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Abstract

Oligoarray analysis was used to determine the number
and nature of genes expressed in third instar Drosophila
melanogaster larval midguts. The majority of transcripts
were associated with protein synthesis and metabolism.
Serine proteases were the main proteolytic enzymes
detected. Some 40% of the cytochrome P450 genes
and 74% of the glutathione S transferases (GSTs) in
the genome of D. melanogaster were observed to be
expressed in the midgut by oligoarray analysis. We
also identified potential transcription factor binding
motifs (TFBMs) of P450s, GSTs and carboxylesterases.
Many of the midgut-expressed GST genes contained
candidate TFBMs homologous to TFBMs in mammals
that have been associated with responses to oxidative
stress. We also investigated the response of GSTs in
the midgut to dietary H,0,, which showed a dosage-
based differential response.
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Introduction

Over the past several decades interest has grown in
pesticides that target the insect digestive system. Particular
attention has been given to proteins that affect insect-
specific gut receptors because the genes encoding such
proteins can be used in transgenic plants to serve as
plant defences. For example, the soil bacterium Bacillus
thuringiensis (Bt) produces a toxic protein that targets
receptors in the insect midgut. Btis considered to be a safe
insect control agent from the perspective of both human
health and the environment.

A significant threat to Bt-based insect control is the
potential for resistance to evolve (Tabashnik et al., 1994;
Bauer, 1995; Schnepf et al., 1998; Ferre & Van Rie, 2002;
Chilcutt & Tabashnik, 2004). Although efforts have been
made to discover other toxins useful in transgenic insect
control, genes encoding Bt toxins are the only group of
proteins that have been proven to be of commercial value
thus far. Given the dearth of useful resistance gene classes,
there is a need to identify novel potential target sites in
the insect digestive system that may be exploited for the
development of novel classes of insect control agents. For
example, Baum et al. (2007) have recently demonstrated
the concept of using transgenic plants expressing insect-
specific dsRNAs as an insect control strategy. Discovery
of novel insect digestive system target sites that may
ultimately be useful in such a strategy will require a better
understanding of the genes and corresponding proteins
that are expressed in the insect midgut.

Better understanding of the genomics of the insect diges-
tive system may also provide new insights into: (1) human
digestion, nutrition, diseases of the digestive system and
issues associated with weight gain, or loss, or both; (2) the
evolution of the insect digestive system, which represents
a crucial interface between the animal and its environment;
and (3) a better understanding of plant-insect interactions.
For example, it has been hypothesized that the divergence
in total numbers of cytochrome P450s and glutathione
S transferases (GSTs) associated with different insect
genomes is a reflection of the diversity of the toxins they
experience in their diet (Enayati et al., 2005). Thus, in the
genomes of polyphagous insects we would expect a greater
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number of genes encoding detoxification enzymes compared
to monophagous insects. As a corollary to this hypothesis,
if cytochrome P450s, GSTs and carboxylesterases play
important roles in detoxification of compounds found in
the diet, then we would expect to find a large number of
P450s and GSTs associated with the midgut. To date, no
comprehensive study has addressed the question of how
many P450s, GSTs and carboxylesterases are associated
with the midgut.

Currently, we have a limited understanding of the genomic
profile of any insect digestive system. Recently, expressed
sequence tag (EST) studies and cDNA spotted arrays have
been used in developmental and nutritional studies as well
as in an attempt to determine the complement (or subset)
of genes specifically associated with insect digestive
systems (Zinke et al., 2002; Li & White, 2003; Pedra et al.,
20083; Arvestad et al., 2005; Mittapalli et al., 2005; Siegfried
et al., 2005). The EST approach, however, may not accurately
reflect the complement of genes being expressed (Wang
et al., 2004).

Thanks to the availability of whole-genome oligoarrays in
Drosophila (Adams et al., 2000), we now have the capacity
to describe many of the genes expressed in a given tissue,
i.e. those that are expressed at or above the level of
detectability in the oligoarrays. Even so, we still do not know
the complement of genes associated with the midgut of
third instar Drosophila larvae (Li & White, 2003). The third
instar Drosophilalarva represents a developmental stage at
which (1) high level of feeding occurs, (2) effective feeding
bioassays can be performed, and (3) the midgut is large
enough to be easily dissected.

In this study, we investigated the genes associated
with the midgut of third instar D. melanogaster larvae. This
allowed us to determine the number of cytochrome P450s
and GSTs associated with the midgut. We also identified
the potential DNA transcription factor binding motifs (TFBMs)
of cytochrome P450s, GSTs and carboxylesterases expre-
ssed in the third instar larval midguts. As some of the
candidate TFBMs for the midgut-associated GSTs were
observed to be linked to the oxidative stress response, we
also tested the effect of an oxidative stressor, hydrogen
peroxide, on expression of GSTs.

Results and discussion

Functional annotations of Drosophila melanogaster midgut
transcriptome

We observed 2943 probes (P < 0.001, ANOVA) representing
2923 different transcripts to be present on all three replicates
of the oligoarrays (Supplementary Material Table S1). Sixty
five per cent (1908/2923) of genes were functionally
annotated using the gene ontology database. Based on the
function annotations of the Affymetrix’s NetAffx™ Analysis
Center (http://www.affymetrix.com/analysis/index.affx),

the transcripts were assigned to one of eight functional
categories. A group of 810 of these genes (42.5%) was
associated with protein synthesis and metabolism. It
included a suite of genes involved in protein catabolism,
biosynthesis, modifications, proteolysis and degradation.
Two-hundred and forty-four genes were associated with
transport (12.8%), 229 genes were associated with the
cytoskeleton (12.0%) and 189 genes coded for proteins
associated with DNA/RNA binding (9.9%). The number of
genes involved in detoxification, transcription/translation,
development and signalling were respectively 133 (7.0%),
121 (6.3%), 93 (4.9%) and 89 (4.7%) (Supplementary
Material Table S1). Many genes in the midgut were associated
with metabolism and protein synthesis; corroborating the
results of Arbeitman et al. (2002).

