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Glutathione S-transferases are important detoxification enzymes involved in insecticide resistance. Sequenc-
ing the Tribolium castaneum genome provides an opportunity to investigate the structure, function, and evo-
lution of GSTs on a genome-wide scale. Thirty-six putative cytosolic GSTs and 5 microsomal GSTs have been
identified in T. castaneum. Furthermore, 40, 35, 13, 23, and 32 GSTs have been discovered the other insects,
Drosophila, Anopheles, Apis, Bombyx, and Acyrthosiphon, respectively. Phylogenetic analyses reveal that
insect-specific GSTs, Epsilon and Delta, are the largest species-specific expanded GSTs. In T. castaneum,
most GSTs are tandemly arranged in three chromosomes. Particularly, Epsilon GSTs have an inverted
long-fragment duplication in the genome. Other four widely distributed classes are highly conserved in all
species. Given that GSTs specially expanded in Tribolium castaneum, these genes might help to resist poison-
ous chemical environments and produce resistance to kinds of different insecticides.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Glutathione S-transferases (GSTs, EC 2.5.1.18) are widespread su-
perfamily genes existing in both prokaryotic and eukaryotic organ-
isms, and they are involved in many cellular physiological activities,
such as detoxification of endogenous and xenobiotic compounds,
intracellular transport, biosynthesis of hormones and protection
against oxidative stress [1]. They mainly catalyze the conjugation of
tri-peptide glutathione (GSH) and electrophilic compounds, increase
the solubility of products and then make them easier to excrete [2].

According to their cellular locations, GSTs are generally divided
into the following three major categories: cytosolic, microsomal,
and mitochondrial GSTs. To date, only the first two groups have
been discovered in insects [3,4]. Cytosolic GSTs are proteins that are
typically comprised of 200–250 amino acids and are active as either
homodimers or heterodimers. Based on sequence homology in the
N-terminus, substrate specificity, immunoreactivity, and sensitivity
to different inhibitors, cytosolic GSTs in insects have been generally
divided into at least six classes, (Delta, Epsilon, Omega, Sigma,
Theta, and Zeta) [5–7]. Among these classes, Delta and Epsilon are
unique and exist only in insects, and the Theta class is thought to
have given rise to cytosolic GSTs [8]. Microsomal GSTs (MGSTs) usu-
ally consist of approximately 150 amino acid residues and are
membrane-bound proteins that are active as trimmers. They have re-
cently been designated as MAPEGs (membrane-associated proteins in
eicosanoid and glutathione metabolism). Topological structures of
rights reserved.
GSTs have been analyzed for a few microsomal members, including
Human MGST1 [9]. Mitochondrial GSTs, also known as the Kappa
class, are dimeric. Its overall topology is similar to that of the disulfide
bond isomerase from E. coli (DsbA). And Ladner et al. proposed that
the mitochondrial and cytosolic GST families diverged from a
thioredoxin-like ancestor, respectively a DsbA-like ancestor and a
glutaredoxin-like ancestor, through parallel mechanisms [10].

Current research of GSTs has focused on the relationship between
GSTs and insecticide resistance in insects. Previous studies have dem-
onstrated that cytosolic GSTs (mainly Delta and Epsilon members)
are involved in resistance to DDT/organophosphate [1]. Recent stud-
ies also showed that GSTe2 and GSTe7 of Aedes aegypti are involved
in resistance to pyrethroid deltamethrin [11]. Interestingly, as some
environmental compounds induce excessive expression of GSTs, cer-
tain GSTs have been utilized as biomarkers of environmental pollu-
tion [12,13]. Research on human GSTs has focused more on how the
GST polymorphisms are associated with susceptibility to cancer
[14,15]. GSTs play a role in the protection of cellular structures and
DNA structures against toxic or carcinogenic compounds [14,15].
With the recent completion of several insect genome sequencing
projects, such as those of Drosophila melanogaster, Anopheles gambiae,
Apis mellifera, and Bombyx mori, 37, 28, 8, and 23 cytosolic GSTs were
estimated to be present in these organisms, respectively [5,6,16–18].
For the microsomal group, only one MGST in D. melanogaster, three
in A. gambiae, and two in A. mellifera were discovered [16].

