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Cytosolic glutathione S-transferases (GSTs) are a large and diverse gene family in insects. They are clas-
sified into six major subclasses. Sigma, Omega, Zeta, and Theta have representatives across Metazoa
while Delta and Epsilon are specific to Insecta and Holometabola, respectively. In this study, GSTs are
assigned to a subclass by a combination of literature, phylogenetic, and genomic evidence. Moreover,
it is confirmed that GSTs frequently cluster by genomic position as a result of recent gene expansions.
These expansions are largely explained by the number of protein-coding genes in the genome, although
life history is another contributing factor.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Glutathione S-transferases (GSTs) are a gene family of enzymes
involved in detoxifying cells of natural and artificial molecules
(Lumjuan et al., 2005; Ranson et al., 2000; Rogers et al., 1999; Tang
and Tu, 1994). Examples include GST-D1 in Drosophila melanogas-
ter and an unidentified number of GSTs in Pediculus humanus which
are associated with resistance to insecticides (Barrios et al., 2010;
Tang and Tu, 1994). GSTs mainly metabolize these substances by
making them more water soluble, aiding in their excretion from
the organism (Habig et al., 1974).

In insects, there are two major classes of GSTs, microsomal and
cytosolic. The membrane-bound microsomal type is structurally
and evolutionarily distinct from the cytosolic type (Enayati et al.,
2005). The microsomal class contains few gene duplicates - such
as D. melanogaster with only one member (Ranson et al., 2002;
Toba and Aigaki, 2000).

This study is focused on the larger family of cytosolic GSTs. The
cytosolic type has an active site of catalytic activity and typically
forms a dimeric complex. These GSTs are characterized by two do-
mains (Pfam domains PS50404 and PS50405; Hulo et al., 2006), a
N-terminal domain of ~80 amino acid sites and a C-terminal do-
main of ~120 sites. The N-terminal domain contains a site which
interacts with a glutathione molecule. The C-terminal domain con-
tains a site which interacts with the substrate (review by Enayati
et al. (2005)).

This highly diverse insect gene family is divided into six major
subclasses: Delta, Epsilon, Sigma, Omega, Theta, and Zeta. Among
the currently available genomes, the dipterans consistently have
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large expansions of these genes. For instance, Ding et al. (2003)
identified 37 putative cytosolic GSTs in D. melanogaster and 28 in
Anopheles gambiae in contrast to the hymenopteran Apis mellifera
with only 11 GSTs (Claudianos et al., 2006; Honeybee Genome
Sequencing Consortium, 2006). Similar to the eusocial hymenop-
teran, the exopterogote parasite P. humanus has 11 GSTs which
span five of the subclasses (Kirkness et al., 2010). However, this
pattern is not a trend in exopterogotes as the free-living aphid
Acyrthosiphon pisum contains 18 putative GSTs (Ramsey et al.,
2010; Aphid Genomics Consortium, 2010). The current sample of
insect genomes is currently insufficient to distinguish whether
the GST expansion pattern is mainly driven by shared ancestry or
by ecological adaptation to a niche (i.e., parasitism).

The bulk of the GST expansions are in the Delta and Epsilon sub-
classes. These are Insecta-specific while the other four subclasses
have a broader taxonomic distribution (Low et al., 2007; Ranson
et al.,, 2001, 2002; Sawicki et al., 2003). The overall high rate of
turnover of GST genes is especially apparent from studies of the
12 drosophilid genomes (Low et al., 2007; Drosophila 12 Genomes
Consortium, 2007). The turnover does not occur abruptly over time
but instead conforms to a somewhat uniform rate in the loss and
gain of genes. This is not surprising since Hahn et al. (2007) esti-
mated that ~40% of drosophilid gene families differed in size
among lineages and ~20% of gene families were lost altogether
in one or more lineages.

Moreover, Severson et al. (2004) suggested that gene order across
50 kilobases has a one-half probability of being conserved between
D. melanogaster and Culicidae. Therefore, genetic linkage of GSTs
was examined across each genome (Fig. 1). In this study, a diverse
set of insect genomes was examined and expands upon previous
studies of GSTs which generally were restricted to a genus-level
analysis. This set includes: four Diptera, two Hymenoptera, one
Coleopteran, one Lepidopteran, and two outgroup species of
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Exopterogota. The aim was to gather evidence across Insecta of gene
duplication and linkage patterns in this large and diverse gene
family.

