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Abstract

Rice viruses, known as “rice killer”, are vector-borne pathogens that cause severe disease and significant yield loss in
rice production around the world. Rice virus disease is characterized by uncontrolled virus replication and the
activation of host responses that contribute to pathogenesis. Underlying these phenomena is the potent
suppression of rice antiviral responses, particularly the RNA silencing pathway and plant hormone pathways, which
play vital roles in antiviral immunity. Classical rice virus disease control strategies include chemotherapeutics and
use of disease resistance rice varieties. Here, we summarize recent advances in understanding the mechanisms
behind the immune evasion and rice viral pathogenesis. Based on these mechanistic insights, we discuss how to
combine different strategies for maintaining the effectiveness of rice resistance to viruses, and propose theoretical
basis for the next generation of virus-resistant rice plants.
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Background
Rice is the most important crop in Asia and provides
staple food for half of the world’s population. Rice
virus disease causes severe disease of rice in China
and many other East Asia countries (Nicaise 2014).
Up to now, 17 rice virus diseases have been reported
in different areas (Shikata and Kitagawa 1977; Shikata
et al. 1979; Omura et al. 1980; Shikata et al. 1980;
Xie et al. 1982; Lin et al. 1990; Hibino 1996; Abo
et al. 1997; Munoz et al. 2004; Zhou et al. 2008; Yang
et al. 2016; Wang et al. 2018), and 6 of them, South-
ern rice black-streaked dwarf virus (SRBSDV), Rice
ragged stunt virus (RRSV), Rice stripe virus (RSV),
Rice dwarf virus (RDV), Rice grassy stunt virus
(RGSV), and Rice black-streaked dwarf virus (RBSDV)
are mainly harmful to rice production (Sasaya et al.
2014). Almost all the rice viruses are transmitted by
the insect vectors through persistent or nonpersistent
manner and cause some common disease symptoms
(Ling 1972). To control the destiny of transmission
insect vectors, a large amount of pesticides are used,
which lead to huge damage to the environment. Thus,

the biggest challenge is how to control rice virus dis-
eases effectively and in an environmentally friendly
way.
Rice viruses are obligate intracellular parasites that

replicate, express viral proteins and establish infection
process in host cell. During their biological cycle, the
extensive interactions between viruses and rice host
lead to the developmental abnormalities and other
phenotypic manifestations that are responsible for
viral disease symptoms (Ling 1972). To deeply reveal
the viral pathogenic mechanism and excavate resist-
ance genes are critical for controlling rice virus dis-
ease. In the last two decades several mechanisms
involved in viral pathogenesis have been revealed in
rice plants (Zhang et al. 2012; Kong et al. 2014; Rong
et al. 2014; Zhang et al. 2016; Zhao et al. 2017). In
some cases, a single viral protein can be the main re-
sponsible agent of the pathogenesis process (Kong
et al. 2014; Rong et al. 2014), while in other cases,
several interactions between virus and host factors are
needed (Zhu et al. 2005; Jin et al. 2016; Shi et al.
2016; Zhang et al. 2016; Tong et al. 2017; Zhao et al.
2017; Zheng et al. 2017) (Fig. 1). Facing threats, rice
plants also employ multiple defense pathways to re-
strict viral replication and movement, including sev-
eral classical pathways, such as N genes-mediated
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pathway, RNA silencing pathway, phytohormone path-
way, recessive resistance genes-mediated pathway and
autophagy-mediated pathway (Han et al. 2011; Boua-
lem et al. 2016) (Fig. 1). In recent years, several stud-
ies have also provided insights into how defense
signaling networks and defense signal molecules inter-
sect with rice-virus interactions (Lee et al. 2010; Wu
et al. 2015; Wang et al. 2016; Wu et al. 2017; Yao
et al. 2019; Zhang et al. 2019). A deeper understand-
ing of plant antiviral immunity and viral pathogenesis
may facilitate innovative biotechnological, genetic and
breeding approaches for crop protection and improve-
ment. In this review, we highlight recent discoveries
in rice-virus interaction and discuss how these discov-
eries might inform improved plant protection
strategies.

