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(from lysine to asparagine at amino acid position 315; K315N)
was found in all of the +€ allele strains and three nonsynony-
mous mutations in Cameo2 (V124A, V293I, and S431L) were
found in part of the C allele strains.

LExpression of Cameo2 Was Significantly Reduced in the Mid-
dle Silk Gland of the +€ Allele Strain—We next examined
Cameol and Cameo2 expression in the middle silk gland with
multiple C and +€ allele strains by Northern blotting analysis.
With probes for Cameol, no specific signal has yet been
detected (data not shown). Using a **P-labeled riboprobe for
Cameo2, one significant signal of relatively large size (>6.5 kb)
and another weaker signal of smaller size (=3.5 kb) were
obtained in C allele strains on day 0 of the wandering stage
(W0), when the larvae exhibit a characteristic behavior with
enhanced locomotory activity just before spinning cocoons in
the fifth instar (Fig. 44). The signals were significantly reduced
in each of the + allele strains. The Cameo2 signalin the FL501
[+?, C] strain, in which the hemolymph and silk gland were
colorless due to the homozygous + allele, was not reduced to
the level of the +€ allele strains, suggesting that Cameo2
expression was controlled by the C locus rather than lutein
accumulation in the middle silk gland.

To examine protein expression of Cameo2, we prepared a
rabbit polyclonal antibody for a 14-residue peptide in the pre-
dicted extracellular region that shows a low sequence similarity
to Cameol (Fig. 3B). This antibody recognized a protein of ~68
kDa in the membrane fraction of the silk gland of the C allele
strain, but not in the +© allele strain (Fig. 4B), consistent with
Northern blotting analysis (Fig. 4A4). The difference between
the observed and predicted molecular masses of Cameo2 (56.0
kDa in the double-pass transmembrane model and 52.7 kDa in
the single-pass transmembrane model) may be due to post-
translational glycosylation at asparagine residues (Fig. 3B). Dif-
ferences between the observed and predicted molecular masses
have been observed in other CD36 family genes (5). Immuno-
histochemistry demonstrated that the immunoreactivity for
the antibody was found on the apical surface of the middle silk
gland (Fig. 4C), which would have direct contact with the
hemolymph.

Developmental and Regional Expression Profiles of Cameol,
Cameo2, and CBP in the Middle Silk Gland—Lutein pigmenta-
tion in the middle silk gland of the C allele strain is known to be
_ under developmental regulation, whereas the + allele strain
remains colorless (8, 54) (Fig. 5A4). To examine the relationship
with lutein accumulation, the developmental profiles of
Cameol and Cameo2 mRNA expression in the middle silk
glands of both the C and +€ allele strains were analyzed by

quantitative RT-PCR from day O to 3 of the fourth instar (IVO-
1V3) and from day 0 to 7 or 8 of the fifth instar (VO-V7 or -V8)
(Fig. 5B). In the C allele strain, the expression of Cameol and
Cameo2 reached a small peak on IV2, declined to a low level
around the time of molting between the fourth and fifth instars,
and then increased and peaked again in the middle-late fifth
instar. The degree of increase in Cameo2 expression during the
fifth instar was remarkably high, showing an approximate 500-
fold difference between VO and V5. This significant increase in
Cameo2 expression during the fifth instar was consistent with
the increment of the pigmentation from V3 or V4 (Fig. 54). On
V7, the day before pupation, Cameo2 expression decreased
markedly from V6, whereas Cameol expression remained ele-
vated. This drop in Cameo2 expression was consistent with the
loss of requirement of pigmentation for cocoon coloration
because the larvae had stopped spinning and the silk gland was
undergoing degradation. In the +< allele strain, the develop-
mental profile of Cameol expression was similar to that of the C
allele strain, suggesting that the Clocus does not largely affect
Cameol expression in the middle sillk gland. In contrast,
Cameo2 expression was significantly lower than that observed
in the C allele strain on all days, with a small peak on V3-V5.
The lower level of Cameo2 expression was consistent with
the Northern and Western blotting analyses (Fig. 4) and the
reduced degree of pigmentation in the fifth instar (Fig. 54).