2. Methods
2.1. Sequence retrieval

Insect protein-coding sequences were available from VectorBase
(Lawson et al., 2009), FlyBase (Drysdale and the FlyBase Consortium,
2008), BeeBase (Munoz-Torres et al., 2010), SilkDB (Wang et al.,
2005), Baylor College of Medicine (Savard et al., 2006), AphidBase
(Legeai et al., 2010) and BeetleBase (Wang et al., 2007). This study
utilized the following genome assemblies from the above databases:
Aedes aegyptiversion AaegL1, A. gambiae v. AgamP3.5, Culex quinque-
fasciatus v. Cpip]1.2, A. mellifera v. pre-release 2, Tribolium castaneum
v. Tcas 2.0, D. melanogaster v. 5.13.58, Nasonia vitripennis v. 1,
Bombyx mori v. 2.0, A. pisum v. ACYPI and P. humanus v. 1.2. Homo
sapiens protein sequences were obtained from Ensembl (Flicek
etal,,2010). Acomplete physical map was available for T. castaneum,
A. gambiae and D. melanogaster genomes.

Alternatively transcribed proteins were removed wherever
there was sufficient information to show that there were multiple
proteins transcribed at a single locus. In addition, the genomic po-
sition of genes was used to identify gene duplication events. In
other words, close proximity of highly similar genes is likely a re-
sult of tandem or segmental duplication.

Also, it was verified whether unmapped GSTs were unique loci
and not redundant with those already mapped. For instance,
AGAP012702 and AnophelesGSTD5 appear identical at the amino
acid level (Fig. 3 tree), but they actually differ by five nucleotide
substitutions and therefore were not predicted to be at the same
locus. Likewise, AGAP012838 and AnophelesGSTD12 appear nearly
identical at the amino acid level, yet differ by twelve nucleotide
substitutions.

2.2. Size of proteomes

Numbers of protein-coding genes in the culicids were obtained
from: Arensburger et al. (2010); A. mellifera from the Honeybee
Genome Sequencing Consortium (2006); T. castaneum from the
Tribolium Genome Sequencing Consortium (2008); D. melanogaster
from the Drosophila 12 Genomes Consortium (2007); B. mori from
the Silkworm Genome Consortium (2008); N. vitripennis from Wer-
ren et al. (2010); A. pisum from the Aphid Genomics Consortium
(2010); P. humanus from Kirkness et al. (2010). The A. pisum gene
count is based on the “Official Gene Set”, a combined set of NCBI
RefSeq genes and non-redundant GLEAN gene predictions. The
Aphid Genomics Consortium (2010) noted that this set included
partial and unsupported gene models. Therefore, this species was
excluded from the correlation analysis.

2.3. Classification of gene families

The protein-coding genes of Endopterogota and P. humanus
(n=137,945) were clustered into gene families of size >2
(n=14,743) by BLASTCLUST (Altschul et al., 1997); default values
were used, except for a change so the pairwise matching procedure
required amino acid similarity at or greater than 40% across at least
60% of their sequence lengths (Hughes et al., 2005). Once all pairs
of similar amino acid sequences were collated, then the software
clustered them into families by a single-linkage method. This
procedure is optimized for assembling gene family sets which have
many informative sites, leading to robust phylogenetic tree
construction (Hughes et al., 2005). The above family sets with

known glutathione S-transferase genes (GSTs) were used as a core
set of GSTs. This above procedure was repeated by searching with
this core set against protein sequences of the more distant
vertebrate H. sapiens (n=71,913) and the pea aphid A. pisum
(n=34,821).

To find GSTs missed by the above BLAST procedure (Altschul
et al., 1997), a search was performed for GST-type domains among
the set of protein-coding genes. The Prosite database (Hulo et al.,
2006) and search tool (Gattiker et al., 2002; Swiss Institute of
Bioinformatics) were utilized to identify genes with these two
GST domains: PS50404 and PS50405; search criteria were set at
default values. Perl scripts parsed the Prosite output into a
computer-readable format. The GSTs identified by this procedure
were added to the data set except where noted below.