Mechanisms of rice virus pathogenesis
To establish successful infection, rice viruses induce
profound alterations of host physiology, disturbing
distinct endogenous processes and contributing to
the development of disease. Emerging evidences
suggest that virus-encoded proteins display a great
variety of functions beyond their canonical roles re-
quired for virus structure and replication. Among
these functions, their modulation of host immunity
appears to be relevant in infection progression.
Symptom formation suggests successful viral repli-

cation and pathogenesis. Different rice viruses in-
duce some common viral disease symptoms such as
dwarfism, leaf chlorotic specks and sterility. The
Rice strip virus (RSV) pc4 has been determined as
the viral movement protein (MP) and demonstrated
to function in cell-to-cell movement, long distance

movement as well as foliar symptom expression in
Nicotiana benthamiana (Zhang et al. 2012). Further
study proved a transmembrane (TM) domain span-
ning amino acids 106–123 of pc4 is critical for
localization of pc4 to plasmodesmata (PD) and for
its ability to recover the movement of movement-
deficient PVX (Rong et al. 2014). Another special
protein, disease-specific protein (SP) of RSV, has
been proved to accumulate in chloroplast, cytoplasm
and nucleus in the RSV infected rice cells, and the
accumulation level of this protein correlated posi-
tively with RSV disease symptom development (Cho
et al. 2013). An interesting study found that expres-
sion of RSV SP alone in rice or N. benthamiana
plants does not produce visible phenotypes, but en-
hances RSV- or Potato virus X (PVX)-induced
symptoms through interacting with a 23-kDa
oxygen-evolving complex protein, PsbP and disrup-
tion of chloroplast structure and function (Kong
et al. 2014).
Capsid protein P2 of Rice dwarf virus (RDV) in-

duces disease symptoms by two mechanisms. First, P2
interacts with ent-kaurene oxidases that catalyze a
step in the synthesis of gibberellins (GAs), thereby
decreasing host GAs levels and promoting the dwarf
symptom (Zhu et al. 2005). Second, P2 reprograms
the auxin pathway by specifically binding to OsIAA10
and preventing its degradation, leading to enhanced
virus infection and the development of typical symp-
toms including dwarfism, excessive tillering and
stunted crown roots in host plants (Jin et al. 2016).
Nonstructural protein Pns11 of RDV has been dem-
onstrated to interact with an ethylene synthase,
OsSAMS1, and stimulate its activity in triggering

Fig. 1 Schematic diagram showing the arms race between rice host and rice viruses. N gene mediated pathway, RNA silencing pathway,
phytohormone pathway, recessive gene resistance and autophagy mediated pathway play important roles during rice-virus interactions
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ethylene production, resulting in elevated susceptibil-
ity of plants to RDV (Zhao et al. 2017). These find-
ings indicate that plant hormone pathways are
prominent targets for modulation by rice viral pro-
teins. Consistently, a recent study illustrates that jas-
monic acid (JA)-mediated defense can suppress the
brassinosteroid (BR)-mediated susceptibility to Rice
black streaked dwarf virus (RBSDV) infection in rice
(He et al. 2017).
The arms race between host and viruses is a con-

tinually evolving process involving multiple layers of
interactions. Not only plant hormone pathways but
also host-microRNA (miRNA) profiles undergo a lot
of changes and sometimes they work together against
viral invasion. In the case of Rice ragged stunt virus
(RRSV) infection of rice, the induced expression of
miR319 reduces both the target TCP21 gene expres-
sion and JA levels, leading to an elevated plant sus-
ceptibility to viral infection (Zhang et al. 2016).
MiRNAs serve as an important regulator of plant
growth and development by controlling the expression
of key developmental and stress-related genes. It
therefore comes no surprise that viruses also regulate
the expression of host miRNAs. For example, NS3
protein of RSV induces the accumulation of several
miRNAs and enhances viral infection and pathogen-
esis in rice by hijacking OsDRB1, a key component of
the microprocessor complex (Zheng et al. 2017). A
recent study has demonstrated that reducing the ac-
cumulation of miR171b induces RSV-like symptoms
in rice whereas miR171b overexpression attenuates
RSV symptoms, suggesting that expression of
miR171-targeted genes may facilitate RSV infection
(Tong et al. 2017).
RNA silencing (also known as RNAi), which acts

as a basal defense mechanism against viruses, is now
recognized as one of the main plant immune re-
sponses against viral pathogens (Guo et al. 2019). As
a counter-defense, viruses have also evolved multiple
weapons in their armory. Rice RNA-dependent RNA
polymerase 6 (RDR6) generates viral double-stranded
RNAs for amplifying viral siRNAs (vsiRNAs), which
is probably why RDV infection downregulates RDR6
expression. Silencing of RDR6 enhances rice suscep-
tibility to both RDV and RSV infections. However,
RDR6 overexpression does not improve rice resist-
ance to RDV infection and RDR6 protein level sig-
nificantly decreases in RDR6-overexpressing lines
after RDV infection, possibly because of translational
inhibition of RDR6 and/or destabilization of the pro-
tein level by RDV (Jiang et al. 2012; Hong et al.
2015). Furthermore, viral disease symptom such as
leaf twisting has been attributed to the vsiRNA–me-
diated silencing of eukaryotic initiation factor 4A

