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Planthopper infestation in rice causes direct and indi-
rect damage through feeding and viral transmission. 
Host microbes and small RNAs (sRNAs) play essential 
roles in regulating biological processes, such as me-
tabolism, development, immunity, and stress responses 
in eukaryotic organisms, including plants and insects. 
Recently, advanced metagenomic approaches have 
facilitated investigations on microbial diversity and its 
function in insects and plants, highlighting the signifi-
cance of microbiota in sustaining host life and regulat-
ing their interactions with the environment. Recent 
research has also suggested significant roles for sRNA-
regulated genes during rice–planthopper interactions. 
The response and behavior of the rice plant to plan-
thopper feeding are determined by changes in the host 
transcriptome, which might be regulated by sRNAs. In 
addition, the roles of microbial symbionts and sRNAs in 
the host response to viral infection are complex and in-
volve defense-related changes in the host transcriptomic 
profile. This review reviews the structure and potential 

functions of microbes and sRNAs in rice and the associ-
ated planthopper species. In addition, the involvement 
of the microbiota and sRNAs in the rice–planthopper–
virus interactions during planthopper infestation and 
viral infection are discussed.
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Rice (Oryza sativa L.) is one of the most important crops 
and is the primary food for nearly 50% of the world’s pop-
ulation (Nevita et al., 2018), providing approximately 20% 
of the caloric requirement (Zeigler and Barclay, 2008). By 
2050, the world population will reach over nine billion; 
therefore, improving the sustainability and yield of major 
crops, including rice, is crucial (Carvalho, 2006; United 
Nations, 2005). New cultivation and farming techniques, 
including pest control strategies, are being developed and 
improved to enhance crop productivity. Several insect 
pests, including bugs, leaf folder worms, aphids, thrips, and 
planthoppers, infest rice fields. Planthoppers are a large 
group of phloem-feeder insects that infest rice; significant 
damage is caused mainly by three species: brown planthop-
per (BPH), Nilaparvata lugens; small brown planthopper 
(SBPH), Laodelphax striatellus; and white-backed plan-
thopper (WBPH), Sogatella furcifera. In addition to caus-
ing direct feeding damage, planthoppers are the vectors of 
some of the most destructive rice viruses, including rice 
stripe virus (RSV), rice black-streaked dwarf virus (RB-
SDV), and southern rice black-streaked dwarf virus (SRB-
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SDV) (Pathak and Khan, 1994). Therefore, understanding 
the interaction between rice, associated planthoppers, and 
viruses and the underlying mechanisms of interaction is 
essential for identifying potential targets of intervention for 
control and management of rice viral diseases.

During their life cycles, plants are strongly influenced by 
biotic and abiotic factors in their ecosystems. Biotic fac-
tors within the plant ecosystem are mainly the microbial 
communities associated with plants, known as the plant 
microbiome or phytobiome (Müller and Ruppel, 2014). 
The microbiome can be defined as the sum of all microbial 
communities and their genomes present in a specific eco-
system (Ursell et al., 2012). The plant microbiome is indis-
pensable for sustaining the growth and development of host 
plants, but it also includes pathogenic microbes (Mendes 
et al., 2013). Microbial communities associated with plants 
reside mainly in one of three ecosystems: the rhizosphere 
(area affected by plant root exudates) (Walker et al., 2016), 
endosphere (inside plant tissues) (Hardoim et al., 2008), 
and phyllosphere (surfaces of leaves and stems) (Berlec, 
2012). Advances in metagenomic approaches and their 
integration with other meta-omics tools have facilitated 
understanding of the phytobiome and drawn attention to its 
roles in the interactions with the surrounding environment, 
including pests (Mannaa and Seo, 2021). Moreover, insects 
are also greatly influenced by the associated microbiome, 
as the associated microbes may influence the host biology 
(Akami et al., 2019; Miller et al., 2019). Bacteria establish 
many types of symbiotic associations with the host (as ei-
ther intra- or extra-cellular symbionts), ranging from mutu-
alistic to parasitic to pathogenic (Sazama et al., 2019).

Small RNAs (sRNAs), generally noncoding RNA mol-
ecules (<200 nucleotides in length), play significant roles 
in regulating diverse fundamental cellular processes and 
activities, such as regulation of gene expression, genome 
stability, and defense, in multicellular organisms, includ-
ing plants and insects (Bonnet et al., 2006; Navarro et al., 
2006). Plant endogenous sRNAs are noncoding RNAs, 20-
24 nucleotides long, that regulate a wide range of biologi-
cal processes. Plant sRNAs are classified mainly into micro 
RNAs (miRNAs) and endogenous small interfering RNAs 
(siRNAs) based on their origin (Xie et al., 2004). MiRNAs 
originate from single-stranded RNA precursors, whereas 
siRNAs originate from double-stranded RNA (Axtell 
2013; Carthew and Sontheimer 2009; Feng et al., 2021). 
Based on their origin, plant siRNAs are further classified 
into four major types: transacting siRNAs, heterochromatic 
siRNAs, natural antisense transcript-derived siRNAs, and 
long siRNAs. These siRNAs are processed by dicer-like 
proteins (DCLs) and bind to argonaute proteins (AGOs) to 

form RNA-induced gene silencing complexes (Baulcombe, 
2004). 

In the insects, sRNAs have also been found to perform 
important roles in regulating and expressing genes involved 
in biological and physiological processes. For example, the 
mobility of sRNAs and sRNA silencing complexes may be 
critical in cellular functions and reproductive development 
processes, such as meiosis and germ cell fate regulation 
(Van Ex et al., 2011; Zhang et al., 2011). Insect sRNAs 
are classified based on their biogenesis, characteristics, 
and association with AGOs into various types, including 
miRNAs, endogenous siRNAs, and piwi-interacting RNAs 
(Golden et al., 2008). This review discusses the composi-
tion and roles of the microbiome and sRNA associated with 
rice and planthoppers, focusing on their involvement in 
rice–planthopper interaction and related molecular mecha-
nisms. This review aims to improve the understanding of 
rice–planthopper interactions, and provide insights into the 
versatile roles of associated microbiota and sRNA facilitat-
ing effective control methods against this destructive pest.