EST midgut libraries vs. microarrays

Previous transcriptome studies of insect midguts involved
sequencing and annotation of ESTs (Lehane et al., 2003;
Pedra et al., 2003; Mittapalli et al., 2005; Siegfried et al.,
2005). For example, in the tsetse fly (Glossina morsitans),
Lehane etal. (2003) observed 8876 potential genes
associated with the adult midgut, almost triple the number
of expressed gene products that we observed in the
D. melanogaster midgut. This difference could be because
of: (1) differences among species; (2) different developmental
stages or physiological states examined; (3) differences in
techniques (e.g. selection criteria); or, (4) a combination
of 1-3. The EST approach is known to overestimate the
number of unique genes because of EST clustering errors,
alternative splicing or both (Wang et al., 2004). Alternative
splicing has previously been documented in insects
(Hanrahan et al., 1999; Reenan, 2005). Thus, the oligoarray
approach taken here may under-estimate the number of
genes actually expressed in the D. melanogaster midgut,
particularly those genes with low expression levels.

With the advantage of the availability of other insect
oligoarrays we will be in a better position to make com-
parisons between species regarding (1) the nature of the
genes associated with the insect midgut, and (2) the midgut-
specific gene families that have gone through evolutionary
expansion or contraction (Hahn et al., 2005). Such observa-
tions may give us greater insights into how food choices
have shaped the evolution of the insect digestive system
(e.g. generalists vs. specialists, legume feeders vs. cereal
feeders or herbivores vs. carnivores).

Serine proteases and digestion

Digestive enzymes are critical for insects to process
proteins, carbohydrates, lipids and other materials they
imbibe with their diet. In the present study we identified 148
genes involved in proteolysis and peptidolysis based on
their known molecular functions (Table 1). Serine-type
endopeptidases (E.C.3.4.21), including trypsins (E.C.3.4.21.4)
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Table 1. Genes related to digestion and detoxification expressed in third
instar Drosophila melanogaster larval midgut. Classification was based on
the functional annotation

Molecular functions Number of genes

Proteolysis and peptidolysis 148
« Serine-type endopeptidase/trypsin /chymotrypsin 49
» Endopeptidases 22
« Carboxypeptidase 10
+» Metallo-endopeptidase 11
« Ubiquitin-protein ligase 8
« Cysteine-like protease 4
» Aminopeptidase 2
* Others 42
Detoxification and P450s 133
* Glutathione S transferases 28
* Cytochrome P450s 36
« Carboxylesterases 9
* Others 60

and chymotrypsins (E.C.3.4.21.1), accounted for 33% (49/
148) of all the proteolysis and peptidolysis enzymes present
in the D. melanogaster midgut transcriptome (Table 1).
Our observations are consistent with results by Li &
White (2003) showing that serine proteases are the
most common proteolytic enzymes associated with the
Drosophila midgut. Digestive serine proteases (trypsins
and chymotrypsins), which function in the breakdown of
ingested food, represent the major proteolytic enzymes
in the midguts of many lepidopterans and dipterans
(Chapman, 1998). Even so, some of the serine proteases
observed in the midgut transcriptome may be involved in
biological roles other than food digestion. For example,
serine proteases are known to activate immune pathways that
respond to pathogen detection (Gorman & Paskewitz, 2001).
Unlike Drosophila, the cowpea bruchid, Callosobruchus
maculatus (F.), relies primarily on cysteine proteases to
digest dietary proteins (Murdock et al., 1987). Pedra et al.
(2003) observed mainly cysteine protease ESTs in the
digestive system of cowpea bruchid larvae. Although Pedra
et al. (2003) sequenced only 503 ESTs from the bruchid
gut, six of the total ESTs (1.2%) coded for cysteine proteases
while none coded for serine proteases. Our results do
suggest that serine proteases are more common in the
midguts of D. melanogaster compared to cowpea bruchids.
One hypothesis to explain the observed differences
between D. melanogaster and cowpea bruchids is that
seed-feeding insects (especially those that feed on legume
seeds as do cowpea bruchids) encounter high levels of
serine-specific protease inhibitors (e.g. Bowman-Birk type
and Kunitz trypsin inhibitors) in their diet and this may have
been the driving evolutionary force (selection pressure)
behind the expansion of the cysteine proteases expressed
in the midgut of C. maculatus. From the Drosophilagenome
database, there are 18 known serine proteases and one known
cysteine protease (Flybase, http://flybase.bio.indiana.edu).
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However, there is no serine protease, and six known cysteine
proteases in the ESTs of C. maculatus (Pedra et al., 2003).
In addition, many coleopterans including C. maculatus have
an acidic gut environment (Wolfson & Murdock, 1990).
Such conditions may have favoured the expansion of
cysteine protease families in the midgut. In keeping with
this latter hypothesis, the western corn rootworm, Diabrotica
virgifera LeConte, (1) has an acidic gut (Fabrick et al.,
2002) and (2) an EST analysis of its midgut transcriptome
revealed a large class of the cysteine proteases and only
one serine protease (Siegfried et al., 2005). In contrast, the
basic pH of the D. melanogaster midgut is very compatible
with a large number of serine proteases.

Aminopeptidases and cadherins

We detected two aminopeptidases and no cadherins in
the D. melanogaster midgut transcriptome. The aminopepti-
dases identified were granny smith (EC 3.4.11.1) and
aminopeptidase P (EC 3.4.11.9). Both enzymes belong
to different classes from that of aminopeptidase N (APN)
(EC 3.4.11.2). Although an APN is encoded in the
D. melanogaster genome, we did not detect its expression
in our microarray analysis.

In Lepidoptera, cadherins and APN are thought to be
receptors for Bt toxins in the midgut epithelial cells. Muta-
tions in both cadherin and APN genes in lepidopterans
have been associated with the resistance phenotype to
Bt toxins (Ingle et al., 2001; Jenkins & Dean, 2001; Bel &
Escriche, 2006). APN is considered as an essential gut
enzyme associated with the binding of Bt in lepidopterans
(Knight et al., 1994). D. melanogaster is not particularly
susceptible to Bt Cry1 toxins (Gill & Ellar, 2002). However,
when Gill & Ellar (2002) made transgenic Drosophila
expressing an APN gene from Manduca sexta (L.) in the
Drosophila digestive system, the transgenic Drosophila
became susceptible to Cry1Ac1. Based on these observa-
tions, we suggest that wild-type D. melanogaster third
instar larval midgut (1) do not express the APN or cadherin
genes or (2) express the transcripts of these genes at levels
below the sensitivity range of the oligoarrays.