The red flour beetle, Tribolium castaneum, is a worldwide agricul-
tural pest that produces significant damage to stored cereals. It is
also an important model insect for the study of Coleoptera insects
[19]. As pesticide resistance has dramatically increased, research
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into T. castaneum GSTs has become an especially important issue
[19–21]. Sequencing of the red flour beetle genome enables us to an-
alyze GST structures, functions and evolution, as well as to investigate
how GSTs are involved in pesticide resistance and environmental ad-
aptation. In this study, D. melanogaster GSTs were used as reference
sequences to identify all of the putative GST genes in T. castaneum.
The genomic organization, intron characteristics and evolutionary rela-
tionships were analyzed. Furthermore, GSTs from the newest se-
quenced hemimetabolic insect A. pisum were also annotated and
compared to those of genome-sequenced holometabolic insects. This
comparative genomic analysis of GST genes through hemimetabolic in-
sect A. pisum and other 5 representative holometabolic insects provides
new insight into the evolutionary relationships between GST superfam-
ilies of different insect lineages, promotes research about the adaptation
of GSTs, and will facilitate the development of novel biological
pesticides.

2. Results

2.1. Identification of GST genes

2.1.1. Basic information of GSTs in T. castaneum
A total of 41 genes encoding putative GST proteins, including 36

cytosolic GSTs and 5 microsomal GSTs, were identified in T. castaneum
(Table 1). They covered all six cytosolic classes and microsomal
Table 1
Summary of T. castneum GSTs, based on BeetleBase v3.0, the whole genome database and N

Group Gene name Identity (%) Chromosome Length

Delta TcGSTd1 61 4 216
TcGSTd2 45 4 241
TcGSTd3 44 7 220

Epsilon TcGSTe1 42 2 222
TcGSTe2 50 2 223
TcGSTe3 47 2 215
TcGSTe4 51 2 216
TcGSTe5 49 2 216
TcGSTe6 48 2 224
TcGSTe7 51 2 218
TcGSTe8 46 2 218
TcGSTe9 48 2 216
TcGSTe10 51 2 221
TcGSTe11 52 2 219
TcGSTe12 53 2 219
TcGSTe13 55 3 195
TcGSTe14 51 3 219
TcGSTe15 45 3 214
TcGSTe16 47 3 227
TcGSTe17 43 3 198
TcGSTe18 51 3 217
TcGSTe19 40 3 214

Omega TcGSTo1 37 3 237
TcGSTo2 43 3 241
TcGSTo3 43 3 239

Sigma TcGSTs1 39 3 203
TcGSTs2 44 3 202
TcGSTs3 47 3 204
TcGSTs4 49 3 204
TcGSTs5 41 3 204
TcGSTs6 47 3 204
TcGSTs7 45 5 204

Theta TcGSTt1 48 8 226
Zeta TcGSTz1 85 7 215
Microsomal UN TcMGST1 56 7 151

TcMGST2 41 7 155
TcMGST3 45 7 162
TcMGST4 45 7 152
TcMGST5 43 9 153
TcGSTu1 39 2 231
TcGSTu2 32 3 379

a Accession number of the T. castaneum genome database (http://beetlebase.org/cgi-bin/
b GenBank accession number.
groups. Among the 41 GSTs, 34 were directly mined from BeetleBase
predictions, whereas the other 7 members were mined from the
unannotated genome database or NCBI. They were renamed as
TcGSTd1, TcGSTd2, etc., according to their relative position on the
chromosome.

Interestingly, two insect-specific classes, Delta and Epsilon GSTs,
have significantly different profiles in T. castaneum. It has fewer Delta
GST genes (3 genes), significantly fewer than other species. By contrast,
T. castaneum has the most Epsilon GSTs genes (19 genes), which were
highly duplicated in T. castaneum. The Omega, Theta, Zeta and Sigma
classes possess three, one, one and seven members respectively.
T. castaneum possess the most microsomal GSTs (5 genes) among the
six insect species (Table 2). There are also two other GSTs, which we
could not classify into any known class. A BLAST search of TcGSTu1 in
NCBI aligned GST-containing FLYWCH zinc-finger protein and TcGSTu2
across 379 amino acid residues, whichwere obtained from the query of
the longer, atypical GST CG4623 that structurally diverged from other
GSTs (Table 1).

