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Abstract Dietary carotenoids are absorbed in the intestine
and delivered to various tissues by circulating lipoproteins;
however, the mechanism underlying selective delivery of
different carotenoid species to individual tissues remains
elusive. The products of the Yellow cocoon (C) gene and the
Flesh (F) gene of the silkworm Bombyx mori determine the
selectivity for transport of lutein and (3-carotene, respec-
tively, to the silk gland. We previously showed that the C gene
encodes Cameo2, a CD36 family member, which is thought
to function as a transmembrane lipoprotein receptor. Here,
we elucidated the molecular identity of the F gene product
by positional cloning, as SCRB15, a paralog of Cameo2 with
26% amino acid identity. In the F mutant, SCRB15 mRNA
structure was severely disrupted, due to a 1.4 kb genomic
insertion in a coding exon. Transgenic expression of SCRB15
in the middle silk gland using the binary GAL4-UAS expres-
sion system enhanced selective [3-carotene uptake by the
middle silk gland, while transgenic expression of Cameo2
enhanced selective lutein uptake under the same GAL4
driver.ill Our findings indicate that divergence of genes in
the CD36 family determines the selectivity of carotenoid
species uptake by silk gland tissue and that CD36-homolo-
gous proteins can discriminate among carotenoid species.—
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Carotenoids are a group of more than 600 compounds
that consist of hydrophobic pigments, with a central chain
of conjugated double bonds (Fig. 1A) (1). Animals appear
to be incapable of synthesizing these molecules, although
they can chemically modify certain types (2). Thus, carote-
noids must be acquired from dietary sources and trans-
ported to target tissues where they perform their diverse
physiological functions (3-7).

Carotenoids are transported through the circulation in
associated with lipoproteins. Interestingly, their uptake by
tissues is often a selective process (i.e., individual tissues
tend to acquire only specific carotenoid species). For ex-
ample, the human macula in the retina acquires lutein
and zeaxanthin, to the exclusion of other carotenoids,
such as a-carotene, B-carotene, and lycopene (8). Selec-
tive transport of specific carotenoids is important, as mo-
lecular properties (e.g., manifesting the optical absorption
spectrum, provitamin A activity, and antioxidant activity)
vary among the carotenoid species. While several carote-
noid-binding proteins with differential carotenoid species
affinities have recently been identified (9), the molecular
genetic mechanism underlying the selectivity for the trans-
port of carotenoid species to the relevant tissue has re-
mained elusive.

The domesticated silkworm, Bombyx mori, offers a model
system to study the transport selectivity of carotenoid
species to target tissues (Fig. 1B, C). Wild-type larvae feed
on mulberry leaves that are rich in lutein and B-carotene.

Abbreviations: BAC, bacterial artificial chromosome; C, Yellow co-
coon; Cameo2, Clocus-associated membrane protein homologous to a
mammalian HDL receptor 2; EGFP, enhanced green fluorescent pro-
tein; F; Flesh; rpL3, ribosomal protein L3; RT, reverse transcription;
SNP, single nucleotide polymorphism; SR-BI, scavenger receptor class
B type I; UAS, upstream activating sequence; V0, day 0 of the fifth in-
star; WO, day 0 of the wandering stage.
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Selective transport of lutein and B-carotene by the Yellow cocoon (C) gene and the Fesh (IY) gene. (A)

Chemical structures of the two major carotenoids from dietary mulberry leaves lutein (LT) and B-carotene
(bC). (B) Schematic diagram of the functions of the Cand F genes +“and +" represent a recesswe allele of
the Cand Fgenes, respectively. In the larvae homozygous for the +“allele ([+, F] or [+ +'), lutein rarely
migrates into the mlddle silk gland and 1nstead accumulates in the hemolymph. Conversely, in larvae ho-
mozygous for the + Fallele ([C + ] or [+ + 1), B-carotene rarely migrates into the middle silk gland and in-
stead accumulates in the hemolymph (C) Color phenotype of the sﬂk gland and cocoons. The s1lk glands
w1th [+ F] [C +] and [+ +] genotypes were from strams c43 (+ /+ F/F), cl10 (C/C, + Fry ) and €09
(+ /+ + /+ ) respectlvely The cocoons w1th [+ EI [C, + ] and [+ +r] genotypes were from strains c43
(+ /+ F/F),cl0 (C/C, + /+ ) and w06 (+ /+ + /+ ) respectlvely Silk glands were obtained at day 0 of the
wandering stage (WO0). The silk glands images of [C, + ] and [+ + ] genotypes are the same as those shown

in a previous report (17). Scale bar: 1 cm.

Carotenoids are absorbed in the intestine of the caterpil-
lar, transferred to the hemolymph lipoprotein, lipophorin,
and ultimately, accumulate in the middle silk gland, result-
ing in the formation of golden yellow cocoons containing
both lutein and B-carotene (10-12). By studying spontane-
ous mutants obtained over the 4,000-year history of seri-
culture (12, 13), it was revealed that lipophorin-mediated
lutein and B-carotene transport to the middle silk gland
are controlled by the Yellow cocoon (C) gene (14, 15) and
the Flesh (F) gene (16), respectively. The middle sﬂk gland
of the C mutant, homozygous for the recessive +% allele,
has a defect in the cellular uptake of lutein, resulting in
the formation of cocoons of creamier yellow (also called

flesh), containing mainly B-carotene ([+C, F] in Fig. 1B, C).
Conversely, the middle silk gland of the Fmutant, homozy-
gous for the recessive + allele, has a defect in the cellular
uptake of B-carotene, resulting in the formation of light yel-
low cocoons containing mainly lutein ([C, +F] in Fig. 1B, C).
The double mutant of the Cand F genes, which is homozy-
gous for both the +“ allele and the +" allele, produces white
cocoons containing limited amounts of lutein and 3-carotene
([+C, +F] in Fig. 1B, C). Identification and comparison of the
molecular identities of the products of the C gene and the
F gene is therefore expected to provide molecular genetic
insights into the selectivity of transport of carotenoid species
to target tissues by circulating lipoproteins.
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The Cgene product was previously identified as Cameo2,
a transmembrane protein-encoding gene belonging to the
CD36 family, which is found in species ranging from mam-
mals to insects (17). Some CD36 family proteins, such as
the mammalian SR-BI and the fruit fly NinaD, have been
implicated in cellular uptake of carotenoids (3-7). SR-BI
also functions as a lipoprotein receptor and facilitates cel-
lular uptake of cholesteryl ester from high-density lipopro-
teins (18).

