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In the silkworm Bombyx mori, dietary flavonoids are metabolized
and accumulate in cocoons, thereby causing green coloration. Clas-
sical genetic studies suggest that more than seven independent loci
are associated with this trait; however, because of the complex in-
heritance pattern, none of these loci have been characterized mo-
lecularly, and a plausible and comprehensive model for their action
has not been proposed. Here, we report the identification of the
gene responsible for the Green b (Gb) locus involving the green
cocoon trait. In +Gb animals, glucosylation at the 5-O position of
dietary quercetin did not occur, and the total amount of flavonoids
in tissues and cocoons was dramatically reduced. We performed
positional cloning of Gb and found a 38-kb deletion in a UDP-glu-
cosyltransferase (UGT) gene cluster associated with the +Gb allele.
RT-PCR and biochemical studies suggested that deletion of Bm-
UGT10286 (UGT) is responsible forGb and Bm-UGT10286 is virtually
the sole source of UGT activity toward the 5-O position of quercetin.
Our data show that the regiospecific glucosylation of flavonoids
by the quercetin 5-O-glucosyltransferase can greatly affect the over-
all bioavailability of flavonoids in animals. Furthermore, we pro-
vide evidence that flavonoids increase the UV-shielding activity
of cocoons and thus could confer an increased survival advantage
to insects contained in these cocoons. This study will lead to
greater understanding of mechanisms for metabolism, uptake,
and transport of dietary flavonoids, which have a variety of biolog-
ical activities in animals and beneficial effects on human health.
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Cocoon-making behavior is the most highly developed in Lepi-
doptera (moths and butterflies). The silkworm Bombyx mori

is a typical cocoon-making insect. Silkworms have been reared for
more than 5,000 y for silk production, and more than 1,000 strains
including geographical and mutant strains have been collected
(1–3). Among them, many cocoon color mutants, including white,
yellow, golden yellow, orange, pinkish, and green, have been main-
tained (2, 3) (Fig. 1A). Silkworm cocoon colors are determined by
two main pigments, carotenoids (4) and flavonoids (5), which are
derived from mulberry leaves (6). Yellow and pinkish colors are
produced from carotenoids (4, 7), and green colors are the pro-
ducts of flavonoids (8, 9). Inheritance for the carotenoid cocoon
has been well established and basically follows a classical Mende-
lian pattern (2, 3, 5, 7). However, the inheritance pattern for the
flavonoid cocoon is much more complicated and largely unknown
(5). This is mainly because the metabolic processing of flavonoids
absorbed from diets is much more complex than that of carot-
enoids. In fact, green cocoons of some silkworm varieties contain
more than 30 kinds of flavonoids that are not present in their diet
(8–12), whereas the main constituents of yellow and pinkish co-
coons are lutein and β-carotene (5, 7), respectively, both of which
are original components in mulberry leaves. In addition, green
cocoon is usually observed as a quantitative trait (i.e., continuous

color variations ranging from pale or light green to deep or yel-
lowish green), modified variously by environmental conditions, and
governed by many loci (2, 3, 5). Extensive efforts to characterize
andmap the responsible genes have been carried out since the early
20th century, and at least seven and perhaps more than 10 in-
dependent loci are suggested to associate with the green cocoon
trait (2, 3, 5). These includeGa (Green a; locus unknown) (13),Gb
(Green b; 7–7.0) (13), Gc (Green c; 15-?), Grc (Green cocoon;
locus unknown), Gre (Green egg shell; 1–46.4), I-gn-1 (Inhibited
green 1; 6–28.6), and Yf (Yellow fluorescent; locus unknown) (3).
However, because of the previously mentioned difficulties, none of
these genes have been characterized molecularly, and a plausible
and comprehensive model for their action has not been proposed.
Here, we report the identification of the gene responsible for

the Gb locus. We demonstrate that Gb locus encodes a quercetin
5-O-glucosyltransferase (Q5GT) that catalyzes the regioselective
formation of quercetin 5-O-glucosides, the major constituent of
cocoon flavonoids that emit bright yellow fluorescence under UV
light. Our data suggest that this regioselective glucosylation is the
first critical step for the biosynthesis of cocoon flavonoids and
thereby greatly affects the overall bioavailability of dietary fla-
vonoids in the silkworm. Despite its great importance in sericul-
tural economy and biotechnology (14), the biological significance
of the cocoon and its pigments in the silkworm lifecycle has been
poorly studied and is largely undetermined. We also provide ev-
idence that flavonoids in the silkworm cocoon can act as a chem-
ical UV shield, protecting the prepupae from harmful effects of
sunlight during metamorphosis.