In D. melanogaster, these genes were detected by GST domain
analysis but not verified by BLAST or phylogenetic analysis:
FBpp0084761 (FlyBase annotation: translation elongation factor),
FBpp0085809 (FlyBase annotation: methionine-tRNA ligase), and
FBpp0071969 (FlyBase annotation: unknown function). These
three genes were not considered GSTs and the domain match con-
sidered a spurious result. Also, FBpp0076870 (CG4623) was ex-
cluded since it was not identified by domain analysis nor
sequence similarity (Ranson et al., 2001), even though it was in-
cluded as a GST by Low et al. (2007).

Unclassified GSTs were assigned to a subclass based upon phy-
logenetic-, linkage-, and BLAST-based evidence (Altschul et al.,
1997; Table 1, Supplementary table, and Figs. 1 and 2). These
assignments were annotated in the Supplementary table and veri-
fied with that in the relevant literature. GSTs were assigned to an
“Unclassified” subclass (i.e., GSTu1l) in cases where they were not
confidently assigned to one of the six major subclasses (see column
Other name in the Supplementary table) or in cases where the
literature provided an unrefuted classification. Also, sequences
too short in length for a sequence alignment were labeled as partial
in the Supplementary table and excluded from the phylogenetic
trees.

2.4. Reconciling the data set with previous studies

In A. pisum, Ramsey et al. (2010) identified 10 Delta-GSTs, six
Sigma-GSTs, and two Theta-GSTs. Their GSTs were verified by gene
name and an additional five partial GSTs were identified (Supple-
mentary table). This procedure was supplemented by a TBLASTN
search of the genomic data (Altschul et al., 1997). However, A. pi-
sum sequences were excluded from the Delta/Epsilon-GST tree be-
cause these members were divergent at the amino acid sequence-
level and there was insufficient evidence to consider them as
members of these two subclasses.

In B. mori, Yu et al. (2008) identified 23 cytosolic GSTs by
TBLASTN searches (Altschul et al., 1997). However, this study’s
GST list did not fully overlap with their list. For instance, their
GSTz2 is listed as a Zeta subclass member, yet it was observed to
be very divergent from other Zeta-GST members (not shown).
Therefore, this gene sequence was excluded from phylogenetic
analysis.

In N. vitripennis, Oakeshott et al. (2010) identified a Zeta-GST
which was not predicted in the set of gene models, so this gene
was included (located on scaffold 4). Also, their GSTS5 was recon-
ciled as XP_001605456 instead of XP_001605470 since these two
gene models are overlapping at a single gene locus.

2.5. Phylogenetic analyses
Each glutathione S-transferase (GST) subclass was globally

aligned by MUSCLE (ver. 3.8.31; Edgar, 2004) so a phylogenetic
analysis could generate an evolutionary tree. This analysis was
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Table 1
List of glutathione S-transferase (GST) gene clusters among the Insecta genomes.
Species (total # GSTs) Cluster name # GSTs in cluster Chromosome/scaffold Start position End position
Endopterogotes
Aedes aegypti (29) Aa-1 (E) 8 1.291 894246 947890
15,419 protein-coding genes Aa-2 (D) 4 1.22 2894345 3015437
Aa-3 (T) 3 1.362 1358886 1366897
Aa-4 (D) 2 1.488 208815 210903
Aa-5 (D) 2 1.22 1422025 1424050
Anopheles gambiae (32) Ag-1 (E) 8 3R 28591663 28602188
12,457 Ag-2 (D) 6 2R 55501957 55513812
Ag-3 (D) 6 2R 50990112 51218384
Ag-4 (D) 2 Unknown 33265988 33267405
Tribolium castaneum (33) Tc-1 (E) 12 2 6358378 6386815
16,404 Tc-2 (E) 6 3 2254934 2270560
Tc-3 (S) 3 3 122680 127150
Tc-4 (0) 2 3 14082643 14086376
Culex quinquefasciatus (39) Cp-1 (D) 10 3.36 411773 448594
18,883 Cp-2 (E) 10 3.1224 29909 46551
Cp-3 (T) 4 3.500 205309 211831
Cp-4 (S) 2 3.109 396925 412644
Drosophila melanogaster (37) Dm-1 (D) 11 3R 8190635 8211256
13,733 Dm-2 (E) 11 2R 14284248 14392330
Dm-3 (0) 4 3L 8512054 8517902
Dm-4 (Z) 2 3R 5281310 5284539
Dm-5 (T) 2 2R 5493592 5495730
Bombyx mori (21) Bm-1 (0) 3 nscaf 3031 2572527 2587558
14,623 Bm-2 (D) 2 nscaf 2853 6789865 6799251
Bm-3 (D) 2 nscaf 2279 197459 214701
Bm-4 (S) 2 nscaf 2931 1432778 1456301
Bm-5 (E) 2 nscaf 2986 6071116 6081727
Nasonia vitripennis (18) Nv-1 (S) 2 NW_001816681 1057805 1060453
17,279 Nv-2 (D) 2 NW_001820527 2557631 2563551
Nv-3 (T) 2 NW_001820638 260237 264692
Apis mellifera (11) 10,157 -
Exopterogotes
Acyrthosiphon pisum (24) Ap-1 (D) 3 EQ122826 539 18433
34,604 Ap-2 (S) 2 EQ111817 57033 69411
Ap-3 (D) 2 EQ117811 752 44813
Ap-4 (D) 2 EQ121193 1507 13636
Ap-5 (D) 2 EQ123931 3108 26319
Pediculus humanus (11) Ph-1 (S) 3 DS235271.1 373809 387912
10,773 Ph-2 (D) 2 DS235150.1 52977 57929
Abbreviations for subclass in “Cluster name” column: S = Sigma; O = Omega; Z = Zeta; T = Theta; D = Delta; E = Epsilon.
Drosophila melanogaster | Drosophilid
Aedes aegypti Diptera
Culex pipiens Culicids
Anopheles gambiae
Bombyx mori | Lepidoptera
Tribolium castaneum | Coleoptera
Apis mellifera
I P | Hymenoptera
L— Nasonia vitripennis
— Acyrthosiphon pisum | Exopterogota