2.1.2. GSTs in other insects
Previous studies have reported 38 Drosophila GST genes, includ-

ing 37 cytosolic GSTs and 1 microsomal GST (CG1742). We compiled
all of these data [6,22] and added new GSTs to this list. Three addi-
tional genes, 1 cytosolic GST CG4623 and 2 microsomal GSTs
CG33177 and CG33178 were included (Supplementary Table S1).
CBI.

of putative proteins Numbers of intron EST Accession number

2 + XP_974273b

5 − JN695809b

3 − GLEAN_09482a

2 + GLEAN_04450a

2 − GLEAN_04449a

2 − GLEAN_04448a

2 − GLEAN_04447a

2 + GLEAN_04940a

2 − GLEAN_04941a

1 + GLEAN_04942a

2 − GLEAN_04446a

2 − GLEAN_04445a

2 + GLEAN_04444a

2 − GLEAN_04443a

2 − GLEAN_04442a

2 − GLEAN_03104a

2 − GLEAN_03345a

2 − XP_971268b

2 + XP_971327b

2 − GLEAN_03347a

2 + GLEAN_03348a

2 + GLEAN_03103a

3 − XP_971118b

2 − XP_971184b

3 + GLEAN_00054a

3 − GLEAN_03231a

3 + GLEAN_03232a

3 + GLEAN_03233a

3 + GLEAN_03496a

3 − GLEAN_02878a

3 − GLEAN_00067a

0 − GLEAN_13948a

4 + GLEAN_06215a

3 − GLEAN_09842a

1 + XP_968617b

1 − GLEAN_09129a

1 − JN695810b

2 − JN695811b

2 − GLEAN_11646a

4 + GLEAN_00522a

3 + GLEAN_03336a

gbrowse/BeetleBase3.gff3/).

http://beetlebase.org/cgi-bin/gbrowse/BeetleBase3.gff3/


Table 2
Comparison of GST gene numbers of six insects lineages.

GST T. castaneum A. pisum D. melanogaster A. gambiae A. mellifera B. mori

Delta 3 16 11 17 (12)a 2 (1)a 5
Epsilon 19 1 14 8 0 8
Omega 3 2 4 (5)a 1 2 (1)a 4
Sigma 7 6 1 1 4 2
Theta 1 2 4 2 1 1
Zeta 1 0 2 1 1 2
Microsomal 5 2 3 (1)a 3 2 0
UN 2 3 1 (0)a 2 (3)a 1(0)a 1
Total 41 32 40 35 13 23

Numbers without parentheses represent our results which are the same with previous studies.
a Numbers within parentheses are cited from the reference documents (D. melanogaster GST numbers cited from [6,22], A. gambiae numbers cited from [5,6,22], A. mellifera num-

bers cited from [16,17] and B. mori numbers cited from [18]).
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However, there is a gene, CG6673, which is an isoform that is alterna-
tively spliced to generate CG6673A and CG6673B, which were previ-
ously considered to be 2 unique GSTs. We determined that they were
only a single GST, thus, a total of 40 GSTs were used in this new GST
set to identify GSTs from five additional insect species (Table 2).

Based on the very recently completed hemi-metamorphosis insect
genome sequence of A. pisum,we identified 30 cytosolic GSTs and 2mi-
crosomal GSTs from A. pisum (Supplementary Table S2). Among the 32
GSTs, there are 10 GSTs (7 in Delta, 1 in Epsilon, 1 in Omega and 1 in an
unknown class), differing greatly from the usual lengths of 200–250
amino acid residues. Among these 10 GSTs there were 7 with only
C- or N- terminal regions. We hypothesized that they might be partial
fragments of GST genes and attempted to re-annotate them using EST
evidence and genome scaffold information but failed. Because these in-
complete genes influenced the alignment of GST sequences, they were
excluded in further phylogenetic analysis.

In A. gambiae, 32 cytosolic GSTs and 3 microsomal GSTs were found
(Supplementary Table S3). The resultswere largely consistent with ear-
lier reports [5,6,22]. One difference was that AgGSTu2 and AgGSTu3
were classified into the Delta class based on our new analysis as a result
of high bootstrap values in the phylogenetic analysis. Another differ-
ence was that an unknown member AGAP006132 was added, which
was obtained from the longer atypical GST CG4623. In addition, three
more GST candidates, AGAP012702, AGAP012838, and AGAP012839,
were identified from the floating scaffolds of the A. gambiae genome se-
quence, and their nucleotide sequences were strikingly similar to
AgGSTd5 (99.2%), AgGSTd12 (97.9%) and AgGSTd4 (99.0%), respective-
ly. However, their chromosomal locations were unknown, andwhether
they were newly duplicated GST genes is still unclear.

