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Abstract As simple organisms with a parasite nature,
viruses have become masters in manipulating and subvert
cellular components, including host proteins and organelles,
to improve viral replication. Therefore, the understanding of
viral strategies to manipulate cell function disrupting plant
defenses and enhancing viral infection cycles is fundamental
to the production of virus-resistant plant lines. After invading
susceptible plants, viruses create conditions that favor local
and systemic infections by suppressing multiple layers of
innate host defenses while use cellular machinery to own
benefit. Viral interference in interlinked essential cellular
functions results in phenotypic changes and disease symptoms,
which debilitates plants favoring infection establishment.
Herein in this review, the novelty it will be the discussion
about the strategies used by (+) single strand RNA viruses to
affect cellular processes and components to improve viral
replication, in parallel to overcome plant defenses, favoring
disease establishment by applying in one action using the
same viral protein to coordinate viral replication and breaking
down plant defense. This focus on plant-virus interaction
was never done before, and this knowledge has the potential
to help in the development of new strategies to produce
resistant plants.
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Introduction

Plants are in permanent contact with several microbial
pathogens, such as fungi, bacteria, and viruses, which are
responsible for several agricultural losses. Annually, the exposure
of economically important crops to pathogens results in
losses of millions of dollars (Savary et al. 2012; De Leodn et
al. 2013). Among plant pathogens, plant viruses have gained
more and more attention. Until 2012, already had been registered
92 genera of plant viruses at the International Committee on
Taxonomy of Viruses database (King et al. 2012). Plant (+) RNA
viruses can infect several cultures with agronomic importance
such as beans, soybean, tomato, peanut, cassava, wheat, rice,
cucumber, potato, tobacco, barley, and peppers, which
corroborate the importance of these pathogens in limitation of
food production worldwide (Elvira et al. 2008; Scholthof et al.
2011; Hill et al. 2014; Kenyon et al. 2014; Shoup Rupp et al.
2016; Dempsey et al. 2017; Souza et al. 2017).

Plant infection by viruses results in several physiological
and biochemical disorders, which early lead to symptom and
disease establishment, and later, plant death and economic
losses. The economic losses are the end of the way that
begins with symptoms establishment. During viral infection,
the shutting off the cellular function is critical for viruses
induce symptoms and then continue with the infection.
Chlorosis and mosaic formation are typical symptoms of
viral infection in plants. These symptoms are the consequence
of chloroplasts shut off induced by the virus (Li et al. 2006).
For instance, Tobacco mosaic virus (TMV) induces chlorotic
symptoms by two mechanisms; (1) accumulating coat protein
on PSII core complex (Lehto et al. 2003) and (2) reducing
the level of thylakoid membrane oxygen-evolving complex
proteins (Abbink et al. 2002) during the replication process.
These are great examples of how viruses can “kill two birds
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with one stone”.

Viruses are obligatory parasites; to cause infection they
have to be able to replicate in host cells. Once inside the cell,
the viral (+) RNAs are used as models to transcription and
translation processes to produce new copies of RNAs and
proteins, respectively. Then, these new viral particles are
exported to neighbor cells up to the vascular system, leading
to systemic infection (Nagy et al. 2012). Viral RNA genome
encodes only a few proteins (3-10). Indeed, to complete the
entire life cycle, viruses’ require several cellular components
(Table 1), such as proteins and metabolites, also referred to
as cellular host factors.

During replication, viruses are counter-attacked by plant
defense mechanisms, for example, RNA silencing (Garcia-Ruiz
et al. 2010). However, despite a diverse set of plant defense
mechanisms, in some cases, plants cannot prevent viral infection
leading to disease establishment. Thus, the balance between
these two different biological processes will be determinant to
generate a compatible or incompatible plant-virus interaction.
However, despite the importance of RNA viruses for crop
productivity, deeper comprehension of the establishment of a
compatible or incompatible plant-virus interaction is still
lacking. Based on this fact, a question is raised: how do RNA
viruses overcome plant defenses and replicate themselves and
how they employ different host factors to reach this?

During evolution course, viral proteins acquired the ability
to develop multiple functions. While they work in viral
replication, viral proteins can display activities that lead to
the breaking down of plant defense mechanisms. Viral proteins
also can recruit plant cellular machinery to accelerate and
complete viral replication (Harries et al. 2009; Huang et al. 2010;
Huang et al. 2012; Hwang et al. 2013; Hwang et al. 2015). For
example, coat viral protein (CP) possesses several additional
activities beyond its canonical structural activity, including
infectivity, pathogenicity and symptoms development (Weber et
al. 2015). An additional example is the potyviral helper
component proteinase (HC-Pro), which can recruit translation
initiation factors to improve potyviral replication, besides
displaying RNA silencing- suppressor activity, contributing to
genome viral amplification, and being involved in aphid
transmission (Garcia-Ruiz et al. 2010; Ala-Poikela et al. 2011).

