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Abstract For over 50 years, host plant resistance has
been the principal focus of public research to reduce
planthopper and leafthopper damage to rice in Asia. Several
resistance genes have been identified from native varieties
and wild rice species, and some of these have been
incorporated into high-yielding rice varieties through con-
ventional breeding. However, adaptation by hoppers to
resistant rice has been phenomenally rapid, and hopper
populations with virulence against several resistance genes
are now widespread. Directional genetic selection for vir-
ulent hoppers seems unlikely given the rapid pace of
adaptation reported from field and laboratory studies.
Among the alternative explanations for rapid hopper
adaptation are changes (genetic, epigenetic, or community
structure) in endosymbiont communities that become
advantageous for planthoppers and leathoppers that feed on
resistant rice varieties. This review examines the nature of
these symbiont communities and their functions in plant-
hoppers and leathoppers—focusing on their likely roles in
mediating adaptation to plant resistance. Evidence from a
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small number of experimental studies suggests that bacte-
rial and eukaryotic (including yeast-like) symbionts can
determine or mediate hopper virulence on rice plants and
that symbiont functions could change over successive
generations of selection on both resistant and susceptible
plants. The review highlights the potential complexity of
rice hopper—symbiont interactions and calls for a more
careful choice of research materials and methods to help
reduce this complexity. Finally, the consequences of
symbiont-mediated virulence adaptation for future rice
breeding programs are discussed.
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Introduction

Since the beginning of the Green Revolution, a small group
of planthoppers (Delphacidae) and leathoppers (Cicadeli-
dae) have continued to cause major losses to rice produc-
tion throughout South and East Asia. These “hoppers”
include the brown planthopper, Nilaparvata lugens (Stal);
whitebacked planthopper, Sogatella furcifera (Horvath);
small brown planthopper, Laodelphax striatellus (Fallén);
green rice leafhopper, Nephotettix cincticeps (Uhler); and
green leafhopper, Nephotettix virescens (Distant) (Fujita
et al. 2013) (Table 1). Furthermore, in the Neotropics, the
rice delphacid, Tagosodes orizicolus (Motschulsky), is a
vector of hoja blanca virus (HBV), a damaging rice virus
that causes major losses to rice yield each year (Zeigler
et al. 1994). Losses due to Asian planthoppers and leaf-
hoppers have been estimated at millions of tonnes of pro-
duction in some years, particularly in China, Thailand, and
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Vietnam (Fujita et al. 2013). Furthermore, sharp increases
in the frequency and extent of hopper outbreaks have been
noted since about 2002 (Catindig et al. 2009; Fujita et al.
2013). Damage (often called “mechanical damage” as
opposed to viral symptoms) results from hopper feeding,
whereby the hoppers extract nutrients directly from the rice
phloem by means of a specialized stylet inserted into a
salivary sheath (Wang et al. 2008b). In the process, large
quantities of honeydew are produced on which fungal
colonies develop, often resulting in a sooty appearance of
the rice (Botrell and Schoenly 2012; Fujita et al. 2013)
(Table 1). Severe infestations by leafhoppers and plant-
hoppers can lead to “hopperburn,” a wound response that
results in eventual desiccation and death of the rice plant;
however, even at low densities, hoppers can cause signif-
icant yield losses when they transmit rice viruses, including
tungro viruses and others that cause yellowing syndromes
(Fujita et al. 2013).

For over 50 years, host plant resistance has been a major
focus of research to reduce damage to rice from planthop-
pers and leafhoppers. Several rice varieties and wild rice
species have notable resistance to hoppers, and many of
these have been used in rice breeding programs as the donor
parents for resistant rice varieties. A recent review has listed
79 resistance gene loci derived mainly from traditional rice
varieties of South Asian origin (India, Bangladesh, and Sri
Lanka) and from a range of wild rice species (Fujita et al.
2013). Most of these gene loci were discovered only in the
last 20 years; however, there is now an increasing body of
evidence to indicate that many of the genes have already
become ineffective in large parts of Asia because of wide-
spread hopper adaptation (Table 1) (Myint et al. 2009a, b;
Penalver Cruz et al. 2011; Fujita et al. 2013). The pace of
hopper adaptation to resistant rice varieties (which we refer
to as virulence adaptation) has been phenomenally rapid.
For example, widespread adaptation by N. lugens to rice
varieties with the Bphl and bph2 genes occurred within
5 years from first release of the varieties (Alam and Cohen
1998; Fujita et al. 2013). This rapid adaptation suggests that
virulence is unlikely to be the result of genetically based
directional selection (Chen 2009; Chen et al. 2011), and
points to other mechanisms that might determine resistance
and contribute to virulence adaptations. Symbionts, a
component of the internal flora of both planthoppers and
leathoppers (Nasu 1963; Noda 1974; Chen et al. 1981a, b;
Noda et al. 1995; Xet-Mull et al. 2004; Wang et al. 2010;
Tang et al. 2010; Noda et al. 2012), have recently been
linked to variations in the outcome of rice—planthopper
interactions (N. lugens: Lu et al. 2004; Chen et al. 2011).
Therefore, the presence, composition, and functions of the
endosymbiotic internal flora of hoppers could underlie
alternative mechanisms of adaptation to resistant rice
varieties.

