
 

UNIVERSIDADE FEDERAL DO CEARÁ 

CENTRO DE CIÊNCIAS 

DEPARTAMENTO DE BIOQUÍMICA E BIOLOGIA MOLECULAR 

PROGRAMA DE PÓS-GRADUAÇÃO EM BIOQUÍMICA 

 

 

 

 

RAISSA SOUZA CAMINHA BRET  

 

 

 

 

 

 

METABOLIC CHANGES IN LOCAL AND SYSTEMIC COWPEA [Vigna unguiculata 

(L.) Walp.] LEAVES INDUCED BY COWPEA SEVERE MOSAIC VIRUS 

INFECTION 

 

 

 

 

 

 

 

 

 

 

FORTALEZA 

2023 



RAISSA SOUZA CAMINHA BRET  

 

 

 

 

 

METABOLIC CHANGES IN LOCAL AND SYSTEMIC COWPEA [Vigna unguiculata (L.) 

Walp.] LEAVES INDUCED BY COWPEA SEVERE MOSAIC VIRUS INFECTION 

 

 

 

 

 

Tese apresentada ao programa de Pós-
Graduação em Bioquímica, do Centro de 
Ciências da Universidade Federal do Ceará, 
como requisito parcial para obtenção do título 
de Doutora em Bioquímica. Área de 
Concentração: Bioquímica Vegetal. 
 
Orientador: Prof. Dr. Danilo de Menezes 
Daloso.  
 
Coorientador: Prof. Dr. Murilo Siqueira Alves. 

 

 

 

 

 

 

 

 

 

 

 

FORTALEZA 

2023 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RAISSA SOUZA CAMINHA BRET  

 

METABOLIC CHANGES IN LOCAL AND SYSTEMIC COWPEA [Vigna unguiculata (L.) 

Walp.] LEAVES INDUCED BY COWPEA SEVERE MOSAIC VIRUS INFECTION 

 

Tese apresentada ao programa de Pós-
Graduação em Bioquímica, do Centro de 
Ciências da Universidade Federal do Ceará, 
como requisito parcial para obtenção do título 
de Doutora em Bioquímica. Área de 
Concentração: Bioquímica Vegetal. 

 

Aprovada em: 30 de maio de 2023. 

 

BANCA EXAMINADORA 

 

_____________________________________________________ 

Prof. Dr. Danilo de Menezes Daloso (orientador) 

Universidade Federal do Ceará (UFC) 

 

_____________________________________________________ 

Profa. Dra. Daniele de Oliveira Bezerra de Sousa 

Universidade Federal do Ceará (UFC) 

 

_____________________________________________________ 

Prof. Dr. Humberto Henrique de Carvalho 

Universidade Federal do Ceará (UFC) 

 

_____________________________________________________ 

Dra. Ana Luiza Sobral Paiva 

Universidade Federal do Ceará (UFC) 

 

_____________________________________________________ 

Dra. Rachel Hellen Vieira de Sousa Lima 

 Universidade Federal do Ceará (UFC) 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Charles Caminha Bret (in memoriam), 

segundo pai, tio e melhor amigo, que ainda 

hoje me acompanha e acredita em mim de 

forma incondicional. 



AGRADECIMENTOS 
 

Ao professor Dr. Danilo Daloso, pela ótima orientação e por todo o exemplo de 

humanidade e parceria. Por toda calma, paciência e aconselhamento dentro e fora do 

laboratório. Afinal, não é qualquer um que aguentaria tanto drama, não é? 

Ao professor Dr. Murilo Siqueira por todos os ensinamentos, contribuição e pela 

estrutura cedida. 

Aos membros da banca Dra. Daniele de Oliveira, Dr. Humberto Carvalho e 

Dra. Rachel Hellen, por todas as contribuições e pela disponibilidade. Em particular à Dra. 

Ana Luiza Paiva, é com especial carinho que lhe agradeço a presença nessa banca, pois já 

são mais de uma década de perrengue e parceria. 

À Universidade Federal do Ceará (UFC) e à CAPES pela estrutura e auxílio 

financeiro fornecidos. 

Aos pesquisadores Alisdair Fernie, Leonardo Souza e David Medeiros por toda 

ajuda, suporte e contribuição nos experimentos. 

Ao Max Planck Institute of Molecular Plant Physiology por disponibilizar a 

estrutura de espectrometria de massas para análises metabolômicas. 

Aos Laboratórios de Toxinas Vegetais, de Biologia Molecular de Plantas e de 

Proteínas Vegetais de Defesa por todo apoio prestado. 

Aos meus colegas de bancada e do departamento por todos momentos de 

descontração e por toda ajuda concedida. 

À minha avó Hypathia, a matriarca dos Caminha Bret, a mulher de mais fibra, 

garra e lucidez que eu conheço. A fonte das minhas forças e nosso elo. Que aos 92 anos é a 

mais lucida, sóbria e equilibrada de todos nós. 

Aos meus progenitores Célia e Roger, pelo simples dom da vida, pois hoje 

finalmente posso dizer que a aprecio. 

À Rosana, minha <boadrasta= e melhor amiga, por ter aberto suas portas e me 

acolhido não só em sua casa, mas também em seu coração há quase 20 anos. 

Ao Rodrigo, melhor amigo e companheiro, por todo carinho, amor e apoio 

depositados. 

Às minhas irmãs, Ariadne, Ana, Renata, Rafaela e Raquel, pois apenas tantas 

para aguentar todo meu drama! Vocês são meu coração batendo fora do peito. Cada uma com 

seu jeitinho de me deixar doida e, ao mesmo tempo, me acalmar. 

Muito obrigada! 



RESUMO 

 

A suscetibilidade das plantas a doenças é um fenômeno complexo e regulado por mecanismos 

específicos de reconhecimento do patógeno e respostas de sinalização dentro da célula 

vegetal, que culminam em uma interação compatível ou incompatível entre o patógeno e a 

planta. Apesar da importância em entender os mecanismos pelos quais as plantas podem 

tolerar o ataque de um patógeno, o conhecimento dos fatores genéticos e bioquímicos que 

estão envolvidos na interação planta-patógeno ainda é escasso. Além disso, embora os 

mecanismos moleculares de percepção do vírus estejam relativamente bem documentados, as 

respostas metabólicas à infecção viral permanecem pouco compreendidas, especialmente no 

feijão-de-corda (Vigna unguiculata (L.) Walp.), no qual as respostas metabólicas à infecção 

viral não foram investigadas ainda. O feijão-de-corda é um importante alimento básico para 

regiões secas, mas a infecção por vírus pode diminuir a produção em até 85%, representando 

um grande gargalo para o cultivo do feijão-de-corda. Aqui, objetivamos investigar as 

respostas metabólicas dos genótipos de feijão-de-corda macaibo e pitiúba à infecção causada 

pelo vírus do mosaico severo do feijão-de-corda (CPSMV). Esses genótipos foram 

previamente caracterizados como resistente (macaibo) e susceptível (pitiúba) ao CPSMV. 

Uma extensa caracterização metabólica foi realizada usando folhas diretamente infectadas 

com CPSMV (folhas locais) e aquelas do mesmo trifolíolo (folhas sistêmicas), com o objetivo 

de identificar como a infecção por CPSMV influencia o metabolismo de folhas diretamente 

infectadas e adjacentes ao local da infecção. Análises metabolômicas foram realizadas usando 

cromatografia gasosa e líquida acoplada a espectrômetros de massa (GC-MS, LC-MS) para 

análise de perfil de metabólitos de metabólitos primários e análise de fingerprinting 

metabólica de metabólitos secundários. Nossos resultados mostraram que o metabolismo das 

folhas locais é substancialmente alterado pela infecção por CPSMV no nível do metabolismo 

primário, mesmo no genótipo resistente (macaibo). Notavelmente, a infecção por CPSMV 

alterou a dinâmica dos metabólitos primários nas folhas de macaibo, o que resulta em uma 

nova homeostase metabólica, mas mantém a estabilidade tanto da rede metabólica primária 

quanto do nível de metabólitos secundários. Além disso, mostramos que o metabolismo das 

folhas de macaibo e pitiúba difere substancialmente mesmo na ausência de infecção por 

CPSMV. Além de fornecer informações importantes sem precedentes sobre as respostas 

metabólicas de plantas de feijão-de-corda à infecção por CPSMV, nossos resultados destacam 

coletivamente que as respostas metabólicas à infecção por CPSMV diferem substancialmente 

entre genótipos de feijão-de-corda resistente e suscetível, nos quais um maior fluxo 

metabólico constitutivo em direção ao shikimato é observado em macaibo, quando comparado 

à pitiúba, e um menor fluxo metabólico do piruvato para o ciclo do TCA é observado na 

infecção por CPMSV em macaibo. 
 

Palavras-chave: marcação 13C; Vigna unguiculata; CPSMV; metabolômica; shikimato.   



ABSTRACT 

 
The susceptibility of plants to diseases is a complex phenomenon and regulated by specific 

mechanisms for recognition of the pathogen and signalling responses within the cell, which 

culminate in a compatible or incompatible interaction between the pathogen and the plant. 

Despite the importance in understanding the mechanisms by which plants can tolerate a 

pathogen attack, the knowledge of the genetic and biochemical factors that are involved in the 

plant-pathogen interaction is still scarce. Furthermore, although the molecular mechanisms for 

virus perception are relatively well-documented, the metabolic responses to viral infection 

remain poorly understood, especially in cowpea (Vigna unguiculata (L.) Walp.) in which the 

metabolic responses to virus infection has not been investigated yet. Cowpea is an important 

staple food for dry regions, but virus infection can decrease yield by up to 85%, representing a 

major bottleneck for cowpea cultivation. Here, we aimed to investigate the metabolic 

responses of macaibo (resistant) and pitiúba (susceptible) cowpea genotypes to infection 

caused by cowpea severe mosaic virus (CPSMV). An extensive metabolic characterization 

was performed using leaves directly infected with CPSMV (local leaves) and those from the 

same trifoliate (systemic leaves), aiming to identify how CPSMV infection influences the 

metabolism of directly infected leaves and those adjacent to the site of infection. 

Metabolomics analyses were performed using gas and liquid chromatography coupled to mass 

spectrometers (GC-MS, LC-MS) for metabolite profiling analysis of primary metabolites and 

metabolic fingerprinting analysis of secondary metabolites, respectively. Our results showed 

that the metabolism of local leaves is substantially altered by CPSMV infection at primary 

metabolism level, even in the resistant (macaibo) genotype. Notably, CPSMV infection 

altered the dynamic of primary metabolites in macaibo leaves, which results in a new 

metabolic homeostasis but maintain the stability of both the primary metabolic network and 

the level of secondary metabolites. We further showed that the metabolism of macaibo and 

pitiúba leaves differ substantially even in the absence of CPSMV infection. Beyond providing 

unprecedented important information on the metabolic responses of cowpea plants to CPSMV 

infection, our results collectively highlight that the metabolic responses to CPSMV infection 

differ substantially between resistant and susceptible cowpea genotypes, in which a higher 

constitutive metabolic flux toward shikimate is observed in macaibo, when compared to 

pitiúba, and a lower metabolic fluxes from pyruvate to the TCA cycle is observed upon 

CPMSV infection in macaibo 

 
Keywords: 13C-labelling analysis; Vigna unguiculata; CPSMV; metabolomics; shikimate.   
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1 INTRODUCTION 

 

Phytopathogenic viruses are currently one of the major sources of yield loss for a 

wide range of crop plants. Given that it is not possible to overcome virus infection by 

agrochemicals, as it is performed in a large number of plant-pathogen interactions, the only 

manner to struggle many of the viruses is by prophylactic mechanisms or by creating 

transgenic plants tolerant to such pathogens (NICAISE, 2014). In the state of Ceará, Brazil, 

the cowpea severe mosaic virus (CPSMV) is the main cause of yield losses in cowpea (Vigna 

unguiculata (L.) Walp.), an important crop for dry regions worldwide, including small and 

medium farmers of Ceará (SILVA et al., 2016). Unfortunately, cowpea genotypes resistant to 

CPSMV generally have low yield capacity, which limits their use (PAIVA et al., 2014). This 

is explained by the growth-stress tolerance trade-off, in which plants with higher capacity to 

grow are commonly more susceptible to stress, and vice-versa (LIU et al., 2019). 

Understanding the mechanisms that regulate this trade-off is thus crucial to maintain cowpea 

yield and obtain stress tolerant cowpea genotypes through metabolic engineer (CORREA et 

al., 2020).  

Contrary to the popular belief, plants are able to communicate their different parts 

through signalling compounds as well as with other plants by electrical signalling or volatiles 

in response to endogenous and/or environmental signals (BROSSET; BLANDE, 2022; 

NGOU; DING; JONES, 2022; TABASSUM; BLILOU, 2022). Plants have several 

mechanisms for defence, still in debate whether it can be considered an immune system. The 

action and responsiveness of several defence mechanisms such as PAMP-triggered immunity 

(PTI), effector-triggered immunity (ETI), systemic acquired response (SAR), and 

hypersensitive response (HR) have been relatively well-studied  (CHANG et al., 2022; 

ERICKSON et al., 2022). Furthermore, several signalling pathways activated after pathogen 

recognition have already been described, in which hormones and secondary metabolites have 

been exhaustively studied and associated with defence mechanisms. However, although the 

role of primary metabolites for plant abiotic stress acclimation has been unveiled in the last 

decades using diverse metabolomics approaches (FÀBREGAS; FERNIE, 2019), how this 

metabolism influence the defence against biotic stresses is much less investigated.  

Primary and secondary metabolisms have been generally studied as distinct and 

independent pathways. This is especially due the fact that primary and secondary metabolisms 

are mostly associated to growth and defence, respectively (SOUZA et al., 2020). However, 

plant metabolism operates as a highly integrated network, in which primary and secondary 
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metabolisms are interconnected and dependent on each other (SHACHAR-HILL, 2013). 

Furthermore, recent evidences suggest that primary metabolites are key for plant acclimation 

to biotic and abiotic stress conditions (ZANDALINAS et al., 2022). Notably, glutamate, 

which has been traditionally investigated in association to its function in the nitrogen 

assimilation in the primary metabolism, recent evidences suggest that this metabolite also has 

an important role for defence, especially in the communication between organs upon 

pathogen attacks  (HORNYÁK et al., 2022). However, despite the increasing number of 

studies associating primary metabolism with plant acclimation to abiotic stresses, plant 

metabolic responses to virus infection are less understood and seem to be pathosystem 

dependent (LLAVE, 2016). This preconizes that the current available information (i) cannot 

be used for a different pathosystem and (ii) it is insufficient to guide plant metabolic engineer 

to obtain stress tolerant genotypes, highlighting the need for further studies. This is severer for 

the cowpea-CPSMV pathosystem, in which no information on the role of primary and 

secondary metabolites for CPSMV resistance is available. It is clear therefore that studies 

aiming to better understand how CPSMV infection alter the metabolism of cowpea genotypes 

are needed. Taking this into account, we have carried out an extensive metabolic 

characterization of resistant (macaibo) and susceptible (pitiúba) cowpea genotypes under 

CPSMV infection using different state-of-art metabolomics approaches.  

 

Immune 
Nonhost 

 
Virus does not replicate in protoplasts or in the initially 
inoculated cells of the intact plant. Inoculum virus may be 
uncoated, but no progeny viral genomes are produced. 

Infectible 
host 

Resistant (extreme 
hypersensitivity) 

Virus multiplication is limited to initially infected cells 
because of an ineffectual virus-coded movement protein, 
giving rise to subliminal infection. Plants are field resistant. 

Resistant 
(hypersensitivity) 

Infection limited by a host response to a zone of cells 
around the initially infected cell, usually with the formation 
of visible necrotic local lesions. Plants are field resistant. 

Susceptible Systemic movement and replication. 

Sensitive Plants react with more or less severe disease. 

Tolerant 
There is little or no apparent effect on the plant, giving rise 
to latent infection. 

Table 1. Plant classification according to their responses to virus inoculation. (HULL, 2009) 

 

Accordingly to Hull (2009), different plant-virus interactions culminate in a 

different compatibility (Table 1). Until today, macaibo was considered immune to CPSMV 
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infection (LIMA et al., 2011; LIMA et al., 2012), once it was not identified CPSMV presence 

or host response at the time. This is the first study to provide actual evidence that macaibo 

displays metabolic response in order to suppress CPSMV infection and virus detection 

through PCR. Herein, macaibo is now classified as resistant to CPSMV infection. 

The thesis is presented in two chapters. The first involves the characterization of 

the metabolic responses of macaibo (highly resistant to CPSMV infection) leaves directly 

infected with CPSMV (local leaves) and those from the same trifoliate (systemic leaves). For 

this, we have used two metabolomics platforms, namely gas and liquid chromatography’s 

coupled to mass spectrometers (GC-MS, LC-MS), which were used to identify metabolites 

pertaining to primary and secondary metabolisms, respectively. The results of this chapter 

showed that CPSMV infection induced changes in primary metabolism of both local and 

systemic macaibo leaves, but the response to CPSMV was different among them and no 

alteration was found in secondary metabolism. Meanwhile, the second chapter involved the 

characterization of both macaibo and pitiúba (highly susceptible to CPSMV infection) leaves 

to CPSMV infection, aiming to compare the primary metabolism of these genotypes under 

CPSMV infection. For this, we have used two GC-MS-based metabolomics approaches, that 

is metabolite profiling and 13C-labelling analysis. The results showed that macaibo and 

pitiúba leaves have distinct metabolite profiles even in the absence of CPSMV infection. 

Additionally, a higher metabolic flux toward shikimate was detected in macaibo, when 

compared to pitiúba leaves, despite the presence/absence of CPSMV. Likewise, CPSMV 

infection reduced the metabolic fluxes from pyruvate to the tricarboxylic acid (TCA) cycle in 

macaibo, and this was not observed in pitiúba. Our results collectively provide unprecedented 

information concerning the cowpea metabolic responses to CPSMV infection. We unveiled 

that macaibo responses to CPSMV infection involve changes in primary metabolism, which 

were contributed to handoff virus infection, maintaining the stability of the primary metabolic 

network and the level of secondary metabolites in this genotype.  
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1.1 Hypothesis 

 

The resistance of macaibo to CPSMV infection is associated to changes in the level of 

primary and secondary metabolites that aid these plants to struggle virus infection, while the 

differential tolerance to CPSMV between macaibo and pitiúba is also associated to their 

differences at primary metabolism level 

 

1.2 Objectives 

 

1.2.1 General  

 

To investigate leaf cowpea's metabolic responses to CPSMV infection of two extremes level 

of susceptibility phenotypes.  

 

1.2.2 Specific  

 

i To identify metabolites that are responsive to CPSMV infection; 

ii To analyse the similarities and discrepancies between the metabolic responses of local and 

systemic leaves to CPSMV infection; 

iii To investigate whether the dynamic of accumulation of primary metabolites and the 

topology of the metabolic network is altered by CPSMV infection; 

iv To explore whether the secondary metabolism is affected by CPSMV infection; 

v To compare the metabolic responses to CPSMV infection between resistant and susceptible 

cowpea genotypes; 

vi To examine the effect of CPSMV infection on the 13C-distribution derived from glucose 

throughout the primary metabolism.   
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2.1 Abstract 

 

Plant virus interactions depends on an intricate battle that culminates in a compatible or 

incompatible interaction between them. Whilst the signalling pathways downstream virus 

infection are well-described, local and systemic metabolic responses to virus infection remain 

to be unveiled. Here, we carried out a time-series metabolic characterization of leaves directly 

infected with cowpea severe mosaic virus (CPSMV) (local leaves) and those of the same 

leaflet (systemic leaves) using a CPSMV-resistant cowpea genotype. PCR analysis of the 

CPSMV coat protein indicates that viral infection increased in the first 8 h of virus 

inoculation, but it decreased in the following three days. Multivariate analysis clearly 

distinguished virus-infected local leaves from both non-infected local and virus-infected 

systemic leaves at primary metabolism level. However, no substantial changes at secondary 

metabolism level were observed. The dynamic of accumulation/degradation of primary 

metabolites, especially branched chain amino acids, was altered throughout virus infection 

time. However, the density and heterogeneity of the metabolic network remained relatively 

stable in local-infected leaves. Our results highlight that CPSMV infection substantially alters 

the dynamic and accumulation of primary metabolites, which results in a new metabolic 

homeostasis and do not disturb the stability of both the primary metabolic network and the 

level of secondary metabolites. 

 

Key words: metabolic fingerprinting, metabolic network, metabolite profiling, plant-virus 

interaction, systems biology.     
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2.2 Introduction  

 

Plants are constantly subjected to adverse conditions, which require local and 

systemic responses to acclimate to the prevailing surrounding environmental condition 

(ZANDALINAS et al., 2020). Given the current climate change scenario, in which (a)biotic 

stress periods are predicted to be more frequent and intense (ZANDALINAS et al., 2021), it is 

crucial to find strategies to improve crop yield and/or stress resilience in crops (EVANS; 

LAWSON, 2020). However, there is a clear yield-stress tolerance trade-off in plants, in which 

stress tolerance is generally achieved at expenses of productivity, and vice-versa (CÂNDIDO-

SOBRINHO et al., 2022; FERNANDEZ et al., 2021). For instance, the model of our study, 

namely the cowpea (Vigna unguiculata (L.) Walp.) Macaibo genotype, is resistant to cowpea 

severe mosaic virus (CPSMV) but has much lower yield than other sentive and high 

productive cowpea genotypes (LIMA et al., 2011; PAIVA et al., 2014). Cowpea is a 

leguminous crop that is very important for regions with dry soil, thanks to its low-cost 

production, high nutritional value and high tolerance to conditions of drought (KAREEM; 

TAIWO, 2007; SINGH et al., 2011). However, infection by CPSMV, a Comovirus 

(Secoviridae) that infects Fabaceae plants, can reduce yield by up to 85%, representing a 

major bottleneck for cowpea cultivation (BOOKER; UMAHARAN; MCDAVID, 2005; 

KAREEM; TAIWO, 2007). Understanding the mechanisms by which cowpea plants respond 

to CPSMV is thus important to find strategies to maintain the cultivation and productivity of 

this important staple food.  