In this review, we will discuss two aspects about plant-
virus interaction (1) how plant RNA viruses achieve control
of the cellular functions, proteins, and organelles, and use it
to improve replication; (2) and how these viruses can break
plant defense mechanisms to establish infection.

Chloroplasts in Plant-virus Interactions: How do
Viruses Attack and Subvert Chloroplasts?

Chloroplasts are essential and abundant organelles in plants.

This organelle carries out one of the most important plants
physiological processes: photosynthesis, which is responsible
for providing energetic support (ATP and NADPH) to cope
with pathogen infection (Nomura et al. 2012; Bhattacharyya
et al. 2018; Souza et al. 2019). Based on the importance of
chloroplasts to plants, we discuss in this section two important
questions (1) why plant viruses have to break down chloroplasts
functions and (2) how do they do this?

The importance of chloroplasts in plant defense is related
to its ability to produce Reactive Oxygen Species (ROS).
These ROS can act directly to prevent virus infection by
induction of programmed cell death, and/or indirectly by
inducing defense-related genes in the nucleus (Caplan et al.
2015). Thus, for successful infection, is imperative for viruses to
suppress chloroplast-mediated defenses by employing several
strategies, such as effector synthesis.

As skilled parasites, plant viruses can use the chloroplasts
to improve their replication while shutting down processes
that can be considered a threat. For example, TMV infection,
which occurs outside of chloroplasts, is followed by CP (coat
protein) accumulation at the PSII complex in thylakoids
membranes and thus inhibition of electron transport within
and starting at PSII. As a result, chloroplasts suffer impairment
in the energetic balance involving light absorbance and
metabolic energy, causing photoinhibition (Hodgson et al.
1989). Besides that, viruses can also interact with chloroplast
proteins and induce the formation of membranes vesicles in
improving viral replication. This viral-derived vesicle also
generates  severe alterations in  chloroplast morphology,
impairing its functions to plants (Liu et al. 2014; Li et al. 2016).

Virus-chloroplast interaction is critical for the development of
typical disease symptoms during virus infection, such as
changes in chloroplast structures, reduction of photosynthesis
efficiency and reduction of chlorophyll levels (Shimura et al.
2011; Liu et al. 2014; Souza et al. 2017). The origin of viral
symptoms is quite complex and different sources have been
implicated in this process; however, it has been suggested
that the primary source for symptoms arising are alterations
in the normal function of the chloroplast, which produce
chlorosis and mosaic (Rahoutei et al. 2000).

Viruses® effects on chlorophyll metabolism are an essential
aspect that has to be considered in symptom development
during the plant-virus interaction. In most cases, initial
symptoms of viral infection on leaves are the appearance of
yellow patches, white spots and the mosaic formation
(Shimura et al. 2011; Liu et al. 2014; Souza et al. 2017).
These symptoms are the result of virus interference in
chlorophyll metabolism, leading to its degradation, affecting
photosynthesis (Liu et al. 2014). Recently published studies
with viruses from different families and different plant
species report the drastic reduction in chlorophyll levels
during compatible plant-virus interaction (Kundu et al. 2013;

@ Springer



172

J. Plant Biol. (2019) 62:170-180

Rys et al. 2014; Souza et al. 2017).

The interference in chloroplast morphology and chlorophyll
metabolism is the first part of a grand strategy developed by
viruses. At this point, with disarmed chloroplasts, plants can
do nothing to avoid viral replication in the chloroplast.
Viruses induced a decrease in chlorophyll levels, which in
turn result damage in photosystems and hence in the entire
chloroplast machinery. This is also an important strategy to
prevent ROS production. Changes in chlorophyll content are
evident in studies that compare susceptible and resistance to
the same viruses. For example, a recently published paper
involving Cowpea severe mosaic virus (CPSMV, genus
Comovirus) infection in susceptible cowpea (Vigna unguiculata)
plants evidenced a reduction of 32 and 40% in chlorophyll b
and a, respectively, in comparison to resistant plants (Souza
et al. 2017). In this work, it is clear that the changes in
chlorophyll are important steps for symptom development
and disease establishment. Up to date, two possible explanations
about how viruses can interfere with the normal metabolism
of chlorophyll were provided by two independent research
groups.

The first mechanism was reported by Shimura and
collaborators (Shimura et al. 2011) and involves RNA silencing
of plant genes by the viruses. In this study, the authors
showed an isolate of Cucumber mosaic virus carrying a Y-
satRNA (CMV-YsatRNA). This is interesting because CM V-
YsatRNA does not replicate in the chloroplasts but even
though has a specific sequence complementary to chloroplast

Table 1. Cellular proteins manipulated by plants viruses

mRNA of tobacco magnesium chelatase subunit I (Table 1 -
Chll, a key enzyme in chlorophyll synthesis) inducing
mRNA degradation by the own plant system resulting in
severe chlorosis and mosaic establishment.

