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Abstract The ATP-binding cassette (ABC) superfamily
is a larger protein family with diverse physiological func-
tions in all kingdoms of life. We identified 53 ABC
transporters in the silkworm genome, and classified them
into eight subfamilies (A—H). Comparative genome anal-
ysis revealed that the silkworm has an expanded ABCC
subfamily with more members than Drosophila melano-
gaster, Caenorhabditis elegans, or Homo sapiens. Phylo-
genetic analysis showed that the ABCE and ABCF genes
were highly conserved in the silkworm, indicating possible
involvement in fundamental biological processes. Five
multidrug resistance-related genes in the ABCB subfamily
and two multidrug resistance-associated-related genes in
the ABCC subfamily indicated involvement in biochemical
defense. Genetic variation analysis revealed four ABC
genes that might be evolving under positive selection.
Moreover, the silkworm ABCC4 gene might be important
for silkworm domestication. Microarray analysis showed
that the silkworm ABC genes had distinct expression pat-
terns in different tissues on day 3 of the fifth instar. These
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results might provide new insights for further functional
studies on the ABC genes in the silkworm genome.
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Introduction

The ATP-binding cassette (ABC) transporters are one of
the largest families of transmembrane proteins. They are
found in all organisms from prokaryotes to eukaryotes. The
core functional unit of ABC transporters consists of four
domains: two cytoplasmic domains containing the highly
conserved nucleotide-binding domain (NBD, also known
as ABC) responsible for ATP-binding and hydrolysis, and
two transmembrane domains (TMD) involved in the sub-
strate translocation pathway [1]. The functional unit of
prokaryotic ABC importers has a fifth domain, the sub-
strate-binding protein (SBP) that contributes to the sub-
strate specificity of ABC importers [2]. The NBD contains
several highly conserved motifs: Walker A, Walker B and
a third conserved sequence called the ABC signature, and
the C motif, which is located between the two Walker
motifs, just upstream of Walker B [3, 4]. The eukaryotic
ABC genes are organized either as “full-size” transporters,
symbolized as (TMD-NBD) ,, or as “half-size” trans-
porters (TMD-NBD or NBD-TMD). Half transporters need
to form homo- or hetero-dimers to compose a functional
molecule [3, 5]. Based on gene sequence homology and
NBD and TMD domain organization, eukaryotic ABC
transporters can be divided into eight subfamilies (ABCA—
ABCH), seven of which (ABCA-ABCG) exist in the
human genome. The ABCH subfamily has been found in
the Drosophila melanogaster genome for the first time [6].
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Most of the known functions of ABC proteins are in
membrane transport of substrates, including amino acids,
sugars, lipids, ions, lipopolysaccharides, peptides, saccha-
rides, metals, and chemotherapeutic drugs [7, 8]. The first
eukaryotic ABC transporter identified was the multidrug
resistance (MDR) efflux transporter responsible for MDR
in cancer cells caused by decreased cellular drug accu-
mulation [5, 9]. Subsequent studies revealed that ABC drug
efflux transporters are widely present in most organisms.
D. melanogaster mrp-1 has a novel gene structure con-
taining two variable internal exons, resulting in 14 different
multidrug resistance-associated protein (MRP) isoforms
through variable exon substitution [10]. In Caenorhabditis
elegans, four ABC proteins are involved in drug resistance:
three P-glycoproteins (pgp-1, -3 and -4) and one MDR
protein (mrp-1). Mutant strains of pgp-1, pgp-3 and mrp-1
are hypersensitive to the heavy metals cadmium and arse-
nite [11]. The expression of MRP transporters is usually
associated with reduced efficacy of agricultural fungicides
and herbicides [9, 12] and infection of pathogenic micro-
organisms [13].

In insects, ABC transporters are involved in transporting
of pigments, and in development and drug resistance [14—
16]. For example, the Drosophila White protein, dimerizes
with the brown and scarlet to transport eye pigment pre-
cursors [14]. In Bombyx mori, Bmwh3 is equivalent to w-3,
and is a homolog of the Drosophila white gene. The w-3%¢
mutant silkworm has white eyes, white eggs and translu-
cent larval skin [17]. The tobacco hornworm (Manduca
sexta) can live entirely on tobacco. Previous studies
reported that P-glycoprotein-like multidrug transporters
play vital roles in excretion of dietary nicotine in the
Malpighian (excretory) tubules of M. sexta, preventing
influx of nicotine across the blood-brain barrier [18, 19].

