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We have cloned a cDNA for a novel opsin from the
arval brain of the silkworm Bombyx mori in which the
hotoperiodic photoreceptor had been supposed to re-
ide in the cephalic central nervous system (CNS). Its
educed amino acid sequence was composed of 381
mino acids and included amino acid residues highly
onserved in insect visual pigments. This opsin be-
onged to the long wavelength photoreceptor group of
nsect opsins and showed the greatest degree of ho-

ology (84%) with the green visual photoreceptor in
he sphingid moth. We have designated this Bombyx
erebral opsin as Boceropsin. Southern blotting ex-
eriments indicated that the Boceropsin gene is
resent in a single copy, and RT-PCR analysis re-
ealed that Boceropsin mRNA is expressed in the lar-
al brain but not in the subesophageal ganglion (Sg) or
horacic ganglion (Tg). Immunohistochemical analy-
es demonstrated that Boceropsin protein is present
ilaterally in some defined cells localized in the brain
f Bombyx larvae. This is the first report of expression
f an opsin-based protein in CNS of an insect. The
ossibility that the Boceropsin functions as the photo-
eriodic receptive pigment in the silkworm is also
iscussed. © 2001 Academic Press

Key Words: extraocular photoreceptor; photoperi-
dic photoreception; opsin; brain; Bombyx mori.

Insects have developed highly specialized systems to
dapt to seasonal changes. They use the annual cycle of
hanges in daylength as a calendar to synchronize
heir behavioral and physiological functions with the
easons. This photoperiodic response system has sev-
ral principal components: a photoreceptor that inter-
rets photic input, a clock that measures the photope-

1 To whom correspondence should be addressed. Fax: 181-77-549-
201. E-mail: shimizu@ecology. kyoto-u.ac.jp.
27
nd a neurosecretory system that translates the mem-
rized information into endocrine secretion (1). In in-
ects, extraocular photoreceptors have been postulated
o function in photoperiodic photoreception and to be
rain-centered (2–5). However, few of the cellular lo-
alizations of the photoreceptor have not been deter-
ined in any insect and few of the photopigments

nvolved have been elucidated at the molecular level.
In vertebrates there is increasing evidence for the

xistence of opsin-based photopigments in extraocular
hotoreceptors. Okano et al. (6) identified pinopsin as
he chicken pineal photoreceptive molecule. Yoshikawa
t al. (7) reported the expression of a photopigment
-opsin in the anterior nucleous preopticus of the toad.
n opsin, melanopsin, was identified in photosensitive
ermal melanophores of Xenopus lavevis (8). Recently,
ertebrate ancient (VA) opsin of Atlantic salmon was
hown to be expressed in the pineal organ and bilateral
olumns of subependymal cells of the deep brain (9). In
nsects, however, little evidence has been reported for
he occurence of opsin-based photopigment in extraoc-
lar photoreceptive sites.
The silkworm, B. mori, shows the photoperiodic re-

ponse for the maternal determination of embryonic
iapause during the egg and larval stages (10). The
hotoreceptor involved in diapause induction has been
emonstrated to be cephalic but extraocular (11, 12). In
itro culture experiments using isolated brain–
ubesophageal (Sg) complex preparations demon-
trated that the photoreceptor of the photoperiodic
lock is localized in the complex (13). The silkworm
rain was found to have a GABAergic neural center
ontrolling the diapause hormone secretion from the
eurosecretory cells localized in Sg via circumesopha-
eal connections (14, 15). It was demonstrated that
ietary carotenoid or vitamin A is essential for the
hotoperiodic induction of the embryonic diapause in
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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the silkworm (16) as reported in other insects (17, 18),
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nd the silkworm brain was found to contain both
etinal and 3-hydroxyretinal, which are chromophores
f insect visual pigments (19). These observations sug-
ested that there may be a retinal opsin-based pigment
hat functions as the photoperiodic photoreceptor in
he silkworm brain. Here we report cloning of cDNA for
n opsin in the silkworm brain and detection of the
xpression of this opsin (Boceropsin) in some cells of
he brain by immunohistochemistry.

ATERIALS AND METHODS

cDNA cloning. A Chinese race (Daizo) of the silkworm, which
hows a sensitive photoperiodic response during larval stages (12),
as reared on mulberry leaves. Approximately 500 brains were
issected out carefully from newly ecdysed 5th instar larvae, frozen
mmediately in liquid nitrogen, and kept at 280°C until use. Total
NA was extracted from the brains by the acid guanidinium isothio-
yanate phenol–chloroform (AGPC) method using Isogen (Nippon
ene, Toyama, Japan).
Cloning was performed according to the method of Shimizu et al.

