
What proteomics can reveal about plant–virus interactions? 
Photosynthesis-related proteins on the spotlight

Pedro F. N. Souza,
Department of Plant Pathology, Nebraska Center for Virology, University of Nebraska-Lincoln, 
Lincoln, NE, USA

Department of Biochemistry and Molecular Biology, Federal University of Ceará, Fortaleza, 
Ceará, Brazil

Hernan Garcia-Ruiz,
Department of Plant Pathology, Nebraska Center for Virology, University of Nebraska-Lincoln, 
Lincoln, NE, USA

Fabricio E. L. Carvalho
Department of Biochemistry and Molecular Biology, Federal University of Ceará, Fortaleza, 
Ceará, Brazil

Abstract

Plant viruses are responsible for losses in worldwide production of numerous economically 

important food and fuel crops. As obligate cellular parasites with very small genomes, viruses rely 

on their hosts for replication, assembly, intra- and intercellular movement, and attraction of vectors 

for dispersal. Chloroplasts are photosynthesis and are the site of replication for several viruses. 

When viruses replicate in chloroplasts, photosynthesis, an essential process in plant physiology, is 

inhibited. The mechanisms underlying molecular and biochemical changes during compatible and 

incompatible plants–virus interactions, are only beginning to be elucidated, including changes in 

proteomic profiles induced by virus infections. In this review, we highlight the importance of 

proteomic studies to understand plant–virus interactions, especially emphasizing the changes in 

photosynthesis-related protein accumulation. We focus on: (a) chloroplast proteins that 

differentially accumulate during viral infection; (b) the significance with respect to chloroplast-

virus interaction; and (c) alterations in plant’s energetic metabolism and the subsequently the plant 

defense mechanisms to overcome viral infection.
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1 Introduction

Plants are under permanent attack by several pathogenic agents, such as fungi, oomycetes, 

nematodes and viruses. These pathogens are responsible for important agricultural losses 

that limit worldwide food production. Viral diseases can represent approximately 50% of the 

new emerging diseases affecting plants and new plant viruses are being discovered every day 

(Whitfield et al. 2015). Plant viruses are classified as DNA or RNA viruses according to 

Baltimore’s viral classification (Baltimore 1971). While both RNA and DNA plant viruses 

lead to lower crop production, RNA viruses are the most abundant (Laliberté and Sanfaçon 

2010). All viruses are obligatory parasites that require a replication site within host cells 

upon infection. Once inside the cell, the viral genome serves as a template for the synthesis 

of several genomic copies that are transcribed and translated into viral proteins, which 

ultimately resulting in new viral particles (Nagy 2008; Nagy and Pogany 2012). To complete 

the replication cycle, viruses require cellular proteins and other resources, collectively 

known as host factors (Laliberté and Sanfaçon 2010; Nagy and Pogany 2012; Tajima et al. 

2017).

In plants, virus infection induced numerous genetic, metabolic and physiological changes 

including changes in the photosynthetic apparatus in chloroplasts (Bhattacharyya and 

Chakraborty 2018; Zhao et al. 2016). These changes may prevent the establishment of plant 

defense mechanisms (Zhao et al. 2016) or promote virus susceptibility or simply occur as 

side effects of gene silencing (Garcia-Ruiz et al. 2016). Plants have evolved several 

resistance mechanisms that act in a complementary way to promote defense against virus 

infection. Antiviral RNA silencing is an essential component of antiviral immunity (Bologna 

and Voinnet 2014; Diaz-Pendon et al. 2004; Garcia-Ruiz et al. 2016). Briefly, dicer-like 

proteins cleave the double-stranded viral RNA (dsvRNA) into virus-derived small 

interference RNAs (vsiRNA), which are loaded into a RISC (RNA interference silencing 

complex); then AGO protein uses the vsiRNA to degrade viral RNA preventing viral 

replication (Garcia-Ruiz et al. 2016; Voinnet 2001). Other part of the process is called 

amplification of RNA silencing; this phase involves the replication of dsvRNAs by RNA-

dependent RNA polymerase (RDRs), which result in a strongest local and systemic extend 

of RNA silencing antiviral immunity (Garcia- Ruiz et al. 2010, 2016).

Plant defense mechanisms, including RNA silencing, are highly expensive for the plant cell 

in energetic terms. Defense responses are usually associated with the consumption of high 

levels of reducing power, especially ATP and NADPH, as well as carbon skeletons provided 

by primary metabolism (Bolton 2009). In plant leaves, photosynthetic activity is the main 

mechanism for providing reducing power and metabolic intermediates to sustain plant 

defenses against infections (Bhattacharyya and Chakraborty 2018; de Torres Zabala et al. 

2015; Zhao et al. 2016). Since the chloroplasts are the site of photosynthesis in plants, they 

are strategic organelles that viruses may target (Bhattacharyya and Chakraborty 2018; Zhao 

et al. 2016). Additionally, chloroplasts are capable of producing high amounts of reactive 

oxygen species (ROS) as a collateral effect of the redox reactions carried out in the 

photosynthetic electron transport chain, especially at PSII and PSI acceptor sides (Kale et al. 

2017; Jimbo et al. 2018). Moreover, the photorespiratory pathway, which is initiated by the 

Rubisco oxygenase activity at chloroplasts, could generate high ROS amounts at 
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peroxisomes and also represents an important source of photosynthesis-related-ROS in 

plants during viral infection (Bolton 2009). ROS play an important role in retrograde 

signaling pathways driven from organelles to nucleus, which could lead to increase 

expression of several nuclear genes involved in biotic stress defense. In addition, these 

highly reactive molecules are involved in several processes of cell degeneration, including 

programmed cell death (PCD). Consequently, ROS originated from photosynthesis-related 

processes, in parallel to NADPH oxidase sourced ROS, may also be related to hypersensitive 

response (HR) induction, acting directly in defensive mechanisms against viral infection 

(Bolton 2009; Caplan et al. 2008).

To establish infection, viruses have to suppress antiviral responses, including those mediated 

by photosynthesis-dependent defense components (Bhattacharyya and Chakraborty 2018). 

Several studies have reported effects of viral infection in chloroplasts (Prod’homme et al. 

2003, 2001; Wei et al. 2013; Zhao et al. 2016; Souza et al. 2017), including accumulation of 

coating proteins at the PSII super-complex leading to decreased oxygen evolving activity 

and photoinhibition (Hodgson et al. 1989). Photosynthesis and photorespiration encompass 

an intricate network, cross-regulated, to optimize photosynthetic yield under the most 

variable environmental conditions, adding complexity to the mechanisms governing plant–

virus interactions (Silveira and Carvalho 2016).