In this study, we obtained genetic evidence that the F'gene
encodes SCRB15, another member of the CD36 family.

EXPERIMENTAL PROCEDURES

Silkworms

Nontransgenic silkworm strains used in this study were pre-
served in the silkworm stock center at Kyushu University, Fuku-
oka, Japan, and the Genetic Resources Conservation Research
Unit of the National Institute of Agrobiological Sciences, Ibaraki,
Japan. The larvae were reared on mulberry leaves. The transgenic
strains were produced and maintained in the Transgenic Silk-
worm Research Unit, National Institute of Agrobiological Sci-
ences, Ibaraki, Japan. Larvae were reared on an artificial diet
derived from mulberry leaves until the fourth instar, and on mul-
berry leaves during the fifth instar. The first days corresponding
to the developmental stages of the fourth to fifth larval ecdysis,
and wandering, a characteristic behavior with enhanced locomo-
tory activity just prior to the commencement of the spinning of
cocoons, were designated as VO and WO, respecuvely In this ar-
ticle, we designate the strain w06 with an F/ + genotype as “w06F”
for clarity.

Mapping of the F gene using single nucleotide
polymorphisms

In a previous crossing, during positional cloning of the Cgene
(17), we used strain c11 that is homozygous for the dominant
C allele (wild-type allele) of the C gene and strain number 925
that is homozygous for the recessive +“ allele (mutant allele) of
the Cgene. As strain c11 and number 925 were also homozygous
for the dominant F*allele (wild-type allele) of the I"gene and the
recessive + allele (mutant allele) of the F'gene, respectively, the
BF1 progeny produced cocoons in which the appearance was di-
vided into the following four colors according to the combina-
tion of the alleles of the Cand the Fgenes i) deep yellow, derived
from the genotype [C, F] ((/+ F/+) i) light yellow, derived
from the genotype [C + (C/+ e ); 12) flesh, derived from the
genotype [+ F] (+ /+ F/+ ) and ¢v) white, derived from the
genotype [+ +17 (+745 +749 (supplementary Fig. I).

After the visual assessment of the cocoon colors, genomic DNA
was extracted from pupae in cocoons and used to map the Cgene.
In the BF1 individuals, there were no discrepancies between the
single nucleotide polymorphism (SNP) marker pattern and co-
coon color phenotype for the Cgene. Subsequently, we used the
BF1 progeny with the flesh-colored [+C, F] and white [+C, +F] co-
coons to map the F'gene. We did not use [C, F] and [C, +F] because
rigorous discrimination between individuals with these genotypes
was difficult.

For Fgene mapping, 16 SNP markers previously reported on
chromosome 6, and 11 new SNP markers were used. The PCR
primers for the SNP markers are listed in supplementary Table I
or were published previously (19). PCR products were treated
with ExoSAP-It (USB Corp., Cleveland, OH) and subjected to di-
rect sequencing.
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Analysis of 789 BF1 individuals by SNP genotyping indicated
that 9 individuals had been misjudged by their cocoon colors; 8
BF1 individuals whose cocoons were judged to be white were in
fact heterozygous for the SNP markers F-090703-03, F-100222-3-3,
06-013, F-100222-7-2, F-100222-8-1, and 06-011; and 1 BF1 indi-
vidual whose cocoon had been judged to be flesh-colored was in
fact homozygous for these markers (supplementary Table II). We
therefore omitted these 9 individuals from Fig. 2 for the sake of
simplicity. Even if these 9 individuals were taken into consider-
ation, logarithm,, of the odds (LOD) scores for the SNP markers
Bm_scafl11-1, F-100222-3-3, 06-013, and Bm_scafl11-4 were cal-
culated to exceed 200, strongly supporting the linkage between
these SNP markers and the F'locus.

To determine the sequence of BAC clone 055_A23, derived
from the genomic DNA of strain p50, shotgun sequencing data
obtained with a Roche 454 DNA sequencer by Hokkaido System
Science Ltd. (Sapporo, Hokkaido, Japan) were combined with
sequence data from the silkworm genome database KAIKObase
(URL: sgp.dna.affrc.go.jp/KAIKObase/) (20).

Quantification of transcripts by quantitative PCR

Total RNA was isolated from tissues as described previously
(17). Single-stranded ¢cDNAs from various tissue samples were
synthesized from total RNAs with Superscript III reverse tran-
scriptase (Invitrogen, Carlsbad, CA) and oligo-dT primer and
were then treated with RNaseH (Takara, Kyoto, Japan). Quantifi-
cation of transcripts was carried out by quantitative PCR using
the cDNAs as templates with LightCycler FastStartDNA Master-
PLUS SYBR Green I reagent (Roche, Mannheim, Germany) and
a LightCycler DX400 thermocycler (Roche).

The primer pairs used for the detection of SCRBI4, SCRBI1I,
SCRB15, SCRBI12, SCRB13, and rpL3were Primer14-7 (5" TGAAGA-
AGCTGAAGAAATGAGGTA-3") and Primer14-6 (5-"AAGGCTAGTT-
GAGGAAAGTAGGAG'), Primer11-3 (5“GAAGCACCAGTAATCAG-
GTTTACAC-3") and Primerl11-2 (5-GGTTCCATTAAAGTCGAC-
ACAGTC-3"), Primerl5-3 (5-GAGAAGATGTTCGAGAACAATC-
TTTGC-3") and Primerl5-2 (5-TCGAACAGTTTTGGATCAG-
CATCG-3'), Primer12-3 (5-CCATAACGACCATCGATGTATACAG-3")
and Primer12-2 (5-TTCCCACCCTCATTCTGTAAATGG-3),
Primerl13-5 (5-AGATCCACCTCTTCAACTACACAA-3") and
Primer134 (5“TACCCTCATCGACTGTTATGTTTT-3'), and Primer-
rpL3-real-cDNA1 (5“TTCCCGAAAGACGACCCTAG-3") and Primer-
rpL3-real-cDNA2 (5-CTCAATGTATCCAACAACACCGAC-3"),
respectively.

