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The brown planthopper, Nilaparvata lugens, is a
serious pest of rice crops throughout Asia and
exhibits wing dimorphism, with brachypterous adults
having reduced wings and macropterous adults
possessing fully developed wings. To understand the
reproductive strategies in two wing-morphs of this
insect, the transcript encoding the major yolk protein
precursor, vitellogenin (Vg), was cloned. The com-
plete mRNA transcript was 6314 bp, which encodes a
protein of 2063 residues including an 18-residue puta-
tive signal peptide. Analysis of the mature protein
revealed two vitellogenin-N (or lipoprotein amino-
terminal) domains near the N-terminus and a von
Willebrand factor type D domain near the C-terminus.
In addition, a highly conserved motif GL/ICG, and a
number of cysteine residues were identified near the
C-terminus. Northern blot analysis identified a ~6.8 kb
Vg gene transcript that was expressed exclusively in
the adult female fat body cells. The expression profile
revealed that the Vg gene starts to be expressed
earlier (on day 3) in brachypters as compared to mac-
ropters where the mRNA transcript was observed on
day 4. However, in both morphs, the amount of Vg
mRNA increased to reach high levels during vitello-
genic periods [from day 4 (in brachypters) and day 5

(in macropters) and onwards]. Reflecting the RNA
transcription pattern, the Vg signal was detected by
immunoblotting on day 3 and day 4 in haemolymph
of brachypterous and macropterous females, respec-
tively, and that was increased every day and remained
high during the vitellogenic periods. Furthermore, the
topical application of juvenile hormone (JH) III had
up-regulated the Vg gene expression suggesting that
the Vg gene is regulated by JH in N. lugens. In addi-
tion, it was demonstrated by Southern blot analysis
that there exists a single copy of the gene in the N.
lugens genome. A delayed trend in expression (of
both the transcript and the protein) demonstrated by
macropterous females in the present studies sup-
ports the hypothesis of prereproductive long distance
migration in this wing-dimorphic species.
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Introduction

The brown planthopper, Nilaparvata lugens (Nl) is one of
the most destructive insect pests of rice in many rice-
growing areas of Asia and Oceania. This species has two
wing morphs, brachypterous (nonmigratory) and mac-
ropterous (migratory), and the latter invades Japan annu-
ally from southern China during rice seasons with the
assistance of the monsoon winds where it reproduces
tremendously and causes considerable economic losses.
Many reports on migration of N. lugens are available
(Kisimoto, 1976; Cheng et al., 1979; Sogawa &
Watanabe, 1992); however, information regarding the
molecular properties of its reproduction is lacking. Thus,
characterization of the gene encoding the major yolk
protein precursor, vitellogenin (Vg), would be helpful to
understand the reproduction strategies in this species
and may allow the development of some pest control
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schemes. The reproductive success of all oviparous
species including insects depends on Vg biosynthesis and
its accumulation in the developing oocytes. During the
reproductive phase, the precursor Vg is synthesized in
large amounts in the female fat body, secreted into
haemolymph, and then taken up by the developing
oocytes by receptor-mediated endocytosis (Byrne et al.,
1989; Raikhel & Dhadialla, 1992; Hagedorn et al., 1998;
Sappington & Raikhel, 1998; Snigirevskaya & Raikhel,
2005; Tufail & Takeda, 2009). Once sequestered, the Vgs
are stored in a crystalline form as vitellins (Vns), a nutrient
source for the developing embryos (Kunkel & Nordin,
1985).

Owing to the primary role of Vgs in reproduction, their
primary structures have been sequenced from a wide
group of animals, both vertebrates and invertebrates. In
insects, a Vg gene transcript of 6–7 kb encodes a primary
protein of ~200 kDa, which is enzymatically cleaved into
smaller subunit polypeptides before being secreted into
the haemolymph (see reviews: Sappington & Raikhel,
1998; Tufail et al., 2005; Tufail & Takeda, 2008). This
cleavage is performed by the subtilisin-like endopro-
teases, convertases (Barr, 1991; Rouille et al., 1995) fol-
lowing a consensus sequence motif R/KXXR/K. The first
experimental demonstration of subtilisin-like convertase
involvement in pro-Vg cleavage was reported by Chen &
Raikhel (1996). Until now, Vg primary structures have
been reported from several insect species (see a recent
review by Tufail & Takeda, 2008 for references). Vgs are
members of a larger superfamily of molecules known as
large lipid transfer proteins (Babin et al., 1999). Despite
their low overall conservation across major taxonomic
groups, their common function and disproportionate
conservation of certain amino acids suggest a common
phylogenetic ancestor (Chen et al., 1997; Sappington
et al., 2002).