Cytochrome P450s

Cytochrome P450 enzymes are involved in (1) biosynthesis
and degradation of endogenous compounds and (2)
metabolism of xenobiotics such as allelochemicals, drugs
and insecticides (Feyereisen, 1999; 2005). Dietary factors
can induce P450s (Snyder et al., 1995; Mittapalli et al.,
2005; Krishnan & Kodrik, 2006). The D. melanogaster
genome contains 90 cytochrome P450s (Tijet et al., 2001;
Feyereisen, 2005) and in this study we observed 36 (40%,
Table 1) expressed in the larval midgut. By comparison, Li
& White (2003) only observed nine P450s (Cyp4Ac3,
Cyp4d2, Cyp6ail4, Cyp6d4, Cyp9b2, Cyp9f2, Cypi2a4,
Cyp12a5 and Cyp311at) in the midgut of third instar
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Table 2. Glutathione S transferases being observed in third instar Drosophila melanogaster larval midgut transcriptome by oligoarray analysis

GST class Observed in the midgut transcriptome Not observed in the midgut transcriptome
Delta (GstD1, GstD2, GstD3, GstD7, GstD9, GstD10)*, (GstD4, GstD6, GstD8)1 GstD5t1, CG17639

Epsilon GstE1*, GstE3, GstE5, GstE6, GstE7, GstE8, GstE9, GstE10, CG5224, CG16936, CG11784 GstE2, GstE4, CG4688

Sigma GstS1*

Theta CG1681, CG1702, CG30005 CG30000

Omega CG6776, CG6673 CG6781, CG6662

Zeta CG9362 CG9363

Gst-like Mgstl ofzf

*GSTs known to accept 4-hydroxynonenal (4-HNE) as a substrate (Sawicki et al., 2003).

1GSTs reported not to accept 4-HNE as a substrate (Sawicki et al., 2003).

All other GSTs were not tested by Sawicki et al. (2003) for 4-HNE substrate activities.

Drosophilalarvae. The discrepancy in the number of P450s
observed may be a result of the different types of arrays
used or the methodology used to call the gene present.
In contrast to the present study, Li & White (2003) used
polylysine-coated glass slide arrays and an incomplete set
of genes (of the total in the genome) from Drosophila.

However, our observations suggest that more P450s are
transcribed in the midgut than previously thought (Li &
White, 2003). It remains to be determined what role, if any,
these 36 P450s, may play in xenobiotic metabolism of
dietary materials.

Glutathione-S-transferases and oxidative stress

Glutathione-S-transferases (GSTs, EC 2.5.1.18) are a family
of multi-functional enzymes involved in the detoxification of
endogenous as well as xenobiotic compounds (Tu & Akgul,
2005). GSTs catalyse the conjugation of reduced glutathione
(GSH) with xenobiotics such as plant allelochemicals and
insecticides, thereby converting them to less toxic water-
soluble forms (Grant & Matsumura, 1989; Zou et al., 2000;
Singh et al., 2001). GSTs also play a role in oxidative stress,
a condition cells experience when there is an increase in
reactive oxygen species (ROS) such as superoxide, hydrogen
peroxide and peroxynitrite (Fiers et al., 1999).

The D. melanogaster genome contains 38 GSTs (Tu &
Akgul, 2005), 28 of which were observed in our microarray
analysis (Table 1). We found five different GST classes in
the third instar D. melanogaster midgut transcriptome
(Table 2). Most of the GSTs in the midgut transcriptome
were in the delta and epsilon classes. To validate the
sensitivity of the oligoarray experiment, we carried out
quantitative real-time PCRs (gRT-PCRs) to independently
estimate gene expression levels (Fig. 1).

We measured the expression levels of GSTs absent in
the microarrays (not midgut-associated) as well as GSTs
observed in the microarrays (midgut-associated). Overall,
26 of the 28 GSTs we found associated with the midgut by
microarray analysis were confirmed by gRT-PCRs to have
higher expression levels than the genes defined as absent
in the microarray experiments (Fig. 1 and Table 3). GSTD8

and Mgstl were observed to be midgut-associated in
microarrays, but had very low expression levels as defined
by gRT-PCR.The Ctvalues of all GST genes vs.the Ctvalues
of the reference gene RP49 are presented in Fig. 1.

Interestingly, Li & White (2003) did not observe any GSTs
in their microarray experiments with Drosophila midgut.
One difference between observations by Li & White (2003)
and our results is that their arrays were made using a midgut-
enriched EST library while our study employed Affymetrix
microarrays. The microarrays performed by Li & White
(2003) may have lacked some of the GSTs, have been less
sensitive at detecting the GST transcripts as compared to
our oligoarrays and/or their methodology of designating
absent or present may have been different. However, our
results suggest that a substantial number of GSTs in the
Drosophila genome may be associated with the midgut.
The functional role of these GSTs in the midgut remains to
be elucidated.

The GSTs identified in this study could possibly be
responsive to (1) midgut fermentation products (Ebert
et al., 2003) or (2) oxidative stress in the midgut cells. For
example, 4-hydroxynonenal (4-HNE) is a highly toxic
aldehyde produced by lipid peroxidation in cells in response
to oxidative stress (Ullrich et al., 1997). The major pathway
of 4-HNE metabolism in mammals involves glutathione
conjugation by GSTs (Alin et al., 1985; Videla et al., 2000).
4-HNE-protein adducts also occur in insects (Yan & Sohal,
1998; Singh et al., 2001). Thus, Sawicki et al. (2003) inves-
tigated the role of Drosophila GSTs in metabolizing 4-HNE.
They found that six delta GSTs (GSTD1, GSTD2, GSTD3,
GSTD7, GSTD9 and GSTD10), one epsilon GST (GSTET)
and one sigma GST (GSTS1) metabolized 4-HNE. Inter-
estingly, mRNA for each of these eight GSTs was found in
our oligoarray analysis of the D. melanogasterlarval midgut
transcriptome (Table 2).