Serial dilutions of plasmids containing the cDNA sequences
were used as copy-number standards. Transcript levels of the
genes other than rpl.3 were normalized to the level of the rpl.3
transcript in the same samples, as described previously (21).

Comparison of SCRB11, SCRB15, and SCRB12 cDNA
sequences between 1nd1v1duals carrying the Fallele and
those carrying the + F allele

For SCRBII and SCRBI12, fulllength ¢cDNA sequences from
strain p50 were obtained from the KAIKObase database. SCRBI11
and SCRBI2were amplified from the middle silk gland of each of
strains c44 (F/F) and w06 (+'/+") via reverse transcription (RT)-PCR
and were then directly sequenced. The PCR primers used for
SCRBI1 were Primerl1-5 (5-GCAATCATCTCACAACCCTTT-
ACTG-3’) for the 5-UTR and Primerl1-4 (5-GAGGCACTATC-
TAAGGCCAGGTTTA-3’) for the 3"-UTR. For SCRBI2, we used
Primer12-7 (5-GCTAGCTAGTGCGTTTTCAATTCTA-3") for the
5-UTR and Primer12-4 (5-GCGAGTACACAGACTGACAAACT-
GA-3’) for the 3-UTR.

For SCRBI5, the cDNA sequence containing the full-length
coding sequence from the [”allele was determined from strain
c44 (I/F). First, a partial SCRB15 cDNA fragment was amplified
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Fig. 2. Mapping of the Fgene on chromosome 6. (A) Rough mapping using 58 individuals. Small horizon-
tal lines on the vertical bars of chromosome 6 denote the positions of crossover events, showing the name of
the SNP marker and the number of recombinants. (B) Fine mapping using 789 individuals. Nine individuals
that were considered to have been misjudged for their cocoon colors were omitted from the number of re-
combinants (see Experimental Procedures for details). (C) Physical map of chromosome 6 near the Flocus
harboring the predicted F gene. Vertical arrows indicate the orientation and relative size of the putative
genes predicted by the China gene model in the silkworm genome database KAIKObase (20). Sequence of
BAC clone 055_A23 was determined in this study to fill the gap between Bm_scafl11 and Bm_scaf78. No
sequences homologous to Cameo2 were found in 055_A23. SCRB11-15 were named in previous reports (17, 49).

from the middle silk gland via RT-PCR with the primer pair
Primer15-1 (5-GATAAGAACGTACACTATCGCATGG-3") and
Primer15-2 (5-TCGAACAGTTTTGGATCAGCATCC-3"), both of
which were designed based on the predicted SCRBI5 fragment
sequence (BGIBMGAO13438 in the China gene model in the
KAIKObase). The sequence of amplified fragments was deter-
mined by direct sequencing. Subsequently, four more primers,
Primer15-11 (5-CACCTATGAAGGCATGGCATACCCACCG-%"),
Primer15-13 (5-CACGGCAATAAGACGTCGGAATACGGCC-3'),
Primer15-8 (5-CCTTTAGGGCAAGCCCCCTTAACATCGC-3"), and
Primer15-10 (5-GCCCCTTTGATAATCCCATGGGCAAACC-3),
were designed based on the determined partial sequence.

The 5- and 3"-ends of the SCRBI5 sequence were obtained via
rapid amplification of cDNA ends (RACE) using a SMART RACE
cDNA amplification kit (Clontech, Mountain View, CA) with
Primer15-10 for the first 5-RACE product, Primer15-8 for the
nested 5-RACE product, Primer15-11 for the first 3-RACE prod-
uct, and Primer15-13 for the nested 3"-RACE product. The deter-
mined sequence was then combined to obtain the full-length
SCRBI5 cDNA sequence from strain c44 (I'/F).

SCRBI15 cDNA sequences from strain w06 (+'/+" were amplified
from the middle silk gland via RT-PCR with two primer pairs,
Primerl5-5 (5-GATATATGAATTTTCGCAAAAGAGACTAAG-3")
for the 5-UTR and Primerl5-12 (5-TCAATGCAGTCAATC-
CTTAGC-3) for the 3-UTR, and Primer15-23 (5-ATAGGGAA-
GCCGGAGTAATGAGGTA-3’) and Primer15-22 (5-CAGACTC-
AGGGTGGAGTCGAGTAT-%) for the coding exon, and directly
sequenced. The SCRB15 cDNA sequence from strain w06 (+1‘/+1’)
was identical to that from strain c44 (F/F) except for a splicing
out of exon 6 or a 1.4 kb insertion into exon 6 (for details, see
Results). The SCRB15 cDNA sequence from strain €09 (+F/+F)
was amplified via RT-PCR with the primer pair Primerl5-5
and Primer15-12, and directly sequenced. The SCRBI5 cDNA

sequence from strain €09 (+F/+F) was identical to that from strain
w06 (+7/+5).

Northern blotting analysis

A **P-abeled riboprobe was synthesized from a plasmid con-
taining both the 3’ part (621 bp) of the coding sequence and the
5" part (39 bp) of the 3-UTR of SCRBI5. No repetitive sequence
was found in the insert of this plasmid. Total RNA was electro-
phoresed on 1% agarose gels containing formaldehyde and was
then transferred onto Hybond N' membrane (GE Healthcare
UK, Buckinghamshire, England). Hybridization was performed
with Ultrahyb (Ambion, Austin, TX).