Results
Gb Locus Controls Biosynthesis of the Flavonoid Quercetin 5-O-Glucoside.
The major components of flavonoids in green cocoons are quer-
cetin 5-O-glucosides such as quercetin 5,4′-di-O-glucoside (8).
We found that cocoons from silkworm strains carrying the Gb
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locus emitted a bright yellow fluorescence under UV light (Fig.
1B). This yellow fluorescence seems to be derived from 5-O-
glucosylated flavonoids, as only quercetin-5-O-glucoside emit-
ted fluorescence among quercetin monoglucosides (Fig. 1D). To
see the effect of theGb locus on the profile of cocoon flavonoids,
we analyzed flavonoids in the cocoon and several tissues of
silkworm strain 939 (Table S1). In this strain, the Gb allele is
maintained as a heterozygote, and the +Gb allele is linked with
the recessive larval body marker gene quail (q) (Fig. S1). (3).
Therefore, we could easily distinguish Gb/+ and +/+ larvae by
observing their body markings. As shown in Table S1, we ob-
served a dramatic difference in the profile of quercetin metab-

olites between Gb/+ and +/+ individuals. For example, in silk
glands and cocoons, +/+ individuals completely lacked quercetin
5-O-glucosides, which aremajor constituents of cocoon flavonoids
(8), and the total amount of quercetin metabolites was signifi-
cantly reduced to ≈10–15% of that in Gb/+ individuals. Previous
reports have suggested that quercetin 5-O-glucosides are synthe-
sized by UDP-glucosyltransferase (UGT) (8). Thus, we next
compared UGT activity between Gb/+ and+/+ larvae (Table 1)
and found a clear difference between them. In Gb/+ larvae, the
significant UGT activity for the 5-O position of quercetin (quer-
cetin 5-O-glucosyltransferase; Q5GT) was detected inMalpighian
tubules, anterior silk glands, midgut, hemocytes, and fat bodies. In
contrast, however, +/+ animals completely lost Q5GT activity in
Malpighian tubules, anterior silk glands, midgut, and hemocytes,
and had almost no activity in fat bodies. Importantly, such dra-
matic differences in UGT activity were not observed for other
positions of quercetin (Table 1), indicating that the loss of the
Gb allele specifically reduced Q5GT activity in +/+ larvae of
strain 939. Taken together, these results suggest that theGb locus
controls the synthesis of quercetin 5-O-glucosides, probably by re-
gulating the activity of UGT with a preferred 5-O regioselectivity
for quercetin.

Positional Cloning of the Gb Locus. To identify the gene responsible
forGb, we performed positional cloning using F1 progeny obtained
from crossing females homozygous for q and +Gb with males het-
erozygous for both loci from strain 939 (Fig. S1). We first roughly
mapped the Gb locus using 355 F1 individuals and were able to
narrow the responsible region within ≈750 kb on chromosome 7,
scaffold 2986 (Fig. 2A). Notably, we found aUGT gene cluster that
harbors sevenUGTs (15), termedBm-UGT10286, 10287A, 10287B,
10288, 10289A, 10289B, and 10100 (Fig. 2B), within this region.We
next performed fine mapping using the F1 individuals in which re-
combination had occurred between Gb and q (Fig. S1). Based on
the larval marking, we collected 95 recombinants from ≈1,700 F1
individuals and subjected them to more detailed mapping. These
results showed that theGb locus was located upstream of the sixth
intron of Bm-UGT10288 (Fig. 2B and Fig. S1), where we identified
a large genomic deletion (38 kb) in the +Gb allele (Fig. 2C). The
deletion ranged from the second intron of Bm-UGT10286 to the
first intron of the Bm-UGT10287B, thus causing structural defects
in Bm-UGT10286, 10287A, and 10287B. This large deletion was
conserved in all of the silkworm races carrying the +Gb allele

