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Abstract In the brown planthopper, Nilaparvata lugens

Stål, traits related to ovarian development were compared

among four pure lines predominantly expressing the des-

ignated characteristics: blackish short-winged (BS), yel-

lowish brown short-winged (YS), blackish long-winged

(BL), and yellowish brown long-winged (YL). The pre-

oviposition period was longer in the following order:

BS \ YS \ BL = YL line. The pre-feeding period,

namely, the time of non-feeding after adult emergence,

which was estimated from dry weight loss during starva-

tion, was also longer in the same order: BS \ YS \
BL = YL. Vitellogenin, the precursor of yolk protein, first

appeared in the hemolymph about 1� days later after the

initiation of feeding in respective lines. One-day’s starva-

tion did not have any effect on the timing of vitellogenin’s

appearance in the long-winged lines (BL, YL), but delayed

it by 1 day in the short-winged lines (BS, YS). Further, we

showed that the synthesis of vitellogenin mRNA was

induced in the adults even before feeding by being topically

applied with juvenile hormone III (JH III). These results

suggest that feeding first triggers the increase of JH III

titer, which activates vitellogenin synthesis, and enhances

ovarian development. Thus, genetic differences in the pre-

feeding periods cause the differences in the timings of

physiological events relating to ovarian development among

the four lines.

Keywords Pre-oviposition period � Pre-feeding period �
Vitellogenin � Juvenile hormone � Genetic variation

Introduction

Wing polymorphism is one of the strategies for adapting to

environments in various orders of insects, mostly in

Hemiptera and Orthoptera: long-winged (macropterous)

and short-winged (brachypterous) or wingless morphs dif-

fer in several life-history traits (Harrison 1980; Roff 1986,

1990; Fujisaki 2004).

An auchenorrhynchan, the brown planthopper, Nila-

parvata lugens Stål, is well known for its wing dimorphism,

exhibiting macropterous and brachypterous wing forms, the

expression of which is largely influenced by nymphal density

(Kisimoto 1956, 1965; Watanabe 1967; Iwanaga and Tojo

1986). The macropters have longer nymphal and pre-ovi-

position periods, lower fecundity, and higher tolerances to

starvation and dryness than the brachypters (Kisimoto 1965).

These characteristics are considered to render the macropters

adaptable to a migratory mode of life and the brachypters to a

sedentary mode of life.

The wing-form responses to density in N. lugens are

fundamentally under genetic control (Iwanaga et al. 1985,
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1987; Morooka et al. 1988). In our laboratory, four pure

lines have been generated by selection over 30 generations

for adults emerging at high rearing density: blackish short-

winged (BS), yellowish brown short-winged (YS), blackish

long-winged (BL), and yellowish brown long-winged (YL)

(Morooka and Tojo 1992). By extensive crossing experi-

ments using these pure lines, Morooka (1992) proposed

two major gene models for respective wing-form and body-

color determination, one allele on an autosome and another

allele on the X sex-chromosome. The four pure lines differ

not only in body-color and wing-form expression, but also

in developmental time, which is in the following order:

BS \ YS = BL \ YL lines (Morooka et al. 2011). These

findings suggest the involvement of genes regulating body

color and wing form in other life-history traits.

The present study aimed to find genetic variation in

relation to ovarian development, especially the pre-ovi-

position and pre-feeding periods among the four pure

lines. The duration of pre-oviposition period is one of the

key factors for reproductive success in wing-polymorphic

species. Flightless adults that have short wings or

underdeveloped flight muscles begin ovarian development

earlier than flight-capable adults (Harrison 1980; Roff

1986; Zera and Denno 1997). In N. lugens, a shorter pre-

feeding period after adult emergence in the brachypters

compared with the macropters was demonstrated by

comparing the periods between the black-colored short-

winged BS line and long-winged BL line of N. lugens

(Itoyama et al. 1999), these two lines being used in the

present study.