20). cDNA was made from the total RNA template using a first-
trand cDNA synthesis kit (Life Sciences, Inc., St. Petersburg, FL).
everse transcription of total RNA from the brains was performed
sing 5 mg of total RNA and 25 units of avian myeloblastosis virus
AMV) reverse transcriptase in a 25 ml cDNA reaction mixture.
liquots of 1 ml of the cDNA solution were used for amplification with
.5 units of Taq DNA polymerase (Gene Taq, Wako Chemical Corp.)
sing primers SF and SR on a DNA thermal cycler model 9600
Perkin–Elmer). Two degenerate primers were designed on the basis
f highly conserved regions [(E/D/A)QAKKM and (D/N)P(I/F)VY-
G/A)] of invertebrate opsins: SF [59-CCCGAATTCG(M) (N)-
A(R)GC(N)AA(R)AA(R)ATG-39] and SR [59-CCCAAGCTTAT (N)

S)C(R)TA(N)AC(D)A(W) (N)GG(R)T-39]. PCR was performed for 30
ycles of 30 s template denaturation at 94°C, 30 s primer annealing
t 45°C, 1.5 min primer extension at 72°C. The PCR products were
lectrophoresed on 1% agarose gels, and the amplified DNA band
as purified. The products (ca. 200-bp band) were cloned into pT7
lue vector (Novagen: Takara Co., Ltd.) for sequencing. The sequenc-

ng reactions were carried out by the cycle sequencing method and
nalyzed with an ABI-373 automatic DNA sequencer (Applied Bio-
ystems) according to the manufacturer’s protocol. All sequences
ere determined in both directions.
The 39-terminal sequence was cloned by the 39-RACE (rapid am-

lification of cDNA ends) method. First-strand cDNA was synthe-
ized using 10 mg of total RNA as described above. The resulting
DNA was amplified using the primers APT (59-CGAGGTC-
ACGGTATCGAAAGCTTGATTTTTTTTTTTTTTTTT-39) and BR1

59-GCTAAGGTGGCACTTATGAC-39;1018 to 1027: Fig. 1). PCR was
erformed for 30 cycles of 30 s template denaturation at 94°C, 30 s
rimer annealing at 57°C, 1.5 min primer extension at 72°C. The
roducts of this PCR were further amplified using a second set of
rimers APT and BR2 (59-TGGTTCATGGCTTGGACACC-39; 1048 to
067). Finally the PCR products were amplified using a third set of
rimers APT and BR3 (59-CAACTACACAGGAATATTGG-39; 1080 to
099). The amplified ca. 0.5-kb fragment was purified, cloned into
T7Blue, and sequenced as described above.
The 59-terminal portion of the cDNA was cloned by the 59-RACE
ethod (59 RACE System for Rapid Amplification of cDNA Ends,
ibco BRL, Gaithersburg, MD) using the primers GSBP1 (59-
AAAGGACTGATCGGAGCGC-39; 1122 to 1103), GSBP2 (59-
CAATATTCCTGTGTAGTTG-39; 1099 to 1080)) and nested GSBP3

59-GGTGTCCAAGCCATGA ACCA-39; 1067 to 1048).
Finally, the complete cDNA coding sequence was amplified from

he brain cDNA using two primers, B5-1 (59-CAAGCTTCATC-
28
AAGTG-39; 1520 to 1501), which were based on the sequences
btained by 59- and 39-RACE, respectively. The PCR products were
mplified using a second set of nested primers, B5-2 (59-GTGAAA-
AAGTAGAGATGTC-39; 157 to 176) and B3-2 (59-TTAGGAGGAG-
AGCAGCCTCATC-39; 1478 to 1459). The amplified ca. 1.3-kbp

ragment was subcloned and sequenced. A phylogenetic tree was
onstructed by the neighbor-joining (NJ) method using Clustal W
20).