Fig. 1. Cocoons from Gb strains contain 5-O-glucosylated quercetins that
emit bright yellow fluorescence under UV light. (A) Silkworm cocoons of
various colors. Green color is produced from flavonoids (arrows), whereas
other colors, yellow, orange and pink, are from carotenoids. (B) Cocoons
from several silkworm strains under white light (upper) and UV-B (302 nm)
(lower). Strain names and their presumptive genotypes (in parentheses) are
indicated above. Cocoons emit yellow fluorescence in the presence of the Gb
allele (detailed in Fig. S4). (C) The structural formula of quercetin. (D)
Quercetin emits yellow fluorescence when its 5-O position is glucosylated
(Q-5-G), but does not do so when other positions, 3-O, 7-O, 3′-O or 4′-O, are
glucosylated (Q-3-G, Q-7-G, Q-3′-G, or Q-4′-G, respectively). Fluorescence was
also observed in quercetin 5,4′-diglucoside (Q-5,4′-G), the major constituent
of the cocoon flavonoids in strain 939 (Gb/+) (Table S1). Concentration of
quercetin glucosides in each vial was 100 nmol/mL.

Table 1. Glucosyltransferase activity toward quercetin in tissues from Gb/+ and +/+ individuals of strain 939

Genotype Tissue

UGT activity (nmol/min per mg protein)

3-O-glc 5-O-glc 7-O-glc 3′-O-glc 4´-O-glc

Gb/+ Fat body 13.31 ± 1.49 0.50 ± 0.06* 0.12 ± 0.04 0.12 ± 0.02 0.51 ± 0.26
Hemocyte 0.21 ± 0.04 0.35 ± 0.05† — — —

Anterior silk gland 51.60 ± 14.50 1.74 ± 0.51† — — 1.06 ± 0.39
Middle silk gland — — 9.74 ± 0.98 — 0.60 ± 0.09
Posterior silk gland — — 15.74 ± 2.05* — 0.92 ± 0.31
Midgut 3.58 ± 1.74 1.63 ± 0.30† 0.04 ± 0.01 0.03 ± 0.01 0.09 ± 0.03
Malpighian tubule 96.56 ± 9.70 4.20 ± 0.52† — — 0.71 ± 0.15

+/+ Fat body 12.90 ± 2.58 0.08 ± 0.05* 0.17 ± 0.05 0.10 ± 0.04 0.78 ± 0.44
Hemocyte 0.24 ± 0.07 — — — —

Anterior silk gland 49.15 ± 11.09 — — — 0.72 ± 0.22
Middle silk gland — — 10.44 ± 3.13 — 0.47 ± 0.11
Posterior silk gland — — 7.77 ± 1.01* — 0.41 ± 0.02
Midgut 2.56 ± 1.17 — 0.03 ± 0.01 0.01 ± 0.01 0.05 ± 0.02
Malpighian tubule 86.83 ± 13.55 — — — 0.51 ± 0.15

Values are mean ± SD (n = 5). —, not detected.
*Activity was significantly different between Gb/+ and +/+ (P < 0.01, t test).
†Activity was not detected in +/+ larvae.
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(Fig. 2D), but not in Bombyx mandarina, an ancestral species of B.
mori, suggesting a common and single origin of this allele.

Characterization of UGT Candidates for the Gb Gene. To characterize
the UGTs present within the region responsible for Gb (Fig. 2),
we first performed RACE experiments and determined their full-
length sequences. They shared extensive similarities in genomic
structure (eight to nine exons) and coding sequences (64–80%
amino acid identity) (Fig. S2). However, despite clustered ar-
rangement and structural similarities of these UGTs, their ex-
pression patterns were highly diverse (Fig. 3B). In the p50T strain,
we observed expression of Bm-UGT10286 and 10287A in many
tissues, whereas those of Bm-UGT10288, 10289A, 10289B, and
10100 were expressed in a strict tissue-specific manner. For ex-
ample, Bm-UGT10288 was expressed specifically in the foregut
and midgut, BmUGT-10289A was highly specific to the anterior
silk gland, and BmUGT-10289B was specific to middle and pos-
terior silk glands. To determine which UGT gene is responsible
for Gb, we compared the expression pattern of these UGTs with
the tissue distribution of UGT activities in p50T. As shown in Fig.
3A and Table S2, we detected significant Q5GT activity in Mal-
pighian tubules, anterior silk gland, midgut, hemocytes, and fat
bodies, but not at all in the middle or posterior silk glands. Re-
markably, among seven UGTs within the region responsible for
Gb, only one UGT, Bm-UGT10286, exhibited an expression pat-
tern closely similar to the tissue distribution of the Q5GT activity.
Bm-UGT10286 was strongly expressed in Malpighian tubules,
anterior silk glands, and hemocytes, where strong Q5GT activity
was detected, but was not expressed in middle or posterior silk