The use of integrative “omics” approaches has allowed the simultaneous analysis of several 

processes that plant cells employ in order to avoid or minimize the establishment of disease 

and has allowed a glimpse of the metabolic processes targeted by viruses. Proteomics is a 

powerful technique to identify massive changes in the cellular proteins and has been used to 

study the biochemical mechanisms involved in plant–virus interactions (Kundu et al. 2011, 

2013; Mehta et al. 2008; Paiva et al. 2016; Varela et al. 2017; Zhong et al. 2017). Recent 

advances in mass spectrometry (MS), genomics and bioinformatics have also contributed to 

our understanding of plant–virus interactions. Other technologies such as gel-free and label-

free approaches in tandem with MS analysis have provided critical information on the 

differential expression of thousands of proteins (Quirino et al. 2010). Combined, these 

approaches are a valuable tool in the identification of proteins differentially expressed during 

viral infection, enabling hypothesis-driven studies on plant–virus interactions (Beltran et al. 

2017; Kundu et al. 2011, 2013; Lodha et al. 2013; Paiva et al. 2016; Quirino et al. 2010; 

Toby et al. 2016; Varela et al. 2017).

Thus, in the apogee of the “omics” era, this review addresses the most remarkable advances 

in the use of proteomic approaches to understand plant–virus inter-actions, with a special 

emphasis on the biochemical and physiological changes driven in photosynthesis-related 

processes. In literature several review papers have approached this issue in a fragmented 

way. In opposition, in this review an integrative view of different proteomic, physiological 

and molecular processes, is targeted. Therefore, we focused on (1) photosynthesis-related 

proteins commonly affected, (2) the physiological meaning of these effects, and (3) the 

causal nature of the reduction in photosynthesis-related proteins during infection.

Souza et al. Page 3

Theor Exp Plant Physiol. Author manuscript; available in PMC 2019 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2 Photosynthesis shut off and symptoms of virus infection

Photosynthesis is of great importance to plant antiviral defense mechanisms (Bolton 2009; 

Caplan et al. 2008). However, while viruses need to impair plant defense mechanisms 

dependent on photosynthesis-related processes, viruses also need the highly energetic 

expensive translational machinery of host plants to guarantee successful viral infection. 

Indeed, the development of several characteristic symptoms of viral infection, such mosaic, 

chlorosis and leaf distortion, are a consequence of widespread damage to the photosynthetic 

machinery. Symptoms are first associated with local infection, as results of viral replication 

at the initial sites of infection. Whole plant symptoms appear after the virus has established 

systemic infection through the entire plant (Fig. 1). After replication in the very first infected 

cell, viruses start the cell-to-cell movement to infect nearby cells, establishing then local 

infection (Fig. 1b, c). With the local infection spot established, virus continues cell-to-cell 

movement until reach veins and vascular tissues in the leave (Fig. 1d, white arrowheads). 

After colonize vascular tissue, virus can move to young healthy leaves to establish systemic 

infection (Fig. 1e) (Mochizuki et al. 2014; Rahoutei et al. 2000; Zhao et al. 2016).

Several metabolic and molecular changes in plant cells must occur simultaneously during 

infection development and a clear cause–effect relationship has not been established. Several 

reports suggest that changes in chloroplast components and functions may be the most 

important factor in development of the classic symptoms of chlorosis and mosaic formation 

(Liu et al. 2014; Rahoutei et al. 2000). During viral infection, chloroplasts suffer several 

structural changes induced by viruses such as appearance of atypical morphological 

structures (i.e., globules or membrane-bound extrusions), aggregation of unusual 

photosynthetic structures, dilatation of thylakoids and complete chloroplast degradation and 

grana disorganization, which in extreme cases can even lead to a decrease in total 

chloroplast number per leaf area (Laliberté and Sanfaçon 2010; Montasser and Al-Ajmy 

2015; Zhao et al. 2016).

Interference with chlorophyll metabolism, or induction of chlorophyll degradation reduce 

photosynthesis yield, visible as yellow or white spots, or leaf mosaics (Liu et al. 2014; 

Shimura et al. 2011). Drastic reductions in chlorophyll levels during this process are 

associated with symptom development (Kundu et al. 2013; Liu et al. 2014; Shimura et al. 

2011; Souza et al. 2017). In cowpea (Vigna unguiculata) plants susceptible to Cowpea 

severe mosaic virus (CPSMV, genus Comovirus) infection can induce decreases up to 32% 

and 40% in chlorophyll b and a, respectively (Souza et al. 2017). Moreover, in this study, the 

authors clearly suggest a similar trend of reduction in chlorophyll level and lower 

photosynthetic index in parallel with symptoms and disease establishment. Nevertheless, the 

mechanism by which viruses can interfere in chlorophyll metabolism remains elusive. 

Furthermore, during infection, viruses can negatively affect several important chloroplast 

functions such as electron transfer reactions, chlorophyll metabolism, autonomous 

chloroplast protein synthesis, CO2 fixation reactions and chlorophyll metabolism, all 

potentially involved in symptom development (Liu et al. 2014; Neilson et al. 2013; Souza et 

al. 2017; Varela et al. 2017; Zhao et al. 2016).
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The establishment of characteristic symptoms in plants during viral infection is a complex 

process. An isolate of Cucumber mosaic virus carrying a Y-satRNA (CMV-YsatRNA) 

induces silencing of the plant mRNA encoding for magnesium chelatase subunit I (ChlI), 

which an important enzyme for chlorophyll biosynthesis (Shimura et al. 2011). In parallel, 

Liu et al. (2014) also reported that during plant infection by African cassava mosaic virus 

(ACMV genus Begomovirus) in Cassava (Manihot esculenta), several genes involved in 

chlorophyll degradation ware up regulated. A recent comparative genetic analysis showed 

that in a potyvirus and in an orthotospovirus, on one protein, the silencing suppressors HC-

Pro or NSs, respectively, are needed for symptom development (Garcia-Ruiz et al. 2018). 

Collectively, these observations suggest a role for epigenetic regulation of chlorophyll 

degradation in symptom development by two possible mechanisms. Virus-encoded silencing 

suppressors that bind small RNAs may promote upregulation of genes involved in 

chlorophyll degradation or virus-derived siRNA may directly target and downregulate 

chlorophyll biosynthesis genes.

3 Variations in proteomic techniques

By definition proteomics is a technique applied to analyze a protein profile from a cell. This 

method can be performed by two ways (1) gel-based and (2) gel-free both coupled with 

mass spectrometer analysis (MS) (Fig. 2). The first is based in sodium dodecyl-sulfate 

polyacrylamide (SDS-PAGE) gel used in electrophoresis analysis. This approach allows the 

identification of many proteins. A variation of this technique called DIGE brought an 

upgrade to this type of analysis allowing the identification of thousands of proteins (Fig. 2) 

(Lodha et al. 2013; Quirino et al. 2010). However, limitations of this technique are related to 

high cost and to problems in identification of very large and very small proteins (Fig. 2). The 

second, the gel-free analysis is a great update in this type. In gel-free analysis proteins are 

applied directly in MS machine, in this case no gel analysis is needed. The main advantage 

of this technique is the possibility of identifies thousands of proteins (e.g. 3000, Paiva et al. 

2016). The limitation of this analysis is the required high skill level to operate the MS 

machine and to analyze the data (Fig. 2) (Lodha et al. 2013; Di Carli et al. 2012; Quirino et 

al. 2010).