In insects that develop ovaries during adulthood, ovarian

development and vitellogenin synthesis are stimulated by

juvenile hormone (Bownes 1986; Raikhel and Dhadialla

1992; Wyatt and Davey 1996). In N. lugens, juvenile

hormone III (JH III) is identified as the sole JH (Bertuso

and Tojo 2002). The titer in the hemolymph differently

changes between the brachypters (the BS pure line) and the

macropters (the BL line) during early adulthood (Bertuso

and Tojo 2002). Topical application of JH III to the mac-

ropters enhances ovarian development as in the brachypters

(Iwanaga and Tojo 1986). These findings support

the involvement of JH in the regulation of ovarian devel-

opment. Recently, the vitellogenin gene was cloned in

N. lugens, and its expression was found to be enhanced by

exogenous JH III and to occur earlier in the brachypters

than macropters (Tufail et al. 2010). Since vitellogenin is

the yolk protein precursor, it is used as a predictor

of fecundity in many species, including the soldier bug,

Podisus maculiventris Say (Shapiro et al. 2000).

Based on these findings, we tried to determine how the

physiological events proceed before egg laying among

these four pure lines, noting the timing of vitellogenin’s

appearance in the hemolymph and its gene expression.

Materials and methods

Insects

The four pure lines of N. lugens were generated by selection

over 30 generations for specific body-color and wing-form

expressing adults that emerged from nymphs reared at high

density and maintained for over 100 generations in our labo-

ratory. Nymphs of the four lines were reared in cylindrical

acryl-resin cages (i.d. 5.4 cm 9 height 22 cm) containing

about 130 rice seedlings (variety Reiho) at high density (200

nymphs per cage) under a 16L:8D photoperiodic regime at

25 ± 1�C, as previously described (Morooka and Tojo 1992).

Females and males were separated within 6 h after adult

emergence. A single female was put in a test tube cage (i.d.

2.0 cm 9 height 18 cm) containing five rice seedlings with

two males (2-day old). For a starvation experiment,

respective females were reared in a test tube containing a

piece of wet cotton to prevent the dehydration for 1 or

2 days, and then transferred into another test tube con-

taining five seedlings with two males. The seedlings were

renewed every day and checked for eggs laid by the

females. These adults were maintained in similar condi-

tions with a temperature and photoperiodic regime as for

nymphal rearing and used for subsequent analyses.

Estimation of the pre-feeding period

The pre-feeding period after adult emergence was esti-

mated by comparing changes in dry weight between fed

and starved females, both unmated (Itoyama et al. 1999).

Six to eight individuals were lyophilized for 4 h and

weighed as one sample. More than six samples were

weighed to obtain one value.

Collection of hemolymph

To collect hemolymph sample, three adults were carefully

torn at an intersegmental membrane with fine tweezers and

dipped in 30 ll of KPB (20 mM potassium phosphate,

150 mM NaCl, 2 mM EDTA, 0.02% NaN3, pH 6.8) con-

taining protease inhibitors (0.5 mM phenylmethyl sulfonyl

fluoride, 1 lg/ml pepstatin A, 1 lg/ml leupeptin, and

2 mM dithiothreitol) in a 1.5 ml tube. Gentle tapping of the

tube eluted out the hemolymph into the solution. After

centrifugation (2,000 g, 15 min, 4�C), the supernatant was

collected and stored at -20�C.

Sodium dodecyl sulfate polyacrylamide gel

electrophoresis

The hemolymph sample was boiled for 3 min after being

added with two volumes of sodium dodecyl sulfate
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polyacrylamide gel electrophoresis (SDS-PAGE) sample

buffer [0.125 M Tris-HCl, pH 6.8, 20% glycerol, 2.5%

SDS, 10% 2-mercaptoethanol, and 0.02% (W/V) bromo-

phenol blue]. SDS-PAGE was performed on a 7.5% poly-

acrylamide gel as described by Laemmli (1970). After the

electrophoresis, proteins were stained with Coomassie

Brilliant Blue R-250 (CBB R-250) (Weber et al. 1972).