We separated the middle silk gland of the C allele strain at
WO into five sections (Fig. 5C), and examined Cameol and
Cameo2 expression in each section by quantitative RT-PCR
(Fig. 5D). Cameo2 expression was significantly higher in the
middle three sections than in the anterior and posterior sec-
tions, likely consistent with localization of pigmentation (Fig.
5C). Cameol expression was relatively uniform.

We examined CBP expression by means of quantitative RT-
PCR using the same mRNA samples employed for the above
experiment. CBP expression was definitely repressed in the
fourth instar, and increased and peaked in the fifth instar
similar to Cameo2 (Fig. 5B). The highest degrees on V2-V4
were consistent with the previous Western blot analysis (13).
In the middle silk gland of the C allele strain at W0, CBP
expression was repressed in the anterior section similar to
Cameo2, but at a high level in the posterior section in con-
trast to Cameo2 (Fig. 5D).

The C Locus Regulates Cameo2 Expression Likely in a cis-
Regulatory Manner—To determine the molecular mechanism
by which the Clocus regulates Cameo2 expression, we investi-
gated whether the difference of Cameo2 expression between
the Cand + € allele is controlled by a cis-regulatory element (i.e.
expression is controlled by a non-coding element such as a

FIGURE 3. Characteristics of the gene structures of CameoT and Cameo2. A, schematic genomic structure. Connected dotted lines indicates the structures of
the mRNAs. B, alignment of putative amino acid sequences of Cameo1 and Cameo2 from the N4 strain. Transmembrane helices predicted by TMHMM version
2.0 (45) are highlighted. N-Glycosylation consensus sites (N-X-S/T) and cysteine residues in the putative extracellular region, common features in CD36-related
genes (64), are indicated by asterisks and bold type, respectively. The site used to produce the antibody against Cameo2 is indicated by a dotted underline. The
probable cleavage sites of the signal peptide predicted by the SignalP 3.0-HMM program (46) are indicated by arrows. C, hypothetical membrane topology of
Cameo1, Cameo2, and other homologs predicted by TMHMM version 2.0 and SignalP 3.0-HMM. D, the chromosomal locations of the paralogs of Cameo1 and
Cameo2 in the silkworm. Recently, partial sequences of Cameo7 and Cameo2 were reported by data base searches and named SCRB3 and SCRB4, respectively
(25). £, a neighbor-joining tree for Cameo1, Cameo2, and otherhomologs from insects and mammals, The first two characters of the gene names represent their
species: Bm, B. mori; Dm, D. melanogaster; Ag, Anopheles gambiae; Hs, Homo sapiens; and Mm, Mus musculus. Bootstrap values >90%, based on 1000 replicates,

are indicated by closed circles.
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FIGURE 4. The expression of Cameo2 was definitively repressed in the +€
allele strain. A, Northern blotting analysis of Cameo2 expression in the mid-
dle silk gland at W0. B, SDS-PAGE and Western blotting analysis of Cameo2
from the membrane fraction of the middle silk gland at W0. C, immunohisto-
chemistry of Cameo2 with the cross-section of the middle silk gland at Wo.
The dark red stains of Cameo2 were found all around the apical surface of the
middle silk gland. The blue stains are nuclei. Scale bar, 20 um.
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transcriptional factor binding site) or a frans-acting factor (i.e. a
coding sequence translated to a protein, such as a transcription
factor), We examined SNPs of Cameo2 mRNA in the middle
silk gland of F1 individuals from the cross between the C and
+Callele strains. Ina cis-regulatory mechanism, Cameo2 would
be transcribed dominantly from the chromosome derived from
the Callele strain (Fig. 64). On the other hand, in a trans-acting
mechanism, the translated products would act on Cameo2
genes of both chromosomes from the C and +€ allele strains,
and Cameo2 would be transcribed from both chromosomes
(Fig. 64). SNP analysis showed that Cameo2 mRNA was tran-
scribed dominantly from the C allele-harboring chromosome
in F1 individuals, whereas Cameol mRNA was transcribed
from both chromosomes (Fig. 6B). Thus, repression of Cameo2
expression in the + allele strain would be controlled by a cis-
regulatory mechanism.

