




shown to be involved in the pigmentation pathway in other
species.We then designed primers as newmarkers based on the
genome sequences of the predicted candidate gene. The
genome fragment of candidate gene that exhibited polymor-
phism between the parents was used for fine mapping. The
primers are shown in supplemental Tables 1 and 2.

Cloning Full cDNA Sequence of mln Candidate Gene—The
total RNAswere extracted fromDazao andDazao-mln on day 4
of the 5th instar. The primers (supplemental Table 3) for the
full-length cDNA of the candidate gene were designed accord-
ing to the sequence in GenBank (21). The PCR products were
cloned into the pMD19-T vector (Takara) and sequenced.

FIGURE 3. Schematic diagram of Bm-iAANAT sequences of WT (Dazao) and mutant (Dazao-mln). A, amplification of genome using P3C primers between
Dazao and Dazao-mln. Double horizontal lines indicate the last 67 bp of exon 4 of Bm-iAANAT in Dazao. Arrows indicate splicing sites of intron 4 in Dazao and
Dazao-mln, respectively. The box indicates a 29-bp-long insertion, the first 15 bp being included in the aberrant open reading frame of exon 4 in Dazao-mln.
B, identification of the full-length cDNA (no poly(A) tag) of Bm-iAANAT in Dazao-mln (mutant) and Dazao (WT). Two abnormal transcripts were detected in the
mutant strain. C, comparison of the structure of Bm-iAANAT between Dazao and Dazao-mln. White boxes indicate open reading frames. Coarse horizontal lines
indicate untranslated regions (3�-UTR). Diagonal lines indicate introns. Gray region indicates the deletion. Gray solid box indicates the insertion of 15 bp. Black
box indicates abnormal exon 5. Vertical arrows indicate the location of the termination codon. The termination codon of type 1 is located at �34 bp of exon 5.
The termination codon of type 2 is located at �74 bp of 3� UTR. D, alignments of the speculative Bm-iAANAT amino acid sequences among Dazao, Dazao-mln
type 1 and type 2. Horizontal line indicates the acetyltransferase domain of the WT strain, Dazao.
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Expression Profile Analysis of mln Candidate Gene—To
investigate the expression patterns, we used semiquantitative
RT-PCR to analyze total RNAs isolated from the whole body of
several developmental stages (fromday 3 of the 4th instar larvae
to eclosion of the adult). Total RNAswere purified usingTRIzol
(Invitrogen) according to themanufacturer’s protocol and sub-
jected to cDNA synthesis using oligo(dT) primers and a Molo-
ney murine leukemia virus reverse transcriptase (Promega)
according to themanufacturer’s instructions. Ten silkworm tis-
sues were sampled on day 4 of the 5th instar larvae of Dazao,
including the silk gland, midgut, malpighian tubule, fat body,
testis, ovary, head, integument, hemocyte, and trachea andused
to investigate the pattern of spatial expression. The primers
designed for RT-PCR are shown in supplemental Tables 4. The
BmActin3 gene was used as an internal control. The expression
levels of the candidate gene in sclerified (anal plate, thoracic
legs, and head) and less sclerified tissues (epidermis) of the
Dazao larvae were detected using quantitative RT-PCR.
Transcriptional Level Analysis of Candidate Gene between

WT and Mutant Strains by Quantitative RT-PCR—We per-
formed the quantitative RT-PCR using the ABI Prism 7000
sequence detection system (Applied Biosystems) with a SYBR
Premix EX Taq kit (Takara) to detect the expression levels of
the Bm-iAANAT gene in both Dazao (WT) and Dazao-mln

(mutant) at the same developmental
stages and in the same sampled tis-
sues (head, thoracic legs, and anal
plate). The quantitative RT-PCR
primers used are shown in supple-
mental Tables 5. Eukaryotic transla-
tion initiation factor 4A (silkworm
microarray probe ID: sw22934) was
used as an internal control.
Quantitative RT-PCR Detection

of OtherMelaninMetabolismGenes
in Dazao and Dazao-mln—Refer-
ring to the melanin metabolism
pathway in D. melanogaster (2, 3)
and the full-length cDNA se-
quences of Pale (AB439286), Yellow
(AB438999), Ddc (AF372836), and
ebony (AB439000) in silkworm, we
designed primers for use in quanti-
tative RT-PCR (supplemental Ta-
ble 6). The sw22934 was used as an
internal control.
Analysis of Dopamine Content in