glands, where no Q5GT activity was detected, suggesting that
BmUGT-10286 is a strong candidate for Gb.
To confirm this further, we next examined the enzymatic ac-

tivity of these UGTs. We expressed recombinant UGTs in Sf9
cells using a baculovirus expression system, and confirmed their
expression in extracts of virus-infected cells by immunoblot anal-
ysis (Fig. 3C). The observed molecular masses of these UGTs
were almost the same as predicted, but each UGT had two
bands, suggesting that they were glycosylated. We measured
enzymatic activity of these UGTs using extracts from mock- or
virus-infected cells (Fig. 3C). Because Sf9 cells had a high
background of UGT activity toward C-3, 7 and 4′ positions of
quercetin, we could not compare data for these positions. For-
tunately, however, we did not detect background activity toward
the C-5 position, allowing us to compare the Q5GT activity in
extracts of virus-infected cells directly. As shown in Fig. 3C, Bm-
UGT10286 showed the highest Q5GT activity. Although we also
detected Q5GT activity in Bm-UGT10287A and 10289A, it is
unlikely that they are responsible for Gb for the following rea-
sons. First, their Q5GT activities were much lower than the ac-
tivity of Bm-UGT10286 (less than 20%). Second, the expression
pattern of Bm-UGT10287A did not correspond to the tissue
distribution of Q5GT activity (Fig. 3A). The expression level of
Bm-UGT10287A was extremely low in Malpighian tubules, an-
terior silk glands, and hemocytes, where strong Q5GT activity
was observed (Fig. 3A). Third, Bm-UGT10289A is not deleted in
the +Gb allele. The large 38-kb genomic deletion in the +Gb

allele might change the expression pattern of UGTs outside of
the deletion, but their expression patterns were not affected

Fig. 2. Positional cloning of Gb. (A) Physical map indicating the results of the initial linkage analysis using 355 F1 progeny obtained from a male informative
cross of strain 939. The Gb locus was narrowed to the genomic region flanked by PCR markers 7-fr and C3-fr, as indicated by orange arrows with the number
of recombinant animals/total number of scored individuals (Fig. S1). Putative genes predicted by Gene model program (34) are shown below map, and UGT
gene cluster harboring seven UGTs (15) is highlighted in green. (B) Physical map resulting from fine mapping using 95 recombinants between Gb and q loci
recovered from male informative F1 progeny (∼1,700 individuals) of strain 939 (Fig. S1). Gb locus was located upstream of marker 72-fr, as indicated by orange
arrow. Black arrows indicate position and orientation of transcription of seven UGTs. (C) Physical map indicating 38-kb deletion found in +Gb allele. Exons of
UGTs are indicated by vertical lines. (D) Genotyping of several silkworm strains and B. mandarina for Gb. Genomic PCR was performed using primers (listed in
Table S3) that flank the deletion (del-F1 and del-R1) or are located inside the deletion (del-F2 and del-R2), as shown in C. Strain names and their genotypes (in
parentheses) are indicated above. Note that these PCR primers can anneal to the genome of B. mandarina and that the deletion was not found in this species.
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in +/+ larvae of strain 939 (Fig. S3). Taken together, our data
suggest that Bm-UGT10268, which is deleted in the +Gb allele, is
the major source of Q5GT activity in the silkworm and thus is
responsible for the Gb locus.