Plant virus interactions are characterized by compatible and non-compatible 

interactions. The compatible interaction results in strong virus infection in a sensitive plant 

genotype, while incompatible interaction is defined by the absence of symptoms caused by 

virus infection in the hosted plant (HULL, 2013). The severe mosaic, disease caused by 

CPSMV, presents clear symptoms such as yellowish mosaic-like spots on leaves and, in more 

advanced infection cases, may leads to plant dwarfism and cell death spots on leaves 

(LALIBERTÉ; ZHENG, 2014; RYS et al., 2014). CPSMV is an obligatorily intracellular 

biotrophic pathogen, meaning that it cannot be controlled by prophylactic or pesticide 

treatments, which makes its control difficult in a large scale cultivation (HULL, 2009; 

NICAISE, 2014). Furthermore, the resistance to CPSMV is polygenic, which hampers the 

development of resistant cultivars (YOUNG, 2000). In the CPSMV-Macaibo incompatible 

interaction, no severe symptoms appear in Macaibo leaves after CPSMV infection (LIMA et 

al., 2011; MAGALHÃES, 2011). Macaibo, therefore, represents an important genetic 
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resource to understand the mechanisms of plant-virus interaction, which is crucial to obtain 

not only virus-resistant cowpea but also other virus-resistant Fabaceae genotypes.  

Previous study has demonstrated that the CPSMV-resistant BRS-Marataoã 

cowpea genotype displays no morphological symptoms 6 days after CPSMV infection. 

However, significant alterations in the level of compounds and activity of enzymes related to 

the redox metabolism were observed, highlighting that CPSMV resistance involves changes at 

biochemical level (VARELA et al., 2017). Furthermore, proteomic analysis of this 

incompatible interaction unveiled that proteins related to both energy and carbohydrate 

metabolisms were among the main functional categories altered by CPSMV infection 

(VARELA et al., 2017). These results suggest that the cowpea tolerance to CPSMV involves 

changes in primary metabolism. By contrast, studies with the susceptible cowpea genotype 

CE-31 highlight that CPSMV infection increases the content of proteins related to redox 

homeostasis, defence and energetic metabolism (MAGALHÃES 2011; PAIVA, et al. 2016; 

SILVA et al. 2016). However, certain basic information concerning virus defence 

mechanisms remains unavailable for this pathosystem. For instance, how systemic acquired 

resistance (SAR) is established, and which compounds act as communicators between 

infected and non-infected sites of the plant are still not understood.  

Although it is much reported that secondary metabolites such as alkaloids, 

terpenes and phenolic compounds play a key role as plant chemical defensives against 

pathogens, very little is known about the role of primary metabolites in the battle against 

viruses (ISLAM, et al. 2019). This is especially true for the Cowpea-CPSMV pathosystem. 

Among the metabolic pathways activated following viral entrance, it seems that the activation 

of the mitochondrial respiratory metabolism is important for plant defence in both compatible 

and incompatible pathosystems (DI CARLI et al., 2010; LLAVE, 2016). However, the 

changes in the metabolism of carbohydrates and amino acids range according to the 

pathosystem (ISLAM et al., 2019; LESS et al., 2011; LLAVE, 2016). For instance, virus 

infection leads to increased sugar content in Cucumber and Tobacco, whilst decreased sugar 

content in both Potato and Turnip yellow after virus infection was observed (FERNÁNDEZ-

CALVINO et al., 2014; SADE et al., 2015). These results suggest that the function of primary 

metabolites involved in plant defence and/or establishment of viral infection is pathosystem-

dependent and cannot be generalized based on a model pathosystem (ISLAM et al., 2019; 

LESS et al., 2011; LLAVE, 2016). It is clear therefore that several pieces of the cowpea-

CPSMV puzzle are yet to be discovered. 
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Recent evidence based in biosensor analyses highlights that both local biotic and 

abiotic stresses stimulus trigger rapid and systemic responses throughout the other parts of the 

plant (DEVIREDDY; ARBOGAST; MITTLER, 2020; FICHMAN; MITTLER, 2021; JR; 

FICHMAN; MITTLER, 2022; ZANDALINAS et al., 2020). These studies have demonstrated 

that stress conditions are propagated throughout the plant via waves of Ca2+, ROS and other 

mobile molecules. Furthermore, it seems that waves of Ca2+ and electrical signals used to 

communicate and activate systemic responses in plant organs that have not directly received 

the stress are dependent on the glutamate receptor GLR (CAI; AHARONI, 2022; FENG et al., 

2021; GRENZI; BONZA; COSTA, 2022). GLR is also known to be involved in priming 

associated to biotic stress and pattern-trigged immunity (PTI) activation (CAI; AHARONI, 

2022; GRENZI; BONZA; COSTA, 2022). This suggests that plant metabolism is likely 

involved in the coordination of local and systemic stress responses. Despite the fact that 

classic mechanisms of plant defence such as PTI, effector-triggered immunity (ETI), SAR and 

induced systemic resistance (ISR) are well described for different pathosystems, the metabolic 

signatures of local and systemic responses remain to be unveiled, especially in response to 

virus infection. We thus aimed to unravel the metabolic responses of local and systemic 

leaves of the virus-resistant Cowpea Macaibo genotype during the progression of CPSMV 

infection. We carried out an extensive metabolic characterization of infected and non-infected 

local and systemic leaves. Our results unveiled that CPSMV resistance is achieved through 

alteration in the dynamic of primary metabolism, but with little impact on the secondary 

metabolism and in the topology and connectivity of the primary metabolic network.  

 

2.3 Material and Methods 

 

2.3.1 Plant material and growth conditions 

 

We used the Cowpea (Vigna unguiculata (L.) Walp.) Macaibo genotype, which is 

resistant to CPSMV infection. Macaibo seeds were disinfected by adding sodium 

hypochlorite. Seeds were washed in distilled water and germinated in filter paper rolls (28x38 

cm; Germitest) soaked with distilled water, sealed in clear plastic bags and kept in a growth 

chamber for 7 days with a 12 h photoperiod, 50 µmol m-2 s-1 photosynthetic photon flux 

density (PPFD). The seedlings were transferred to 6 L plastic pots (6 seedlings per pot) and 

maintained under hydroponic system using Hoagland and Arnon's nutrient solution with slight 

modifications (HOAGLAND; ARNON, 1950; SILVEIRA; COSTA; OLIVEIRA, 2001). 
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Plants were kept under greenhouse conditions with natural sunlight (300-650 µmoles m-2 s-1 

PPFD), with daily temperature ranging from 27 to 31.0 °C and 79.8 ± 10.9% of average 

relative humidity. 

 

2.3.2 Isolation of CPSMV  

 

The inoculum of Cowpea severe mosaic virus (CPSMV), strain CE, was isolated 

from previously infected leaves of Cowpea, genotype CE-31, as described previously (PAZ et 

al., 1999). Virus-infected leaves of Cowpea CE-31 were macerated in 10 mM potassium 

phosphate buffer, pH 7.0, containing sodium sulfite (1:10, m/v) for 10 minutes. Carborudum 

(600 mesh) was added to the inoculum (1:10, m/v) to facilitate infection in the leaf tissues.  

 

2.3.3 Inoculation of CPSMV into Cowpea leaves 

 

Cowpea leaves are disposed as trifoliate, composed by a central leaf surrounded 

by two lateral leaves (Figure 1A). The inoculation of Mock and CPSMV were performed on 

the central leaf of the first fully expanded trifoliate by friction with thumb and index fingers. 

Control plants were Mock inoculated with same solution, however without CPSMV added 

(Figure 1A). Central (called herein as local leaf) and lateral (called herein as systemic leaf) 

leaves of cowpea Macaibo were harvested after 02, 04, 08, 24, 48 and 72 hours after virus or 

mock inoculation (HAI) and frozen in liquid nitrogen for metabolomics analysis.  

 

2.3.4 Virus detection in cowpea leaves 

 

Viral infection was assessed on infected Cowpea leaves by PCR analysis. Frozen 

Cowpea leaves were macerated with liquid nitrogen until a fine powder. Total RNA was 

extracted using SV Total RNA Isolation System kit (Promega) according to the 

manufacturer's instructions. The quantity of RNAs was quantified using spectrophotometer 

(BioTek Instruments) and their integrity were evaluated by 1.0% agarose gel electrophoresis 

with ethidium bromide (0.5 µg mL-1). The synthesis of cDNA was performed using M-MLV 

Reverse Transcriptase system (Promega) according to the manufacturer's instructions. A 

portion of the CPSMV coat transcript (cpCPSMV KF793280) was amplified through PCR by 

GoTaq DNA Polymerase (Promega), 300 nmol of each primer (FW: GCA TGG TCC ACW 

AGG T and RV: YTC RAA WCC VYT RTT KGG MCCACA) and 100 µg of cDNA were 
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added to the reaction mixture. The amplicon was detected in 1.0% agarose gel electrophoresis 

with ethidium bromide (0.5 µg mL−1).  

The CDS region of the CPSMV viral movement protein was selected from its 

genome, which is available in the NCBI genomic database 

(https://www.ncbi.nlm.nih.gov/genome/) (CHEN; BRUENING, 1992a; CHEN; BRUENING, 

1992b). After identifying the selected CDS regions, they were used as templates for 

constructing primer pairs using Perl Primer v1.1.19 software for amplification via 

conventional PCR (PCR) or real-time quantitative PCR (RT-qPCR). The constructed primer 

pairs will have their efficiency and annealing temperature tested as proposed by Livak and 

Schmittgen (2001). 

 

2.3.5 GC-TOF/MS-based metabolite profiling analysis  

 

The extraction of polar metabolites and the GC-TOF/MS analysis was carried out 

as described previously (LISEC et al., 2006). Samples were macerated with liquid nitrogen 

until a fine powder. 50 mg was then transferred to a microtube (2.0 mL), where 1.4 ml of 

methanol and 60 µL of ribitol (0.2 mg/mL in deionized water) were added. The following 

steps were conducted under dark conditions. Microtubes were shaken (950 r.p.m.) for 15 min 

at 37 ºC, followed by centrifugation (11,000 g) for 10 min. The supernatant was transferred to 

a new microtube (2.0 mL), where 750 µL of cold chloroform and 1.4 µL of deionized water 

were added. After mixing by vortex and centrifugation (10,000 g, 15 min), aliquots of 150 µL 

from upper (polar) phase were taken and dried using speed vac. Subsequently, samples were 

derivatized by adding 40 µL of methoxyamine hydrochloride, previously dissolved in 20 

mg/mL in pure pyridine and shaken at 37 ºC for 2 h. We next added 70 uL of N-Methyl-N- 

(trimethylsilyl) trifluoroacetamide (MSTFA) and tubes were shaken again at 37 ºC for further 

30 min. After that, a centrifugation was performed, and the supernatant was transferred to 

vials and injected in GC-TOF/MS. Analysis of the mass chromatograms was carried out using 

the Xcalibur 2.1 software (Thermo Fisher Scientific). Metabolites were identified using the 

Golm Metabolome Database (KOPKA et al., 2005).  

 

2.3.6 LC/MS analysis  

 

 Ultra-high-performance liquid chromatography high-resolution mass 

spectrometry (LC/MS) analysis was carried out as described earlier (TOHG; FERNIE, 2010), 
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using the same leaf material used for GC-TOF/MS. This LC/MS platform mostly detect 

medium polarity secondary metabolites (PEREZ DE SOUZA et al., 2021). We first used a 

metabolic fingerprinting approach, which provides a global overview of the features detected 

by LC/MS without the need for metabolite identification (PEREZ DE SOUZA et al., 2019). 

This analysis was carried out by using 13.586 features (peaks found in the chromatograms). 

After that, the metabolites were annotated by using MZmine (PLUSKAL et al., 2010), which 

resulted in 98 metabolites identified.   

 

2.3.7 Metabolic network analysis 

 

Debiased sparse partial correlation (DSPC) were calculated among the 

metabolites of the metabolic networks using Lasso Penalty Method and the 

CorrelationCalculator software. Correlation-based metabolic networks were build using 

MetScape on Cytoscape software considering -0.5 > r > 0.5. The parameters density and 

heterogeneity of the metabolic networks were obtained as described earlier (ASSENOV et al., 

2008). We further calculated and identified the number of hubs of the network as described 

earlier (FREIRE et al., 2021). Briefly, a node was considered a hub when its degree of 

connection (number of links) was higher than the average of the degree of connection of the 

network in a given mock-treated leaf and time point. For example, if the mean degree of 

connection of the mock-treated local leaf at 02 HAI is 3, all nodes with degree of connection 

higher than 3 at 02 HAI are considered hubs.  

 

2.3.8 Experimental design and statistical analysis 

 

Experiments were completely randomized in a factorial arrangement consisted of 

2 treatments (mock and virus inoculation), 2 organs (local and systemic leaves) and 6 time 

points (02, 04, 08, 24, 48 and 72 hours after infection (HAI)). The metabolomics data was 

evaluated using analyse of variance (ANOVA) followed by the Tukey´s test (P < 0.05) and 

partial least squares-discriminant analysis (PLS-DA) using the MetaboAnalyst platform 

(CHONG et al., 2018). This data was also analysed using a time series approach named 

clustering dynamic time warping (dtw) through the TSclust on R software (MONTERO; 

VILAR, 2015). Heat maps were build using the MetaboAnalyst platform (using none sample 

normalization, log transformation as data transformation and auto scaling as data scaling) or 
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the MultiExperiment Viewer 4.9.0 software and manually integrated into a metabolic 

pathway. 

 

2.4 Results 

 

2.4.1 CPSMV do infect cowpea macaibo leaves, but no visual symptom is observed 

 

The cowpea macaibo genotype has been characterized as resistant to CPSMV 

infection (LIMA et al., 2011). However, the metabolic basis underpinning such tolerance 

remains unclear. Here we infected cowpea macaibo leaves with CPSMV and performed an 

extensive metabolic characterization in leaves directly infected with CPSMV (herein called 

local leaves) and those leaves pertaining to the same trifoliate (herein called systemic leaves) 

(Figure 1A). No visual symptoms appeared after 15 days of CPSMV inoculation neither in 

local nor in systemic leaves (Figure 1A). However, PCR analysis of the CPSMV coat protein 

revealed an increase in the infection, especially in the first day of infection (from 2 to 8 Hours 

After CPSMV Inoculation (HAI)), as compared to the negative control (Mock). Interestingly, 

the PCR product of the CPSMV coat protein decreased from 8 to 24, 48 and 72 HAI, 

resembling more the negative than the positive (CPSMV) control (Figure 1B). These results 

indicate that CPSMV can infect cowpea macaibo leaves, but this genotype nearly eliminate 

the virus after the first day of infection. This explains the lack of symptoms after 15 days of 

CPSMV infection and strengthen the idea that Macaibo is highly resistant to CPSMV. This is 

also corroborated by Magalhães (2011), which shows that macaibo counterattacks CPSMV 

attempt to infection through biochemical enzymes. We then next decided to investigate what 

are the metabolic basis for this tolerance. 

 

2.4.2 Leaf primary metabolism is altered in CPSMV-infected leaves 

 

To have a clear picture of the cowpea Macaibo metabolic responses to CPSMV, we 

carried out an extensive metabolic characterization of local and systemic leaves inoculated 

with mock or CPSMV for 02, 04, 08, 24, 48 and 72 h. We first used a well-established gas 

chromatography time-of-flight mass spectrometry (GC-TOF/MS) platform that detects polar 

metabolites mostly from primary metabolism (LISEC et al., 2006). This analysis highlights 

that the primary metabolism was substantially modified upon CPSMV infection (Figure 2). 22 

and 17 metabolites displayed a differential accumulation over time in local and systemic 



25 
 
leaves, respectively (Table 1). The level of 21 and 14 metabolites was significantly (P < 0.05) 

altered upon CPSMV infection in local and systemic leaves in at least one time point, when 

compared to their respective mock control, respectively (Table 1; Figure 2). Partial least 

squares-discriminant analysis (PLS-DA) clearly discriminates infected from non-infected 

local and systemic leaves, with a great extent to the local leaves, in which a clearer separation 

by the first component was observed (Figure 3). PLS-DA using the data of local and systemic 

CPSMV-infected leaves normalized according to their respective mock control further 

distinguished the metabolic responses of local and systemic leaves to CPSMV, as evidenced 

by the separation by the first components (Figure 4). This analysis provides a variable 

importance in projection (VIP) score for each parameter used in the PLS model. Metabolites 

with VIP score higher than 1 are those that most contributed to the separation found in the 

PLS-DA graph (XIA; WISHART, 2011). Citrate, nicotinic acid, Val, Leu and Ile have VIP 

score higher than 1 in both local and systemic leaves in at least one time point (Table S1). 

Punctual analysis highlights that these metabolites were significantly altered by CPSMV 

inoculation in local leaves at 48 HAI, with exception of the nicotinic acid. Among them, only 

citrate showed lower level in CPSMV-infected leaves, as compared to mock treated local 

leaves (Figure 5). Nicotinic acid, Val, Leu and Ile are also included in the VIP score list of the 

PLS model that discriminated local from systemic infected leaves (Table S1). Although no 

visual symptoms were observed in leaves infected with CPSMV, our GC-TOF/MS analysis 

indicates that the primary metabolism was substantially modified upon CPSMV infection.  

 

2.4.3 Metabolic fingerprinting analysis highlights that leaf secondary metabolism is slightly 

affected by CPSMV inoculation   

 

We next used a ultra‐high‐performance liquid chromatography high‐resolution 

MS (LC/MS) platform dedicated to detecting mostly secondary metabolites (PEREZ DE 

SOUZA et al., 2021; TOHGE; FERNIE, 2010). We first carried out a metabolic 

fingerprinting analysis that do not require metabolite identification. This approach is useful to 

discriminate samples based in the intensity of the features (peaks) identified in the 

chromatograms (CÂNDIDO-SOBRINHO et al., 2022; KOSMIDES et al., 2013). Among the 

>13,000 features detected (Figures 6A-B), which mostly belong to the secondary metabolism 

according to a pathway enrichment analysis (Figure S1), none of them were statistical 

different over time and between treatments by ANOVA (Table S2A). When the data of 

CPSMV-infected leaves are normalized according to the values found in their respective 
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mock control, 34 and 35 features were found to display differential accumulation over time in 

local and systemic leaves, respectively (Table S2B). However, only one feature was 

significantly different between mock and CPSMV treatments in systemic leaves at 08 HAI 

(Table S2C), indicating that the secondary metabolism was not highly affected by CPSMV 

inoculation in the period analysed here. We next identified 98 metabolites from the LC/MS 

data (Figures S2A-B). None of these 98 metabolites was significantly different overt time and 

between the treatments as assessed by ANOVA (Table S3). When the data from CPSMV-

infected leaves are normalized according to the values found in mock-treated leaves, only one 

and two metabolites changed over time in systemic and local leaves, respectively (Table S3). 

Our metabolomics analyses collectively suggest that the major metabolic changes induced by 

CPSMV infection are observed at the level of primary rather than secondary metabolism. We 

then next deeply explored the GC-TOF/MS data using other systemic analyses. 

 

2.4.4 The dynamic of accumulation/degradation of primary metabolites is altered in 

CPSMV-infected leaves 

 

Plant metabolism is highly dynamic, and its regulation ranges in both space (i.e. 

according to the organ/tissue) and time (SWEETLOVE; FERNIE, 2013). To account for the 

latter, we next adopted a time-series approach based on dynamic time warping (DTW) and 

hierarchical clustering to better investigate the changes in primary metabolites in local and 

systemic leaves over time of CPSMV infection. DTW analysis cluster metabolites with 

similar dynamic over time using a the level of the maximum-minimum transformation, i.e. 

metabolites is transformed to a 0 (lowest average value) to 1 (highest average value) scale 

(CÂNDIDO-SOBRINHO et al., 2022; DEANS et al., 2019). Twenty clusters were generated 

including data from non-infected and infected local and systemic leaves (Figure S3). This 

analysis unveiled that 22 and 14 metabolites have changed their pattern of 

accumulation/degradation in local and systemic leaves over time under CPSMV, respectively 

(Table S4). Interestingly, Leu from local and systemic mock-treated leaves was found in the 

clusters 5 and 16, respectively, but have the dynamic of the cluster 3 in both local and 

systemic leaves after CPSMV infection (Figures 7A,C). By contrast, Ala from non-infected 

local and systemic leaves was found in the cluster 7 and then in the clusters 13 and 3 in local 

and systemic leaves after CPSMV infection (Figure 7B,D). Similar differences were also 

observed in certain sugars (glucose, sucrose), organic acids (malate and succinate), amino 

acids (Pro, Ser, and homoserine), and GABA, glycerate and glycolate, especially in local 
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leaves (Figures 7A-D). Stress-related metabolites such as nicotinic acid and salicylic acid 

have been grouped in different clusters in CPSMV-infected local leaves, whilst only salicylic 

acid was grouped in a different cluster after virus infection in systemic leaves (Table S4). This 

analysis highlights that the dynamic of primary metabolites is substantially altered by 

CPSMV infection.  

 

2.4.5 The density and the topology of the leaf primary metabolic network is relatively 

unaffected by CPSMV infection  

 

We have recently shown that multivariate coupled with correlation-based 

metabolic network analyses aid to unveiling emergent properties of plant responses to stress 

conditions (CARDOSO; FREIRE; DALOSO, 2022). We then next applied a correlation-

based network approach to investigate the changes in both density and topology of leaf 

metabolic networks induced by CPSMV infection. Nodes and links correspond to the 

metabolites identified by GC-TOF/MS and the debiased sparse partial correlation (DSPC) 

among them, respectively (FREIRE et al., 2021). Metabolic networks created combining all 

GC-TOF/MS data revealed that CPSMV infection increased and decreased the density and the 

heterogeneity of the networks, respectively, in both local and systemic leaves (Figures 8A-B). 