Although, the field of proteomics has been evolving at an impressive rate, especially due to 

development of new methods to analyze simultaneously a large number of proteins, using 

either gel or gel-free techniques, in combination with MS analyses that now have higher 

sensitivity and precision (Fig. 2 and Table 1). Besides the great contribution of gel-free 

techniques, gel-based proteomic methods have also improved protein identification (Fig. 1 

and Table 1). Pineda et al. (2010) identified only 55 proteins when analyzing N. 
benthamiana and Pepper mild mottle virus (PMMoV, genus Tobamovirus) interactions by 

2DE-PAGE-MS analysis, whereas Serra-Soriano et al. (2015) identified 1046 differentially 

expressed protein species in plants infected with Cucumis melo and Melon necrotic spot 

virus (MNSV, genus Carmovirus) by 2DE-DIGE LC–MS analysis. Despite the high 

sensibility of 2DE-DIGE methodologies, it is used less often than gel-free approaches, 

mainly due to the high costs of dyes (Di Carli et al. 2012).
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4 Proteomics provides insights into plant–virus interactions

While photosynthetic shutdown during viral infection of plants is important, basic 

understanding of the molecular mechanisms underlying this phenomenon remains to be 

elucidated. The challenges are related to the complexity of chloroplast metabolism and to 

the complexity of its regulatory system, which includes signals originated from both nuclear 

and chloroplast genomes. A typical plastidial genome, such as in Arabidopsis thaliana, 

presents approximately 80 genes, which encode mostly for the photosynthetic electron 

transport chain (PETC) proteins and plastid translational machinery (Sato et al. 1999). On 

other hand, the majority of proteins involved in chloroplast metabolism, including those 

related to sugar, amino acid and lipid metabolisms are nuclear-encoded proteins. Therefore, 

to fully understand a complex biological phenomenon such as plant–irus interaction 

processes involving photosynthetic shutdown, an effective holistic approach able to uncover 

simultaneously several processes of plant cell metabolism is needed. Among several 

approaches which are able to fulfill this requirement, proteomics deserves a special 

attention.

Photosynthesis is involved in triggering and/or supporting plant defense responses to fight 

viral infection by providing energy to the plant cell and as a source of ROS. On the other 

hand, viruses activate mechanisms that break down important biochemical pathways in 

chloroplast. Consequently, these two different signaling waves triggered by virus infection 

might generate new metabolic dynamics in chloroplasts that ultimately involve extensive 

repercussions in the entire protein profile. Proteomics is a powerful tool to understand these 

changes. Despite several years of studies involving the use of proteomics approaches in the 

understanding of plant–virus interactions and a great amount of data collected, the 

physiological interpretation of the obtained results is a mayor landmark that has not been 

achieved. The central question is: What is the role of differentially expressed proteins during 

plant virus-interactions?

Virus infection triggers of drastic changes in the protein accumulation in the entire plant, 

including leaves. Leaves are a very interesting organ for plant–virus interaction studies, 

since the most important symptoms of viral infection developed in leaves. Several groups of 

proteins differentially accumulate in infected leaves, most of which are involved in 

photosynthesis-related processes (Table 2). Interestingly, changes in protein accumulation 

have been detected in incompatible plant–virus combinations (Di Carli et al. 2010; Kundu et 

al. 2013; Varela et al. 2017). These proteins may provide initial clues to the mechanisms of 

plant resistance to virus infection (Kundu et al. 2013; Varela et al. 2017). The class of 

differentially accumulated proteins may determine whether or not the plant can restrict viral 

infection, and consequently, whether or not it will develop disease signals (Kundu et al. 

2013; Varela et al. 2017).

Other generic groups of proteins also change during virus infection. Cytoskeleton and RNA 

binding proteins, photosynthesis, photorespiration and chlorophyll metabolism are 

commonly affected based on proteomics studies (Alexander and Cilia 2016; Paiva et al. 

2016; Varela et al. 2017; Wang 2015). A precise prediction of specific proteins responding to 

each plant–virus combination is not currently available. However, the proteomic data 
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obtained over the years could provide the best protein candidates to study at the mechanistic 

level and to pursue in plant breeding programs. Based on this proteomic data obtained with 

different plant species, we propose that the mechanism employed by viruses during infection 

could be divided into three main processes: (1) impairment in chlorophyll biosynthesis (2) 

decrease in the photochemical activity and (3) impairment of Calvin–Benson and 

photorespiratory reactions. These mechanisms are discussed in deeper details bellow.

5 Virus-induced changes in PETC proteins

Proteomic analyses comparing interactions between resistant and susceptible plants show 

that viruses can interfere in photochemical reactions by reducing the abundance of important 

proteins involved in the photosynthetic electron transport chain—PETC (Table 2) (Kundu et 

al. 2011, 2013; Wang 2015; Wu et al. 2013; Zhong et al. 2017). In addition, these studies 

have revealed at least four cellular targets of viruses: (1) the light harvesting complex 

proteins; (2) the PSII and PSI core subunits and the oxygen evolving extrinsic proteins and 

(3) the feredoxin NAD(P)+ reductase in the terminal part of PETC. These enzymes are all 

crucial for the process of energy trapping and conversion of photons quanta into reducing 

power inside plant chloroplasts. Therefore, the ability to control the accumulation of such 

proteins is critical for survival.

5.1 The light harvesting complex proteins

Among the proteins involved in light harvesting complexes, the most common proteins 

accumulated in response to viral interactions are generically named chlorophyll a/b binding 

proteins (ChlABB), because the great capacity of such proteins to bind chlorophyll, 

xanthophylls and other pigments (Table 2). Compatible interactions between N. benthamiana 
× PMMoV (Pineda et al. 2010), Arabidopsis thaliana × Oilseed rape mosaic virus (ORMV, 

genus Tobamovirus) (Niehl et al. 2013), N. benthamiana × Tobacco mosaic virus (TMV, 

genus Tobamovirus) —Wang et al. 2016), N. benthamiana × Tomato yellow leaf curl china 

virus (TYLCuCV, genus Begomovirus) (Zhong et al. 2017), V. unguiculata × CPSMV (Paiva 

et al. 2016) and Pisum sativum × Pea Seed-Borne Mosaic Virus (PSBMV, genus Potyvirus) 

(Cerna et al. 2017) were described previously (Table 2). All these works involving different 

viruses and different host plant species, shown clear evidence of decreased amounts of LHC 

proteins in the presence of compatible interactions. These concordant results demonstrate 

the importance of LHC during plant–virus interactions. Together these proteins are 

important in the initial steps of the photosynthesis, light absorption by LHC proteins, and 

chlorophyll excitation and decay in which light is converted into chemical energy (Shen 

2015). Therefore, reduction of these proteins is very important to successful viral infection, 

as well as the reciprocal is also true.

The PSII and PSI antennas are a hetero-complexes composed by several different subunits. 

Summarizing, PSII antennas are subdivided into major and minor antennas, which are able 

to bind several different pigments, including chlorophylls and xanthophylls. The major 

antennas of PSII are constituted by two integral proteins, the CP43 and CP47 subunits. 