InA.mellifera, 11 cytosolic GSTs and 2microsomalGSTswere found. In
addition to the 10 GSTs that were discovered in previous studies [16,17],
three other GSTs, GB19772 (Delta class), GB19678 (Omega class), and
GB10031 (unknown class), were newly identified here (Supplementary
Table S4). However, GB19772 and GB19678 are likely partial fragments
of GST genes, which might be the reason why they were missed in the
previous analysis. We combined both genome and EST information and
corrected the length of GB19678 from 169 to 211 amino acid residues,
but we failed to determine the structure of GB19772.

In B. mori, we re-annotated 23 cytosolic GSTs, which were identi-
fied by previous research [18] (Supplementary Table S5). The only
minor difference is that the previously unclassified BmGSTu2 was
sorted into the Epsilon class according to our new phylogenetic anal-
ysis as we largely increased the insect GSTs gene set and made it eas-
ier to classify them. No MGST members were found in the B. mori
genome database in SilkDB v2.0 or NCBI.

2.2. Gene structure of GSTs

2.2.1. Genomic organization of T. castaneum GSTs
Thirty eight of 41 TcGSTs were mapped to 4 of the 10 T. castaneum

chromosomes, whereas the remaining three were assigned to 3 other
chromosomes (Fig. 1). Relatively high densities of TcGSTs were discov-
ered on chromosomes 2 and 3, which were arranged into clusterIto V
respectively. 19 Epsilon TcGSTs were divided into two clusters, which
we named as cluster Iand II, and were located separately on chromo-
somes 2 and 3. Six members of the Sigma GST class were divided into
cluster III and IV and were located at both ends of cluster II of Epsilon.
Three Omega GSTs were also located on chromosomes 3 and were des-
ignated as cluster V. In addition to the cytosolic GSTs, four MGSTs con-
stituted cluster VI and were located separately on chromosomes 7.

Tandem duplications are a general feature of the distribution of GST
genes. This was found in all genome-sequenced insects, except that it
was unclear inA. pisum, as its rawgenome sequencewasdifficult to assign
chromosomal locations. This feature is more remarkable in the Delta and
Epsilon classes than that in other classes, especially inD.melanogaster and
T. castaneum. In D. melanogaster, all Delta members are tandem, as are 10
members of Epsilon. In T. castaneum, twoDeltamembers are tandem, and
the Epsilon class is made up of two tandem clusters.

2.2.2. Intron-exon structure of T. castaneum GSTs
Of the 41 T. castaneum GSTs, only one intronless gene (TcGSTs7)

has been found (Fig. 2 and Table 1). This is similar to the number of
intronless genes observed in A. mellifer and B. mori (one intronless
GST) [16,18] and A. pisum and A. gambiae (three intronless GSTs) [5]
but far less than the number observed in D. melanogaster, which has
20 intronless GSTs (10 Delta and 10 Epsilon GSTs) [23]. In total, at
least 94 introns have been identified from the 41 T. castaneum GST
genes (Table 1). Each class of T. castaneum GSTs had similar intron
numbers. Furthermore, most cytosolic TcGSTs possessed 2–3 introns,
and they shared two conserved intron positions at approximately the
45th codon and 115th/100th codon from the 5′ end of the gene. Few
of the TcGSTs possess a different number of introns. For example,
TcGSTd2 has the largest number of introns (5 introns), and TcGSTs7
is intronless. Moreover, most microsomal GSTs possess fewer introns
(1–2 introns) in insects (Supplementary Tables S1–5).

Of the 94 introns, their sizes ranged from 37 to 2978 bp among the
T. castaneum GSTs, for an average of 248 bp. There are 74 short introns
(b100 bp), 13 longer introns (100–1000 bp) and 7 especially long in-
trons (>1000 bp). Of these, 64, 24, and 6 belong to phase 0, phase 1,
and phase 2 introns, respectively. Phase 0 introns showsignificant dom-
inance compared with the other two groups. The insect-specific classes
(the Delta and Epsilon classes) only contain Phase 0 introns except that
TcGSTd2 contains 2 Phase 2 introns. Phase 1 introns mainly existed in
non-insect specific classes, which include Omega, Sigma, Theta, and
Zeta GSTs. 4 additional Phase 2 introns were present in two TcMGSTs,
one Theta and one unknown GSTs.