WT and Mutant—Dopamine was
extracted from the strain-specific
phenotype tissues (head, thoracic
legs, and anal plate: total quantity,
200 mg.) on day 2 of 4th instar mln
andWT. The tissues were homoge-
nized in 0.5ml of 1.2 MHCl contain-
ing 5 mM ascorbic acid in a centri-
fuge tube and centrifuged at 14,000
rpm, 4 °C for 10 min. Supernatants
were incubated at 100 °C for 10 min

and then added to 0.5ml chloroform and shaken before further
centrifugation at 12,000 rpm at 4 °C for 10 min. Supernatants
were analyzed by HPLC. Chromatography was performed on a
Waters 1525 binary HPLC equipped with aWaters 2487 dual �
absorbance detector and a SymmetryShield RP18 (5 �m, 4.6 �
150-mm) column. The flow velocity of the mobile phases
(69.5 mM KH2PO4, 5.5 mM K2HPO4 (pH 5.8):methanol
(Sigma; chromatography pure) 98:2) was 1 ml/min, isocratic
elution. The column elution was monitored at 280 nm. The
standard sample was dopamine hydrochloride (Sigma,
supplemental Fig. 2).

RESULTS

Mapping of mln Locus and Identification of Candidate Gene—
To determine the chromosomal location of the mln locus, we
performed genetic linkage analysis. First, using the microsatel-
lite (SSR) markers on the 18th linkage in the silkworm SSR
molecular linkage map, we roughly mapped the mln mutation
using 372 BC1M individuals. The preliminarymapping showed
that the marker S1807 was tightly linked with the mln locus
(Fig. 2). We analyzed the upstream and downstream sequences
(�300 kb on each side) of S1807 in the silkworm database (31).
Within �100 kb upstream of the S1807 marker, we found two
genes (BGIBMGA008538 and BGIBMGA008539) encoding

FIGURE 4. Expression patterns of Bm-iAANAT in Dazao. A, expression profile of the Bm-iAANAT gene during
the molting stage of the 4th instar larvae. B, temporal expression of Bm-iAANAT in the silkworm from 5th instar
to the moth stage. V1–V7 represent corresponding days of the 5th instar larva; W0–W2.5 represent day 0, day 0.5,
day 1, day 1.5, day 2, and day 2.5 of the wandering stage. P1–P8 represent day 1 to day 8 of the pupation. M0
represents the 1st day of the moth stage. BmActin3 gene was internal control. C, spatial expression of Bm-
iAANAT on the 4th day of the 5th instar larvae in Dazao strain. Total RNA samples of 10 silkworm tissues were
isolated and analyzed by RT-PCR, including the ovary, testis, head, silk gland, integument, midgut, malpighian
tubule, fat body, hemocyte, and trachea. D, relative expression levels of Bm-iAANAT between the sclerified (anal
plate, thoracic legs, and head) and less sclerified tissues (epidermis) of the larva. The data show the mean � S.D.
(error bars) (n � 3).
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AANAT which plays an important role in the synthesis of
N-acetyldopamine in the pigmentation pathway of D. melano-
gaster. We designed primer sets based on the sequences of the
two genes to detect the genomes of Dazao-mln and C108. One
pair of primers, named P3C, fromBGIBMGA008538, displayed
a smaller amplification product in Dazao-mln than in C108
and showed the same polymorphism between Dazao-mln
and its recurrent parent, Dazao. We used P3C as a new
marker for fine mapping. The result suggested that there was
no recombination between P3C and the mln locus (Fig. 2).
Furthermore, the sequences amplified by the primers of P3C
are partly located on the exon of the BGIBMGA008538,
which has been previously identified as Bm-iAANAT (GenBank
accession number NM_001079654.1). Therefore, we con-
cluded that the Bm-iAANAT gene was the candidate gene for
the melanism (mln) mutant.
Polymorphisms in Bm-iAANAT—Cloning and comparing