In insects showing wing dimorphism, it is suggested that
there are fitness costs associated with the ability to fly
(Roff, 1984, Denno et al., 1991). The energy used to con-
struct wings and flight muscles is simply not available for
reproductive investment (Zera & Denno, 1997). When
raised on the same source, macropterous females have
lower fecundity than flightless females in crickets (Roff,
1984) and planthoppers (Kisimoto, 1965, Denno et al.,
1989). Additionally, reproduction is delayed in the migra-
tory forms of many female insects including N. lugens
(Roff, 1986; Ayoade et al., 1999). In N. lugens, previous
studies provide information on ovarian development/
number of eggs (when reared on a resistant rice variety
‘Mudgo’) (Sogawa & Pathak, 1970), on oocyte growth by
applying juvenile hormones (JHs) or methoprene and
identifying the variation of the pre-ovipositional period in
two-wing morphs (Iwanaga & Tojo, 1986; Ayoade et al.,
1999) and on oviposition behaviour (Hattori & Sogawa,

2002). Furthermore, investigations in our labs have
revealed the oviposition rate by rearing of nonvirulent N.
lugens biotypes on rice varieties/cultivars carrying N.
lugens resistance genes (Ketipearachchi et al., 1998;
Naeemullah et al., 2009). Nevertheless, there is no knowl-
edge of the structure and regulation of the major yolk
protein precursor, Vg, in the two wing-forms of this pest. To
our knowledge, the only report on NlVg available is by
Cheng & Hou (2005) but it is restricted to only Vg identi-
fication and its cellular distribution in this insect. Thus,
to understand the reproduction strategies in two wing
morphs of N. lugens at the molecular level, we cloned a
complete cDNA encoding Vg, and show here how expres-
sion timing of both the transcript and the protein differs in
nonmigratory and migratory females. We also investigated
the regulation of NlVg transcription by JH III, and showed
that there exists only a single copy of the Vg gene in this
insect. Next, we identified, on a molecular basis, a 50-kDa
Vg polypeptide in addition to the 175-kDa polypeptide
previously identified through immunoblotting by Cheng &
Hou (2005). In addition, NlVg was compared with other
insect and non-insect Vgs and a molecular phylogenetic
tree constructed.

Results and discussion

Cloning and structural analysis of NlVg

Using a rapid amplification of cDNA ends PCR (RACE-
PCR) strategy, we cloned the complete cDNA encoding
Vg of N. lugens. The complete sequence obtained by the
contig alignment of the three RACE-PCR clones (see
Experimental procedures) was 6314 bp, consisting of a
12 bp 5′-untranslated region (UTR), an open reading
frame of 2063 residues and a 110-nucleotide 3′-UTR
(accession number: AB353856 and Fig. 1). The analysis
of the primary protein revealed that the first 18 amino
acids correspond to a putative signal peptide [as analy-
sed with the SIGNALP program (http://www.cbs.dtu.dk/
services/SignalP/)] (Fig. 1). The predicted molecular
weight of the mature protein was 227.94 kDa with an
isoelectric point (pI) of 8.69. The National Center for
Biotechnology Information (NCBI) Conserved Domain
Database (CCD) search (http://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml) predicted two vitellogenin-N
domains (also known as the lipoprotein N-terminal
regions) at the amino-terminus of the NlVg (amino acid
positions: 24–339 and 584–932, respectively). These
domains are implicated in lipid transfer activity (see
review: Smolenaars et al., 2007). A third domain, the von
Willebrand factor type D (VWD) domain, was identified
at the C-terminus (amino acid position: 1767–1884). In
addition, three polyserine regions, three RXXR consen-
sus cleavage sites, the GL/ICG motif, and the cysteine
residues conserved at the C-terminus were identified
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(Fig. 1). Additionally, unique poly-N runs, encompassed
by usual polyserine domains, have been observed at the
N-terminus of the NlVg. The existence of these poly-N
runs in NlVg is striking and unusual; however, whether
they play any physiological role in this insect remains
unclear. Furthermore, 20 putative glycosylation sites
(NXS/T) and 181 potential phosphorylation residues
were found in the NlVg sequence (Fig. 1). The presence
of these modified residues in NlVg indicates that this
molecule is likely to be highly phosphorylated. The phos-
phate moieties have a negative charge and may play a
role in receptor binding as proposed by Sappington et al.
(1996).