Identification of potential GST, cytochrome P450 and
carboxylesterase regulatory regions

We compared the promoter regulatory regions corre-
sponding to 800 bp upstream and 200 bp downstream of
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Figure 1. Fold changes and the standard errors of all glutathione S transferase (GST) transcripts in third instar Drosophila melanogaster larval midgut. RP49

is the reference gene.

the target gene transcription start site of cytochrome P450s
and GSTs that were either associated or not associated
with the midgut. Four potential transcription factor binding
motifs (TFBMs) were observed for the midgut-associated
GSTs: fork head box (FOX)-, glucocorticoid receptor element
(GRE)-, E47- and NF-kappaB-like (Figs 2 and 4A), and four
different potential TFBMs were observed for the midgut-
associated P450s: TATA box-binding (TBP)-, hypoxia-
inducible factor 1(HIF-1-), c-Myc/Max- and liver X receptor
(LXR)-like (Figs 3, 4B and S1). Roles for each of these
aforementioned TFBMs have been elucidated (Table 3) in
mammals. However, it has hitherto not been known if the
four similar motifs that we observed upstream of the

midgut-associated GSTs have similar biological roles in
D. melanogaster. For example, insects are not known to
have glucocorticoids or glucocorticoid receptors (Yoshinaga
& Yamamoto, 1991); however, one of the potential TFBMs
was homologous to the mammalian glucocorticoid receptor
element (GRE). If these potential GRE-like TFBMs in
D. melanogaster are functional, their role in the life-history
and cellular biology of this insect remains to be elucidated.

The four potential TFBMs observed for the midgut-
associated P450s (Figs 3 and 4B) were not shared with
the nonmidgut-associated P450s. These potential TFBMs
(Table 3) have been reported in mammals with the initiation
of transcription (van Roon-Mom et al., 2005), gene expression
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Table 3. Potential transcription factor binding sites of GSTs, cytochrome P450s, and carboxylesterases observed in third instar Drosophila melanogasterlarval

midgut transcriptome using oligoarray analysis

Abundance
Gene group TF motif name* Known mammalian function Distancet  rate§
NF-kappaB-like Nuclear factor kappa B is regulated by the intracellular 0.09 0.58
reduction-oxidation state (Sen & Packer, 1996)
glucocorticoid receptor element (GRE)-like ~ Suppressed under oxidative conditions and restored in 0.06% 0.69
the presence of reducing reagents (Okamoto et al., 1999)
GSTs Fork head box (Fox)-like Associated with signalling pathways and cell fate 0.08 0.77
decisions in development (Kaestner et al., 2000)
E-47-like A helix-loop-helix protein (HLH), essential for both 0.13 0.58
B- and T-lineage development (lkawa et al., 2006)
TBP-like TATA Box-binding protein is a general transcription 0.06% 0.78
factor that act on initiation of transcription (van
Roon-Mom et al., 2005)
HIF-1 like Hypoxia-inducible factor-1, playing a role in formation 0.11 0.47
of new blood vessels because of low oxygen levels
P450s (Semenza et al., 2006)
c-Myc/Max-like Plays a role in nitric oxide-mediated suppression of the 0.05% 0.50
small intestine-associated cytochrome P450 Cyp3a4
(Watabe et al., 2003)
LXR-like Liver X receptors, associated with oxysterol inhibition of 0.12 0.56
phenobarbital (PB)-mediated induction of cytochrome
P450s in mammals (Gnerre et al., 2005)
PR-like Progesterone receptor, an intracellular steroid receptor 0.07% 0.78
that specifically binds progesterone (Leonhardt et al.,
2004)
Carboxyl esterase  |RF-like Interferon-regulating factors, cell growth inhibition 0.06% 0.67
(Kirchhoff et al., 1993)
TFII-1-like Gene regulation (Cheriyath & Roy, 2000) 0.10 0.67
HSF2-like Heat shock transcription factor (He et al., 2003) 0.14 0.56

*The transcription factor binding motif (TFBM) names were assigned based on the closest known motifs described in other organisms.
1The distance was defined as a dissimilarity measurement between any pair of position weight matrices (PWMs; Gordon et al., 2006). If the numerical values

were smaller, the PWMs were considered to be closer to the mammalian TFBMs.

1A distance of 0.07 or less indicated that the Drosophila melanogaster TFBM was relatively similar to the mammalian TFBM.
§Abundance rate was the frequency that a motif occurred in the given set of sequences.

at low oxygen levels (Semenza et al., 2006), nitric oxide-
mediated suppression of the small intestine-associated
cytochrome P450 (Watabe et al., 2003) and oxysterol
inhibition of phenobarbital-mediated induction of P450s
(Gnerre et al., 2005). However, to date we do not know what
role, if any, these potential TFBMs play in D. melanogaster.
Additionally, in those cases where such potential TFBMs
are found to be functional, we currently do not know if their
roles in D. melanogaster may be similar to those found in
mammals.

Carboxylesterases are also involved in detoxification of
xenobiotics (Russell et al., 1996) and in the metabolism of
lipids and fats in Drosophila larvae (Campbell et al., 2003).
We detected transcripts of nine carboxylesterases (Fig. 5)
associated with the midgut of third instar D. melanogaster
larvae. Among these transcripts, Esterase-3 and Esterase-
7 have previously been reported to be expressed in
Drosophila larvae (Campbell et al., 2003). Four potential
TFBMs (progesterone receptor-like, interferon-regulating
factors-like, TFIl-I-like and heat shock factor 2-like) were
observed among these nine midgut-associated carboxy-

lesterases (Table 4 and Fig. 5). As insects are not known to
have progesterone or interferon, the role of these potential
TFBMs, if any, remains to be elucidated.

Further molecular studies are needed to determine if the
detected TFBMs are functional and whether they have a
role, if any, in the expression patterns of the given genes
in D. melanogaster. We realise that some, or even all, of
these motifs may not be functional. However, the analysis
presented here (Figs 2—4) provides the basis for formulat-
ing testable hypotheses relating to the regulation of the
digestive system-associated GSTs, P450s and carboxy-
lesterases in the midgut of larval D. melanogaster.

