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ABSTRACT
Rice planthoppers, the most devastating rice pests, occur in two wing forms: the short-wing form for rapid
population growth and long-wing form for long-distance migration, which together create the mechanism
for outbreak. Here we show thatUltrabithorax (Ubx) is a key regulator for switching between the long- and
short-wing forms of rice planthoppers.Ubx is expressed in both forewing and hindwing pads, which is
different from the canonical model ofUbx expression. In brown planthoppers, expression ofUbx (NlUbx)
is regulated by nutritional status of the rice host. High-quality young plants induceNlUbx expression
leading to the short-wing form; low-quality ripe plants reduceNlUbx expression resulting in long-wing
form. We also showed thatNlUbx is regulated by the insulin receptors NlInR1 and NlInR2.The default
expression ofNlInR1 inhibitsNlUbx resulting in long-wings, while high-quality hosts induceNlInR2
expression, which repressesNlInR1 thus promotingNlUbx expression to produce short-wings.
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INTRODUCTION
Rice planthoppers cause the most serious yield
losses of rice crops globally among all the in-
sects and diseases of rice [1,2]. Three planthopper
species, brown planthopper (BPH) Nilaparvata lu-
gens, white-backed planthopper Sogatella furcifera,
and small brown planthopper Laodelphax striatellus,
are themajor groups of pests that frequently occur in
most rice growing areas of the world [3]. In addition
to direct feeding on the rice plants, these planthop-
pers are vectors for several rice viruses that also cause
heavy crop losses [4–8].

A very striking phenomenon, which comprises
one of the most important causes for the outbreak
of rice planthoppers, is the dimorphism of thewings.
Rice planthoppers occur in two wing forms; the
long-wing form has fully developed forewings and
hindwings and the short-wing form bears severely
reduced forewings and small bud-like hindwings
(Fig. 1A and B). In areas where rice plants are at
vegetative stage and the nutrition status is high, the

short-wing form predominates so that the insect
population can rapidly grow and reproduce [9,10].
When rice plants mature and the nutrition status
becomes low, the long-wing form emerges to en-
able the insects to fly long distances to infest new
rice fields [9,10].While such dimorphism greatly in-
creases both adaptability and fitness of the insects,
which is of great interest in evolutionary biology, this
strategy boosts the probability of large-scale disas-
ters for rice production caused by the outbreak of
the pests. Recent studies showed that two insulin re-
ceptors are key sensors of the nutritional status of
the rice plants that ultimately determine the alterna-
tive wing morphs of BPH [11,12]. A natural ques-
tion is thus whether there exists a key regulator that
switches between the long- and short-wing forms in
response to the nutritional signals.

There is enormous diversity in wing types among
extant insect lineages.Basedon the fossil records, the
common ancestor of all winged insects appears to
have two pairs of large membranous flight wings on
its second and third thoracic segments (T2 and T3)
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Figure 1.Wingmorphology changes ofN. lugensMacropterous Strain (MS) and Brochypterou Strain (BS) caused by dsNlUbx.
(A,B) MS and BS ofN. lugens from continuous selection in the laboratory. (C) Wings ofNlUbx-RNAi MS adults compared with
the dsGFP control. Bristles were ectopically formed on the hindwing, the proximal anal lobe of the hindwing was transformed
to a clavus-like structure (indicated with red arrowheads), and the vein pattern of hindwing becamemore similar to that of the
forewing. (D) Wings of NlUbx-RNAi BS insects compared with the dsGFP control. The number of bristles on the apical angle
of the forewing was significantly increased compared to the control, and the wing veins and bristles were ectopically formed
on the hindwing of NlUbx-RNAi BS adult. (E) Wing length alteration of N. lugens adults caused by NlUbx-RNAi, at least nine
survival adults with phenotypic changes were measured. An ∗ indicates a significant difference between the dsNlUbx and
dsGFP treatments using a t-test (P< 0.05).