The NlVg sequence was compared with those of other
known insect Vgs. The NlVg had, in general, high amino

acid identity (23–35%) within the hemimetabolous
insects as compared to holometabolous insects, where
the identity ratio was 20–30%. The exception was that of
Athalia rosae, where the identity ratio was 36%. Indeed,
the highest amino acid identity (30–35%) was found
within the members of the order Hemiptera. The com-
parison of NlVg with other insect Vgs shows a high
degree of conservation; the motif GL/ICG and the poly-
cysteines at conserved locations near the C-terminus
(see Tufail & Takeda, 2008) (Fig. 1) are particularly inter-
esting. Recently, Akasaka et al. (2010) have reported
that the C-terminal region and VWD domain of vitelloge-
nin are processed and attached to the vitelline coat,
which in turn participate in fertilization as the binding
partners of sperm proteases.

Figure 1. Deduced amino acid sequence of the Nilaparvata lugens vitellogenin (NlVg) protein and its modular architecture. Amino acids are numbered
on the right from the initiation methionine. The two vitellogenin_N domains delimited by the National Center for Biotechnology Information Conserved
Domain Search are indicated with boxes at the N-terminus, whereas the von Willebrand factor domain is shown by a dark-shaded box at the C-terminus.
The regions rich in polyserine tracts are underlined. Three consensus RXXR sequence motifs for possible cleavage sites are boxed. The putative
glycosylation sites (NXS/T) are dotted-underlined, whereas the putative phosphorylated serine (S), threonine (T) and tyrosine (Y) residues (predicted
using the NETPHOS 2.0 program) are shown with light-shaded frames. The putative signal peptide (predicted using the SIGNALP program) is
double-underlined. The GL/ICG motif is shown with a bold line. The chemically determined N-terminal amino acid sequence for the 50 kDa vitellin (Vn)
polypeptide is underlined with a bold dotted line. The asterisk indicates the stop codon. This sequence has been submitted to GenBank and assigned the
accession number: AB353856.
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Phylogenetic relationship with Vgs of other arthropods
and vertebrates

To clarify the evolutionary relationship of NlVg, we used a
neighbor-joining tree construction method based on dis-
tances of 60 Vg sequences (excluding the signal peptide)
from 46 arthropod and non-arthropod species. The den-
drogram obtained places the NlVg with the other insects
and particularly with hemipterans as a distinct cluster
(Fig. 2). Moreover, the tree clusters different insect
species into specific orders in a quite coherent manner
reflecting that there exists a greater sequence similarity
within the group than beyond the group level. The tree
also clearly divides the Vgs from insects, arachnids,
vertebrates and crustaceans into separate groups as
indicated by their known phylogeny. Nevertheless, the
nematode Vgs appear as a sister group of arachnid Vgs.
The present phylogenetic analysis reveals that insect Vgs
are more close to arachnid and nematode Vgs than to
vertebrate and crustacean Vgs. The crustacean Vgs form
a very external strongly supported cluster (100% boot-
strap value) and thus remain the most divergent from all
other Vgs.

Genomic copy number of the NlVg gene

To investigate the copy number of the Vg gene, Southern
analysis was carried out with 10 mg genomic DNA and a
Vg cDNA probe synthesized from the 5′-end part of the
NlVg cDNA (nt position: 1–1001) as a probe. The hybrid-
ization signal revealed a single discrete band when
digested with EcoRV, NotI and XhoI (Fig. 3), suggesting
that a single copy of the Vg gene exists in the genome of
N. lugens.