Flavonoids in Green Cocoons Act as Chemical Shields Against UV.
Silkworm larvae begin to spin when they fully develop and stop
eating. After ∼2 d, they cease spinning silk thread and enter the
state called prepupae for ∼24 h until pupal ecdysis (5).We found
that silkworm prepupae are highly sensitive to UV-B irradiation
when they are removed from their protective cocoon covering.
When we irradiated naked prepupae with UV-B, their bodies
turned black (Fig. 4A), and their pupation rates dramatically
decreased with the increase of the UV-B dose (Fig. 4B). No
naked prepupae became pupae above a UV-B dose of 34.6 kJ/
m2/d. In contrast, ∼60% of prepupae placed in cocoons of the

strain Annam successfully became pupae even when irradiated
with UV-B at 172.8 kJ/m2/d (Fig. 4D). This clear difference in
UV-B tolerance indicates that the cocoon serves as a shield that
protects the silkworm from UV-B during the larval–pupal trans-
formation. According to records of the Japan Meteorological
Agency, the daily-integrated UV-B dose in the field in Tsukuba,
Japan, is 11–23 kJ/m2/d during May to October. Therefore, it is
noteworthy that only 5.0% of naked prepupae became pupae
when irradiated with UV-B at 17.3 kJ/m2/d (Fig. 4B). Our data
suggest that the pupation rate of the silkworm in the field is quite
low if prepupae are not protected in cocoons from UV-B–
containing solar radiation. We also investigated the effect of ir-
radiation of UV-A, which is the predominant component of solar
UV radiation and is thought to be less harmful to animals. As
expected, we did not see a harmful effect of UV-A irradiation
on the pupation rate even at a maximum dose of 518.4 kJ/m2/d.
Thus, we focused on the effect of UV-B irradiation in the fol-
lowing experiments.
We next investigated whether flavonoids could increase the UV-

shielding activity of cocoons. To do this, we extracted flavonoids
from cocoons of each genotype of strain 939 (Gb/+ and +Gb/+Gb)
and applied them to cocoons of Annam, which originally contain
low amounts of flavonoids (0.26 μmol/g cocoon) (9). We first
compared the level of transmittance of UV-B radiation through
these cocoon shells (Fig. 4C). The average transmittance of UV-B
through the cocoon shells of Annam was 3.9% (Fig. 4C). When we
applied the extract ofGb/+ cocoons to the cocoons of Annam, this
value decreased 10-fold to 0.38%. However, when we applied theFig. 3. Characterization of seven UGT genes. (A) Q5GT activity in tissues of

p50T. UGT activity toward other position of quercetin is listed in Table S2.
Tissues that possessed Q5GT activity are shown in green letters and those did
not are in red letters. See below for abbreviations of tissues. Bars indicate
the mean± SD (n = 5). (B) Semiquantitative RT-PCR analysis of seven UGTs.
We analyzed total RNA from fifth instar day 3 larvae of the strain p50T or
BmN cells. PCR cycles are shown on the right. Note that mRNA expression
levels of Bm-UGT10287A, 10287B and 10288 were lower than those of the
others. Tissues that possessed Q5GT activity are shown in green; tissues those
did not possess Q5GT are shown in red. ASG, anterior silk gland; BmN, BmN-
cultured cells; BR, brain; Epi, epidermis; FB, fat body; FG, foregut; HC, he-
mocyte; HG, hindgut; MG, midgut; MSG, middle silk gland; MT, Malpighian
tubules; OV, ovary; PG, prothoracic gland; PSG, posterior silk gland; SaG,
salivary gland; TES, testis; TR, trachea. Ribosomal protein 49 gene (rp49) was
also analyzed as control. (C) Relative Q5GT activity and expression of
recombinant UGTs. Q5GT activity was measured using crude extracts of Sf9
cells infected with WT or recombinant baculoviruses expressing each UGT
with a His6-tag at C terminus. Relative expression level of each UGT was
determined by immunoblot. Q5GT activity was normalized according to
relative expression level of UGTs. Level of Q5GT activity in Bm-UGT10286 was
set to 100%. Bm-UGT10287B was not analyzed, as this gene seemed to en-
code nonfunctional protein due to the truncation at the N terminus (Fig. S2).
Bars indicate mean ± SD (n = 5). Results of CBB staining and immunoblot
analysis for detection and normalization of recombinant UGTs are also
shown below.