SCRBI15 genomic sequence analysis

As a part of the SCRBI5 genomic sequence, including exons
4-6, was absent from the publicly available silkworm genome se-
quence data (22), we determined the sequence of genomic fosmid
clone RO0299-D04, derived from strain p50 by a shotgun method
(23, 24), to reveal the overall genomic structure of SCRBI5.

To compare the genomic sequence of exon 6 between the Fand
the +" alleles, the genomic sequence of each of strains c44 (F/1),
w06 (+"/+"), and €09 (+"/+") was amplified via PCR with the primer
pair Primer15-25 (5-"ATCGCCCGTCTTCATTCGTAATATC-3")
and Primer15-20 (5“TAAAATATACGAGACCAGGCACCAA-3) and
then directly sequenced. The sequences amplified from strain w06
(+F/ +F) and strain e09 (+F/ +F) were identical.

For genotyping by PCR, the following primers were used in
addition to those described above: Primer15-18 (5-ATTCTTC-
AGGAACAAACACAGATCG-3), Primer15-21 (5-AATTTCGTCT-
TGCCAATGGAAGTAT-3'), Primer15-24 (5-CGTAACACCAAGGT-
TTTGGAAGGAA-3'), Primerl5-25 (5-"ATCGCCCGTCTTCATTCG
TAATATC-3’), Primer15-30 (5-GAATGAAGACGGGCGATGAT-3),
and Primer15-31 (5-TGCCTGGTCTCGTATATTTTAACAC-3").
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Fig. 3. Expression analysis of the /"gene candidates by quantitative RI-PCR. (A) Developmental changes in carotenoid pigmentation as-
sociated with the Fallele in the silk gland during the fifth larval instars. From day 6 of the fifth larval instar [V6 (W0) ], larvae spat silk for
cocoon formation, resulting in a decrease of carotenoid pigmentation and degradation of the silk gland. The silk gland image from strain
w06 (+/+") at day 7 of the fifth larval instar (V7) was made by combining two photogra}phs. Scale bar: 0.5 cm. (B) Spatial difference in caro-
tenoid pigmentation of the silk gland. The silk gland depicted from strain wO6F (£//+") at the V5 stage is the same as in (A). Definition of
regions in the silk gland is the same as described previously (17): ASG, anterior silk gland; MSG-1-5, middle silk gland-1-5; PSG, posterior
silk gland. (C-E) Quantitative RT-PCR analysis of expression levels of the I gene candidates, SCRBI4, SCRB11, SCRB15, and SCRBI2.
SCRB13, which was located outside of the delimited region for the FFlocus (Fig. 2C), was also included in the analysis. (C) Tissue distribu-
tion of the expression of the F'gene candidates on day 5 of the fifth larval instar (V5). (D) Developmental expression profile in the middle
silk gland of the fifth instar larvae. (E) Spatial expression analysis of the middle silk gland at the V5 stage. The vertical axis shows the tran-
script levels of each gene normalized to the level of the reference gene ribosomal protein L3 (rpL3) (mean, SE; n = 3). As the efficiency of
reverse transcription could differ among target genes, the value of the vertical axis of a particular gene could not necessarily be compared
with the value of that of the other genes. Male larvae were used for the data in this figure, except for ovary data. N, not detected.
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genomic sequence database (for exons 1-3 and 7-11) (20) and our own genomic sequence data (for exons
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For Southern blotting analysis, a digoxigenin-labeled DNA
probe for SCRB15 exon 6 was amplified from a cDNA-containing
vector by PCR using the primer pair Primer15-25 and Prim-
er15-20. The hybridization and detection procedures with this
probe were described previously (25).

Silkworm transgenesis

Transgenic SCRBI5 expression using the binary GAL4/up-
stream-activating sequence (UAS) system (26) was performed
as described previously (17). To construct the effector vector,
pBacMCS[UAS-SCRB15-3xP3-EGFP], SCRBI5 was amplified by
RT-PCR from the middle silk gland of strain c44 (F/F) with
Primerl5-17 (5-"ATGCACTAGTTTTTCGCAAAAGAGACTAAG-3")
for the 5-UTR and Primerl5-14 (5-ATGCACTAGTCAATGC-
AGTCAATCCTTACA-3") for the 3-UTR, both of which contain
an Spel site. The amplified fragment was digested with Spel and
ligated into a pBacMCS[UAS-3xP3-EGFP] vector (27), which was
previously digested with Binl. For the effector strains, the effector
construct and the helper plasmid pHA3PIG (28) were injected
into preblastoderm embryos of the strain wl-pnd-925, a nondia-
pausing strain with the phenotype of yellow hemolymph and
white cocoons (17). The existence of the transgene was identi-
fied by the fluorescence in the eye, EGFP for UAS-SCRBI5 and
DsRed2 for Serl-GAL4 (29). Individuals exhibiting colorless
hemolymph in the larval stage, which had colorless silk glands
and produced white cocoons, were not used to examine the color
phenotype or carotenoid composition of the middle silk gland
and cocoons.

Analysis of carotenoid composition

Larval hemolymph was collected into an Eppendorf tube,
frozen in liquid nitrogen, and stored at—70°C until use. Thawed
hemolymph was centrifuged at 800 gfor 5 min to remove hemo-
cytes. Twenty microliters of the supernatant was transferred
into a glass tube with 3.0 ml of dimethyl sulfoxide (DMSO),
mixed, and sonicated at 50-60°C for 30 min. The middle silk
gland was frozen in liquid nitrogen and broken into fine pieces;
some of these pieces (20-170 mg) were then transferred into a
glass tube with 3.0 ml of DMSO, mixed, and sonicated at 50-60°C

for 30 min. A cocoon (6-14 mg) was cut into small pieces of less
than 1 mm width using scissors; these pieces were then trans-
ferred into a glass tube with 2.0 ml of DMSO, mixed, and soni-
cated at 50-60°C for 30 min. After collection of the extracts,
residual cocoon pieces were extracted twice more with 2.0 ml
of DMSO, and the resulting three extracts were pooled. After
filtration through a polyvinylidene difluoride membrane,
the extracted carotenoid composition was analyzed by high-
performance liquid chromatography (HPLC). A reverse-phase
column (DOCOSIL SP100 [6 x 250 mm]; Senshu Kagaku, To-
kyo, Japan) was used under the following conditions: mobile
phase, isocratic solvent, 70% methanol, and 30% ethyl acetate; room
temperature; flow rate, 2 ml/min; and detection, 445 nm. Carote-
noid standards were purchased from Sigma (St. Louis, MO).