Roles of Microbiota and sRNAs in Rice 

Microbiota associated with rice plants. Plants are 
holobionts surrounded by and continuously interact with 
diverse microbial communities in or around them; plants 
provide various nutrients for endophytic and epiphytic 
microorganisms (Arnold et al., 2003; Gordon et al., 
2013; Lindow and Andersen, 1996). The microbiome 
composition depends on different environmental and plant-
related factors (i.e., plant type and growth stage) that shape 
the structure of plant-associated microbial communities, 
which can vary even between individual plants in the same 
ecosystem (Baltrus, 2017). Advances in metagenomic 
approaches in integration with functional multi-omics 
have paved the way for the taxonomic identification and 
functional characterization and of microbes in the plant 
microbiome (Mannaa and Seo, 2021). 

In rice, several culture-dependent and culture-independent 
studies utilizing molecular methods have been developed 
and utilized to investigate the composition and functions 
of rice-associated microbes (Kim and Lee, 2020). The rice 
microbiota of significance to the plant localize in three dif-
ferent parts, bulk soil, rhizosphere, and phyllosphere area. 
Some of these microbes play beneficial roles in supporting 
healthy plant growth, i.e., the symbiome, while others are 
disease-causing organisms, i.e., the pathobiome. The struc-
ture of the rice microbiome, including the prominent roles 
of the symbiome and pathobiome, as well as responses of 
rice plants, are summarized in Fig. 1.
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Bulk soil in rice paddy fields represents the primary 
source of microbes associated with rice plants and has been 
extensively studied because of its involvement in trapping 
water and air, cycling different nutrients, and accumulating 
organic matter and minerals (Chaudhari et al., 2013). The 
bacterial community in the soil is one of the most diverse 
ecosystems encompassing a plethora of microbes, includ-
ing Proteobacteria, Chloroflexi, Actinobacteria, and Acido-
bacteria (Hussain et al., 2011; Jiang et al., 2016). The fun-
gal community in rice paddy fields includes Ascomycota, 
Basidiomycota, and Glomeromycota (Jiang et al., 2016; 
Yuan et al., 2018). 

The rhizosphere is the area adjacent to plant roots affect-
ed by root exudates and is considered a complex environ-
ment that includes different microbial communities, such 
as fungi, algae, bacteria, nematodes, oomycetes arthropods, 
viruses, protozoa, and archaea (Buée et al., 2009; Raaij-
makers et al., 2009). Root exudates play essential roles in 
shaping the microbial composition of the rhizosphere by 
facilitating plant colonization and selective recruitment 
of specific microbial species that help in plant adaptation, 
growth, and survival. The rhizosphere of rice plants is one 
of the most biodiverse environments in which rice plants 
and microbial communities continuously interact. This 

Fig. 1. Structure of rice microbiome, including beneficial plant-associated microbes, the symbiome, and pathobiome. Pathogens produce 
virulence factors through secretory systems and adhesions to plants to suppress plant defense. Endophytes can produce toxins and antibi-
otics, regulate their behavior with quorum sensing molecules, and produce several phytohormones, biofilms, polysaccharides, elicitors of 
plant defense and metabolic products (Kim and Lee, 2020; Mannaa and Seo, 2021; Sánchez-Cañizares et al., 2017). AHLs, acylhomo-
serine lactones; HR, hypersensitive response; LPS, lipopolysaccharide; ROS, reactive oxygen species.
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microbial diversity benefits plants by promoting growth 
or protecting against phytopathogens (Breidenbach et al., 
2016; Hussain et al., 2012; Lee et al., 2015). In their review 
of previous studies on rice rhizosphere microbial commu-
nities, Ding et al. (2019) suggested that the rice rhizosphere 
is mainly composed of Proteobacteria (specifically, Alpha-, 
Beta-, and Deltaproteobacteria classes), Acidobacteria, 
Actinobacteria, and Chloroflexi bacterial phyla, while Cre-
narchaeota, Thaumarchaeota, and Euryarchaeota represent 
the main archaeal phyla. The fungal community in the rice 
rhizosphere differed significantly from other plants and 
was mainly enriched with the phylum Chytridiomycota, 
known as aquatic fungi, and hence paddy soils support 
their growth (Ding et al., 2019). 

Beneficial microbes, such as plant growth-promoting 
rhizobacteria (PGPR) and arbuscular mycorrhiza fungi 
(AMF), support plant growth and nutrition by mobilizing 
nutrients. The processes involved in mineralization and 
decomposition of different organic matter are essential for 
enhancing plant growth through different mechanisms, 
such as chelation, solubilization, and oxidation or reduction 
reactions (Rincon-Florez et al., 2013). Bacteria, especially 
nitrogen-fixing bacteria, can facilitate nitrogen uptake by 
converting nitrogen found in the air into ionic nitrogen 
(Franche et al., 2009). Moreover, PGPR can stimulate plant 
growth by producing growth regulators, such as auxins, 
cytokinins, and gibberellins (Lugtenberg and Kamilova, 
2009). Many studies have focused on isolating microbial 
antagonists and analyzing their antagonistic effects against 
rice pathogens, such as Magnaporthe oryzae, Rhizoctonia 
solani, and Xanthomonas oryzae (De Costa et al., 2006; 
Harsonowati et al., 2017; Thapa et al., 2018). The rhizo-
sphere microbiota have also been found to enhance plant 
resistance to aboveground herbivore infestation. In the 
study of Jiang et al. (2020), a rich and diverse rhizosphere 
microbiota following treatment with organic amendments 
was found to enhance rice plant tolerance and resistance 
to planthoppers N. lugens. An earlier study indicated that 
treating rice seedlings by root drenching with Bacillus 
velezensis YC7010, an endophytic strain, induced systemic 
resistance against BPH (Harun-Or-Rashid et al., 2018). 
Another study reported the efficiency of decoyinine, a me-
tabolite derived from the endophytic Streptomyces hygro-
scopicus in triggering induced systemic resistance in rice 
against the SBPH, L. striatellus and indirectly affect the 
fecundity and population life table parameters (Shah et al., 
2022).