Fig. 4. UV-shielding effect of flavonoids in the cocoon. (A) UV-B-irradiation
at the prepupal stage impairs the normal larval-pupal transition. Two days
after the onset of spinning, we irradiated naked prepupae with UV-B (200
μW/cm2) for 24 h (172.8 kJ/m2/d). (B) Effect of UV-B intensity on the pupation
rate. We irradiated naked prepupae with different doses of UV-B (0, 4.3, 8.6,
13.0, 17.3, 34.6, 86.4, and 172.8 kJ/m2/d) as described in A and measured the
pupation rates. The values for the daily-integrated UV-B dose in Tsukuba,
Japan, were retrieved from the Japan Meteorological Agency. We repeated
the experiment eight times with 10 individuals in each treatment. The points
indicate the mean± SD (n = 8). (C) Transmittance ratio of UV-B through the
cocoon shells of the strain Annam with or without (-) application of fla-
vonoids. Flavonoids were extracted from cocoons of each genotype of strain
939 (Gb/+ and +/+) and applied to cocoons of Annam. Bars indicate mean ±
SD (n = 6). Bars with different letters represent significantly different values
(P < 0.01, Tukey test). (D) UV-shielding effect of flavonoids applied to the
cocoon. Prepupae of Annam were removed from their own cocoons and
placed in Annam cocoons, with or without (−) application of flavonoids ex-
tracted from cocoons of each genotype of strain 939 (Gb/+ and +/+). Insects
were then irradiated with UV-B (172.8 kJ/m2/d). Experiment was repeated
four times with 10 individuals in each treatment. Bars indicate mean± SD
(n = 4). Bars with different letters represent significantly different values
(P < 0.05, Tukey test).
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extract of +Gb/+Gb cocoons, the transmittance did not decrease
significantly (3.1%). There was also a clear difference in pupation
rates when naked prepupae were placed in Annam cocoons with or
without applied flavonoids. As shown in Fig. 4D, the application of
cocoon extracts from Gb/+ conferred almost perfect tolerance to
UV-B irradiation, but this was not observed when we used the
extract from +/+. These results suggest that 5-O-glucosylated
quercetins, synthesized primarily by Bm-UGT10286, can act as
chemical potentiators of UV-shielding effects of cocoons.

Discussion
The data presented here have two important implications. First,
we clearly uncovered the genetic basis for the regioselective
formation of quercetin 5-O-glucoside, which is the first step for
the biosynthesis of cocoon flavonoids (see the proposed meta-
bolic pathway of dietary quercetin in the silkworm; Fig. S4) and
is a critical determinant of the bioavailability of flavonoids. Se-
cond, we presented unique evidence for the functional conse-
quence of flavonoids contained in an insect cocoon.
The green color of the silkworm cocoon is due to flavonoids, one

of the twomain pigments of the silkworm cocoon (5, 6). In contrast
to carotenoids, the other major pigments that control the yellow
and pinkish color of cocoons, the genetic basis of green cocoon
traits has remained largely obscure. Our data clearly demonstrate
that a gene for UDP-glucosyltransferase of the silkworm, Bm-
UGT10286, corresponds to the Gb locus, and that its product is
essential for the biosynthesis of quercetin 5-O-glucosides, major
constituents of cocoon flavonoids. A distinctive character of Bm-
UGT10286 is its unusual regioselective activity. The OH group at
the C-5 position of flavone is themost inert site for glycosylation, as
the carbonyl group at C-4 prevents glycosylation of OH at C-5 by
producing steric hindrance and strong intramolecular hydrogen
bonding (16). Thus, 5-O-glycosylated flavones and flavonols are
rare compounds in nature (17, 18). Despite the high copy number
(more than 42) ofUGT genes in the silkworm genome (15), Q5GT
activity was almost lacking in +Gb/+Gb individuals (Table 1). This
result indicates that the Gb locus is virtually the sole source of
a UGT that possesses Q5GT activity in the silkworm, reflecting
the unusual property of Bm-UGT10286 with a preferred 5-O
regioselectivity for quercetin.
The presence of high amounts of 5-O-glucosylated quercetins in