These proteins are closely related due to the excitation transference to the PSII reaction 

center (Van Ameron-gen and Croce 2013). In parallel, on the stromal face of thylakoid 
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membranes, the minor antennas are another important complex involved in light capture. 

The PSII minor antennas encompass units of hetero-trimmer subunits (LHCb1, LHCb2 and 

LHCb3) and three monomers (LHCb4, LHCB5 and LHCb6). On the other hand, PSI 

antennas are simpler and are composed of LHC trimmers (LHCal, LHCa2, and LHCa3) and 

an LHCa4 monomer (Silveira and Carvalho 2016). Unfortunately, a great limitation in the 

interpretation of data obtained from proteomics studies regarding LHC proteins is the fact 

that several different names are currently employed to describe these proteins. For instance, 

the LHCb4 protein, also referred to CP29 in literature, is commonly identified in proteomics 

studies by the nomenclature chlorophyll a/b binding protein 29, or CB29 (Varela et al. 

2018). These different names for the same protein represent important mistakes in literature 

and a strong limitation for the physiological interpretation of proteomics data obtained from 

different biological contexts, remarkably plant–virus interactions.

Indeed, the reduction in abundance of several chlorophyll a/b binding proteins is followed by 

low chlorophyll content and photosynthetic index, which lead to disease symptoms and 

establishment (Kundu et al. 2013; Souza et al. 2017). Kundu et al. (2013) reported a 

reduction in ChlABB proteins succeeded by the reduction of chlorophyll a and b content and 

consequent reduction in photosynthetic index in the interaction of susceptible V. mungo 
plants and Mung-bean yellow mosaic india virus (MYMIV, genus Begomovirus). Using 

iTRAQ-based quantitative proteomic analyses, Wang et al. (2016) reported a decrease in 

abundance in five different ChlABB protein species, which was associated with severe 

disease symptoms in susceptible O. sativa plants infected by Rice stripe virus (RSV, genus 

Tenuivirus). In addition, Liu et al. (2014) reported a direct correlation between reduction in 

ChlABB protein species and reduction in chlorophyll content associated with the formation 

of mosaic and yellow spots in leaves of Cassava infected with ACMV. Indeed, the 

interference by viruses on these plastidial proteins can compromise the entire photochemical 

reaction system, due to the impairment on the most primordial source for water oxidation in 

the oxygen evolving complex—OEC (Kundu et al. 2013; Souza et al. 2017).

Besides the importance of LHC proteins regarding the light energy capture, it is also very 

clear the occurrence of a high correlation between these proteins and non-photochemical 

quenching (NPQ) of chlorophyll a fluorescence (Elrad et al. 2002). NPQ is a multi-

component mechanism triggered by plants in the presence of increasing light (Ruban 2017). 

The most important component of NPQ, called qE, is a photoprotective mechanism related 

to mitigation of excessive light energy captured by the pigments bound to PSII LHC 

proteins, dissipating the excess of energy as heat. Indeed, the qE component is believed to 

contribute up to 90% of total NPQ measured in illuminated leaves (Ruban et al. 2012). The 

molecular mechanism and action-site for qE have been intensely studied for the past 30 

years, but there is still no consensus on this issue. There are supporting evidence that this 

mechanism is triggered by thylakoid lumen acidification induced by light (Ruban et al. 

2003), which generates a signal perceived by the PsbS protein (Niyogi et al. 2005; Johnson 

and Ruban 2010) that is subsequently able to activate the violoxanthin de-epoxidase activity 

(Demmig-Adams 1990). However, the exact site for heat loss during qE triggering has 

remained elusive. The energy transfer by interactions between chlorophyll molecules 

(Horton et al. 1996), the quenching interactions between the lutein bound at the L1 site and 

chlorophylls a612–a611–a610 (Ruban et al. 2007), and xanthophyll–chlorophyll quenching 
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interactions between zeaxanthin bound at the L2 site and chlorophylls A5 and B5 (Ahn et al. 

2008) are possible candidates for the qE site in higher plants. Nevertheless, a hypothetical 

“all pigments”— quenching model has been recently proposed (Chmeliov et al. 2015). This 

model is based on the semi-empirical MNDOCAS-CI method and has successfully evaluated 

all the existing inter-pigment couplings and thus, generated a reasonable estimate of the 

quenching ability for various carotenoids binding to LHC antennas, simultaneously.

If NPQ mechanism is still poorly understood to date, the attempts to comprehend the 

involvement of this phenomenon in the plant–virus interaction is much more incipient. 

Pérez-Bueno et al. (2006) showed a specific increase in NPQ leaf areas exposed to PMMoV 

(Pérez-Bueno et al. 2006). In addition, Souza et al. (2017) reported that EMS-mutagenized 

resistant cowpea plants (V. unguiculata) to CPSMV had an increase of 51% in NPQ levels, 

whereas plants susceptible to CPSMV showed a decrease of 50.8% in NPQ levels. Based on 

these results, the idea emerged that NPQ plays a role in the defense of plants against viral 

infection. However, the precise underlying mechanisms regulating this process during plant–

virus interaction is still unclear. Indeed, the increase of NPQ levels provides heat, which has 

been shown to lead to ROS accumulation in TMV-inoculated resistant tobacco leaves, 

probably by increasing the oxygen uptake (Chaerle et al. 1999). The main problem with this 

hypothesis is that qE induction is a competitive sink for energy in PETC, which is ultimately 

the source of ROS in chloroplasts, either in PSII (Kale et al. 2017) or at the PSI acceptor 

side level (Takagi et al. 2016; Huang et al. 2018). Thus, the increase in NPQ, in terms of 

energy balance, appears to be incompatible with the increase of thylakoidal ROS production.

Another interesting fact concerning NPQ induction during incompatible plant–virus 

interactions is the fact that susceptible plants also exhibit a decreased accumulation of 

antenna complex proteins, as discussed above. Therefore, the decrease in these protein 

amounts could be interpreted as an advanced virus mechanism to counteract NPQ defenses, 

by directly regulating its formation site. Consequently, an important question remains open: 

What is the benefit to resistant plants by presenting higher NPQ levels? Recently, some 

authors have proposed that changes in NPQ could be related with systemic signaling 

processes inducing a systemic acquired acclimation— SAA (Karpiński et al. 2013). 

Accordingly, during a stressful condition, NPQ wave-like changes, as well as electrical 

waves regarding changes in membrane potential and ROS signaling waves, can be induced 

as important players to achieve SAA (Karpiński et al. 2013).