Preparation of antibody

One thousand eggs were homogenized in KPB containing

protease inhibitors and centrifuged (18,000 g, 10 min,

4�C). The supernatant was mixed with two volumes of

SDS-PAGE sample buffer, boiled for 3 min, and separated

by SDS-PAGE. After staining with CBB R-250 for 30 min,

the gel was destained in aqueous 35% methanol-5% acetic

acid for 1 h, and the band corresponding to vitellin was

excised and washed twice with water for 30 min to remove

SDS. The gel slice was frozen at -20�C, lyophilized using

a centrifugal concentrator (VC-360, TAITEC Co.) under

reduced pressure, and ground into powder using a medicine

spoon. The powder was suspended in 0.7 ml of water and

emulsified with an equal amount of Freund’s complete

adjuvant. The emulsion was injected into the dorsal parts of

a rabbit. Two additional injections were carried out with

Freund’s incomplete adjuvant at intervals of 10 days. The

rabbit was bled 10 days after the last injection, and the

antiserum thus obtained was stored at -20�C prior to use.

Western blot analysis

After SDS-PAGE, proteins in a gel were transferred onto a

nitrocellulose membrane (Towbin et al. 1979) using Mini

Protein Cell (Bio-Rad). The membrane was then blocked

with 5% skim milk in TBS (0.1 M Tris-HCl-0.1 M NaCl,

pH 8.0) for 30 min at room temperature and incubated in

5% skim milk in TBS containing rabbit antiserum against

vitellin (1/2,000) overnight at 4�C. The anti-vitellin serum

was prepared as described below. Goat anti-rabbit IgG

conjugated with alkaline phosphatase (E. Y. Labs. Inc.)

was used as the secondary antibody. Ten milliliters of TSM

(100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl2, pH

9.5) containing 45 ll of NBT (nitroblue tetrazolium,

75 mg/ml in 70% dimethylformamide) and 35 ll of

X-phosphate (5-bromo-4-chloro-3-indolyl phosphate p-

toluidine salt) was used as a substrate for the detection of

alkaline phosphatase.

Preparation of partial vitellogenin cDNA

Messenger RNA was extracted from 25 adult females by

using MICRO-FASTTRACKTM 2.0 (Invitrogen). One lg of

mRNA was used for construction of an adapter-ligated

double-strand cDNA library using a marathon cDNA

amplification kit (Clontech) according to the manufacture’s

instruction. The adapter-ligated double-strand cDNA library

was subjected to polymerase chain reaction (PCR) using a

pair of primers. GL/ICG primer (50 GGGCTCTGCGC 30)
was designed from the GL/ICG motif conserved for insect

vitellogenin (Lee et al. 2000). PCR was carried out using a

program temp control system (PROGENE; Techne). The

employed standard cycling conditions were 95�C for 1 min

for denaturation, followed by 28 cycles of 95�C for 30 s,

55�C for 30 s, and 68�C for 2 min.

Northern blot analysis

Northern hybridization was performed by using DIG

Northern Starters Kit (Roche). To make a DIG-RNA labeling

probe, 1 lg of linearized plasmid DNA containing vitello-

genic cDNA (N. lugens Vg-2) was used. One ll of total RNA

was denatured at 65�C for 5 min, separated on a formalde-

hyde agarose gel (1%) in MOPS [3-(N-molopholino) pro-

pane sulfonic acid] buffer, and transferred onto nylon

membrane (Hybond N?, Amersham) by capillary action.

Hybridization was carried out by incubating the membrane

with the DIG Easy Hyb (supplied in the DIG Northern

Starters Kit, Roche) containing DIG-labeled RNA probe

overnight at 68�C. After hybridization, the membrane was

washed twice in 2 9 SSC (3. 33 M NaCl, 3.33 M trisodium

citrate dihydrate)/0.1% SDS for 5 min at room temperature

and twice in 0.2 9 SSC/0.1% SDS for 15 min at 68�C.