The C Locus Affects Cameo2 Expression and Carotenoid Accu-
mulation in a Tissue-specific Manner—To examine the tissue
specificity of regulation of Cameo2 expression by the C locus,
tissue distribution of Cameo2 was analyzed by Northern blot-
ting (Fig. 6C) and RT-PCR (Fig. 6D) in the C and +€ allele
strains. Cameo2 was expressed in tissues other than the middle
silk gland, such as the midgut, testis, ovary, and brain, which
was largely unaffected by the C gene. As mentioned before, the
midgut, testis, and ovary also express CBP in the Y allele strain
(12, 13). Then, carotenoid pigmentation of the testis and ovary
were compared between the Cand + allele strains. In contrast
to the difference in the middle silk gland, carotenoid pigmen-
tation of the testis (Fig. 6E) and ovary (Fig. 6F) were similar
between the C and + allele strains in the background of the ¥
allele. Thus, regulation of Cameo2 expression and carotenoid
accumulation by the C locus appeared to be specific for the
middle silk gland. Furthermore, carotenoid pigmentation in
each tissue seemed to reflect both Cameo2 and CBP expression.

Restoration of Lutein Accumulation by Germ line Transfor-
mation with the Cameo2 Gene—To verify the function of
Cameo2 as a product of the C gene, we examined the restora-
tion of lutein accumulation in the middle silk gland after trans-
genic expression of the Cameo2 gene in a strain with the phe-
notype of yellow hemolymph and white cocoons. The binary

GAL4/UAS system (30) was used. An effector vector that car-

ried the Cameo2 gene linked to LZAS was constructed (Fig. 74)
and then the effector UAS-Cameo2 (UAS) lines were generated
by germ line transformation. Male moths of a UAS line were
crossed with females of the Ser1-GAL4 (GALA4) line that drives
target gene expression in the middle silk gland (31). The resto-
ration of pigmentation in the middle silk gland was observed in the
GAL4/UAS line (Fig. 7B). HPLC analysis of carotenoid content
revealed the restoration of selective lutein uptake in the middle silk
gland of the GAL4/UAS line (Fig, 7, C and D). Southern blotting
analysis confirmed integration of the Carmeo2 transgene into the
UAS line (supplemental Fig. S34). RT-PCR analysis also con-
firmed an increase in Cameo2 expression in the middle silk gland
of the GAL4/UAS line (supplemental Fig. S3B). The GAL4/UAS
line produced yellowish colored cocoons, whereas the intensity of
coloration was weak (Fig. 7E).
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FIGURE 5. Spatiotemporal analysis of the expression of Cameo? and Cameo2 in the middle silk gland by quantitative RT-PCR. A, changes in carotenoid
pigmentation in the silk gland during the fourth and fifth male instars. From V5 (W), larvae spat silk for cocoon formation, resulting in a decrease of
pigmentation in the Callele strain. B, developmental expression analysis of Cameo?, Cameo2, and CBP in the male middle silk gland. Each vertical axis indicates
the fold-increase in mRNA expression compared with that of the C allele strain at VO (mean, S.E.; n = 3). ND, not detected. C, cutting lines and definition of
regions in the middle silk gland for the expression analysis in D. The cutting lines were setat the boundary between the anterior sitk gland (ASG) and the middle
silk gland (MSG), the first bend, the midpoint between the firstand second bend; the second bend, the midpoint between the second bend and the boundary
between the MSG and the posterior silk gland (PSG), and the boundary between the MSG and the PSG. The presented sitk gland of the Callele strain at the stage
of V5 (WO) is the same as in A. The pigmentation in MSG-1 can derive from the posterior regions because liquid sitk in the core layer of the middlesilk gland likely
migrates toward ASG (see the less pigmentation in M5G-1 at V4 of the C allele strain A). D, spatial expression analysis of the middle silk gland. Each vertical axis
indicates the fold-increase in mRNA expression compared with that of the C allele strain at VO as in B (mean, S.E.; n = 3). The stage was V5 (W0). The same data
in B and D in the logarithmic scale are shown in supplemental Fig. S5. Scale bar, 1 cm. Error bars are S.E.
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FIGURE 6. The C locus controlled the Cameo2 expression in a tissue-specific manner likely by a cis-regulatory manner. A, schematic diagram of the
principle of SNP analysis in F1 to elucidate whether Cameo2 expression is controlled in a cis-regulatory or trans-acting manner. 8, SNP analysis in Cameo! and
Cameo2 of the C, -+, and F1 larvae. mRNA and genomic DNA were from the middle and posterior silk glands, respectively. The stage was V2-V4, The SNP sites
are indicated in supplemental Fig. S2. Similar SNP patterns were obtained from three individuals of F1 larvae, Cand D, examination of tissue distribution of
Cameo2 by Northern blotting (C) and RT-PCR (D) analyses. rpL3 is an internal control (28). The stage was WO unless otherwise noted. £ and F, comparison of
carotenoid pigmentation in the silk gland, testis, and ovary between the C and + allele strains. Stages are indicated on the figures. White around the testis or