Complete inventories of ABC proteins are available for
many other organisms and an increasing number of ABC
transporters have been characterized at the functional level.
The silkworm is one of the most important genetic insect
models, and has economic and scientific significance [20].
However, a genome-wide study on ABC genes has not yet
been performed in silkworm. Such an integrated analysis of
ABC genes could provide crucial clues for further studies
on the putative physiological functions of ABC transporters
in B. mori, such as the mechanisms of transport of toxic
compounds and pigments. For this reason, we proposed a
complete inventory of ABC transporters based on the
available silkworm genome sequences [21]. Detailed
sequence comparisons of each subfamily members with
these of human, fruit fly and worm reveal their evolu-
tionary relationships. We also studied microarray-based
tissue expression profiles and analyzed genetic variations.
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Materials and methods
Identification of ABC proteins in the silkworm

Silkworm ABC proteins of were identified using the model
ABC-tran (accession PF00005) of the Pfam database and
the HMMER program from the HMMER package [22, 23].
By searching a new assembly of the silkworm genome
dataset with PFO0005 of the PFAM HMM model, top hits
for putative transporters were retained by high score and
low E value (score >0 and E value <0.1). The most poorly
matched (score <0 and E value >0.1) were checked by
BLASTP on the National Centre for Biotechnology Infor-
mation (http://blast.ncbi.nlm.nih.gov/), retaining only those
with highly significant matches to annotated ABC proteins
or those with clear ATPase domains. This process was
repeated until no new ABC proteins were found. The
number and the positions of TMD in each ABC transporter
were searched using the TMHMM Server v. 2.0. (http://
www.expasy.ch/).

Classification of silkworm ABC transporters
and phylogenetic analysis

The amino acid sequences of ATPase domains were
extracted by performing Pfam searches at the Sanger
Institute Web site (www.sanger.ac.uk/Software/Pfam/). We
adopted the Human Genome Organization (HUGO)-
approved subfamily designations [24, 25]. ATPase
domains were used for phylogenetic analysis along with
those of human transporters. Multiple sequence alignments
were performed using ClustalX [26]. Neighbor-joining
phylogenetic trees were reconstructed using MEGA 4.0
[27], and bootstrapping was with 1,000 replicates. The
sorting results were further confirmed by BLAST as above.
Phylogenetic analysis was performed with per subfamily
proteins of silkworm and each subfamily of ABC proteins
of from human, fruit fly and worm.

Genetic variations analysis of the silkworm ABC genes

Using 40 genomes from geographically different domesti-
cated and wild silkworms, we evaluated genetic variations
of ABC genes during silkworm domestication [28]. Based
on the known 16 million Single nucleotide polymorphisms
(SNPs) and 354 domestication-related genes in the silk-
worm varieties, we surveyed SNPs and domestication of
the silkworm ABC genes using the PAML package to
evaluate the pattern of positive selection for each ABC
gene [29].
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Microarray analysis

A genome-wide microarray with 22,987 oligonucleotides
was constructed and analyzed using an experimental pro-
cess described previously [30]. We found that 52 ABC
genes had probes on the microarray, and surveyed their
expression profiles in testis, ovary, fat body, midgut,
hemocyte, Malpighian tubules, head, anterior/middle silk
(A/MSG) gland and posterior silk gland (PSG) from silk-
worm individuals on day 3 of the fifth instar.

Results

Identification and characterization of ABC transporters
in the silkworm genome

We identified 53 ABC genes in the silkworm genome
(Table 1). These include the five previously identified ABC
genes Bmwh3 (GenBank accession no. BAH03523), BmRLI
(AB164193), subfamily F member 2 (NP_001040334), two
partial sequences of whi (AAF61570) and wh2 (AAF61571)
(Supplementary Table 1). The numbers of ABC genes were
compared among B. mori, D. melanogaster, C. elegans and
Homo sapiens. As shown in Table 1, in C. elegans, 60 ABC
genes form the largest ABC data set. In vertebrates, a
remarkable decrease in the number of ABC genes was
observed: for instance, only 49 ABC genes have been iden-
tified in humans. In insects, the silkworm and D. melano-
gaster have similar number of ABC genes; however, the
percentages of ABC genes are much higher than in C. ele-
gans or H. sapiens.