(eIF4A) in RSV-infected N. benthamiana (Shi et al.
2016). Thus, there are multiple aspects of crosstalk
between rice and different viruses.
Autophagy can play a pro-microbial role. In turn,

pathogens can overcome or even hijack host autoph-
agy for their own benefit (Han et al. 2011). In rice,
group 1 remorin (REM1) undergoes S-acylation and
is localized in the plasma membrane and plasmodes-
mata (PD) to inhibit the cell-to-cell movement of vi-
ruses. Studies have shown that RSV-encoded NSvc4
can bind to REM1, block its S-acylation, and retain
REM1 in the endoplasmic reticulum (ER). Decreased
REM1 at PD enables RSV to move to the neighbor-
ing cell. The accumulation of non-acylated REM1 at
the ER finally triggers autophagy for degradation (Fu
et al. 2018).

Multiple layers modulation of rice immunity
Viruses extensively use host intracellular defense
mechanisms for their replication and infection in
rice, while plants have evolved intricate defense
mechanism depending on a network of signaling
pathways involving innate immunity and a class of
resistance genes to prevent or limit damage from
such pathogens. Base on the recent studies, rice
employ three major strategies to counteract virus in-
fection: RNAi-based, plant hormone-mediated and
eIF-triggered antiviral defense.
Emerging evidences show that rice viruses induce

different subcellular structures in the cytoplasm of
infected host cells as the sites of virus replication
and packaging. These structures contain many viral
proteins important for viral infection, including
Pns6, Pns11 and Pns12 of RDV, Pns9 of Rice gall
dwarf virus (RGDV), Pc5 of Rice grassy stunt virus
(RGSV) and P9–1 of RBSDV and Southern rice
black-streaked dwarf virus (SRBSDV). Constitutive
expression of transgenes to target these viral genes
for RNAi confers resistance against viral infection in
transgenic rice plants. However, strong resistance
against viral infection has been observed only in
transgenic plants targeting some of the viral genes
for silencing (Isogai et al. 1998; Wei et al. 2006;
Akita et al. 2011; Neme and Tautz 2013; Sasaya
et al. 2014). Mechanistic analysis of the natural anti-
viral RNAi response led to the development of new
ideas for transgenic virus resistance in rice (Wu
et al. 2015). AGO18 of rice is a monocot-specific
AGO protein that sequesters miR168 and prevents
its silencing of AGO1, thereby inducing a broad-
spectrum antiviral RNAi (Wu et al. 2015). AGO18
also sequesters miR528 from AGO1 upon viral infec-
tion and prevents miR528 silencing of L-ascorbate
oxidase (AO), leading to the elevated accumulation
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of reactive oxygen species (ROS) to enhance antiviral
defense (Wu et al. 2017). Further studies showed
that OsSPL9 could negatively regulate the expression
of antiviral gene AO. OsSPL9 overexpressed plants
were more susceptible to the virus, while mutants
were more resistant (Yao et al. 2019). Moreover,
miR444 expression is triggered by RSV infection to
silence the expression of a negative regulator of
RDR1 (Wang et al. 2016). These findings suggest
that transgenic expression of AGO18 or miR444 may
confer broad-spectrum virus resistance in rice.
Phytohormones are for a long time known to act as chem-

ical messengers in the regulation of physiological processes
during a whole plant life cycle, from germination to senes-
cence. In addition, phytohormones simultaneously coordin-
ate physiological responses to biotic and abiotic stresses. The
intricate network of phytohormone signaling pathways en-
ables plants to activate appropriate and effective defense re-
sponses against virus as well as to balance defense and
growth. Salicylic acid (SA) was first associated with plant
defense through its effects on virus infection and more atten-
tion has been paid to the study of SA on plant-virus disease
resistance (Palukaitis et al. 2017). SA positively regulates
virus resistance and frequently interacts with JA in a mutu-
ally antagonistic manner. RESISTANCE TO RSV ON
CHROMOSOME 11 (STV11-R) encodes a sulfotransferase
protein (SOT1) to catalyze the conversion of SA into
sulfonated SA, which inhibits RSV replication. Thus, intro-
gression of the SOT1 allele from Oryza indica and O. japon-
ica rice varieties into susceptible rice cultivars confers strong,
durable resistance to RSV (Wang et al. 2014). The NAM/
ATAF/CUC (NAC) transcription factor RIM1 (Rice dwarf
virus multiplication 1) is essential for JA signaling and the
rim1 mutant exhibits strong resistance to RDV infection
(Yoshii et al. 2009; Yoshii et al. 2010), possibly because the
SA antiviral response is de-repressed. Auxin is considered as
a crucial plant hormone for its role in plant growth and de-
velopment, also in plant defense against virus (Benjamins
and Scheres 2008). A very recent study offered novel insights
into the crosstalk regulatory mechanisms of auxin, JA and
ROS pathway in rice-RBSDV interaction. Using various
auxin signaling mutants, auxin was proved to play a positive
role in rice immunity against RBSDV, during this process, JA
and ROS pathway also contributed to this defense (Zhang
et al. 2019). Thus, it is apparent that the signaling interac-
tions among multiple phytohormones are rather common in
rice antiviral defense response.
As invading viruses do not harbor functional ribo-