Liu and co-authors (Liu et al. 2014) proposed the second
mechanism. In this case, the authors used the African cassava
mosaic virus (ACMV genus Begomovirus) a DNA viruses;
however, the discussion of this point is still relevant. These
authors reported that mosaic phenotype coincides with up-
regulation of genes involved with chlorophyll degradation,
followed by the reduction in the content of chlorophyll in
leaves. In this study, the authors also reported the expression
increase in two genes related to pheophytinase (PPH) and
pheophorbide an oxygenase (PaO) (Table 1), both involved
in chlorophyll degradation. An interestingly point in this
analysis is the fact that genes involved in chlorophyll synthesis
as the gene for magnesium chelatase subunit I was drastically
down-regulated. In this way, ACMV induces chlorophyll
degradation and also avoid chlorophyll synthesis, leading to
the mosaic establishment. This type of activity was not
described yet to RNA viruses; however, the discussion and
knowledge brought with it are important, because several
RNA viruses induce the reduction of chlorophyll in plants
during infection, and this mechanism might being applied for
some RNA viruses even though is described yet.

The disarming of chloroplast functions is the first step of
virus strategy during infection. The second step happens
after or while the viruses cause irreversible damages in

Organelle Virus Genus Reference
Chloroplasts
PS 11 proteins TuMV Potyvirus Hodgson et al. (1989)
Magnesium Chelatase CMV Cucumovirus Shimura et al. (2011)
Pheophytinase . .
Pheophorbide A oxygenase ACMV Begomovirus Liuetal. (2014)
cPGK BaMV Potexvirus Lin et al. (2007)
Nucleus
SCE1 TuMV Potyvirus Xiong et al. (2013); Revers et al. (2015)
ALY TBSV Tombusvirus Canto et al. (2006); Uhrig et al. (2004)
Nuclear actin filaments TVCV Tobamovirus Levy et al. (2013)
KELP ToMV Sasaki et al. (2009)
Umbravirus, Potexvirus, Kim et al. (2007); Rajamali et al. (2009);
Fibrillarin gg\\/]’ E\BZ?VBEZII\BI]’V Tenuivirus, Tombusvirus, Chang et al. (2016); Zheng et al. (2015);
i > and Hordeivirus Semashko et al. (2012); Li et al. (2018)
Endoplasmic Reticulum
RHP BMV Bromovirus Liu et al. (2009); Diaz et al. (2012)
Acyl-CoA biding protein BMV Bromovirus Zhang et al. (2012)
RAB-like protein GRV Umbravirus Huang et al. (2001)
Peroxisome
Pex19p TBSV Tombusvirus Pathak et al. (2008)
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chloroplasts. At this moment, viruses recruit the chloroplast
proteins (Table 1) to work for their benefit during the replication
process.

The chloroplast phosphoglycerate kinase (cPGK) (Table 1)
protein is an important host factor involved in the replication
of several plant viruses. The portion 3’ UTR of the Bamboo
mosaic virus (BaMV genus Potexvirus) genomic RNA
specifically interact with cPGK driving viral RNA to replicate
into chloroplasts. Indeed, interactions between BaMV 3’
UTR and cPGK drive formation of membrane-derived vesicles
in chloroplasts, which is a safe place to BaMV replication
(Lin et al. 2006). These vesicles produced by BaMV result
in a morphological change in chloroplast preventing it to play
function in plant defense. The importance of this interaction was
confirmed by using mutants silenced to cPGK protein, which
presented reduced BaMV RNA accumulation (Lin et al.
2006; Cheng et al. 2013). Indeed, cPGK was confirmed as
an essential plant factor required for replication of a range of
plant viruses. This is a clear case of how viruses “kills two
birds with one stone”. In this case, by assaulting only one
protein, cPGK, in one action BaMV can improve its
replication and inhibit chloroplast functions in plant defense.

In another case, Arabidopsis plants with natural recessive
resistance gene rwml against Watermelon mosaic virus
(WM, genus Potyvirus) and encoding a mutated version of
cPKG exhibited WMV replication affected and plants did
not develop any disease symptom (Lin et al. 2006; Ouibrahim
et al. 2014).

Plant viruses are also specialized in the use of chloroplast
membrane systems to produce vesicles with three main
goals: (1) to bring together all essential cellular supplies to
virus replication. (2) to protect its RNA molecules from
silencing events activated by plants. (3) to leave the chloroplasts
and move to other organelles during cell-to-cell infection
spreading process (Laliberté et al. 2010).