Southern blotting analysis. A 461-bp cDNA probe was generated
ith primers BR1 and B3-2 by PCR amplification using subcloned

DNA as the template. Probes were labeled with random primers
nd Klenow fragment of Escherichia coli DNA polymerase using a
andom primer labeling kit (Amersham Pharmacia Biotech, Piscat-
way, NJ) to obtain fluorescein-labeled DNA probes.
Total genomic DNA was isolated from the fatbody of the silkworm

arvae according to the standard method. DNA was digested with
amHI and HindIII, and aliquots of 2 mg were separated on 1%
garose gels, transferred onto nylon membranes (Hybond-N1, Am-
rsham Pharmacia Biotech), and immobilized by UV cross-linking.
ybridization and detection were performed according to the proto-

ol supplied with the detection kit (RPN3510; Amersham Pharmacia
iotech). Membrane-bound digested DNA was hybridized in rapid-
ybridization buffer and the membranes were washed in 23 SSC for
0 min, 13 SSC for 15 min, and 0.53 SSC for 15 min (each buffer
ontained 0.1% SDS). Following stringent washing, the membranes
ere incubated with blocking agent and then with anti-
uorescein-AP. The chemiluminescence of the hybridizing band was
etected using an ECL instant camera (Amersham Pharmacia Bio-
ech).

One-step RT-PCR analysis. Brains, Sg, and first thoracic ganglia
Tg) of 5th instar larvae were dissected out and 50 of each tissue were
ollected together and analyzed immediately. mRNA was isolated
rom the tissues using a mRNA purification kit (Amersham Phar-
acia Biotech); the procedures included disruption by the guani-

inium isothiocyanate method and selective isolation of mRNA by
ligo(dT)-cellulose chromatography. The polyadenylated mRNA was
luted with 200 ml of 10 mM Tris–HCl (pH 7.5) containing 1 mM
DTA. After DNAase treatment of the eluate, mRNA was precipi-

ated by adding 95% ethanol, collected by centrifugation, and finally
edissolved in 10 ml of DEPC-treated water.

One-step RT-PCR was performed using a kit purchased from Qia-
en (Chatsworth, CA) according to the manufacturer’s protocol. RT-
CR analysis was performed with primers BR1 and B3-2. The reac-
ion mixture (50 ml) contained reverse transcriptase, Taq DNA
olymerase, dNTP mixture (400 mM of each dNTP), 0.6 mM oligonu-
leotide primers, 2.5 mM MgCl2, RNase inhibitor (10 units) and 1 ml
f mRNA solution obtained by the method described above. As a
ontrol, 1 ml of DEPC-treated water was used instead of mRNA.
irst, reverse transcription reaction was performed at 50°C for 30
in, then the mixture was incubated at 95°C for 15 min to activate
aq DNA polymerase, and PCR amplifications were carried out. PCR
as performed for 30 cycles of 1 min template denaturation at 94°C,
min primer annealing at 45°C, 1 min primer extension at 72°C. The

esultant PCR products were visualized by ethidium bromide stain-
ng after 1% agarose gel electrophoresis. The amplified fragments of
pproximately 460 bp were purified, cloned, and sequenced.

Immunohistochemistry. One peptide corresponding to the carboxy-
erminal 25 amino acids (CHSTTTDEASSVASGTTVMEEKPTA) of the
educed sequence was synthesized by Biomedical Center of Takara
huzo Co., Ltd. (Shiga Pref., Japan) and a polyclonal antibody against
he peptide conjugated with maleinimide-bovine serum albumin (BSA)
as raised in mice.
Immunocytochemistry was performed according to the method

escribed by Ichikawa et al. (14) with slight modifications. Brains
nd Sg of 5th instar female larvae were dissected out, and isolated
rgans were fixed in 4% paraformaldehyde in 0.2 M in phosphate
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uffer (pH 7.4) for 24 h at 4°C. They were rinsed for 24 h in 0.1 M
hosphate-buffered saline (pH 7.4) containing 0.2% Triton X-100
PST) and incubated for 3 days at 4°C in the presence of the mouse
ntiserum diluted 1:200 in PST containing 0.25% BSA. Samples
ere washed in PST and soaked for 4 h in Alexa TM 488 anti-mouse

gG (H1L) antiserum (Molecular Probes, Inc., Leiden, The Nether-
ands) diluted 1:100 in PST. They were washed in phosphate-
uffered saline, dehydrated with ethanol, and cleared with methyl-
alicylate. Immunoreactive cells were examined in whole-mount
reparations and photographed with an Olympus BX-FLA (Olympus
nc., Japan). As controls for the specificity of the immunocytochem-
cal procedure, samples were incubated without the primary anti-
erum or incubated with the primary antiserum inactivated by add-
ng the synthetic 25-amino acid peptide.