Based on a high-quality genome map, 52 ABC genes
were located on 18 different chromosomes. Interestingly,
more than 60% of the silk worm ABC genes were clustered
(Fig. 1). Only seven genes were found to be the only ABC
gene on a chromosome. Most clusters contained members
of the same subfamily: for instance, the ABCA genes on
chromosomes 14 and 17, ABCB genes on chromosomes 1,
the ABCC genes on chromosomes 12 and 15, and the
ABCG genes on chromosomes 5, 10 and 12. The largest
ABC cluster was found on chromosome 15, containing
eight ABC genes with gaps of 5-3,000 kb between each

other in a big scaffold. Approximate 20% of the silkworm
ABC genes are on Chromosome 15; interestingly, eight
belong to the ABCC subfamily. The silkworm ABC genes
are suggested to have expanded by gene duplication. As
previously reported, the ABCG6 gene, a homolog of the
fruit fly white gene (known as Bmwh3), is located on
Chromosome 10. BmABCC14 is located on scaffold1071,
but cannot be mapped to any chromosome in the current
assembly version.

Domain-based analysis and classification
of the silkworm ABC transporters

To analyze the structure of silkworm ABC transporters, the
positions of the NBDs and TMDs were identified for pre-
dicted proteins. The silkworm ABC transporters were
organized either as full transporters containing two TMDs
and two NBDs or as half transporters containing any one of
them (Fig. 2). Moreover, some ABC transporters contained
only a single ATPase domain without a TMD, or two
directly linked ATPase domains without a TMD. Based on
the HUGO-approved subfamily designations, we per-
formed phylogenetic analysis on the ATPase domains, and
found that all 53 ABC proteins were grouped into eight
subfamilies (A-H) (Supplementary Table 1), with full
transporters were distributed among the ABCA, ABCB and
ABCC families. And the half transporters can either occur
in the TMD-NBD organization, as in the ABCA and ABCB
families, or an NBD-TMD organization, as in the ABCG
and ABCH subfamilies. In addition, the ABCE and ABCF
subfamilies were entirely composed of proteins with two
ATPase domains and no TM domains (Supplementary
Table 1).

Phylogenetic analysis of silkworm ABC subfamilies
ABCA subfamily

The ABCA subfamily proteins were well-characterized full
transporters. The silkworm ABCA subfamily contains nine
members: one full transporter, four half-size members and
four ABC proteins containing only an ATPase domain

Table 1 Comparatively analysis of ABC transporters in the B. mori, D. melanogaster, C. elegans and H. sapiens

Species ABCA ABCB ABCC ABCD ABCE ABCF ABCG ABCH Percent of ABC transporters
Total ABCs Total genes Percent (%)
B. mori 9 15 2 1 3 12 2 53 14.623 0.36
D. melanogaster 10 14 2 1 3 15 3 56 14.039 0.40
C. elegans 7 24 9 5 1 3 2 60 20.060 0.30
H. sapiens 13 11 12 4 1 3 0 49 22.983 0.21
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Fig. 1 Genomic locations of
silkworm ABC genes. ABC
genes indicated as blocks with
different colors, and the
arrowhead represents the
transcriptional orientation. A
red line below genes indicates
clusters of tandem genes
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Chr.26
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TMD — NBD A,B,C,D
TMD — NBD —TMD — NBD A.B,C
NBD — TMD A,G,H
NBD — NBD C,EF
NBD A,C, G, H

Fig. 2 Structural diversity of ABC transporters in the silkworm.
TMD transmembrane domain, NBD a nucleotide-binding domain

(Supplementary Table 1), suggesting that the ABCA sub-
family has underwent rapid divergence. The evolutionary
relationships of these proteins and H. sapiens, C. elegans
and D. melanogaster ABCA transporters were shown in
Supplementary Fig. 1. The BmABCA4 groups were in
single large clade with HSABCAS, 6, 8, 9, 10 and a group
of silkworm ABCA transporters (BmABCAI1, 2 and 3),
indicating that the four silkworm ABC genes are closely
related to the HSABCAS clusters on Chromosome 17q24
[6]. To date, HSABCAG, 8 and 10 have been considered
to be involved in MDR, lipophilic drug transport and
to be cholesterol-responsive genes [31]. Additionally,
BmABCAS clusters with Drosophila CG1819, BmABCAG6
is a co-ortholog of Drosophila CG6052 and CG1718, and
BmABCAS groups together with C. elegans Abt-1 (Sup-
plementary Fig. 1).
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ABCB subfamily