L— Pediculus humanus

Fig. 1. Rooted cladogram of 10 insect species (Gaunt and Miles, 2002; Tamura et al., 2004; Honeybee Genome Sequencing Consortium, 2006; Savard et al., 2006; Drosophila
Genomes Consortium, 2007; Wiegmann et al., 2009). A cladogram is not drawn to a scale.

based upon an appropriate model of sequence evolution which was
determined by PROTTEST (ver. 2.4; Abascal et al., 2005). The result
showed that LG +1+ G (Le and Gascuel, 2008) as the best model
that fits to the sequence data set and was supported by all soft-
ware-generated confidence measurements. The I + G is an abbrevi-
ation for invariant sites plus the gamma distribution of

substitution rates among sites. However, the LG + G (four catego-
ries of the rate G) was chosen and the parameter for invariant sites
was removed because I and G are correlated (Yang, 2006).

RaxML (ver. 7.2.6; Stamatakis, 2006) was used to construct
maximum likelihood phylogenies (LG + G model) from the amino
acid sequence alignments. The support values were calculated by
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Fig. 2. Rooted phylogenetic tree of glutathione S-transferases in Drosophila
melanogaster. The six subclasses are labeled on the right-hand side. Bootstrap
values are placed at the nodes where the value is >50. Scale bar shows the inferred
amino acid distance.

a “rapid bootstrapping” procedure (Stamatakis et al., 2008). One
thousand bootstrap sequence pseudoreplicates were generated to
compute a support value at each node (Felsenstein, 1985); the
exception was the condensed topology where five hundred boot-
strap pseudoreplicates were generated (Supplementary Fig. 1; Fel-
senstein, 1989). For the Fig. 5A phylogeny, the 5’ portion of the
gene sequence alignment was deleted because it caused long
branch attraction which led to the highly significant clustering of
the B. mori and A. aegypti GSTs. This edit led to a topology more
consistent with the expected species tree.

Finally, four of the six subclasses, Theta, Zeta, Omega, and Sig-
ma, were rooted with a GST from the outgroup H. sapiens. This out-
group helped to establish the phylogenetic-based evidence of an
unassigned GST belonging to a major subclass. However, this is a
somewhat liberal procedure as it is not known whether a particu-
lar insect GST evolved faster than the human homolog or instead is
older in origin than the vertebrate/insect divergence in Metazoa.

3. Results

The results include phylogenetic trees of the glutathione S-
transferases (GSTs) in Insecta and a table of their linkage patterns.
Fig. 2 has an overview of the six GST subclasses in D. melanogaster:

Sigma, Theta, Omega, Zeta, Delta and Epsilon. The subclasses are
defined by the vast biological literature which is supplemented
by phylogenetic-, linkage-, and BLAST-based evidence (Altschul
et al., 1997; Corona and Robinson, 2006; Ranson et al., 2001). Trees
are shown of each of these subclasses for the class Insecta (Figs. 3-
6) along with any applicable outgroup, such as provided by the
vertebrate.