ovary were fat body. Scale bar, 1 cm,

DISCUSSION

Recent improvements in the assembly of genome sequences
{22) and physical marker resources (32, 33, 55) have made it
feasible to clone mutant genes via positional cloning methods
in the silkworm. Using these facilities, we attempted to eluci-
date the molecular identity of the C gene, a classical cocoon-
color mutant gene mediating the cellular uptake of lutein in
coordination with the Y gene in the middle silk gland (Fig. 1).
Two paralogous membrane-spanning protein genes belonging
to the CD36 gene family, Cameol and Cameo2, were then
cloned from the narrowed 375-kb interval of the C-linked
region (see Figs. 2 and 3). Based on expression analysis (see Figs.
4 and 5) and transgenic rescue of the phenotype (see Fig. 7), the
Cgene s considered to encode Cameo2 and control the cellular
uptake of lutein in the middle silk gland by regulating Cameo2
expression at a transcriptional level. The nucleotides responsi-
ble for the C mutation may correspond to a cis-regulatory ele-
ment of Cameo2, which controls Cameo2 expression in the
middle silk gland in a specific manner (Fig. 6).

7748 JOURNAL OF BIOLOGICAL CHEMISTRY

Based on the results presented here, along with those of pre-
vious studies of CBP, we propose a hypothetical transport path-
way for lutein in the Cand + allele strains (see Fig. 7F). In the
larval body of the C allele strain with the background of the ¥
allele, Cameo2 is expressed in the midgut, middle silk gland,
ovary, and testis. CBP is also expressed in these tissues (12,13).
Dietary mulberry leaves containing lutein are digested in the
midgut lumen. Lutein is then absorbed into the midgut cells,
possibly by Cameo2, and binds to CBP in the midgut cell to
diffuse in the cytosol, which in turn transfers it to lipophorin in
the hemolymph. Lipophorin reaches the middle silk gland and
the genital organs via hemolymph, and then binds to the
lipophorin receptor on each tissue. The lipophorin receptor on
these tissues would be Cameo2 itself, another membrane recep-
tor such as the vertebrate very low density lipoprotein receptor-
like protein (56), or their complexes. Lutein is transported into
these tissues by a membrane lutein transporter, which could be
Cameo2 itself, where it binds to CBP in the cytosol again, result-
ing in yellow coloration of these tissues. In the +€ allele strain
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middle silk gland as the midgut
absorbs a certain amount of B-caro-
tene in addition to lutein (8, 9).
Although the present data do not
deny the involvement of Cameo2 in
the carotenoid absorption of the
midgut, there would be other mech-
anisms/factors than those of the
middle silk gland.

The function of Cameol remains
elusive. Although the present re-
sults do not exclude the possibility
that Cameol is involved in the cel-
Iular uptake of lutein, detection of
Cameol expression in broad tissues
(see Figs. 5D and supplemental 54)
implies that Cameol may be associ-
ated with a more ubiquitous func-
tion rather than tissue-specific con-
trol of lutein accumulation. It is
noteworthy that tandem arrays of
several paralogous genes of the
CD36 gene family such as Cameol
and Cameo2 are frequently ob-
served in the silkworm (Fig. 3D) and
Dipterans (48), whereas the physio-
logical meaning of these tandem
arrays is unknown.