Data deposition

The ¢cDNA sequence of SCRB11 from c44 (I'/F), and of that
from w06 (+F/+F), the cDNA sequence of SCRBI2from c44 (I'/I),
and of that from w06 (+'/+"), the cDNA sequence of SCRBI5
from strain c44 (F/F), the sequence of the insertion in exon 6 of
SCRBI15 from strain w06 (+F/+F), the sequence of the BAC clone
055_A23, and the sequence of genomic fosmid clone RO0299-
D04 have been deposited in GenBank under accession nos.
AB742534, AB742535, AB742536, AB742537, AB742538, AB742539,
AB742540, and AB742541, respectively.

RESULTS

Mapping of the F gene on chromosome 6 of the silkworm

To specify a candidate genomic region for the F gene,
we performed genetic linkage analysis using SNP markers
(19) and the B. mori genome sequence (22). Using 58 BF1
individuals, the F'locus was roughly mapped on chromo-
some 6, on which the F gene lies (30, 31). The [Flinked
region was narrowed to an end of chromosome 6, bounded
by the SNP marker 06-011 (Fig. 2A).

4-6). (B) RT-PCR analysis of the SCRB15 mRNA structure from the middle silk gland. PCR primer positions
were as depicted in (A). The length of PCR products differed between the FFand +"allele. (C) The SCRBI5
mRNA structure obtained from a shorter band from strain w06 (+F/+F) [arrow in (B)]; in this case, exon 6,
consisting of 201 base pairs, had been spliced out. (D) Another mRNA structure of SCRBI5 obtained from a
longer band from strain w06 (+F/+F) [arrowhead in (B)]. An insertion of 1.4 kb was present in exon 6. Du-
plication of eight bases occurred at the insertion site (highlighted). A putative stop codon was present in this
insertion. (E) Northern blotting analxsis of SCRBI15 in the middle silk gland on day 3 of the fifth larval instar
[for strains c44 (F/F) and €09 (+*/+")] or day 4 of the fifth larval instar [for strains wO6F (F/+") and w06
(+F/+F)]. For both strains w06 (+F/+F) and €09 (+F/+F) , a longer band, which may correspond to the mRNA
containing the 1.4 kb insertion, and a shorter band, which may correspond to the mRNA lacking the 201
base pair exon 6, were detected. The expression of the transcript from strain e09 (+/+") was lower than that
of the transcript from strain w06 (+"/+"), which was confirmed by quantitative RT-PCR analysis (data not
shown). (F) Schematic genomic structure of SCRB15. The structure, except the insertion in exon 6, was
based on the data from strain p50. (G) Genotyping of SCRB15 by genomic PCR. Positions of PCR primers
are as illustrated in (F). The intron between exons 5 and 6 in both strain c44 and w06 would be longer than
that in strain p50. (H) Southern blotting analysis of SCRBI5. Genomic DNA completely digested with Xbal,
EcoRI, or Ndel was used. The position of the Southern probe is double-lined in (F). The genomic insertion
in the +" allele contained one Xbal recognition site, as indicated in (F). No EcoRI or Ndel recognition sites
were found within the insertion. Predicted Xbal fragment sizes were 11.6 kb for the F allele and 7.7 kb
(weaker) and 5.3 kb (stronger) for the +"allele. Predicted EcoRI fragment sizes were 10.9 kb and 12.3 kb for
the Fand +" alleles, respectively. Predicted Ndel fragment sizes are 6.4 kb and 7.8 kb for the Fand +" alleles,
respectively. (I) Genotyping of SCRB15 by genomic PCR in multiple strains of B. mori and multiple individu-
als of B. mandarina, the putative wild ancestor of B. mori (33). Details of the geographical location of the
sampling area of B. mandarina are as described previously (50). The different band from strain c11 obtained
with Primer-25 and Primer-24 was an artifact unrelated to SCRBI5 that was amplified with Primer-24 as both

sense and antisense primers (data not shown).
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Fig. 5. Putative SCRB15 amino acid sequence. (A) Alignment of putative amino acid sequences of SCRB15 and Cameo2. Identical amino
acid residues are boxed. Transmembrane helices predicted by TMHMM version 2.0 (35) are highlighted. N-Glycosylation consensus sites
(N-X-S/T) and cysteine residues in the putative extracellular region, common features in CD36-related genes (36), are indicated by aster-
isks and bold type, respectively. (B) A neighborjoining tree for SCRB15 and other homologs from insects and mammals generated using
MEGAD software (51). SCRB15 and Cameo2 are highlighted. The first two characters of the gene names represent their species: Bm, B. mori;
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Next, novel primer sets were designed and fine map-
ping was performed with 789 BF1 individuals. During the
fine mapping, a BAC genomic DNA clone, 055_A23, which
bridges the gap between the two scaffolds, Bm_scafl11
and the Bm_scaf78, was sequenced since the Flinked re-
gion appeared to occur in this area. Consequently, the
Ilinked region was narrowed down to a 499 kb region be-
tween two SNP markers, Bm_scafl11-1 and F-100222-3-3,
both of which were on the same scaffold, Bm_scafl11 (Fig. 2B
and supplementary Table III). Twenty-six genes were pre-
dicted to lie within the narrowed region of genomic DNA,
based on the China gene model of the silkworm genome
database, KAIKObase (20) (Fig. 2C). Among these genes,
four (i.e., SCRB14, SCRB11, SCRB15, and SCRB12) belong
to the CD36 gene family; that is, they are paralogs of
Cameo2. The function of the F gene is similar to that of
the Cgene, despite its unique carotenoid species selectiv-
ity. Therefore, we considered these four genes to be pos-
sible ' gene candidates. No other Cameo2 paralogs, other
than SCRBI13, were found within the genomic sequence
of chromosome 6, including the BAC clone 055_A23
(Fig. 2C).