Expression pattern and temporal profile of Vg gene
transcription in two wing-morphs of N. lugens

To probe the sex-, tissue- and stage-specific expression,
and the temporal profile of NlVg gene expression, we
performed a Northern blot analysis with total RNA
extracted from the adult males and females, and from the
nymph whole bodies (Fig. 4). The hybridization analysis
detected a single transcript of ~6.8 kb exclusively in the fat
body of adult-females as we expected (Fig. 4A). No trace
of hybridization signal was detected with total RNA from
adult males or from nymphs. The Vg gene transcript of
6–7 kb has been identified from several insect species
(see review: Tufail & Takeda, 2008). The developmental
profile of Vg gene transcription in brachypterous females
reveals that it starts expressing on day 3 of adult emer-
gence, and continues to increase every day to reach its
maximum on day 7, and then starts to decline (Fig. 4B, C).
By contrast, the Vg gene transcript was observed one day

later, on day 4, in the macropterous females (Fig. 4B, C)
although Vg mRNA levels were seen to be high, similar to
their brachypterous counterparts, during the vitellogenic
period from day 5 onwards (Fig. 4B, C).

The discrepancy in reproductive strategies has been
reported in several insects exhibiting wing polymorphism
including N. lugens (Kisimoto, 1965; Fujisaki, 1986). In N.
lugens, the difference in pre-oviposition periods in two
wing-forms has been reported (Ohkubo, 1967), and the
general trend demonstrated was that the macropterous
females considerably delayed the initiation of oviposition
compared to brachypterous females under the same
rearing conditions (Kisimoto, 1965; Wada et al., 2007). In
Gryllus rubens, greater ovarian growth was reported in the
short-winged form than the long-winged morphs (Zera &
Rankin, 1989). Moreover, in N. lugens, the earlier devel-
opment of oocytes in brachypters was related to high
JH titres in brachypters than those of macropters (Bertuso
& Tojo, 2002). The different trait of JH titres in wing-
dimorphic species is in keeping with the migratory syn-
drome influenced by the JH (Fairbairn, 1994) and the
apparent flight capability vs. fecundity trade-off (Harrison,
1980). Our present findings of delayed expression of Vg
mRNA in long-winged morphs probably demonstrate the
longer developmental immaturity in these females that
corresponds to the period of long distance migration.

Identification, post-transcriptional processing and
temporal expression profile of NlVgs

The NlVgs were identified by comparing the polypeptide
profiles of adult male and female whole body homoge-
nates, haemolymph and of egg extracts. Sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE;
Fig. 5A) revealed two Vg polypeptides (lane 3 and 5) of
~175 and ~50 kDa corresponding to the two Vn polypep-
tides (lane 4), whereas these polypeptides were absent in
the male sample (lane 2). Our results differ from those
reported by Cheng & Hou (2005) where only a single
protein band of 175 kDa was reported. A possible expla-
nation for this apparent discrepancy may be that we used
15% SDS-PAGE in our experiments for adequate resolu-
tion of the polypeptides instead of the 7.5% used by
Cheng & Hou (2005). To further clarify whether the 50 kDa
polypeptide is a post-transcriptionally cleaved product, we
performed an amino-terminal analysis. The N-terminal
sequence of the 50 kDa Vn polypeptide was SGSGP and
located downstream of the putative signal peptide (Fig. 1),
demonstrating, on a molecular basis, that the Vg of N.
lugens also possesses a 50 kDa in addition to the
175 kDa polypeptide previously identified through immu-
noblotting by Cheng & Hou (2005) (Fig. 5A). The NlVg
precursor polypeptide is most probably cleaved following
RSRR cleavage signal (aa position: 452–455; Fig. 1) as
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using the CLUSTALW program (Thompson et al., 1994) and used as input for a neighbor-joining tree construction program (MEGA3, Kumar et al., 2001).
The reference bar indicates the distance (number of amino acid substitutions per site). Bootstrap values (500 replications) are indicated at each node.
Only support values >50% are shown. For sequence information see Experimental procedures.

Nilaparvata lugens vitellogenin 791

© 2010 The Authors
Insect Molecular Biology © 2010 The Royal Entomological Society, 19, 787–798



the molecular weights predicted based on the amino acid
sequences of small (48.33 kDa) and large (179.24 kDa)
subunits correspond well with those identified by SDS-
PAGE (Fig. 5A). The proteolytic cleavage of NlVg should
not be surprising. The Vg of another hemipteran Graptop-
saltria nigrofuscata was also cleaved into one large
(200 kDa) and small (43 kDa) polypeptide (Lee et al.,
2000). Recently, we have also determined enzymatic
cleavage of Vg into two subunits in the water bug, Letho-
cerus deyrollei (Nagaba et al., 2010).