Other interesting example about how viruses “kill two
birds with one stone” comes from Potato virus X (PVX)
replication, which occurs in the chloroplast. During replication,
PVX CP accumulates in high levels in chloroplasts. Besides,
PVX CP can interact with the plastocyanin proteins, and as
a result of this interaction, chloroplast suffers from many
morphological alterations, damage, and inhibition of chloroplasts
functions. To confirm the importance of CP-plastocyanin to
PVX infection, mutants of Nicotiana benthamiana plants to
plastocyanins present reduced or even absence of PVX CP
accumulation in chloroplast although the total levels of CP in
the cell did not change. This result that the accumulation o
PVX CP and its interaction with plastocyanin are important
to PVX infection associated symptoms by causing damage in
chloroplasts (Qiao et al. 2009).

Several different published studies strongly support this
viral strategy to infect chloroplast proposed here over the

years aimed to understand the effects of viral infection in
chloroplasts and how this affects infection establishment.
Following this strategy, the examples presented in this section,
easily support the central idea of this review that virus can
“kill two birds with one stone” by attacking chloroplast and
shutting down its roles in defense while using it improves
viral replication and symptoms develop.

Plant (+) strand RNA viruses are masters in hijack host
factors and cause several morphological rearrangements in
organelles leading to the production of vesicles in infected
cells to improve viral replication. Besides chloroplasts,
viruses can manipulate other organelles such as the nucleus,
endoplasmic reticulum (ER), mitochondria, and peroxisomes
(Table 1) and some aspects of this manipulation will be
discussed in the following topics.

Nucleus — What is the Password to Get in?

The nucleus is the site for eukaryotic genetic material, where
it is kept separated from the cytoplasm. The transport of
different molecules into the nucleus is extremely regulated
by proteins that form the nuclear pore complex (NPC)
essential for transport in and out nucleus. Nucleus entrance
regulation is essential to keep normal nuclear functions and,
hence overall cellular functions. Besides, the tight regulation
of NPC mediated transport consists of an important and
effective antiviral response. Nevertheless, viruses might
cheat this regulation of nucleus-cytoplasmic pathways and
access nuclear functions crucial for its replication (Qiao et al.
2017; Walker et al. 2017; Li et al. 2018).

The virus-nucleus interaction is amply reported in the
literature, mainly because, virtually, all viruses including DNA
viruses, retroviruses, and RNA viruses require interaction
with the nucleus in order to achieve replication. The interaction
of DNA viruses and retroviruses is completely understandable
once they need nuclear factors to complete their replication
process. On the opposite way, (+) strand RNA viruses replicate
the process in the cytoplasm. Consequently, an important
question could be raised here: As such, why RNA viruses do
need to interact with the plant nucleus? What is the biological
relevance for this interaction? The answers for these questions
are still conflicting, especially because several works involving
enucleated cells about the important/function of the nucleus
in replication of (+) strand RNA viruses realized with enucleated
cells showed that (+) strand RNA viruses can replicate
normally under such conditions, but and the enucleation in
these experiments, in some cases, virus replication was also
decreased (Evans et al. 1980). Thus, a consensus regarding
the roles played on nuclear metabolism during (+) strand
RNA viruses seems to be a hard task to address.

To comprehend the importance of virus-nucleus interactions
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to virus replication, an important question needs to be
solved: what is the “password” that allows viruses to access
the nucleus? Possibly, viruses can employ two distinct
strategies to bypass this limitation: (1) viruses can develop
proteins with the signal sequence to the nucleus; (2) they can
develop proteins able to interact with nuclear host proteins
and subsequently to reach within the nucleus (Table 1). A
great example of the first strategy is reported for potyviruses
that have proteins with the nuclear signal. Potyviruses
possess two nuclear inclusion protein an (NIa) and b (NIb),
which interacts with several nuclear host proteins and therefore
might induce assembly of a viral replication complex in the
host nucleus (Revers et al. 2015). For instance, it has been
postulated that the interaction of TuMV-NIb with nuclear
factors such as SCEl is an important event to TuMV
replication. To confirm the importance of this interaction for
TuMYV replication, TuMV carrying a mutant form of Nib that
fails in interact with SCE1 is not able to replicate in N.
benthamiana (Xiong et al. 2013).

Direct interaction with nuclear proteins is an important
strategy to access nuclear environment and is employed by
several plant viruses (Evans et al. 1980; Kim et al. 2007; Li
et al. 2018). To different studies, one point is the consensus
for (+) RNA viruses: viral proteins can traffic within and

without nucleus by using NPC interaction. This movement is
very important to virus life cycle because either viral proteins
are required for any replication step in the nucleus (i.e., bind
viral RNA to transcription factors) or in a cytoplasmic step
(i.e., encapsidation) proteins can be recruited to place which
is required (Hiscox 2007). Also, this ability to come in and
out from the nucleus is a clear example of how virus “kills
two birds with one stone”. Because the interaction with
nuclear protein helps viral replication while interferes with
nuclear function in plant defense.