5.2 PSII and PSI core subunits and the oxygen evolving extrinsic proteins

Additional important targets for virus-induced changes revealed by proteomic approaches 

are the core and low molecular mass proteins from PSII, as well as several subunits of the 

PSI complex (Table 2). The most notable consequence of changes in amount of PSII and PSI 

subunits is the potential decrease of electron transport rate in PETC, and consequently, the 

generation of reducing power should be limited. Indeed, viruses can interfere in 

photochemical activity by reducing accumulation of proteins involved in the oxygen-

evolving complex (OEC), those involved in charge separation inside both PSII and PSI 

super-complexes, or by decreasing amount of proteins involved in electron transport in 

between PSII and PSI. Some of the most common differential proteins targeted by viruses 
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during compatible interaction are: oxygen-evolving enhancer proteins (OEEP), the PSII core 

proteins D1 and D2, the PsaD subunit of PSI and ferredoxin-NADP reductase (FNR) (Table 

2) (Kundu et al. 2013; Qiu et al. 2018; Wang 2015; Wang et al. 2016; Wu et al. 2013).

OEEP perform an important role in OEC activity carried out in the PSII core complex. The 

PSII core complex is composed by the plastidial-encoded proteins D1 and D2, the two major 

antennas CP43 and CP47 and the α and β subunits of cytochrome b559 (Bricker and Frankel 

2011). By definition, these are “core” proteins because the oxygen evolving activity is not 

possible without any of these PSII subunits (Roose et al. 2016). On the other hand, the 

OEEP are nuclear-encoded proteins with molecular masses of 26.5 kDa (PsbO), 20.2 kDa 

(PsbP) and 16.5 kDa (PsbQ), also necessary for maximal rates of O2 evolution, but not 

crucial, because their absence only modestly affects PSII function and, therefore, are not 

classified as core proteins. The role of these extrinsic proteins is probably related to 

modulation of inorganic cofactors (manganese, calcium and chloride), which are 

requirements for maximum core activity (Roose et al. 2016). Thus, during viral compatible 

interactions with plant hosts, the capability to viruses interfere in the amount of OEEP might 

represent a very efficient strategy to down-regulate the photosynthetic activity, and 

subsequently the provision of energy for defense mechanisms, without promoting the entire 

cell energetic collapse.

Interestingly, OEEP have also been investigated for several other non-canonical functions. 

For example, evidence suggests that PsbO could present carbonic anhydrase (Shitov et al. 

2009) and GTPase activity (Lundin et al. 2007). In parallel, PsbP and PsbQ subunits have 

been implicated as participants in grana stack formation (Yi et al. 2009). Furthermore, OEEP 

may also act as assembly/stability factors for photo-system II (Roose et al. 2016). 

Nevertheless, since these OEEP are highly abundant in leaves, the possibility that they act as 

reserves for C and N remobilization during stress conditions should not be ruled out 

(Silveira and Carvalho 2016). Therefore, viruses would benefit from decreased levels of 

OEEP for several reasons and, indeed, proteomic studies have shown that this is a frequent 

response in positive plant–virus interactions. The most interesting observation involving the 

participation of OEEP during virus compatible interactions was recently reported by 

Balasubramaniam et al. (2014), which described that PSII OEEP interacts specifically with 

the coat protein (CP) of Alfalfa mosaic virus (AMV, genus Alfamovirus) and this event 

could be related with inhibition of virus replication, thus demonstrating a direct role in 

antiviral defense. In concert with the functions discussed above, several proteomics 

approaches have been used to investigate incompatible plant–virus interactions in which the 

evidence indicates that resistant plants exhibit an accentuated increase in abundance of many 

isoforms of OEEP (Di Carli et al. 2010; Kundu et al. 2013, 2011; Varela et al. 2017; Wu etal. 

2013).

In addition to a reduction in the abundance of OEEP, viral infection also commonly results 

in a lowered accumulation of D1 and D2 proteins in the PSII core (Table 2). The decrease in 

abundance of PsbA (D1) and PsbB (D2) proteins during viral infection indicates a decrease 

in the synthesis/degradation balance for these proteins. This lowered balance in the presence 

of virus infection leads to PSII photoinhibition (Aro et al. 1993) and consequently to a 

decrease in the reducing power available for carboxylation activity and photorespiration 
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(Souza et al. 2017). In fact, Kundu et al. (2013), using a proteomic approach to the study of 

V. mungo plants infected with MYIMV found a great reduction in D1 and D2 proteins. 

Beyond that, by analyzing photochemical reactions via chlorophyll a fluorescence 

measurements, the authors reported that the very low levels of D1 and D2 proteins were 

associated with lower actual quantum efficiency of PSII in susceptible V. mungo plants, as 

expected. These results strongly suggest that MYMIV induces photoinhibition of PSII, 

which might limit energy conversion by light reactions.

During viral evolution, viruses acquired proteins that could perform multiple functions at the 

same time. Thus, while working in replication, some viral proteins also display activities that 

lead to the breakdown of plant defense mechanisms (Acosta-Leal et al. 2011; Huang et al. 

2010; Hwang et al. 2015; Walsh and Mohr 2011; Wang 2015). Thus, by decreasing the 

amount of important PSII core proteins, viruses could affect the entire photosynthetic 

machinery in plant leaves, consequently, decreasing any potential defense capacity. Indeed, 

Hodgson et al. (1989) and Reinero and Beachy (1989) reported that accumulation of TMV 

CP in the PSII super-complexes (Fig. 3A) from leaves of spinach (Spinacia oleracea) and 

Tobacco (N. tabacum L.), respectively, was associated with reduction in the photosynthetic 

index. In addition, Pineda et al. (2010), Di Carli et al. (2010) and Wu et al. (2013), who 

employed proteomic analysis to infected susceptible plants, also reported a virus-induced CP 

accumulation in these compatible interactions.

Particularly, Pineda et al. (2010) performed a proteomic analysis of the enriched fraction of 

chloro-plasts obtained from tobacco leaves infected by PMMoV. Corroborating the previous 

data, in their study the CP accumulation at the PSII super-complex also led to inhibition of 

electron transport rate from PSII (ETRII), consequently leading to photoinhibition, 

disruption of grana organization and severe damage to chloroplasts (Fig. 2a) (Hodgson et al. 

1989). Besides, several other proteomic studies have reported the reduction in D1 and D2 

induced by viruses from different families and interacting with susceptible plants from 

different species (Wang et al. 2015, 2016; Wu et al. 2013; Zhong et al. 2017). Remarkably, 

the reciprocal is also true for incompatible interactions between plants and viruses. Wang et 

al. (2016) reported that tobacco (N. tabacum) plants, tolerant of TMV infection, were able to 

induce an increase in D1 and D2 proteins accumulation, whereas in TMV susceptible plants, 

these proteins decreased. Taken together, these studies provide strong evidence to support 

the idea that the control of D1 and D2 levels are a common strategic target disputed by 

different viruses and plants, in order to resist or establish the infection.