The purpose of this review is to collate all current
knowledge on the symbionts of planthoppers and leaf-
hoppers that feed on rice, highlighting the nature and
function of the symbiotic communities present in the
hopper bodies and relating these to possible shifts in hop-
per virulence. We examine the inoculation and population
cycles of symbionts (particularly the yeast-like symbionts)
and relate these to hopper development, reproduction, and
behavior. We also review known mechanisms of rice
resistance and examine probable roles for endosymbionts
during hopper virulence adaptation. In particular, we crit-
ically examine available experimental evidence that draws
links between endosymbionts and virulence adaptation and
discuss possible directions for future research in this area.
Finally, we highlight major gaps in the current knowledge,
discuss the application of novel entomological, microbio-
logical, and molecular tools in elucidating complex inter-
actions, and discuss some possible consequences from
what is known of rice hopper—symbiont interactions for the
successful breeding and deployment of resistant rice
varieties.

Taxonomy and systematics of planthopper—-symbiont
associations

“Symbiont” is a broad term that describes the beneficial
(mutualistic), parasitic, and disease-causing intra- and
extracellular organisms that occur in insects and other
higher organisms. Henceforth, in this review, we use the
term “symbiont” to refer only to mutualistic endos-
ymbionts (that live inside the insect body). Nasu (1963)
was the first to report symbionts associated with rice
planthoppers. Until the early 2000s, yeast-like symbionts
(YLS) had been the only type of symbiont found in
planthopper species (Noda 1974; Chen et al. 1981a; Ka-
gayama et al. 1993; Noda et al. 1995; Xet-Mull et al. 2004).
More recently, other eukaryotic and bacterial symbionts
have been associated with N. lugens and N. cincticeps
(Tang et al. 2010; Dong et al. 2011; Noda et al. 2012).
Bacteria-like organisms have also been observed in the
salivary sheets of N. lugens using electron microscopy
(Wang et al. 2008a; Tang et al. 2010).

Because the primary (obligate) symbionts of planthop-
pers and leathoppers cannot be cultured in vitro (Noda
et al. 1995), hopper symbiosis has remained relatively
understudied compared to, for example, aphid symbiosis—
where many of the symbionts may be secondary. Never-
theless, symbionts have been isolated from planthopper and
leathopper tissues through density-gradient ultracentrifu-
gation (Noda and Omura 1992), which permits research
into their taxonomic affiliations without the need for the
pure culture isolates required with most conventional
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methods of microorganism classification (Ganter 2006). In
addition, sequence information of nucleic acids or proteins
has been useful for the study of obligate symbionts given
the difficulties in growing symbionts in vitro (Noda et al.
1995).

Several different symbiotic microorganisms occur in
planthoppers and leathoppers (Table 2). Using primer
sequences designed to amplify the conserved 18S ribo-
somal DNA region (rDNA), Noda et al. (1995) identified
YLS [GenBank accession no. AF267233.1 (N. lugens YLS
18S rDNA)] and located it in the class Pyrenomycetes,
subphylum Ascomycotina in the fungal kingdom and
suggested that the YLS from N. lugens, S. furcifera, and
L. striatellus are monophyletic, i.e., derived from a single
ancestral species (Noda et al. 1995). YLS have also been
isolated from T. orizicolus. Surprisingly, there is also a
high degree of similarity between the YLS of the three
Asian rice planthoppers and those of the South American
planthopper (98 % similarity), suggesting that the four
YLS descended from a common Pyrenomycete ancestor
(Xet-Mull et al. 2004). More recently, it has become
apparent that several eukaryotic organisms occur in the fat
bodies, ovaries, and eggs of N. lugens, although it has been
difficult to separate these functionally (i.e., obligate vs.
facultative and intracellular vs. extracellular) and some
may represent contaminants from food or the environment
(Chen et al. 2006; Zhang et al. 2007, 2009; Hou et al.
2013). Using freezing microtomy and staining, Chen et al.
(2006) noted several different eukaryotic organisms asso-
ciated with the fat bodies of adult N. lugens. A further two
species, Yarrowia lipolytica and Sterigmatomyces halo-
philus, were identified from planthopper eggs using 26S
rDNA (Zhang et al. 2007, 2009). Dong et al. (2011) also
identified Cryptococcus-like symbionts and Pichia-like
symbionts from the fat bodies of N. lugens. Isolation and
identification was achieved through amplification of the
18S and ITS-5.8S rDNA sequences with universal fungal
primers. Recently, using a highly sensitive new method
(nested PCR-denaturing gradient gel electrophoresis
[DGGE]), Hou et al. (2013) identified a range of eukaryotic
symbionts associated with the fat bodies of N. lugens
(Table 2); because of the high sensitivity of the method,
some of these species are likely to represent fungal con-
taminants occurring at very low concentrations with no
functional benefit for the hoppers.

In recent years, researchers have begun to examine the
bacterial symbionts of hoppers in more detail (i.e., Tang
et al. 2010; Wang et al. 2010; Noda et al. 2012). Eighteen
bacterial operational taxonomic units (OTUs) that repre-
sent four phyla [Proteobacteria (13 OTUs), Firmicutes (2),
Actinobacteria (2), and Bacteroides (1)] have been identi-
fied from N. lugens. These uncultured bacteria were
detected by extracting the total genomic DNA of the
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planthopper and amplifying part of the 16S rRNA gene.
Comparison of the 16S rRNA sequences of these OTUs
indicated a similarity between planthopper bacterial sym-
bionts and the secondary symbionts or gut-associated
microbes of other insect species, although some plant-
hopper symbiont OTUs had not previously been found in
insects (Tang et al. 2010). The study of Tang et al. (2010)
indicated that bacterial OTUs differ substantially between
populations of N. lugens reared on different rice varieties;
however, many of the observed bacterial OTUs may rep-
resent secondary symbionts that are not required for hopper
survival or were simple environmental contaminants.