The interaction between tomato plants and Tomato bushy
stunt virus (TBSV, genus Tombusvirus) provides consistent
data to prove that viruses “kill two birds with one stone”
(Fig. 1A). In these interactions, the protein p19 encoded by
TBSV, which has a site of replication peroxisome, shown
two essential functions for virus replication. First, p19 bind
to ALY (an mRNA-export factor from the nucleus) leading
to the redistribution of this protein from the nucleus to the
cytoplasm, which results in shutting down of cell host protein
synthesis and favor TBSV cell-to-cell movement. Second,
the same p19 protein is transported from the cytoplasm to the
nucleus by ALY and inhibit plant RNA silencing (i.e., the
main plant antiviral immunity) preventing viral RNA
degradation (Uhrig et al. 2004).
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Two studies published previously (Matsushita et al. 2001;
Levy et al. 2013) provide strong pieces of evidence about
how the virus, especially virus from Tobamovirus family,
can impair nuclear functions. First, the P30, a movement
protein encoded by Turnip vein clearing virus (TVCYV, genus
Tobamovirus), was unexpected localized in the nucleus
during Arabidopsis thaliana infection. In the nucleus, the
TVCV P30 was found interacting with actin filaments
associated with chromatin to enhance TVCV movement
from the initially infected cells. Sequencing data of TVCV
P30 revealed the presence of an NLS domain. Point mutations
inserted in NLS of the TVCV P30 result in complete blocking
of P30 access to the nucleus and consequentially dramatic
reduction in TVCV long-distance movement (Levy et al.
2013). Matsushita et al. (2001) reported that P30 protein
from Tomato mosaic virus (ToMV, genus Tobamovirus)
interacts with a transcriptional coactivator factor KELP to
access nucleus and facilitate viral movement. KELP protein
is an important coactivator factor involved with expression
of defense-related genes, in that way, the subversion of
KELP by ToMV to work on in viral movement makes this
unavailable for the plant which in turn impair defense-related
genes expression weakening plant defense. Therefore, in one
shot ToMV uses a plant protein to moves and to inhibit plant
defense, this is a clear example of “kill two birds with one
stone”.

During Groundnut rosette virus (GRV, Umbravirus) the
ORF3 protein interacts with a nuclear protein to perform a
cell-to-cell movement of GRV. The GRV is an uncommon
virus, different from other plant viruses; GRV does not
produce a coat protein, resulting in non-conventional virus
particles in infected plants (Ryabov et al. 1998; Ryabov et al.
1999; Ryabov et al. 2001; Kim et al. 2007). To compensate
for the lack of CP GRV produces the ORF3 protein, which
is responsible for virus accumulation and mainly in cell-to-
cell movement (Ryabov et al. 1999; Ryabov et al. 2001).
Interestingly, during GRV infection, ORF3 was found in the
nucleus (Fig. 1 B), an unexpected address, because the GRV
replication is completely restricted to the cytoplasm. However,
analyses of the ORF3 shown two conserved domains called
Arginine- and Leucine-rich domains, both essential to
importing and nuclear localization, suggesting ORF3 protein
traffic between nucleus and cytoplasm in infected cells
(Ryabov et al. 1998; Ryabov et al. 1999). Kim et al. (2007)
showed that ORF3 protein interacts with a nuclear protein
called fibrillarin (FIB). In this study, pieces of evidence
support the interaction of GRV protein was not related to
viral replication, but instead linked to GRV long-distance
movement and systemic infection. The ORF3 protein can
move from the cytoplasm to the nucleus and them, rapidly,
moves back to the cytoplasm. At the end of this movement
cytoplasm/nucleus/cytoplasm of ORF3 recruits fibrillarin

from the nucleus to cytoplasm. Once in the cytoplasm,
fibrillarin works in the production of GRV ribonucleoproteins
(RNP) (Fig. 1B) particles that are capable of perform long-
distance movement (Kim et al. 2007).

The interaction of viral proteins with a plant nuclear FIB
protein is not exclusive for Umbraviruses since many viruses
from different families have acquired the ability to redistribute
FIB protein from nucleus to cytoplasm. Among different
viruses that can perform FIB redistribution are Rice stripe
virus (RSV, Tenuivirus) (Zheng et al. 2015) and Barley stripe
mosaic virus (BSMV, Hordeivirus) (Li et al. 2018). Studies
involving these plant viruses strongly suggest that nuclear
FIB protein possess great importance in plant (+) strand
RNA viral replication. The interaction of viral proteins with
FIB is important for two reasons: (1) FIB is critical to long-
distance movement (Fig. 1B), and (2) once virus redistribute
FIB protein from nucleus to cytoplasm, the protein cannot
display its function in mRNA to translation, in this way
impairs cellular protein synthesis and any change to establish
defense against viral infection.