The phyllosphere refers to the aerial parts of plants, and 
the associated microbiota in the phyllosphere have not been 
studied extensively compared to the rhizosphere microbiota 

(Knief et al., 2012). It is considered a harsh environment 
for the survival of microorganisms, such as bacteria, ar-
chaea, and fungi, because of direct contact with ultraviolet 
radiation, rapid shifts in temperature from high to low, and 
depletion of nutrients (Müller and Ruppel, 2014). Previous 
studies have suggested a wide variation in the microbial 
composition of the rice phyllosphere microbial community. 
Ren et al. (2014) reported that Enterobacteriaceae (class 
Gammaproteobacteria) is the predominant microbial family 
in the rice phyllosphere. A metagenomic analysis of the mi-
crobiome in the rice phyllosphere showed that Actinobac-
teria and both Alphaproteobacteria and Betaproteobacteria 
are the main groups of bacteria found in the region (Knief 
et al., 2012). Harsonowati et al. (2017) reported that a total 
of 18 actinomycetes species isolated from leaves belonged 
to the genera Streptomyces, Saccharothrinx, Gordonia, and 
Lentzea and showed antagonistic activity against rice blast 
fungus. As discussed previously, a large group of microbes 
can harbor and colonize plants. These microbial communi-
ties play a vital role in plant growth and health, as some of 
these microbes can cause diseases, while others can pro-
mote growth, nutrient uptake, and adaptation to both biotic 
and abiotic stresses (Brader et al., 2017).

Identification and characterization of sRNAs in rice 
plants. In recent years, there has been considerable interest 
in the identification of sRNAs, such as miRNAs and siR-
NAs, and their functions in diverse biological processes. 
Most of the functional processes of sRNAs have been sum-
marized in terms of their role in regulation of plant growth 
(Juarez et al., 2004), development (Zhu and Helliwell, 
2011), root architecture, yield (Miura et al., 2010; Zhang 
et al., 2013), and response to biotic and abiotic stresses (Lu 
et al., 2008; Sun et al., 2020). In response to the constant 
infection pressure from insect and pathogen attacks, plants 
have evolved multiple levels of defense in the immune 
system conferring various protective effects, such as those 
mediated on sRNAs, as shown in Fig. 2 (Cook et al., 2015; 
Jones et al., 2016). 

Plant AGO proteins are endonucleases that cut target 
RNAs. Many sRNAs are produced and used by the plant 
DCL/AGO system and are collectively termed siRNAs 
(Huang et al., 2019; Hudzik et al., 2020; Navarro et al., 
2006; Niu et al., 2016). There is a variation in the abun-
dance of sRNA species between different species and 
between individuals in the same species. The core compo-
nents of sRNAs in rice immunity are DCLs, AGOs, and 
RNA-dependent RNA polymerase proteins. The rice ge-
nome encodes 8 DCLs, 19 AGOs, and 8 RNA-dependent 
RNA polymerase proteins. The DCLs include OsDCL1a, 
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OsDCL1b, OsDCL1c, OsDCL2a, OsDCL2b, OsDCL3a, 
OsDCL3b/OsDCL5, and OsDCL4, which are responsible 
for the production of different sRNAs. For instance, OsD-
CL3b/OsDCL5 and OsDCL4 produce 21 or 24 nucleotide 
long siRNAs (Song et al., 2012; Wu et al., 2010), and 
OsDCL1 and OsDCL3a are involved in the biosynthesis 
of 21- or 24 long nucleotide miRNAs (Yan et al., 2011). 
Besides, OsDCL2 contributes to the accumulation of virus-
derived small interfering RNAs (vsiRNAs) derived from O. 
sativa endornavirus (Urayama et al., 2010). 

Interestingly, Wang et al. (2015) described a unique con-
cept called “expression quantitative locus” analysis to ex-
amine how sRNAs control additional encoded genes in rice 
plants. Different plants of the same species often express 
different amounts of sRNAs, but the underlying reason be-
hind such variation remains unclear. The analysis identified 
more than 53 million sRNA molecules from different rice 
populations, which varied in abundance between different 

plants within the same population. The study also showed 
that thousands of individual rice genes could increase or 
decrease the abundance of associated sRNA molecules 
(Table 1). Some sRNA molecules are translated to specific 
proteins, whereas others have different functional roles. 
For example, sRNA molecules affect plant growth, shape, 
and structure and affect survival under stressful conditions, 
such as drought, salt stress, insect infestation and disease 
(Wang et al., 2015). Several factors affect variations in 
sRNA abundance, such as elements located in the promoter 
region of sRNAs themselves that influence sRNA tran-
scription levels, the mother gene or long noncoding RNAs, 
and sequence polymorphisms.

MiRNAs are a type of sRNAs that play essential roles 
in regulating plant defense and morphological character-
ization, such as leaf structure and root and flower devel-
opment. Over 4,600 miRNAs have been identified from 
50 plant species since the invention of high-throughput 