Hybridized probe was immunodetected with anti-digoxi-

genin-AP; Fab fragments are then visualized with the

chemiluminescence substrate CDP-Star, ready-to-use (all

supplied in the DIG Northern Starters Kit, Roche). The signal

was detected by exposure to an X-ray film.

JH III treatment

JH III was dissolved in acetone to yield 100 lg/ml as stock

solution. The stock solution was serially diluted with ace-

tone just before use. One hundred pg of JH III dissolved in

0.1 ll of acetone was topically applied onto the abdomen

of the YB line females by using a 10 ll syringe (Terumo)

and a micro applicator (Burkard), after anesthetization with

CO2 for 30 s.

Results

Comparison of the pre-oviposition period

among the four pure lines

The pre-oviposition period was estimated as the time after

adult emergence when half of the females were found to
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lay eggs. As shown in Fig. 1, the pre-oviposition period

differed among the four lines, longer with the order

BS \ YS \ BL = YL (Fig. 1).

The pre-feeding period deduced from changes in dry

weight

The pre-feeding period, namely, the time when the adult

starts sucking after emergence, was deduced from the

changes in dry weight between the fed and non-fed adults. As

shown in Fig. 2, the BS line showed significant increases in

dry weight for 2 days in the fed condition. When starved for

1 day, it had a significantly lower weight than the fed control

(p \ 0.05), although it did not significantly differ from the

0-day level (Fisher’s PLSD, p = 0.142). In the YS line, there

was no difference in dry weights between 0-day and 1-day

adults under the fed condition (p = 0.724), but 1 day’s

starvation significantly decreased the weight below the 0-day

level (p \ 0.05). These results indicate that the BS line starts

feeding soon after adult emergence, namely, the pre-feeding

period is 0 day, while the period is longer in the YS line, but

less than 1 day.

In the long-winged lines (BL and YL), weight was not

significantly lost in those starved for 1 day after adult

emergence (BL, p = 0.692; YL, p = 0.281), whereas star-

vation for 2 days caused a significant loss of dry weight,

compared to 1 day’s starvation (p \ 0.01), and feeding for

this period brought a significant increase in weight

(p \ 0.01). These results indicate that the non-feeding per-

iod after adult emergence in the BL and YL lines was longer

than 1 day, but less than 2 days. Thus, the pre-feeding period

was longer, as in the following order: BS \ YS \BL = YL,

as in the order of the pre-oviposition period.

Identification of vitellogenin

As such differences in the pre-oviposition and pre-feeding

periods were expected to be reflected in the timing of

vitellogenin synthesis, further analysis was conducted on

this protein. As shown in Fig. 3a, two female-specific

polypeptides of 180 and 46 kDa were found on SDS-PAGE

of the hemolymph of female adults. These bands were also

seen in egg extract as major protein bands. In the Western
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blot analysis, antiserum against the 180 kDa protein in the

egg extract cross-reacted solely with the 180 kDa peptide

from the female hemolymph (Fig. 3b). These results indi-

cate that the 180 kDa peptide is the heavy chain of vitel-

logenin, and so the antiserum against the peptide can be

used to specifically detect vitellogenin’s heavy chain.

Timing of vitellogenin’s appearance in the hemolymph

in fed and non-fed adults

As shown in Fig. 4, in fed adults, vitellogenin first appeared

in the hemolymph of 1-day old BS, 2-day old YS, and 3-day

old BL and YL adults. As the vitellogenin band in 1-day old

BS was too weak, the time of its first appearance seems to be

between 1 and 2 days after adult emergence. Thus, the tim-

ing of its appearance was ca. 1� days earlier than that of

oviposition with the respective lines.