2.3. Evolution of GSTs

2.3.1. Hypothetical expansion history of T. castneum GSTs
A phylogenetic analysis of each sub-class of GST was performed.

By combining these results and the distributions of GST genes in the



Fig. 1. The location of GST genes in the T. castaneum genome. Each vertical bar represents a GST gene. The arrows indicate gene orientation. Dashed lines represent an especially long
chromosome distance. The regions with more than three tandem GST genes from the same class are considered to be a cluster.
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genome, the hypothetical expansion history of T. castneum GSTs was
reconstructed (Fig. 3, Supplementary Fig. S1). Analysis of the GST
families of A. gambiae, D. melanogaster and A. aegypti shows that the
Epsilon class is organized as a single gene cluster [24]. However, Epsi-
lon GSTs in T. castaneum consisted of two clusters, which were named
clusterIand II, on the second and third chromosomes, respectively.
There are four pairs of corresponding genes within clusterIand II in
the tree, TcGSTe13 and TcGSTe10 to TcGSTe12, TcGSTe14 and
TcGSTe3 to TcGSTe5, TcGSTe15 to TcGSTe18 and TcGSTe2, and
TcGSTe19 and TcGSTe1. This shows that the original Epsilon GST
gene was duplicated and formed four copies on Chromosome 2, and
then had a one-time long-fragment duplication generating another
four copies that were inserted into Chromosome 3 (Figs. 1 and 3).
Fig. 2. Exon–intron structure of each T. castaneum GST gene. Boxes and horizontal lines repre
Exons and short-length introns were drawn to scale. Phase 0, -1, -2 are marked by no, righ
The arrangement of the genes in cluster Iis in inverted order with
those of cluster II. This indicated that this might represent an inverted
long-fragment duplication with these four GST genes. After this pro-
cess, these genes seemed to have experienced a series of additional
tandem duplications and rearrangements and finally formed 19 Epsi-
lon GSTs. Clusters III and IV, mostly on the same chromosome except
TcGSTs7, seemed to have experienced six rounds of tandem duplica-
tion and a rearrangement. In the last round, a newly generated
gene, TcGSTs7, translocated to another chromosome. Cluster V has
only three members and possibly only experienced 2 duplications.
The expansion of cluster VI is similar to that of clusters III and IV,
with a jumping and a rearrangement, and three rounds of tandem
duplication.
sent exons and introns. Dashed lines indicate introns with a length longer than 900 bp.
t and left arrowheads, respectively.

image of Fig.�2


Fig. 3. Hypothetical expansion histories of T. castneum GSTs in each cluster. The most parsimonious scenario of expansion was assumed by combining both the gene tree and dis-
tribution of genes within clusters. Neighbor-joining trees are shown and ML trees are available in Supplemental data Fig. 2. The letters T, L, R, I indicate putative tandem duplica-
tions, long-fragment duplications, rearrangements and inversions, respectively.

331H. Shi et al. / Genomics 100 (2012) 327–335
2.3.2. Species specificity and evolutionary conservation
A phylogenetic analysis of all six species GSTs was performed

using DmMGST1 as an outgroup. These experiments revealed that
there are two types of evolutionary patterns on the phylogenetic
tree. One type is the genes that had experienced species specific ex-
pansion (Fig. 4 and Supplementary Fig. S2) and another type is
those genes that had near orthologous clusters with few duplications
of non-insect-specific GSTs, which were highly conserved.

Epsilon GSTs are insect-specific GSTs, and they were highly expand-
ed in D. melanogaster, A. gambiae, B. mori and T. castneum (Fig. 4A),
suggesting that this class should have larger variation between different
species and higher conservation within the species. This indicated that
this family was highly expanded after insect speciation. However, this
insect class was absent in A. mellifera. Delta, another insect-specific
class also showed a similar species-specific expansion pattern (Fig. 4B).