Fig. 2. Small RNAs regulate plant defense against biotic stress. Plants regulate the expression of endogenous genes through small RNAs 
(sRNAs)-trigged mRNA cleavage in response to different biotic stressors. The essential functions are modulating the disease resistance 
against pathogens and enhancing plant immune responses. Upon pathogen infection, small plant RNAs function in host cells, move into 
invasive enemies, and accumulate the sRNAs regulators (i.e., miR393). Small plant RNAs induce auxin receptors by modifying plant 
hormone networks (i.e., indole acetic acid, jasmonic acid, salicylic acid, and abscisic acid) to increase plant immune responses against 
different biotic stressors. AGO, Argonaute proteins; miRNA, micro RNA; sRNAs, small RNAs; vsiRNAs, virus-derived small interfer-
ing RNAs.
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sequencing techniques, such as next-generation sequenc-
ing and the MiSeq Illumina system. Hundreds of miRNAs 
were characterized from different plants, including rice, 
barley, wheat, and Arabidopsis. O. sativa and Glycine max 
have the most identified miRNAs (661 and 395 miRNAs, 
respectively) (Guo et al., 2012; Sunkar et al., 2008). Un-
der abiotic stress, such as drought and salt stress, 23 novel 
miRNAs from sRNAs of control rice seedlings and treated 
plants were identified (Sunkar et al., 2008). Another 24 
novel miRNA libraries were discovered from rice calli 
by Chen et al. (2011), 43 novel sRNA families from rice 
spikelets by Peng et al. (2011), and 75 novel miRNAs 
from developing pollen of rice seedlings by Wei et al. 
(2011). Furthermore, a novel rice miRNA, OsmiR530, was 
reported by Sun et al. (2020), who demonstrated that Os-
miR530 negatively regulates grain yield as its expression 
significantly decreases both grain size and panicle branch-
ing. These sRNAs have potential targets for improving rice 
development and differentiation under stressful conditions, 
and breeding high-yielding rice varieties. 

Roles of Microbiota and sRNAs in Planthoppers 

Microbiota associated with planthoppers. Planthop-
pers are sucking insects among the destructive insect pests 
found in rice fields worldwide. During severe infestations, 
planthoppers are usually causing deadly effects, such as 
wilting and complete drying of rice crops (Bottrell and 
Schoenly, 2012). In addition, planthoppers can damage 
rice by transmitting viruses during phloem-sucking (Yang 
et al., 2018). Planthoppers also excrete honeydew on rice 
leaves that triggers microbial growth and causes plant leaf 
deformation during severe infestations. It is noted that 

BPH honeydew-associated microbes reduce rice defense 
responses and cause specific plant volatiles release, such 
as momilactones (Wari et al., 2019a). Insect and plant 
microbiota structure has been examined under different 
conditions, including soil type and host plants (Griffiths et 
al., 2011). The interaction between plants, microbes, in-
sects, and the surrounding environment in the ecosystem is 
summarized in Fig. 3, showing the beneficial and harmful 
effects on each other. Many studies have reported that mi-
crobes living in insect bodies play a vital role in facilitating 
insect adaptation to host plants (Engel and Moran, 2013; 
Xia et al., 2017). 

The characterization of microbial diversity and structure 
is necessary for understanding the complicated relation-
ships between microbes and insect hosts. The bacterial 
community in BPH has been investigated at various growth 
stages using the next generation sequencing amplicon se-
quencing technique. It was reported that nymphal insects 
have the highest richness in bacterial species, while Proteo-
bacteria was the highest abundant phylum at all of the de-
velopmental stages (Wang et al., 2020). At the genus level, 
the abundance of Acinetobacter in eggs was significantly 
lower than in other developmental stages. Additionally, 
microbial structure in male and female adults was different, 
indicating the gender-dependent microbial communities 
(Wang et al., 2020).

Moreover, the microbial diversity in several tissues dur-
ing BPH different developmental stages was observed 
(Wang et al., 2020; Zhang et al., 2019). Although Fir-
micutes and Proteobacteria were dominant in all samples, 
significant variation in the relative abundance of Firmicutes 
and Proteobacteria was found between BPH ovaries and fat 
bodies (Zhang et al., 2019). Insect virulence is also found 

Table 1. Summary of previous studies demonstrating target genes and sRNAs of rice expressed during different biotic stressors
sRNAs Target genes Fungal pathogen/insects Reference
miR166k-5p OsEIN2.1; OsEIN2.2 Fusarium fujikuroi Kettles et al. (2013)
miR396 OsGRFs Brown planthopper Salvador-Guirao et al. (2018)
miR167 OsARFs Magnaporthe oryzae Dai et al. (2019)
miR319 OsTCP21; OsGAmyb Rice ragged stunt virus  

Magnaporthe oryzae 
Zhang et al. (2018a), Zhao et al. (2020)

miR169 OsNF-YAs Xanthomonas oryzae pv. oryzae Zhang et al. (2016)
miR164a OsNAC11; OsNAC60 Magnaporthe oryzae  

Phytophthora infestans 
Yu et al. (2018)

miR171b OsSCL6-IIs Rice stripe virus Wang et al. (2018)
siR109944 OsFBL55 Rhizoctonia solani Tong et al. (2017)
miR168 OsAGO1 Rice stripe virus Qiao et al. (2020)
miR-14 CsSpo; CsEcR Rice stem borer Wu et al. (2015)
sRNA, small RNA.
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to be correlated with microbial composition. An in vivo 
study showed that different bacterial and fungal symbionts 
differed in BPH populations with different virulence levels 
(Xu et al., 2014a). Comparative transcriptomic analyses by 
Yu et al. (2014) between BPH populations with different 
virulence levels showed that many genes belonging to BPH 
symbionts, such as yeast-like symbionts and Wolbachia 
spp., were expressed. There is a big gap in understanding 
the roles of symbionts in the adaptation process of BPH to 
rice plants, and the complete structure of symbionts and 
their roles in the adaptation process remains unclear (Wang 
et al., 2021).