The ABCB subfamily includes two types of proteins: full
transporters and half transporters. In the silkworm, the
ABCB subfamily consists of five full transporters and four
half transporters (Supplementary Table 1). As expected,
phylogenetic analysis of ABCB subfamily showed that the
full transporters were clustered into a group at the top of
the tree, with two clades comprised of half transporters at
the bottom (Fig. 3). All five full ABCB transporters
appeared to be most closely related to the Drosophila
biochemical defense genes (Dmr49, Dmr50 and Dmr65),
and all these genes formed a larger cluster with the human
Pgp (MDR/PGP) subfamily of ABC transporters, which
have a wide range of functions including bile salt excretion
from the liver and export of hydrophobics and steroids. As
seen in from the phylogenetic tree, each of the four half
transporters had one orthologous relationship with human
mitochondrial transporters, which are involved in iron and
Fe/S-cluster transport. The relationships are BmABCB6/
HsABCB6, BmABCB7/HsABCB7 and BmABCBS/
HsABCBS8. BmABCB9 groups together with HSABCB10
with comparatively low bootstrap support (Fig. 3).
HsABCB10 and HsABCBS8 form a heterodimeric full
transporter in the mitochondria [32]. HSABCB2/TAP1 and
HsABCB3/TAP2 form a heterodimer to transport peptides
into the endoplasmic reticulum (ER) lumen for peptide
processing, resulting in presentation on the cell surface
[33], However, we could not find orthologous relationships
for any of them in the silkworm.

ABCC subfamily
The C subfamily proteins are always full transporters. The

diverse functions of human ABCC transporters include ion
transport, toxin excretion, and cell surface receptors [6,
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Fig. 3 Phylogenetic tree of BmABCB3
ABCB proteins in three BmABCB2
eukaryotic genomes. Amino BmABCB4
acid sequences were aligned BmABCB5
using ClustalX and subjected to DmMdr49
phylogenetic analysis using the 60| DmCG10226
neighor-joining method. DmMdré5
Reliabilities of each branch DmMdr50
point were assessed by the BmABCB1
analysis of 1,000 bootstrap M
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31]. In the silkworm genome, ABCC proteins form the
largest subfamily, with 15 members with diverse structures
(Supplementary Table 1). Phylogenetic analysis showed
that BmABCC6 grouped with Drosophila CG5789 and
clustered with the silkworm ABCC transporters
(BmABCC1, 4 and 5), with BmABCC7 and BmABCCS as
neighboring genes (Supplementary Fig. 2). All six genes

were located on chromosome 15, suggesting that the silk-
worm ABCC subfamily might have arisen from gene
duplication. In addition, phylogenetic analysis indicated
that BmABCC2 and BmABCC3 were closely related to
HsABCC1 (Supplementary Fig. 2), HSABCC3 and Dro-
sophila CG6214, an ortholog of human multidrug resis-
tance-associated proteins MRP1, MRP2 and MRP3 [16].
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BmABCCI10 is a homolog of human ABCC10/MRP7.
BmABCC9 is a homolog of human ABCC7 (CFTR), which
functions as a chloride channel that is mutated in cystic
fibrosis [34]. Interestingly, five neighboring ABCC genes
(BmABCC11-15) were specific to silkworm and not
homologous to other genes in other organisms (Supple-
mentary Fig. 2).