silkworm tissues and cocoons (Table S1) (8, 12) raises the question
of why the most inert position among hydroxyl groups of quercetin
is regioselectively glucosylated. One may predict that quercetin 5-
O-glucosides possess unique (or higher) biological activity that is
not seen in other quercetin glucosides. However, it is more likely
that 5-O-glucosylation of quercetin dramatically increases the bio-
availability of quercetin in the silkworm by changing its solubility,
permeability, metabolism, excretion, target tissue uptake, or dis-
position. In mammals, after absorption from the small intestine,
flavonoids undergo extensivemetabolism, generating different con-
jugation forms such as glucuronides and sulfates (19, 20). The
bioavailability of flavonoids is generally low and can be problematic
in pharmacological studies (19, 21, 22), as these conjugation reac-
tions can enhance the elimination of lipophilic xenobiotics (19, 21).
It has been shown that glucuronidation of flavonoids can influence
the bioavailability of flavonoids in mammals partly by changing
their permeability and interactions with their putative transporters
such as ATP-binding cassette superfamily transporters (19–21, 23,
24). However, exact mechanisms for absorption, transport, and
disposition of flavonoids are not well understood in any animal
system (19, 21), and the degree to which the site specificity in
the glucuronidation step is important for the bioavailability of fla-
vonoids remains unclear (19, 21, 24). It is notable that the gluco-
sylation reaction at the 5-O position of quercetin caused a marked
increase in the amount of flavonoids in silk glands, hemolymph, and
cocoon (Table S1). This example clearly shows how glucosylation
of flavonoids and its site specificity can affect the overall bio-

availability of flavonoids in an animal. Moreover, our data imply
that silkworm has a genetically facilitated system for the selective
transport of quercetin 5-O-glucosides. According to previous re-
ports (8), dietary quercetin is glucosylated at the 5-O position in the
midgut as the first-pass metabolite after oral absorption and is then
glucosylated at the 4′-O position in the fat body and silk gland. The
significant decrease of flavonoids in +Gb/+Gb tissues and cocoons
(Table S1) suggests that glucosylation at the 5-O position of quer-
cetin in the midgut may be a critical determinant of its overall
bioavailability, as shown in Fig. S4. In mammals, flavonoid glu-
curonides are excreted out of enterocytes to both the serosal and
luminal sides of intestinal epithelium via efflux transporters (19, 23,
24). Thus, we speculate that glucosylation at the 5-O position might
allow or facilitate the efficient uptake and transport of quercetin
from the midgut to the silk glands by altering interactions with ef-
flux and/or influx transporters.
To address these questions, we must investigate the detailed

mechanisms for the uptake and transport of flavonoids. It is note-
worthy that some silkworm mutants may have genetic defects in
this process.Ga, which produces green-colored cocoons only when
it coexists with Gb (13), is a candidate locus for the transport of
flavonoids. Implantation of Ga/Ga silk glands to +Ga/+Ga indi-
viduals results in the uptake of hemolymph flavonoids to Ga/Ga
silk glands, suggesting that the Ga locus controls the uptake of
flavonoids in the silk gland (25) (Fig. S4). The results of our work
will facilitate the isolation ofGa and other loci associated with the
green cocoon trait and consequently pave the way for a greater
understanding of the metabolism and uptake of flavonoids in ani-
mals. We also expect that our findings will lead to the molecular
breeding and genetic engineering of silkworms for silk fabric con-
taining flavonoids (26) and to the development of a regioselective
biocatalyst for the potential production of pharmaceuticals.
Flavonoids play various roles in a wide variety of organisms as