Fibrillarin is essential for nuclear structure, nucleolus
stabilization and in RNA metabolism. Also, fibrillarin is an
important RNA binding protein able to interact with several
types of RNAs such as snoRNA, snRNA, siRNA, and rRNA
(Rakitina et al. 2011; Kalinina et al. 2018). The latter function is
well explored by viruses to form RNPs particles important
for viral movement. As such, when a viral protein interacts
to FIB two important consequences to plants are notable: (1)
nucleolus disassemble and loss of nuclear function (i.e.,
DNA replication and transcription), and (2) viral movement
to health tissues leading to systemic viral spreading. Then,
viruses kill two birds with one stone.

Based on that, it is clear the importance of affecting
nucleus to viruses perform replication. So, viruses have
developed two “passwords” to get into the nucleus and
manipulate it to obtain success during infection (Fig. 1).
Different from chloroplast (site of replication) viral function,
apparently nuclear functions are more related to viral
movement than to favoring viral replication, although the
latter is not absent. The most important award to control
cellular nucleus is to avoid the most important plant antiviral
immunity, RNA silencing. Once virus destabilizes nucleus,
plants cannot start RNA silencing events, and then viruses
can conquer the new cells and entire tissues.

Endoplasmic Reticulum — Multifunctional Organelle
to Viruses
The endoplasmic reticulum (ER) is essential to many cellular

functions such as steroids synthesis, calcium storage, intracellular
traffic, and when associated with ribosomes, forming rough
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ER is responsible for protein synthesis and sorting to others
organelles (Verchot 2016a). These functions attributed to the
ER make it one of the important plants addresses to viruses
during infection. During infection establishment, viruses
frequently provoke morphological and molecular alterations
in ER, mainly in membranes to produce virus progeny
(Verchot 2016b).

The ER can be handy for viruses by improving viral
replication and movement. Due to the presence of machinery
to produce proteins, ER is hijacked by viruses to working as
“slave” in all steps of virus replication including RNA
replication and translation, viral assembly, and transport to
others organelles and egress from infected cells to colonize
new healthy cells (Grangeon et al. 2012).

The main component of ER usurped by viruses is the
membranes. By using ER membranes, viruses induce the
formation of replication vesicles (RV) providing physical
support to a coordinated translation and replication of RNA,
also, to keep close cellular components necessary to efficient
viral replication, such as tRNAs and nucleotides and proteins,
for example. Additionally, RVs formed in the ER membranes
are a safety environment acting as a shield protecting viral RNA
from host immune defense (i.e., nucleases) ensuring a
minimal or even no exposure of viral genome to cellular
receptors that can initiate defense mechanisms (Cao et al.
2015; Romero-Brey et al. 2016; Verchot 2016a).

The most studied models of virus-induced membrane
modification in ER are those analyzed during plant infection
caused by viruses from Bromoviridae and Tombusviridae
families (Restrepo-Hartwig et al. 1996; Cao et al. 2015).
Regarding plant viruses belonging to the Bromoviridae
family, Brome Mosaic Virus (BMV) and Cowpea chlorotic
mottle virus (CCMV) are good models to understand how
these viruses can cause morphological alterations in ER
membranes.

During replication process, BMV replicates its RNA inside
of a 60 nm spherule produced in ER-membranes, which is
very close to the nucleus, whereas CCMV causes spherules
in the ER lumen in perinuclear and peripheral portions (Kim
1977; Restrepo-Hartwig et al. 1996). On the other hand, the
Beat black scorch virus (BBSV) belonging to the Tombusviridae
family induces ER aggregation and vesiculation (Cao et al.
2015). Besides Bromoviruses and Tombusviruses, Potyviruses
and Potexviruses also stimulate ER-membranes rearrangements
leading to vesicle production with two goals (1) improve and
protect virus replication process and (2) use these vesicles for
intracellular movement (Grangeon et al. 2012; Hashimoto et
al. 2015).

These membrane alterations provoked by viruses required
a high consumption of cellular energy. To induce such
modification viruses need to acquire control of the biochemical
process of the cell. In addition, changes in fatty acids
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metabolisms and rearrangement of membranes are required
(Diaz et al. 2012). Take control of these processes is vital for
virus success; otherwise, there will be no replication. For
example, Sharma and collaborators (Sharma et al. 2011)
reported that the inhibition of sterol biosynthesis drastically
reduces replication and infection process of Tombusvirus in
yeasts and plants.