Interestingly, Ile, Leu and Val appear as a module highly connected to each other in CPSMV-

infected local leaves (Figure 8A). This is even more evident when the links of the networks 

are restricted to the significant correlations (P < 0.05), in which an isolated, highly connected 

module (subnetwork) composed by Ile, Leu, Val and homoserine is formed (Figures 9A-B).  

These network analyses suggest that CPSMV infection leads to metabolic 

networks more connected (higher density) and with the presence of more hubs (lower 

heterogeneity). However, when the networks were analysed in each time point (Figures S4-

S5), no clear pattern of changes in either density or heterogeneity of the networks were 

observed in CPSMV-infected leaves (Figures 10A-D). For instance, whilst the density of 

mock-treated local leaves reduced over time, this parameter oscillated from 2 to 72 HAI in 

CPSMV-infected local leaves (Figure 10A). This result highlights that, although the primary 

metabolism is substantially altered in CPSMV-infected local leaves, the structure of the 

metabolic network is relatively unaffected.  
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2.4.6 Branched-chain amino acids are the major hubs of CPSMV-infected leaf metabolic 

networks 

 

We next identified the hubs of these networks and investigated their behaviour 

throughout the time of CPSMV infection. Interestingly, the number of hubs and the number 

of exclusive hubs was substantially higher in mock-treated local leaves, when compared to 

CPSMV-treated local leaves (Figures 10E,G). In the systemic leaves, these parameters 

oscillated in mock and CPSMV-treated leaves over time, with exception of the number of 

hubs in mock-treated systemic leaves that remained relatively stable over time (Figures 

10F,H). Among the hubs identified in the different time points, nicotinic acid is the one that 

most appeared in the different time points in CPSMV-infected local leaves, followed by 

glucoheptose and Gln (Figure S6). Several metabolites related to the TCA cycle such as 

fumarate, pyruvate, oxalate, malate, malonate, succinate, and citrate were found as hubs in 

CPSMV-infected local leaves. Glucose, sucrose and fructose also appeared as hubs in 

CPSMV-infected local leaves. Interestingly, the branched-chain amino acids (BCAA) Ile, Leu 

and Val were identified as hubs after 72 HAI in local leaves (Figure S6). Similarly, Ile and 

nicotinic acid at 48 HAI and Val at 72 HAI were also found as hubs in CPSMV-infected 

systemic leaves (Figure S7).  

Comparing local and systemic infected leaves (Figure S8), it is clear that CPSMV 

presence modified the metabolic network of cowpea differently in local and systemic leaves. 

Even though a few important hubs (e.g. glucose at 4 HAI, lactate at 24 HAI, and nicotinic 

acid at 48 HAI) were found as hubs in both types of leaves, the number of hubs range 

substantially between local and systemic leaves over time (Figures 8E-F). Ile appear as hub in 

all time points in local leaves, whilst Val appears at 2, 4, 24, 48 and 72 HAI and Leu appears 

at 4, 8 and 48 HAI. Homoserine, Thr, butyrate, and nicotinic acid appeared as hubs only in 

local leaves. Ile, glycolate, Gly, Val and myo-inositol appeared as hubs in systemic leaves in 

different time points (Figure S9). These results, coupled to the other analysis, suggest that 

nicotinic acid and BCAAs are prominent hubs that underpin the CPSMV resistance in cowpea 

leaves.  
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2.5 Discussion 

 

2.5.1 The power of metabolomics in unveiling silent phenotypes  

 

Plant stress acclimation can involve changes in different levels, from the 

morphological to the epigenetic. Stress-induced responses are highly integrated between the 

different modules of the plant system (i.e. molecular, biochemical, physiological, 

morphological etc). However, these modules operate at different temporal scales (GALVIZ; 

SOUZA; LÜTTGE, 2022). This implicates that the activation of certain modules is faster than 

others under stress. For instance, the metabolic responses to oxidative stress are much faster 

than the changes in gene expression (LEHMANN et al., 2009), which partially explain the 

lack of correlation between metabolomics and gene expression data (FERNIE; STITT, 2012). 

Metabolomics is thus an important tool to unveil how plants respond to stress conditions 

(OBATA; FERNIE, 2012), given that it may unveil initial responses not observed in other 

levels. Furthermore, metabolomics is highly effective in unveiling silent phenotypes 

(WECKWERTH et al., 2004; DALOSO et al., 2015; FONSECA-PEREIRA et al., 2020). In 

this context, no morphological symptoms were observed in different incompatible CPSMV-

cowpea systems (VARELA et al., 2017, 2019), including the CPSMV-Macaibo pathosystem 

investigated here (Figure 1A). However, despite the lack of visual symptoms, our 

metabolomics analyses reveal that CPSMV inoculation leads to several metabolic changes, 

especially at the primary metabolism level and in the directly infected leaves. This highlights 

the importance and the power of metabolomics to unveil the mechanisms behind plant stress 

tolerance. 

 

2.5.2 CPSMV infection alters especially the primary rather than the secondary metabolism 

 

Plant metabolism is separated in primary and secondary metabolisms. Whilst the 

first is related to essential metabolic pathways such as those associated with carbon and 

nitrogen metabolisms, the former is especially activated under (a)biotic stress conditions 

(SAITO et al., 2013). The balance between the accumulation of primary and secondary 

metabolites is thus a great indicator of the growth-stress tolerance trade-off (BECHTOLD; 

FIELD, 2018; CÂNDIDO-SOBRINHO et al., 2022; FUSARI et al., 2017; LIU et al., 2019). 

However, a growing body of evidence highlights that the primary metabolism is of paramount 

importance for plant stress acclimation (BALFAGÓN et al., 2022; BARROS et al., 2017; 
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CARDOSO; FREIRE; DALOSO, 2022; FÀBREGAS et al., 2018; FÀBREGAS; FERNIE, 

2019; PIRES et al., 2016; ZANDALINAS et al., 2022). Here, we used two different 

metabolomics platforms namely GC/MS and LC/MS that mostly detect primary and 

secondary metabolites, respectively (LISEC et al., 2006; PEREZ DE SOUZA et al., 2021). 

Our results highlight that the major changes induced by CPSMV infection was observed at the 

primary rather than the secondary metabolism. This is evidenced by the low number of 

features and metabolites derived from the LC/MS platform that have significant alteration in 

response to CPSMV (Tables S2-S3), in contrast to the more drastic changes observed in 

primary metabolites identified by GC/MS (Table 1).  

The higher stability of the secondary metabolism might be related to the 

incompatible nature of the CPSMV-Macaibo pathosystem. This interaction is characterized 

by a rapid elimination of the CPSMV, as evidenced by the lack of symptoms 15 days after 

virus inoculation and the reduction in the level of the expression of the CPSMV coat protein 

over time (Figures 1A-B). In close agreement, no expression of the CPSMV coat protein was 

detected in leaves of a CPSMV resistant cowpea genotype 6 days after CPSMV infection 

(VARELA et al., 2019). It seems likely that changes in the level of proteins (VARELA et al., 

2017) and primary metabolites are sufficient to struggle CPSMV infection, safeguarding the 

secondary metabolism. Indeed, evidence suggests that stress-induced changes in the level of 

primary metabolites are faster than that observed in secondary metabolites (ANGELOVICI; 

KLIEBENSTEIN, 2022; BRAND; TISSIER, 2022), whose biosynthesis and accumulation is 

mostly transcriptionally regulated (YANG et al., 2012). However, it remains unclear whether 

the level of secondary metabolites is constitutively high in Macaibo leaves, which could 

contribute to CPSMV resistance without the need to further increase the amount of these 

compounds after CPSMV infection. Further LC/MS analysis comparing susceptible and 

resistant cowpea genotypes to CPSMV may unveil which metabolism-mediated mechanisms 

aid cowpea plants to resist CPSMV infection. This information is also important to 

understand the growth-defence trade-off, given that the productivity of CPSMV resistant 

cowpea cultivars is lower, compared to the sensitive ones (PAIVA et al., 2014).  

 

2.5.3 On the stability of the primary metabolic network under CPSMV infection  

 

Plant metabolism operates as a highly integrated network (SWEETLOVE; 

FERNIE, 2005). It is thus crucial to analyse the metabolic changes at network level. Systems 

biology analysis offers the possibility to unveil emergent properties that modulate plant stress 
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responses, which cannot be identified using reductionist approaches (AULER et al., 2022; 

GALVIZ; SOUZA; LÜTTGE, 2022; NETO et al., 2021; SOUZA et al., 2016). Indeed, our 

network analysis unveil that, although substantial changes have been observed in the 

accumulation of primary metabolites, especially in local leaves, the values of both density and 

heterogeneity of the local leaves metabolic network oscillated throughout the time of CPSMV 

infection, with no pattern of increase or decrease over time, when compared to the mock-

treated local leaves (Figure 10). Although local leaves have lower density and higher 

heterogeneity than mock-treated local leaves in the first day of CPMSV infection (i.e. 2, 4 and 

8 HAI) (Figures 10A,C), which is associated to a clear reduction in the number of hubs 

(Figure 10E), the values of density and heterogeneity were very similar between mock and 

CPSMV treated local leaves at 24 and 72 HAI (Figures 10A,C). These results indicate that the 

dynamic of the topology and the density of the metabolic networks of local leaves were not 

substantially altered by CPSMV infection. Similarly, a recent multi-species/stress condition 

meta-analysis indicate that the changes in topology and density of metabolic networks are 

species/stress level specific (CARDOSO; FREIRE; DALOSO, 2022). Cardoso and 

collaborators demonstrated that there is no pattern of changes in network topology and 

density in response to stress (CARDOSO; FREIRE; DALOSO, 2022). Thus, although the 

changes in the level of primary metabolites seems to be a common response to (a)biotic stress 

conditions (FÀBREGAS; FERNIE, 2019; FONSECA-PEREIRA et al., 2019; OBATA; 

FERNIE, 2012; PIRES et al., 2016; ZANDALINAS et al., 2022), as we observed here, the 

metabolic network of cowpea leaves directly infected with CPSMV remained relatively stable 

throughout the time of CPSMV infection, which might be related to the incompatible 

CPSMV-Macaibo interaction.  

High network stability has been associated to a better capacity of the genotype to 

cope with stress conditions (SOUZA; LÜTTGE, 2015). This idea relies in the fact that stable 

networks would avoid the propagation of the noise derived from the stress condition 

throughout the network, maintaining the stability (homeostasis) of the system (AMZALLAG, 

2001; SOUZA; PINCUS; MONTEIRO, 2005; SOUZA; RIBEIRO; PINCUS, 2004). The 

stability of the system is thus closely associated to its degree of phenotypic plasticity, i.e. to 

the extent by which the system is able to acclimate to variations in the external environment 

without the need of genotypic changes (DALOSO, 2014; FREEMAN et al., 2003; LÜTTGE, 

2021; SOUZA; LÜTTGE, 2015; VALLADARES et al., 2002). Here, the stability of 

metabolic network parameters over time of CPSMV infection, considered as the lack of a 

general pattern of increase or decrease after CPMSV infection, can be interpreted as part of 
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the stress acclimation mechanism of a CPSMV resistant genotype. It is noteworthy that the 

stability of a certain level of the system can be obtained by tremendous changes in another 

level and/or emerge from the interaction between the plasticity and complexity of the 

different modules that compose the system (SOUZA; LÜTTGE, 2015). Thus, changes in the 

level of certain primary metabolites were likely sufficient to maintain both the stability of the 

metabolic network and the homeostasis of the system under CPSMV infection.   

 

2.5.4 Looking to the subnetworks: metabolic pathways associated to CPSMV resistance  

 

Scale-free networks, such as plant metabolic networks, are characterized by the 

presence of few nodes with high number of connections (links), called hubs (BARABÁSI, 

2009). Although the controllability of the network toward a desired outcome apparently 

resides in nodes with low connection, i.e. not in the hubs of the network (LIU; SLOTINE; 

BARABÁSI, 2011), the hubs are important for the stability of the network topology and have 

high probability to be essential to the organism (HELSEN et al., 2019; JEONG et al., 2001; 

MOHANTY et al., 2016). In plants, amino acids associated to stress acclimation such as Asn, 

Val, Leu, Ile, Pro, Trp and Gly have been identified as hubs in metabolic networks from 

numerous species under different stress conditions (CARDOSO; FREIRE; DALOSO, 2022). 

Here, we investigated which topological change occurs in the metabolic networks and which 

nodes (metabolites) appear as hubs during CPSMV infection to obtain better insights on how 

cowpea overcome CPSMV infection. We further integrated this information with the VIP 

score list obtained by the PLS-DA modelling, which has been shown to be effective in 

unveiling metabolic pathways that are responsive to different stress conditions (CARDOSO; 

FREIRE; DALOSO, 2022). When the data was analysed combining all time points (from 2 to 

72 HAI), both local and systemic networks showed higher density and lower heterogeneity, 

when compared to mock-treated leaves (Figure 8). Interestingly, Val and Ile were 

significantly and positively correlated in mock-treated local leaves (Figure 9A). This strong 

interaction was maintained after CPSMV infection with addition of Leu and homoserine, 

creating a module (subnetwork) highly interconnected to each other but not connected to the 

rest of the metabolic network (Figure 9A). Furthermore, these metabolites were present in 

diverse VIP score lists of the PLS-DA models (Table S1), which is related to their higher 

level in CPSMV-inoculated leaves, as compared to mock treated mock leaves, especially at 

48 HAI (Figure 5). These results indicate that they are great markers for the discrimination of 

mock and CPSMV-treated leaves. These results thus indicates that the metabolic pathways 
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associated to branched chain amino acids (BCAAs) such as Leu, Ile, Val and homoserine are 

highly responsive to CPSMV infection and might be related to the Macaibo CPSMV 

resistance.  

Homoserine is synthesized from Asp and is a metabolic intermediate of Thr 

biosynthesis (AUBERT et al., 1998). Thr can be also used to the synthesis of Val, which 

justify the high correlation among them. Leu, Ile and Val are BCAAs playing an important 

role defending plants against (a)biotic stress conditions (BATISTA‐SILVA et al., 2019; 

HILDEBRANDT et al., 2015). They can be synthesized from pyruvate and from protein 

degradation under stress condition, which aid plants to cope with stress conditions (ARAÚJO 

et al., 2011). The carbons released from these metabolic pathways, and others associated to 

autophagy processes, are used to feed the TCA cycle and the oxidative phosphorylation 

system (OXPHOS) via the electron-transfer flavoprotein/electron-transfer 

flavoprotein:ubiquinone oxidoreductase (ETF/ETFQO) pathway, an alternative respiratory 

metabolic pathway (AVIN-WITTENBERG, 2019; BARROS et al., 2020; MICHAELI et al., 

2016). The activation of the ETF/ETFQO pathway has been shown as an important 

mechanism for plant acclimation to water deficit and extended dark conditions (ARAÚJO et 

al., 2010; BARROS et al., 2017, 2021; PIRES et al., 2016) as well as for normal seed 

development and germination (DA FONSECA-PEREIRA et al., 2022). Beyond being found 

as a prominent module in local CPSMV-infected leaves, the dynamic of the accumulation of 

Val, Ile and Leu was also altered by CPSMV. Furthermore, the level of these BCAAs and 

TCA-cycle metabolites and related amino acids such as citrate, fumarate, pyruvate, Ala, Asn, 

Glu, Gln and Pro were also altered after CPSMV infection in local leaves, especially at 48 

HAI (Figure 5). These results, coupled to the role of TCA cycle metabolites, BCAAs and 

other amino acids for plant stress acclimation (HILDEBRANDT et al., 2015), suggest that the 

interplay between the TCA cycle and the amino acid metabolism greatly contribute to 

CPSMV tolerance in Macaibo plants. Further studies aiming to manipulate such metabolic 

pathways in CPSMV sensitive cowpea genotypes may unveil their biotechnological potential 

in obtaining CPSMV tolerant genotypes.   

 

 

 

 

 

 



34 
 

REFERENCES 

 
ADEGBITE, A. A.; AMUSA, N. A. The major economic field diseases of cowpea in the 
humid agro-ecologies of south-western Nigeria. Archives of Phytopathology and Plant 
Protection, v. 43, n. 16, p. 1608–1618, 2010. DOI: 10.1080/03235400802677768. 

AMZALLAG, G. N. Data analysis in plant physiology: Are we missing the reality? Plant, 
Cell and Environment, v. 24, n. 9, p. 881–890, 2001. DOI: 10.1046/j.1365-
3040.2001.00742.x. 

ANGELOVICI, Ruthie; KLIEBENSTEIN, Dan. A plant balancing act: Meshing new and 
existing metabolic pathways towards an optimized system. Current Opinion in Plant 
Biology, v. 66, p. 102173, 2022. DOI: 10.1016/j.pbi.2022.102173. 

ARAÚJO, Wagner L.; ISHIZAKI, Kimitsune; NUNES-NESI, Adriano; LARSON, Tony R.; 
TOHGE, Takayuki; KRAHNERT, Ina; WITT, Sandra; OBATA, Toshihiro; SCHAUER, 
Nicolas; GRAHAM, Ian A.; LEAVER, Christopher J.; FERNIE, Alisdair R. Identification of 
the 2-hydroxyglutarate and isovaleryl-CoA dehydrogenases as alternative electron donors 
linking lysine catabolism to the electron transport chain of Arabidopsis mitochondria. Plant 
Cell, v. 22, n. 5, p. 1549–1563, 2010. DOI: 10.1105/tpc.110.075630. 

ARAÚJO, Wagner L.; NUNES-NESI, Adriano; NIKOLOSKI, Zoran; SWEETLOVE, Lee J.; 
FERNIE, Alisdair R. Metabolic control and regulation of the tricarboxylic acid cycle in 
photosynthetic and heterotrophic plant tissues. Plant, Cell and Environment, v. 35, n. 1, p. 
1–21, 2012. DOI: 10.1111/j.1365-3040.2011.02332.x. 

ARAÚJO, Wagner L.; TOHGE, Takayuki; ISHIZAKI, Kimitsune; LEAVER, Christopher J.; 
FERNIE, Alisdair R. Protein degradation - an alternative respiratory substrate for stressed 
plants. Trends in Plant Science, v. 16, n. 9, p. 489–498, 2011. DOI: 
10.1016/j.tplants.2011.05.008. 

ASSENOV, Yassen; RAMÍREZ, Fidel; SCHELHORN, S. E. Sve. Eric; LENGAUER, 
Thomas; ALBRECHT, Mario. Computing topological parameters of biological networks. 
Bioinformatics, v. 24, n. 2, p. 282–284, 2008. DOI: 10.1093/BIOINFORMATICS/BTM554.  

AUBERT, Serge; CURIEN, Gilles; BLIGNY, Richard; GOUT, Elisabeth; DOUCE, Roland. 
Transport, Compartmentation, and Metabolism of Homoserine in Higher Plant Cells: Carbon-
13- and Phosphorus-31-Nuclear Magnetic Resonance Studies. Plant Physiology, v. 116, n. 2, 
p. 547–557, 1998. DOI: 10.1104/pp.116.2.547. 

AULER, Priscila A.; FREIRE, Francisco Bruno S.; LIMA, Valéria F.; DALOSO, Danilo M. 
On the role of guard cells in sensing environmental signals and memorising stress periods. 
Theoretical and Experimental Plant Physiology, n. 0123456789, 2022. DOI: 
10.1007/s40626-022-00250-4. 

AVIN-WITTENBERG, Tamar. Autophagy and its role in plant abiotic stress management. 
Plant Cell and Environment, v. 42, n. 3, p. 1045–1053, 2019. DOI: 10.1111/pce.13404. 

BALFAGÓN, Damián; GÓMEZ-CADENAS, Aurelio; RAMBLA, José L.; GRANELL, 
Antonio; DE OLLAS, Carlos; BASSHAM, Diane C.; MITTLER, Ron; ZANDALINAS, Sara 
I. γ-Aminobutyric acid plays a key role in plant acclimation to a combination of high light and 



35 
 
heat stress. Plant Physiology, 2022. DOI: 10.1093/plphys/kiac010. 

BARABÁSI, Albert-László. Scale-free networks: A decade and beyond. Science, v. 325, n. 
5939, p. 412–413, 2009. DOI: 10.1126/science.1173299. 

BARROS, Jessica A. S.; CAVALCANTI, João Henrique F.; MEDEIROS, David B.; 
NUNES-NESI, Adriano; AVIN-WITTENBERG, Tamar; FERNIE, Alisdair R.; ARAÚJO, 
Wagner L. Autophagy deficiency compromises alternative pathways of respiration following 
energy deprivation in arabidopsis thaliana. Plant Physiology, v. 175, n. 1, p. 62–76, 2017. 
DOI: 10.1104/pp.16.01576. 

BARROS, Jessica A. S.; MAGEN, Sahar; LAPIDOT-COHEN, Taly; ROSENTAL, Leah; 
BROTMAN, Yariv; ARAÚJO, Wagner L.; AVIN-WITTENBERG, Tamar. Autophagy is 
required for lipid homeostasis during dark-induced senescence. Plant Physiology, v. 185, n. 
4, p. 1547–1558, 2021. DOI: 10.1093/plphys/kiaa120. 

BARROS, Jessica A. S.; SIQUEIRA, João A. B.; CAVALCANTI, João H. F.; ARAÚJO, 
Wagner L.; AVIN-WITTENBERG, Tamar. Multifaceted Roles of Plant Autophagy in Lipid 
and Energy Metabolism. Trends in Plant Science, p. 1–13, 2020. DOI: 
10.1016/j.tplants.2020.05.004. 