[13]. Studies on the molecular basis of the differ-
entiation of wing morphology in various insect lin-
eages including dipteran, lepidopteran, hemipteran
and coleopteran insects have suggested a canoni-
cal model, in which the Homeobox-containing gene
(Hox) Ultrabithorax (Ubx) is the key regulator
of wing development [14–17] and the key evolu-
tionary factor that has driven lineage-specific wing
differentiation [18–21]. Specifically, the current
Hox-gene-based model of wing development posits
that insect forewings are Hox-free structures and
that Ubx functions as a ‘hindwing selector’ [22].
In Drosophila melanogaster, the forewing (on T2)
is fully developed for flight, while the hindwing
(on T3) is reduced to form a balancing struc-
ture called haltere. It has been revealed that Ubx
in the developing hindwing negatively regulates
many wing developing genes including spalt, vesti-
gial, serum response factor, knirps and achaete/scute
[15], and removal of Ubx alone in Drosophila is
sufficient to transform the haltere structure to a
membranous wing similar to the forewing [14].
Therefore, the key factor that reduces the hind-
wing to haltere is Ubx [14–17]. We thus hy-
pothesize that the long/short wing transforma-
tion in the rice planthoppers may be regulated
byUbx.

In thepresent study,wedemonstrated thatUbx is
expressed in both forewing (T2) and hindwing (T3)

pads in rice planthoppers, and functions as a master
switch between short and long wings in response to
host nutritional status.

RESULTS
Ubx regulates dimorphism in both
forewings and hindwings in rice
planthoppers
We conducted successive selection for over 40 gen-
erations, and obtained two strains of N. lugens that
stably manifested the long-wing (∼85%) (referred
to as Macropterous Strain, MS) and short-wing
(∼100%) (Brachypterous Strain, BS) morphs, re-
spectively (Fig. 1A and B). We prepared two RNA
interference (RNAi) constructs (ds1NlUbx and
ds2NlUbx) that target the coding region and 3’UTR
of theNlUbx transcript sequence respectively (Sup-
plementary Fig. 1A), and injected them into 3rd-
instar nymphs of theMSandBS insects at the dosage
of 200 ng/nymph. Very highmortality was observed
in both ds1NlUbx- and ds2NlUbx-treated nymphs
(80.8% and 95.7% mortality respectively) at seven
days after microinjection (Supplementary Fig. 2A
and B). We observed significant increases in the
lengthof both forewing andhindwing in the survived
Ubx-knockdown adults from BS (forewing increase
by 7%–19%, hindwing increase by 240%–455%),
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Figure 2. Morphological changes of N. lugens Macropterous Strain (MS) and
Brochypterou Strain (BS) caused by dsNlUbx. (A) Twisted or erect wings of the NlUbx-
RNAi MS adults. (B) Twisted or erect wings of theNlUbx-RNAi BS adults. (C) Alteration
of the shape of metanotum to that of the mesonotum in the NlUbx-RNAi MS adults.
(D) Alteration of the shape of metanotum to that of the mesonotum in the NlUbx-RNAi
BS adults. Pro, Pronotum; Meso, Mesonotum; Meta, Metanotum.

and the increase was even more striking in the
hindwing if measured by wing size (Supplementary
Fig. 3). Such increase did not occur in MS.

Although there was no significant change in wing
length in MS after Ubx-RNAi treatment, obvious
morphological changes were observed in hindwing.
This included the ectopic formation of bristles on
the veins, reduction of the proximal anal lobe into
a clavus-like structure (indicated by red arrowheads
in Fig. 1C and Supplementary Fig. 4A and B), and
the vein pattern which became more similar to the
forewing (Fig. 1C). These changes made the hind-
wing morphologically similar to the forewing. The
dsNlUbx treatment also caused other phenotypic
changes in the BS besides wing length, including sig-
nificant increase in the number of bristles on the api-
cal angle of the forewing compared to the control
(Fig. 1D and Supplementary Fig. 4C), and ectopic
formation of wing veins and bristles on the hindwing
(Fig. 1D and Supplementary Fig. 4D). These re-
sults suggested that the Ubx-RNAi treatment made
the BS forewing more similar to the MS forewing,
and the BS hindwing similar to the BS forewing.
Moreover, therewere other commonmorphological
changes caused by Ubx-RNAi both in BS and MS,
such as twisted or erect forewings and hindwings, as
well as altering the shape ofmetanotum to that of the
mesonotum (Fig. 2).