Based on the recent molecular studies, the consensus
that has emerged is that the Vg molecule is cleaved (fol-
lowing the RXXR sequence motif) in almost all non-
apocritan insect species, and this cleavage is found to be
conserved at the N-terminus, mostly surrounded by poly-
serine stretches (Fig. 1), except for the Lymantria dispar
Vg, in which the cleavage signal (RXXR) exists at the
C-terminus (see reviews: Sappington & Raikhel, 1998;
Tufail et al., 2005, Tufail & Takeda, 2008). Nevertheless, in
Hemimetabola members (such as cockroaches and the
bean bug, Riptortus clavatus) where the pro-Vg is cleaved
into several subunits, additional RXXR cleavage motifs
residing near the C-terminus or at the centre of the primary
product are utilized (Hirai et al., 1998; Tufail & Takeda,

2002, 2008). However, the reason why Vgs are differen-
tially cleaved in different insect species remains unclear.

To determine the developmental expression profile of
Vg in both wing-morphs, haemolymph and egg extracts
were separated on SDS-PAGE and assayed using immu-
noblot analysis (Fig. 5B). The antibody used was a gen-
erous gift from Dr Roger F. Hou and generated against the
175 kDa Vg peptide. The immunoblot analysis demon-
strated the differential expression timing of Vg similar to
the transcript in both wing-forms; the Vg signal was
observed on day 3 in brachypters as compared to mac-
ropters where it first appeared on day 4 (Fig. 5B). The
developmental expression profile revealed that Vg levels
increase every day, reach a maximum on day 7, and then
start to decrease in both wing morphs (Fig. 5B, C), sug-
gesting sequestration by the developing oocytes. A similar
pattern of Vg expression was observed in the other hemi-
pteran, R. clavatus; however, the protein was detected
one day after the Vg mRNA first appeared (Shinoda et al.,
1996; Hirai et al., 1998), which is in contrast to NlVg where
this protein was detected on the same day (day 3 in
brachypters and day 4 in macropters) that Vg mRNA
appeared (Fig. 4B). This is, perhaps, because of the short
life of the adult N. lugens (only a few weeks) that Vg
protein is expressed soon after the Vg gene is transcribed.
The postponed expression of Vg protein and mRNA
(Fig. 4B) demonstrated by macropters of N. lugens in our
experiments supports the fitness cost hypothesis for long
distance migration of this wing-dimorphic species. Studies
on insect migration by flight have indicated that migration
by females often occurs when they are sexually immature
adults (Johnson, 1969). Hence, the pre-ovipositional
period, the duration of the interval between adult emer-
gence and reproductive maturity, often corresponds to the
time during which the insect can express its migratory
potential (Hill & Gatehouse, 1993; Wilson & Gatehouse,
1993; Wada et al., 2007; Zhao et al., 2009). In N. lugens,
macropterous females also migrate prereproductively
because most immigrants caught in the net traps (Kyushu,
Japan) were unmated individuals with immature ovaries
(Kisimoto, 1976). Thus, the delayed expression of both the
transcript and the protein in macropterous females of N.
lugens seems to be a good index of migration competence
in this wing-dimorphic species.

Transcriptional regulation of the NlVg gene

In order to evaluate the effect of exogenous JH on NlVg
gene transcription, JH III was applied in a single dose
(100 ng) on day 2 of female emergence with acetone as a
control. Figure 6 shows that application of JH III induced
significant expression of NlVg mRNA compared with
untreated control or acetone-treated control samples.
There is evidence that JH is responsible for oocyte matu-

Figure 3. Analysis of genomic copy number of the Nilaparvata lugens
vitellogenin (NlVg) gene. Southern blot analysis was performed with
10 mg genomic DNA digested with the restriction enzymes EcoRV, NotI
and XhoI and separated on 1% gel. Blots were hybridized with an
alkaline phosphatase-labelled NlVg cDNA fragment (see Experimental
procedures).
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ration in N. lugens (Iwanaga & Tojo, 1986; Ayoade et al.,
1999). Oogenesis also requires JH in other hemipteran
species such as Oncopeltus fasciatus (Johansson, 1954),
Dysdercus intermedius (Dittmann et al., 1985), Spi-
lostethus pandurus (Ibanez et al., 1987), R. clavatus
(Shinoda et al., 1996) and Perillus bioculatus (Adams
et al., 2002). Moreover, the JH III was identified as the
only type of JH in both nymphal and adult stages of N.
lugens (Bertuso & Tojo, 2002). Thus, our results along with
the previous studies suggest that JH may be involved in
regulation of NlVg gene transcription in this species.