The widely distributed, non-insect-specific GSTs had near
orthologous clusters with few duplications. Zeta GST is the most
highly conserved class, shows 37.9–86.0% (average 64.2%) identity
within the class and likely formed as one orthologous cluster
(Supplementary Figs. S1 and S4). Each insect has one copy of a
Zeta GST, except D. melanogaster and B. mori, which have two cop-
ies and A. pisum, which lacks the genes entirely. The second con-
served class is Theta, which shows 27.3–65.4 (average 41.5%)
identity within the class. Similar to the Zeta class, every insect
has one Theta GST, except A. pisum, D. melanogaster and A. gambiae
have 2, 4 and 2 copies, respectively (Supplementary Figs. S1 and
S4). The other two non-insect-specific GSTs, Omega and Sigma,
were also less highly duplicated in insects, but they have slightly
higher expansion than those of Zeta and Theta. The Omega class
has expanded in B. mori and T. castneum, and the Sigma class is
also larger in A. pisum and T. castneum, which shows a certain de-
gree of species-specificity (Supplementary Fig. S5).

2.4. Microsomal GSTs

Microsomal GSTs, which are now grouped into MAPEG, are also
ubiquitous. Multiple sequence alignments and calculations of evolu-
tionary trees revealed that MAPEG consisted of MGST1, MGST2,
MGST3, and three additional subfamilies, leukotriene C4 synthase
(LTC4S), 5-lipoxigenase activating protein (FLAP), and prostaglandin

image of Fig.�3


Fig. 4. Neighbor-joining consensus tree of Epsilon and Delta GSTs. A. Phylogenetic tree of insect Epsilon GSTs. B. Phylogenetic tree of insect Delta GSTs. Dm, Ag, Tc, Bm and Ap are
abbreviations of Drosophila melanogaster, Anopheles gambiae, Tribolium castaneum, Bombyx mori and Acyrthosiphon pisum. The ML tree is shown in Supplemental Fig. S2.
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E synthase (PGES) [9,10]. The insect MAPEG members are most simi-
lar to MGST1 and PGES [25]. Evolutionarily, it is thought to be formed
by domain insertion from GRX-1, whereas cytosolic GSTs formed by
domain addition [10].

The number of microsomal GSTs is significantly less than the num-
ber of cytosolic GSTs. All 15 MGSTs of the five insect species were
aligned (Fig. 5), and there was a highly conservative motif, which
has 16 amino acids (VERVRRAHRNDLENIL, marked by a box in
Fig. 5). This motif also exists in human and rat MGSTs [26], but it is
different from cytosolic GSTs, which have the consensus sequence
SNAIL/TRAIL in their N-termini [27,28].

3. Discussion

According to GST cellular location, GSTs are generally divided into
three major categories, cytosolic, microsomal, and mitochondrial.
Previous studies usually focused on cytosolic GSTs, while research of
microsomal GSTs usually concentrated on human diseases. Consider-
ing microsomal GSTs may also play a role in xenobiotic detoxification
[29], both of these groups were analyzed in the six genome se-
quenced insect species. 36 putative cytosolic GSTs and 5 microsomal
GSTs were identified in T. castaneum, and 2 of them could not be clas-
sified into any known classes. A total of 41 GSTs were identified, and
this is comparable to the number found in Dipteran insects (40 in
D. melanogaster, and 35 in A. gambiae). It is far more than that of in
the other insect species. T. castaneum has largest number of Epsilon
GSTs (19 genes), however it has fewer Delta GSTs.

For multiple reasons, the GST numbers are variable among the six
insect lineages. Delta and Epsilon are especially expanded in insects,
and they occupy over 50% of the entire cytosolic subgroup except in
A. mellifera, which is consistent with previous studies from the dipter-
an insects [6]. Gene duplication is a fundamental process in evolution
and is believed to play leading roles for the creation of novel gene
functions [30]. Gene family expansion is mainly through gene dupli-
cation. The hypothetical expansion history for Epsilon class contains
a number of tandemly arrayed Genes (TAGs), which account for
about one third of the duplicated genes in eukaryotes [31]. But
long-fragment duplications are relatively rare. It is now estimated
that ~5% of human genetic material is composed of segmental dupli-
cations [32]. To date, the formation mechanism of long-fragment du-
plications remains obscure [33].

Different functions are suggested by changes in the size of GST
protein families, which can indicate adaptation [22]. T. castaneum is
a seriously harmful insect to granaries, and it is noteworthy that
T. castaneum has a strikingly larger Epsilon class than the others. Pre-
vious studies have demonstrated that Epsilon GSTs correlate with de-
toxification. For example, Ortelli et al. illustrated that GSTe2-2 in
A. gambiae was able to metabolize DDT [34]. GSTe2 in A. aegypti

image of Fig.�4


Fig. 5. Multiple alignments of microsomal GSTs. TM indicates transmembrane regions, using Rattus norvegicus MGST1 (GenBank accession number: NP_599176) as a template se-
quence from the website (http://swissmodel.expasy.org/). Conserved residues are marked with an asterisk.