We also employed the RNAi approach to knock-
down Ubx in the other two rice planthoppers us-
ing insects collected from the natural fields. Ubx-
knockdown in S. furcifera and L. striatellus resulted
in phenotypic changes similar to those observed
in the dsNlUbx insects (Supplementary Figs 2, 5
and 6).

These results indicated that Ubx negatively reg-
ulates the length of the wings, which causes dimor-
phism in both forewings and hindwings in these
rice planthoppers.The fact that reducing the expres-
sion of Ubx has pleiotropic effects on morphology
seems to suggest that Ubx also has a role in the
precise patterning of both forewings and hindwings
inN. lugens.

Ubx is expressed in both T2 and T3 in rice
planthoppers
Ubx is generally assumed to be expressed only in
T3 segment but not in T2 in a wide range of insect
species, implying that it regulates hindwing devel-
opment but not forewing [14–22]. Our result that
suppressing theUbx expression increased the length
and caused other morphological changes of the
forewings indicated that Ubxmay also be expressed
in T2 of the rice planthoppers. To examine whether
this is the case, we analszed the expression ofNlUbx
in the thorax terga and wing pads of 5th-instar
nymphs of BPHs collected from the fields using in
situ hybridization and immunohistochemistry stain-
ing. Using three∼125 bp antisense probes targeting
NlUbx (Supplementary Fig. 1A), in situ hybridiza-
tion revealed that anti-sense probes detected obvi-
ousNlUbx expression in the pronotum, themesono-
tum, the metanotum, the forewing pad and hind-
wing pad, while the sense-probe controls showed
no obvious hybridization signal (Fig. 3A). Immuno-
histochemistry staining using an Ubx antibody
FP6.87 (Developmental Studies Hybridoma Bank)
revealed a similar pattern for the accumulation of
NlUbx protein in the forewing pad and hindwing
pad (Fig. 3B). We also used three separate primer
pairs to perform qPCR of theNlUbx expression pat-
terns, and the specificity ofNlUbx amplification was
confirmed via cloning and sequencing of the PCR
products. qPCR analysis supported the result that
NlUbx is expressed in the pronotum, mesonotum,
metanotum, the forewing pad and hindwing pad
(Fig. 3C).

We also examined the expression of the Ubx or-
thologs in filed collected S. furcifera and L. striatel-
lus insects, using in situ hybridization, immunohis-
tochemistry staining and qPCR.We detected SfUbx
and LsUbx expression in the pronotum, mesono-
tum, metanotum, the forewing pad and hindwing
pad (Fig. 3D–I), which is similar to the patterns
of Ubx expression in N. lugens. These results con-
firmed that the T2 expression of Ubx is common
in rice planthoppers, which is very different from
Drosophila and many other insects whereUbx is not
expressed in T2 [14–22].
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Figure 3. Expression analysis of Ubx in rice planthoppers. (A–C) In situ hybridization (A), immunohistochemistry staining (B),
and qPCR (C) were used to detect Ubx expression levels in the thorax terga and wing pads of 5th-instar nymphs from a wild
population of N. lugens. (D–F) In situ hybridization (D), immunohistochemistry staining (E), and qPCR (F) detection of Ubx
expression levels in the thorax terga and wing pads of 5th-instar nymphs from wild population of S. furcifera. (G–I) In situ
hybridization (G), immunohistochemistry staining (H), and qPCR (I) detection of Ubx expression levels in the thorax terga and
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We subsequently assayed the laboratory-reared
MSandBSofBPHs forUbx expression inwing pads,
and found thatNlUbxwas expressed in the forewing
pads and hindwing pads of 5th-instar nymphs from

both the MS and BS (Fig. 3J and K). In general,
NlUbx expression was significantly higher in hind-
wing pads than in forewing pads in both strains
(Fig. 3L). The level of NlUbx expression was sig-
nificantly higher in the BS than in the MS in both
forewing and hindwing pads (Fig. 3L). Such expres-
sion patterns suggest that the degree of reduction in
the wing length in BS relative toMS is highly related
to the Ubx expression level, indicating that Ubx re-
pression effect on wing length is dosage dependent.