5.3 Ferredoxin NAD(P)+ reductase

By examining Table 2, it is also clear that ferredoxin-NADP reductase (FNR) accumulation 

is also commonly affected by several viral infections (Pineda et al. 2010; Qiu et al. 2018; 

Wang et al. 2016; Wu et al. 2013; Zhong et al. 2017). FNR is a central enzyme in PETC 

involved in the final electron transference to NADP+ producing NADPH. This is the primary 

reaction responsible for providing reducing power (NADPH) required for the reductive 

phase of the photosynthesis that leads to CO2 assimilation. In addition, the NADPH 

generated by FNR activity is also crucial for sustaining the activity of important 

antioxidative systems involved in the chloroplast redox protection, including NADPH-
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dependent thioredoxin reductase C (NTRC) system and glutathione reductase (GR) in the 

ascorbate–glutathione cycle (Kozuleva et al. 2016). Finally, FNR proteins are also involved 

in the cross-talking between chloroplasts and mitochondria, in terms of its importance for 

the chloroplastic NADPH exportation via the malate valve (Kozuleva et al. 2016). Thus, in 

addition with the changes in other proteins involved with PETC, the capacity to regulate 

negatively the accumulation of FNR during viral infection, should represent a strategic 

advantage to control the energetic machinery from plant cells, ensuring that the defense 

system will be minimized.

Taken together, proteomic is an approach to understand how viruses benefit from decreases 

of photochemical activity in the chloroplasts. However, an important question remains 

elusive: would the decrease in photochemical activity be a cause or consequence of 

compatible viral interaction? At this time, further experiments are needed in order to answer 

this question. By inhibiting the PETC functioning, virus-infected plants should present a 

subsequent ROS production by chloroplasts, leading to PCD events that interfere with viral 

infection (Kangasjärvi et al. 2012). Indeed, when PETC is over-reduced due to energetic 

imbalance between light input into antennas and lowered NADH consumption, the electron 

donation from P680 to oxidized plastoquinone is inhibited and charge recombination could 

lead to P680 triplet formation. In turn, the triplet form of chlorophyll P680 is possible to 

react with molecular oxygen, which will generate oxygen singlet, an important ROS 

involved in chloroplast retrograde signaling. Not so far, the excessive reducing power at PSI 

acceptor side, which is totally consistent with decreased FNR activity, could provide 

electrons to Mehler reaction, originating both radical ion superoxide and H2O2, also 

involved in chloroplast retrograde signaling, induction of defense mechanisms and even, 

PCD (Foyer 2018).

ROS accumulation is also an important factor regulating the synthesis of photochemical 

proteins, especially D1 turnover (Jimbo et al. 2018). Thus, by decreasing the activity of 

PETC proteins, viruses compatible interactions are able to decrease considerably the energy 

availability for the synthesis of defense proteins but, simultaneously they are prone to 

activate the entire wave of ROS retrograde signaling, which could lead to inducible 

expression of several plant defense genes. In this sense, the decrease of PETC proteins 

accumulation could be more beneficial than prejudicial to global plant defense against 

viruses. However, viruses able to establish compatible interactions are able to cheat all these 

factors through the precise regulation in synthesis/degradation of a single group of 

biomolecules: the chlorophylls. In the next section it will be discussed what proteomics 

studies have revealed about changes in chlorophyll metabolism in response to plant–virus 

interactions.

6 Virus-induced changes in chlorophyll metabolism

A recent proteomic study based on iTRAQ analyses of the interaction between O. sativa and 

RSV gave us important insights into viral interference on chlorophyll biosynthesis (Wang et 

al. 2015). In this study, the authors reported a decrease in abundance of proteins involved in 

chlorophyll biosynthesis, such as magnesium chelatase (Mg-chelatase) subunits I and D, 

protoporphyrinogen oxidase and magnesium-pro-toporphyrin IX monomethyl ester. All 
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these proteins are important for Mg2+ insertion into a protoporphyrin IX molecule, which is 

an immediate precursor of chlorophyll biosynthesis (Walker and Weinstein 1991; Walker 

and Willows 1997). Reductions of Mg-chelatase in plants during infection by viruses had 

already been reported by Di Carli et al. (2010), however, the analysis reported by Wang et al. 

(2015) also suggested that other isoforms of Mg-chelatase were involved in the same 

response mechanism, providing new information on this issue (Fig. 3c). In addition, Shimura 

et al. (2011) and Liu et al. (2014) also reported the importance of Mg-chelatase shut off to 

the success of viral infection. These studies reported that viruses have different mechanisms 

to shut down this enzyme, generating a deep inactivation of plant defenses and allowing viral 

infection establishment (Fig. 3c).

Although there is a clear positive correlation between decreased Mg-chelatase levels and 

increases in disease signals development during viral infection, little is known about the 

viral mechanism that induces the shut-down of Mg-chelatase. Shimura et al. (2011) provided 

one interesting explanation while studying the interaction of CMV-Ysat and N. benthamiana. 
While CMV-Ysat does not replicate in chloroplasts, it does have an RNA sequence 

complementary to Mg-chelatase mRNA (Fig. 3c). During viral infection, CMV replicates in 

the cytoplasm and then moves to chloroplasts, inducing degradation of Mg-chelatase mRNA 

by plant cell RNA silencing machinery (Shimura et al. 2011). To date, this mechanism has 

only been described in CMV-Ysat infections of N. benthamiana. Indeed, other mechanism(s) 

for lowering Mg-chelatase levels may exist. Thus, further studies are warranted if we are 

going to fully understand how plant–virus interactions interfere with chlorophyll 

biosynthesis.

On the other hand, the lack of proteomics evidence suggesting negative changes in Mg-

chelatase and other proteins related to chlorophyll metabolism during incompatible plant–

virus interactions, reinforce the hypothesis that this is a primordial target for the disease 

establishment. In fact, pigments like chlorophyll are possible involved with NPQ formation, 

possibly via the quenching interactions between the lutein bound at the L1 site and 

chlorophylls a612–a611–a610 (Horton et al. 1996; Ruban et al. 2007). Moreover, if 

chlorophyll content is reduced the amount of light energy effectively absorbed will drop 

significantly and therefore viruses could be benefited with the decrease of ROS generation at 

both PSII and PSI levels and, ultimately, by the decrease of reducing power availability, 

crucial for the reduction phase of photosynthesis. In the next section, the importance of 

controlling the accumulation of proteins related to Calvin–Benson cycle during plant–virus 

interactions will be further discussed.

7 Virus effects on carbon assimilation reactions

Carbon assimilation reactions are extremely important to plants cope the viral infection. The 

trioses generated by the Calvin–Benson cycle are crucial to provide the primordial carbon 

skeletons that are employed in several biochemical pathways in plant cells, including for the 

production of important metabolites with roles related to defense against biotic stresses and 

hormones. As discussed previously, the virus ability to shut down the chlorophyll 

metabolism and PETC activity will ultimately reflect in the decrease of the carboxylation 

activity. However, during evolution, natural selection has favored virus strategies that ensure 
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not only to shutting down proteins needed in photochemical reactions, but also the capability 

to regulate the accumulation of proteins related to the later reductive phase of 

photosynthesis. Indeed, numerous proteomic studies have reported decreased abundance of 

proteins involved in Calvin–Benson Cycle (Table 2). Abundance reduction has been more 

often reported for the RuBisCO small subunit, the RuBisCO large subunit, phosphoglycerate 

kinase (PGK), sedoheptulose-bisphosphatase (SBPase), fructose-bisphosphatase aldolase 

(SFBA), and rubisco activase (Table 2) (Huang et al. 2010; Kundu et al. 2013; Pineda et al. 