Bacterial symbionts have also been found in N. cincti-
ceps. Histological studies identified two bacteriome-asso-
ciated symbionts and a rickettsial microorganism in the
leathopper (Nasu 1965; Mitsuhashi and Kono 1975).
Cloning and sequencing of the 16S rRNA gene from N.
cincticeps generated a major sequence, which was placed
in the Bacteroidetes clade of Sulcia muelleri, a symbiont
lineage associated with various hemipteran insects; another
major sequence was related to a B-proteobacterial sequence
from a leafthopper Matsumuratettix hiroglyphicus while a
minor sequence was grouped in the o-proteobacterial genus
Rickettsia (Noda et al. 2012).

Distribution, location, and transmission of symbionts
in hoppers

Symbionts can live extracellularly, i.e., in the gut lumen or
digestive tract of insects, or intracellularly, i.e., inside a
specialized cell type (mycetocyte) in the insect (Douglas
1989: Table 2). Mycetocyte symbionts are beneficial to the
insects that contain them: When these microbes are elim-
inated, the insects grow and develop slowly and die pre-
maturely, often without reproducing (Douglas 1989).
Mycetocyte symbiosis is characterized by the following
conditions: the microorganisms are intracellular and
restricted to the cytoplasm of the mycetocyte; the micro-
organisms are maternally inherited; and the association is
required by both the insect and microbial partners (Douglas
1989). The location of the mycetocytes differs between
insect groups. Mycetocytes are usually found in the cells of
the digestive tract, in the abdominal hemocoel, or in the fat
body of the abdomen (Douglas 1989). In L. striatellus,
mycetocytes have been found only in the fat body cells of
the abdomen and not in other parts of the insect body
(Noda 1974).

Cycles in the occurrence and abundance of YLS were
first described for L. striatellus (Noda 1974). YLS are
present at every developmental stage of this hopper with
the number of symbionts increasing from the egg to
adult stage and attaining higher numbers in females than
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in males (dropping sharply as males enter the adult
stage) and in brachypterous (short-winged) females than
in macropterous (long winged) females (Fig. 1). This
suggests that YLS in adult females may be associated
with egg production, especially since brachypterous
females (adapted for reproduction) produce more eggs
than macropterous females (adapted for dispersal)
(Padgham 1983). Similar trends have been found for
YLS in N. lugens (Chen et al. 1981b; Cheng and Hou
2001; Lu et al. 2004; Hou 2008).

Symbionts are passed maternally from parents to prog-
eny through the egg. This “transovarial transmission” of
YLS has been revealed by both light and electron
microscopies in rice planthoppers (Noda 1977; Lee and
Hou 1987; Nagamine et al. 1993; Kagayama et al. 1993;
Cheng and Hou 1996; Cheng and Hou 2001). YLS trans-
mission from the fat body to the oocyte occurs in a series of
recognizable stages (Cheng and Hou 2001): (1) the YLS in
the mycetocytes first move out of the syncytium (formed
from a layer of fat body cells) by exocytosis and are
released into the hemocoel; (2) the free YLS in the
hemolymph then move to the ovarioles near the pedicel
that is enclosed by follicle cells; (3) the YLS then enter the
follicle cells around the primary oocyte by endocytosis at
the epithelial plug of the ovariole; and (4) finally, the YLS
assemble at the posterior end of the mature egg forming a
symbiont ball (Cheng and Hou 2001). The mechanisms
behind the transmission of bacterial symbionts from one
generation to the next in planthoppers have not yet been
elucidated, although some bacterial symbionts have been
found in the insect ovaries (Table 2). Whether bacterial
transmission is horizontal or vertical could have important
consequences for planthopper and leathopper virulence
adaptation.

25
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S 20—
=}
Z 45
4]
v
>
5 10
o}
o
£ 54
>
=
0 T
5
Egg Nymph Adult

Planthopper
development stage

Fig. 1 Changes in the number of yeast-like symbionts (YLS) during

the life cycle of the small brown planthopper, Laodelphax striatellus
(redrawn from Noda 1974)
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The functions of planthopper and leafhopper symbionts
Nutrition and development