ESULTS

Cloning of cDNA encoding opsin in the silkworm
rain. To clone cDNA encoding opsin in the silkworm
arval brain, PCR was performed using degenerate oli-

FIG. 1. Nucleotide and deduced amino acid sequences of Boce
roduced by the first PCR using degenated primers (SF and SR) is sh
onsensus sequence for polyadenylation signal is double-underlined
ined. The 323th K-residue is the lysine residue binding the chromo
29
onucleotide primers (SF and SR) corresponding to
mino acid sequences highly conserved in invertebrate
isual pigments. These primers successfully amplified
DNAs of the visual pigments in the silkworm com-
ound eyes (20). Amplification of DNA fragments of
pproximately 200 bp in length was observed by aga-
ose gel electrophoresis. The nucleotide sequences of
he fragments were determined using subclones, and
ere found to have the sequence (207 bp) of a novel
psin-like protein (Fig. 1).
Using primers based on the nucleotide sequences of

he cloned fragment, we cloned the 59- and 39-portions
f the cDNA. To determine whether these RACE prod-
cts were actually parts of a single transcript, PCR was
erformed using primers corresponding to the se-
uences of the 59- and 39-untranslated regions obtained
y RACE. We amplified one full-length cDNA fragment

sin (GenBank Accession No. AB064496). The amplified fragment
d. The translational stop-codon is indicated by the asterisk, and the
TAAA). The predicted seven transmembrane segments are under-
re.
rop
ade
(AA
pho
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f 1322 bp. The full-length cDNA contained a possible
pen-reading frame (ORF) encoding a putative protein
f 381 amino acids (Fig. 1).
This deduced protein showed a high degree of homol-

gy with insect visual pigments (21). A database search
ndicated that this protein showed the highest degree
f homology, 84%, with Manop1 (377 amino acids), one
f the visual opsins found in the moth Manduca sexta.
imilarities with insect visual pigments included a

ysine (Lys-327) in the seventh transmembrane do-
ain to serve as a site for the Schiff-base linkage of the

hromophore and a pair of cysteines (Cys-131 and Cys-
08) in the second and third extracellular loops to
tabilize the tertiary structure by a disulfide bridge. An
sparagine residue (Asn-28) susceptible to glycosyla-
ion was present in the N-terminal region. The
-terminal region of this protein was rich in serine (S)
nd threonine (T) residues as potential phosphoryla-
ion sites. Similarly to other opsins, this protein was
redicted to have seven transmembrane segments
Fig. 1). We named this protein Boceropsin because it
as isolated from the Bombyx cerebral ganglion

brain).
Figure 2 shows the molecular phylogenetic relation-

hip between Boceropisn and other insect opsins. The

FIG. 2. Phylogenetic tree of insect opsins by the neighbor-joining
ethod as an outgroup of rat opsin (S516779). Numbers at branch-

ng points indicate bootstrapping probabilities based on 1000 repli-
ations. Accession No: Apis 1, U26026; Apis UV, U70841; D.
seudoobscura Rh1, X65877; D. pseudoobscura Rh2, X65878; D.
seudoobscura Rh3, X65879; D. pseudoobscura Rh4, X65880;
anop1, L78080; Manop2, L78081; Manop3, AB001674; Megopsin1,
F189714; Megopsin2, AF189715; Papilio xuthus Rh1, AB007423;
chistocerca Lo1, X80071; Scistocreca Lo2, X80072.
30
avelength photoreceptor group including Drosophila
h1 and Rh2, and the short wavelength photoreceptor
roup including Drosophila Rh3 and Rh4 (22). This
hylogenetic tree shows that Boceropsin belongs to the
hort wavelength photoreceptor group.
Shimizu et al. (20) isolated two distinct fragments

ncoding two opsins, designated as Bomopsin1 and
omopsin2 from the compound eyes of B. mori. The

ragment of Bomopsin1, which was assumed to be a
reen receptor, consisted of 207 nucleotides encoding a
equence of 69 amino acids. The corresponding region
f Boceropsin shows 85 and 96% homogeneity with
omopsin 1 at the nucleotide and amino acid level,
espectively.

Southern blotting analysis. A probe specific to the
oceropsin sequence was used for genomic Southern
lotting analysis to determine the copy number of the
ene. Digestion of the genomic DNA with BamHI and
indIII was followed by hybridization with a Bocerop-

in cDNA-specific probe. Southern blotting analysis of
igested genomic DNA revealed a single band in each
ane (Fig. 3). This result indicated that the Boceropsin
ene of the silkworm is present as a single copy.