BATISTA‐SILVA, Willian; HEINEMANN, Björn; RUGEN, Nils; NUNES‐NESI, Adriano; 
ARAÚJO, Wagner L.; BRAUN, Hans‐Peter; HILDEBRANDT, Tatjana M. The role of amino 
acid metabolism during abiotic stress release. Plant, Cell & Environment, v. 42, n. 5, p. 
1630–1644, 2019. DOI: 10.1111/pce.13518. 

BECHTOLD, Ulrike; FIELD, Benjamin. Molecular mechanisms controlling plant growth 
during abiotic stress. Journal of Experimental Botany, v. 69, n. 11, p. 2753–2758, 2018. 
DOI: 10.1093/jxb/ery157. 

BOOKER, H. M.; UMAHARAN, P.; MCDAVID, C. R. Effect of Cowpea severe mosaic 
virus on Crop Growth Characteristics and Yield of Cowpea. Plant Disease, v. 89, n. 5, p. 
515–520, 2005. DOI: 10.1094/PD-89-0515.  

BRAND, Alejandro; TISSIER, Alain. Control of resource allocation between primary and 
specialized metabolism in glandular trichomes. Current Opinion in Plant Biology, v. 66, p. 
102172, 2022. DOI: 10.1016/j.pbi.2022.102172. 

BROSSET, Agnès; BLANDE, James D. Volatile-mediated plant–plant interactions: volatile 
organic compounds as modulators of receiver plant defence, growth, and reproduction. 
Journal of Experimental Botany, v. 73, n. 2, p. 511–528, 2022. DOI: 
10.1093/JXB/ERAB487.  

BRUENING, George; LOMONOSSOFF, George P. Comovirus: Comoviridae. In: TIDONA, 
Christian; DARAI, Gholamreza (org.). The Springer Index of Viruses. 2. ed. New York: 
Springer, 2011. p. 345–354. DOI: 10.1007/978-0-387-95919-1. 

CAI, Jianghua; AHARONI, Asaph. Amino acids and their derivatives mediating defense 
priming and growth tradeoff. Current Opinion in Plant Biology, v. 69, 2022. DOI: 
10.1016/J.PBI.2022.102288. 

CÂNDIDO-SOBRINHO, Silvio A.; LIMA, Valéria F.; FREIRE, Francisco B. S.; DE 



36 
 
SOUZA, Leonardo P.; GAGO, Jorge; FERNIE, Alisdair R.; DALOSO, Danilo M. 
Metabolism-mediated mechanisms underpin the differential stomatal speediness regulation 
among ferns and angiosperms. Plant Cell and Environment, v. 45, n. 2, p. 296–311, 2022. 
DOI: 10.1111/pce.14232. 

CARDOSO, Livia L.; FREIRE, Francisco Bruno S.; DALOSO, Danilo M. Plant Metabolic 
Networks Under Stress: a Multi-species/Stress Condition Meta-analysis. Journal of Soil 
Science and Plant Nutrition, 2022. DOI: 10.1007/s42729-022-01032-2. 

CHANG, Ming; CHEN, Huan; LIU, Fengquan; FU, Zheng Qing. PTI and ETI: convergent 
pathways with diverse elicitors. Trends in Plant Science, v. 27, n. 2, p. 113–115, 2022. DOI: 
10.1016/j.tplants.2021.11.013.  

CHEN, Xiaojiang, BRUENING, George. Nucleotide sequence and genetic map of cowpea 
severe mosaic virus RNA 2 and comparisons with RNA 2 of other comoviruses. Virology, v. 
187, n. 2, p. 682–692, 1992a. 

CHEN, Xiaojiang, BRUENING, George. Cloned DNA copies of cowpea severe mosaic virus 
genomic RNAs: infectious transcripts and complete nucleotide sequence of RNA 1. Virology, 
v. 191, n. 2, p. 607–618, 1992b. 

CHEN, Qingchao; HU, Tao; LI, Xiaohua; SONG, Chun Peng; ZHU, Jian Kang; CHEN, 
Liqing; ZHAO, Yang. Phosphorylation of SWEET sucrose transporters regulates plant 
root:shoot ratio under drought. Nature Plants, v. 8, n. 1, p. 68–77, 2022. DOI: 
10.1038/s41477-021-01040-7. 

CHONG, Jasmine; SOUFAN, Othman; LI, Carin; CARAUS, Iurie; LI, Shuzhao; BOURQUE, 
Guillaume; WISHART, David S.; XIA, Jianguo. MetaboAnalyst 4.0: towards more 
transparent and integrative metabolomics analysis. Nucleic Acids Research, v. 46, n. 02, p. 
486-494, 2018. DOI: 10.1093/nar/gky310. 

CHOUDHURY, Feroza K.; DEVIREDDY, Amith R.; AZAD, Rajeev K.; SHULAEV, 
Vladimir; MITTLER, Ron. Local and systemic metabolic responses during light-induced 
rapid systemic signaling in Arabidopsis. Plant Physiology, p. submitted, 2018. DOI: 
10.1104/pp.18.01031. 

CORREA, Sandra M.; ALSEEKH, Saleh; ATEHORTÚA, Lucía; BROTMAN, Yariv; RÍOS-
ESTEPA, Rigoberto; FERNIE, Alisdair R.; NIKOLOSKI, Zoran. Model-assisted 
identification of metabolic engineering strategies for Jatropha curcas lipid pathways. The 
Plant Journal, v. 104, n. 1, p. 76–95, 2020. DOI: 10.1111/TPJ.14906.  

CRUZ, A. R. R.; ARAGÃO, F. J. L. RNAi-based enhanced resistance to Cowpea severe 
mosaic virus and Cowpea aphid-borne mosaic virus in transgenic cowpea. Plant Pathology, 
v. 63, n. 4, p. 831–837, 2014. DOI: 10.1111/ppa.12178. 

DA FONSECA-PEREIRA, Paula; PHAM, Phuong Anh; CAVALCANTI, João Henrique F.; 
OMENA-GARCIA, Rebeca P.; BARROS, Jessica A. S.; ROSADO-SOUZA, Laise; 
VALLARINO, José G.; MUTWIL, Marek; AVIN-WITTENBERG, Tamar; NUNES-NESI, 
Adriano; FERNIE, Alisdair R. ARAÚJO, Wagner L. The Arabidopsis electron-transfer 
flavoprotein:ubiquinone oxidoreductase is required during normal seed development and 
germination. Plant Journal, v. 109, n. 1, p. 196–214, 2022. DOI: 10.1111/tpj.15566. 
DALOSO, Danilo M. The ecological context of bilateral symmetry of organ and organisms. 



37 
 
Natural Science, v. 06, n. 04, p. 184–190, 2014. DOI: 10.4236/ns.2014.64022. 

DALOSO, Danilo M.; MÜLLER, K.; OBATA, T.; FLORIAN, A.; TOHGE, T.; 
BOTTCHER, A.; RIONDET, Christophe; BARIAT, Laetitia; CARRARI, Fernando; 
NUNES-NESI, Adriano; BUCHANAN, Bob B. REICHHELD, Jean-Philippe ARAÚJO, 
Wagner L.; FERNIE, A. R. Thioredoxin, a master regulator of the tricarboxylic acid cycle in 
plant mitochondria. Proceedings of the National Academy of Sciences of the United States 
of America, v. 112, n. 11, p. E1392–E1400, 2015. DOI: 10.1073/pnas.1424840112. 

DE OLIVEIRA SILVA, Franklin Magnum; LICHTENSTEIN,Gabriel; ALSEEKH, Saleh; 
ROSADO-SOUZA, Laise; CONTE, Mariana; SUGUIYAMA, Vanessa Fuentes; LIRA, 
Bruno Silvestre; FANOURAKIS, Dimitrios; USADEL, Björn; BHERING, Leonardo Lopes; 
DAMATTA, Fábio M.; SULPICE, Ronan; ARAÚJO, Wagner L.; ROSSI, Magdalena; DE 
SETTA, Nathalia; FERNIE, Alisdair R.; CARRARI, Fernando; NUNES-NESI, Adriano. The 
genetic architecture of photosynthesis and plant growth-related traits in tomato. Plant Cell 
and Environment, v. 41, n. 2, p. 327–341, 2018. DOI: 10.1111/pce.13084. 

DE SOUZA, Leonardo Perez; GARBOWICZ, Karolina; BROTMAN, Yariv; TOHGE, 
Takayuki; FERNIE, Alisdair R. The acetate pathway supports flavonoid and lipid 
biosynthesis in Arabidopsis1. Plant Physiology, v. 182, n. 2, p. 857–869, 2020. DOI: 
10.1104/pp.19.00683. 

DEANS, Ross M.; BRODRIBB, Timothy J.; BUSCH, Florian A.; FARQUHAR, Graham D. 
Plant water-use strategy mediates stomatal effects on the light induction of photosynthesis. 
New Phytologist, v. 222, p. 382:395, 2019. DOI: 10.1111/nph.15572. 

DETHLOFF, Frederik; ORF, Isabel; KOPKA, Joachim. Rapid in situ 13C tracing of sucrose 
utilization in Arabidopsis sink and source leaves. Plant Methods, v. 13, n. 1, p. 1–19, 2017. 
DOI: 10.1186/s13007-017-0239-6. 

DEVIREDDY, A.; ARBOGAST, J.; MITTLER, R. Coordinated and rapid whole‐plant 
systemic stomatal responses. New Phytologist, v. 225, p. 21–25, 2020. DOI: 
10.1111/nph.16143.  

DI CARLI, Mariasole; VILLANI, Maria Elena; BIANCO, Linda; LOMBARDI, Raffaele; 
PERROTTA, Gaetano; BENVENUTO, Eugenio; DONINI, Marcello. Proteomic Analysis of 
the Plant−Virus Interaction in Cucumber Mosaic Virus (CMV) Resistant Transgenic Tomato. 
Journal of Proteome Research, v. 9, n. 11, p. 5684–5697, 2010. DOI: 10.1021/pr100487x.  

ERICKSON, Jessica; WECKWERTH, Philipp; ROMEIS, Tina; LEE, Justin. What’s new in 
protein kinase/phosphatase signalling in the control of plant immunity? Essays in 
Biochemistry, v. 66, n. 5, p. 621–634, 2022. DOI: 10.1042/EBC20210088.  

EVANS, John R.; LAWSON, Tracy. From green to gold: agricultural revolution for food 
security. Journal of Experimental Botany, v. 71, n. 7, p. 2211–2215, 2020. DOI: 
10.1093/JXB/ERAA110.  

FÀBREGAS, N. et al. Overexpression of the vascular brassinosteroid receptor BRL3 confers 
drought resistance without penalizing plant growth. Nature Communications, v. 9, n. 1, p. 
1–13, 2018. DOI: 10.1038/s41467-018-06861-3. 

FÀBREGAS, Norma; FERNIE, Alisdair R. The metabolic response to drought. Journal of 



38 
 
Experimental Botany, v. 70, n. 4, p. 1077–1085, 2019. DOI: 10.1093/jxb/ery437. 

FÀBREGAS, Norma; FERNIE, Alisdair R. The reliance of phytohormone biosynthesis on 
primary metabolite precursors. Journal of Plant Physiology, v. 268, p. 153589, 2022. DOI: 
10.1016/J.JPLPH.2021.153589. 

FENG, Shuxian; PAN, Caizhe; DING, Shuting; MA, Qiaomei; HU, Chaoyi; WANG, Ping; 
SHI, Kai. The Glutamate Receptor Plays a Role in Defense against Botrytis cinerea through 
Electrical Signaling in Tomato. Applied Sciences 2021, Vol. 11, Page 11217, v. 11, n. 23, p. 
11217, 2021. DOI: 10.3390/APP112311217.  

FERNÁNDEZ-CALVINO, L. et al. Virus-Induced Alterations in Primary Metabolism 
Modulate Susceptibility to Tobacco rattle virus in Arabidopsis. Plant Physiology, v. 166, n. 
4, p. 1821–1838, 2014. DOI: 10.1104/PP.114.250340.  

FERNANDEZ, Anahí R.; SÁEZ, Agustín; QUINTERO, Carolina; GLEISER, Gabriela; 
AIZEN, Marcelo A. Intentional and unintentional selection during plant domestication: 
herbivore damage, plant defensive traits and nutritional quality of fruit and seed crops. New 
Phytologist, v. 231, n. 4, p. 1586–1598, 2021. DOI: 10.1111/NPH.17452.  

FERNIE, Alisdair R.; CARRARI, Fernando; SWEETLOVE, Lee J. Respiratory metabolism: 
Glycolysis, the TCA cycle and mitochondrial electron transport. Current Opinion in Plant 
Biology, v. 7, n. 3, p. 254–261, 2004. DOI: 10.1016/j.pbi.2004.03.007. 

FERNIE, Alisdair R.; GEIGENBERGER, Peter; STITT, Mark. Flux an important, but 
neglected, component of functional genomics. Current Opinion in Plant Biology, v. 8, n. 2, 
p. 174–182, 2005. DOI: 10.1016/j.pbi.2005.01.008. 

FERNIE, Alisdair R.; STITT, Mark. On the discordance of metabolomics with proteomics 
and transcriptomics: Coping with increasing complexity in logic, chemistry, and network 
interactions. Plant Physiology, v. 158, n. 3, p. 1139–1145, 2012. DOI: 
10.1104/pp.112.193235. 

FICHMAN, Yosef; MITTLER, Ron. Integration of electric, calcium, reactive oxygen species 
and hydraulic signals during rapid systemic signaling in plants. The Plant Journal, v. 107, n. 
1, p. 7–20, 2021. DOI: 10.1111/TPJ.15360.  

FONSECA-PEREIRA, P. et al. The Mitochondrial Thioredoxin System Contributes to the 
Metabolic Responses under Drought Episodes in Arabidopsis. Plant and Cell Physiology, v. 
60, n. 1, p. 213–229, 2019. DOI: 10.1093/pcp/pcy194. 

FONSECA‐PEREIRA, P. et al. Thioredoxin h2 contributes to the redox regulation of 
mitochondrial photorespiratory metabolism. Plant, Cell & Environment, v. 43, n. 1, p. 188–
208, 2020. DOI: 10.1111/pce.13640. 

FREEMAN, D. Carl; BROWN, Michelle L.; DOBSON, Melissa; JORDAN, Yolanda; KIZY, 
Anne; MICALLEF, Chris; HANCOCK, Leandria C.; GRAHAM, John H.; EMLEN, John M. 
Developmental instability: Measures of resistance and resilience using pumpkin (Cucurbita 
pepo L.). Biological Journal of the Linnean Society, v. 78, n. 1, p. 27–41, 2003. DOI: 
10.1046/j.1095-8312.2003.00123.x. 

FREIRE, Francisco Bruno S.; BASTOS, Ricardo L. G.; BRET, Raissa S. C.; CÂNDIDO-



39 
 
SOBRINHO, Silvio A.; MEDEIROS, David B.; ANTUNES, Werner C.; FERNIE, Alisdair 
R.; DALOSO, Danilo M. Mild reductions in guard cell sucrose synthase 2 expression leads to 
slower stomatal opening and decreased whole plant transpiration in Nicotiana tabacum L. 
Environmental and Experimental Botany, v. 184, p. 104370, 2021. DOI: 
10.1016/j.envexpbot.2020.104370. 

FUSARI, Corina M. et al. Genome-wide association mapping reveals that specific and 
pleiotropic regulatory mechanisms fine-tune central metabolism and growth in arabidopsis. 
Plant Cell, v. 29, n. 10, p. 2349–2373, 2017. DOI: 10.1105/tpc.17.00232. 

GALVIZ, Yutcelia; SOUZA, Gustavo M.; LÜTTGE, Ulrich. The biological concept of 
stress revisited: relations of stress and memory of plants as a matter of space–time. 
Theoretical and Experimental Plant PhysiologySpringer International Publishing, , 2022. 
DOI: 10.1007/s40626-022-00245-1. 

GILROY, Simon; SUZUKI, Nobuhiro; MILLER, Gad; CHOI, Won-Gyu; TOYOTA, 
Masatsugu; DEVIREDDY, Amith R.; MITTLER, Ron. A tidal wave of signals: calcium 
andROS at the forefront of rapid systemicsignaling. Trends in plant science, v. 19, n. 10, p. 
1–8, 2014.  

GONÇALVES, L. S. A.; RODRIGUES, R.; DIZ, M. S. S.; ROBAINA, R. R.; DO 
AMARAL, A. T.; CARVALHO, A. O.; GOMES, V. M. Peroxidase is involved in pepper 
yellow mosaic virus resistance in Capsicum baccatum var. pendulum. Genetics and 
Molecular Research, v. 12, n. 2, p. 1411–1420, 2013. DOI: 10.4238/2013.April.26.3. 

GRENZI, Matteo; BONZA, Maria Cristina; COSTA, Alex. Signaling by plant glutamate 
receptor-like channels: What else! Current Opinion in Plant Biology, v. 68, 2022. DOI: 
10.1016/J.PBI.2022.102253. 

GURIKAR, Chennappa; GOWDA, N. A. Nanje; HANUMANTHARAJU, K. N.; 
NETRAVATI, B. P. Role of Bacillus species in soil fertility with reference to rhizosphere 
engineering. In: Rhizosphere Engineering. [s.l.] : Elsevier, 2022. p. 65–76. DOI: 
10.1016/B978-0-323-89973-4.00002-8. 

HELSEN, Jana; FRICKEL, Jens; JELIER, Rob; VERSTREPEN, Kevin J. Network hubs 
affect evolvability. PLoS Biology, v. 17, n. 1, p. 1–5, 2019. DOI: 
10.1371/journal.pbio.3000111. 

HILDEBRANDT, Tatjana M.; NUNES NESI, Adriano; ARAÚJO, Wagner L.; BRAUN, 
Hans Peter. Amino Acid Catabolism in Plants. Molecular Plant, v. 8, n. 11, p. 1563–1579, 
2015. DOI: 10.1016/j.molp.2015.09.005. 

HOAGLAND, D. R.; ARNON, D. I. The water-culture method for growing plants without 
soil. California Agricultural Experiment Station Circular, v. 347, n. 347, p. 1–32, 1950. 
DOI: citeulike-article-id:9455435. 

HOOKS, Cerruti R. R.; FERERES, Alberto. Protecting crops from non-persistently aphid-
transmitted viruses: A review on the use of barrier plants as a management tool. Virus 
Research, v. 120, n. 1–2, p. 1–16, 2006. DOI: 10.1016/j.virusres.2006.02.006.  

HORNYÁK, Marta; DZIURKA, MichaB; KULA-MAXIMENKO, Monika; PASTUSZAK, 
Jakub; SZCZERBA, Anna; SZKLARCZYK, Marek; PAAŻEK, Agnieszka. Photosynthetic 



40 
 
efficiency, growth and secondary metabolism of common buckwheat (Fagopyrum esculentum 
Moench) in different controlled-environment production systems. Scientific Reports 2022 
12:1, v. 12, n. 1, p. 1–13, 2022. DOI: 10.1038/s41598-021-04134-6.  

HULL, Roger. Comparative Plant Virology. 2. ed. Norwich: Elsevier, 2009.  

HULL, Roger. Plant Virology. 5. ed. Norwich: Minihane, C., 2013.  

ISLAM, Waqar; NAVEED, Hassan; ZAYNAB, Madiha; HUANG, Zhiqun; CHEN, Han Y. 
H. Plant defense against virus diseases; growth hormones in highlights. Plant Signaling & 
Behavior, v. 14, n. 6, 2019. DOI: 10.1080/15592324.2019.1596719. 

JEONG, H.; MASON, S. P.; BARABÁSI, A. L.; OLTVAI, Z. N. Lethality and centrality in 
protein networks. Nature, v. 411, n. 6833, p. 41–42, 2001. DOI: 10.1038/35075138. 

JING, T. et al. Herbivore-induced DMNT catalyzed by CYP82D47 plays an important role in 
the induction of JA-dependent herbivore resistance of neighboring tea plants. Plant Cell and 
Environment, v. 44, n. 4, p. 1178–1191, 2021. DOI: 10.1111/pce.13861. 

JOHNSON, David; GILBERT, Lucy. Interplant signalling through hyphal networks. New 
Phytologist, v. 205, n. 4, p. 1448–1453, 2015. DOI: 10.1111/nph.13115. 

JR, RJM; FICHMAN, Y.; MITTLER, R. An interplay between JA and SA modulates rapid 8 
systemic ROS signaling during responses to high light 9 stress or wounding. bioRxiv, 2022. 
DOI: 10.1101/2022.04.10.487802. 

KAREEM, K. T.; TAIWO, M. A. Interactions of viruses in Cowpea: Effects on growth and 
yield parameters. Virology Journal, v. 4, n. 1, p. 1–7, 2007. DOI: 10.1186/1743-422X-4-
15/TABLES/3.  

KOPKA, Joachim et al. GMD@CSB.DB: the Golm Metabolome Database. Bioinformatics, 
v. 21, n. 8, p. 1635–1638, 2005. DOI: 10.1093/BIOINFORMATICS/BTI236.  

KOSMIDES, Alyssa K.; KAMISOGLU, Kubra; CALVANO, Steve E.; CORBETT, Siobhan 
A.; ANDROULAKIS, Ioannis P. Metabolomic fingerprinting: Challenges and opportunities. 
Critical Reviews in Biomedical Engineering, v. 41, n. 3, p. 205–221, 2013. DOI: 
10.1615/CritRevBiomedEng.2013007736. 

LALIBERTÉ, Jean François; ZHENG, Huanquan. Viral Manipulation of Plant Host 
Membranes. Annual Review of Virology, v. 1, n. 1, p. 237–259, 2014. DOI: 
10.1146/ANNUREV-VIROLOGY-031413-085532.  