2010; Wu et al. 2013; Zhong et al. 2017).

The observed decreases in abundance of proteins related to the Calvin–Benson cycle (CB-

cycle) suggest a mechanism employed by some viruses to decrease CO2 assimilation in 

susceptible infected plants. Indeed, CO2 assimilation is involved with the higher demand for 

assimilates, required by plants to establish defense responses, including the carbon skeletons 

employed in the synthesis of proteins, nucleic acids and secondary metabolites (Neilson et 

al. 2013). For example, the accumulation of photosynthetic proteins in EMS-mutagenized 

cowpea plants challenged with CPSMV suggests that resistant plants evoke mechanisms to 

protect the photosynthetic machinery. Indeed, these results indicate that more than merely 

preserving it, these plants can improve the level of photosynthetic performance required for 

supporting the primary metabolism of plants and thereby, allowing these plants to display an 

effective mechanism to counterattack virus infection (data not published).

Among the proteins associated with the CB-cycle that have been shown to have differential 

accumulation in response to plant–virus-interactions, those of the RuBisCO large and small 

subunits deserve special attention. While RuBisCO is the most abundant enzyme in the 

planet, it is also the most inefficient. The holoenzyme is a complex comprised of four dimers 

of large subunits (RbcL) encoded by the chloroplast genome, and four dimers of small 

subunits (RbcS) encoded by the nuclear genome (Spreitzer and Salvucci 2002). However, 

despite changes in these proteins abundance have been very commonly reported in 

proteomic studies regarding plant–virus interactions, it is recommended an extra caution for 

interpreting this data. A special problem arises from the fact that these holoenzymes present 

a highly complex system of post-translational regulation (Carmo-Silva and Salvucci 2011). 

This regulatory system includes the carbamoylation and Mg2+ binding to Rubisco, which are 

crucial events that trigger the holoenzyme activation, but are also dependent on stromal 

alkaline pH. Moreover, RuBisCO is under the redox control by thioredoxin-dependent 

systems (García-Murria et al. 2018) and is also highly susceptible to inhibition by 

phosphate-sugars, such as 2-carboxyarabinitol-1-phosphate (CA1P), which together can 

ultimately limit in vivo RuBisCO activity (Andralojc et al. 2018).

RuBisCO activase is another important enzyme usually reported in the proteomic studies by 

its abundance changed during plant–virus interactions (Table 2). The biological activity 

exhibited by this enzyme is related to removal of phosphate-sugars from the RuBisCO 

catalytic site and, therefore, this protein is primordial for the final carboxylation activity 

(Carmo-Silva and Salvucci 2011). Thus, the fact that compatible plant–virus interactions 

generate negative changes in the abundance of both Rubisco and Rubisco activase might 

represent an additional evidence to support the hypothesis that viruses strategies to establish 

disease precludes down-regulation in the entire photosynthetic machinery, consequently 
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allowing to shut-down plant defenses. Indeed, besides the changes in these two crucial 

enzymes abundance, several other proteins related to CB-cycle are commonly reported as 

differentially accumulated in plants undergoing virus infection.

Interestingly, phosphoglycerate kinase (PGK) should be focus of further study. Currently, 

proteomic data has not shown a consistent pattern in PGK levels. In some cases, PGK levels 

have increased regardless the resistance or susceptibility exhibited by plants, while in other 

cases they have simply decreased (Table 2). The fact that PGK proteins are commonly 

differently expressed during plant–virus interactions might indicate that this protein is 

anyway related to viral response. However, the understanding of the molecular mechanism 

in which this protein is involved during such interactions is much harder task to achieve. 

Possible, as previous noticed for OEEP, PGK proteins might be involved in other non-

canonical functions, which are still poorly understood to date and probably could explain the 

complex pattern of response during exposure to different viruses. Indeed, PGK protein is an 

important host factor involved in the replication of several plant viruses. The 3′ UTR region 

of the Bamboo Mosaic Virus (BaMV genus Potexvirus) genomic RNA specifically interacts 

with PGK proteins, consequently driving the viral RNA into chloroplasts, and subsequently 

improving its replication (Fig. 3b). The interaction between BaMV 3′ UTR and PGK guides 

the formation of membrane-derived vesicles in chloroplasts, which is a supportative place 

for BaMV replication (Fig. 3b). The importance of this interaction was confirmed by using 

mutants that silenced to PGK protein, which lead to reduced BaMV RNA accumulation 

(Cheng et al. 2013; Lin et al. 2006). In addition, Arabidopsis plants that have a natural 

recessive resistance gene rwm1 against Watermelon Mosaic Virus (WMV, genus Potyvirus), 
encode a mutated version of PKG, which affects only WMV replication and infection 

without causing any harm to the hostplants (Lin et al. 2006; Ouibrahim et al. 2014).

Thus, the precise physiological interpretation of proteomic data regarding CB-cycle proteins 

differentially expressed in response to virus interactions is complex and requires cautions to 

avoid misinterpretations. The highly complexity of this mechanism, as well as its great 

importance to plant cell metabolism are consistent with this fact. In order to achieve more 

robust conclusions concerning the changes in abundance of these proteins is highly 

recommended to adopt an integrative approach, precluding the simultaneous analysis of the 

different CB-cycle proteins, in association with other enzymes crucial for the post-

translational regulation of its activity, such as the identification of chloroplastic thioredoxins 

related to CB-cycle activation. Unfortunately, the identification of these proteins in 

proteomic studies is much less frequent and frequently neglected during data interpretation 

(Table 2). In addition, the use of simultaneous research/instrumentation approaches to 

estimate carboxylation activity, including in vitro techniques and/or gas exchange assays, are 

essential in order to avoid misinterpretation of proteomic data concerning the CB-cycle.

8 Changes in proteins related to photorespiratory metabolism

The photorespiratory pathway is an important meta-bolic route in C3 plants originated from 

the dual Rubisco affinity for both O2 and CO2. Since the oxygenation competes directly with 

the carboxylation activity, photorespiration has been long considered detrimental to plant 

productivity. However, a different role for this metabolic pathway has been arisen in the last 
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decades, especially under excess energy conditions (Peterhansel et al. 2013). Under excess 

energy in PETC, photorespiration should act as an alternative electron sink, protecting the 

photosynthetic machinery against photoinhibition (Foyer et al. 2012). In addition, the 

photorespiratory N assimilatory metabolism probably might act as an important sink of 

carbon skeletons from chloroplasts, decreasing triose limitation of CB-cycle (Busch et al. 

2018). Moreover, GO is also involved in a step of photorespiration in the peroxisome, which 

is responsible for the over-production of H2O2 (Corpas 2015). Thus, during compatible 

plant–virus interactions is crucial to viruses the capability to shut-down the photorespiratory 

pathway in parallel to photosynthesis in order to avoid ROS burst and, in parallel, decrease 

the functioning of N assimilatory machinery.