As the strategy we used to observe the potential TFBMs
was de novo motif discovery involving a combination of five
multiple alignment approaches, it is likely that we failed to
identify other potential TFBMs that exist in the 5 region of
the genes. Two motifs previously shown to be involved in
the regulation of GSTs and P450s include antioxidant
responsive element (ARE) and xenobiotic responsive
element (XRE) (Rushmore et al., 1991; Zhang et al., 1998).
We scanned for these two motifs in the 2 kb upstream
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Figure 2. Glutathione S transferases (GSTs) associated with third instar Drosophila melanogaster larval midgut and the potential transcription factor binding
motifs (TFBMs) observed 800 bp upstream and 200 bp downstream of the gene transcription start site (TSS). Different shapes represent different potential
motifs. All GSTs are labelled by the gene name and categorized into their respective classes. The potential ARE and XRE TFBMs associated with the GSTs
expressed in the midgut (based on microarray analysis) are given in Supplementary Material Fig. S2.

regulatory region of all the midgut associated GSTs,
cytochrome P450s and carboxylesterases. The results are
given in Supplementary Material Figs S2 and S3. Four
ARE-like (sequence 5-GTGACNNNG-3) and 15 XRE
(sequence 5-GCGTG-3") motifs were observed for the
GSTs, while three ARE (sequence 5-GTGACNNNGC-3)
and 23 XRE motifs were observed for the cytochrome
P450s. We observed three carboxylesterases genes
associated with the potential ARE-like motifs (sequence
5-GTGACNNNG-3"), CG3841, clt and Esterase-5, and
five carboxylesterase genes associated with the putative
XRE motifs out of a total of nine midgut-associated carbo-
xylesterases (Supplementary Material Fig. S4).

However, we also performed a similar screening on 200
randomly generated sequences and observed that 84.5
and 12.5% of these randomly generated sequences,
respectively, contained matches to XRE and ARE. We further

observed that 54, 64 and 56% of the respective midgut-
associated GSTs, P450s and carboxylesterases contained
the XRE motif. We also observed that 14, 8 and 33% of the
respective midgut-associated GSTs, P450s and carbo-
xylesterases contained the ARE motifs. Thus, the XRE and
ARE motifs were typically more frequently observed
associated with the randomly generated sequence than
with the GSTs, P450s and carboxylesterases genes. It is
possible that these potential XRE and ARE TFBMs were
false positives; neither motifs were obtained from genes
associated with the GSTs, P450s and carboxylesterases
using the five motif discovery programs, which are de novo
methods without prior information on the motif pattern.
Alternatively, it is also possible that some of these AREs
and XREs are functional; however, which (if any) of these
motifs play a biological role in these aforementioned genes
remains to be verified.
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Figure 3. Cytochrome P450s associated with third instar in Drosophila melanogasterlarvae midgut and the potential transcription factor binding motifs (TFBMs)
observed 800 bases upstream and 200 bases downstream of the gene transcription start site (TSS). Different shapes present different potential motifs. All P450s
are labelled by the gene name and listed in their respective classes. The potential ARE and XRE TFBMs associated with P450s expressed in the midgut (based

on microarray analysis) are given in Supplementary Material Fig. S3.

GST response to different levels of dietary hydrogen

peroxide

In order to determine whether the different midgut-associated
GSTs responded to oxidative stressors in a similar manner,
we fed hydrogen peroxide (H,O.) to D. melanogaster third
instar larvae for 12 h at doses of 0.02, 0.1 and 0.5% (w/w)

in artificial diets. Twelve of the genes with potential ARE
and XRE motifs in their 5" regions responded to at least one
dose of dietary H,O, (Table 3 and Supplementary Material
Fig. S2) at the P < 0.01 level. Nine GST genes lacking both
the potential XRE and ARE were differentially expressed
in at least one dose of dietary H,O, (Table 4 and Supple-
mentary Material Fig. S2) at the P < 0.01 level. Further,
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Figure 4. Sequence logo demonstration of all the transcription factor binding motifs (TFBMs) constituting the glutathione S transferases (GSTs) and P450s
observed in the third instar Drosophila melanogaster larval midgut transcriptome using oligoarray analysis. (A) A list of potential TFBMs of the observed GSTs.

(B) A list of potential transcription factor binding motifs of observed P450s.

three GST genes with potential XRE and/or ARE TFBMs
were not differentially expressed in the presence of dietary
H,O, at the P<0.01 level (Table 4 and Supplementary
Material Fig. S2).

However, a trend did occur among some of the expression
patterns of the GST genes and their potential TFBMs
(including FOX-like, GRE-like, E-47-like and NK-kappB-like)
(Fig. 6 and Supplementary Material Fig. S1). Based on the
expression patterns of different GSTs that responded to
dietary H,O,, we observed several types of FOX-like potential
TFBMs, which we termed FOX-like-1, FOX-like-2 and
FOX-like-3 (Supplementary Material Fig. S1). The potential
FOX-like-1 TFBMs were associated with GSTD3, GSTD9
and GSTD10 and the potential FOX-like-2 TFBMs, which
were different from the base consensus of FOX-like-1 were
associated with GSTS1, CG6776 and CG1681 (Fig. 6 and
Supplementary Material Fig. S1). The potential FOX-like-3
TFBM was associated with GSTD1, GSTD2, GSTET1,
CG16936 and CG9362, which also contained consensus
sequences that differed from the two aforementioned
groups CG1681 (Fig. 6 and Supplementary Material Fig. S1).
Two separate consensus sequences emerged among
the potential GRE-like TFBMs associated with (1) GSTD3,
GSTD9and GSTD10and (2) GSTE5, GSTE6, GSTE9and
CG1702 (Fig. 6 and Supplementary Material Fig. S1). Both

GSTE3and GSTE7 shared the common potential E-47-like
TFBM and GSTS1, CG6776 and CG1681 also shared the
potential NK-kappB-like TFBM (Fig. 6 and Supplementary
Material Fig. S1). For the other nine differentially expressed
GSTs (in the presence of dietary H,O,), no clear trend
emerged in their association with the potential TFBMs.

We do not know if some or all of the potential TFBMs are
functional, and in those cases where they are functional,
what specific role, if any, they play in the response of the
midgut-associated GSTs to the oxidative stressor, dietary
H,O,. They may simply be associated with these genes,
with limited or no role in response to this oxidative stressor.
However, one thing is clear — there are likely to be other
TFBMs, beyond ARE and XRE, involved in the response of
the midgut-associated GSTs to dietary H,O..