the sequences of the P3C-amplified region in Dazao, C108, and
Dazao-mln, we found that it was 410 bp and 506 bp in the
Dazao-mln and wild-type strains (C108, Dazao), respectively.
The mutation deleted 96 bp and inserted another 29-bp frag-
ment compared with the WT (Fig. 3A). In addition, we cloned
the complete Bm-iAANAT cDNA sequences of the WT and
mln mutant. A significant amount of a 1460-bp fragment was
amplified from the WT (Fig. 3B). Compared with the genome
assembly data, it was apparent that Bm-iAANAT has 5 exons
encoding 261 amino acids. However, two types of abnormal
transcript, type 1 cDNA (1253 bp) and type 2 cDNA (1407 bp),
were amplified in the Dazao-mln mutant (Fig. 3B). As shown
schematically in Fig. 3C, the type 1 cDNA lacked almost the
whole 4th exon except for the first 2 bp and causes a premature
TAG stop codon not found in the WT. Type 2 lacked the last
67 bp of the 4th exon, and recruited a 15-bp length intron
sequence. The termination codon of type 2 was located on the
3�-untranslated region of the normal transcript (Fig. 3C). Thus,
type 1 and type 2 both encoded for potentially aberrant proteins
and destroyed the acetyltransferase 1 domain compared with
the WT (Fig. 3D).
Expression Profile Analysis of Bm-iAANAT Gene in Normal

Strain—Temporal expression patterns of the Bm-iAANAT
gene were detected in the whole body of Dazao during the
developmental period from the 3rd day of the 4th instar larvae
to eclosion of the adult (Fig. 4, A and B). The semi-RT-PCR
analysis showed that the expression levels of Bm-iAANAT fluc-
tuated during the development period. It was expressed nor-
mally during the 3rd day of the 4th instar larvae (intermolt),
turned off at the beginning of the fourth molting stage (from 0
to 16 h), and then reappeared in the postmolt stage (24 h later)
(Fig. 4A). Relatively high expression levels were maintained
during most of the 5th instar larval period, and no expression
was detected at the commencement of the wandering stage. A
sharp increase followed at the end of thewandering stage (W2.5
day), which is opposite to the change of a 20E titer at the same
time (32). The greatest expression appeared on the seventh (P7)
and eighth (P8) day following pupation (Fig. 4B).
To investigate the spatial expression patterns of the

Bm-iAANAT gene, we also used semi-RT-PCR to analyze
total RNA in samples of 10 silkworm tissues from 4th day 5th

instar larvae of Dazao. The results showed that the
Bm-iAANAT gene is expressed in the head, silk gland, and
integument. The highest level of expression was found in the
head. In other tissues, its expression was very low or nearly
undetectable (Fig. 4C).
To examine the relationship between the expression of

Bm-iAANAT and the body regions where the mln strain
exhibited a different color compared with the WT, we per-
formed a quantitative RT-PCR analysis using cDNA pre-
pared from the less sclerified epidermis and the more scleri-
fied head, thoracic legs, and anal plate of 5th instar Dazao
larvae. The Bm-iAANATwas found to be expressed at higher
levels in sclerified tissues (head, thoracic legs, and anal plate)
than in less sclerified tissue (epidermis) (Fig. 4D). In other
words, high expression of Bm-iAANAT correlated with the
black-colored regions but not with the non—black-colored
region in the mln mutant.
Expression Level of Bm-iAANAT Gene in Melanism (mln)

Mutant Compared with Normal Strain Dazao—We compared
the expression of Bm-iAANAT between Dazao-mln and Dazao
at several developmental stages, including the 4th day of the 5th
instar larva (V4), the 2nd day of pupation (P2), and at the eclo-
sion of the adult (M0), when Bm-iAANAT normally showed its