Ectopic expression of Ubx from other
species changed wing morphology of
Drosophila in a dosage dependent
manner
To investigate whether ectopic expression of Ubx,
in different dosages, may have effect on wing devel-
opment in other insects, we ectopically expressed
Ubx genes from different species of animals using
the Drosophila model system. The Drosophila
wing discs are anatomically similar to planthopper
forewing pads and Drosophila haltere imaginal discs
are similar to planthopper hindwing pads. Three
different Gal4 enhancer trap fly lines [nub- (high
dose) [23,24] sd- (intermediate dose) [25], and
C765-Gal4 (weak dose) [25]] were employed to
express three different Ubx orthologs controlled
by Upstream Active Sequence (UAS): the dipteran
D. melanogaster Ubx (DmUbx1a), the hemipteran
NlUbx, and the crustacean Artemia franciscana Ubx
(AfUbx), in Drosophila wing discs at three different
dosages. The similarity of amino acid sequences of
NlUbx and DmUbx1a is 46.8%, and that of AfUbx
and DmUbx1a is 34.2%. We tested the system
using a Green Fluorescent Protein (GFP) reporter
in the developing wing disc of Drosophila larvae,
which per se did not affect the wing development
(Fig. 4A and B). It was shown that the fluorescence
intensity of GFP varied with the Gal4 enhancer trap
fly lines in accordance with the expected dosages,
which quantitatively reflected the expression levels
of ectopically expressed Ubx orthologs, although
the insertion site of the UAS-Ubx construct in the
genomemight affect the expression level ofUbx.

The expression of DmUbx1a at three different
dosages in Drosophila wing discs, which canonically
does not express Ubx, resulted in three distinct
phenotypes. The expression of DmUbx1a driven
by the strong nub-promoter resulted in lethality
(Fig. 4C, Supplementary Fig. 7A). The wing disc
expressingDmUbx1a at intermediate dosage driven
by the sd-promoter developed into a ‘wing-to-
haltere like structure’, while the weak dosage of
DmUbx1a driven by the C765-promoter caused
a wing-to-haltere intermediate structure (Fig. 4C,
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in the thorax terga and wing pads of 3rd-, 4th- and 5th-instar nymphs from wild population, which were reared with either high-quality or low-quality
rice plants. (E) Expression level of NlUbx in the thorax terga and wing pads of 5th-instar nymphs from MS treated with dsNlInR1. (F) The proportion of
SW adults emerged from nymphs of MS treated with dsNlInR1. (G) Expression level of NlUbx in the thorax terga and wing pads of 5th-instar nymphs
from BS treated with dsNlInR2. (H) The proportion of long-wing adults emerged from nymphs of BS treated with dsNlInR2. NlActin1 was used as the
reference to calculate the relative expression levels of NlUbx, NlInR1 and NlInR2 in (B), (C) and (D). In (E) and (G) the expression levels of NlUbx in
dsNlInR1- and dsNlInR2-treated insects were measured relative to that of the dsGFP-treated insects. An ∗ indicates a significant difference between
the high-quality and low-quality rice plants (B–D) or between the dsNlInR1/2 treatment and the control (dsGFP) (E, G) using a t-test (P < 0.05). The #
indicates a significant difference in the proportion of LW or SW adults between the dsNlInR1/2 treatment and the control (dsGFP) (F, H) using Fisher
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Supplementary Fig. 7A). For the other two Ubx or-
thologs, the strong dosage of NlUbx and of AfUbx
resulted in the development of wing-to-haltere like
structures (Fig. 4D and E, Supplementary Fig. 7B
and C). The intermediate dosage of NlUbx and
AfUbx caused development of a small wing-like
structure (Fig. 4D and E, Supplementary Fig. 7B
and C). Finally, the wing disc with the weak dosage
of NlUbx and AfUbx developed into a nearly in-
tact wing, and the wing size of the flies express-
ing AfUbx was much larger than those expressing
NlUbx (Fig. 4D and E, Supplementary Fig. 7B and
C). These results indicate obvious dosage effects of
the Ubx proteins on Drosophila wing size. The re-
sults also suggested that the degree of the repres-
sion may be related to the sequence similarities of
the Ubx genes relative to the native Drosophila Ubx
gene, such that the less similar Ubx gene has a less
repressive effect onDrosophilawing development.