Plant phloem sap is the primary diet of most hemipterans,
including planthoppers and leathoppers, and symbionts
appear to provide nutrients that are scarce or unavailable in
the insect diet in return for metabolites from the insect host
(Chaves et al. 2009). Phloem is rich in carbohydrates but
poor in essential amino acids. Hoppers feeding on resistant
rice varieties are thought to be further deprived of essential
nutrients, including sugars, amino acids, and possibly
vitamins (Sogawa and Pathak 1970; Pathak and Kalode
1980; Koyama 1985, 1986; Jung and Im 2005; Chen et al.
2011), their bodies will also have reduced uric acid and fat
(including crude fat) content (Yin et al. 2008; Hongoh and
Ishikawa 1997; Sasaki et al. 1996), and reduced lipid
synthesis and glycogen reserves (Padgham 1983). The role
of symbionts (eukaryotic and prokaryotic) is seemingly to
supply essential amino acids that are lacking in the insect
diet (Wilkinson and Ishikawa 2001; Ganter 2006). In
resistant rice, poor nutritional quality of the host can be
directly due to deficiencies in the phloem or can arise due
to the inability of hoppers to access the nutrients present in
the phloem (either as a result of antidigestive, antinutritive,
and/or antiabsorbative compounds, or other plant defense
mechanisms) (Fig. 2). For example, in a study by Jung and
Im (2005), N. lugens feeding on the resistant variety
Cheongcheongbyeo excreted significantly less sugars than
when feeding on a susceptible variety, despite similar sugar
contents in the phloem of both varieties. This suggests that
unidentified phloem components disturb or alter plant-
hopper digestive or feeding processes on resistant varieties.
The amino acid composition of rice phloem is known to
differ markedly between rice varieties [see Chen et al.
(2011) and references therein]. Using artificial diets, the
absence of sulfur-containing amino acids (cysteine, histi-
dine, and methionine) has been shown to negatively affect
N. lugens fitness (Koyama 1986), although the absence of
any one amino acid appears not to affect the hoppers.
Whether symbionts could eventually neutralize the effects
of dietary deficiencies or compensate for low concentra-
tions of key amino acids is still unknown; however, it is
intuitive that dietary compensation mediated by symbiotic
gut flora (particularly eukaryotic organisms) will underlie
adaptation by planthoppers to certain resistant rice varieties
(Fig. 2).

The nutritional role of YLS has been studied in plant-
hoppers and is known to contribute to the nitrogen
requirements of these insects (N. lugens: Sasaki et al.
1996). Planthoppers produce uric acid as a nitrogenous
waste but do not excrete it as occurs in many other insects.
For N. lugens, uric acid is stored in the insect tissues and



Symbionts and hopper virulence

597

Fig. 2 Rice resistance
mechanisms and possible
mechanisms of virulence
adaptation as mediated through
leafhoppers, planthoppers and
their symbionts. The order of
resistance mechanisms indicates
the proposed likelihood of
symbiont involvement in
virulence adaptation, and dark
gray, light gray, and gray-
bordered boxes indicate high,
low, and zero probability of
involvement by either the
symbionts or hoppers in
virulence adaptation. Numbers
in parentheses indicate source
references as follows: 1
Koyama 1986; 2 Sogawa and
Pathak 1970; 3 Pathak and
Kalode 1980; 4 Koyama 1985; 5
Sasaki et al. 1996; 6 Hongoh
and Ishikawa 1997; 7 Ishikawa
2003; 8 Ganter 2006; 9 Sogawa
1991; 10 Suzuki et al. 1996; 11
Seino et al. 1996; 12 Kiyonaga
et al. 1997; 13 Yamasaki et al.
2000; 74 Saxena and Okech
1985; 15 Yang et al. 2006; 16
Bing et al. 2007; /7 Karban and
Agrawal 2002; /8 Jones 1984;
19 Dowd 1992; 20 Yang et al.
2006; 21 Weng et al. 2003; 22
Barr et al. 2010; 23 Hao et al.
2008; 24 Shigematsu et al.
1982; 25 Stevenson et al. 1996;
26 Fujita et al. 2013; 27
Yoshihara et al. 1980; 28
Woodhead and Padgham 1988;
29 Zhang et al. 2004
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converted into compounds of nutritional value by YLS
through the action of symbiont uricase when the hoppers
experience nitrogen limitation (Sasaki et al. 1996; Hongoh
and Ishikawa 1997; Ishikawa 2003; Ganter 2006). Inter-
estingly, the levels of uric acid in N. lugens eggs are
highest at oviposition and decrease significantly as the egg
develops. This suggests that the egg is supplied with uric
acid by the parent prior to oviposition at about the time that
YLS are most abundant in the female’s body (Hongoh and
Ishikawa 1997).

The role of symbionts becomes most apparent when
these are removed from the hopper body. For example,
submitting hoppers to a high heat treatment can reduce
YLS numbers significantly, and this has become a standard
in studies of hopper symbionts. Aposymbiotic planthoppers
produced by heat treatment display several physiological
and developmental deficiencies. Vega and Dowd (2005)
summarized the effects of heat-induced reduction of YLS
numbers in N. lugens eggs and nymphs as follows: (1) in
the egg, normal embryonic and postembryonic develop-
ment are affected due to the absence of certain proteins
synthesized by YLS (Lee and Hou 1987); (2) there is a
reduction in egg hatching and (3) an increase in the dura-
tion of each nymphal stage (Bae et al. 1987; Zhongxian
et al. 2001); (4) there is failure to moult resulting in the
death of fifth instars during ecdysis (Chen et al. 1981a); and
(5) insect weight, growth rate, and the amount of protein
per unit of fresh weight are reduced (Wilkinson and Is-
hikawa 2001). In contrast to the severe effects on eggs and
nymphs, when YLS are removed/reduced from adult
planthoppers by heat treatment, there are no effects on
mortality or life span, suggesting that YLS are not directly
involved in adult survival (Lee and Hou 1987). However,
YLS do play a role in determining the fertility of plant-
hoppers (N. lugens) since heat-treated females lay fewer
eggs (Ganter 2000).