LE, Xuyen H.; LEE, Chun-Pong; MILLAR, A. Harvey. The mitochondrial pyruvate carrier 
(MPC) complex mediates one of three pyruvate-supplying pathways that sustain Arabidopsis 
respiratory metabolism. The Plant Cell, v. 33, n. 8, p. 2776–2793, 2021. DOI: 
10.1093/plcell/koab148. 

LE, Xuyen H.; MILLAR, A. Harvey. The diversity of substrates for plant respiration and how 
to optimize their use. Plant Physiology, p. 1–17, 2022. DOI: 10.1093/plphys/kiac599. 

LEHMANN, Martin et al. The metabolic response of Arabidopsis roots to oxidative stress is 
distinct from that of heterotrophic cells in culture and highlights a complex relationship 



41 
 
between the levels of transcripts, metabolites, and flux. Molecular Plant, v. 2, n. 3, p. 390–
406, 2009. DOI: 10.1093/mp/ssn080. 

LESS, Hadar; ANGELOVICI, Ruthie; TZIN, Vered; GALILI, Gad. Coordinated Gene 
Networks Regulating Arabidopsis Plant Metabolism in Response to Various Stresses and 
Nutritional Cues. The Plant Cell, v. 23, n. 4, p. 1264–1271, 2011. DOI: 
10.1105/TPC.110.082867.  

LIMA, J. A. A. Virologia essencial e viroses em culturas tropicais. Fortaleza: Editora UFC, 
2015.  

LIMA, J. A. A.; SITTOLIN, I. M.; LIMA, R. C. A.; FREIRE FILHO, F.; LIMA, J. Diagnose 
e estratégias de controle de doenças ocasionadas por vírus. In: Feijão caupi: avanços 
tecnológicos. Brasília: Embrapa Informação Tecnológica, 2005. p. 404–459.  

LIMA, José Albersio Araujo; DA SILVA, Ana Kelly Firmino; ARAGÃO, Maria do 
Livramento; DE ARAÚJO FERREIRA, Nádia Rutielly; TEÓFILO, Elizita Maria. Simple and 
multiple resistances to viruses in cowpea genotypes. Pesquisa Agropecuaria Brasileira, v. 
46, n. 11, p. 1432–1438, 2011. DOI: 10.1590/S0100-204X2011001100003. 

LIMA, Valéria F.; DE SOUZA, Leonardo Perez; WILLIAMS, Thomas C. R.; FERNIE, 
Alisdair R.; DALOSO, Danilo M. Gas Chromatography–Mass Spectrometry-Based 13C-
Labeling Studies in Plant Metabolomics. In: Plant Metabolomics. [s.l: s.n.]. v. 1778p. 47–58. 
DOI: 10.1007/978-1-4939-7819-9_4. 

LISEC, Jan; SCHAUER, Nicolas; KOPKA, Joachim; WILLMITZER, Lothar; FERNIE, 
Alisdair R. Gas chromatography mass spectrometry–based metabolite profiling in plants. 
Nature Protocols, v. 1, n. 1, p. 387–396, 2006. DOI: 10.1038/nprot.2006.59. 

LIU, Min; GONG, Jirui; LI, Ying; LI, Xiaobing; YANG, Bo; ZHANG, Zihe; YANG, Lili; 
HOU, Xiangyang. Growth–defense trade-off regulated by hormones in grass plants growing 
under different grazing intensities. Physiologia Plantarum, v. 166, n. 2, p. 553–569, 2019. 
DOI: 10.1111/ppl.12802. 

LIU, Yang Yu; SLOTINE, Jean Jacques; BARABÁSI, Albert László. Controllability of 
complex networks. Nature, v. 473, n. 7346, p. 167–173, 2011. DOI: 10.1038/nature10011. 

LIVAK, Kenneth J.; SCHMITTGEN, Thomas D. Analysis of relative gene expression data 
using real-time quantitative PCR and the 2− ΔΔCT method. Methods, v. 25, n. 4, p. 402-408, 
2001. 

LLAVE, César. Dynamic cross-talk between host primary metabolism and viruses during 
infections in plants. Current Opinion in Virology, v. 19, p. 50–55, 2016. DOI: 
10.1016/J.COVIRO.2016.06.013. 

LÜTTGE, Ulrich. Integrative emergence in contrast to separating modularity in plant biology: 
views on systems biology with information, signals and memory at scalar levels from 
molecules to the biosphere. Theoretical and Experimental Plant Physiology, v. 33, n. 1, p. 
1–13, 2021. DOI: 10.1007/s40626-021-00198-x. 

MACLEAN, Alex; LEGENDRE, Felix; APPANNA, Vasu D. The tricarboxylic acid ( TCA ) 
cycle : a malleable metabolic network to counter cellular stress. Critical Reviews in 



42 
 
Biochemistry and Molecular Biology, v. 0, n. 0, p. 1–17, 2023. DOI: 
10.1080/10409238.2023.2201945. 

MAEDA, Hiroshi; DUDAREVA, Natalia. The Shikimate Pathway and Aromatic Amino Acid 
Biosynthesis in Plants. Annual Review of Plant Biology, v. 63, n. 1, p. 73–105, 2012. DOI: 
10.1146/annurev-arplant-042811-105439. 

MAGALHÃES, Vladimir Gonçalves. PROSPECÇÃO BIOQUÍMICA E MOLECULAR 
DE FATORES POSSIVELMENTE ENVOLVIDOS NA DEFESA DE FEIJÃO-DE- 
CORDA [Vigna unguiculata (L.) Walp] AO VÍRUS DO MOSAICO SEVERO DO 
CAUPI (CPSMV). 2011. Federal University of Ceará, 2011. 

MAUCK, Kerry E.; KENNEY, Jaimie; CHESNAIS, Quentin. Progress and challenges in 
identifying molecular mechanisms underlying host and vector manipulation by plant viruses. 
Current Opinion in Insect Science, v. 33, p. 7–18, 2019. DOI: 
10.1016/J.COIS.2019.01.001. 

MICHAELI, Simon; GALILI, Gad; GENSCHIK, Pascal; FERNIE, Alisdair R.; AVIN-
WITTENBERG, Tamar. Autophagy in Plants - What’s New on the Menu? Trends in Plant 
Science, v. 21, n. 2, p. 134–144, 2016. DOI: 10.1016/j.tplants.2015.10.008. 

MOHANTY, Bijayalaxmi; KITAZUMI, Ai; CHEUNG, C. Y. Mauric.; LAKSHMANAN, 
Meiyappan; DE LOS REYES, Benildo G.; JANG, In Cheol; LEE, Dong Yup. Identification 
of candidate network hubs involved in metabolic adjustments of rice under drought stress by 
integrating transcriptome data and genome-scale metabolic network. Plant Science, v. 242, p. 
224–239, 2016. DOI: 10.1016/j.plantsci.2015.09.018. 

MØLLER, Ian Max; IGAMBERDIEV, Abir U.; BYKOVA, Natalia V.; FINKEMEIER, Iris; 
RASMUSSON, Allan G.; SCHWARZLÄNDER, Markus. Matrix redox physiology governs 
the regulation of plant mitochondrial metabolism through posttranslational protein 
modifications. Plant Cell, v. 32, n. 3, p. 573–594, 2020. DOI: 10.1105/tpc.19.00535. 

MONTERO, Pablo; VILAR, José A. TSclust: An R Package for Time Series Clustering. 
Journal of Statistical Software, v. 62, n. 1, p. 1–43, 2015. DOI: 10.18637/JSS.V062.I01.  

NETO, Milton C. Lim.; CARVALHO, Fabricio E. L.; SOUZA, Gustavo M.; SILVEIRA, 
Joaquim A. G. Understanding photosynthesis in a spatial–temporal multiscale: The need for a 
systemic view. Theoretical and Experimental Plant Physiology, v. 33, n. 2, p. 113–124, 
2021. DOI: 10.1007/s40626-021-00199-w. 

NGOU, Bruno Pok Man; DING, Pingtao; JONES, Jonathan D. G. Thirty years of resistance: 
Zig-zag through the plant immune system. The Plant Cell, v. 34, n. 5, p. 1447–1478, 2022. 
DOI: 10.1093/PLCELL/KOAC041.  

NICAISE, Vallerie. Crop immunity against viruses: outcomes and future challenges. 
Frontiers in Plant Science, v. 5, n. November, p. 1–18, 2014. DOI: 
10.3389/fpls.2014.00660.  

NUNES-NESI, Adriano; SULPICE, Ronan; GIBON, Yves; FERNIE, Alisdair R. The 
enigmatic contribution of mitochondrial function in photosynthesis. Journal of 
Experimental Botany, v. 59, n. 7, p. 1675–1684, 2008. DOI: 10.1093/jxb/ern002. 



43 
 
OBATA, Toshihiro; FERNIE, Alisdair R. The use of metabolomics to dissect plant responses 
to abiotic stresses. Cellular and Molecular Life Sciences, v. 69, n. 19, p. 3225–3243, 2012. 
DOI: 10.1007/s00018-012-1091-5. 

PAIVA, Ana L. S.; OLIVEIRA, Jose T. A.; DE SOUZA, Gustavo A.; VASCONCELOS, Ilka 
M. Label-free Proteomic Reveals that Cowpea Severe Mosaic Virus Transiently Suppresses 
the Host Leaf Protein Accumulation During the Compatible Interaction with Cowpea (Vigna 
unguiculata [L.] Walp.). 2016. DOI: 10.1021/acs.jproteome.6b00211.  

PAIVA, J. B.; FREIRE FILHO, F. R.; TEÓFILO, E. M.; RIBEIRO, V. Q. Feijão-caupi: 
melhoramento genético no Centro de Ciências Agrárias. Fortaleza: Edições UFC, 2014.  

PANG, Z. et al. MetaboAnalyst 5.0: Narrowing the gap between raw spectra and functional 
insights. Nucleic Acids Research, v. 49, n. W1, p. W388–W396, 2021. DOI: 
10.1093/nar/gkab382. 

PAZ C. D.; LIMA J. A. A.; PIO-RIBEIRO, G.; ASSIS FILHO, F. M.; ANDRADE, G. P.; 
GONÇALVES, M. F. B. Purificação de um isolado do vírus do mosaico severo do caupi, 
obtido em Pernambuco, produção de antissoros e determinação de fontes de resistência em 
caupi. Summa Phytopathologica, v. 25, n. 4, p. 285–288, 1999.  

PEREZ DE SOUZA, Leonardo; ALSEEKH, Saleh; NAAKE, Thomas; FERNIE, Alisdair. 
Mass Spectrometry-Based Untargeted Plant Metabolomics. Current Protocols in Plant 
Biology, v. 4, n. 4, p. e20100, 2019. DOI: 10.1002/CPPB.20100.  

PEREZ DE SOUZA, Leonardo; ALSEEKH, Saleh; SCOSSA, Federico; FERNIE, Alisdair R. 
Ultra-high-performance liquid chromatography high-resolution mass spectrometry variants 
for metabolomics research. Nature Methods, 2021. DOI: 10.1038/s41592-021-01116-4. 

PIRES, Marcel V. et al. The influence of alternative pathways of respiration that utilize 
branched-chain amino acids following water shortage in Arabidopsis. Plant Cell and 
Environment, v. 39, n. 6, p. 1304–1319, 2016. DOI: 10.1111/pce.12682. 

PLUSKAL, TomáD; CASTILLO, Sandra; VILLAR-BRIONES, Alejandro; ORECIČ, Matej. 
MZmine 2: Modular framework for processing, visualizing, and analyzing mass 
spectrometry-based molecular profile data. BMC Bioinformatics, v. 11, n. 1, p. 1–11, 2010. 
DOI: 10.1186/1471-2105-11-395/TABLES/3.  

RYS, Magdalena; JUHÁSZ, Csilla; SURÓWKA, Ewa; JANECZKO, Anna; SAJA, Diana; 
TÓBIÁS, István; SKOCZOWSKI, Andrzej; BARNA, Balázs; GULLNER, Gábor. 
Comparison of a compatible and an incompatible pepper-tobamovirus interaction by 
biochemical and non-invasive techniques: Chlorophyll a fluorescence, isothermal calorimetry 
and FT-Raman spectroscopy. Plant Physiology and Biochemistry, v. 83, p. 267–278, 2014. 
DOI: 10.1016/j.plaphy.2014.08.013. 

SADE, D. et al. Comparative metabolomics and transcriptomics of plant response to Tomato 
yellow leaf curl virus infection in resistant and susceptible tomato cultivars. Metabolomics, 
v. 11, n. 1, p. 81–97, 2015. DOI: 10.1007/s11306-014-0670-x.  

SAITO, Kazuki; YONEKURA-SAKAKIBARA, Keiko; NAKABAYASHI, Ryo; HIGASHI, 
Yasuhiro; YAMAZAKI, Mami; TOHGE, Takayuki; FERNIE, Alisdair R. The flavonoid 
biosynthetic pathway in Arabidopsis: Structural and genetic diversity. Plant Physiology and 



44 
 
Biochemistry, v. 72, n. February, p. 21–34, 2013. DOI: 10.1016/j.plaphy.2013.02.001. 

SILVA, Rodolpho G. G.; VASCONCELOS, Ilka M.; MARTINS, Thiago F.; VARELA, Anna 
L. N.; SOUZA, Pedro F. N.; LOBO, Ana K. M.; SILVA, Fredy D. A.; SILVEIRA, Joaquim 
A. G.; OLIVEIRA, Jose T. A. Drought increases cowpea (Vigna unguiculata [L.] Walp.) 
susceptibility to cowpea severe mosaic virus (CPSMV) at early stage of infection. Plant 
Physiology and Biochemistry, v. 109, p. 91–102, 2016. a. DOI: 
10.1016/j.plaphy.2016.09.010.  

SILVA, Willian Batista; DALOSO, Danilo M.; FERNIE, Alisdair R.; NUNES-NESI, 
Adriano; ARAÚJO, Wagner L. Can stable isotope mass spectrometry replace radiolabelled 
approaches in metabolic studies? Plant Science, v. 249, p. 59–69, 2016. b. DOI: 
10.1016/j.plantsci.2016.05.011. 

SILVEIRA, Joaquim Albenísio Gomes Da; COSTA, Roberto CezarLobo Da; OLIVEIRA, 
José Tadeu Abreu. Drought-induced effects and recovery of nitrate assimilation and nodule 
activity in cowpea plants inoculated with Bradyrhizobium spp. under moderate nitrate level. 
Brazilian Journal of Microbiology, v. 32, p. 187–194, 2001.  

SINGH, A.; BAOULE, A. L.; AHMED, H. G.; DIKKO, A. U.; ALIYU, U.; SOKOTO, M. 
B.; ALHASSAN, J.; MUSA, M.; HALIRU, B. Influence of phosphorus on the performance 
of cowpea (Vigna unguiculata (L) Walp.) varieties in the Sudan savanna of Nigeria. 
Agricultural Sciences, v. 02, n. 03, p. 313–317, 2011a. DOI: 10.4236/as.2011.23042.  

SOUZA, Gustavo M.; LÜTTGE, Ulrich. Stability as a Phenomenon Emergent from 
Plasticity–Complexity–Diversity in Eco-physiology. In: LÜTTGE, Ulrich; BEYSCHLAG, 
Wolfram (org.). Progress in Botany. 1 ed. Berlin: Springer-Verlag, v. 76p. 211–239, 2015. 
DOI: 10.1038/1941023a0. 

SOUZA, Gustavo M.; PINCUS, Steven M.; MONTEIRO, José Alberto F. The complexity-
stability hypothesis in plant gas exchange under water deficit. Brazilian Journal of Plant 
Physiology, v. 17, n. 4, p. 363–373, 2005. DOI: 10.1590/S1677-04202005000400004. 

SOUZA, Gustavo M.; PRADO, Carlos H. B. A.; RIBEIRO, Rafael V.; BARBOSA, João 
Paulo R. A. D.; GONÇALVES, Antonio Natal; HABERMANN, Gustavo. Toward a systemic 
plant physiology. Theoretical and Experimental Plant Physiology, v. 28, n. 4, p. 341–346, 
2016. DOI: 10.1007/s40626-016-0071-9. 

SOUZA, Gustavo M.; RIBEIRO, Rafael V.; PINCUS, Steven M. Changes in network 
connectance and temporal dynamics of gas exchange in Citrus sinensis under different 
evaporative demands. Brazilian Journal of Plant Physiology, v. 16, n. 3, p. 119–130, 2004. 
DOI: 10.1590/S1677-04202004000300001. 

SOUZA, Pedro F. N.; SILVA, Fredy D. A.; CARVALHO, Fabricio E. L.; SILVEIRA, 
Joaquim A. G.; VASCONCELOS, Ilka M.; OLIVEIRA, Jose T. A. Photosynthetic and 
biochemical mechanisms of an EMS-mutagenized cowpea associated with its resistance to 
cowpea severe mosaic virus. Plant Cell Reports, v. 36, n. 1, p. 219–234, 2017. DOI: 
10.1007/s00299-016-2074-z. 

SULPICE, R. et al. Starch as a major integrator in the regulation of plant growth. 
Proceedings of the National Academy of Sciences, v. 106, n. 25, p. 10348–10353, 2009. 
DOI: 10.1073/pnas.0903478106. 



45 
 
SWEETLOVE, Lee J.; FERNIE, Alisdair R. Regulation of metabolic networks: 
Understanding metabolic complexity in the systems biology era. New Phytologist, v. 168, n. 
1, p. 9–24, 2005. DOI: 10.1111/j.1469-8137.2005.01513.x. 

SWEETLOVE, Lee J.; FERNIE, Alisdair R. The Spatial Organization of Metabolism Within 
the Plant Cell. Annual Review of Plant Biology, v. 64, n. 1, p. 723–746, 2013. DOI: 
10.1146/annurev-arplant-050312-120233. 

TABASSUM, Naheed; BLILOU, Ikram. Cell-to-Cell Communication during Plant-Pathogen 
Interaction. Molecular Plant-Microbe Interactions, v. 35, n. 2, p. 98–108, 2022. DOI: 
10.1094/MPMI-09-21-0221-CR.  

TOHGE, Takayuki; DE SOUZA, Leonardo Perez; FERNIE, Alisdair R. Current 
understanding of the pathways of flavonoid biosynthesis in model and crop plants. Journal of 
Experimental Botany, v. 68, n. 15, p. 4013–4028, 2017. DOI: 10.1093/jxb/erx177. 

TOHGE, Takayuki; FERNIE, Alisdair R. Combining genetic diversity, informatics and 
metabolomics to facilitate annotation of plant gene function. Nature Protocols, v. 5, n. 6, p. 
1210–1227, 2010. DOI: 10.1038/nprot.2010.82. 

TOHGE, Takayuki; WATANABE, Mutsumi; HOEFGEN, Rainer; FERNIE, Alisdair R. The 
evolution of phenylpropanoid metabolism in the green lineage. Critical Reviews in 
Biochemistry and Molecular Biology, v. 48, n. 2, p. 123–152, 2013. DOI: 
10.3109/10409238.2012.758083. 

VALLADARES, Fernando; BALAGUER, Luis; MARTINEZ-FERRI, Elsa; PEREZ-
CORONA, Esther; MANRIQUE, Esteban. Plasticity, instability and canalization: Is the 
phenotypic variation in seedlings of sclerophyll oaks consistent with the environmental 
unpredictability of Mediterranean ecosystems? New Phytologist, v. 156, n. 3, p. 457–467, 
2002. DOI: 10.1046/j.1469-8137.2002.00525.x. 

VARELA, Anna Lidia N.; KOMATSU, Setsuko; WANG, Xin; SILVA, Rodolpho G. G.; 
SOUZA, Pedro Filho N.; LOBO, Ana Karla M.; VASCONCELOS, Ilka M.; SILVEIRA, 
Joaquim A. G.; OLIVEIRA, Jose T. A. Gel-free/label-free proteomic, photosynthetic, and 
biochemical analysis of cowpea (Vigna unguiculata [L.] Walp.) resistance against Cowpea 
severe mosaic virus (CPSMV). Journal of Proteomics, v. 163, p. 76–91, 2017. DOI: 
10.1016/j.jprot.2017.05.003.  

VARELA, Anna Lídia Nunes et al. A resistant cowpea (Vigna unguiculata [L.] Walp.) 
genotype became susceptible to cowpea severe mosaic virus (CPSMV) after exposure to salt 
stress. Journal of Proteomics, v. 194, p. 200–217, 2019. DOI: 10.1016/j.jprot.2018.11.015.  

WECKWERTH, Wolfram; LOUREIRO, Marcelo Ehlers; WENZEL, Kathrin; FIEHN, 
Oliver. Differential metabolic networks unravel the effects of silent plant phenotypes. 
Proceedings of the National Academy of Sciences of the United States of America, v. 101, 
n. 20, p. 7809–7814, 2004. DOI: 10.1073/pnas.0303415101. 

WILLIAMS, T. C. R.; MIGUET, L.; MASAKAPALLI, S. K.; KRUGER, N. J.; 
SWEETLOVE, L. J.; RATCLIFFE, R. G. Metabolic Network Fluxes in Heterotrophic 
Arabidopsis Cells: Stability of the Flux Distribution under Different Oxygenation Conditions. 
Plant Physiology, v. 148, n. 2, p. 704–718, 2008. DOI: 10.1104/pp.108.125195. 



46 
 
XIA, Jianguo; WISHART, David S. Web-based inference of biological patterns, functions 
and pathways from metabolomic data using MetaboAnalyst. Nature Protocols, v. 6, n. 6, p. 
743–760, 2011. DOI: 10.1038/nprot.2011.319. 

YANG, Chang-Qing; FANG, Xin; WU, Xiu-Ming; MAO, Ying-Bo; WANG, Ling-Jian; 
CHEN, Xiao-Ya. Transcriptional Regulation of Plant Secondary Metabolism F. Journal of 
Integrative Plant Biology, v. 54, n. 10, p. 703–712, 2012. DOI: 10.1111/j.1744-
7909.2012.01161.x. 