3.1. Genomic clustering of GSTs

Table 1 enumerates the GST clusters by genomic position. As
compared to the other insects, larger clusters are observed among
the dipterans and the sole coleopteran. Moreover, the clusters are
generally distributed among different chromosomes as opposed to
localizing on a single chromosome (Table 1). These clusters likely
formed by tandem and segmental gene duplication since they tend
to contain members of a single GST subclass with high sequence
similarity among members (see figures and table). Unfortunately,
the genomic map in A. mellifera is insufficient to identify its
clusters.

Wherever possible, unclassified GSTs were assigned to a sub-
class by phylogenetic-, linkage-, and BLAST-based evidence
(Altschul et al., 1997). For instance, AGAP0O09190 is unassigned
and named GSTU4 by the genome database, yet located in linkage
with an Epsilon-GST (GSTE6). In addition, there are six other
Epsilon-GSTs arrayed in a tight cluster with AGAP009190.
Therefore, this linkage pattern (along with sequence similarity
within this cluster) is evidence that this unassigned gene is an
Epsilon-GST. The alternative is that AGAP009190 is not an
Epsilon-GST yet evolution resulted in a recent genome rearrange-
ment leading to its co-localization with the other Epsilon-GSTs.
However, one reason for discounting this possibility is that the
majority of clusters contain members of a single GST subclass with
high sequence similarity. Therefore, AGAP009190 is labeled as an
Epsilon-GST (also, see Ding et al., 2003; Fig. 3).

Furthermore, D. melanogaster CG5224, CG16936, and CG11784
are assigned to the Epsilon subclass by phylogenetic- along with
any synteny-based evidence (see Supplementary table; Claudianos
et al., 2006). Likewise, CG17639 is assigned to the Delta subclass
and CG33546 to the Delta/Epsilon superclass (Supplementary ta-
ble). Where there is no evidence for a subclass assignment, but
there is a literature assignment, then the latter source is used to
classify the gene. For instance, Lumjuan and others (2007) assigned
unclassified GSTs to a superclass (Delta, Epsilon, several Unclassi-
fied members, and the minor subclasses Xi, Iota) and, in this study,
these assignments are used so a common vocabulary exists to doc-
ument the GSTs.

3.2. Correlating GST family size with proteome size

Among the culicids, Arensburger et al. (2010) identified a higher
gene count in C. quinquefasciatus as compared to A. aegypti and A.
gambiae. This observation was credited to large gene family sizes.
However, the Delta/Epsilon-GST tree does not support this pattern.
Although there are a few more copies in C. quinquefasciatus (24)
than in A. aegypti (20), A. gambiae has the most (25). Instead, it is
expected that the Culex species should have more GST members
since it has a larger proteome. However, with the power of a large
number of insect taxa, a positive trend is observed between the to-
tal number of genes in the genome and the number of GSTs present
(R=0.60, p <0.05, one-tailed test).

3.3. Phylogenies of the Delta and Epsilon subclasses

Fig. 2 shows a close relationship between the Delta- and Epsi-
lon-GST subclasses as evidenced by their sharing a common branch
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Fig. 3. Unrooted cladogram of the Delta/Epsilon-GST superclass. The topology is based on a 75% condensed tree obtained by bootstrap analysis. The names of the “Clusters”
correspond to those in Table 1 and branches are colored by “Cluster”. Species abbreviations occur before the gene name and the cluster names are as follows: Aa = Aedes
aegypti, Ag=Anopheles gambiae, Cp = Culex quinquefasciatus, Dm = Drosophila melanogaster, Bm = Bombyx mori, Tc = Tribolium castaneum, Am = Apis mellifera, Nv = Nasonia

vitripennis, Ap = Acyrthosiphon pisum, Ph = Pediculus humanus.

not shared with the other subclasses (moderate bootstrap support
and close sequence similarity). Furthermore, the approximate orig-
ination time of these groups is determined by examining their tax-
onomic distribution (Fig. 3; Supplementary Fig. 2). Given the Delta
subclass contains earlier diverging insects, it is considered older in
origin than Epsilon. For instance, the Delta subclass contains the
earlier diverging exopterogote P. humanus whereas the Epsilon
subclass has no members among the exopterogotes. Therefore,
the Delta subclass is at least as old as the Exopterogota lineage.