ABCD, ABCE and ABCF subfamilies

The ABCD, ABCE and ABCEF subfamilies in the silkworm
contained a small number of ABC members with clear
orthologous relationships. The ABCD subfamily contained
two ABC proteins, which were half transporters with ori-
entation TMD-NBD (Fig. 2). These ABC proteins are
located in the peroxisome, where they are involved in fatty
acid transport [35]. Phylogenetic analysis revealed that
BmABCDI clustered with DmCG2316. These are homo-
logs of HSABCD1 and HsABCD2 with relatively low
bootstrap support. BmABCD?2 is a putative homolog of
HsABCD3 (65% amino acid identity) (Supplementary
Fig. 3), which is mutated in Zellweger syndrome 2 [36].
The proteins of subfamilies E and F are characterized by
two ATPase domains and no TMD, so they are unlikely to
function as transmembrane transporters. Only one gene
(BmABCE1/BmRLI) was found on Chromosome 7 in the
silkworm genome (Supplementary Table 1). Phylogenetic
analysis showed that BmABCEl is ortholog of
HsABCEI(Supplementary Fig. 3), which promotes inter-
feron activity [31]. We also found three ABCF transporters,
BmABCEF1, 2 and 3. Each had two ATPase domains and no
TM domain (Supplementary Table 1). By phylogenetic
analysis of ABCF transporters, BmABCF1 and BmABCF3
were orthologous with human HsABCF1 and HsABCF3
(61 and 63% amino acid identity). In addition, BmABCF2
was a homolog of HSABCF2 and Drosophila CG9281
(Supplementary Fig. 3), but its function is unclear.

The ABCG and ABCH subfamilies

The silkworm ABCG proteins are second largest subfam-
ily, with 12 members, most of which were half ABC
transporters with a reverse domain organization (NBD-
TMD). Two ABCG proteins (BmABCGS and BmABCGS)
had only a single ATPase domain. Phylogenetic analysis
revealed that BmABCG1-6 had clear orthologous rela-
tionships with Drosophila, while BmABCG7-12 were
appeared to be silkworm-specific, and clustered in a special
clade (Supplementary Fig. 4). BmABCG4 grouped with
four Drosophila transporters, while BmABCGI1 grouped
with HSABCG1, HsABCG4, and two Drosophila trans-
porters, Atet and CG3164. Drosophila Atet is reported to
be expressed in trachea, where it is involved in transporting
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a small molecule after dimerization with a partner protein
[37]. Additionally, BmABCGS is a putative homolog of
DmBrown (33% amino acid identity). BmABCG6 (also
known as Bmwh3), a homolog of the Drosophila white
gene, is involved in the transport of eye pigment precursors
[38]. The silkworm ABCH subfamily had two half ABC
transporters with a reverse domain organization similar to
the ABCG subfamily (Fig. 2; Supplementary Table 1).
Phylogenetic analysis revealed that two members clustered
with Drosophila ABCH proteins (Supplementary Fig. 5).
Furthermore, BmABCH1 was orthologous to Drosophila
protein CG33970.

Genetic variations of silkworm ABC genes

In addition to phylogenetic analysis, we also surveyed
variations in ABC genes during silkworm domestication.
BmABCCH4 is the only one of found in the 354 candidate
domestication-related genes that are thought to be impor-
tant during silkworm domestication [28]. We investigated
the SNPs in coding sequences of ABC genes between
domesticated and wild silkworm. In general, the number of
SNPs per ABC gene was similar in the domesticated and
wild silkworm groups (data not shown). We estimated the
positive selection patterns of ABC genes during silkworm
domestication using PAML software. As shown in Table 2,
BmABCA6, BmABCB2, BmABCC6 and BmABCGI1 were
significantly determined to be evolving under positive
selection (P values for BmABCA6 = 0.026881;
BmABCB2 = 0.000108599; BmABCC6 = 0.006562637,;
BmABCGI1 = 0.003428).

Expression profile of ABC genes

The expression patterns of ABC genes were surveyed using
microarrays constructed with 22,987 oligonucleotides as
70-mer probes covering present and predicted genes in the
silkworm genome [30]. The expression patterns of 52 ABC
genes were analyzed in 10 tissues on day 3 of fifth instar
larvae. We detected 28 genes, covering the eight subfam-
ilies from ABCA to H, and found all were expressed in at
least one tissue (Fig. 4). The silkworm ABC genes had
distinct expression patterns, according to the microarray
data. For example, five genes were widely expressed in
every tissue, most notably BmABCE1 (BmRLI). Only one
member of the ABCE subfamily was consistently highly
expressed in all surveyed samples. In addition, both
BmABCF3 and BmABCF1 were detected in the surveyed
tissues. Seven ABC genes were considered to be tissue-
specific: for example, BmABCB3, BmABCGS5, and
BmABCGY9 were specifically expressed in Malpighian
tubules (Fig. 4), which are insect excretory and osmoreg-
ulatory organs. Three genes were expressed specifically in
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Table 2 Positive selection test of four ABC genes in 40 silkworm genomes