Expression analysis of Cameo2 paralogs near the Flocus

Cellular uptake of B-carotene in the middle silk gland, as-
sociated with the [ gene, occurs in a spatiotemporally con-
trolled manner (10) (Fig. 3A, B). To examine its relationship
to B-carotene uptake, we examined the expression profiles of
the F gene candidates with quantitative RI-PCR. SCRBI13,
which lies outside of the Flinked region, was also included in
the analysis for comparison. SCRB11, SCRBI5, and SCRBI2
exhibited a middle silk gland-specific expression pattern in
final instar larvae possessing the Iallele, the dominant wild-
type allele of the FFgene (Fig. 3C). Expression levels of these
three genes in the middle silk gland of the strain with the
Fallele were higher in the mid-stage of the final instar when
B-carotene was extensively acquired by the middle silk gland
(Fig. 3D). In the posterior portion of the middle silk gland,
within which B-carotene mainly accumulates, the highest ex-
pression of these three genes was noted (Fig. 3E). In contrast,
SCRB14 and SCRBI13 expression levels were not specific to
the middle silk gland (Fig. 3C) and were not well correlated
with developmental changes in B-carotene uptake by the
middle silk gland (Fig. 3D).

Genomic insertion in a coding exon severely affects the
SCRB15 mRNA structure in the F mutant

Next, the coding sequences of SCRB11, SCRBI5, and
SCRBI12 were compared between the chromosome con-
taining the Fallele and that containing the +" allele by RT-
PCR and sequencing. SCRBII and SCRBI12 were well

conserved and did not show insertions, deletions, or pre-
mature stop codons, but they demonstrated four nonsyn-
onymous substitutions in SCRBI1 {i.e., YIIN [from tyrosine
at amino acid position 19 in strain c44 (F/F) to asparagine
in strain w06 (+'/+")], I116N, D305E, and V4541}. In con-
trast, RI-PCR revealed that the SCRB15 coding sequence
lengths were significantly different between these chromo-
somes (Fig. 4A, B). Se&luencing of the smaller PCR prod-
uct from strain w06 (+ / +f) (Fig. 4B, arrow) revealed the
absence of 201 base pairs in the coding sequence (Fig.
4C). These 201 base pairs perfectly corresponded to
SCRB15 exon 6. Sequencing of the larger PCR product
(Fig. 4B, arrowhead) identified an insertion of 1,400 base
pairs in exon 6 (Fig. 4D). Although the insertion was not
homologous to known transposable elements (32), a du-
plication of eight nucleotides was found at the insertion
site (highlighted in Fig. 4D), which could be a sign of an
insertion event. Northern blotting analysis (Fig. 4E) sup-
ported the structural difference in SCRB15 between the
chromosome bearing the F allele and that bearing the
+"allele and revealed a decrease in SCRBI5 expression in
strains with the +" allele, consistent with the results of
quantitative RT-PCR analysis (Fig. 3D).

The genomic sequence of SCRB15 was also compared be-
tween the Fand +" allele (Fig. 4F—H); this revealed that the
same insertion occurred in the genomic sequence of exon
6 of the +" allele. Thus, likely due to this genomic insertion,
SCRBI5 exon 6 was either spliced out (Fig. 4C) or tran-
scribed with the insertion (Fig. 4D), resulting in the absence
of 67 amino acids or an unusual stop codon contained in
the insertion sequence, respectively, in the Fmutant.

Genotyping of SCRB15 in multiple strains of B. moriand
multiple individuals of B. mandarina, the putative wild an-
cestor of B. mori (33), indicated that the insertion occurred
in every + allele-bearing individual from different strains
of B. mori, but it was absent in B. mandarina, suggesting a
common and single origin of the + allele (Fig. 4I). This
origin could be associated with the previous categorization
of SCRB15 (termed BGIBMGA013438) into the 354 pro-
tein-coding genes of the silkworm that represent good
candidates for artificial selection during silkworm domes-
tication, identified from a whole-genome analysis of ap-
proximately 16 million SNPs (34).

Bioinformatic characterization of the SCRBI15 sequence

SCRBI5 was predicted to encode a 57.6 kDa protein com-
posed of 504 amino acids; glycosylation at five N-glycosyla-
tion consensus sites was expected to increase the molecular
weight of the protein (Fig. 5A). Its amino acid identity with
Cameo?2 was 26%. Identical amino acid residues between
SCRB15 and Cameo2 were dispersed over the entire

Dm, D. melanogaster; Ag, Anopheles gambiae; Dp, Danaus plexippus; Hs, Homo sapiens; and Mm, Mus musculus. Numbers at nodes indicate the
percentage of bootstrap values of 10,000 replicates. Groups are based on previous reports (39, 40). Although 21 homologs were found in
the gene database of Danaus plexippus (38), only 11 of those more than 368 amino acids long were included in this tree; the other 10 ho-
mologs were shorter than 288 amino acids. DPGLEANO04114 of Danaus plexippus (accession number: EHJ78189) is composed of 1,801
amino acids, while the other CD36 homologs are approximately 500 amino acids. DPGLEAN04114 consists of an aldehyde oxidase-homol-
ogous sequence at the N-terminus and a CD36-homologous sequence, closely related to SNMP1, at the C terminus. Both aldehyde oxidase
(52) and SNMP1 (53-55) are implicated in pheromone detection in insect olfactory neurons.
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sequence, but there were fewer in the central section (resi-
dues 215-289 in SCRB15). TMHMM software (35) analysis
suggested that SCRB15 comprises a large extracellular
loop, anchored to the plasma membrane on each side by
transmembrane domains adjacent to short cytoplasmic
N-terminal and C-terminal domains. The putative molecular
mass, transmembrane topology, and multiple glycosylation
sites of SCRB15 are common to members of the CD36 fam-
ily (36). The theoretical isoelectric point deduced from the
primary amino acid sequences was somewhat different for
the predicted extracellular loop of SCRB15 (pH 7.8) and
that of Cameo2 (pH 5.0). While our previous analysis using
the SignalP 3.0 program suggested that the first N-terminal
helices of some of CD36 family proteins, including Cameo2,
represented a signal peptide (17), analysis using the SignalP
4.0 program (37), a new software version designed to dis-
criminate between signal peptides and transmembrane re-
gions, suggested that the first N-terminal transmembrane
helices of SCRB15 and Cameo?2 are anchored to the mem-
brane and are not signal peptides.