Historically, the C mutant was
originally found to produce white
cocoons even though the color of
hemolymph is yellow (57, 58). This
was in contrast to the belief at that

FIGURE 7. Restoration of the phenotype of lutein accumulation by transgenic expression of Cameo2.  time that cocoon color is inevitably
A, organization of the transgenic vector used. ITR, inverted terminal repeats of piggyback; term, SV40 :

terminator, 3xP3, eye-specific promoter. B, silk glands of the GAL4/UAS (Ser1-GAL4/UAS-Cameo?) line, Correlated'wuh hem‘olymph color.
which was supposed to express Cameo2 in the middle silk gland by the binary system (30), and the GAL4 The genetic mechanism of cocoon
line as a control. The stage was W0. We confirmed similar stronger colorations in the GAL4/UAS line than  coloration by carotenoids has been

the GAL4 line by observation of eight larvae of the GAL4/UAS line and 10 larvae of the GAL4 line. C, a
representative chart of the reverse-phase HPLC analysis of carotenoid composition of the middle silk

investigated for biological and

gland in the transgenic larvae. The stage was WO, Detection was at 474 nm. Peak positions 1,2,3,4,5,6, commercial purposes in part
and 7 correspond to the elution of 3'-dehydrolutein, 13-cis-lutein, unknown lutein derivative, lutein (trans  hacause cocoon-color genes are

jutein), zeaxanthin, 9-cis-lutein, and B-carotene, respectively. B-Carotene was barely detectable in the
middle silk gland of the GAL4/UAS line. D, lutein concentration in the middle silk gland of the GAL4/UAS

useful genetic markers for breeding

line and the GAL4 line (mean, S.E.; n = 3). The stage was WO0. Statistical significance (p <0.0T7) wasanalyzed  that do not require sophisticated
by Student’s t test. £, cocoon colors of the GAL4/UAS and GAL4 lines. All individuals analyzed in B-£ .

exhibited the yellow hemolymph. Scale bar, 1 cm. F, model of the transport pathway for lutein in the larvae .eqmp mer?t, . ar{d cocoon 'colors
of the Cand +C allele strains. Lutein is transported into the tissues where both Cameo2 and CBP express.  impart distinctive color traits on
Cameo2 in the internal organs would act as the lipophorin receptor and/or the membrane lutein trans-  gome kinds of silk production. The

porter. See "Discussion” for details.

with the background of the Y allele, lutein would be similarly
transferred to lipophorin and absorbed into the genital organs,
whereas the middle silk gland rarely accumulates lutein due to
its low level of Cameo2 expression. As both the CD36 family
genes and the START domain-containing genes are prevalent
in animals, coordination between them could also occur in
other systems of selective lipid transport, as presumed for the

mammalian steroidogenic system (36).

MARCH 5, 2010+ VOLUME 285+NUMBER 10

present study identifies Cameo2 as a

molecular genetic tool for regulating cocoon color; however,
the intensity of cocoon pigmentation by transgenic expression
of Cameo2 might not be enough to generate a convenient phe-
notype for breeding or commercial value (Fig. 7E). The weak-
ness of coloration could, at least in part, be due to low uptake of
lutein in the middle silk gland (Fig. 7D), which was 5-10-fold
lower than that of the native C allele strain at W0 (data not

shown). We expect that development of a more efficient
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expression system for the transgene product in the middle silk
gland would enhance the intensity of transgenic cocoon color.

Our results demonstrate that in one mutant of a mem-
brane protein, the Cameo2 mutant, lutein uptake of the mid-
dle silk gland is affected. One possible explanation for these
observations is that Cameo? is in the lutein-specific transfer
factor present at the cell surface of the middle silk gland,
which transports lutein from extracellular lipophorin to the
intracellular CBP. A number of questions, however, remain.
First, it is not yet known whether there are direct interac-
tions between lipophorin and Cameo2 or Cameo2 and CBP.
Although CLAMP (59), a PDZ domain-containing cytosolic
protein, fatty acid-binding protein (60), and Src family proteins
(61) have been suggested to have a physical interaction with the
cytosolic region of SR-BI or CD36, they show no significant
homology to CBP. Second, the site at which the selectivity for
lutein is determined remains elusive. As the ¥ gene is involved
in absorption of both lutein and B-carotene from the midgut
lumen into midgut cells (8, 9) and combination of the ¥ gene
and the Flesh gene, another cocoon-color mutant gene, facili-
tates the selective uptake of B-carotene in the posterior part of
the middle silk gland (8, 62), the selectivity for lutein can be
expected to be determined solely by Cameo2. However, the
molecular properties of this CD36 family member that are
responsible for lipid selectivity have yet to be determined. Bio-
chemical and histological approaches with the Cand ¥ mutants
to these questions may reveal mechanisms by which dietary
carotenoids are selectively transported to target tissues by
relays of multiple factors to perform their diverse physiological
functions.
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A pegreffiiz 1 BIER O L4, B TA. simplex s.
str.& {5 &7z (Umehara et al, 2007), +7b b
T, BICHRT 2B EBE BRI hRT 2B 5/
DVEEDEDERTEBIN, 2OBABHETE TV
VY (Umehara et al, 2008),