somes in their virions, successful replication and in-
fection require cellular translation factors. It is
perhaps not surprising that many natural plant reces-
sive resistance genes have been mapped to mutations
of translation initiation factors like eIF4G or its iso-
form eIFiso4G in rice. The natural resistance to a

sobemovirus Rice yellow mottle virus (RYMV) con-
ferred by a mutation in eIFiso4G is an interesting case
(Albar et al. 2006), since it contains several naturally
alleles resistant to RYMV found in O. sativa (rymv1–
2) and O. glaberrima (rymv1–3, rymv1–4, rymv1–5)
(Orjuela et al. 2013). Further study proved the inter-
action between eIF (iso)4G1 and RYMV virulence fac-
tor VPg, which correlates with rice susceptibility and
RYMV virulence (Hebrard et al. 2010). Another ana-
lysis of the corresponding fragments from a number
of resistant and susceptible rice varieties suggested
that the Rice tungro spherical virus (RTSV) resistance
allele (tsv1) corresponded to eIF4G (Lee et al. 2010).
These findings attract us to focus on recessive genes-
mediated resistance, and its deployment for applica-
tion in agriculture.
Collectively, these results implicate different ways of

RNAi, hormone pathways and recessive resistance genes
function in rice antiviral defense, however, from the un-
derstanding of plant against virus obtained from work
on dicot plants, a complex crosstalk may connect differ-
ent pathways during immunity, which needs further
study in rice.

Conclusions
We summarizes current knowledge on the rice-
viruses interaction. It is plausible that different path-
ways independently or collaboratively fulfil their
roles during the arms race between rice and viruses.
This inextricable relationship between rice and virus
confronts rice plants with challenges that are differ-
ent in important respects from those presented by
other pathogens. The defense and counter-defense
between rice and viruses is always on the stage and
has many twist and turns (Fig. 2). Despite significant
progress in recent years, many aspects of rice-virus
relationship remain to be addressed. Where did the
rice virus originate? What’s the mechanism of inter-
mittent outbreaks of rice virus disease? Are there
broad-spectrum immune antigens against rice virus?
Understanding the underlying mechanisms will pro-
vide the basis for the selection of new sources of re-
sistance. Engineering rice plants with increased
resistance to rice viruses is key for ensuring food se-
curity and sustainable agriculture. Although the use
of genetic resistance is considered to be the most ef-
fective and environmentally sustainable strategy for
rice virus disease control, its practical use in resist-
ance breeding is still far from reaching a massive
scale level. Trade-offs of resistance with other traits
can affect a cultivar’s overall performance because
the aim of plant breeding is not only to improve dis-
ease resistance for its own sake but also to produce
a cultivar with other desirable agricultural traits. In
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general, plant biotechnologists have focused on en-
gineering broad-spectrum resistant rice varieties in
order to keep pace with rapidly evolving rice viruses,
and improved tools and methods are becoming avail-
able to better integrate different breeding strategies
for resistant rice varieties with increased potential in
durability.
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Fig. 2 Mechanisms of rice antiviral defense and viral pathogenesis. A simplified representation of the mechanisms behind rice and viruses ago-
old battle involving RNA silencing pathway, phytohormone pathway, recessive resistance genes pathway and a subset of miRNAs. The left and
right-half plane indicate an overview of different approaches used in rice for antiviral immunity and virial pathogenesis, respectively. Details
present in the paper. Note that arrows and lines with bars indicate positive and negative regulatory actions, respectively. RBSDV, Rice black-
streaked dwarf virus; RDV, Rice dwarf virus; RGDV, Rice gall dwarf virus; RGSV, Rice grassy stunt virus; RRSV, Rice ragged stunt virus; RSV, Rice stripe virus;
RTSV, Rice tungro spherical virus; RYMV, Rice yellow mottle virus; BR, brassinosteroid; GA, gibberellins; JA, jasmonic acid; SA, salicylic acid
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