Figure 4 also shows the influence of starvation on the

timing of vitellogenin’s appearance in the hemolymph. One

day’s starvation in the short-winged lines (BS and YS)

delayed the timing by 1 day compared with that of fed

controls. The vitellogenin’s appearances in the long-winged

lines (BL and YL) were not influenced by 1-day’s starvation.

Two day’s starvation delayed the appearance by 2 days in

both short-winged lines, but by 1 day in the two long-winged

lines compared with that of the fed controls, supporting

further the presence of a pre-feeding period, longer than

1 day but shorter than 2 days, in the long-winged lines.

Timing of vitellogenin mRNA synthesis in fed

and non-fed adults

Further, the timing of vitellogenin mRNA synthesis and

the effects of starvation on it were compared in YS and

BL pure lines (Fig. 5). In the YS line, vitellogenin mRNA

was first detected 1 day after adult emergence, and the

timing of the synthesis was delayed as the starvation

period was extended up to 2 days. In the BL line, vitel-

logenin mRNA was first detected 2 days after emergence.

One day’s starvation did not change the timing of the

synthesis of vitellogenin mRNA; however, 2-day starva-

tion delayed it by 1 day compared to fed control. In all

conditions, the vitellogenin mRNA level increased day by

day.

Effects of JH III application on transcription

of vitellogenin

To clarify the effect of juvenile hormone on vitellogenin

synthesis, 100 pg of JH III was topically applied to the

females of the YS line shortly after emergence, and

mRNAs were prepared from the females kept in starved

condition. While vitellogenin mRNA was not detected

in acetone-treated control, it clearly existed in the JH

III-treated females, 1 and 2 days after adult emergence

(Fig. 6).

Fig. 4 Comparison of the timing of vitellogenin’s appearance in the

hemolymph among four pure lines under fed or starved conditions. St.

1, St. 2: starved for 1 or 2 days after adult emergence, respectively.

The numbers are days after emergence. Vitellogenin was detected by

Western blot analysis using the antiserum against its large subunit.

Hemolymph sample from three individuals was loaded in a lane
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Fig. 5 Detection of vitellogenin mRNA in the YS and BL lines of N.
lugens under fed (Fed) or 1- or 2-day starved (St. 1, St. 2) conditions

starting shortly after emergence. Numbers are days after adult

emergence. Vitellogenin mRNA was detected by Northern blot

analysis. Ethidium bromide staining of rRNAs shows roughly same

amount of total RNAs being loaded in each lane
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Fig. 6 Effect of JH III on vitellogenin mRNA synthesis in the BL

line of N. lugens. Newly emerged adults were topically applied to

their abdomen with either 0.1 ll of acetone (Acetone) or 100 pg of JH

III dissolved in 0.1 ll of acetone (JH III), and kept without food for

2 days. Ethidium bromide staining of rRNAs shows roughly same

amount of total RNAs being loaded in each lane

Appl Entomol Zool (2011) 46:545–551 549

123



Discussion

Relationship between the pre-oviposition

and pre-feeding periods

In wing-polymorphic insects, flightless morphs have a

shorter pre-oviposition period, and so are able to settle

earlier than in flight-capable morphs, which are able to

disperse and migrate (Harrison 1980; Roff 1986; Zera and

Denno 1997). In addition, in N. lugens, brachypters deposit

eggs earlier than macropters (Kisimoto 1965). In the

present study, we demonstrated that the pre-oviposition

period differs among four lines of N. lugens, which pre-

dominantly exhibit a specific wing form and body color

over a broad range of rearing densities (Morooka and Tojo

1992). The pre-oviposition period, the time when half of

the females deposited eggs after adult emergence, was in

the following order: BS \ YS \ BL = YL pure lines, the

differences among them being ca. 2 days (Fig. 1). The

finding that the pre-oviposition periods in the two bra-

chypterous lines of BS and YS were shorter by 1 or 2 days

than those in the long-winged lines BL and YL (Fig. 1)

does not conflict with the results of Kisimoto (1965),

obtained using a non-selected population.

