX2 ABRE3a 
 

GOX2 AAGAA-motif 

GOX2 MYC 
 

GOX2 MYB recognition site 

GOX2 ABRE 

cis-acting element involved in the abscisic acid 

responsiveness 

GOX2 TATA-box core promoter element around -30 of transcription start 

GOX2 ACTCATCCT sequence 

GOX2 AT~TATA-box 

GOX2 CAAT-box 

common cis-acting element in promoter and enhancer 

regions 

GOX2 CAAT-box 
 

GOX2 Box 4 

part of a conserved DNA module involved in light 

responsiveness 

GOX2 WUN-motif 
 

GOX2 AE-box part of a module for light response 

GOX2 ABRE4 
 

GOX2 

3-AF3 binding 

site part of a conserved DNA module array (CMA3) 

GOX2 CGTCA-motif 

cis-acting regulatory element involved in the MeJA-

responsiveness 

GOX2 TCT-motif part of a light responsive element 

GOX2 ERE 
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Supplementary Table 3. List of all accession and parameters from sub-cellular prediction tools CELLO of Glycolate Oxidase (GOX) and Catalase 
(CAT) proteins from V. unguiculata, and identity with Arabidospsis thaliana catalase from the Phytozome v13 database BlastP tool. 

 
Gene 

 
Protein 

 
Locus name 

 
A. thaliana 

Protein 

 
Identity 

(%) 

 
CELLO 

 

VuCATa 

 

VuCA

Ta.1 

 

Vigun08g001400.1 

 

AT1G20630.1 

 

85 

 

Amino Acid 

Comp. 

Localization 

Peroxisomal 

Reability 

 0.660 

      N-peptide 

Comp. 

Peroxisomal  0.885 

       Partitioned 

seq. Comp. 

Peroxisomal 0.700 

      Physico-

chemical 

Comp. 

Peroxisomal 0.845 

     Neighboring 

seq. Comp. 

Peroxisomal 0.679 

      

CELLO 

Prediction 

    Peroxisomal 
    Cytoplasmic 
    Mitochondrial 
    Extracellular 
    Chloroplast 
    Nuclear 
    ER 
    PlasmaMembrane 

    3.769   
    0.370 
    0.344 
    0.113 
    0.109 
    0.103 
    0.050 
    0.041 
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    Lysosomal 
    Cytoskeletal 
    Vacuole 
    Golgi 

 

    0.034 
    0.027 
    0.022 
    0.017 

 

 

VuCATb 

 

VuCA

Tb.1 

 

 

Vigun09g260100.1 

 

AT4G35090.1 

 

86 

 

Amino Acid 

Comp. 

 

Peroxisomal 

 

0.798 

      N-peptide 

Comp. 

Peroxisomal 0.901 

VuGOX1 VuGO

X1.1 

VuGO

X1.2 

VuGO

X1.3 

 

Vigun01g052400 

 

- 

 

- 

  Partitioned 

seq. Comp. 

Peroxisomal 0.742 

      Physico-

chemical 

Comp. 

Peroxisomal  0.909 

     Neighboring 

seq. Comp. 

Peroxisomal 0.821 

     CELLO 
Prediction: 
    

    Peroxisomal 
    Mitochondrial 
    Cytoplasmic 

    4.171   
    0.242 
    0.225 
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    Chloroplast 
    Extracellular 
    Nuclear 
    ER 
    Vacuole 
    PlasmaMembrane 
    Golgi 
    Lysosomal 
    Cytoskeletal 

 

    0.076 
    0.063 
    0.063 
    0.048 
    0.025 
    0.023 
    0.022 
    0.022 
    0.020 

 

     

VuGOX2 VuGO

X2.1 

VuGO

X2.2 

VuGO

X2.3 

VuGO

X2.4 

VuGO

X2.5 

VuGO

X2.6 

Vigun03g162000         - - Amino Acid 

Comp.  

 

N-peptide 

Comp. 

 

Partitioned 

seq. Comp. 
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Supplementary Figures: 

 

 

Supplementary Figure 1. Mock and Infected with Cowpea Severe Mosaic Virus (CPSMV) V. unguiculata leaves after 14 days maintained at 
greenhouse condition, from both cultivars Mock Pitiúba (a), infected Pitiúba (b), Mock Macaibo (c), and infected Macaibo (d). 
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Supplementary Figure 1. List of all accession and parameters from sub-cellular prediction tools WoLFPSORT of Glycolate Oxidase (GOX) and 
Catalase (CAT) proteins from V. unguiculata, and identity with Arabidospsis thaliana catalase from the Phytozome v13 database BlastP tool. 
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