The bacterial communities in L. striatellus and S. fur-
cifera were dominated by the genera Wolbachia, Cardini-
um, Rickettsia, and Pantoea when studied using 16S rRNA 
amplicon sequencing (Bing et al., 2020). The Wolbachia 
and Cardinium abundance was negatively correlated 
within the community of both planthoppers. Moreover, the 

dynamic of the symbiont Asaia spp. in WBPH-laboratory 
and field-collected populations was investigated using 
16S RNA phylogenetic analysis and transmission elec-
tron microscopy (Li et al., 2019). Asaia spp. were found 
in all of laboratory WBPH adults and tissues, while field-
collected WBPH showed different infection rates (around 
45%). Similarly, BPH microbial profile was studied in 
two geographically different populations, the indoor 
population (NlIP) and field population (NlFP), using 
16S rRNA amplicon sequencing (Zhang et al., 2018b). 
It was found that NlIP and NlFP had different microbial 
community compositions. The phyla, Proteobacteria, 
Actinobacteria, and Firmicutes, were the most dominant 
within the whole community (>75%). NlIP group is also 
shown to have a higher relative abundance of Pantoea 
and Stenotrophomonas spp., NlFP harbored more of 
Wolbachia, Actinobacteria, and Herbaspirillum spp. 
Moreover, the BPH gut microbiota was also evaluated after 

Fig. 3. The interaction among plants, microorganisms, insects, and the environment exhibits beneficial or harmful effects. PGPR, plant 
growth-promoting rhizobacteria.
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growing in two different conditions; laboratory-insecticide-
susceptible (IS) and field-insecticide-resistant (IR) (Vijaya-
kumar et al., 2018). In IS population, Proteobacteria was 
the dominant phylum (99.86%), whereas Firmicutes was 
the dominant phyla in the IR population (46.06%). The 
genera, Weissella, Morganella, and Enterococcus, were 
shared within the bacterial community of the two groups, 
indicating that they may represent the core microbiota of 
BPH insects. The microbial composition of the SBPH 
alimentary canal was collected from different regions in 
China and characterized by 16S rRNA sequencing (Liu et 
al., 2020). The microbial community with rich diversity 
was mainly composed of the phyla; Proteobacteria, 
Actinobacteria, Firmicutes, Bacteroidetes, and Tenericutes. 
The bacterial abundance and structure were highly similar 
as the geographic distance between the populations 
classified into three categories: temperate, subtropical, and 
tropical, based on the geographic location (Liu et al., 2020). 

Inoculation of reproductive symbionts affects the 
microbial community in planthoppers. For instance, when 
the microbiota of BPH was characterized with and without 
Cardinium infection, it was observed that microbial 
diversity was lower in BPH different stages, mainly in 
female midguts, and male testes than that in the controls 
(Li et al., 2020). From one side, a negative correlation is 
noted to be between Cardinium and most of its related 
genera, and between Bacteroidetes and Proteobacteria from 
another side. It was clear that the microbial composition 
changed after Cardinium inoculation, but Acinetobacter 
spp. was a core genus within the microbial community. 
The BPHs adult was treated with some antimicrobials and 
water to investigate the variation in the structure of gut 
microbes (Song et al., 2021). Antimicrobial treatment lead 
to increasing the gut microbial diversity by inhibiting the 
growth of Acinetobacter which considered as the dominant 
genus in adult gut. Also, antimicrobials decreased the 
abundance of microbial whole community, however, 
Serratia spp. absolute abundance was significantly 
increased under the antimicrobial exposure. Furthermore, 
the tetracycline effects on the diversity and structure of 
bacterial community in SBPH various tissues were studied 
using 16S rRNA amplicons sequencing (Zhang et al., 
2020). The results showed that the phyla; Proteobacteria, 
Bacteroidetes, Firmicutes and Actinobacteria were the 
highest abundant in SBPH population. Regarding to genera, 
Asaia and Wolbachia had the dominance at all body parts. 
It was noted also that tetracycline cause inhibition for 
Firmicutes, Tenericutes, Bacteroidetes and Fusobacteria, 
and nearly prohibited the genera; Bacteroides, Wolbachia, 
and Abiotrophia spp. from SBPH bacterial community.

Regarding the influence of bacterial symbionts on the 
physiological features of the planthoppers, in WBPH, it 
was noted that Asaia-infected planthoppers had a shorter 
nymphal duration and increased adult weight compared 
to Asaia-uninfected insects (Li et al., 2019), even though 
Asaia-uninfected WBPH fed more, suggesting that Asaia 
spp. plays a role in improving planthopper fitness through 
involvement in host nutrition. Higher diversity in ecologi-
cal factors in various habitats may cause an increase in 
the microbial diversity of SBPH, which help them in the 
adaptation or tolerance to different extreme conditions (Liu 
et al., 2020). Cardinium infection was found to enhance 
the relative density of midgut-associated Acinetobacter 
spp., with both bacteria exhibiting tissue-specific tropism 
in BPH (Li et al., 2020). In addition, Cardinium infection 
caused changes in the core microbial composition. Interest-
ingly, the susceptibility of BPH to some pesticides such 
as imidacloprid, chlorpyrifos, and clothianidin was sig-
nificantly increased after being pretreated with antibiotics. 
Simultaneously, significant inhibition was found for the 
detoxifying enzyme activities of some enzymes, includ-
ing cytochrome P450 and glutathione S-transferase (Tang 
et al., 2021). These results indicate the hidden role of gut 
microbes in planthopper resistance to pesticides through 
enzymatic detoxification.

Identification and characterization of sRNAs in pl-
anthoppers. A body of research has focused on iden-
tifying and characterizing sRNAs in planthoppers. For 
instance, sRNA libraries of BPH have been constructed 
and sequenced (Chen et al., 2012). Through this, a list of 
conserved miRNAs in three developmental stages, includ-
ing male adult (452), female adult (430), and last instar 
female nymph (381), were identified, of which 71 were 
novel miRNAs. The phylogenic evolution of miRNA 
families in BPH is consistent with that of other species, and 
the sRNA library of the SBPH population has been con-
structed and sequenced (Zhou et al., 2014). The identified 
miRNAs were 501 in total, including conserved and novel 
miRNAs belonging to various families. The target genes 
of conserved and novel miRNAs were analyzed from the 
perspective of its functions and have shown to be similar. 
MiRNAs, conserved and novel, have also been reported in 
the rice pest WBPH (Chang et al., 2018). Deep sequenc-
ing identified 171 novel miRNAs biased towards female 
insects as they modulated the functionality and targets of 
miRNAs involved in sex differentiation. 