Experimental procedures

Insects

The N. lugens culture used in this study was obtained from the
National Agricultural Research Centre for Kyushu Okinawa
Region, Kumamoto, Japan. The founder population was originally
collected from Nagasaki during cropping seasons of 1999 and is
designated as Nagasaki-99. The culture had been maintained
under laboratory conditions through sister-brother mating on a
japonica rice cultivar ‘Reiho’, and then established on rice seed-
lings of a cultivar ‘Nipponbare’ in the Plant Genetics Laboratory,
Faculty of Agriculture, Kobe University at 25 � 0.5 °C under
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16:8 h light : dark conditions with illumination by inflorescence
lamps at an intensity of 110–120 mmol photons/m2/s.

Cloning of NlVg cDNA

NlVg cDNA was cloned by the 3′- and 5′-RACE-PCR method
using a Marathon cDNA amplification kit (Clontech, Mountain

View, CA, USA) as reported previously (Tufail & Takeda, 2002).
To amplify the 3′-end part of NlVg, the cDNA prepared from adult
female whole bodies was used as a template with the degenerate
primers and the adaptor primer 1 (AP1) (marathon cDNA adaptor,
Clontech). The degenerate primers designed were based on the
GL/ICG sequence motif (Tufail & Takeda, 2002), and were:
5′-GGA CTC TGT GG-3′, 5′-GGT CTG TGT GG-3′, 5′-GGT CTC
TGC GG-3′, 5′-GGA CTG TGT GG-3′, 5′-GGT CTC TGT GG-3′,
5′-GGG CTC TGC GG-3′, 5′-GG(ATG) CT(GC) TG(CT) GG-3′,
5′-GGT ATT TGC GG-3′, 5′-GGC ATC TGT GG-3′ and 5′-GG(CT)
AT(CT) TG(CT) GG-3′. PCR conditions employed were heating to
94 °C for 1 min, followed by 32 cycles of 94 °C for 30 s, 55 °C for
30 s, and 68 °C for 2 min. 5′-RACE-PCR was performed using a
gene-specific primer 1 (GSP1) (nucleotide position: 5692–5716,
GenBank accession number: AB353856) designed based on the
initial 3′-end sequence and an AP1 (Clontech). The PCR condi-
tions used were: 94 °C for 1 min, followed by 36 cycles of 94 °C
for 5 s and 68 °C for 8 min. A second 5′-RACE-PCR was per-
formed with GSP2 (nucleotide position: 1054–1078, GenBank
accession number: AB353856) synthesized based on the first
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male and female whole body homogenates, and from ahemolymph and
egg extracts of N. lugens. The SDS-PAGE gel was stained with
Coomassie blue. M and arrowheads on the left indicate the molecular
weight markers (kDa). The identified Vns/Vgs are indicated by arrows on
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SDS-PAGE, blotted to the polyvinylidene fluoride membrane and
assayed by immunoblotting. Arrows on the right indicate the probed
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5′-end sequence and the AP1 to achieve the complete 5′-end
part. The amplification conditions used were 1 min at 94 °C, fol-
lowed by 32 cycles of 94 °C for 30 s and 68 °C for 2 min. The
amplified PCR products were cloned into the pT7Blue vector
(Novagen, Madison, WI, USA) or pTA2 vector (Toyobo, Osaka,
Japan) and sequenced. The overlapping sequences of the above
three PCR fragments were assembled to obtain the full-length
NlVg cDNA sequence.

Sequence analysis

All sequences were analysed with the BCM search launcher
computer program (http://searchlauncher.bcm.tmc.edu/seq-util/
seq-util.html) and GENETYX v. 5.1 program (Genetyx Corporation,
Tokyo, Japan). Sequences were checked for their homology with
other Vgs using a FASTA or BLAST homology search on the DDBJ
database (http://www.ddbj.nig.ac.jp/index-e.html). The signal
peptide position was predicted using the SIGNALP computer
program. Mass/isoelectric point was conducted using ExPASy-
COMPUTE pI/Mw (http://www.expasy.ch/tools/pi_tool.html). The
NCBI CDD search was used to identify the conserved regions
in NlVg. The putative phosphorylation sites were detected by
using the NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/
NetPhos/).