Indeed, the fact that Rubisco is the initial enzyme involved in two crucial biological 

processes, photosynthesis and photorespiration, could indicate that by changing the amounts 

of these enzyme, viruses are targeting the both routes simultaneously. However, besides the 

enzymes involved in the Calvin–Benson cycle, proteomic analyzes also indicate the decrease 

in amounts of glycolate oxidase (GO) and glutamine synthetase during compatible plant–

virus interactions, important enzymes involved in photorespiration cycle. Photorespiration is 

the most important site of H2O2 generation in leaves (Corpas 2015), consequently the levels 

of this ROS should be also decreased as consequence of lower photorespiratory ratios during 

compatible interactions. Several studies have reported that H2O2 is an important signaling 

molecule involved in inducing PCD, which is crucial to prevent viral spreading. In addition, 

this ROS is involved in several routes of organelle retrograde signaling, which is capable to 

induce expression of numerous defense-related genes (Jones and Dangl 2006). Thus, the 

capability of virus to cause a precise and negative effect on proteins related to 

photorespiratory metabolism is an excellent strategy to over-come the most important plant 

defenses.

In this current review, a rigorous analysis of several different proteomic studies focused in 

plant–virus interactions and responses of photosynthesis-related metabolism, including the 

photorespiratory pathways, allowed us to depict a complex event regarding the regulation of 

proteins addressed to chloroplasts, notably those related to antenna complex, photosynthetic 

electron transport chain and CB-cycle. Moreover, similar trends for changes in proteins 

related to photorespiratory metabolism were observed, which is all these proteins are 

commonly strongly down-accumulated during compatible plant–virus interactions and the 

reciprocal is also true for incompatible relations. Indeed, in illuminated leaves it is estimated 

that the H2O2 production related to GO activity in peroxisomes might reach up to 10 μmol m
−2 s−1, whereas in chloroplasts this ROS production should not overcome 5 μmol m−2 s−1 

(Foyer and Noctor 2003). Despite similar studies involving the H2O2 rate production in 

different organelles during a compatible or incompatible plant–virus interaction is lacking in 

the literature, this simple comparison between chloroplasts and peroxisomes in terms of 

ROS generation could give us a nice view of the importance of photorespiratory metabolism 

during viral disease establishment. Moreover, beside the oxidative burst per se, it is 

important to highlight that any change in photorespiratory H2O2 production induced by 

viruses precludes alterations in the balance of reducing equivalents inside chloroplasts, the 

sink for carbon skeletons and triose-phosphate inhibition of CB-cycle and the ROS-

dependent retrograde signaling pathways, all of which are important to eliminate plant 
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defenses and support disease establishment (Bolton 2009). Thus, during evolution selective 

pressures might have allowed to virus the capability to interfere in photorespiratory 

metabolism as well as chlorophyll metabolism, LHC, PETC and CB-cycle enzymes, in order 

to complete viral life cycle.

However, despite several works have supported a decreased amount of proteins involved in 

photorespiration (Table 2), Kundu et al. (2013) working with V. mungo infected with 

MYMIV have reported for an increase of glycine hydroxymethyltransferase during a 

compatible plant–virus interaction. This enzyme is responsible for a crucial step in 

photorespiratory pathway and consequently, the comprehension of the relationship between 

virus infection and photorespiration remains elusive to date. Probably by example of what 

was noticed for PGK proteins, these transferases could exhibit other non-canonical function 

in plant cell during plant–virus interactions, which are not completely understood to date. If 

it is the case, only further studies will clarify this issue completely. Nevertheless, studies 

involving the photorespiratory pathway regulation and the susceptibility of plants against 

different viruses are promising in terms of select candidate genes to confer resistance to 

plants against viral infection.

9 Concluding remarks

Differential accumulation of important proteins in virus-infected plants is a complex 

phenomenon. Proteomic approaches are an important tool to understand plant–virus 

interactions. Proteins closely related with the photosynthetic metabolism, including the 

photorespiratory pathway, are differentially expressed in virus-infected plants. These 

proteins are more often related to the light harvest complex, the photosynthetic electron 

transport chain, the chlorophyll metabolism, the Calvin–Benson cycle and photorespirations. 

Two hypotheses may explain these observations (Fig. 4). Different biochemical pathways 

could act in sync to as an antiviral mechanism to provide resistance to virus infection. 

Identification of the proteins and genes involved in the interactions could be used to in plant 

breeding for resistance to viruses, increasing in this way the global crop productivity.
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Fig. 1. 
Establishment of virus infection through local cell-to-cell and systemic movement. 

Nicotiana benthamianaplants were agro-infiltrated with GPF-tagged Turnip mosaic virus 

(TuMV-GFP) or empty vector. Pictures were taken under UV light. a Model showing virus 

movement to establish local and systemic infection. b N. benthamiana plants infiltrated with 

empty. c N. benthamiana plants infiltrated with TuMV-GFP and showing local infection. d 
After cell-to-cell movement, TuMV reaches the veins and vascular tissues (white 

arrowheads). e Establishment of systemic infection after long-distance movement through 

the vascular system
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Fig. 2. 
Advantages and limitations of gel-based and gel-free proteomics methods
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Fig. 3. 
Model of virus-induced effects in chloroplast-defense related functions. a TMV 

accumulation in the granum leads to morphological disorders in chloroplasts. b cPGK is a 

host factor that participates in the formation of BaMV replication complexes in chloroplasts. 

c CMV-Y-sat replicates in the cytoplasm. Y-sat-derives siRNAs mediate silencing of 

resulting in depletion of chlorophyll content
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Fig. 4. 
Heat map summarizing the changes in abundance of proteins related to photosynthesis and 

photorespiration in selected virus-infected plants. Proteomics data employed and plant 

species studied are indicated in Table 2. Changes in protein accumulation are expressed as 

log2. The heat maps were plotted using the OriginPro 2017 software (Origin Lab 

Corporation, Northampton, USA). CB Cycle Calvin–Benson cycle, EF-G chloroplastic 

enlogation factor G, EF-Tu chloro-plastic enlogation factor Tu, FNR ferredoxin-dependent 

NADP(H) oxireductase, FTR ferredoxin-dependent thioredoxin reductase, GAPDH 
glyceraldehyde 3-phosphate dehydrogenase, GLDC glycine dehydrogenase 

(decarboxylating), GS glutamine synthetase, HSP70b chloroplastic heat shock protein 70 b, 

LHC light harvesting complex, LHCa light harvesting complex from PSI, LHCb light 

harvesting complex from PSII, PETC photosynthetic electron transport chain, PGK 
phosphoglycerate kinase, PR photorespiration, PRK phosphoribulokinase, PsbO subunit O 

from PSII (OEE1), PsbP subunit P from PSII (OEE2), PsbQ subunit Q from PSII (OEE3), 
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PSI photosystem I, PSII photosystem II, RbcL large subunit of Rubisco, RbcS small subunit 

of Rubisco, RCA Rubisco activase, SBPase sedoheptulose biphosphatase, SFBA 
sedoheptulose/frutose biphosphate aldolase, SNT7 serine/threonine-protein kinase
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