Evidence of sterol synthesis by YLS has been demon-
strated through comparisons of control and heat-treated
individuals of L. striatellus: Heat treatment resulted in
failure of fifth instars to moult to adults, leading Noda and
Saito (1979) to conclude that YLS are involved in sterol
metabolism. Furthermore, the concentration of sterols was
significantly reduced in heat-treated insects where the YLS
had been destroyed or significantly depleted (Noda et al.
1979). Several sterols such as cholesterol, 24-methylen-
echolesterol, and ergostatrienol have been isolated from N.
lugens and L. striatellus. Ergostatrienol, which has also
been found from purified YLS by density-gradient centri-
fugation, is considered to be synthesized by YLS (Wetzel
et al. 1992). The ability of YLS to alter/process food inputs
to provide essential nutrients for hoppers suggests that the
symbionts play a key role in determining host choice and
virulence adaptation. However, YLS-mediated adaptation

@ Springer

to resistant rice varieties should be most prominent in those
varieties for which resistance is due to phloem nutrient
deficiencies (i.e., poor food quality for hoppers) (Fig. 2).

Detoxification of plant allelochemicals

Some resistant rice varieties produce secondary chemicals
that prevent feeding by planthoppers and leafhoppers.
Some of these chemicals potentially act as antidigestives,
antinutritives, or antiabsorbatives (i.e., C-glycosidic flavo-
noids in varieties with the Bph3 gene: Stevenson et al.
1996) but others are apparently toxic to the hoppers. For
example, when planthoppers feed on the variety BS (which
contains the Bphl4 and Bphl5 genes), a P450-encoding
planthopper gene is activated (Yang et al. 2006). P450s are
best known for their role in the metabolism of insecticides
and plant secondary chemicals, suggesting that BS pro-
duces toxic substances that are ingested by the planthop-
pers. When planthoppers feed on B5 or other resistant
varieties, their symbiotic gut flora are also exposed to these
plant toxins (i.e., Dowd 1992). Enzymatic detoxification
systems (such as P450s) are widespread among herbivores
and some of these are provided as services by microbial
symbionts (Karban and Agrawal 2002; Jones 1984, Dowd
1992). Insect symbionts (eukaryotic and prokaryotic) are
known to play a role in the detoxification of plant toxins as
well as man-made compounds such as insecticides (Barb-
osa et al. 1991; Kikuchi et al. 2012). Microbial-mediated
detoxification and transformation of plant secondary com-
pounds (i.e., flavonoids, tannins, and alkaloids) in the
insect gut has been demonstrated in a few studies and
indicates that microbial symbionts can determine the
ability of phytophagous insects to overcome barriers to
herbivory (Lasioderma serricorne (Fabricius): Douglas
1992; Dillon and Dillon 2004). For example, localized
detoxification activity of defensive plant compounds
occurs in the yeast (Symbiotaphrina kochii) mycetosomes
of the cigarette beetle, L. serricorne, increasing beetle
survival on toxic dried plant substrates or when treated
with plant defense toxins (Dowd 1989; Dowd and Shen
1990).

There are no clear examples of symbiont-mediated
detoxification of plant compounds in rice planthoppers or
leathoppers; however, if symbionts are mediating detoxi-
fication of rice toxins during hopper feeding, then the
processes may be similar to those found in other symbiont-
herbivore systems. Because several toxins and some ten-
tative antidigestives, antinutritives, or antiabsorbative
compounds are known from rice (Yoshihara et al. 1980;
Shigematsu et al. 1982; Stevenson et al. 1996; Bing et al.
2007), clear manipulative experiments, using aposymbiotic
hoppers and known defense compounds, could help iden-
tify the role of symbionts in virulence adaptation by
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planthoppers and leafhoppers. Further evidence in support
of the hypothesis that symbiont-mediated detoxification of
plant compounds occurs during hopper exposure to resis-
tant rice would be welcome.

Down-regulation of plant defense genes

Under normal circumstances, plant defense signalling
pathways such as the salicylic acid (SA), jasmonic acid
(JA), and ethylene pathways are activated during interac-
tions between plants and their attackers (pathogens and/or
herbivores)(Pieterse and Dicke 2007). Plant defense
inducers such as B-glucosidase present in the saliva of
N. lugens have already been associated with SA, ethylene,
and hydrogen peroxide production (Wang et al. 2008b, c).
Studies have indicated that the JA pathway may also be
activated during planthopper attack (Zhang et al. 2004;
Wang et al. 2008b). The induction of these phytohormones
by planthoppers regulates the synthesis of feeding inhibi-
tory (i.e., callose: Hao et al. 2008) and digestibility-
reducing compounds (i.e., proteinase inhibitors: Weng
et al. 2003) as well as a variety of volatile organic com-
pounds (i.e., linalool, (3E)-4,8-dimethyl-1,3,7-nonatriene,
and indole: Xu et al. 2002). Generally, insect herbivores
employ offensive strategies to counter plant-imposed
challenges. For example, N. lugens employs B-1,3-glu-
canase breakdown of callose (Hao et al. 2008) and can up-
regulate the B-subunit of protein phosphatase 2A (PP2A) in
response to plant PP2A production (Yang et al. 2006). It is
possible that planthoppers and leafthoppers possess suites of
sophisticated nuclear genes that code for these counter
defenses; however, it is also possible that hoppers might
acquire such functional innovations through established
symbiotic associations. For example, Barr et al. (2010)
have shown that a symbiont, rather than the phytophagous
insect itself, was involved in down-regulating several genes
involved in the defense of maize (Zea mays L.) against the
western corn rootworm, Diabrotrica virgifera virgifera Le
Conte. Analysis of microarray expression data showed
genome-wide suppression of maize defense genes (i.e., cell
wall defenses, production of phytoalexins, and pathogen-
esis-related proteins) following attack by the rootworm
where Wolbachia, an intracellular bacteria found through-
out the rootworm body, was naturally present. However,
when the corn rootworms were treated with antibiotics
(eliminating Wolbachia), these same maize defense genes
were up-regulated (Barr et al. 2010). It is possible that the
symbionts of planthoppers are also normally involved in
the down-regulation of rice defenses (leading to negative
effects in aposymbiotic planthoppers even on seemingly
susceptible rice varieties), but that the symbionts also
activate counter defenses when hoppers are reared contin-
ually on resistant varieties.