Sequence comparison and phylogenetic relationship

The Vg sequences used for comparison were from the following
species (accession number in parentheses): Periplaneta ameri-
cana (Vg1: AB034804; Vg2: AB047401), Leucophaea maderae
(Vg1: AB052640; Vg2: AB194976), Blattella germanica
(AJ005115), Lethocerus deyrollei (AB425334), Graptopsaltria
nigrofuscata (AB026848), Plautia stali (Vg1: AB033498; Vg2:
AB033499; Vg3: AB033500), Riptortus clavatus (U97277),
Homalodisca coagulata (DQ118408), Nilaparvata lugens
(AB353856, the present study), Anthonomus grandis (M72980),
Tenebrio molitor (AY714212), Athalia rosae (AB007850), Pimpla
nipponica (AF026789), Apis mellifera (AJ517411), Encarsia
formosa (AY553878), Pteromalus puparum (EF468683), Sole-
nopsis invicta (Vg1: AF512520; Vg2: AY941795; Vg3: AY941796),
Aedes aegypti (U02548), Anopheles gambiae (AF281078),
Anopheles albimanus (AY691327), Toxorynchites amboinensis
(AY691326), Culex pipiens quiquefasciatus (AY691324), Bombyx
mori (D13160), Lymantria dispar (U90756), Antheraea pernyi
(AB049631), Antheraea yamamai (AB055843), Samia cynthia
ricini (AB055844), Bombyx mandarina (AB055845), Saturnia
japonica (AB190809), Actias selene (EF523567), Spodoptera
litura (EU095334), Caenorhabditis elegans (Vg1: AAB52675;
Vg5: AAA83587; Vg6C AAQ91901), Dermacentor variabilis (Vg1:
AAW78557; Vg2: ABW82681), Rhipicephalus microplus
(ABS88989), Tetranychus urticae-Vg1-4 (AB505063-66), Danio
rerio (NP_739573), Gallus gallus (AAA49139), Ichthyomyzon uni-
cuspis (Q91062), Macrobrachium rosenbergii (BAB698831),
Pandalus hypsinotus (BAD11098), Cherax quadricarinatus
(AAG17936), Metapenaeus ensis (Vg1: AAM48287; Vg2
AAT01139; Vg3 (AAN40700), Marsupenaeus japonicus
(BAD98732), Litopenaeus vannamei (AAP76571), Fennerope-
naeus merguiensis (AAR88442) and Penaeus mondon
(ABB89953). Sequences alignments were performed using the
CLUSTALW program (Thompson et al., 1994). Phylogenetic analy-
sis was performed using the neighbor-joining method by the

Molecular Evolutionary Genetics Analysis (MEGA) v. 3.1 program
(Kumar et al., 2001). For tree construction, Poisson correction
distance, uniform rates amongst the sites, and a pairwise-deletion
mode were used. The stability of the inferred phylogeny was
estimated by the bootstrap test with 500 replications and a
random seed value of 64238.

SDS-PAGE, immunoblotting and N-terminal sequence analysis

Adult male and female whole bodies, as well as eggs (oocytes)
were homogenized in the homogenization buffer (20 mM Tris/HCl
pH 7.0, 2 mM ethylenediaminetetraacetic acid, 1 mM phenylm-
ethylsulphonyl fluoride), supplemented with a protease inhibitors
cocktail (one tablet/50 ml of the buffer solution; Complete, Roche
Diagnosis GmbH, Mannheim, Germany), using HG30 homog-
enizer (Hitachi Ltd., Tokyo, Japan). The homogenate was centri-
fuged at 10 000 g for 10 min. Protein contents in the supernatant
were measured using the DC protein assay Kit (Bio-Rad, Her-
cules, CA, USA) according to the instruction of the supplier.
Bovine serum albumin was used as a standard protein. The
extracted proteins were mixed with equal volume of sample
buffer [0.5 M Tris, pH 6.8, 10%SDS, 50% glycerol, 0.4 ml
2-mercaptoethanol, 0.05 % (w/v) bromophenol blue], denatured
in boiling water for 10 min, then immediate cooled on ice for 2 min
and stored at -20° C for future use. The haemolymph was sucked
with a capillary from the adult females and was mixed in the
above sample buffer at 1:50. The protein contents were mea-
sured as mentioned above. After boiling the haemolymph
samples were also stored at -20 °C until required. A total of 10 mg
for each sample was used for SDS-PAGE (15%) analysis. The
gels were stained with Coomassie Brilliant Blue.