The Epsilon-GSTs are confined to the dipterans (Culex, Drosoph-
ila, Aedes, Anopheles), a coleopteran, and a lepidopteran (Fig. 3).
However, Epsilon does not have a GST from Hymenoptera (Nasonia,
Apis). Given this is not a result of gene loss along the hymenopteran
lineage, this lends support to the latest findings that the hymen-
opterans have an earlier origin than the coleopterans. It also sug-
gests that the Epsilon-GSTs evolved from the Delta subclass and
between the times when Hymenoptera and Coleoptera originated
as a lineage (Figs. 1-3).

The Delta and Epsilon subclasses have a general pattern of vast
and recent diversification as supported by individual clades reflect-
ing the speciation events (Figs. 1 and 3). It could be surmised that
these are recent species-level events, but Low and others (2007)
showed that the duplications are often older, at least among the
drosophilids. Tandem and segmental gene duplication are the
likely causes of this pattern of vast gene diversification. Evidence
supporting this mechanism are the phylogenetic branching con-
forming to the species tree along with the genomic clustering of
GSTs (Table 1; Fig. 3).

The diversification is most pronounced in Diptera and in the
coleopteran T. castaneum (Fig. 3, see Tc-1 cluster). For Diptera, this
pattern was created in a fairly uniform way over evolutionary time
(Low et al., 2007). However, the pattern of diversification is un-
known for the coleopteran. Interestingly, many of the culicid
(Aedes, Anopheles, Culex) GSTs are clustering together and are
branching by the culicid speciation pattern. This is evidence that
the culicid GST duplications occurred early in the culicid lineage,
but not earlier than the drosophilid and culicid common ancestor.

In addition, there is synteny evidence supporting the time of
diversification in the Delta-GST subtree (Fig. 3; Supplementary ta-
ble). For example, there is a clade of D. melanogaster GSTs which
are in linkage (Dm-2 cluster, defined in Fig. 3 legend) and a clade
of A. gambiae GSTs which are also in linkage (Ag-1 cluster). The
Dm-2 cluster is localized to chromosome 2R while Ag-1 is on chro-
mosome 3R. Severson et al. (2004) showed evidence that these two
regions are syntenic at the chromosomal level, supporting that
these clades share a common GST ancestor (in an ancient dipteran
or earlier insect ancestor) even though their gene expansions oc-
curred independently. If the majority of these duplications had
not occurred independently in these two lineages, then they would
have occurred in their ancient common ancestor and not along
each of their lineages (Fig. 3).

3.4. Phylogenies of the Theta, Zeta, Omega, and Sigma subclasses

The Theta-GST phylogeny (Fig. 4) contains a member in all sam-
pled insect species and the root is provided by a vertebrate GST. In
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this tree, there are four D. melanogaster genes where three of these
cluster together with a bootstrap support value of 90. They are also
neighbors as defined by position in the genome, likely an effect of
tandem gene duplication. Similarly, there is a cluster of culicid
genes (labeled in the figure) whose diversification occurred in an
ancestral culicid. This timing of diversification is supported by
the bootstrap-supported topology which shows the GST branching
pattern (Fig. 4) as mirroring the culicid speciation pattern (Fig. 1).
Lastly, among the hymenopterans, there is one GST in A. mellifera
yet three copies in N. vitripennis (Oakeshott et al., 2010).

The Zeta-GST subclass (Fig. 5A) shows single members among
the insects except for two species. The exceptions are D. melano-
gaster with two duplicated members and A. pisum which does
not have any members. Overall the pattern shows a gene family
with little gain and loss of members.

The Omega subclass shows four GSTs from D. melanogaster
which are also linked along the chromosome (Fig. 5B; Table 1). This
is evidence of tandem and/or segmental duplication events. If one
accepts the rule of parsimony, then one would favor the duplica-
tion events as caused by segmental duplication since it requires a
fewer number of events. As in the Zeta-GSTs, this subclass mostly
has single members from each species. The exceptions are: D. mel-
anogaster, B. mori and T. castaneum, each with three members, and
N. vitripennis with two members.

The sixth subclass, Sigma (Fig. 6), contains a member of all
species from this study. There is a single GST in D. melanogaster.