YOUNG, Nevin Dale. The genetic architecture of resistance. Current Opinion in Plant 
Biology, v. 3, n. 4, p. 285-290.2000. DOI: 10.1016/S1369-5266(00)00081-9. 

ZANDALINAS, Sara I.; BALFAGÓN, Damián; GÓMEZ-CADENAS, Aurelio; MITTLER, 
Ron. Responses of plants to climate change: Metabolic changes during abiotic stress 
combination in plants. Journal of Experimental Botany, 2022. DOI: 10.1093/jxb/erac073. 

ZANDALINAS, Sara I.; FICHMAN, Yosef; DEVIREDDY, Amith R.; SENGUPTA, Soham; 
AZAD, Rajeev K.; MITTLER, Ron. Systemic signaling during abiotic stress combination in 
plants. Proceedings of the National Academy of Sciences of the United States of America, 
v. 117, n. 24, p. 13810–13820, 2020. DOI: 10.1073/PNAS.2005077117/-
/DCSUPPLEMENTAL. 

ZANDALINAS, Sara I.; FRITSCHI, Felix B.; MITTLER, Ron. Global Warming, Climate 
Change, and Environmental Pollution: Recipe for a Multifactorial Stress Combination 
Disaster. Trends in Plant Science, v. 26, n. 6, p. 588–599, 2021. DOI: 
10.1016/J.TPLANTS.2021.02.011. 

ZANDALINAS, Sara I.; MITTLER, Ron. Plant responses to multifactorial stress 
combination. The New phytologist, 2022. DOI: 10.1111/nph.18087. 

  



47 
 
2.7 Figures Chapter I 
 
 

 

 
Figure 1 Representative leaf infected with cowpea severe mosaic virus (CPSMV) and the 
detection of the CPSMV in leaf tissues of the Macaibo genotype. A) Representative image of 
a cowpea first true leaf 15 days after CPSMV inoculation. B) Detection of the coat protein of 
CPSMV by PCR analysis using CPSMV inoculated leaves after 2, 4, 8, 24, 48 and 72 hours 
after inoculation (HAI). Mock and CPSMV lanes represent negative and positive controls. 
The band found in the CPSMV spot corresponds to a leaf material from a CPSMV-
susceptible genotype. 
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Figure 2 Changes in the level of primary metabolites induced by cowpea severe mosaic virus 
(CPSMV) infection. Local and systemic leaves were subjected to mock or CPSMV treatments 
and harvest after 02, 04, 08, 24, 48 and 72 hours. The level of each metabolite is represented 
by the colour scale of the legend. Red and blue squares represent metabolites with increased 
and decreased level in CPSMV-infected local (upper squares) and systemic (lower squares) 
leaves, as compared to their mock control, respectively. Dashed lines indicate non-sequential 
metabolic reactions. Abbreviation: HAI, hours after inoculation. 
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Table 1. List of metabolites identified by gas chromatography mass spectrometry (GC/MS) 
analysis in local and systemic leaves infected with Mock or CPSMV (cowpea severe mosaic 
virus). The pattern of accumulation of the metabolites over time was analysed by analysis of 
variance (ANOVA) (P < 0.05) using the entire data set (all time points) of local and systemic 
leaves infected with Mock or CPSMV. Metabolites with no changes over time are identified 
with ns (non-significant). These results are displayed in the Time columns. Metabolites with 
differential accumulation between Mock and CPSMV-infected leaves were compared by 
Student´s t test (P < 0.05) in each time point (02, 04, 08, 24, 48 and 72 hours after infection). 
The columns Mock vs CPSMV display metabolites in which the level was significantly (P < 
0.05) or non-significantly (ns) altered in CPSMV compared to Mock in at least one time 
point.  

 Time  Mock vs CPSMV 

Metabolites Local Systemic  Local Systemic 
Alanine P < 0.05 ns  P < 0.05 ns 
Asparagine P < 0.05 P < 0.05  P < 0.05 P < 0.05 

Aspartate Ns ns  P < 0.05 ns 

Butyrate ns P < 0.05  ns ns 

Citrate P < 0.05 P < 0.05  P < 0.05 P < 0.05 

Fumarate P < 0.05 P < 0.05  P < 0.05 ns 

Glucoheptose ns ns  P < 0.05 ns 

Glucose P < 0.05 P < 0.05  ns P < 0.05 

Glutamate P < 0.05 P < 0.05  P < 0.05 P < 0.05 

Glutamine P < 0.05 P < 0.05  P < 0.05 P < 0.05 

Glutarate P < 0.05 ns  P < 0.05 P < 0.05 

Glycerate ns ns  ns P < 0.05 

Glycerol P < 0.05 ns  P < 0.05 ns 

Glycine P < 0.05 P < 0.05  P < 0.05 ns 

Glycolate ns  ns  ns ns 

Homoserine P < 0.05 P < 0.05  P < 0.05 ns 

myo-inositol ns ns  ns P < 0.05 

Isoleucine P < 0.05 P < 0.05  P < 0.05 P < 0.05 

Lactate P < 0.05 ns  P < 0.05 ns 

Leucine P < 0.05 P < 0.05  P < 0.05 P < 0.05 

Malate P < 0.05 P < 0.05  P < 0.05 P < 0.05 

Malonate ns ns  P < 0.05  

Nicotinic_acid ns P < 0.05  ns P < 0.05 

Oxalate P < 0.05 P < 0.05  ns ns 

Proline P < 0.05 P < 0.05  ns ns 

Pyruvate P < 0.05 ns  P < 0.05 ns 

Salicylic_acid ns ns  ns ns 

Serine P < 0.05 P < 0.05  ns ns 

Succinate ns ns  ns ns 

Sucrose P < 0.05 ns  ns P < 0.05 

Threonine P < 0.05 P < 0.05  P < 0.05 ns 

Valine P < 0.05 P < 0.05  P < 0.05 P < 0.05 
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Figure 3 Partial least-squares discriminant analysis (PLS-DA) using raw data of the gas chromatography mass spectrometry (GC/MS)-based 
metabolite profiling analysis. Raw data refer to the level of the metabolites normalized by the ribitol and the fresh weight used in the extraction. 
Local (upper panel) and systemic (lower panel) leaves were subjected to mock (in red) or cowpea severe mosaic virus (in green) treatments and 
harvest after 02, 04, 08, 24, 48 and 72 hours. The percentage variation explained by the PC1 and PC2 are represented in each axis. PLS-DA was 
carried out using the Metaboanalyst platform (n = 5). Abbreviation: HAI, hours after inoculation 
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Figure 4 Partial least-squares discriminant analysis (PLS-DA) using gas chromatography 
mass spectrometry (GC/MS)-based metabolite profiling data. Local (in red) and systemic (in 
green) leaves were subjected to mock or cowpea severe mosaic virus (CPSMV) treatments 
and harvest after 02, 04, 08, 24, 48 and 72 hours. This PLS-DA was carried out using data 
from local and systemic leaves infected with CPSMV normalized by their respective mock 
control. The percentage variation explained by the PC1 and PC2 are represented in each axis. 
PLS-DA was carried out using the Metaboanalyst platform (n = 5). Abbreviation: HAI, hours 
after inoculation 
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Figure 5 Volcano and box plots of selected metabolites identified by gas chromatography 
mass spectrometry (GC/MS) analysis in local leaves inoculated with Mock (control group) or 
CPSMV (cowpea severe mosaic virus) for 48 h. These metabolites showed a differential 
accumulation between mock and CPSMV treatments by Student´s t test (P < 0.05). This 
analysis was carried out using the Metaboanalyst platform.   
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Figure 6 Heatmap representation of the liquid chromatography mass spectrometry (LC/MS)-
based metabolic fingerprinting analysis. Local (a) and systemic (b) leaves were subjected to 
mock (Mock) or cowpea severe mosaic virus (CPSMV) treatments and harvest after 02, 04, 
08, 24, 48 and 72 h. The heatmap was created using raw values, which refer to the level of the 
features normalized by the internal control and the fresh weight used in the extraction. These 
analyses were carried out using the Metaboanalyst platform.  
  



54 
 

 
 

 
 
Figure 7. DTW of virus inoculated local leaves. Snippet of the dynamic time wrapping 
analysis (DTW; Supplementary 7) displaying only the virus inoculates local leaves that 
exhibited a different pattern of its mocks. DTW analysis were performed using Time Series 
Clustering Utilities (TSclust) on R software using the metabolite amounts converted to a 
function of maximum (= 1) and minimum (= 0) on Microsoft Excel software. Metabolites 
were divided in a total of 20 clusters, accordingly to its accumulation pattern over time (02, 
04, 08, 24, 48, 72 HAI). Each data point represents the mean of five independent biological 
replicates. Original clusters: (A) 03, (B) 06, (C) 10, (D) 11, (E) 12, (F) 13, (G) 14, (H) 15. 
Abbreviation: HAI, hours after inoculation 
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Figure 8 Correlation-based metabolic networks of local (upper panel) and systemic (lower panel) leaves subjected to mock (blue nodes) or 
cowpea severe mosaic virus (CPSMV) (red nodes) treatments. The metabolic networks were created combining gas chromatography mass 
spectrometry (GC/MS)-based metabolite profiling data from all time points (from 02 to 72 hours after inoculation). Nodes and links represent 
metabolites and the correlation among them, respectively. Bigger nodes and thicker lines imply more connections and stronger debiased sparse 
partial correlation (DSPC) coefficient (r), respectively. Red and blue lines represent positive and negative r. The networks were build using 
MetScape on Cytoscape software considering -0.5 > r > 0.5. Both density and heterogeneity of the networks were obtained by using 
NetworkAnalyzer on Cytoscape. 
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Figure 9 Correlation-based metabolic networks of local (upper panel) and systemic (lower panel) leaves subjected to mock (blue nodes) or 
cowpea severe mosaic virus (CPSMV) (red nodes) treatments. The metabolic networks were created combining gas chromatography mass 
spectrometry (GC/MS)-based metabolite profiling data from all time points (from 02 to 72 hours after inoculation). Nodes and links represent 
metabolites and the correlation among them, respectively. Bigger nodes and thicker lines imply more connections and stronger debiased sparse 
partial correlation (DSPC) coefficient (r), respectively. Red and blue lines represent positive and negative r. The networks were build using 
MetScape on Cytoscape software considering only the significant correlations (P < 0.05). Both density and heterogeneity of the networks were 
obtained by using NetworkAnalyzer on Cytoscape. 
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Figure 10 Parameters obtained from correlation-based metabolic networks of mock 
inoculated local (ML) and systemic (MS) leaves, and virus inoculated local (VL) systemic 
(VS) leaves over time (02, 04, 08, 24, 48, 72 HAI). A-B) Network density. C-D) Network 
heterogeneity. E-F) Number of hubs of the networks. G-H) Number of exclusive hubs of the 
networks. The density and heterogeneity of the networks were obtained by using 
NetworkAnalyzer in the Cytoscape software, while the other parameters were calculated as 
described earlier (Cardoso et al. 2022).   
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2.8 Supplemental Figures Chapter I 
 
 
 
 

 
 
Figure S1 Pathway enrichment analysis. Circles in the figure highlights the different 
metabolic pathways that the features identified by LC/MS belongs to. The circles are 
displayed according to the scores from enrichment (y axis) and topology analysis (x axis). 
The most representative pathways were identified in the graphs, all of them belonging to the 
secondary metabolism, in agreement with the LC/MS platform used that mostly detect 
secondary metabolites (PEREZ DE SOUZA et al., 2021). These analyses were carried out 
using the Metaboanalyst platform. 
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Figure S2 Heatmap representation of the liquid chromatography mass spectrometry 
(LC/MS)-based metabolite profiling analysis using raw data, which refer to the level of the 
metabolites normalized by the internal control and the fresh weight used in the extraction. 
Local (a) and systemic (b) leaves were subjected to mock (M) or cowpea severe mosaic virus 
(V) treatments and harvest after 02, 04, 08, 24, 48 and 72 hours. The complete list of 
metabolites identified by LC-MS is found in the table S3. The heatmap was carried out using 
the Metaboanalyst platform (n = 5).  
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Figure S3 Dynamic time wrapping (DTW) analysis of the gas chromatography mass 
spectrometry (GC/MS)-based metabolite profiling analysis. Local and systemic leaves were 
subjected to mock or cowpea severe mosaic virus treatments and harvest after 02, 04, 08, 24, 
48 and 72 hours. DTW was performed using Time Series Clustering Utilities (TSclust) on R 
software using the metabolite amounts converted to a function of maximum (= 1) and 
minimum (= 0). Metabolites were divided in 20 clusters, accordingly to its accumulation 
pattern over the six time points (02, 04, 08, 24, 48, and 72 hours after inoculation). The list of 
metabolites found in each cluster is found in the table S4. 
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Figure S4 Correlation-based metabolic networks of local leaves. Correlation-based 
metabolic networks were created using GC/MS-based metabolite profiling data from mock 
(blue nodes) and CPSMV (red nodes) inoculated local leaves. The networks correspond to the 
data obtained after 02 (A), 04 (B), 08 (C), 24 (D), 48 (E) and 72 (F) hours after inoculation 
(HAI). Nodes represent metabolites and the arrows the correlation between them. Bigger 
nodes indicate more connections (higher degree of connection). Thicker lines indicate 
stronger correlation, while blue and red lines indicate negative and positive correlations, 
respectively. The correlations were calculated using the CorrelationCalculator software. The 
networks were created using MetScape on CYTOSCAPE software considering -0.5 > r > 0.5. 
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Figure S5 Correlation-based metabolic networks of systemic leaves. Correlation-based 
metabolic networks were created using GC/MS-based metabolite profiling data from mock 
(blue nodes) and CPSMV (red nodes) inoculated systemic leaves. The networks correspond to 
the data obtained after 02 (A), 04 (B), 08 (C), 24 (D), 48 (E) and 72 (F) hours after 
inoculation (HAI). Nodes represent metabolites and the arrows the correlation between them. 
Bigger nodes indicate more connections (higher degree of connection). Thicker lines indicate 
stronger correlation, while blue and red lines indicate negative and positive correlations, 
respectively. The correlations were calculated using the CorrelationCalculator software. The 
networks were created using MetScape on CYTOSCAPE software considering -0.5 > r > 0.5. 
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Figure S6 Hubs of local leaf metabolic networks. Venn diagram of the hubs of the 
metabolic networks of mock (ML) and virus (VL) inoculated local leaves at (A) 02 HAI, (B) 
04 HAI, (C) 08 HAI, (D) 24 HAI, (E) 48 HAI, and (F) 72 HAI. One asterisk (*) indicates 
most important hubs for mock networks, while two asterisks (**) indicates most important 
hubs for CPSMV networks, and *** indicates important hubs for both mock and CPSMV 
networks. 
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Figure S7 Hubs of systemic leaf metabolic networks. Venn diagram of the hubs of the 
metabolic networks of mock (ML) and virus (VL) inoculated local leaves at (A) 02 HAI, (B) 
04 HAI, (C) 08 HAI, (D) 24 HAI, (E) 48 HAI, and (F) 72 HAI. One asterisk (*) indicates 
most important hubs for mock networks, while two asterisks (**) indicates most important 
hubs for CPSMV networks, and *** indicates important hubs for both mock and CPSMV 
networks. 
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Figure S8 Correlation-based metabolic networks of virus inoculated local and systemic 
leaves. Correlation-based metabolic networks were created using GC/MS-based metabolite 
profiling data from CPSMV inoculated local (light red nodes) and systemic (dark red nodes) 
leaves. The networks correspond to the data obtained after 02 (A), 04 (B), 08 (C), 24 (D), 48 
(E) and 72 (F) hours after inoculation (HAI). Nodes represent metabolites and the arrows the 
correlation between them. Bigger nodes indicate more connections (higher degree of 
connection). Thicker lines indicate stronger correlation, while blue and red lines indicate 
negative and positive correlations, respectively. The correlations were calculated using the 
CorrelationCalculator software. The networks were created using MetScape on CYTOSCAPE 
software considering -0.5 > r > 0.5. 
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Figure S9 Hubs of CPSMV inoculated metabolic networks. Venn diagram of the hubs of 
the metabolic networks of virus inoculated local (VL) and systemic (VS) leaves at (A) 02 
HAI, (B) 04 HAI, (C) 08 HAI, (D) 24 HAI, (E) 48 HAI, and (F) 72 HAI. One asterisk (*) 
indicates most important hubs for VL networks, while two asterisks (**) indicates most 
important hubs for VS networks, and *** indicates important hubs for both VL and VS 
networks. 
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Table S1. Metabolites with variable importance in projection (VIP) scores equal or higher 
than 1.0, obtained from partial least squares-discriminant analysis (PLS-DA) of mock and 
virus inoculated local and systemic leaves. The metabolites are listed in descendent order of 
the VIP score. 
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Table S2. Number of features detected by liquid chromatography mass spectrometry 
(LC/MS) that were significantly altered over time or after CPSMV (cowpea severe mosaic 
virus) inoculation. The data from LC/MS-based metabolic fingerprinting analysis refers to the 
intensity of the features identified in local and systemic leaves infected with Mock (control 
group) or CPSMV. The pattern of accumulation of the features over time was analysed by 
analysis of variance (ANOVA) (P < 0.05) using the entire data set (all time points) of local 
and systemic leaves infected with Mock or CPSMV. Features with no changes by CPSMV 
infection are identified with ns (non-significant). This statistical analysis was carried out 
using the Metaboanalyst platform.  
 
 

A) Metabolic fingerprinting (raw data) 
 Local Systemic 
ANOVA - Time 0 0 
   

 
B) Metabolic fingerprinting (CPSMV/Mock ratio) 
 Local Systemic 
ANOVA – Time 34 35 
   

 
C) Metabolic fingerprinting (CPSMV vs Mock comparison) 

02h – ns 

04h – ns  
08h – 1 feature different between CPSMV and Mock  

24h – ns 

48h – ns 

72h – ns 
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Table S3. List of metabolites identified by liquid chromatography mass spectrometry 
(LC/MS) analysis in local and systemic leaves infected with Mock (control group) or CPSMV 
(cowpea severe mosaic virus). The pattern of accumulation of the metabolites over time was 
analysed by analysis of variance (ANOVA) (P < 0.05) using raw and normalized data of local 
and systemic leaves infected with Mock or CPSMV. Raw values refer to the level of the 
metabolites normalized by the internal control and the fresh weight used in the extraction, 
while the CPSMV/Mock ratio refer to the values observed in CPSMV-treated leaves 
normalized with the mock treatment in each time point.  Metabolites with no changes over 
time are identified with ns (non-significant). This analysis was carried out using the 
Metaboanalyst platform.  
 