RT-PCR analysis of Boceropsin mRNA expression.
o investigate transcription of the Boceropsin gene in
he brain, Sg and Tg, RT-PCR analysis was performed
sing mRNA isolated from these ganglia of the silk-
orm larvae. Amplification of a 461-bp fragment was
etected in the brain as expected, but not in Sg or Tg
Fig. 4). The fragment was found to correspond to a
artial sequence of the Boceropsin cDNA. Minor am-
lified bands of approximately 900 bp were found in
hree ganglia, but not in the water control.

FIG. 3. Southern blotting analysis of the silkworm gene. Silk-
orm genomic DNA digested with BamHI and HindIII was electro-
horesed and hybridized with the 461-bp Boceropsin-specific probe.
he sizes of markers are indicated on the left.
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The detected bands were derived from cDNA and not
rom contaminating genomic DNA because we per-
ormed DNAase treatment of the mRNA solution and
o bands were detected when reverse transcription
RT) was omitted (data not shown). These observations

FIG. 4. RT-PCR analysis using mRNA isolated from brains (lane
), subesophageal ganglia (lane 2), and first thoracic ganglia (lane 3)
nd water control (lane 4). PCR products were separated on a 1%
garose gel and the gel was stained by ethidium bromide. The sizes
f markers are indicated on the left (lane M).

FIG. 5. Whole-mount immunohistochemical analysis of the Bom
ith Boceropsin antibody. Photographs (A–D) were taken at differen
nterior protocerebral (DAP: A) and ventral anterior protocerebral (
ritocerebral (LPT: D) cells were stained in the brain. Scale bars: 50
31
rain, but not in Sg or Tg.

Immunohistochemical localization of Boceropsin.
hole-mount immunohistochemistry was performed

o localize the Boceropsin-producing cells in the silk-
orm brain. Some somata (15–20 mm in diameters) in

he brain showed strong immunoreactivity to the
ouse anti-Boceropsin antiserum (Figs. 5A–5D). In

he anterior protocerebrum, there were two groups of
ilateral Boceropsin-immunoreactive cells: dorsal an-
erior protocerebral (DAP) and ventral anterior proto-
erebral (VAP) cells. DAP cells had large somata and
howed intense immunostaining compared to other im-
unoreactive cells. Boceropsin immunoreactivity was

lso found bilaterally in dorsal posterior protocerebral
DPP) cells and lateral posterior tritocerebral (LPT)
ells. We found no Boceropsin-immunoreactive cells in
g (data not shown). When samples were incubated
ithout the primary antiserum or incubated with the
rimary antiserum inactivated by preincubation with
n excess of the synthetic peptide, no staining was seen
n the brain (data not shown).

ISCUSSION

We isolated one opsin (Boceropin) cDNA from the
ilkworm brain, which has been suggested previously
o contain a photoperiodic receptor (13). The molecular
hylogenetic tree showed that Boceropsin belongs to
he long wavelength receptor group of insect opsins

brain. Brains of 1-day-old fifth instar larvae were immunostained
anes to follow the immunoreactive cells indicated by arrows. Dorsal
P: B), dorsal posterior protocerebral (DPP: C) and lateral posterior
m.
byx
t pl
VA
m
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ology to Manop1, one of the M. sexta visual pigments.
hase et al. (23) suggested that Manop1 may be the
psin P520 identified by biochemical methods. These
bservations suggested that Boceropsin may function
s a green-sensitive photopigment in the silkworm
rain.
In principle, a properly conducted intensity-

ompensated action spectrum should correspond with
he absorption spectrum of the pigment molecule in-
olved. Action spectra for the photoperiodic response
ave been determined in some insect species and found
o differ among different insects (1). For example, the
ork of Lees (24) with the aphid Megoura viciae

howed maximal sensitivity in the blue region (450–
70 nm) as reported in the silkmoth Antheraea pernyi,
ut that for the parasitic wasp Nasonia vitripennis was
ound to have the maximum in the green region (554–
86 nm) (25). These diversities in the spectral sensitiv-
ty can be explained by the possible involvement of
psin-based photopigments absorption characteristics
f which change markedly with the kinds of chro-
ophores present and variations in opsin structure