333H. Shi et al. / Genomics 100 (2012) 327–335
confers resistance to DDT as well [11]. The association of amplifica-
tion of GST gene and resistance has also been proved [35–38]. Rason
and Claudianos thought that the multiple independent radiation of
Delta and Epsilon class in D.melanogaster and A. gambiae suggested
their important roles in the adaptation to environmental selection
pressures [6,16]. Ayres et al. conjectured that Epsilon clusters might
be important for adaptation to different habitats and calculated the
likelihood ratio test of positive selection at sites of Epsilon class.
Their results demonstrated that at least one gene GSTe5 was under
positive selection [39]. These inferred that Epsilon clusters could
help to survival under the selection pressures. Associated to the de-
toxification function of Epsilon class, it suggested that T. castaneum
has higher insecticides resistance and adaptability may be due to
the expansion of this class. And then, it could help the beetle survive
in the presence of poisonous or rugged environments.

To date, Delta and Epsilon GSTs are the only two classes that have
been postulated to affect pesticide sensitivity. It is not clear that how
many GST genes are necessary to provide adequate detoxification ca-
pacity. Papadopoulos et al. found two main GST isoenzymes were
present in A. mellifera, playing essential roles in the survival of insects
exposed to endogenous or exogenous xenobiotics and these two GST
isoenzymes were controlled independently [40]. Later it was charac-
terized that A. mellifera has only two Delta GSTs and no Epsilons. In
the opinion of Claudianos et al. this might be the reason that the hon-
eybee was one of the main non-target species in toxicological studies
of new insecticides [16]. A plausible explanation is that A. mellifera
does not have significant exposure to insecticides, and these two
Delta GSTs are capable of combating the environmental selection
pressures, which might involve behavioral adaptation [16,40].

MGSTs were found in the insects mentioned above except B. mori.
It was assumed this was a consequence of food habit. MGSTs are rel-
evant for the biosynthesis of arachidonic acid, which is the prosoma
of prostaglandin. Arachidonic acid and prostaglandin both have
intense inhibitory action toward gastric juice secretion [41–43].
Compared with the other insects analyzed in this manuscript,
B. mori needs more gastric acid to digest the abundant mulberry leaf
and it may maintain the digestive function by degrading the micro-
somal subfamily. However, this is not consistent with the fact that
there are microsomal members in other herbivorous insects, such as
Heliothis virescens (Lepidoptera).

Variations in gene (exon-intron) organization are oftenused to under-
stand evolutionary relationships [44]. Given that cytosolic andmicrosom-
al GSTs had significant differences in both sequence and gene structure
similarity, only intronnumbers in the cytosolic GSTs groupwere analyzed
and compared among 6 insect species. The average number was 3.3 in-
trons per gene in A. pisum (Homoptera), 2.8 in A. mellifera (Hymenop-
tera), 2.4 in T. castaneum (Coleoptera), 3.1 in B. mori (Lepidoptera), 1.5
in A. gambiae (Diptera) and 1.0 in D. melanogaster (Diptera). This analysis
shows that the intron numbers of GSTs were reduced as their evolutional
status increased from the basal Homoptera to advanced Diptera insects,
with the exception of B. mori (Supplementary Fig. S6) [45]. This might
be because genes with fewer introns havemore rapid response to endog-
enous and xenobiotic compounds than those with more introns [46].
Higher insects need to be able to generate fast responses to multiple en-
dogenous and xenobiotic compounds, and thus they have possessed
more rapid GST transcription and expression regulation by reducing the
number of redundant introns. So far the whole genome of about 40 in-
sects have been sequenced. These insects belong to seven orders, respec-
tively Homoptera, Hymenoptera, Coleoptera, Lepidoptera, Diptera,
Hemiptera andPhthiraptera. The representative insects of thefirstfive or-
ders have been chosen and analyzed here, of course, datas of other insects
such as Rhodnius prolixus (Hemiptera) and Pediculus humanus corporis
(Phthiraptera) will enrich the credibility in the future study.