  
Raw data 

 
CPSMV/Mock 

ratio 
Metabolites Local Systemic 

 
Local Systemic 

(3Z)-Phytochromobilin ns ns 
 

ns ns 
(S)-10,16-Dihydroxyhexadecanoic acid ns ns 

 
ns ns 

1,3,7-Trimethyluric acid ns ns 
 

ns ns 
2,5-Diamino-6-(5'-
phosphoribosylamino)-4-
pyrimidineone ns ns 

 
ns ns 

2-Dehydro-3-deoxy-D-arabino-
heptonate 7-phosphate ns ns 

 
ns ns 

2-Oxo-3-hydroxy-4-phosphobutanoic 
acid ns ns 

 
ns ns 

2-Succinylbenzoate ns ns 
 

ns ns 
4,5-seco-Dopa ns ns 

 
ns ns 

4-Amino-4-deoxychorismate ns ns 
 

ns ns 
4-Coumaryl alcohol ns ns 

 
ns ns 

4-Hydroxycinnamyl alcohol 4-D-
glucoside ns ns 

 
ns ns 

4-Methyl-5-(2-phosphoethyl)-thiazole ns ns 
 

ns ns 
4-Phosphopantothenoylcysteine ns ns 

 
ns ns 

5,10-Methylene-THF ns ns 
 

ns ns 
5-Amino-6-(5'-
phosphoribitylamino)uracil ns ns 

 
ns ns 

5-Hydroxyconiferyl alcohol ns ns 
 

ns ns 
5-Hydroxykynurenine ns ns 

 
ns ns 

5-O-(1-Carboxyvinyl)-3-
phosphoshikimate ns ns 

 
ns ns 

7-Methylthioheptyl glucosinolate ns ns 
 

ns ns 
8'-Hydroxyabscisate ns ns 

 
ns ns 

8-Methylthiooctyl glucosinolate ns ns 
 

ns ns 
8-Methylthiooctyl-desulfoglucosinolate ns ns 

 
ns ns 

AICAR ns ns 
 

ns ns 
Biliverdin ns ns 

 
P < 0.05 ns 

Caffeyl alcohol ns ns 
 

ns ns 
Caprylic acid ns ns 

 
ns ns 
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CDP ns ns 
 

ns ns 
CDP-Ethanolamine ns ns 

 
ns ns 

Chitobiose ns ns 
 

ns ns 
Chlorophyll b ns ns 

 
ns ns 

Cinnamaldehyde ns ns 
 

ns ns 
Citicoline ns ns 

 
ns ns 

Coproporphyrin III ns ns 
 

ns ns 
Cyanidin 3-glucoside ns ns 

 
ns ns 

Cyanidin 3-O-beta-D-sambubioside ns ns 
 

ns ns 
Cyanin ns ns 

 
ns ns 

Decanoyl-CoA (n-C10:0CoA) ns ns 
 

ns ns 
Delphinidin 3-O-beta-D-glucoside ns ns 

 
ns ns 

Deoxyadenosine ns ns 
 

ns P < 0.05 

Deoxyuridine ns ns 
 

ns ns 
Digalacturonic acid ns ns 

 
ns ns 

Dihydrofolic acid ns ns 
 

ns ns 
Divinylprotochlorophyllide ns ns 

 
ns ns 

Dolichyl diphosphate ns ns 
 

ns ns 
Dopamine ns ns 

 
ns ns 

D-Sedoheptulose 7-phosphate ns ns 
 

ns ns 
D-Xylitol ns ns 

 
ns ns 

FAD ns ns 
 

ns ns 
Flavin Mononucleotide ns ns 

 
ns ns 

Galactosylglycerol ns ns 
 

ns ns 
gamma-Glutamylcysteine ns ns 

 
ns ns 

Geranyl 2-methylbutyrate ns ns 
 

ns ns 
Gibberellin A34-catabolite ns ns 

 
ns ns 

Glycineamideribotide ns ns 
 

ns ns 
Guanosine ns ns 

 
ns ns 

Guanosine diphosphate ns ns 
 

ns ns 
Heme O ns ns 

 
ns ns 

Homoeriodictyol chalcone ns ns 
 

ns ns 
Hydroxymethylbilane ns ns 

 
ns ns 

Hypoxanthine ns ns 
 

ns ns 
Isopentenyladenosine-5'-triphosphate ns ns 

 
ns ns 

Kaempferol 3-O-rhamnoside-7-O-
glucoside ns ns 

 
ns ns 

L-Malic acid ns ns 
 

ns ns 
L-Tryptophan ns ns 

 
ns ns 

Magnesium protoporphyrin ns ns 
 

ns ns 
Magnesium protoporphyrin 
monomethyl ester ns ns 

 
ns ns 

Melibiitol ns ns 
 

ns ns 
Methyl jasmonate ns ns 

 
ns ns 
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Myricetin ns ns 
 

ns ns 
Octanoyl-CoA ns ns 

 
ns ns 

Ophthalmic acid ns ns 
 

ns ns 
Oxidized glutathione ns ns 

 
ns ns 

Pantetheine ns ns 
 

ns ns 
Pelargonidin 3-O-beta-D-sambubioside ns ns 

 
ns ns 

Phosphorylcholine ns ns 
 

ns ns 
Phytyl diphosphate ns ns 

 
ns ns 

Pinobanksin ns ns 
 

ns ns 
Precorrin 2 ns ns 

 
ns ns 

Primary fluorescent chlorophyll 
catabolite ns ns 

 
ns ns 

Protoporphyrin IX ns ns 
 

ns ns 
Pyridoxine 5'-phosphate ns ns 

 
ns ns 

Quercetin 3-glucoside ns ns 
 

ns ns 
Quercetin 3-O-rhamnoside 7-O-
glucoside ns ns 

 
P < 0.05 ns 

Riboflavin ns ns 
 

ns ns 
S-Adenosylhomocysteine ns ns 

 
ns ns 

Secologanin ns ns 
 

ns ns 
Sinapic acid ns ns 

 
ns ns 

Sinapine ns ns 
 

ns ns 
Sinapyl alcohol ns ns 

 
ns ns 

Stachyose ns ns 
 

ns ns 
Syringin ns ns 

 
ns ns 

Tetrahydrofolyl-[Glu](n) ns ns 
 

ns ns 
Thiamine ns ns 

 
ns ns 

Thiamine monophosphate ns ns 
 

ns ns 
Uridine ns ns 

 
ns ns 

Xanthine ns ns 
 

ns ns 
Xanthylic acid ns ns   ns ns 
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3.1 Abstract 

 

Cowpea is an important crop that has high tolerance to environmental stress conditions. 

However, cowpea severe mosaic virus (CPSMV) infection can lead to severe yield losses. 

Although certain cowpea genotypes are intriguingly resistant to CPSMV, they have very low 

yield. By contrast, high productivity cowpea genotypes are sensitive to CPSMV infection. It 

is thus important to understand how cowpea genotypes overcome CPSMV infection and 

which mechanisms regulate the growth-virus tolerance trade-off. Here we characterized a 

resistant (macaibo) and a susceptible (pitiúba) cowpea genotype to CPSMV infection by 

different metabolomics approaches. The metabolic profile of macaibo and pitiúba differed 

substantially even in the absence of CPSMV infection. Pitiúba showed higher content of 

sugars in the absence of CPSMV infection and a higher capacity to absorb glucose, which 

might be related to its higher growth capacity. 13C-glucose labelling experiment highlights 

that the glucose-derived 13C distribution throughout primary metabolism is very different 

between the genotypes. Although the level of shikimate was higher in pitiúba in the absence 

of stress, only macaibo showed increased content in this metabolite after CPSMV infection. 

Furthermore, the relative 13C-enrichment in shikimate was substantially higher in macaibo 

than pitiúba over time of CPSMV infection. Our study unveiled the metabolic basis of 

cowpea CPSMV resistance, which likely involves a higher use of glycolytic carbons toward 

shikimate synthesis. 

 

Key words: 13C-labelling analysis, metabolomics, TCA cycle, virus resistance.  
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3.2 Introduction  

 

Cowpea (Vigna unguiculata (L.) Walp.) is a leguminous crop belonging to the 

Fabaceae family, which includes other important crops such as peas, beans, chickpeas, 

peanuts, lentils and soybeans. Cowpea is produced mainly in semi-arid climate regions, which 

is due to its high tolerance to abiotic stress conditions such as low water availability, high 

temperatures and saline soils. The cultivation of cowpea in these regions is further associated 

to the low production cost and the high nutritious value of its grains, making this an important 

source of proteins and carbohydrates for the population of these regions (ADEGBITE; 

AMUSA, 2010; GONÇALVES et al., 2013; KAREEM; TAIWO, 2007; SINGH et al., 2011). 

However, despite their high resilience to adverse environmental conditions, diseases caused 

by viruses currently represents the major cause of yield loss in cowpea (PAIVA et al., 2016; 

SOUZA et al., 2017). It is thus important to understand how cowpea plants respond to virus 

infection, in order to maintain the productivity of this important crop.  

About twenty species of viruses have been identified as causing diseases in 

cowpea, including the cowpea severe mosaic virus (CPSMV), that have been leads to severe 

yield losses in cowpea (LIMA, 2015; LIMA et al., 2005). CPSMV belongs to the genus 

Comovirus (Secoviridae) and as such, causes diseases mainly in leguminous plants 

(BRUENING; LOMONOSSOFF, 2011; CRUZ; ARAGÃO, 2014). CPSMV thus represents a 

risk not only for cowpea but also for Fabaceae plants. The disease caused by CPSMV have 

clear symptoms such as yellowish spots on the leaves, which is result of chlorosis that occurs 

in the infection region. In more advanced cases of the infection, it can be observed wrinkling, 

leaf deformation, dwarfism and even the death of the plant (BRUENING; LOMONOSSOFF, 

2011; SILVA et al., 2016a). CPSMV is an intracellular biotrophic pathogen, like all viruses, 

which makes it difficult to control in a large-scale cultivation. However, plants have acquired 

not only signalling pathways and communication mechanism that aid them to acclimate or 

avoid virus infection, but certain genotypes have developed mechanisms that leads to an 

incompatible interaction with the virus, i.e. the virus can infect the plant but few to no 

symptoms are observed in the plant (HOOKS; FERERES, 2006; NICAISE, 2014). Among 

these virus-defensive mechanisms, the effector-triggered immunity (ETI) and the systemic 

acquired resistance (SAR) greatly aid plants to fight against viruses and other pathogens.  

The ETI can modulates the amount of phytohormones produced and activates 

local defensive mechanisms, aiming to reduce the vulnerability of local tissues to the attack of 
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the pathogen. Simultaneously, signalling molecules produced in the area of infection are 

transmitted to non-infected organs of the same plant through the vasculature system and/or by 

volatiles, as part of the SAR mechanism (GILROY et al., 2014). The volatiles, which are 

organic compounds mostly composed by secondary metabolites, can further inform other 

plants about the pathogen presence (JING et al., 2021; JOHNSON; GILBERT, 2015). 

Furthermore, both local and systemic responses may involve changes in the level of primary 

metabolites and their key metabolic networks, such as the tricarboxylic acid (TCA) cycle 

(MACLEAN; LEGENDRE; APPANNA, 2023; NUNES-NESI et al., 2008). This pathway is 

an important hub and provides substrate for the energetic metabolism and defence-related 

pathways (NICAISE, 2014; ZANDALINAS et al., 2022; ZANDALINAS; MITTLER, 2022). 

However, although evidence indicates that viral infection can substantially alters the plant 

metabolism (ISLAM et al., 2019; MAUCK; KENNEY; CHESNAIS, 2019), little is known 

concerning how primary metabolites and the TCA cycle are involved in the defence against 

viruses.  

Evidence suggests that the metabolic changes induced by viral infection are 

pathosystem-dependent and cannot be generalized based on a model pathosystem (ISLAM et 

al., 2019; LLAVE, 2016). Previous studies carried out using resistant or susceptible cowpea 

genotypes to CPSMV have observed alterations in gene expression, proteomic profile, the 

activities of classic plant defence enzymes and accumulation of ROS, among others (LIMA et 

al., 2005; LIMA, 2015; MAGALHÃES, 2011; SILVA et al., 2016a; SOUZA et al., 2017; 

VARELA et al., 2017, 2019). Despite these advances in the study of the cowpea/CPSMV 

pathosystem, no studies have unveiled the metabolic basis that modulates compatible and 

incompatible interactions between cowpea genotypes and CPSMV. It is thus currently unclear 

which metabolic pathways are associated to CPSMV resistance, hampering our understanding 

on how cowpea plants respond to CPSMV infection. In this context, we have recently 

demonstrated that CPSMV infection substantially altered the dynamic of primary metabolites 

of the CPSMV-resistant macaibo genotype, with little impact on the secondary metabolism 

(BRET et al., 2023). However, the lack of metabolic data from CPSMV-susceptible 

genotypes makes difficult to conclude which metabolic pathways are associated to the 

macaibo CPSMV resistance. Here, we have characterized the CPSMV-induced metabolic 

responses of macaibo (resistant) and pitiúba (susceptible) cowpea genotypes by using two 

metabolomics approaches, namely metabolite profiling and 13C-labelling analyses. Based in 

our previous results, we hypothesized that metabolic pathways associated to the balance 
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between organic acids and amino acids could be associated to the CPSMV resistance of 

macaibo, when compared to pitiúba.  

 

3.3 Material and Methods 

 

3.3.1 Experimental set up  

 

We harvested leaves directly infected with CPSMV (herein called local leaves) 

and those from the same leaflet (herein called systemic leaves). Our previous results indicate 

that the major CPSMV-induced metabolic changes in macaibo leaves under CPSMV were 

observed at 08 and 48 hours after CPSMV inoculation (HAI) (BRET et al., 2023). We thus 

initially performed an experiment harvesting local and systemic macaibo and pitiúba leaves at 

08 and 48 HAI. A second experiment was carried out to investigate how CPSMV inoculation 

differentially affects the metabolic fluxes in macaibo and pitiúba leaves. Leaf disks from both 

genotypes were obtained from local leaves inoculated with mock or CPSMV, immersed in a 

solution containing 13C-glucose, and harvested after 0, 2, 4 and 8 h under this condition.   

 

3.3.2 Plant material and growth conditions 

 

We used two cowpea (Vigna unguiculata (L.) Walp.) genotypes, namely macaibo 

and pitiúba, which are resistant and sensitive to CPSMV infection, respectively (LIMA et al., 

2011). Seeds were disinfected by adding 0.05% sodium hypochlorite, washed in distilled 

water and germinated in filter paper rolls (28x38 cm; Germitest), soaked with distilled water 

(1:2, m/v), and kept in a growth chamber for 7 days with a 12 h photoperiod and 50 µmol m-2 

s-1 photosynthetic photon flux density (PPFD). The seedlings were transferred to 6 L plastic 

pots (6 seedlings per pot) and maintained under hydroponic system using Hoagland and 

Arnon's nutrient solution, with slight modifications (HOAGLAND; ARNON, 1950; 

SILVEIRA; COSTA; OLIVEIRA, 2001). The solution was completely changed once a week. 

Plants were grown under greenhouse conditions with natural sunlight (300-650 µmoles m-2 s-1 

PPFD), daily temperature ranging from 27 to 31.0 °C and 79.8 ± 10.9% of average relative 

humidity. 
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3.3.3 CPSMV inoculation and harvest of leaf material  

 

The inoculum of cowpea severe mosaic virus (CPSMV), strain CE, was isolated 

from pitiúba leaves exhibiting classic symptoms of CPSMV infection, as described previously 

(Paz et al., 1999). Virus-infected pitiúba leaves were macerated in 10 mM potassium 

phosphate buffer (pH 7.0) containing sodium sulfite (1:10, m/v) for 10 minutes. Carborudum 

(600 mesh) was added to the inoculum (1:10, m/v) to facilitate the virus penetration in leaf 

tissues. The inoculation of mock and CPSMV were performed on the central leaflet of the 

first fully expanded trifoliate by friction with thumb and index fingers. Control plants were 

mock inoculated using the same buffer, but without the presence of CPSMV. Local and 

systemic leaves were harvested after 0, 8 and 48 HAI and immediately frozen in liquid 

nitrogen for metabolomics analysis.  

 

3.3.4 
13

C-labelling experiment 

 

The plants were grown and inoculated as described above. Leaf disks of 0.5 cm 

ratio were detached from the leaflets immediately after inoculation. 12 leaf disks were 

immersed in a petri dish containing 24 mL of 10 mM potassium phosphate buffer (pH 7.0) 

and 5 mM of uniformly labeled [U13C]-glucose (Sigma-Aldrich). The disks were harvested at 

0, 2, 4 and 8 HAI and immediately frozen in liquid nitrogen. Each biological replicate 

corresponds to four leaf disks from four different plants. 

 

3.3.5 GC-MS analysis 

 

The extraction of polar metabolites and the GC-MS analysis were carried out as 

described previously (LISEC et al., 2006). Samples were derivatized by methoxyamine 

hydrochloride, previously dissolved in 20 mg/mL in pure pyridine, and N-Methyl-N- 

(trimethylsilyl) trifluoroacetamide (MSTFA) (LISEC et al., 2006). Chromatograms analysis 

was carried out using the Xcalibur 2.1 software (Thermo Fisher Scientific). Metabolites were 

identified using the Golm Metabolome Database (KOPKA et al., 2005).  
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3.3.6 
13

C-enrichment analysis  

 

The 13C-enrichment in the metabolites identified from the 13C-labelling 

experiment was determined as described previously (LIMA et al., 2018). Briefly, the 

fractional 13C-enrichment (F13C) in each metabolite was determined by the following 

equation:  

F13C = ((M1 * 1)+(M2 * 2)+…+(Mn * n))/n, where M corresponds to the 

isotopologues of the mass fragment and n the number of carbons present in each fragment. 

For instance, for a metabolite fragment composed of 3 carbons, the F13C is obtained as 

following:  

F13C = ((M1 * 1)+(M2 * 2)+(M3 * 3))/3 

After calculating the F13C, we then estimated the relative 13C-enrichment (R13C) 

by normalizing the F13C obtained at 0, 2, 4 and 8 HAI according to the F13C of the control 

(time 0h) of each genotype.   

 

3.3.7 Statistical analysis 

 

The metabolic changes over time was evaluated using analysis of variance 

(ANOVA) followed by the tests of Tukey or Dunnet (P < 0.05). Partial least squares-

discriminant analysis (PLS-DA) was carried out using the MetaboAnalyst platform (PANG et 

al., 2021). Punctual comparisons between mock and CPSMV treatments or between macaibo 

and pitiúba were carried out by Student’s t test (P < 0.05). Heat maps were created using the 

MultiExperiment Viewer 4.9.0 software. 

 

3.4 Results and discussion 

 

3.4.1 The leaf metabolite profile of macaibo and pitiúba leaves is substantially different 

even in the absence of stress 

 

We have previously shown that CPSMV infection substantially alter the dynamic 

of accumulation of primary metabolites in macaibo leaves, but had little impact on the 

secondary metabolism (BRET et al., 2023). Here, we aim to provide further insights on the 

metabolic aspects underpinning cowpea CPSMV resistance by comparing the metabolic 
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responses between the CPSMV-resistant macaibo with the CPSMV-sensitive pitiúba 

genotype. CPSMV was inoculated directly onto local leaves and these and the systemic leaves 

were harvested after 0, 8 and 48 hours after CPSMV inoculation (HAI). We first aimed to 

investigate whether the metabolite profile of macaibo and pitiúba leaves differs before the 

imposition of the stress. For this, we have used the partial least squares discriminant analysis 

(PLS-DA), that is highly effective to discriminating stressed from non-stressed plants and to 

unveil the metabolic pathways associated to stress conditions (CARDOSO; FREIRE; 

DALOSO, 2022). The comparison of leaves harvested at 0 HAI, which corresponds to 09:00 

a.m. (ZT 4), showed that the metabolite profile of macaibo and pitiúba leaves differ 

substantially, as demonstrated by the clear separation by the first component of the PLS-DA 

carried out using data from either local or systemic leaves (Figures 1A-B). The variable 

importance in projection (VIP) from the PLS-DA highlights the metabolites that mostly 

contributed to the discrimination of macaibo and pitiúba leaves (Figure S1). Metabolites with 

VIP score higher than 1 are considered those that have greater importance for the PLSDA 

model (XIA; WISHART, 2011). Several of these metabolites including fumarate, 

glucoheptose, glutarate, shikimate, glucose, fructose and mannose have lower levels in 

macaibo than pitiúba in local leaves. Furthermore, lactate, phosphoric acid, glutarate, 

dehydroascorbate and tryptophan have lower levels while glutamate, asparagine and 

galactinol have higher levels in macaibo than pitiúba in systemic leaves (Figure 1C). This 

analysis indicates that the leaf metabolite profile of macaibo is substantially different from 

pitiúba in the absence of stress.  

 

3.4.2 CPSMV inoculation alters the metabolite profile of macaibo and pitiúba leaves 

 

We next compared the effect of CPSMV inoculation on the metabolite profile of 

macaibo and pitiúba leaves. Given that the metabolism of these genotypes showed several 

differences in the absence of stress (Figures 1A-B), we then normalized the data obtained 

after 08 and 48 h of mock or CPSMV inoculation according to the time 0h of each genotype. 

The results showed that CPSMV inoculation altered the metabolism of both macaibo and 

pitiúba leaves, as demonstrated by the separations between mock and CPSMV treatments by 

the first or second components of the PLS-DA (Figure 2). However, the CPSMV-induced 

metabolic changes diverge substantially between macaibo and pitiúba at local and systemic 

leaves, as evidenced by the clear separation by the PC1 after either 08 or 48 HAI (Figure 3). 
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Interestingly, all metabolites that have lower level in local macaibo leaves in the absence of 

stress (Figure 1), i.e. fumarate, glucoheptose, glutarate, shikimate, glucose, fructose and 

mannose, have higher level than local pitiúba leaves after either 08 or 48 HAI (Figure 4). 

Additionally, the level of pyruvate, serine, succinate and glycolate was higher in macaibo than 

pitiúba local leaves. By contrast, several amino acids have lower level in macaibo, when 

compared to local or systemic pitiúba leaves after CPSMV infection (Figure 4). Only 

pyruvate at 08 and 48 HAI and dehydroascorbate at 48 HAI showed higher level in macaibo 

than pitiúba systemic leaves (Figure 4). This analysis collectively indicates that the CPSMV-

induced metabolic responses range substantially between macaibo and pitiúba leaves, in 

which macaibo showed higher contents of shikimate, sugars and metabolites associated to the 

tricarboxylic acid (TCA) cycle and the photorespiratory metabolism.  

The metabolic pathways associated to sugars, organic acids and amino acids are 

largely documented to be associated to mechanisms that aid plants to acclimate to biotic or 

abiotic stress conditions (CARDOSO; FREIRE; DALOSO, 2022; FÀBREGAS; FERNIE, 

2019; OBATA; FERNIE, 2012; PIRES et al., 2016; ZANDALINAS et al., 2022). 

Furthermore, shikimate is a key metabolite associated to plant defence against (a)biotic 

stresses (MAEDA; DUDAREVA, 2012; SAITO et al., 2013; TOHGE et al., 2013). As long 

as this metabolite appears in the VIP score list that discriminates macaibo and pitiúba 

CPSMV-infected local leaves (Figure S1) and have differential accumulation before and after 

CPSMV infection between macaibo and pitiúba (Figures 1 and 4), we next deeply 

investigated the dynamic of accumulation of this metabolite throughout the CPSMV infection 

period. 

 

3.4.3 The content of shikimate is only altered in directly CPSMV-infected macaibo leaves 

 

Interestingly, the level of shikimate did not change neither in local nor in systemic 

pitiúba leaves over time. By contrast, the level of shikimate was altered by CPSMV only in 

local macaibo leaves, showing an increased content at 08 HAI (Figure 5). At 48 HAI, the 

level of shikimate decreased to that found before the stress imposition. It is noteworthy that 

this dynamic of accumulation at 08 HAI and decrease at 48 HAI coincides with the level of 

CPSMV infection in local macaibo leaves observed previously (Bret et al., 2023). However, 

no difference between mock and CPSMV treatments at 08 HAI was observed (Figure 5). 

Furthermore, changes in the level of metabolites do not necessarily correlates with changes in 
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metabolic fluxes (WILLIAMS et al., 2008). Taking this into account, we then next carried out 

a 13C-labelling analysis to obtain better insights on the metabolism-mediated mechanisms 

associated to CPSMV resistance.   