21).
In a preliminary experiment, Kogure (10) observed

hat the silkworm was sensitive to blue-green (350–
10 nm) light but not to red light (.600 nm). Nakajima
26) carried out “day interruption” experiments using
ifferent wavelengths of light during the photoperiodic
ensitive stage and examined the interruption effects
n the diapause incidence of the next generation. He
ound that the 500–550 nm wavelength region was
ost effective to accomplish a long-day photoperiod.
his pronounced green sensitivity in the Bombyx pho-

operiodism suggested that Boceropsin, which has
een assumed to be a green receptor on the basis of the
olecular phylogenetic tree, is involved in photoperi-

dic photoreception.
In some insects, photoperiodic photoreceptors were

eported to reside within the brain. Using A. pernyi,
illiams (27, 28) suggested that the dorsal region of

he protocerebrum containing the lateral neurosecre-
ory cells is essential for photoperiodic reception. Lees
29) identified the site of the photoperiodic receptor
ontrolling the production of sexual and parthenoge-
etic females of the aphid M. viciae by the micro-

llumination method. He found that photosensitivity
as confined to the central region of the cephalic dor-

um covering the protocerebrum region. A histological
tudy also suggested that the photoperiodic photore-
eptor in the aphid might be located in the dorsal
nterior of the protocerebrum lateral to Group I neu-
osecretory cells (30). Recently, Gao et al. (31) at-
empted to identify the brain photoreceptor in M. viciae
mmunocytochemically using antibodies directed
gainst invertebrate and vertebrate opsins and photo-
ransduction proteins. They found that some antibod-
32
ion to an anterior ventral neurophil region. Further,
ultilayer structures that resemble the brain lamellar

hotoreceptors of some invertebrates were found in the
ear vicinity of Group I neurosecretory cells in the
phid (32). Cymborowski and Korf (33) investigated
-antigen (arrestin)-immunoreactivity as a marker for
he extraocular photoreceptor in the blowfly Calliphora
icina and found one pair of the immunoreactive cells
ocalized in the dorsal anterior protocerebrum region.
hese reports suggest the localization of the extraocu-

ar brain photoreceptor in the protocerebral region in
nsects. Thus, it is reasonable to speculate that the
orsal anterior (DAP) and/or ventral anterior (VAP)
ells are the most likely candidates for the photoperi-
dic receptor in the silkworm.
A major function of extraocular photoreceptor is to

eceive the photic information of the time of day or
aylength and connect the information to the neuroen-
ocrine system (34). In the silkworm, the photoperiodic
ignals are received by the mother moth during her
mbryonic and larval stages and the information is
ept in an as yet undefined neural region until the
upal stage when diapause hormone should be se-
reted. In this connection, it was reported that micro-
urgical operation at the early pupal stage of the cortex
f the anterolateral area on the ventral side of proto-
erebrum, which is in the vicinity of DAP and VAP
ells, disturbed the control of diapause hormone secre-
ion (35). We also performed surgical microexcision of
he anterior protocerebrum in the brain of the diapause
gg-producers at the pupal stage and confirmed the
isturbance of diapause hormone secretion (unpub-
ished observation). These observations suggested that
he components responsible for the photoperiodic re-
ponse concerning the diapause phenomenon reside in
his confined region and strengthened the idea that
AP and/or VAP cells are the photoperiodic receptors.
Within the imaginal optic lobes of homo-metabolous

nsects, the remnants of the larval stemmata photore-
eptors were observed (36, 37). They were reported to
etain the morphological and photoreceptive functions
here. In the silkworm, the photoreceptor cells of the
arval stemmata move into the brain during larval-
upal ecdysis (38). We confirmed by anatomical inspec-
ion that the larval stemmata of the silkworm does not
ove to the brain during larval–larval ecdysis (data

ot shown), and so it is unlikely that these Boceropsin-
mmunoreactive cells originated from the stemmata
hotoreceptors.
In some insects, extraocular photoreceptors are

nown to function in the circadian rhythm as well as
hotoperiodism and to be brain-centered (34). It was
uggested that opsin-based photopigments are not in-
olved in insect circadian photoreception because
arotenoid-deprived Drosophila peudoobscura (39) and
. mori (40) exhibited normal rhythm, although the



photoperiodic response was lost in the latter (16). Re-
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ently, a flavoprotein cryptochrome (CRY) has been
roposed as the photoreceptive pigment in the circa-
ian photoreception of Drosophila (41, 42). Boceropsin
s considered not to be involved in the circadian photo-
eception of the silkworm.

The present study provided a molecular and morpho-
ogical basis for the further physiological experiments
equired for definite functional identification of Bocer-
psin expressed in the silkworm brain. An interesting
uestion to be addressed in future investigations is
hether there is a family of insect cerebral opsins

Insceropsin” including Boceropsin that function as ex-
raocular photopigments in the insect brain.
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