Experimental procedures

Fly culture maintenance and tissue dissection

The w'""® D. melanogaster strain was obtained from Dr Misha
Ludwig at the University of Chicago. The population was reared in
an environmental chamber at 24 °C, 60% humidity and 14 : 10 L/D
cycle. Adult flies were transferred to fresh diet (Formula 4-24®
Blue, Carolina Biological Supply Co., Burlington, NC, USA) every
three weeks to maintain the strain. Eggs were allowed to develop
to early third instar larvae over a 5-day period (108-110 h after the
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Table 4. Quantitative real-time PCR results for 26 glutathione S transferase (GST) genes in response to three doses (0.02, 0.1 and 0.5% w/w) of dietary
hydrogen peroxide. Fold expression is given for each transcript (gene name is given) at each dose, along with the SE and the P-value.

0.02% H,0, * 0.1% H,0, *

0.5% H,0, *

Gene name Fold Expressiont ACt + SE P-value

Fold Expressiont

ACt + SE P-value Fold Expressiont  ACt + SE P-value

GSTD1 0.82 -0.29+0.16 0.0840 0.90
GSTD2 1.05 0.07+£0.10 0.5040 0.77
GSTD3 1.48 0.57 +0.51 0.2826 1.23
GSTD4 0.72 -0.47 £0.12 0.0006 0.40
GSTD6 2.61 1.39+0.40 0.0020 0.15
GSTD7 0.89 -0.17+0.10 0.1024 0.41
GSTD9 0.77 -0.38 +£0.17 0.0368 0.83
GSTD10 1.47 0.56 £ 0.26 0.0414 1.34
GSTE1 0.98 -0.02+0.19 0.9100 0.72
GSTE3 1.67 0.74+0.24 0.0048 0.52
GSTE5 1.20 0.26 +0.26 0.3146  0.41
GSTE6 1.15 0.20+£0.25 0.4449 0.21
GSTE7 1.69 0.76 £ 0.24 0.0056 0.66
GSTE8 1.58 0.66 +0.23 0.0084 0.39
GSTE9 1.03 0.04 +0.51 0.9300 0.34

GSTE10 2.61
CG5224 2.18
CG16936 1.02
CG11784 2.02
GSTS1 2.06
CcG1681 2.06
CG1702 0.88
CG30005 1.55
CG6776 1.74
CG6673 0.66
CG9362 1.73

1.39+0.71 0.0617 3.68
1.12+0.28 0.0005 1.02
0.02+£0.09 0.8032 0.68
1.01+£0.41 0.0200 2.53
1.05+0.37 0.0095 1.88
1.05+0.33 0.0041 5.31
-0.19+0.11 0.0890 0.41
0.63 +0.50 0.2187 2.55
0.80 £0.27 0.0075 1.99
-0.59+0.11 <0.0001 0.71
0.79+0.39 0.0538 1.49

-0.15+£0.20 0.4692 1.13
-0.38£0.13 0.0145 0.97

0.30 £ 0.42 0.4888 3.36
-1.34+£0.17 <0.0001 2.20
-2.77 £1.39 0.0578 0.30
-1.30 £ 0.25 0.0002 0.98
-0.26£0.12 0.0430 1.81

0.42+0.47 0.3868 6.83
-0.48£0.17 0.0137 1.19
-0.94+0.20 <0.0001 0.54
-1.29+0.16 < 0.0001 0.45
-2.28+0.24 <0.0001 0.23
-0.59+0.16 0.0009 0.38
-1.38+0.16 < 0.0001 0.36
-1.57+£0.36 0.0002 0.24

1.88 £ 0.65 0.0079 2.76

0.08+0.23 0.8886 1.44
-0.56 +£0.24 0.0392 0.97

1.34+0.36 0.0011 6.00

0.18+0.18 0.3370
-0.05+0.35 0.8903
1.75+0.36 <0.0001
1.14+£0.14 <0.0001
-1.76 £ 0.56 0.0045
-0.03+0.15 0.8289
0.86+0.10 <0.0001
2.77+0.36 <0.0001
0.25+0.23 0.3062
-0.88+0.18 <0.0001
-1.16£0.15 < 0.0001
-2.12+0.26 < 0.0001
-1.41+0.27 < 0.0001
-1.47 +£0.60 0.0224
-2.05+0.28 < 0.0001
1.46 +0.64 0.0325
0.53+0.34 0.1292
-0.05+0.21 0.8203
2.59+0.40 <0.0001

0.91 £0.30 0.0054 2.60 1.38+0.26 <0.0001
2.41+0.24 <0.0001 10.06 3.33+£0.19 < 0.0001
-1.30+0.21 <0.0001 0.63 -0.68 £0.11 < 0.0001

1.35+0.39 0.0020 1.85
0.99+0.16 <0.0001 2.35
—-0.50£0.39 0.2250 0.59
0.57+£0.29 0.0614 1.29

0.89+0.39 0.0308
1.23+0.18 <0.0001
-0.76 £ 0.46 0.1219
0.36 +0.36 0.3200

*Highly significant changes (P < 0.01) are given in bold.

tDown-regulated transcripts, in the presence of dietary H,O,, are preceded with a negative value. All other transcripts were up-regulated in the presence of

dietary H,0,.

egg hatched). The larvae were then removed from the diet and
their midguts dissected out in 214 mM NaCl solution, and then
transferred to RNAlater® (Ambion Inc., Austin, TX, USA). The
hindgut and Malpighian tubes were excluded during the dissection.
After dissecting, 50 midguts were pooled in the RNAlater and
immediately frozen in liquid nitrogen, then transferred to —80 °C.
Fifty midguts represented a single replicate for each microarray
experiment. Three biological replicates were performed, with one
biological replicate per oligoarray for a total of three oligoarrays.