antioxidants, antibacterial agents, and UV absorbers (19, 22, 27).
We asked whether flavonoids in cocoon shells have functional
consequences in silkworm biology. We provide evidence that
flavonoids could increase the UV-protection activity of cocoons
and thus confer an increased survival advantage (Fig. 4). It is
believed that the silkworm was domesticated from the B. man-
darina in China (28). Our data suggest that the green cocoon is
likely the ancestral form of the silkworm cocoon, as the Gb locus
is conserved in B. mandarina (Fig. 2). Thus, we speculate that
cocoon flavonoids play a more important role in B. mandarina,
whose cocoons are much thinner and more fragile. A number of
pigments, such as carotenoids (4), flavonoids (6), bilins (29), and
their metabolites are contained in many insect cocoons. In ad-
dition to pigments, a pyralid moth, Uresiphita reversalis, accu-
mulates toxic alkaloids derived from host plants in its cocoons
(30), and cocoons of a leaf-rolling moth, Dactylioglypha tonica,
are densely covered by a blue mold that could protect pupae
from bacterial infections (31, 32). Furthermore, the duration of
the pupal stage varies in different insects from a few days to
several months, suggesting that they may have evolved additional
novel protective mechanisms. These observations, along with the
present data, provide an expanded view of insect cocoons: co-
coons are not only simple physical shields for insects but can be
chemically or biologically modified by insects using diverse strat-
egies for more extensive forms of protection. Our findings further
imply that pigments and chemicals contained in cocoons might be
a useful source for novel bioactive substances for textiles, medi-
cines, cosmetics, and agrochemicals.

Materials and Methods
A detailed description of materials and methods is provided in SI Materials
and Methods.

Determination of UGT Activity. UGT activity was measured as described pre-
viously (8). Details are given in SI Materials and Methods.
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Positional Cloning. Positional cloning of Gb was performed as previously
described (33). Codominant PCR markers were generated at each position on
nscaf2986 (chromosome 7) (Fig. 2) (34), and used for the genetic analysis
(Fig. S1). The presence of Gb allele was confirmed by yellow cocoon fluo-
rescence under a UV lamp (360 nm).

Expression and UGT Activity of Recombinant UGTs. Expression of recombinant
UGTs in insect cells and the measurement of UGT activity in virus-infected
cells were performed as described previously (8, 35) and in SI Materials
and Methods.

Application of Flavonoids to Annam Cocoons. Flavonoids were extracted from
cocoons of strain 939 and applied to cocoons of Annam, which originally
contain low amounts of flavonoids (0.26 μmol/g cocoon). Flavonoids were
extracted from the cocoon shells by MeOH-H2O (7:3, V/V) at 60 °C for 2 h,
concentrated by evaporation, and diluted with distilled water. The aqueous
solutions were applied to a solid-phase extraction cartridge (Oasis HLB,
35 mL; Waters Milford). After washing with distilled water, the column was
eluted with MeOH. After checking the flavonoid content in the eluate by
HPLC, the methanolic solution was evenly applied to the surface of cocoon
shells of Annam with a micropipette. After the application, the cocoon shells
were kept in the dark and dried naturally at 25 °C. The resulting amount of
flavonoids in the treated cocoons was 7.0 (Gb/+) and 1.0 (+/+) μmol/g cocoon
shell, respectively. These values were greater than the amount of flavonoids
in the cocoon of strain 939 (Table S1), but less than that of the green cocoon
strain Pure-Mysore (15.1 μmol/g cocoon shell) (9).

Measurement of UV-B Transmittance. UV-B irradiation was performed using
a FL-20S UV lamp (Kyokko Denki). UV intensity was controlled by the distance

from the UV lamp to the target. The irradiance was measured by a UV light
meter (UV-340; Lutron). To measure the transmittance ratio of UV-B through
the cocoon shells, samples were cut into 1 × 1-cm square pieces, which were
used to cover the sensor of the UV light meter, and the irradiance passing
through each sample was determined. The transmittance was calculated
by the following equation: Transmittance (%) = UV-B irradiance passing
through sample/original UV-B intensity × 100.

UV-B Irradiation Experiments. Larvae of Annam were reared on mulberry
leaves throughout development. Two days after the onset of spinning, the
larvae were carefully removed from their cocoons using a cutter blade, and
each experimental group consisting of 10 naked prepupae was placed on
a Petri dish and irradiated with varying doses of UV-B (0–172.8 kJ/m2/d).
After 24 h irradiation, each group was kept in the dark for 2 d at 25 °C for
pupal ecdysis. In another set of experiments to study the UV-shielding
function of cocoon flavonoids, the naked prepupae were placed in
cocoons applied with flavonoids extracted from the cocoons of strain 939
(Gb/+ and +/+), and the cocoon shells were sealed with glue before UV
irradiation (172.8 kJ/m2/d).
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