In addition to the best-characterized function in insecticide resis-
tance, the Alpha, Pi and Mu classes in humans are mediators of signal-
ing pathways that are involved in cell proliferation and cell death by
interacting with important signaling proteins in a non-enzymatic
way [47]. This suggests that GSTs have far more functions than was
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previously believed. Here we presented an overview of the genomic
organization and evolution of six insect GSTs. However, little is
known about how these genes are related to the degradation of insec-
ticides and other xenobiotics, and what the mechanisms are that pro-
duce insecticide resistance for each individual GST. Thus, further
functional research of TcGSTs is needed to identify their potential
functions and mechanisms. Moreover, limited to the bulkiness of
the GSTs superfamily, high throughput techniques such as proteomics
and transcriptomics are expected to facilitate the resolution of this
issue.

4. Materials and methods

4.1. Identification and annotation of GST genes in T. castaneum and
other insects

To search for putative GST genes from T. castaneum and other in-
sect genomes, D. melanogaster GST genes were utilized as reference
sequences to perform TBLASTN searches. Combing the results from
Rason and Low [6,48], 38 D. melanogaster GSTs were collected. Thus
this primitive query set was used to validate the search power on
D. melanogaster genome database itself. As results, not only those
query GSTs were validated, but also three more putative GST genes
were raised out. Finally a set of 40 DmGSTs was characterized, includ-
ing 37 cytosolic GSTs and 3 microsomal GSTs as references. With a
few changes, our set has the four following differences:

a. Two Delta members CG4371 and CG4381 were kept, and they are
classified as pseudogenes by previous research. However, later
Sawicki, R et al. demonstrated that they were expressed [23].

b. CG6673A and CG6673B were considered to be one gene, and pre-
vious research considered them as two independent genes.

c. CG4623 was included, which was classified as ganglioside-induced
differentiation-associated protein-1 (GDAP1) by Antonio Marco
[49]. However, it contained the feature domains of GSTs in its
N-terminal and C-terminal regions. Previous research excluded it
because it was too long and too divergent from other GSTs.

d. As for microsomal GSTs, three genes CG1742, CG33177, and
CG33178 were adopted [17], and in the anterior set only CG1742
was adopted.

To further certify the integrity of the reference set, GSTs of relatively
deeply researched insect A. gambiae were first analyzed. The results
completely covered the earlier reports besides our new adopted
referenced genes. Thus, these GST genes were utilized as queries to
perform tblastn searches against the whole genome database of
T. castaneum (http://beetlebase.org/) and the NCBI database (National
Center for Biotechnology Information). Similarly, A. pisum GSTs were
searched from AphidBase (http://www.aphidbase.com/aphidbase/)
and NCBI. Although GSTs of A. gambiae, A. mellifera and B. mori have
been analyzed previously, as their genomic data has been re-assembled
or renewed recently,we re-analyzed those data independently to validate
the results from the genomic databases, VectorBase (http://www.
vectorbase.org/index.php), BeeBase (http://genomes.arc.georgetown.
edu/drupal/beebase/) and SilkBase (http://silkworm.swu.edu.cn/silkdb/).

4.2. Multiple sequence alignments and phylogenetic analyses

Multiple alignments of the amino acid sequences were performed
using ClustalW2 at the website (http://www.ebi.ac.uk/Tools/clustalw2/
index.html). The phylogenetic trees were constructed using MEGA 5.0
software using the Neighbor-Joining (NJ) method [16,50]. Poisson
models and pairwise deletions were selected. 1000 bootstrap tests
were performed and values lower than 50% were not shown. The
maximum-likelihood (ML) trees were generated using PHYML3.0
(http://www.atgc-montpellier.fr/phyml/) [51] by the LG amino acid sub-
stitution model.
4.3. Genomic location and hypothetical expansion history

The chromosome locations and orientations were analyzed for
each GST gene of T. castaneum. Some tandem GSTs were designated
as clusters. According to both the gene tree and the positions of
genes within clusters, the hypothetical expansion history of each
cluster was reconstructed. Gene duplication, loss, and rearrangement
were shown with the most parsimonious scenario.

4.4. EST evidence of T. castaneum GSTs

The EST database of T. castaneum was downloaded from BeetleBase
and NCBI, which was utilized to search for EST evidence by local Blast.
Putative GST coding sequences were used as queries, and a 95% or
greater identity and minimum cut-off E-value (e-20 or smaller) were
employed to discriminate between duplicated genes [18].
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