To access the whole potential of the ER and inhibit its
function in plant defense, viral proteins have to interact with
ER proteins to induce satisfactory changes. BMV is a great
example to understand how plant viruses can use cellular
proteins to control organelles and then replicate. In a
sequential study Schwartz et al. (2002) and Schwartz et al.
(2004) reported by using electron microscopy that BMV
infection in yeasts leads to morphological alterations in ER
membranes producing larger spherules with double-membranes;
which are responsible to support BMV RNA replication
(Schwartz et al. 2004). Also, recently, spherules-like structures
were found in ER membranes of Nicotiana benthamiana
plants infected with BMV (Bamunusinghe et al. 2011).

Experiments in yeasts showed that BMV la protein (a
helicase-like protein) could interact with an ER protein
called reticulon homology domain protein (RHP). RHP is a
membrane protein essential for membrane biogenesis; in this
way, by interacting with RHP, BMV induces replication
vesicles formation enhancing its replication. To prove this
idea, mutations introduced in protein 1a result inhibiting its
interaction with RHP affects the ability to induce vesicles
formation in ER leading to a dramatic reduction of BMV
replication (Diaz et al. 2012). Also, when another approach
was applied by complete depletion of RHP presence in
yeasts no membrane rearrangements were detected and
consequently inhibits BMV RNA replication was evaluated
(Diaz et al. 2012).

Another particular and exciting mode of action of the viral
protein to bind to the ER membrane was reported by
Kusumanegara and coauthors (Kusumanegara et al. 2012).
In this study, a p27 auxiliary protein from the Red clover
necrotic mosaic virus (RCNMYV, genus Dianthovirus) possesses
two domains important to RCNMV replication in N.
benthamiana. One of those domains in the N-terminal region
is an amphipathic o-helix that can be inserted in the ER
membrane, which is responsible for p27 protein localization
in the ER and hence RCNMV. However, this domain is not
enough to guarantee RCNMYV replication in the ER membrane.
The second domain, nevertheless, cannot bind to the ER
membrane but is required to induce the formation of the
replication complex, and in that way stimulate RCNMV in
ER membrane. Also, Mine et al. (2012) reported that p27
interacts with a heat shock protein 70 kDa (HSP70) from ER
to drive the formation of a 480-kDa-replication complex on
ER. Also, the authors showed that when p27-HSP70 interaction
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is inhibited, p27 can form the complex. However, the
complex is not functional, and RCNMV not happens. This
result clearly shows the dependence of RCNMV of HSP70
to complete the replication process (Mine et al. 2012). By
using the functions of HSP70, an essential protein involved
in protein folding, this protein cannot display this role in
ER protein synthesis; this could deeply impair protein
synthesis.

Together these studies clarify and strengthen the hypothesis
that plant viruses subvert ER membranes with at least three
goals (1) to improve viral replication by bringing together all
component required for viral replication; (2) to protect viral
genome toward plant defense mechanisms (i.e., Ribonucleases
and/or RNA silencing events); and (3) to impair the role of
ER in cellular defense to virus, once ER works with viruses
cannot act in cellular protein synthesis, for example. Viruses
induce membrane rearrangement in ER and hijack proteins
to maintain these abnormally morphologies. ER is an
essential site of protein synthesis in the cells. Viruses take
control of ER to produce viral proteins while inhibiting cell
protein synthesis disarming cell defense and enhance viral
infection.

Peroxisomes — Power to Viruses

In addition to chloroplasts, peroxisomes are a site of ROS
production, which is essential for plant defense by HR
establishment, local PCD, and activation of plant defense
genes. Peroxisomes work in the C2 cycle producing ROS by
the activity of glycolate oxidase enzyme (Huang et al. 2010;
Liu et al. 2013; Huang et al. 2016). Regarding the two
crucial functions displayed by peroxisome in plant defense;
(1) energy production and (2) ROS production, there is no
surprise viruses target them during the infection process.

Several studies report plant virus hijacking these organelles
such as Tomato bushy stunt virus (TBSV, genus Tombusvirus),
Cymbidium ringspot virus (CymRSYV, genus Potexvirus),
Melon necrotic spot virus (MNSV, genus Carmovirus), and
Cucumber necrosis virus (CNV, genus Tombusvirus) in
peroxisomes (Navarro et al. 2004; McCartney et al. 2005;
Panavas et al. 2005; Gomez-Aix et al. 2015).

Peroxisomes are replication site for many Tombusviruses
such as TBSV, CymRSV, and CNV that cause multivesicular
bodies in peroxisomes by recruiting several plant host factors,
actins filaments and synthesis of steroids (Nagy 2016).
Those intracellular structures form vesicle in the peroxisome
membrane with to accommodate inside replication proteins,
replication supplies, viral genome, and channels linking this
matrix with cytoplasm, and least protect the viral genome
from plant defense (Navarro et al. 2004; McCartney et al.
2005; Panavas et al. 2005). To assume control of peroxisomes,

TBSV p33 has to interact with a host peroxisomal protein
Pex19p (Pathak et al. 2008). Pex19p is an oleic acid-inducible
protein with a farnesyl group added, which is vital for
peroxisome biogenesis. The lacking Pexpl9 result in the
absence of peroxisome and mislocalization of peroxisomal
matrix proteins to the cytosol (Meinecke et al. 2016).