Several physiological characters were found to be regu-
lated by sRNAs in planthoppers such as wing polyphenism, 
molting and virus transmission. In adaptation to different 
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conditions, several insects show two wing phenotypes. The 
sRNAs in BPH nymph instars were isolated and character-
ized to identify the miRNAs related to wing polyphenism 
(Xu et al., 2020). The sRNA libraries from long and short 
wing strains were then sequenced and analyzed to assign 
the conserved and novel miRNAs (158 and 96, respec-
tively). It was also found that 122 miRNAs have different 
expressions between BPH strains. To understand the mo-
lecular mechanism underlying wing polyphenism in BPH, 
these miRNAs target genes were predicted to observe the 
differentially expressed miRNA-targeted genes which were 
found in the insulin signaling and insect hormone biosyn-
thesis pathways (30 and 45, respectively, involved in wing 
dimorphism were identified) (Xu et al., 2020). Among 
these miRNAs, Nlu-miR-9a-5p, Nlu-miR-14-3p, and Nlu-
miR-315-5p, were shown to interact with insulin receptors 
(NlInRs). The conserved miRNA, miR-34, was also found 
to play a role in controlling wing polyphenism through 
modulating a positive regulatory feedback loop of juvenile 
hormone and signaling pathway of insulin/IGF (Ye et al., 
2019). Interestingly, Nlu-miR-34 is abundant in BPH short-
wing strain and targets two binding sites in the 3′ untrans-
lated region of NlInR1 to suppress NlInR1. The injection 
of agomir-34 to overexpress miR-34 in long-wing strain 
triggers the short-wing development while injecting miR-
34 agomir to knockdown miR-34 in short-wing strain leads 
to more long-wing strains.

Molting is a vital physiological process in arthropod de-
velopment. Recently, molting and chitin biosynthesis have 
been suggested to be regulated by miRNAs, which has 
drawn the attention of many researchers in determining the 
specific miRNAs involved in molting. In a study by Chen 
et al. (2013), conserved miR-8-5p, miR-2a-3p and their 
target genes in BPH were essential for ecdysone-induced 
chitin biosynthesis. The bioinformatic and experimental 
analyses were employed to investigate that phosphoacetyl 
glucosamine mutase (PAGM) and membrane-bound tre-
halase (Tre-2) in the pathway of chitin biosynthesis were 
targets of miR-2a-3p and miR-8-5p, respectively (Chen 
et al., 2013). As a response to the treatment of the insect 
hormone, 20-hydroxyecdyson (20E), which is reported to 
be contributing in molting, miR-2a-3p and miR-8-5p levels 
were decreased, while the PAGM and Tre-2 levels were 
upregulated. Additionally, the transcription of miR-2a-3p 
and miR-8-5p was repressed by the Broad-Complex (BR-C) 
gene, in the signaling pathway of 20E hormone. The over-
expression of miR-2a-3p and miR-8-5p also significantly 
reduced the BPH survival rate due to a reduction in a molt-
ing obstacle phenotype caused by miR-2a-3p, which simu-
lates feeding, and simultaneously reduced the BPH chitin 

content (Chen et al., 2013). This study indicated that miR-
2a-3p and miR-8-5p have a role as molecular regulators 
that control the chitin biosynthesis pathway through the 
signaling of 20E hormone. In another study, four samples 
obtained from the BPH nymph instars, 2nd-3rd and 4th-
5th, were sequenced and analyzed, yielding 61 conserved 
miRNAs and 326 novel miRNAs (Chen et al., 2018). The 
expression profile analyses reported that 36 miRNAs tar-
gets showed significantly different expression levels and 
most of these miRNAs targets were involved in energy and 
hormone pathways. Among the putative novel miRNAs, 
nlu-miR-173, interacted with 20E signaling through the 
transcription factor BPH Ftz-F1. Moreover, it was noted 
that the nlu-miR-173 transcription was triggered by BR-C 
gene, indicating that it participates in molting function 
through its contribution to the 20E pathway. Targeting 
chitin synthase gene A (CHSA), represent a promising ap-
plication of sRNAs in controlling N. lugens. The study of 
Li et al. (2017), have shown that two RNA silencing path-
ways, siRNAs and miRNAs, targeting CHSA in N. lugens 
via feeding affected the development of nymphs, reduced 
their chitin content, led to lethal phenotypes and adversely 
affected the egg hatchability in treated females.

The transmission of plant viruses mostly depends on 
vector insects, and vsiRNAs can target both viral and host 
transcripts due to viral infection. Rice viruses, such as 
RSV, RBSDV, and SRBSDV, are persistent-propagative 
viruses transmitted by different planthopper species and 
can cause severe diseases in rice. Therefore, controlling 
planthopper insects is a practical approach for controlling 
rice viruses. For instance, long noncoding RNAs (lncRNAs) 
have been shown to inhibit viral replication in host cells. 
The lncRNAs regulatory mechanisms are studied in the 
insect immune system to respond to RSV infection by 
predicting genes within SBPH transcriptomes (Chen et 
al., 2019). The transcriptomic analysis showed that the 
lncRNA genes were differently expressed in the ovary 
higher than salivary glands and viruliferous SBPH gut. The 
real-time quantitative PCR results also confirmed the dif-
ferential expression of randomly selected lncRNAs from 
viruliferous and non-viruliferous SBPH. To study the regu-
latory role of vsiRNAs to gene expression in insect vectors, 
the transcriptomic profiles of sRNA and mRNA in RSV-
infected SBPH were deeply analyzed (Yang et al., 2018). 
From the identified sRNAs, about 80,698 novel vsiRNAs 
were found only in SBPH. The downregulated genes were 
then identified in RSV-infected insects; among them, 
approximately 126 genes were reported as a vsiRNAs-
potential targets. The analysis of gene function prediction 
indicated that these downregulated targets were enriched 
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in the cuticle structure, oxidoreductase activity and serine-
type endopeptidase activity. Similarly, 4,117 target genes 
that could be categorized into 45 functional groups were 
annotated and predicted for the 382 previously identified 
WBPH miRNAs (Chang et al., 2016). Eight upregulated 
and four downregulated miRNAs were predicted in the 
cells injected by SRBSDV compared to the non-virulif-
erous cells and it is suggested that miR-n98a and miR-14 
may participate in the immune system response to viral 
infection. Moreover, the siRNA pathway is triggered by 
SRBSDV infection in cultured cells generated from SBPH 
and the intact insect midgut (Lan et al., 2016). When RNAi 
knocks down the Dicer-2, which is the core component of 
the siRNA pathway, the propagation ability of SRBSDV is 
highly increased in cultured cells and SBPH midgut. This 
mechanism also results in maintaining the viral titers in the 
midgut below a putative cytopathogenic threshold above 
which it might results in killing the insect instead of main-
taining the persistent replication ensuring continuous viral 
infection. 