The expression of NlUbx is regulated by
host nutrition status
It is known that the nutritional quality of host rice
plants upon which planthopper nymphs feed affects

wing dimorphism (the proportion of long-wing ver-
sus short-wing adults) [9,10]. We thus hypothe-
size that the regulation of wing length by Ubx oc-
curs in response to the nutritional status. To test
this hypothesis, we reared field-collected N. lugens
nymphs on either high-quality (tillering stage) or
low-quality (yellow-ripe stage) rice plants.When the
nymphs were reared on low-quality rice plants in the
entire nymphal stage, 20.7% adults were of short-
wing morph. In contrast, feeding on high quality
rice plants in the whole nymphal stage led to the
development of 81.3% adults to be of short-wing
morph (Fig. 5A). These results are similar to pre-
vious reports [10]. To inquire whether the nutri-
tional quality of the host affects the expression level
ofUbx, wemonitored the expression levels ofNlUbx
in thoracic pronotum and wing pad tissues of BPH
nymphs feeding on high- or low-quality hosts using
qPCR. It was found that before 4th-instar,NlUbx ex-
pression levels were not very different between the
nymphs reared on low-quality plants and those on
high-quality plants. Whereas, in 4th- and 5th-instar
stages, NlUbx expression was significantly higher in
the nymphs reared on high-quality host than that in
the nymphs reared on low-quality plants, especially
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at 5th-instar stage (P = 0.03) (Fig. 5B). Thus, Ubx
of the BPH nymphs was differentially expressed ac-
cording to the nutritional status of the hosts, and the
high-quality host coulddrastically induce the expres-
sion of NlUbx especially at the last nymphal stage
(5th-instar).

The expression of NlUbx is under the
control of insulin signaling
A recent study demonstrated that two insulin re-
ceptors, NlInR1 and NlInR2, coordinately regulate
wing morph in BPH [11]. The authors proposed
that the long-wing form is the default developmen-
tal morph of planthoppers, whereby NlInR1 signal-
ing inhibits the activity of the forkhead transcription
factor NlFOXO, and the NlInR1 signaling eventu-
ally leads to long-wing adults, while the binding of
NlInR2 to NlInR1 suppresses the NlInR1 signaling
resulting in the short-wing form.

To investigate whether NlInR1 and NlInR2 are
involved in the Ubx-mediated wing dimorphism
regulation, we measured the expression levels of
NlInR1 and NlInR2 in tissues containing thoracic
pronotums and wing pads of the nymphs reared
on the high- and low-quality hosts. The expression
level of NlInR1 was generally very low compared to
NlInR2, although significant differencewas detected
between the two host treatments at the 3rd- to 5th-
instar stages (Fig. 5C). NlInR2 expression was not
very different between the two host treatments at
3rd-instar, whereas in later stages, it was significantly
enhanced by the high-quality host, especially at 5th-
instar (P = 0.02) (Fig. 5D). The expression pattern
of NlInR2 in response to host nutrition quality cor-
responded well with NlUbx. Thus high quality nu-
trition at a later stage of nymph development in-
creased NlInR2 expression, which presumably sup-
pressed theNlInR1 signaling toproduce shortwings,
consistent with the model of Xu et al. [11].