Implications of symbiosis for hopper adaptation to rice
plant resistance

The intracellular nature of some symbionts, particularly the
YLS, indicates their functional importance to planthoppers
and their likely role in virulence adaptation. Convention-
ally, the pest status of insects has been largely attributed to
their genomes. However, at least one study has ascribed
pest-related traits primarily to a symbiont genotype rather
than the insect genotype itself: Hosokawa et al. (2007)
observed that the pest stinkbug, Megacopta punctatissima
(Montandon), which performs well on crop legumes, has a
closely related non-pest conspecific, Megacopta cribraria
(Fabricius), which performs poorly on the same plants. In a
manipulative experiment, the authors exchanged the obli-
gate gut symbiotic bacteria between the two insect species
and demonstrated a marked reversal in performance on
their host plants. This clearly implies that symbionts
influence the performance of herbivores on plants, to such
an extent that they can ultimately determine whether a
plant becomes a suitable host for an insect or not. It would
be interesting to conduct similar studies on, for example,
the two cryptic species that constitute the N. lugens com-
plex (Latif et al. 2008, 2012: Table 1), one of which is
largely monophagous on rice and the second on the grass
weed Leersia hexandra Swartz. Similarly, because YLS are
passed vertically from generation to generation through the
egg, and are therefore linked to the female parent only,
simple reciprocal mating experiments between selected
populations on resistant and susceptible rice lines could
help determine the extent to which observed virulence is
determined by symbionts. For example, preliminary mating
studies with N. lugens have indicated that whereas YLS did
contribute to virulence on a resistant variety (IR62—Bph3
gene), the male parent also influenced fitness on the
resistant host, suggesting that other mechanisms (which
may include bacterial symbionts) also played a role in
virulence adaptation (Pefialver Cruz et al. unpublished
results).

The summary of known rice defenses against plant-
hoppers and leathoppers presented in Fig. 2 (white boxes)
indicates the diversity and complexity of resistance
mechanisms. The diversity of these mechanisms, together
with the observations on the frequency and extent of
planthopper and leafthopper adaptations to resistant rice
varieties (Table 1), suggests that virulence adaptations are
likely to be similarly diverse and complex. However,
symbionts are unlikely to be involved in adaptations
against certain plant defense strategies, including defenses
related to surface volatiles, or plant ovicidal responses
(Fig. 2). Virulence adaptation against specific varieties, or
the products of specific resistance genes, may involve
symbionts alone (either eukaryotic, prokaryotic, or both),
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involve the hoppers alone, or involve interactions between
the hoppers and their symbionts. Furthermore, adaptation
could be mediated through community shifts in symbionts,
genetic changes (mutations), or epigenetic shifts in the
symbionts or genetic changes and epigenetic shifts in the
hoppers. There may also be more complex interactions that
include, for example, community shifts in symbionts that
are mediated through epigenetic shifts in the hoppers.
Teasing the exact mechanisms apart will be a difficult task.
It has also become apparent that major resistance rice genes
interact with other genes located throughout the rice gen-
ome to determine the extent and durability of the rice
plant’s resistance to hoppers (Fujita et al. 2013). Further-
more, the same genes present in different variety back-
grounds have often strikingly distinct effects on hopper
populations (sometimes ranging from susceptible to resis-
tant, i.e., Pefialver Cruz et al. 2011), and hoppers require a
few generations to attain maximum fitness even on
encountering seemingly susceptible varieties (Claridge and
Den Hollander 1982, 1983; Alam and Cohen 1998, but see
Chen et al. 2011). Indeed, movement between any two
varieties with all their complex of allelochemicals and
phloem components seems to constitute a barrier for
planthopper and leathopper feeding (Horgan 2012).

Given existing knowledge on the role of YLS in nutri-
tion, it is intuitive that these symbionts in particular play a
key role in mediating hopper adaptation to varieties that are
resistant due to phloem nutrient deficiencies, or deficien-
cies caused by compounds that block the extraction or
assimilation by hoppers of phloem nutrients. Lu et al.
(2004) have demonstrated an initial reduction in YLS
numbers after N. lugens were switched between rice vari-
eties (susceptible to resistant), followed by a gradual
increase in symbiont numbers over successive generations
of selective rearing on the resistant varieties. The activities
of alanine transaminase and aspartic transaminase were
also significantly reduced in aposymbiotic planthoppers
during feeding and were different between planthopper
populations selectively reared on distinct host plants, sug-
gesting that symbionts had contributed in different ways to
amino acid utilization efficiency on the different plant hosts
(Lu et al. 2004).