Microbes and sRNAs crosstalk in rice planthoppers. 
There is an established link between the microbiota of pl-
anthoppers with miRNAs and the expression of their target 
genes. The influence of microbial symbionts on insect host 
physiology could be regulated through their effect of the 
sRNA. However, further investigations are needed to con-
firm such hypothesis. Previously, variation was observed 
in the expression of miRNAs in Wolbachia-infected and 
uninfected SBPH strains. Compared with the pure strain, 
Wolbachia infection upregulated 18 miRNAs and down-
regulated six miRNAs in SBPH males, while in females, 
25 miRNAs were upregulated and 15 were downregulated 
(Liu et al., 2019). 

While bacterial endosymbionts affect miRNA profiles 
in planthoppers, entomopathogenic microbes were also 
found to cause specific changes in miRNA profiles. In their 
investigation of the impact of the entomopathogenic fun-
gus Metarhizium anisopliae against BPH (N. lugens), Xie 
et al. (2021) found that the high biocontrol potential of M. 
anisopliae was linked to specific changes in miRNA pro-
files, and target gene functions were predicted to include 
genes involved in energy metabolism, ubiquitin-mediated 
proteolysis, and mitogen-activated protein kinase signaling 
pathway. A previous study investigated the transcriptome 
of M. anisopliae-challenged insects and indicated that 
fungal infection caused specific changes in the expression 
of membrane-related genes and genes related to cellular 
immune response and humoral immune factors (Zhang 
et al., 2015). In addition to further investigations on post-

transcriptional levels in rice planthoppers in response to as-
sociated microbes, these studies can provide insights useful 
in developing novel effective strategies by identifying new 
targets for RNAi. 

Roles of Microbiota and sRNAs during Rice–Plan-
thopper Interactions

There are many ways through which insect-associated 
microbes can influence host plant infestation by insects. 
Along with their effect on general fitness and adaptability 
of insects and facilitating the utilization of host plants by 
synthesizing essential nutrients or providing plant polymer-
degrading enzymes, the associated microbiota also act as 
tools in plant–insect crosstalk through suppression of plant 
defense mechanisms or detoxification of plant-responsive 
phytochemicals and toxins (Shikano et al., 2017). The 
endosymbiont Wolbachia, which has been reported as the 
main microbe associated with rice planthopper, is known 
to play important roles in reproductive manipulation or 
inhibition of replication of several vector-borne pathogens 
in insects. It was also found to suppress defense-related 
genes in maize roots during western corn rootworm infes-
tation (Barr et al., 2010). Although planthopper symbiotic 
microbes are generally used as weapons against rice plants, 
the presence of “double-agents” has also been reported, i.e., 
certain planthopper symbiotic microbiota that are secreted 
in honeydew on rice plants act as alert signals against their 
own host insect to stimulate rice to elicit defense against in-
festation (Wari et al., 2019b). In the same study, microbes 
in honeydew, that are derived from the insect gut, includ-
ing members of the genera Staphylococcus, Acinetobacter, 
Pantoea, Microbacterium, Corynebacterium, and Serratia, 
were found to induce direct chemical defense by eliciting 
phytoalexins that serve as a direct defense against BPHs in 
rice, along with indirect defense by increasing release of 
volatile organic compounds (VOCs) to recruit natural en-
emies of herbivores (Aljbory and Chen, 2018; Wari et al., 
2019b).

Plant microbiota can also influence insect behavior 
through plant defense and physiology. Plant pathogenic mi-
crobes can exert a significant influence on insect infestation 
through their effect on the host plant and consequently on 
the feeding behavior and distribution of insects (Shikano et 
al., 2017). This can be seen in the reportedly higher prefer-
ence of the BPH (N. lugens) for rice plants that were infect-
ed with the bacterial blight pathogen Xanthomonas oryzae 
pv. oryzae. In contrast, Cyrtorhinus lividipennis, the major 
predator of BPH, showed a higher preference for healthy 
rice plants or infected plants that have been fed on by BPH. 
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This can be explained by changes in VOCs, which were 
shown to be slightly increased with bacterial infection of 
rice plants and by herbivore-induced volatiles in plants fed 
on by BPH (Sun et al., 2016). This complex co-adaptation 
represents an image of evolution seen in the adaptation of 
BHP in targeting plants weakened by bacterial infection 

and the adaptation of BPH predators in targeting their prey 
by identifying plant volatiles signals emitted after the feed-
ing activity of BPH. Moreover, plant-associated beneficial 
microbes have also been found to alter plant VOCs by uti-
lizing such compounds as carbon sources or by emission of 
their own VOCs, which can influence insect feeding, mat-

Fig. 4. Proposed mechanism of infection pathways of rice viruses in insect vectors and links with small RNA (sRNA) and plant mi-
crobes. Following virus ingestion by insect vectors from diseased rice plants, the viruses infect the epithelial tissues of the insect intestine 
and then the midgut, from where it can spread into the hemolymph, and finally to the salivary glands or the ovary of the female vector. 
miRNA, micro RNA; siRNA, small interfering RNA.
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ing, and oviposition behaviors (Aljbory and Chen, 2018; 
Davis et al., 2013). However, there is still a need to further 
investigate such microbiota-dependent VOC-mediated 
interactions with regard to rice–planthopper infestation, 
which can provide potential alternative control methods 
based on a detailed understanding of this network. An 
endophytic strain of Bacillus valensis was used in the root 
drenching treatment of rice seedlings, resulting in systemic 
acquired resistance against BPH. The transcriptome analy-
sis in that study indicated that the acquired resistance was 
mediated by salicylic acid- and jasmonic acid-dependent 
pathways, and the main mechanisms were plant cell wall 
strengthening by increase in lignin and cellulose contents 
as well as chemical changes in secondary metabolites (Har-
un-Or-Rashid et al., 2018). 