FDRO5

Proportion2b P value

Proportion2a

Proportion0  Proportionl

LRT

LnL_alte

LnL_null

MO_w

dN  MO0_dS

gth  MO_

MO_TreeLen,

ppa

MO_ka

Gene

1
1
1
1

0.0269
0.0001

0.00261
0.0009

0.08815

0.02613

4.898454  0.88312

14.98100

—2785.362078
—7514.520915
—4276.150987
—4738.743621

—2787.81
—7522.01
—2509.38
—5063.3

0.06624  0.40596 0.16317

0.00645

0.49259
0.3011

ABCA6 5.5194
ABCB2
ABCC6
ABCG1

0.06504

0.01274

0.92132

0.32695 0.01973

3.25797
3.50845
1.96078

0.006563
0.003428

0.02005
0.00007

0.97995

7.388934 0

0.02612  0.26214  0.09965

0.00374  0.50471

0.28618

0.03175

0.00201

8.564174  0.96617

0.00741

0.40991

MO_dN total

MO_Ka

TreeLength total treelength, in substitutions per codon, estimated from PAML model MO,

treelength, in nonsynonymous substitutions/nonsynonymous site, estimated from PAML model MO, M0_dS total treelength, in synonymous substitutions/synonymous site, estimated from PAML model

ppa transition/transversion ratio estimated from PAML model MO (one omega), MO

ga estimated from PAML model MO, LnL_null log likelihood under the null hypothesis, Lnl_alte log likelihood under the alternative hypothesis, LRT likelihood ratio test; Proportion0

proportion of negatively selected codons estimate from PAML model A, Proportionl proportion of neutrally selected codons estimate from PAML model A, Proportion2a proportion of positively selected
codons estimate from PAML model A (2a), Proportion2b proportion of positively selected codons estimate from PAML model A (2b), P value of test for positive selection, from simulations, FDRO5: 1 if

gene in question has evidence for positive selection at a 5% FDR, 0 otherwise

MO_w ome

MO,

testis (BmABCA8, BmABCC8 and BmABCCI14).
BmABCA?2 was preferentially expressed in the PSG, sug-
gesting that these transporters may be involved in silk
formation.

Discussion

ABC transporters are one of the largest families of trans-
membrane proteins and are involved in the fundamental
membrane transport of a variety of substrates. To date, they
have been identified in many organisms based on genome
sequencing projects. In this study, we have identified 53
ABC genes, representing approximately 0.36% of the total
genes in a new assembly of B. mori genome. The silkworm
contains representative members of each subfamily (A—H).
As in the human and fruit fly genomes [6], the silkworm
ABC genes are widely dispersed in the genome. Analysis
of chromosomal locations showed that most of the gene
clusters were composed of genes from the same subfamily
and were arranged in a head-to-tail fashion, for example,
the ABCC and ABCG subfamilies, which represent the
largest and second largest silkworm ABC subfamilies
(Table 1). The ABCC genes were mostly located on
chromosomes 15 and 12, while the ABCG genes were
clustered on chromosomes 10 and 12 (Fig. 1). These results
revealed that the ABCC and ABCG subfamilies likely
arose from gene duplication, a finding similar to Donly
[39]. The ABCC and ABCG subfamilies have two groups
of silkworm-specific genes, many located on the same
chromosome. One example is BmABCG7 and
BmABCG11, and BmABCG10 and BmABCGS8, which
occur as tandem repeats on chromosome 12. This indicated
that tandem repeat distribution is a possible factor in the
expansion of silkworm ABC genes. Therefore, genes
originating from gene duplication might have adapted
during evolution and have specific biological roles in the
silkworm. However, this hypothesis requires further
validation.

The silkworm ABCA subfamily appears to have
undergone rapid divergence. A classic example of this is
the animal ABCA subfamilies, which are composed
entirely of full transporters (12 full transporters in humans),
while the silkworm ABCA subfamily contains only one full
transporter. The silkworm ABC genes might have suffered
a massive loss of the last copies of half transporters during
evolution. This trend has been seen in Dictyostelium dis-
coideum and plants [40]. By contrast, the ABCD, ABCE
and ABCF subfamilies seem to be more conserved in the
silkworm. Most of these genes are also conserved in
humans, flies and worms [24]. The human ABCD genes
(HsABCD1/ALDP and HsABCD3) play critical roles in
importing fatty aids and/or fatty acyl-coenzyme into the
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Fig. 4 Expression profile of
silkworm ABC genes in ten
representative tissues on day 3 >
of the fifth instar. Expression ,@%\
levels illustrated by a four-grade BmABCA2