We decreased the endogenous expression of
NlInR1 and NlInR2 by injecting dsNlInR1 and
dsNlInR2, and analysed the expression of NlUbx in
the thoracic pronotum and wing pad tissues of 5th-
instar nymphs. Knockdown of NlInR1 in nymphs
from the MS significantly increased the expression
level ofNlUbx (Fig. 5E), consequently all the result-
ing adults were of short-wing morph compared to
16.0% SW from the dsGFP treatment (Fig. 5F; Sup-
plementaryFig. 8AandB).KnockdownofNlInR2 in
nymphs from the BS significantly decreased the ex-
pression ofNlUbx (Fig. 5G), all the adults emerged
from treated nymphswere of long-wingmorph com-
pared to 1.3% long wing from the dsGFP treat-
ment (Fig. 5H). Interestingly, simultaneous inter-
ference of NlInR1 and NlUbx in the nymphs from

the MS strain resulted in adults with longer hind-
wings (Supplementary Fig. 8C, D and E). Other
changes included more bristles on the apical an-
gle of the forewing, ectopic bristles and wing veins
on the hindwing (Supplementary Fig. 8C), com-
pared to NlInR1 single RNAi (Supplementary Fig.
8B). These results indicated that dsNlUbx partly
abolished the dsNlInR1 effects, also suggesting that
NlUbx is downstream of NlInR1 in regulating wing
development.

FOXO is a downstream target of InR1 and
InR2 [11].We investigated the relationshipbetween
NlUbx and NlFOXO. Knockdown of NlFOXO in
nymphs from BS and wild population had no effect
on the expression ofNlUbx, neither did knockdown
ofNlUbx influence the expression level ofNlFOXO.
This might be explained by the previous result that
NlFOXO regulated wing development via phospho-
rylation not expression level [11].

DISCUSSION
Rice does not grow in the winter in most rice
producing areas. Although N. lugens only infests
rice, it cannot overwinter in subtropics and temper-
ate regions, which account for the majority of rice
producing areas. Therefore seasonal long-distance
migration to chase high nutrition food is an essential
capacity for survivorship and reproduction of N. lu-
gens. In the evolutionary process N. lugens acquired
the ability to develop short or long wings in timely
response to the nutrition status, either to quickly re-
produce when nutrition quality of the rice plants is
high, or to fly long distances to find new rice fields
when the nutrition status is low. The results of the
present study show that Ubx of rice planthoppers
regulates the alteration of long and short wings by
expressing in both T2 and T3 in response to the nu-
tritional status of the host.

A previous study demonstrated that two in-
sulin receptors play a key role in regulating wing
morph type in BPH. Knockdown ofNlInR2 in BPH
nymphs led to a strong bias towards long-winged
morph adults while dysfunction of NlInR1 resulted
in a strong bias towards short-winged morph adults
[11]. The present results extended the understand-
ing by connectingNlInR1/R2 signalingwithNlUbx,
which may be summarized as the following. Nllp3
binding of NlInR1 activates the NlInR1 signaling
leading to down-regulation of NlUbx, which forms
the constitutive pathway for producing the long-
wing form. It is likely that this pathway has evolved
uniquely in the planthopper lineage, which facil-
itated the evolution of the wing polymorphism.
Binding of NlInR1 by an excessive amount of
NlInR2 induced by high nutrition of the rice host
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suppresses the NlInR1 signaling and consequently
elevates the NlUbx level resulting in the short-wing
morph. Thus while NlInR2 serves as the nutrition
sensor in the NlInR1/R2 signaling pathway, the up
anddownof theUbx function in response to the level
of NlInR1 signaling provides a switch for the devel-
opment of the long-wing and short-wing morphs of
the rice planthoppers.This may be referred to as the
NlInR1/R2-NlUbx pathway of wing morph regula-
tion, although much of the detail has to be charac-
terized in future studies.