In a more detailed study, and using the same rice vari-
eties, Chen et al. (2011) found changes in amino acid
composition of N. lugens (all body structures) after several
generations of selective rearing, with total nitrogen content
and the concentration of rare amino acids increasing, but
some common amino acids decreasing over successive
generations. These shifts in amino acid composition
seemed to be influenced more by the selection process
itself, rather than the host on which the hoppers were
selectively reared or the host on which they had most
recently fed (where hoppers were switched between hosts
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before analyses). Examination of the hopper colonies
during two generations of selection (the 8th and 11th)
revealed that YLS improved nymphal performance in the
8th generation, but appeared to be a drain on nympbhs in the
11th generation (as shown by the higher performance of the
aposymbiotic nymphs than the symbiotic nymphs in the
11th generation)(Chen et al. 2011). In the study by Lu et al.
(2004), hoppers had been reared in isolation for several
generations to ensure that the host plants were resistant,
whereas in the study by Chen et al. (2011), the selected
colonies were already virulent against the same varieties.
Furthermore, the study of Lu et al. (2004) was carried out
during only four generations of selection. These differences
will explain some of the differences between the two
studies and indicate that the role of symbionts in mediating
virulence could differ depending on the strength of rice
resistance and the extent of planthopper exposure to the
resistant variety or to varieties with similar resistance
genes: YLS may mediate virulence adaptation in early
generations of selection, with the planthoppers themselves
ultimately adapting to the novel resistance after several
generations—the role of the YLS eventually becoming
reduced and possibly representing a cost to the insect after
several generations of feeding on the same host variety.
Tang et al. (2010) found that the composition and abun-
dance of bacterial symbiont OTUs differed among popu-
lations of N. lugens reared on the same three varieties as in
the Lu et al. (2004) and Chen et al. (2011) studies. Tang
et al. (2010) suggest that bacterial symbionts may also
mediate virulence adaptation and this may be associated
with changes in bacterial community composition and
function. However, their results can only be regarded as
preliminary because the bacterial functions or the nature of
the association between the bacteria and the hoppers (i.e.,
primary, secondary, internal, or external) have not been
established.

Gaps in knowledge and improving research
methodologies

Research into the role of symbionts in hopper virulence
adaptation is still at an early stage. It has only been in the
last 10 years that the nature of the bacterial symbiont
community has been examined and that experimental
studies have demonstrated a possible role for symbionts
(YLS and bacteria) in mediating planthopper feeding on
different rice varieties (Lu et al. 2004; Tang et al. 2010;
Chen et al. 2011). The slow pace of discovery has been due
to a poor understanding of each of the individual compo-
nents in this complex and intricate three-way interaction.
For example, there is a generally poor knowledge of the
mechanisms underlying rice resistance against planthoppers
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and leafthoppers: Whereas gene discovery has accelerated in
recent decades, and some 79 resistance genes have been
discovered, there is still a paucity of available information
about what these genes actually do (Horgan 2009; Fujita
et al. 2013) and often by the time materials are available for
research, virulent hopper populations have already devel-
oped (Myint et al. 2009b; Fujita et al. 2013). Furthermore, it
has been difficult to determine whether identified symbionts
(especially bacteria) have a primary or secondary role in
hopper survival or whether they are intra- or extracellular.
Also the symbiont communities of leafhoppers have
received very little attention generally. Further research is
required. We make the following suggestions on how future
research may be improved:

Better choice of host plants in selection studies

During the 1980s and early 1990s, at a time when few
resistance genes had been identified, a series of studies
examined the responses by planthoppers and leafthoppers to
resistant donor varieties and compared resistant and sus-
ceptible varieties to determine probable mechanisms
underlying rice resistance (Fig. 2). Much of that research
used TN1 as a susceptible variety and Mudgo (Bphl) and
ASD7 (bph2) as resistant varieties. Surprisingly, even
though these varieties are known to be widely susceptible
to planthoppers since the 1970s and 1980s, they have been
continually used in the studies of virulence adaptation (Lu
et al. 2004; Tang et al. 2010; Chen et al. 2011). Although
switching of planthoppers between two susceptible varie-
ties can give useful information (Chen et al. 2011), it would
be useful, at least for agriculture, to compare hopper pop-
ulation responses (including symbiont changes) over suc-
cessive generations on highly resistant and highly
susceptible varieties. To overcome problems with highly
dissimilar rice genomes in different varieties, which leads
to a complex of resistance mechanisms and feeding barri-
ers, researchers can use available near-isogenic rice lines
(Fujita et al. 2010, 2013). Responses by planthoppers and
symbionts to selection on such lines can then be better
associated with specific resistance genes and their related
resistance mechanisms.

Replication of colonies in selection studies

During the 1980s, N. lugens colonies selected on TNI,
Mudgo, and ASD7 at the International Rice Research
Institute (IRRI) were central to screening and breeding for
rice resistance (Fujita et al. 2013). These colonies, desig-
nated as biotype 1, biotype 2, and biotype 3, were also later
employed in the studies of symbionts (Lu et al. 2004; Tang
et al. 2010). Unfortunately, the biotype concept, which has

been heavily criticized (e.g., Claridge and Den Hollander
1982, 1983), cannot be adapted to field populations, and
indeed for N. lugens, it has only been related to unrepli-
cated laboratory populations mainly kept at IRRI. Other
selection studies, with different host plants, have been
conducted; however, in general, these also did not replicate
selected colonies (i.e., Hirae et al. 2007; Pefnalver Cruz
et al. 2011; but see Alam and Cohen 1998). Without rep-
lication of colonies, it is not possible to determine whether
changes in planthopper anatomy, amino acid composition,
or symbiont community composition are related to the host
plant or result from directional selection and inbreeding.
Future experiments must replicate selected colonies, pref-
erably using hoppers collected from different locations (to
more generally test hypotheses) as conducted by Alam and
Cohen (1998).