 

3.4.4 
13

C-glucose analysis highlights that pitiúba leaves have higher capacity to absorb 

glucose, as compared to macaibo  

 
13C-metabolic flux analyses (13C-MFA) are key to unveil which metabolic 

pathways are associated to a determined phenotype (FERNIE; GEIGENBERGER; STITT, 

2005). Plant 13C-MFA have been carried out using from isolated cells, tissues and organs to 

the entire plant (SILVA et al., 2016b). Here, leaf disks from macaibo and pitiúba were 

harvested and subjected to 5 mM of uniformly 13C-labeled glucose ([U13C-glucose) for 0, 2, 4 

and 8 h under mock or CPSMV inoculation. The metabolites were extracted, identified by 

GC-MS and the 13C-enrichment in each metabolite was determined as described previously 

(LIMA et al., 2018). Intriguingly, pitiúba showed a much higher capacity to absorb glucose, 

as evidenced by the higher increase in the content and in the relative 13C-enrichment (R13C) in 

this metabolite, as compared to macaibo (Figure 6). However, whilst no difference between 

mock and CPSMV treatments in pitiúba was observed, CPSMV-inoculated leaves showed 

higher R13C in glucose than mock-treated leaves of macaibo at 4 HAI (Figure 6). The 

metabolism and transport of carbohydrates are closely linked to the growth capacity of the 

genotype (CHEN et al., 2022; DE OLIVEIRA SILVA et al., 2018; SULPICE et al., 2009). It 

has been shown that the yield is much higher in pitiúba than macaibo under favorable 

conditions (PAIVA et al., 2014). The greater capacity to of pitiúba to absorb glucose could be 

due to a higher presence or activity of hexose transporters, which in turn contribute to explain, 

at least partially, the higher growth of this genotype, when compared to pitiúba.   

 

3.4.5 
13

C-labelling analysis highlights that the glycolytic fluxes toward shikimate are higher 

in macaibo than pitiúba leaves under CPSMV infection  

 

Given the differences in the capacity to incorporate glucose observed between the 

genotypes, we thus decided to analyse the R13C data in two manners, using the raw R13C data 

and normalized by the 13C-enrichment observed into glucose (R13C-Glc-1) in each genotype 

and time point. Whilst the raw R13C provides idea on the 13C-incorporated in each metabolite, 
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the R13C-Glc-1 data better indicates the proportion of the distribution of the carbons derived 

from glucose throughout the metabolism (DETHLOFF; ORF; KOPKA, 2017). Analysis of 

variance highlights that 19 metabolites showed significant increases in R13C in macaibo and 

pitiúba leaves throughout the time after mock or CPSMV inoculation (Table S1). Among 

these, 15 and 19 metabolites have increased R13C in macaibo and pitiúba, when compared to 

their respective control, as indicated by analysis of variance (ANOVA) followed by the test of 

Dunnet (Figure 7). Only isoleucine, succinate, fumarate and citrate did not show increased 

R13C in macaibo after mock or CPSMV inoculation. Several of these metabolites showed 

higher R13C in pitiúba than macaibo, which is rather than expected given the higher 

incorporation of 13C-glucose in pitiúba (Figure 7). However, this trend is reversed in the 

R13C-Glc-1 data, in which macaibo showed higher 13C-enrichment in almost all metabolites, 

with exception of isoleucine (Figure 8).  

PLS-DA using the R13C-Glc-1 data indicates that the glucose-derived 13C-

distribution throughout the metabolism is very different between macaibo and pitiúba, as 

indicated by the separation of both genotypes by the PC1, despite the inoculation of mock or 

CPSMV (Figure 9). Shikimate, glutamate, GABA, myo-inositol and metabolites associated to 

the TCA cycle (2-oxoglutarate, citrate, pyruvate) and the photorespiratory (glycine, serine, 

glycerate) metabolism have VIP score higher than 1 (Figure S2), being thus the metabolites 

that mostly contributed to the discrimination of macaibo and pitiúba leaves. Given that several 

of these metabolites have been previously reported as biomarkers for different stress 

conditions (CARDOSO; FREIRE; DALOSO, 2022; CHOUDHURY et al., 2018; 

FÀBREGAS; FERNIE, 2019; MACLEAN; LEGENDRE; APPANNA, 2023; OBATA; 

FERNIE, 2012; ZANDALINAS; MITTLER, 2022) and have been found in the VIP score list 

of the first experiment (Figure S1), we next deeply investigated the dynamic of the R13C-Glc-1 

in some of them throughout the time of mock or CPSMV inoculation in each genotype. 

 

3.4.6 CPSMV inoculation reduce the metabolic fluxes from pyruvate to metabolites of, or 

associated to, the TCA cycle 

 

The TCA cycle is an important hub for the plant growth-stress tolerance trade-off, 

given that it can provide substrates for the synthesis of growth-related pathways such as those 

associated to the (photo)respiratory metabolism and the assimilation of nitrogen as well as to 

the synthesis of phytohormones and secondary metabolites, which are key for growth and 
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defence, respectively (ARAÚJO et al., 2012; DE SOUZA et al., 2020; FERNIE; CARRARI; 

SWEETLOVE, 2004; MØLLER et al., 2020). The TCA cycle can be fed with different 

substrates, from pyruvate to amino acids (LE; MILLAR, 2022). Pyruvate is the ending 

product of glycolysis, being a hub that connects the catabolism of sugars with the TCA cycle 

(LE; LEE; MILLAR, 2021). Interestingly, the R13C in pyruvate is higher in macaibo than 

pitiúba but had no difference between mock or CPSMV treatments in any genotype. This 

result indicates that the glycolytic fluxes toward pyruvate are higher in macaibo but are not 

altered by CPSMV inoculation. However, the R13C-Glc-1 in the TCA cycle metabolites 

citrate, 2-oxoglutarate, and malate is higher in mock than CPSMV-treated leaves in macaibo, 

while no difference in the R13C-Glc-1 in these metabolites was observed in pitiúba (Figure 

S3). Furthermore, the R13C-Glc-1 in metabolites that depends on carbon from the TCA cycle 

such as aspartate, GABA and glutamate was lower in the presence of CPSMV in macaibo, 

when compared to the mock treatment in this genotype, and this was not observed in pitiúba 

(Figure S4). These results suggest that the conversion from pyruvate to metabolites of, or 

associated to, the TCA cycle are inhibited by the presence of CPSMV in macaibo, but not in 

pitiúba. 

 

3.4.7 The glycolytic fluxes toward shikimate are higher in macaibo than pitiúba leaves 

 

The 13C-enrichment in shikimate was much higher in macaibo than pitiúba leaves, 

especially when the data is normalization by the 13C-enrichment in glucose (Figure 10). Both 

R13C and R13C-Glc-1 in shikimate were not altered by CPSMV in pitiúba. However, while no 

difference in the R13C in shikimate between mock and CPSMV treatments was observed, 

mock-treated leaves have higher R13C-Glc-1 in this metabolite, when compared to CPSMV-

treated leaves in macaibo. These results highlight that macaibo has higher constitutive 

glycolytic fluxes toward shikimate synthesis than pitiúba, but the presence of CPSMV did not 

increase these fluxes toward shikimate in any genotype. Given the role of the shikimate 

pathway for stress tolerance (MAEDA; DUDAREVA, 2012) and the fact that the macaibo 

resistance to CPSMV may involve constitutive mechanisms, i.e. not only responses that are 

activated upon CPSMV infection, we hypothesize that a higher constitutive flux toward 

shikimate synthesis may aid macaibo leaves to struggle against CPSMV infection.  

Evidence highlights that the CPSMV inoculation substantially increased ROS 

accumulation in leaves of both macaibo and pitiúba (MAGALHÃES, 2011). In this context, 
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shikimate is substrate for the synthesis of a wide range of ROS-scavenging compounds such 

as polyphenols (TOHGE et al., 2013). Thus, higher glycolytic fluxes toward shikimate may 

contribute to avoid oxidative stress in macaibo leaves upon CPSMV infection. Indeed, 

previous results indicate that the reduction in the level of ROS over time was associated with 

an increase in the activity of the phenylalanine ammonia-lyase (PAL), an enzyme of the 

shikimate pathway. Interestingly, the activity of PAL was higher in CPSMV than mock-

inoculated macaibo leaves, while the opposite was observed in pitiúba leaves at 12 HAI 

(MAGALHÃES, 2011). PAL is a key enzyme for the synthesis of defense-related compounds 

such as phenylpropanoids and the salicylic acid (SA), which leads to SAR in several plant 

species (GURIKAR et al., 2022; TOHGE; DE SOUZA; FERNIE, 2017).  

Our results collectively highlight that the metabolic responses to CPSMV 

infection differ substantially between macaibo (resistant) and pitiúba (susceptible) genotypes. 

The lower 13C-enrichment in TCA cycle metabolites in local macaibo CPSMV-treated leaves 

suggest that the metabolic fluxes from pyruvate are redirected to other pathways, rather than 

used by the TCA cycle. Thus, beyond a higher constitutive metabolic flux toward shikimate, 

other metabolic pathways that depends on carbon from pyruvate could be associated to the 

resistance of CPSMV in macaibo. Further studies are then necessary to obtain further insights 

into the metabolism-mediated mechanisms the regulate CPSMV resistance in cowpea.   
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3.6 Figures Chapter II 
 

 
Figure 1. Partial least squares discrimination analysis (PLS-DA) and heatmap representation 
of the metabolite profiling of macaibo and pitiúba leaves. A-B) PLS-DA was carried out 
using metabolite profiling data from leaves harvested at 0h, i.e. from local (A) and systemic 
(B) leaves harvested before the imposition of mock or cowpea severe mosaic virus (CPSMV) 
treatments. The percentage variation explained by the PC1 and PC2 are represented in each 
axis. PLS-DA was carried out using the Metaboanalyst platform. C) Heat map was built using 
the ratio between macaibo and pitiúba in local and systemic leaves. The data was log 
transformed for heat map representation. The level of each metabolite is represented by the 
colour scale of the legend. Red and blue squares represent metabolites with increased and 
decreased level in macaibo, as compared to pitiúba. Asterisks (*) indicates significant 
difference between macaibo and pitiúba by the Student’s t test (P < 0.05).  
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Figure 2. Partial least squares discrimination analysis (PLS-DA) of the metabolite profiling 
of local and systemic macaibo and pitiúba leaves inoculated with mock or cowpea severe 
mosaic virus (CPSMV) and harvested after 08 and 48 hours. PLS-DA was carried out using 
the metabolite profiling data from 08 and 48 hours after mock or CPSMV inoculation relative 
to the time 0h of each genotype. The percentage variation explained by the PC1 and PC2 are 
represented in each axis. PLS-DA was carried out using the Metaboanalyst platform. 
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Figure 3. Punctual comparison of the metabolite profiling of local and systemic macaibo and 
pitiúba leaves inoculated with mock or cowpea severe mosaic virus (CPSMV) and harvested 
after 08 and 48 hours. Partial least squares discrimination analysis (PLS-DA) was carried out 
using the metabolite profiling data from 08 and 48 hours after mock or CPSMV inoculation 
relative to the time 0h of each genotype. The percentage variation explained by the PC1 and 
PC2 are represented in each axis. PLS-DA was carried out using the Metaboanalyst platform. 
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Figure 4. Heat map representation of the metabolite profiling of local and systemic macaibo 
and pitiúba leaves inoculated with cowpea severe mosaic virus (CPSMV) and harvested after 
08 and 48 hours. The heat map was created using a log transformed metabolite profiling data 
relative to the time 0h of each genotype. The level of each metabolite is represented by the 
colour scale of the legend. Red and blue squares represent metabolites with increased and 
decreased level in macaibo, as compared to pitiúba. Asterisks (*) indicate significant 
difference between macaibo and pitiúba by the Student’s t test (P < 0.05).  
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Figure 5. Shikimate content in local and systemic macaibo and pitiúba leaves inoculated with 
mock or cowpea severe mosaic virus (CPSMV) for 0, 08 and 48 hours. Left and right figures 
highlight the raw metabolite content data (normalized by ribitol and the fresh weight used 
during the extraction) and this data normalized to the time 0h of each genotype, respectively. 
The level of shikimate was significantly altered only in local macaibo leaves, as indicated by 
analysis of variance (ANOVA) and the test of Tukey (P < 0.05). Values with different letters 
are significantly different.  
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Figure 6. Changes in the content and the relative 13C-enrichment (R13C) in glucose of local 
and systemic macaibo and pitiúba leaves inoculated with mock or cowpea severe mosaic virus 
(CPSMV) for 0, 2, 4 and 8 hours. Left and right figures highlight the data from macaibo and 
pitiúba, respectively. Values with different letters are significantly different, as indicated by 
analysis of variance (ANOVA) and the test of Tukey (P < 0.05).  
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Figure 7. Heat map representation of the relative 13C-enrichment (R13C) data from macaibo 
and pitiúba leaves inoculated with mock or cowpea severe mosaic virus (CPSMV) for 0, 2, 4 
and 8 hours. The heat map was created using a log transformed R13C data relative to the time 
0h of each genotype. Asterisks (*) indicate significant difference from the control (time 0h) of 
each genotype by analysis of variance (ANOVA) and the test of Dunnet (P < 0.05).  
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Figure 8. Heat map representation of the ratio of the 13C-enrichment (R13C) normalized by 
the 13C-enrichment observed into glucose (R13C-Glc-1) between macaibo and pitiúba leaves 
inoculated with mock or cowpea severe mosaic virus (CPSMV) for 2, 4 and 8 hours. The heat 
map was created using the macaibo to pitiúba R13C-Glc-1 ratio. Asterisks (*) indicate 
significant difference between macaibo and pitiúba in each time point and treatment by 
Student´s t test (P < 0.05).  
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Figure 9. Partial least squares discrimination analysis (PLS-DA) of the relative 13C-
enrichment (R13C) normalized according to the 13C-enrichment in glucose from each 
genotype. The percentage variation explained by the PC1 and PC2 are represented in each 
axis. PLS-DA was carried out using the Metaboanalyst platform. 
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Figure 10. 13C-enrichment in shikimate from macaibo and pitiúba leaves inoculated with 
mock or cowpea severe mosaic virus (CPSMV) for 2, 4 and 8 hours. Upper and lower figures 
highlight the raw relative 13C-enrichment (R13C) data and the normalized according to the 
13C-enrichment in glucose from each genotype, respectively. Values with different letters are 
significantly different, as indicated by analysis of variance (ANOVA) and the test of Tukey 
(P < 0.05).  
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3.7 Supplemental Figures Chapter II 
 
 
 

 
 
 
Figure S1. Variable importance in projection (VIP) from the partial least squares discriminant 
analysis (PLS-DA) carried out using the metabolite profiling data of local (left figure) and 
systemic (right figure) macaibo and pitiúba leaves. This analysis was carried out using 
metabolite profiling data from leaves harvested at 0h, i.e. from leaves harvested before the 
imposition of mock or cowpea severe mosaic virus (CPSMV) treatments. PLS-DA and VIP 
score list was obtained by using the Metaboanalyst platform.  
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Figure S2. Variable importance in projection (VIP) from the partial least squares discriminant 
analysis (PLS-DA) carried out using the relative 13C-enrichment (R13C) data normalized by 
the 13C-enrichment observed into glucose (R13C-Glc-1). PLS-DA and VIP score list was 
obtained by using the Metaboanalyst platform.  
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Figure S3. 13C-enrichment in metabolites associated to the tricarboxylic acid (TCA) cycle in 
local and systemic macaibo and pitiúba leaves inoculated with mock or cowpea severe mosaic 
virus (CPSMV) for 2, 4 and 8 hours. Left and right figures highlight the data from macaibo 
and pitiúba, respectively. This data refers to the relative 13C-enrichment (R13C) normalized 
according to the 13C-enrichment in glucose from each genotype. Values with different letters 
are significantly different, as indicated by analysis of variance (ANOVA) and the test of 
Tukey (P < 0.05).  
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Figure S4. 13C-enrichment in alanine, glutamate, GABA and aspartate from local and 
systemic macaibo and pitiúba leaves inoculated with mock or cowpea severe mosaic virus 
(CPSMV) for 2, 4 and 8 hours. Left and right figures highlight the data from macaibo and 
pitiúba, respectively. This data refers to the relative 13C-enrichment (R13C) normalized 
according to the 13C-enrichment in glucose from each genotype. Values with different letters 
are significantly different, as indicated by analysis of variance (ANOVA) and the test of 
Tukey (P < 0.05).  
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Table S1. List of metabolites that have significant 13C-enrichment in leaves inoculated with 
mock or CPSMV (cowpea severe mosaic virus). The relative 13C-enrichment (R13C) in the 
metabolites was analysed by analysis of variance (ANOVA) using the entire data set, which 
refers to all time points and treatments from both genotypes.  
 
 

Metabolites Macaibo and 
Pitiúba 

Alanine P < 0.05 

Aspartate P < 0.05 

Citrate P < 0.05 

Fumarate P < 0.05 

Fructose P < 0.05 

GABA P < 0.05 

Glucose P < 0.05 

Glutamate P < 0.05 

Glycerate P < 0.05 

Glycine P < 0.05 

Glycolate ns 

Isoleucine P < 0.05 

Lactate ns 

Leucine ns 

Malate P < 0.05 

myo-inositol P < 0.05 

2-Oxoglutarate P < 0.05 

Pyruvate P < 0.05 

Serine P < 0.05 

Shikimate P < 0.05 

Succinate P < 0.05 

Sucrose P < 0.05 
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Table S2. Comparison of the relative 13C-enrichment (R13C) between macaibo and pitiúba 
leaves infected with CPSMV (cowpea severe mosaic virus) in each time point. This analysis 
was carried out by Student’s t test (P < 0.05) using the raw data (non-normalized by glucose) 
of macaibo and pitiúba leaves infected with CPSMV. HAI – Hours after CPSMV inoculation.  
 
 

 
Macaibo vs Pitiúba  

(raw R13C data) 
Metabolites 2 HAI 4 HAI 8 HAI 
Alanine P < 0.05 ns ns 

Aspartate P < 0.05 P < 0.05 P < 0.05 

Citrate P < 0.05 P < 0.05 P < 0.05 

Fumarate P < 0.05 P < 0.05 P < 0.05 

Fructose P < 0.05 P < 0.05 P < 0.05 

GABA ns ns ns 

Glucose P < 0.05 P < 0.05 P < 0.05 

Glutamate P < 0.05 P < 0.05 P < 0.05 

Glycerate P < 0.05 ns ns 

Glycine P < 0.05 P < 0.05 P < 0.05 

Isoleucine ns ns P < 0.05 

Malate P < 0.05 P < 0.05 P < 0.05 

myo-inositol P < 0.05 P < 0.05 P < 0.05 

2-Oxoglutarate ns ns P < 0.05 

Pyruvate ns ns ns 

Serine ns P < 0.05 ns 

Shikimate P < 0.05 ns P < 0.05 

Succinate P < 0.05 P < 0.05 P < 0.05 

Sucrose P < 0.05 P < 0.05 P < 0.05 
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Table S3. Comparison of the relative 13C-enrichment (R13C) between macaibo and pitiúba 
leaves infected with CPSMV (cowpea severe mosaic virus) in each time point. This analysis 
was carried out by Student’s t test (P < 0.05) using the R13C data normalized by the 13C-
enrichment in glucose of macaibo and pitiúba leaves infected with CPSMV. HAI – Hours 
after CPSMV inoculation.  
 
 

 
Macaibo vs Pitiúba  

(R13C normalized by 13C-glucose) 
Metabolites 2 HAI 4 HAI 8 HAI 
Alanine ns P < 0.05 P < 0.05 

Aspartate P < 0.05 P < 0.05 P < 0.05 

Citrate P < 0.05 P < 0.05 P < 0.05 

Fumarate P < 0.05 P < 0.05 P < 0.05 

Fructose P < 0.05 ns P < 0.05 

GABA P < 0.05 P < 0.05 P < 0.05 

Glucose P < 0.05 P < 0.05 P < 0.05 

Glutamate P < 0.05 P < 0.05 P < 0.05 

Glycerate P < 0.05 P < 0.05 P < 0.05 

Glycine P < 0.05 P < 0.05 P < 0.05 

Isoleucine ns ns P < 0.05 

Malate P < 0.05 P < 0.05 P < 0.05 

myo-inositol P < 0.05 P < 0.05 P < 0.05 

2-Oxoglutarate P < 0.05 P < 0.05 P < 0.05 

Pyruvate ns ns P < 0.05 

Serine P < 0.05 P < 0.05 ns 

Shikimate P < 0.05 P < 0.05 P < 0.05 

Succinate P < 0.05 P < 0.05 ns 

Sucrose P < 0.05 P < 0.05 P < 0.05 
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4 CONCLUSION 
 

Beyond providing unprecedented information concerning the metabolic responses 

of cowpea plants to CPSMV infection, our study unveiled that the dynamic of 

accumulation/degradation of primary metabolites is altered in the CPSMV-resistant macaibo 

genotype upon CPSMV infection. However, the topology of the primary metabolic network 

and the level of secondary metabolites remained relatively stable upon CPSMV infection, 

highlighting that the changes at primary metabolism level were sufficient to struggle CPSMV 

infection. We further showed that the primary metabolism of the CPSMV-resistant macaibo 

genotype is substantially different from the CPSMV-susceptible pitiúba genotype. Among the 

metabolic differences between these genotypes, we consistently observed that the 

accumulation of shikimate is different between macaibo and pitiúba, in which macaibo 

showed higher glycolytic fluxes toward this metabolite, despite the presence/absence of 

CPMSV infection. Given the well-established role of shikimate for plant defence, this result 

suggests that macaibo may have a constitutive higher flux toward the secondary metabolism. 

However, our results highlighted that CPSMV infection marginally affected the level of 

secondary metabolites. Thus, although shikimate and other secondary metabolites 

downstream in the shikimate pathway may have a role for macaibo CPSMV resistance, only a 

LC-MS characterization of pitiúba leaves infected with CPSMV alongside with macaibo will 

unveil whether this pathway is important for CPSMV resistance. Therefore, further genetic 

and LC-MS characterization of the genotypes used here is needed to fully understand the 

metabolic basis of the cowpea CPSMV resistance.  
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