Previous studies indicate that forewings areHox-
free structures and that Ubx functions as a ‘hind-
wing selector’ in a wide range of insects [14–22], in-
cluding milkweed bugs [20], which also belong to
Hemiptera, the same order as the rice planthoppers.
We showed that Ubx is expressed in both T2 and
T3 in rice planthoppers, which regulates the devel-
opment of both forewing and hindwing and causes
wing morph differentiation via dosage effects. It was
previously reported thatUbx in honeybees is also ex-
pressed in both forewing and hindwing, with higher
expression level in hindwing than in forewing [26],
although it is yet unknown whether the honeybee
Ubx has a functional role in forewing development.
Nonetheless, these results suggest that the regula-
tion of planthopper wing dimorphism byUbxmight
represent a newly evolved (or apomorphic) state,
thus a newmode of insect wing differentiation.

It should also be noted that in our study, the
knockdown of NlUbx in the nymphs from BS did
not fully transform the short-wing form into the
long-wing form. This weaker phenotype may be
explained by the fact that NlUbx-RNAi caused very
high lethality, thus only weakly affected nymphs
could survive to adulthood.There is also a possibility
that other factor(s) may affect the wing dimorphism
of planthoppers, which needs to be further
investigated.

Our results showed that ecotopic expression of
Ubx orthologs from Drosophila, A. franciscana and
N. lugens in Drosophila resulted in wing-type to
haltere-type transformation with the severity de-
pending on the strengths of the promoters. Previous
studies also showed that overexpression of Ubx of
Acanthokara kaputensis, Apis mellifera, Bombyx mori,
Tribolium castenum andDrosophila in the wing discs
of Drosophila also transformed the wing toward a
haltere [26–28]. These results suggested that Ubx
genes from arthropods and their ancestors are func-
tionally conserved in suppressingwing development
and they might share the common target genes in-
volved in wing development.

Based on the present results and data from the
literature, Ubx-mediated insect wing development
may be classified into three modes. The first mode

is presumably found in the ancestral groups of in-
sects that have two pairs of large membranous flight
wings [13] where all wings are in Ubx-free state,
because of either no expression of Ubx in T2 and
T3 or no wing-repress activity. The second mode
is represented by the case in Drosophila, in which
the forewing (on T2) is fully developed for flight
(Ubx-free), while the hindwing (on T3) is reduced
to haltere due to Ubx expression [14–17]. The T3
expression of Ubx also specifies the development
of diverse hindwing structures found in many lepi-
dopterans [19,21], coleopterans [18] and hemipter-
ans [20]. The third mode is exemplified in the
present study, which showed that the change be-
tween long and short wings (wing dimorphism) of
the rice planthoppers is due to the up- and down-
regulation of Ubx in both T2 and T3 in response
to nutritional conditions. We further speculate that
changes of wing sizes by up- and down-regulation of
Ubx in both T2 andT3may be a general mechanism
in insects with polyphenic wings, although much
remains to be investigated in future studies.

The results also have implications for field man-
agement to reduce crop loss. Traditionally, de-
ployment of resistance genes has been generally
considered as the most economic strategy for com-
bating the rice planthopper pests. These results sug-
gest that interrupting the migration routes of the
planthoppers by changing the rice cropping system
on a large geographical scale to create missing links
in the chain, such as the practice of adopting late
rice to replace middle-season varieties in the rice–
crawfish system which is now gaining popularity in
southChina,may provide new strategies for the con-
trol of rice planthoppers and thus deserve strong
efforts of exploration.

METHODS
Two strains of predominantly short-wing form
(Brachypterous Strain, BS) and long-wing form N.
lugens (Macropterous Strain, MS) were obtained by
40 successive generations of selection following the
thoughts of Morooka and Tojo [29]. Ubx clong-
ing, in silico analysis, synthesis of dsRNA and mi-
croinjection, qPCR, in situ hybridization, immuno-
histochemistry staining, ectopic expression of Ubx
orthologs inDrosophila, rearingN. lugens nymphs on
rice with different nutrition quality and data anal-
ysis were described in detail in the Supplementary
Materials.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaa061#supplementary-data
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