Manipulation of symbiont communities

Although the selection of hoppers for several generations
on a single variety constitutes a major investment to pro-
duce materials for virulence adaptation studies, reports of
changes in the hoppers or their symbionts can remain too
descriptive and ultimately suffer from the problems of
cause and effect that are inherent to correlative studies (i.e.,
Tang et al. 2010). Some studies have used such materials
for later manipulative experiments with symbionts: in
particular, studies have compared symbiotic and aposym-
biotic planthoppers for their responses to different rice
lines (Lu et al. 2004; Chen et al. 2011). Unfortunately, the
obligate nature of endosymbiotic microorganisms has
made it difficult to employ other types of manipulation.
Aposymbiotic planthoppers are normally produced by heat
treatment (described above). This reduces YLS densities in
the planthoppers, but has unknown effects on the compo-
sition or abundance of bacterial symbionts. It has been
suggested that YLS are part of a complex of eukaryotic
species (i.e., Dong et al. 2011), and heat treatment may
selectively kill one or other species, thereby affecting not
only the abundance but also the composition of the
eukaryotic endosymbiont community. Care should be taken
in seeking a mechanistic link between symbiont abundance
and developmental abnormalities in planthopper eggs and
nymphs since heat treatment may affect both the symbionts
and the hoppers without any direct link between the two.
For example, a recent report by Piyaphongkul et al. (2012)
indicates that temperatures that were originally thought to
affect YLS exclusively will also directly affect N. lugens:
These authors found that the critical maximum temperature
for N. lugens nymphs (from a Malaysian population) was
34.9 °C. Although they did not include symbionts in their
study, their claims do highlight the difficulty in distin-
guishing the effects of heat shock from those of symbiont
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reduction. Clearly, it is necessary to expand and improve
the experimental methods available to researchers to allow
the effective removal from planthoppers of “native”
symbionts and inoculation with “novel” symbionts.
Screening of antibiotics to remove symbionts and the
development of techniques for micro-extraction and
insertion of symbiont balls between planthopper eggs
would be helpful for future research. However, antibiotics
will be selective and are likely to change symbiont com-
munity composition and not just symbiont abundance
making specific symbiont functions difficult to interpret.

Further attention to bacterial symbionts

There are larger knowledge gaps associated with bacterial
symbionts compared to YLS. In particular, it is still
unknown how planthoppers and leafthoppers become
inoculated with bacterial symbionts and whether these
symbionts have primary or secondary roles in hopper sur-
vival. The occurrence of bacteria in the ovaries of plant-
hoppers and leathoppers (Table 2) suggests that they may
be passed through the egg—either on the egg surface or
within the egg itself. However, bacteria have also been
associated with planthopper salivary sheaths (Wang et al.
2008a; Tang et al. 2010) suggesting that relationships
between rice plants, hoppers, and bacterial symbionts may
be more dynamic than for YLS. If virulence-mediating
bacteria could be picked up from plants directly (perhaps
after infestation by virulent planthoppers), then adaptation
might be very rapid. Metagenomics can be employed to
assess the complexity of the bacterial endosymbiont com-
munity in hoppers. The metagenomic approach considers
the hopper as a community in which genomes belonging to
other organisms, including bacteria and fungi, might be
present (Vega and Dowd 2005). For this purpose, meta-
“omics” approaches such as metatranscriptomics, meta-
proteomics, and metabolomics will be useful in profiling
microbial activity (Xu 2010). These technologies can also
bypass the need for culturing symbiotic microorganisms as
required when studying phylogeny and taxonomy. Because
of the rapid pace of development of molecular tools
available for the research on bacteria, gaps in understand-
ing the nature of bacterial symbionts will likely diminish
rapidly; however, the use of novel tools should be linked
with proper experimental materials, methods, and manip-
ulations as discussed above.

Concluding remarks
Throughout this review, we have suggested that interac-

tions between rice plants, planthoppers or leathoppers, and
their symbionts are complex. The review indicates that
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both symbionts and planthoppers are involved in virulence
and virulence adaptation, and that their individual roles
will likely depend on the nature of host plant resistance as
well as the functions required by the hopper host vis-a-vis
shifting from one susceptible variety to another or adapting
to a widely available but highly resistant rice variety.
Several process-related hypotheses remain to be tested:
These include hypotheses aimed at two distinct levels of
process—those that address the proximate mechanisms of
adaptation, many of which are presented in Fig. 2, and
those that address the ultimate mechanisms of adaptation
(changes in symbiont communities, genetic mutation, or
epigenetic shifts in symbionts or planthoppers). In terms of
developing rice varieties and successfully deploying the
varieties to reduce the rate of planthopper adaptation, both
groups of hypotheses will be useful. Agriculture will need
to consider the development of resistant varieties to better
manage symbiont-mediated virulence adaptation. This will
involve avoidance of host resistance that relies only on
antibiosis (directed mainly against nymphs) and targeting
not only the planthoppers and/or leafthoppers, but their
endosymbiotic microorganisms as well. In general, our
knowledge of the role of symbionts in the dynamics
between planthoppers or leathoppers and their rice hosts is
still quite poor. However, future research in this area has
the potential to significantly change our approach to
developing and deploying resistant rice varieties.
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