For immunoblot analysis, the separated male and female
haemolymph and egg samples (10 mg per lane) were transferred
on to the Immobilon-P membrane (Millipore, Billerica, MA, USA),
and then incubated overnight at 4 °C with chicken anti-175 kDa
NlVg primary antibody (diluted at 1:3000; a generous gift from Dr
Roger F. Hou; see Cheng & Hou, 2005), followed by incubation
for 1 h at room temperature with goat anti-chichen Immunoglo-
bulin G horseradish peroxidase conjugated secondary antibody
(Cappel, Westchester, PA, USA) (diluted at 1:50 000). The
immune signals were detected using enhanced chemilumines-
cence plus detection reagents (Amersham-Pharmacia, Piscat-
away, NJ, USA) according to the supplier’s protocol. To determine
the N-terminal sequence of the 50 kDa Vg polypeptide, egg
extracts (20 mg per lane) separated by SDS-PAGE were trans-
ferred to the polyvinylidene fluoride membrane (Millipore, Immo-
bilon) and stained with Ponceau S (0.2% in 1% acetic acid). The
bands corresponding to the 50 kDa Vg were cut out and applied
to a gas phase amino acid sequencer (Perkin Elmer, Boston, MA,
USA; 492 Procise).

Genomic digestion and Southern blotting

The genomic DNA was isolated from the insect whole body with
a Mammalian Genomic DNA Kit (Sigma, St. Louis, MO, USA). For
Southern hybridization, 10 mg of genomic DNA was digested
with restriction enzymes: EcoRV, NotI and XhoI (Toyobo). The
digested DNA was precipitated with ethanol and separated on a
1% agarose gel. DNA was denatured and transferred to a Hybond
N+ membrane (Amersham, Little Chalfont, Buckinghamshire, UK)
by capillary blotting. We used the Amersham Gene Images
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AlkPhos Direct labeling and detection system (GE Healthcare,
Buckinghamshire, UK). Briefly, the membrane was prehybridized
in AlkPhos Direct hybridization buffer for 15 min at 60 °C, and
hybridized overnight at 60 °C in the same buffer with a NlVg
cDNA fragment (nt position: 1–1001) as a probe. After hybridiza-
tion, the membrane was rinsed twice in the primary wash buffer
for 10 min each at 60 °C and twice in the secondary wash buffer
for 5 min each at room temperature. Then after incubation for
5 min in the detection reagent, the membrane was exposed to
Hyperfilm-MP (Amersham) for 30 min.

Total RNA preparation and Northern blot analysis

Total RNA was isolated from the adult females and males, and
from nymphs using isogen (Nippon Gene Co. Ltd, Toyama,
Japan), and were stored at -80 °C until use. To determine the
size, tissue-, sex- and stage-specific expression, and the devel-
opmental expression profile of NlVg mRNA, Northern blot hybrid-
ization analysis was performed. Aliquots of 20 mg of total RNA
from adult females, males and nymphs were separated on 1%
agarose/0.66 M formaldehyde gel in 3-morpholinopropane-
sulfonic acid buffer. The separated RNA was transferred to
Hybond N+ membrane (Amersham-Pharmacia) through passive
capillary transfer. The RNA blot was hybridized with a Vg cDNA
probe (50 ng) synthesized from the 5′-end part of NlVg cDNA (nt
position: 1–1078). For Northern analysis, we also used the Amer-
sham Gene Images AlkPhos Direct labeling and detection system
(GE Healthcare) as described above for Southern blotting.

Transcriptional regulation of NlVg gene

To study the hormonal regulation of NlVg gene transcription JH III
(Sigma Chemical Co., St Louis, MO, USA) was applied topically
to the abdominal sternites of 2-day-old adult females (brachypter-
ous), a stage indicated to be sensitive for the JH analogue,
methoprene, by Iwanaga & Tojo (1986). For treatment, JH III was
dissolved in acetone to yield a final concentration of 200 ng/ml,
and a droplet (0.5 ml) of JH III solution was applied after anaes-
thetizing with carbon dioxide. Control animals were treated with
0.5 ml acetone. The treated animals were kept separately under
the same rearing conditions mentioned above. After 24 h of JH III
application, total RNA was extracted from the treated animals and
expression patterns of Vg mRNA were observed as described
above.
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