The viral p33 is replication auxiliary protein, which together
with p92pol RdRp protein is involved in TBSV RNA
replication and induction of abnormal peroxisomal vesicles
(Panavas et al. 2005; Pathak et al. 2008; Nagy et al. 2012).
During TBSV infection p33 protein interact with Pex19p
forming a complex host-viral protein called p33-Pex19,
which address TBSV replication to the peroxisome. Based
on the activity of Pex19, several membrane-bound vesicles
are induced in peroxisome to form a replication vesicle. The
interaction between p33 and Pex19 is driven by an mPTS
(peroxisomal membrane targeting sequences) domain present in
p33 leading to insertion in the peroxisomal membrane. Once
the complex p33-Pex19 arrives in the peroxisome, the
vesicle induction is started, and Pex19p remains until the
complete formation of TBSV replication vesicle. At this
moment, the p33-Pex19 complex is disassembled and p33
forms a new complex with p92pol, TBSV RNA replication
is launched (Pathak et al. 2008; Nagy et al. 2012). To prove
that p33 is the protein in charge during TBSV replication and
the importance of interaction with Pex19p, in an elegant
experiment Pathak and collaborators (Pathak et al. 2008),
produced a mutant Pex19p with signal sequence addressed to
mitochondria rather than peroxisome, and as expected TBSV
replication was done in the mitochondrial membrane, instead
peroxisome as usual. This experiment proves the importance
and dependence of TBSV replication of p33: Pex19. This
information has a great value to be used as a biotechnological
approach to producing plants resistant to TBSV infection.

The TBSV p33 is intriguing protein hidden by many
unclear processes, for example, is reported that p33 could
interaction with over 100-host protein (Serva et al. 2006;
Mendu et al. 2010) as revealed by the proteomic approach.
Not enough, p33 can be submitted to post-translational
modifications (i.e., phosphorylation) by cellular machinery
(Nagy et al. 2012), what is the objective of post-translational
modification in a viral protein? This is a question without an
answer yet, but we can propose that these may improve
some aspects of TBSV replication and infection, besides to
be a great example of how TBSV manipulates cellular
machinery. TBSV p33 protein is an example that plant
viruses evolve over the years to be masters in manipulating
cellular to improve viral replication and disease establishment.
Once, p33 can manipulate cellular process disarms any
chance of cells starts with molecular mechanisms to prevent
viral infection.

By using p33-Pex19 interaction, TBSV can “kill two birds
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with one stone” because when Pex19 works to TBSV guided
by p33, Pex19 is not available to peroxisome functions,
besides that the presence of vesicle lead to morphological
alterations in peroxisome morphology, which in case might
inhibit peroxisome function in photosynthesis (C2 cycle) and
energy production by inhibiting lipid metabolism.

Concluding Remarks

Plant cells have a sophisticated network responsible for
recognizing and starting a defense mechanism against pathogens
infections. The connection of organelles performs a fast and
efficient response to infection. However, in some plant
viruses' interactions, this sophisticated defense mechanism is
not enough to plant overcome viral infection and prevent
disease establishment. This occurs because over the evolution
course plant viruses adapts itself to control cellular process
with three main goals: (1) to use cellular components to improve
and accelerate viral replication; (2) to protect viral genome
from cellular defense mechanisms; and (3) likely the most
important, while the virus uses cellular components, inhibits
several cellular processes preventing cell starts their defense
mechanisms to inhibit viral replication. Once the virus reaches
the cytoplasm of cells, they can move virtually to all
organelles and use its function to improve viral replications and
this way destroying any change of plant counterattack viral
infection.

The cellular options available for virus use are massive,
allowing the virus to choice either organelles or protein to
improve the replication process. Possibly, at the beginning of
plant-virus interactions only proteins were used to improve
viral replication. In this case, plant developed new proteins
preventing viral usage and replication. However, viruses
maybe evolved to overcome the plant defense, a result of
this, now viruses can use plant protein and organelles. Even
to subvert an organelle, viruses need to interact with a
protein, which highlights the importance of the interaction of
viral and plant proteins.

Based on the discussion in this review, we know there is
a significant amount of knowledge concerning plant virus
interaction. In some case, a simple mutation in a protein can
provide broad-spectrum resistance against viruses without
any collateral effects to plants. It is hoped the use of this
knowledge soon can be used to transfer gene for crops plant
leading to resistance to viruses. An excellent tool for this is
the CRISPR-Cas9 (Zhang et al. 2018), which should be used
to introduce specific mutations in plant protein resulting in
resistance.
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