The effect of host plants on the planthopper microbial 
community has also been investigated. The gut microbes in 
two BPH groups feeding on susceptible and resistant rice 
plants were studied using 16S RNA amplicon sequencing 
(Wang et al., 2021). The results indicated that Proteobac-
teria was the most abundant phylum, while Acinetobacter 
were the most abundant genus. The bacterial richness in 
BPH feeding on resistant rice was significantly higher than 
in insects feeding on the susceptible plants. Although there 
were no significant differences in the dominant bacteria at 
all taxonomic levels in the two BPH groups, the relative 
abundances of the phyla, Firmicutes and Bacteroidetes, and 
the classes, Bacteroidia and Clostridia were notably dif-
ferent. Interestingly, Yan et al. (2021) illustrated species-
specific changes in the three rice planthopper species, BPH, 
WBPH, and SBPH, with respect to different plants (rice 
and wheat). Although the three planthoppers were found to 
harbor distant gut microbes, there was no significant varia-
tion in the relative abundance or the bacterial diversity in 
planthoppers feeding on different plant hosts. 

The roles of sRNAs in the regulation of growth, devel-
opment, and reproduction of planthoppers may directly 
contribute to the infestation process in several ways (Sattar 
and Thompson, 2016). Moreover, there is a possibility that 
endosymbionts-derived sRNAs may be linked to regulation 
of processes not only in the microbe, but also in the host 
insect. The endosymbiont Wolbachia was found to utilize 
sRNAs for gene regulation and cross-kingdom gene regu-
lation in different host insects, confirming that the func-
tions of such sRNAs may be conserved across species and 
strains (Mayoral et al., 2014). SRNAs are also the main 
players during planthopper infestation of rice plants. In a 
study investigating miRNA and mRNA expression profiles 
of BPH resistant and wild-type rice varieties, 217 miR-
NAs, and 7,874 mRNAs were found to be differentially 

expressed following invasion in the resistant plants (Tan 
et al., 2020). Specific miRNAs were identified to be in-
volved in rice resistance to BHP, and transcriptome profil-
ing indicated enrichment in metabolic and defense-related 
physiological pathways, including cell wall organization, 
hormone transport, and synthesis of specific metabolites. 
Another study provided more insights into the molecular 
mechanism of OsmiR396 as a responsive miRNA induced 
by BPH infestation (Dai et al., 2019). The study high-
lighted the roles of flavonoids (which were suggested to be 
related to activation of the salicylic acid signaling pathway 
of resistance) in imparting rice resistance against BHP. 
Flavonoids were found to be tightly negatively regulated 
by OsmiR396. Understanding the role of OsmiR396 in the 
regulation of flavonoids and consequently in the resistance 
of rice to BHP paves the way for exploiting it as potential 
target for generation of OsmiR396-sequestered transgenic 
plants with improved BPH resistance.

Plant and insect microbiota and sRNAs are also impor-
tant elements during the interaction involving planthopper 
transmitted viruses. In general, upon viral infection, vsiR-
NAs target both host and viral transcripts as most plant 
viruses depend on vector insects for transmission (Yang et 
al., 2018). The underlying mechanism of the pathogenicity 
of viral infection related to the plant-pathogen interactions 
is well studied (Xu et al., 2014b). The critical factor in the 
transmission process is that certain viruses are transmit-
ted in a persistent, circulative-propagative manner by rice 
planthoppers (Wei and Li, 2016). The mechanism of virus 
transmission and the interactions between plant and insect 
microbiome and sRNA are illustrated in Fig. 4. 

Conclusion and Perspective Work

Considerable research has been devoted to investigating 
the structure of microbial communities and sRNAs and 
their versatile roles in planthoppers and rice plants. RNA 
molecules and their functional pathways play a vital role 
in plant-pathogen–herbivore interactions through plant 
responses against herbivore and insect attacks. The pri-
mary role of sRNAs is to induce pattern-triggered immune 
responses against biotic stressors, functioning as critical 
fine-tuning regulators of plant hormone pathways. To 
achieve sustainable food production, they can be used as a 
novel defense strategy to inhibit pathogenesis and control 
virulence without chemical pesticides. However, further re-
search is needed to identify nucleotide sequence specificity 
that regulates the abundance of sRNA molecules in plants 
and other eukaryotic organisms. It is also important to fur-
ther investigate the roles of sRNAs as a tool to manifest 
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the influence of planthoppers-associated microbes and the 
potential intervention at that level for innovative pest man-
agement. In addition, recent research has used advanced 
analytical tools to focus on the interaction between host 
microbiota, sRNAs, and viral infection in planthoppers 
and rice. To date, it is unclear whether the composition and 
abundance of symbionts inside BPH are affected by viral 
infections, and further studies are needed to elucidate this 
interaction. Future studies should also investigate the func-
tions of sRNAs and microbiota in the context of rice–plan-
thopper–virus interactions. Understanding the microbiota 
and sRNAs that regulate planthopper–rice interactions 
may facilitate the development of novel, effective, and 
environment-friendly strategies for minimizing the damage 
of planthopper to rice crops.
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