A phylogenetic tree of CD36 protein family members
from mammals and insects, including the monarch but-
terfly Danaus plexippus, whose whole genome was recently
reported (38), was constructed based on their primary
amino acid sequences (Fig. 5B). As shown in previous
studies (39, 40), the insect proteins could be divided into
three groups, while mammalian proteins formed a single,
distinct group. SCRB15 and Cameo2 were somewhat re-
moved from each other and fell into groups 1 and 2, re-
spectively. SCRB11-15 formed a Lepidoptera-specific clade
in group 1, suggesting that a small expansion may have
occurred in the Lepidopteran lineage.

Enhancement of (3-carotene selective uptake into the
middle silk gland by transgenic expression of SCRB15

To verify the function of SCRBI15 as a product of the
F gene, we examined the restoration of 3-carotene accu-
mulation in the middle silk gland after transgenic expres-
sion of the SCRB15 gene in a strain with the phenotype of
the F mutant, using the binary GAL4/UAS system (26).
Following transgenic expression of SCRB15 in the middle
silk gland by the SerI-GAL4 driver (29), pigmentation was
observed in the middle silk gland (Fig. 6A). Cocoon pig-
mentation was also restored, although the color was not as
intense as those of some nontransgenic strains (Fig. 6B).

We next focused on the region of pigmentation in the
middle silk gland of the last larval instar. As mentioned
before, pigmentation in the larvae bearing the F allele
commences in the posterior part and spreads into the
middle of the gland (Figs. 3A and 6C) (10), which likely
reflects the expression pattern of SCRBI5 (Fig. 3E) and
migration of liquid silk toward the anterior part of the silk
gland. In contrast, pigmentation of the transgenic larvae,
in which the SCRBI15 expression was driven by Serl-GALA4,
commenced from the middle part and spread into the
posterior part of the gland (Fig. 6D). This pattern was con-
cordant with the property of the Serl-GAL4 driver as moni-
tored using the UAS-EGFP gene (29). On the other hand,
the pigmentation pattern in larvae bearing the C allele
commences from the middle part of the gland but spreads
into the posterior region only minimally (Fig. 6E) (10),
which likely reflects the middle-specific expression pattern
of Cameo2 (17). In the transgenic larvae, in which Cameo2
expression was driven by Serl-GAL4, pigmentation com-
menced from the middle and spread into the posterior
part (Fig. 6F) (17), which is similar to what was observed
in the SCRBI5 transgenic larvae but not larvae bearing the
For C allele. Overall, the pigmentation seemed to occur
where SCRB15 or Cameo2 were expressed. These data sug-
gest that carotenoid uptake by SCRB15 or Cameo2 do not
require cofactors of which the expression is restricted to
limited regions in the middle and posterior parts of the
middle silk gland. It should be noted that the carotenoid-
binding protein (CBP), which is an obligate cofactor of
the products of both the Cgene and the FFgene for carote-
noid transport into the middle silk gland (10, 12), is ex-
pressed from the middle to the posterior part of the middle
silk gland (17, 41).

Carotenoid content of larval hemolymph, middle silk
gland, and cocoons of the transgenic lines were analyzed
by HPLC with a reverse-phase column (Fig. 6G-J). A de-
crease in B-carotene, but not lutein content, was observed
in hemolymph of transgenic larvae expressing SCRBI5
(Fig. 6H). This may be due to selective uptake of -carotene
by the middle silk gland (Fig. 6I). Cocoons produced by
the transgenic larvae expressing SCRBI5 selectively accu-
mulated B-carotene (Fig. 6]). The B-carotene quantities
did not reach the same level as in a strain bearing the F
allele, which is consistent with observations regarding the
color intensity of the cocoons (Fig. 6B).

Fig. 6. Restoration of selective B-carotene uptake by transgenic expression of SCRBI5. (A) Silk glands of the Serl-GAL4/ UAS-SCRB15 line,
which expresses SCRB15 in the middle silk gland from the binary GAL4/UAS system (26) with a SerI-GAL4 driver (29). The Serl-GAL4 line,
the UAS-SCRBI5 line, and the wl-pnd-925 line are control lines that do not express SCRB15. The SerI-GAL4/ UAS-Cameo2 line (17) ex-
presses Cameo?2 and selectively accumulates lutein in the middle silk gland. The stage was at one or two days prior to W0. (B) Cocoon colors
of the transgenic lines and nontransgenic strains. For nontransgenic strains, the genotypes of the Cand the F'genes are shown in parentheses.
(C-F) Distribution of carotenoid pigmentation in the middle silk gland of the transgenic lines and nontransgenic strains during the last
larval instar. The later and larger silk gland is shown on the right in each panel. (G) Representative charts of the reverse-phase HPLC analy-
sis of carotenoid composition of the middle silk gland in the transgenic larvae, at one or two days prior to W0. Detection was performed at
445 nm. The inset in the Serl-GAL4/ UAS-Cameo?2 line is a magnification near the B-carotene peak. Most peaks eluting before lutein were
considered to be due to the DMSO used for carotenoid extraction. (H-]) Lutein and -carotene concentration in the hemolymph (H), the
middle silk gland (I), and cocoons (J) (mean, SE; n = 3-5 individuals). The stage of the hemolymph and the middle silk gland was at one
or two days prior to W0, except for strains c10 (WO0), c43 (WO0), and w06 (WO0). Statistical significance (¥ P < 0.05; ** P < 0.01; *** P <
0.00005) was analyzed using Student test. The cocoon color of strain w06 (+9+6 +/+") is shown in Fig. 1C. The late and bigger silk gland
images in (C) and (E) are the same as those in Fig. 1C. Scale bar: 1 cm.
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From the enhancement of selective B-carotene uptake
into the middle silk gland and cocoons, we conclude that
the Fallele encodes SCRB15.