Microarray hybridization, scanning and data analyses

Total RNA was isolated by using the TRIzol® Reagent (Invitrogen,
Carlsbad, CA, USA) and RNeasy Mini Kit (Qiagen Inc., Valencia,
CA, USA) following the manufacturers’ protocols. The cDNA was
generated from 1 ug total RNA using iScript cDNA Synthesis Kit
(Bio-Rad Lab., Hercules, CA, USA) according to the manufacturer’s
instructions. We used the Affymetrix Drosophila Genome 1 arrays
(Affymetrix, Inc., Santa Clara, CA, USA). Sample preparation,
labelling, microarray hybridization and scanning followed Pedra
et al. (2004). The affixed 25 oligonucleotide segments are referred
to as ‘probes’in the D. melanogaster genome array. One gene was
represented by multiple probes in the array. The detection algorithm
uses probe pair intensities to generate a detection P-value and
assign a present, marginal or absent call by the Affymetrix
Genechip® Expression Analysis. The data was normalized by
Gene Chip Robust Multi-array Average (Supplementary Material
Table S1). Overall, 2923 transcripts were considered present or

observed in all three biological replicates, and were accordingly
defined as being midgut-associated genes. The microarray data
were deposited in the Gene Expression Omnibus (GEO, http:/
www.ncbi.nlm.nih.gov/geo/) and the corresponding accession
numbers are GSM245144, GSM245146 and GSM245148.

Gene ontology analysis

We used the NetAffx™ Analysis Center (April 2005; http:/
www.affymetrix.com/analysis/index.affx) to determine the biological
process, molecular function and cellular component information of
the transcripts present in microarrays. We divided the transcripts
into different categories based on their molecular functions or
biological processes.

DNA transcription factor binding motif analysis

DNA-binding transcription regulators bind to specific genomic
sequences to induce or repress gene expression. We first applied
five different motif discovery programs to identify potential common
regulatory sequences for a set of co-expressed genes, as each
program had different strengths: AlignACE (Roth et al., 1998),
MEME (Bailey & Elkan, 1995), MDscan (Liu et al., 2002),
BioProspector (Liu et al., 2001) and Weeder (Pavesi et al., 2004).
In the current analysis, we focussed on regions near the genes.
Each promoter region analysed was 1000 bp long and contained
800 bp upstream and 200 bp downstream from the transcription
start site of the gene.
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In the second step, we combined the results of the different
analytical programs into a comprehensive composite analysis. The
results are represented in the form of position weight matrices
(PWMs), whose columns define the probabilities of observing
each nucleotide type (A, C, G, T) at each position of the motif
(Gordon et al., 2006). Significant motifs from each of the five
programs were pooled and clustered using either a k-medoids
algorithm (Kaufman & Rousseeuw, 1990) or a hierarchical cluster-
ing algorithm (Hartigan, 1975). The functions were pam() and
helust() in R, which is a language and environment for statistical
computing and graphics (http://www.r-project.org/). The centre of
each cluster was selected to represent a potential transcription
factor binding motif. To annotate the identified binding motifs, we
compared the results with PWMs in the TRANSFAC database
(Wingender et al., 2000).

The most similar transcription factors from TRANSFAC were used
to index each of the candidate binding motifs we observed. We
further verified the predictions of transcription factor binding sites
by scanning the promoter sequences with the identified binding
motifs (cluster centres). Significant matches were evaluated by
P-values. A P-value was the probability that a motif with a similar
matching score could be obtained in scanning randomly selected
sequences. The abundant motifs with P-values less than 0.05 are
considered significant and are presented in Figs 2 and 3. The
sequence logo of a TFBM was built on a set of aligned transcription
factor motif sequences. The height of a pile represents the
information content at a certain position, whereas the height of a

letter represents the individual weight of a base at a certain
position. The sequence logos shown in Fig.4 were generated
using WebLogo (http://weblogo.berkeley.edu/). For the XRE and
ARE motifs with given consensus, the 2 kb upstream regulatory
regions of each genes were scanned for exact matches. Two hundred
randomly generated sequences were also scanned for these motifs.

Hydrogen peroxide feeding experiment and gRT-PCR analyses

Eighty to 100 adult flies were placed in an 8.9 cm (diameter) Petri
dish containing instant diet. They were allowed to lay eggs on the
diet for 2 h and then removed. Eggs were allowed to develop to
early third instar larvae over a 5-day period on the rearing diet.
The larvae were then transferred from the rearing diets to the
experimental vials, using a 3/0 NB-38 silverado brush (Yasutomo,
South San Francisco, CA, USA). Each 2.5 cm (diameter) x 9.5 cm
plastic experimental vial (Genesee Scientific Co., San Diego, CA,
USA) was cut to a 3.5 cm height to allow for ease of transfer of the
larvae. Twenty-five larvae were placed in each vial containing
364 mg Formula 4-24® Blue instant Drosophila medium and
1636 ul of solution with one of the following four treatments: (1)
distilled water (control), (2) 0.02% (w/w) H,0O,, (3) 0.1% H,0,, and
(4) 0.5% H,O,. Hydrogen peroxide solution was dissolved in
distilled water from a stock solution of 3% (w/v). Three biological
replicates were performed for each treatment.

Total RNA was isolated from 50 larval midguts per treatment
using TRIzol® Reagent (Invitrogen) and the RNeasy Mini Kit
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Table 5. Primers for quantitative real-time PCR reactions