color scale BmABCA6
BmABCAS8
BmABCB2
BmABCB3
BmABCBS
BmABCB6
BmABCB9
BmABCCI1
BmABCC4
BmABCC5
BmABCC6
BmABCCS8
BmABCC7
BmABCCI10
BmABCCI14
BmABCDI
BmABCEI
BmABCF1
BmABCF2
BmABCF3
BmABCGI
BmABCG3
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peroxisome. Mutations in HSABCD1 cause adrenoleuko-
dystrophy (ALD), an x-linked metabolic disorder charac-
terized by neurodegeneration and adrenal deficiency [41].
HsABCD3 is also a member of the ALD subfamily. Given
the orthologous relationship with HsABCDI and
HsABCD2, BmABCDI1 and BmABCD2 might be mem-
bers of ALD involved in fatty acid transport. All the
organisms have one ABCE and three ABCF genes. Each of
the silkworm ABCE and ABCF genes has a clear ortholog
in the human genome and other species (Supplementary
Fig. 3). The human ABCEI protein has been identified as a
ribonuclease L inhibitor (RLI), a regulatory protein whose
co-expression inhibits the binding of 2-5A by the endog-
enous RNase L [42]. BmABCEI1 (BmRIL) has been cloned
as a homolog of RLI, but its function has not been deter-
mined. The well-known ABCF protein is Saccharomyces
cerevisiae GCN20, which mediates the activation of the
elF-2 alpha kinase. The human ABCF1 (GCN20 homolog)
appears to have a similar role [24]. BmABCF1 is closely
related to HSABCF1 and is a candidate for a translational
regulator. Microarray-based expression analysis revealed
that all ABCE and ABCF genes were highly expressed in
surveyed samples on day 3 of fifth instar larvae, a key stage
for silk protein synthesis and preparation for metamor-
phosis. This suggested that these highly conserved genes
may have fundamental roles in the silkworm. This coin-
cides with the evolutionarily conserved features of these
ABC transporters in the silkworm.
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The ABCB subfamily is best known to be associated
with an MDR phenotype in cancer cells. Our analysis
revealed five ABCB genes (BmABCBI1-5) that appear to be
closely related to fly MDR genes. In insects, the Drosophila
genes Dmr49, Dmr50 and Dmr65 are homologs of mam-
malian MDR genes [43, 44]. Dmr49 is involved in bio-
chemical defense against toxins, while the Dmr65 is
considered to be related to «-amanitin resistance in Dro-
sophila [44, 45]. Therefore, we hypothesized that these
MDR-related genes might be involved in biochemical
defense. Given that the five ABCB genes of silkworm are
most closely related to the human and fly MDR genes,
assigning them to the MDR subfamily of the ABC proteins
according to their putative physiological roles seems rea-
sonable. Additionally, microarray experiments indicated
that many ABC genes were tissue-specific, exhibiting a
strong relevance to the physiological functions of the cor-
responding tissues. For example, BmABCB3 was specifi-
cally highly expressed in Malpighian tubules (Fig. 4),
which are the excretory and osmoregulatory organs of
insects. With our phylogentic analysis, BmABCB3 might
be involved in detoxification in the silkworm Malpighian
tubules. Moreover, BmABCBS5 was especially highly
expressed in testis. Previously more than 1,000 genes were
reported to be expressed specifically in the testis and their
function might be in spermatogenesis [30]. This is sug-
gested that these ABC transporters may be related to
silkworm sex development of the silkworm.
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ABCC transporters have diversified biological func-
tions, including ion transport, toxin secretion and acting as
cell surface receptors [46]. The largest group of ABC
proteins is MRPs, most of which are involved in export of
toxic compounds. Phylogenetic analysis revealed that
BmABCC2 and BmABCC3 are closely related to the
human MRPs (MRP1, MRP2 and MRP3) (Supplementary
Fig. 2). Recently, these transporters have been shown to be
important in immune processes, by translating several
small proinflammatory molecules. For example, prosta-
glandins (PGs) are exported by human MRP4 [47, 48].
LTC4 is involved in the proinflammatory effect on
inflammatory cells and is transported by MRP1 [49],
MRP2 [50], MRP3 [51] or MRP4 [52]. Glutathione (GSH)
is an important cellular antioxidant in cellular detoxifica-
tion pathways, and its level is mediated by MRP1 in tumor
cells [53]. BmABCCI10 is a homolog of HSABCC10/
MRP7, however, both contain an additional N-terminal
series of five transmembrane spans called TMDO, whereas
the TMDO (TMD-NBD), arrangement is present only in
the ABCC family. Cystic fibrosis transmembrane conduc-
tance regulator (CFTR) and sulfonyl urea receptor (SUR)
are two other ABCC subfamilies found in eukaryotes that
function as ion channels. In B. mori, BmABCC9 is a
candidate for the CFTR gene, and this might also be the
case in silkworm. However, the silkworm genome lacked
homologs to the SUR genes. The expression patterns of the
silkworm ABCC genes were also distinct. For example,
BmABCCI14, a silkworm-specific gene, was specially
expressed in testis, as was BmABCC8. However,
BmABCCI10 was expressed in every investigated sample;
furthermore, several ABCC genes were differently
expressed in different tissues. The expansion of ABCC
genes and their diversification in expression pattern might
be important in silkworm evolution.