FIGURE 5. Comparison of the expression levels of Bm-iAANAT between
Dazao and Dazao-mln in the several developmental stages and strain-
specific phenotype tissues (head, thoracic legs, and anal plate). A, semi-
quantitative RT-PCR detection, BmActin3 as inner control. Lane 1, Dazao-mln.
Lane 2, Dazao. B, quantitative PCR analysis. Expression levels were normalized
to the expression of the eukaryotic translation initiation factor 4A gene
(microarray probe ID, sw22934). C, relative expression levels of Bm-iAANAT in
three strain-specific phenotype tissues of the larva in Dazao and Dazao-mln.
The data indicate the mean � S.D. (error bars) (n � 3).
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highest activity. The amplified sequences were shared by the
three types of Bm-iAANAT cDNA. The result of the semiquan-
titative RT-PCR showed that the level of expression of the two
transcripts in the mln mutant was lower than that of the nor-
mal transcript in Dazao (Fig. 5A). As a more rigorous test, we
performed a quantitative RT-PCR analysis with the samemate-
rials and showed that the level of expression of normal Bm-
iAANAT in WT is about 10–20 times higher than that of the
two transcripts in the mln mutant (Fig. 5B). In addition, the

expression level of Bm-iAANAT in
Dazao was also higher than that in
the mln mutant in the regions
which exhibit obvious phenotypic
differences between WT and mln
(head, thoracic legs, and anal
plate) (Fig. 5C).
Expression Diversification of Key

Genes Involved in Melanin Metabo-
lism Pathway between Dazao and
Dazao-mln—To test how other
genes involved in the melanin
metabolism pathway respond to
Bm-iAANAT level changes, we per-
formed a quantitative RT-PCR anal-
ysis to detect the expression levels of
several genes (Pale, DdC, Yellow,
and ebony) in the regions with dif-
ferent Dazao and Dazao-mln col-
oration (head, thoracic legs, and
anal plate). The results show that
expression of Pale,DdC, and Yellow
in these regions were all higher in
Dazao than in Dazao-mln, whereas
the expression of ebonywas lower in
Dazao than in Dazao-mln, except in
the head (Fig. 6A). In the adult
moth, the expression of all four of
the above genes was higher in
Dazao than in Dazao-mln, the
ratios of relative expression levels
(Dazao-mln/Dazao) of DdC and
ebony being 0.471 and 0.573,
respectively (Fig. 6B).
Contents of Dopamine inWT and

mln Mutant—The result of a re-
versed phase HPLC revealed that
the content of dopamine in themln
mutant (143.233 � 11.821 �g/g)
was �2 times higher than that in
the WT (72.953 � 2.022 �g/g)
(Fig. 7). Therefore, we concluded
that a greater accumulation of
dopamine resulted from the func-
tional deficiency of Bm-iAANAT
in the mutant and that the exces-
sive dopamine was converted into
dopamine melanin, causing the
darker color pattern of the scleri-

fied regions in the mln mutant compared with the WT.

DISCUSSION

In this study, we fine map the candidate gene of the mln
mutant using SSR markers and material from the silkworm
genome database. We confirmed the results using the Dazao
and the near isogenic line Dazao-mln obtained by backcrossing
to a Dazao strain for more than 20 generations. This provided a
powerful combination of genetic material with which to map

FIGURE 6. Investigation of the expression differences of key melanin metabolism genes between
Dazao and Dazao-mln. A, quantitative RT-PCR detection of melanin metabolism key genes in three larva
strain-specific phenotype tissues between Dazao and Dazao-mln on V1 stage. Error bars, S.D. B, result of
investigations on M0 stage. **, p � 0.002, Student’s t test. n � 3. Ratio � (mean of quantitative PCR for
Dazao-mln)/(mean of quantitative PCR for Dazao). C, diagram of the melanin metabolism pathway (see
Ref. ref. 3). Black arrows indicate the expression pattern in WT. Green color indicates expression pattern in
mln mutant. Solid green arrows indicate the up-regulated expression of ebony in thoracic legs (TL) and anal
plate (AP) of the larva compared with WT. Dotted line arrows indicate the down-regulated expression of the
moth compared with WT. Frame indicates the accumulation of dopamine in mln mutant. Fork indicates
the loss of function of Bm-iAANAT in mln mutant. POs, phenol oxidases. The genes are shown in blue. The
pigment precursors are shown in red.
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the candidate gene. In the fine mapping, we focused on the
Bm-iAANAT gene. By cloning the transcripts of the WT
(Dazao) and mln mutant (Dazao-mln), we found that two
abnormal transcripts were present in the Dazao-mln compared
with the WT (Dazao). The exact sequence change of Bm-
iAANAT genes in the mutant strongly suggested that it would
be responsible for themlnmutation.