ANDEDT =4 X ADBEFEIE, UINTIRPIEY
TNEDRENS D (BREFS. 1992), ZTAENEE
W AMOTHTAREE L FHIC L BT 2ES &
WEDOYNCRFEWNRIEY, 729 % 2 k0 &
FERREL XV TOREE R4, $/2, FTEEEB LV
FBREDOY NSMEI, BEORH 21T 7,
[(## & AE]

BRAR (RYil) TRBITFShY 8B, T2
(KFE) OFN6 R, FWBE (B OF I 16RH
B, 1,718IL, 760, 320CD 7 =4 X m{k % il L7,
D) LBRATIAIS2M A, Y OB CIHRE L4

HEEHRE L, 1RFODNAZHH L T, e i L
NV TOGEENBIT 1T o 720

(& &)

R RS i) OREISATOD S 5, 150[i A,
pegreffii L FE SN, A. simplex s. str.idb$H 1 LT
Holze B 1K THED WD TR S L7
A typical FlFg SN iz, TEEDBEKTOITIE, 67057
A. simplex s. str.. 9UCATA. pegreffiik FE = iz,
FBROMR320TI, 160C45A. simplex s. str.. 16T
WA, pegreffii & Rl X,

[ =]

AMDT =% AFERN, TETE 2 VEME (F
N) EELRFERELTEET DI EDNTIR SN, 4tk
H#NUﬂ@ﬁﬁuomf\ﬁﬂnmwﬁ%fﬁﬁ?é
bOEMRI, FROBRIZEDEFETVS,
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First Record of Paragonimus miyazakii Infection in
Captive Meerkat (Suricata suricatta) in Japan
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ABSTRACT:  Two adult flukes were found ina cyst in the left liung of & captive meéerkat (suricate; Suricata suricatta)
in a 200 in Kochi Prefecture, Japan. They have been identified as Paragoniiiis miyazakil Kamo, Nishida, Hatsushika et
Tomirnura, 1961, on the basis of- morphological features of the adult:flukes and those.of the eggs in the.feces, as well-as
- aribosomal DNA sequence. Ti he suricate was: ‘possibly infected by ingesting wild Japanese freshwater crab (Geothelphusa
dehaani) wandering into thmlace of bi eedmg exhibition. This is the first confirmed case of P miyazekii infection in

ameerkat im ported to a-Japanese zoo,

S 2N L0 GRER 4 )%%.ww,

Key words | ling ﬂu}\e meerkat Suncata stiicatia, Paragonimus. mzyazaku 200 animal
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F) BBDONT (K2)s REN L ERED 55— T
SPREE T § B WL (B®R73~ 79 i) B &h (X
3), BEEOTAEEAE L et é%%‘&[ﬁ (Paragorinus
miyazakil) & REEXhizs $, KDY A 5 DNA
BHIEL, VYN DNA 0 IT$2 % PCRIGIR L T i
?4’63"]“@*% LT, EL#E@ R RORY (EkELR
FF=2ARCRADT by v a S UIE018) E~F L ix,
EHIRTOWBBABRTCH, BRROSRNC LN S
MIRAV B % fzﬁm_m LB, 5 LK Wil
LEZ=TEw b @ﬁﬂ“‘“ﬁﬁ&ﬂ‘ﬂ“&i BRI LOE o
BHELTHES T AL (Geothelphusa dehaani) DEEXNE,
Ere, MRMEL, UV IS AMBEERDMA BHE LTI
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ﬂ%&iéhﬁf:&ﬂ@ﬁ#ﬁﬁa LTashTEY [2], &by
REIOGIEY B B i ATHRIRE e A= h b b
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