Although some ABCG transporters such as the human
ABCG2 also confer an MDR phenotype in some cancer
[24, 54], no orthologous genes were found in the silkworm.
The most intensive studies on insect ABCG proteins is in
the Drosophila white-brown complex (white, scarlet and
brown), which is reported to be critical for transporting eye
pigment precursors [6, 55]. In the silkworm, knocking
down Bmwh3 (BmABCG6) by RNAi led to translucent
larval skin and white eggs [56]. A recent study revealed
that Bmwh3 has a single-base deletion in exon 2 and a
premature stop codon at the 5" end of exon 3 in the w-3%°
mutant, which leads to white eyes, white eggs and trans-
lucent larval skin. Moreover, Bmwh3 is responsible for
transport of ommochrome precursors and uric acid into
pigment granules and urate granules [17]. In addition, the
Drosophila brown and scarlet genes are required subunits
for deposition of pteridine pigments [14]. The phylogenetic

tree illustrates that BmABCGS is an ortholog of Dro-
sophila brown genes. It was specifically highly expressed
in the Malpighian tubules (Fig. 4). However, the silkworm
lacked a clearly orthologous relationship to the Drosophila
scarlet gene. The ABCH subfamily has been identified in
Drosophila for the first time [24]. However, the function of
ABCH transporters is unclear. Therefore, no detailed
function predictions can be made about the silkworm
ABCH genes based on phylogeny alone.

The silkworm has been domesticated for more than
5,000 years, and has evolved complete dependence on
humans for survival through human selection [28]. The
complete re-sequencing of 40 Bombyx genomes has iden-
tified 354 candidates for genes that might have been
important for silkworm domestication [28]. Interestingly,
ABCC4 is a domestication-related gene, and was highly
expressed in the midgut (Fig. 4). The silkworm midgut is
the location of nutrient digestion and absorption and rep-
resents the first line of resistance and immune response.
Consequently, we consider that BmABCC4 might have
been important in the midgut during silkworm domestica-
tion. In addition, positive selection of duplicated genes was
found in the ABCB subfamily, which is best known as
associated with acquiring an MDR phenotype. Moreover,
genetic variation analysis revealed that four ABC genes
(BmABCA6, BmABCB2, BmABCC6 and BmABCGI)
were evolving under positive selection (Table 2), sug-
gesting functional diversification of ABC adaptive evolu-
tion in silkworm domestication.

In conclusion, we carried out a comprehensive analysis
of protein structure and evolution of 53 ABC transporters
in the silkworm, and surveyed their expression patters by
microarray. The ABCC subfamily of the silkworm has
expanded more than in other species. The presence of
genes similar to MDR and human MRP genes has deep
implications for biochemical defense. Members of the
ABCE and ABCF subfamilies were evolutionarily highly
conserved, and expressed in all the surveyed samples,
suggesting that these ABC proteins have essential roles in
silkworm. The domestication-related ABC genes likely
were involved in silkworm domestication. These data
provide an overview of silkworm ABC transporters, which
will facilitate further research on these genes.
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