However, there are gene duplicates in other species. N. vitripennis
and A. mellifera have eight and four GSTs, respectively (Oakeshott
et al., 2010); note that two of the GSTs in each of the hymenopter-
ans do not appear in Fig. 6 because they are too short to contribute
to a sequence alignment (see Supplementary table for assign-
ments). A. pisum and T. castaneum show gene expansions in this
subclass where each has five members which mainly cluster by
species (Fig. 6). The A. pisum genome is not sufficiently assembled
to confidently map its genes, but T. castaneum is well mapped and
allows the identification of a cluster of four GSTs (labeled as Tc-3).
Each of these four subclasses has a homolog in vertebrate ani-
mals. Therefore, the origins of each of the Sigma, Theta, Omega,
and Zeta subclasses predate the vertebrate and insect divergence
(see Figs. 4-6). It was even proposed that these divergences oc-
curred much further back in time. Enayati et al. (2005) pushed the
origin of the Zeta and Theta subclasses to before the origins of mul-
ticellular life. However, the other two subclasses, Delta and Epsilon,
have no matches to non-insect genes. Therefore, they are considered
to be innovations along the relatively more recent Insecta lineage.

4. Discussion
The glutathione S-transferase (GST) trees show the birth-and-

death process of genes (Nei and Rooney, 2005). This is particularly
pronounced among the Delta and Epsilon subclasses (Fig. 3) where
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Fig. 5. (A) Rooted phylogenetic tree of Zeta-GST subclass. (B) Rooted phylogenetic tree of Omega subclass of GSTs. See Fig. 4 legend for description of annotations.

the turnover of genes in this family is consistent with their role in
detoxifying cells from a varying set of chemical compounds. The
other pattern of interest is the genomic clustering of these genes
(Table 1). This clustering could be evidence of recent duplication
or nature selecting for genomic proximity and efficiency in produc-
ing the GST enzymes. However, it is most likely that the clustering
resulted from recent tandem and segmental duplication events and
this information is utilized to assign GSTs to the subclasses.

The highest number of GST duplicates are in the dipterans and
the sole coleopteran while the two hymenopterans and two exopt-
erogotes have less copies. Within Diptera, the phylogenies show
that the duplication events frequently occurred along the drosoph-
ilid lineage (Low et al., 2007) or along the culicid lineage prior to
the divergence of the three culicids (Lumjuan et al., 2005; Fig. 3).
These independently occurring duplication events correspond to
separate gene family radiations (Ranson et al., 2002; Claudianos
et al., 2006; Low et al., 2007). In addition, this study has shown that
much of the variation in GST family size is explained by number of
protein-coding genes in the genome; however, there are other
contributing causes to the correlation, such as parasitic lifestyle
(P. humanus) and eusociality (A. mellifera).

Further, with the addition of the exopterogotes, this study has
shown that the Delta subclass is Insecta-specific while the Epsilon
subclass is specific to a clade of endopterogotes (Coleoptera/Lepi-
doptera/Diptera). Therefore, these two highly diverse subclasses
are expected to have an ancient role unique to insects. In other
words, these genes were removing chemical compounds from nat-
ural sources and not from artificial sources. This is asserted be-
cause the gene duplications are not recent as they are not highly
similar at the amino acid level (Li, 1997), at least not recent in
the time frame of human society. Therefore, it must be artifactual
that the GSTs are functional in the pathway to remove products or
byproducts of artificial insecticide use.

The other four subclasses have a more ancient origin in Metazoa
or earlier. A very early scenario was introduced by Da Fonseca et al.
(2010) where they identified bacterial homologs with GSTs from
the four subclasses. However, it should be noted this result was
based upon confidence in a Bayesian phylogeny and its posterior
probability support values (Suzuki et al., 2002). Also, these four
subclasses show much less extensive cases of gene expansions,
although some species show an equal or higher count of GSTs
among these subclasses as compared to Delta and Epsilon. For
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example, P. humanus has three GSTs in both the Sigma and Delta
subclasses (Supplementary table).

In conclusion, this study provides a comprehensive survey of
GSTs among the insects. Also, their pattern of forming genomic
clusters is confirmed and it is determined that these clusters are
not orthologous among genera but rather formed independently.
Clusters are formed and maintained across a few million years,
but then are slowly erased by the effects of gene loss. The turnover
of genes by the birth-and-death process has the result of destroy-
ing previously established genomic clusters and creating new ones.
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