Gene name Forward primer sequence Reverse primer sequence

Rp49 CAGGCCCAAGATCGTGAAGAA TGCGCTTGTTCGATCCGTAA
GSTD1 TGATCAATCAGCGCCTGTACT GCAATGTCGGCTACGGTAAG
GSTD2 TCTGTACTTCGACATGGGAACTC AGTGGACAGGATGGCAATGT
GSTD3 GGAACCCTGCATGACTCCTT CGAAAGTGGAAACGCTGGA
GSTD4 GGAACCCTGCATGACTCCTT CGAAAGTGGAAACGCTGGA
GSTD5 GAAAGCCCGGATCTGATGA CATACCACCTGGCCACATTC
GSTD6 AAGCTGTGGGAGTCGAGTTCA CAACAATGGCCCGAGTTTC
GSTD7 TGAAGCCAGAGTTCGTGAGG CAGGGTGCCCATATCGAAGT
GSTD8 TTCGTCGAGGCCATCTATCC AATGTCGGCAATGGTGAGG
GSTD9 GACGATGGTTTCGCCATCT GGCTTCTTCACATCCTCGAA
GSTD10 AAGGCACTGGGTGTGGAGTT TGCCGTACTTCTCCACCAGAT
CG17639 CAACGCCTCCAGTTCGATT GCCCTCCAAGATTGTGTTTAGC
GSTE1 CTGAAGCTGCTGGAGACGTT GGAGCTTCGTTGATCTCCTTG
GSTE2 TCGCAACTGACCATAGCTGA CCGCAGATTGTCTTCCTCATAG
GSTE3 CGGCCGGAATGATTCTCTATAC GCCTGTGGAATCTCCGTCTT
GSTE4 GGCGATCAGTTGACCATAGC CCATTGGCCTCCTCGTAGTA
GSTE5 TGTATCCCAGAGATCTGCTCCA TGGCATCGTAGCGTTCCTT
GSTE6 CTCTTCCAGGGACAGACGAAA GCCACCGATGAAACGAGACT
GSTE7 GTAAACACTCGGGCCAAGGA ACGCTGGAGGAGATCTTTCG
GSTES CGTGGTCTTTGTCAACGGACT TCACCGGCAATGAAATCG
GSTE9 TACGAGGCCTATGACTTTCTGG TAACTTGGGATAGCGCTTGG
GSTE10 GTTTGGCTGAGTTGAAGGATGC CAACCAGGCGGATAATTTGG
CG5224 TGGTGGATGCCCGTTTGTA GACAGTGCTCCAAGCCATCAT
CG16936 ATTGACTCGCACGCCATCT TCTTGTCGATGGAGCAGTCC
CG11784 CTCATACCAGTGGAACGGGAAA CTTTGTTCTCGGCCATGCAG
CG4688 CGACTTATCCATCGTGACCACA ATCGTTTGGCGGAGCTTCT
GSTS1 CAATGCGGAGGGCTCAATA AGGGAACTGGATGAGACGAAGA
CG1681 TGGCCACCACGGAGTATTT AACTTGCGGGAGTTGAGGAA
CG1702 TCACCTGCGCCATGTACTTC CACAGGCTGCAAAGATGTCC
CG30005 ACACCTGAACATTCGTCTTGC CCACTCCCTCAATCAGTGCT
CG30000 GACAAACTTACCGTGGCAGACA GGCCTCATCGTAGTAGGGATTG
CG6776 CGCCTCTCTGTAATCGAGTTGA CCAGAACTCGTTGTGCTGCT
CG6673 TTCGAGCAGGAGATCACCAA TTGACAGCCTCATCCTGAGC
cG6781 GACCACTCTATCCACGTGATCC GCTCCCTTTCGTAGATGTCCA
CG6662 CCAGGATCGTGCTGTCAAGT AAACGCCATCATCCCGTAG
CG9362 AAACTCGACCTCAGCCAGCA CCCATTGCAGACTCTGATCCTT
CG9363 TCAATGCCCGAAGATTCCAC GTCTTACGGCGCTTTGCAGT
Mgst! ATCCAGCGTTTCACCTTCG GATGTTCTCCAGGTCGTTGC

(Qiagen Inc.) following the manufacturers’ protocols. Fifty larval
midguts were used for each RNA extraction with three biological
replicates per treatment. The cDNA was generated from 1 pg
sample of total RNA using the iScript cDNA Synthesis Kit (Bio-Rad
Lab.) according to the manufacturer’s instructions. Primers were
designed for the gRT-PCR analysis using the PCR Now program
(http://pathogene.swmed.edu/rt_primer/). The primers of the
ribosomal protein 49 (RP49) (accession number U92431) from
D. melanogaster were used as an internal control to monitor equal
loading (Table 5). Primers for GST genes were designed as shown
in Table 3.

The transcript levels of all the genes were monitored by qRT-
PCR using an iCycler Thermal Cycler system (Bio-Rad Lab.) with
gene-specific primers and iQ SYBR Green Supermix (Bio-Rad
Lab.). All gRT-PCR reactions contained 10 pmol of each primer
and 2x of iQ SYBR Green Supermix. The program was 55 cycles
of 95 °C for 90 s, 62 °C for 20 s, 72 °C for 20 s. The levels of RP49
transcripts among all samples were normalized to be equal. We
measured the cycle value of all GSTs from the D. melanogaster
genome (total 38 as defined by Tu & Akgul, 2005). The fold change
of each GST gene is presented in Fig. 1. Levels of all GST gene
transcripts from the midgut of insects feeding on different doses of

H,O, were compared with insects feeding on the control diet
(Table 3 and Fig. 6). The gRT-PCR data were analysed by the
Relative Expression Software Tool-384 (REST 384 v1.0) (Pfaffl
et al., 2002) and SAS (SAS Institute Inc., Cary, NC, USA).
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Supplementary material

The following supplementary material is available for this
article:

Figure S1. Sequence logo demonstration of all the transcription factor
binding motifs from glutathione S transferases (GSTs) based on their
response to different doses of H,0,. All the factors were observed in the third
instar Drosophila melanogaster larval midgut transcriptome.

Figure S2. Searches of antioxidant responsive element-like (ARE-like)
(sequence 5-GTGACNNNG-3’) and xenobiotic responsive element (XRE)
(sequence 5-GCGTG-3') in the 2 kb upstream region of glutathione S
transferases (GSTs) associated with third instar Drosophila melanogaster
larval midgut.

Figure S3. Searches of antioxidant responsive element (ARE) (sequence
5’-GTGACNNNGC-3) and xenobiotic responsive element (XRE) (sequence
5’-GCGTG-3) in the 2 kb upstream region of cytochrome P450s associated
with third instar Drosophila melanogaster larval midgut.
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Figure S4. Searches of antioxidant responsive element-like (ARE-like)
(sequence 5’-GTGACNNNG-3’) and xenobiotic responsive element (XRE)
(sequence 5’-GCGTG-3) in the 2 kb upstream region of carboxylesterases
associated with third instar Drosophila melanogaster larval midgut.

Table S1. Normalized microarray data with probe IDs using Gene Chip
Robust Multi-array Average (GCRMA) method.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/
j.-1356-2583.2008.00808.x

(This link will take you to the article abstract).

Please note: Wiley—Blackwell are not responsible for the
content or functionality of any supplementary materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for
the article.
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