We further found differences among four lines in the

pre-feeding period, which was detected by comparisons of

dry weights between fed and starved adults: 0 day in BS,

less than 1 day in YS, and less than 2 days in BL and YL

lines (Fig. 2). Thus, the differences in the pre-feeding

period were ca. 2 days. Namely, the variation in the pre-

oviposition period correlates well with the difference in the

pre-feeding period. In addition, the shorter pre-feeding

period in brachypters versus macropters as reported by

Itoyama et al. (1999), who used BS and BL lines, was

reconfirmed by the present study.

JH and vitellogenin

The time of vitellogenin’s appearance differed among the

four lines (Fig. 4), but in all of them, vitellogenin appeared

1 day after the initiation of feeding, followed by oviposi-

tion, which occurred a further 1� days later. In addition,

we demonstrated the stimulation of vitellogenin synthesis

by JH III, and earlier synthesis of vitellogenin mRNA in

the short-winged BS line by 1 day compared to the long-

winged YL line (Figs. 5, 6). Our results confirmed the

recent findings that vitellogenin gene expression in N. lu-

gens is triggered by JH III, and the transcript first appears

1 day after adult emergence in the brachypters and 2 days

in the macropter in none-selected lines (Tufail et al. 2010).

In N. lugens, JH III is identified as the sole JH (Bertuso

and Tojo 2002). The titer in the hemolymph of the brac-

hypters (the BS line) is two-fold higher than in the

macropters (the BL line) at 1 day after adult emergence.

The titer in the brachypters attains a maximum at 3 days,

which corresponds with the timing of the longest oocyte

length. In the macropters, the JH titer attains a high level

1 day later than in the brachypters (Bertuso and Tojo

2002). These changes of JH III titer seem to well explain

the present results: the BS line starts feeding soon after

adult emergence, which triggers JH III synthesis, stimu-

lating vitellogenin synthesis within 1 day, while in the non-

feeding ML line, JH III synthesis is delayed, causing a

retardation in vetellogenin gene expression.

Genetically regulated life-history traits

The four lines used in the present research have been

judged to be pure in the composition of genes regulating

body-color and wing-form expression by a series of

extensive crossing experiments (Morooka 1992). The four

pure lines also differed in the nymphal developmental time

in females in the following order: BS \ YS = BL \ YL

lines (Morooka et al. 2011). Further in the present study,

we found differences in the pre-oviposition period as

BS \ YS \ BL = YL, reflecting the differences in the

pre-feeding period. The line-specific differences in these

life history traits suggest the involvement of genes related

to the regulation of wing form and body color expression,

or other genes with a high linkage to the former gene

group, in the regulation of these life-history traits.

Longer pre-feeding period in the macropters

An important questions arises: Why do the macropters

have a 1 day or longer pre-feeding period? Not only having

wings but also having highly developed flight muscles is

important for long-distance migration in insects (Solbreck

et al. 1990). In the pea aphid, Acyrthosiphon pisum Harris,

an alatae has a rather long pre-feeding period during which

it develops flight muscles and then becomes active in terms

of flight (Kobayashi and Ishikawa 1993). In many insects,

the timing of oogenesis is regulated by food intake (Wyatt

and Davey 1996). For example, in the desert locust,

Schistocerca gregaria Forskal (Tobe and Chapman 1979),

and the American cockroach, Periplaneta americana Lin-

naeus (Weaver and Pratt 1981), feeding induces a higher

JH titer, which stimulates vitellogenin synthesis and

enhances ovarian development. These results suggest that

the non-feeding period is necessary for constructing a body

adaptable to migration specifically in the macropters. Our

recent findings suggest that flight muscles develop under

the absence of JH III during this pre-feeding period in

N. lugens, to be published elsewhere.
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