At the beginning of 4thmolting stage, the titer of ecdysteroid
(20-hydroxyecdysone, 20E), themajor activemolting hormone,
increased rapidly and reached a peak at about the 14th h and
dropped sharply 20 h later, and then the 4th larval molting
process was completed (33, 34). Interestingly, the expression of
Bm-iAANAT seemed to be suppressed by the 20E in the same
manner as has been found inDrosophila (35). The situationwas
consistent with those of othermelanin synthesis enzymes (tyro-
sine hydroxylase, dopa decarboxylase, Yellow, EBONY), which
are known to be regulated by ecdysteroid titer during the molt-
ing process (4). The expression of Bm-iAANAT reached a peak
at the 7th (P7) and 8th (P8) day after pupation, when the moth
cuticle and scales covering the wing and body were formed.

Generally, the massively high expression levels of the
Bm-iAANAT gene occurred once the new epidermis had
formed and pigmentation and exocuticle secretion began. Fur-
thermore, the spatial expression analysis revealed that
Bm-iAANAT was expressed heavily in the sclerified tissues
(head, thoracic legs, and anal plate) where the black coloration
occurs in themln strain.We therefore concluded that the abun-
dant Bm-iAANAT expression promotes accumulation of the
NADA necessary for cuticle sclerotization and that the con-
sumption of dopamine follows the same course as in
Drosophila.
In the mln mutant, the two types of abnormal Bm-iAANAT

transcript could not code the functional enzyme, and the
expression levels of Bm-iAANATweremuch lower than that in
Dazao (WT) (Fig. 5). Consequently, the excess dopamine could
not be consumed in the sclerified tissues, producing the black
pigment (dopamine melanin). This presumption was con-
firmed by measuring the dopamine levels, which were two
times higher in themlnmutant than that inWT (Fig. 7). There-
fore, the corresponding sclerified parts of the larva (head, tho-
racic legs, anal plate, sieve plates of the spiracle, and claw hook
of prolegs), the body color (tentacles, veins, dorsal plate, and
thoracic legs), and the scales of the adult in themlnmutant are
blacker or more buffy colored than in Dazao (WT). It is there-
fore intriguing that the abnormal pigmentation appears only in
certain parts of the body (the sclerified regions) rather than
more generally. Furthermore, other genes involved in the mel-
aninmetabolic pathway were also regulated by the loss of func-
tion of Bm-iAANAT in the mln mutant (Fig. 6C). The expres-
sion of pale, Yellow, and, especially,Ddcwere all suppressed by
the accumulation of dopamine in three particular tissues (head,
thoracic legs, and anal plate) in Dazao-mln larva. However,
ebony was up-regulated in the thoracic legs and anal plate,
resulting from the excess dopamine, and extra NBAD gener-
ated. Thismay explain the buffy colors occurring in the thoracic
legs and anal plate of the mutant (Figs. 1A, 6, A and C, and
supplemental Fig. 1). However, we do not know why the ebony
was down-regulated in the head. In the adult stage, all of the
four key genes were down-regulated in themlnmutant, and we
speculate thatDdc,pale, andYellowwere also suppressed by the
accumulation of dopamine (Figs. 1B, 6, B and C, and
supplemental Fig. 1). However, the lower expression of ebony
may be due to less NBAD being needed to produce a yellow
color in themlnmutant (9). Further studies are required to test
this hypothesis.
In summary, several lines of evidence suggest that Bm-

iAANAT is responsible for the mutant silkworm color pattern,
mln. To our knowledge, this is the first report showing a role for
Bm-iAANAT in the color pattern besides its activity in synthe-
sizingmelatonin in the silkworm (18). In general, the body color
patterns of insects are determined by complicated genetic path-
ways, and recently many studies have looked in detail at this
phenomenon. There is no doubt that elucidating the molec-
ular basis of these color pattern mutants will be useful in
illuminating the development and evolution of insect
coloration.

FIGURE 7. Quantity of dopamine analyzed by reversed phase HPLC in the
strain-specific phenotype tissues between the WT and mutant on day 2
of 4th instar. The column elution was monitored at 280 nm. A, arrows indi-
cate the peak of dopamine. Scale bar, 5 milliarbitrary units (mAU). B, data
indicate the mean � S.D. (error bars) (n � 3). *, p � 0.05, Student’s t test (n �
3).
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