DISCUSSION

Regardless of the essential roles of carotenoids in ani-
mals, handling of carotenoids in the body requires spe-
cial processes due to its water insolubility. The molecular
events involved in the transport of any carotenoid from
the gut lumen to the gut epithelial cells, to the blood,
and to its target cells are not yet understood. In B. mori,
several mutants with altered cocoon colors are defective
in one of the steps involved in the transport of carote-
noids from the midgut lumen to its target tissue (the
middle silk gland). We have been characterizing carote-
noid transport at the molecular level using the B. mori
cocoon color mutants (12, 17).

In this study, we identified the F gene responsible for
control of the selective cellular uptake of B-carotene as
SCRB15, following the identification of the C gene that
controls selective cellular uptake of lutein (17). A homol-
ogy search revealed that SCRBI15 belongs to the CD36
gene family, which includes Cameo2, encoded by the C
gene. Functional differentiation after gene duplication
therefore likely facilitated differences in selectivity for
carotenoid species. To date, it has been shown that mem-
bers of the CD36 family are critical for a large variety of
biological activities in species from mammals to insects:
these activities include angiogenesis, viral and bacterial
recognition by the immune system, transport of lipids
from cholesteryl ester to fatty acids, and taste and olfac-
tory perception (42). Our study indicates that this family
is also critical for discrimination of chemical structures
that differ only marginally, such as carotenoids in the
silkworm (Fig. 1).

A recent report indicated that the mammalian CD36
was involved in both lycopene and lutein uptake by adipo-
cytes (43). CD36 homologs may not always discriminate
among carotenoid species strictly.

Carotenoids are carried in the hemolymph by lipo-
phorin, a high-density lipoprotein in insects, which con-
tains both B-carotene and lutein (11). As lipophorin
contains both carotenoids in its hydrophobic core, trans-
fer of B-carotene or lutein from lipophorin to the middle
silk gland occurs at the interface between hemolymph
and cell membrane of the middle silk gland. Consistent
with the emerging view, SCRB15 and Cameo2 are trans-
membrane proteins expressed in the middle silk gland.
We expect that SCRB15 and Cameo2 function as nonin-
ternalizing lipophorin receptors that facilitate selective
uptake of carotenoids, as shown for SR-BI for cellular up-
take of cholesteryl ester from high-density lipoproteins
(18).

Expression profiles of SCRB11 and SCRBI2were similar
to that of SCRB15 (Fig. 3C). Although the SCRBI5 muta-
tion is apparently a main cause of B-carotene deficiency of
the F'mutant, it could be possible that SCRB11and SCRBI2

are involved in the cellular uptake of B-carotene. Further-
more, this study does not exclude the possibility that the
four nonsynonymous substitutions in SCRB11, observed
between strain c44 (F/F) and strain w06 (+F/+F), were a
cause of the modest rescue in -carotene accumulation by
transgenic expression of SCRB15 (Fig. 6).

[3-carotene is absorbed into the midgut and transferred
into the hemolymph irrespective of which allele of the
I" gene is present. Considering the genomic disruption of
a coding exon in the +" allele (Fig. 4) and the middle silk
gland-specific expression pattern (Fig. 3C), SCRBI15 may
not be essential for absorption of B-carotene in the midgut.
Thus, the B-carotene transport system in the midgut is
likely to be different from that in the middle silk gland.

Selective transport of lipids other than carotenoids also
occurs in insects. For example, diacylglycerol is trans-
ported by lipophorin to the flight muscle to provide an
energy source for flight (44). As CD36 family members are
engaged in cellular uptake of lipids other than carotenoids
in mammals, such as fatty acids or cholesteryl ester (42), it
is interesting to consider the possibility that these mole-
cules in silkworm are also involved in the transport of lip-
ids other than carotenoids. Identification of SCRBI5 as the
F gene casts a spotlight on this possibility for group 1
(Fig. 5B), since the function of the group 1 insect proteins
remains largely unknown. It should be noted that although
the SCRB13 expression was barely detected in the tissues
used in this study (Fig. 3C-E), an SCRBI3 EST clone (acc-
ession number: AK385087) was found in the corpora al-
latainthelarvae,wherejuvenilehormone,asesquiterpenoid
hormone that is critical for insect development, is synthe-
sized and secreted (45).

The molecular mechanism underlying the specific caro-
tenoid selectivity of SCRB15 and Cameo?2 is a subject for
further study. While it is unknown whether the interaction
between carotenoids and these proteins is direct or indi-
rect (i.e., needing unidentified cofactors), the coding se-
quence of SCRBI15 should contain key residues facilitating
the selectivity for B-carotene that would not be present in
Cameo2, as the selectivity for carotenoids was observed
by transgenic expression using the same Serl-GAL4 driver
(Figs. 6G—=]). Because production of transgenic larvae is
not suitable for high-throughput studies, in vitro reconsti-
tution of selective carotenoid uptake by SCRB15 and
Cameo2, such as has been achieved for cellular cholesteryl
ester uptake by SR-BI (46—48), is required to examine the
selectivity mechanism by point mutagenesis or analysis of
chimeric genes of SCRB15 and Cameo2.Hl
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