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Abstract
Two new Delta and Sigma glutathione S-transferases (GSTs) in the Hessian fly, Mayetiola destructor
(Diptera: Cecidomyiidae), were characterized and transcription profiles described. The deduced amino
acid sequences for the two M. destructor Delta GSTs (MdesGST-1 and MdesGST-3) showed high
similarity with other insect Delta GSTs including the conserved catalytic serine residue. The deduced
amino acid sequence for the M. destructor Sigma GST (MdesGST-2) showed high similarity with other
insect Sigma GSTs including the conserved glutathione and substrate binding sites. Quantitative tissue
expression analysis showed that mRNA levels for MdesGST-1 were predominant in fat body, whereas
for MdesGST-2 and MdesGST-3 expression was predominant in the midgut. Temporal expression
during development showed peak mRNA levels for MdesGST-1 during larval development, but in the
pupal stage for MdesGST-2. MdesGST-3 showed a constitutive expression pattern throughout
development. M. destructor feeds on wheat, and expression analysis after feeding indicated that mRNA
levels for MdesGST-1 were significantly higher in incompatible interactions in which larvae fed on
resistant wheat, while MdesGST-3 was significantly higher in compatible interactions when larvae fed
on susceptible wheat. MdesGST-2 showed an equivalent expression pattern during both interactions.
These results suggest that the M. destructor Delta GSTs are important in detoxifying wheat
allelochemicals during feeding, while Sigma GST participates in metabolism of endogenous substrates.
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Introduction
Insects are under constant pressure from toxic
substrates generated endogenously or
encountered from exogenous sources (Ahmad and
Pardini 1990). The major endogenous source of
deleterious electrophiles is oxidative metabolism
(Fournier et al. 1992). Insect species must
overcome the effects of exogenous xenobiotics
such as insecticides (Tu and Akgül 2005; Enayati
et al. 2005) and prooxidant plant allelochemicals
(Ma et al. 1994; Krishnan and Kodrík 2006). In
herbivorous insects the midgut hosts complex
detoxification mechanisms that include esterases,
cytochrome P450s and glutathione S-transferase
(GST) enzymes. GSTs neutralize the toxic effects
of eletrophilic substrates by conjugating reduced
glutathione (GSH) to these compounds producing
less toxic, water-soluble substrates (Grant and
Matsumura 1989). Thus, these enzymes form an
integral part of the phase-II detoxification system
(Kostaropoulos et al. 1996). Some GSTs function
in hormone biosynthesis and intracellular
transport (Enayati et al. 2005).

Insect GSTs were initially classified into two
classes based on immunological assays performed
on two distinct GSTs first identified and
characterized in the house fly Musca domestica
(Fournier et al. 1992). However, with the advent
of more insect genome sequencing, a greater
number of similar genes have been deciphered
and some of them seem to not fit within these
classes (Chelvanayagam et al. 2001; Ranson et al.
2001). Hence, more recently, the classification of
insect GST genes has been adopted according to
the classification followed in mammalian systems.
The members of class I are now categorized as
Delta and are insect specific while, members of
class II are included in the class Sigma that also
include GST genes from other phyla (Enayati et al.
2005).

The Hessian fly, Mayetiola destructor (Diptera:
Cecidomyiidae) is the major insect pest of wheat
worldwide and poses a serious concern in all
wheat production areas of the United States.
However, the molecular interactions between this
pest and its host plant are just now beginning to
be revealed (Mittapalli et al. 2005a; 2005b). The
first two (feeding) larval instars cause the damage
and symptoms of host infestation. These include
severe stunting, development of dark green
foliage and ultimately death of seedlings (Byers
and Gallun 1972). Genetic resistance in wheat
cultivars is the best means of control for this
destructive insect pest (El Bouhssini et al. 2001).

To date 32 M. destructor resistance genes have
been identified for possible breeding efforts
(Sardesai et al. 2005). Resistance to M. destructor
attack is via larval antibiosis (Gallun 1977), which
is governed by single genes that are completely or
partially dominant (Zantoko & Shukle 1997; El
Boushini et al. 1998). The deployment of resistant
cultivars has led to the appearance of biotypes of
the pest that can survive on formerly resistant
wheat. Virulent biotypes pose a serious threat for
future wheat cultivation (Martin-Sanchez et al.
2003). Thus, there is a need to identify alternative
targets within the M. destructor that could affect
its survival on wheat seedlings.

There are two distinct interactions of the M.
destructor with wheat based on the survival of M.
destructor larvae. A compatible interaction
involves first instar larvae that can successfully
feed and develop on a susceptible wheat seedling.
During an incompatible interaction first instar
larvae on resistant wheat plants are prevented
from establishing a sustained feeding site and die
within a period of five days after hatching (Grover
et al. 1988). Wheat plants in incompatible
interactions undergo little or no physiological
stress.

Yoshiyama and Shukle (2004) reported the
identification and characterization of a Delta GST
(MdesGST-1) in the M. destructor. We report here
the characterization of two additional M.
destructor GSTs, MdesGST-2 and MdesGST-3,
that fit into the Delta and Sigma classes,
respectively. Both GSTs were recovered from a M.
destructor midgut expressed sequence tag
database. Only these three GSTs have been
identified in the M. destructor although the
genome may encode other classes. mRNA for all
three M. destructor GSTs was quantified in
tissues, during development, and in larvae fed on
susceptible and resistant wheat plants. Results
obtained in this study revealed that the M.
destructor, as in other Diptera (Drosophila
melanogaster and Anopheles gambiae), has at
least two different classes of GSTs, which may
function in defense against allelochemicals during
feeding of first and second instars, and/or reactive
oxygen species encountered in the third instar,
pupae and adults.

Materials and Methods
Insect and plant material
M. destructor Biotype L was used in this study
and was maintained as described by Sosa and
Gallun (1973). To date sixteen M. destructor
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biotypes have been identified and are designated
GP and A to O (Ratcliffe et al. 1994). Biotype L
was established from a field collection made from
Posey County, Indiana in 1986. All biotypes were
selected according to the methods described by
Sosa and Gallun (1973). Biotype L was reared on
‘Newton’ wheat, which carried no genes for
resistance, and on ‘Iris’ wheat, which carries the
resistance gene H9. These wheat lines were
seeded in 10-cm pots (~20 seeds/pot) filled with
soil and grown in flats contained in chambers at
20ºC with a 12-h photoperiod. Infestation was
performed by covering the flats with a tent of
nylon mesh and allowing females to oviposit on
the seedling plants at the one-leaf stage. Egg
hatch normally takes 3 to 4 days after oviposition
depending on temperature. First, second and
third instar larvae and pupae were collected by
dissecting the crown portions of infested wheat
seedlings in water and immediately flash-frozen
in liquid nitrogen. Adults were collected after
emergence, cold anesthetized, and flash-frozen in
liquid nitrogen. All the samples were stored at
−80ºC until RNA was isolated.

Larval dissections and RNA extraction
Three hundred late first instar larvae (five days
after egg hatch) were dissected in ice-cold
Schneider’s insect medium (Sigma-Aldrich,
www.sigmaaldrich.com). Larval midgut, salivary
glands and fat body tissues were isolated as
described previously (Grover et al. 1988;
Mittapalli et al. 2005b) and placed in 100 μl of
ice-cold Schneider’s in separate 1.5 ml
micro-centrifuge tubes. Immediately following
collection, the tissues were flash-frozen in liquid
nitrogen and stored at −80ºC until RNA was
isolated. Total RNA was isolated from the
dissected tissues using the RNAqueous®-4PCR
kit from Ambion (Austin, TX) following the
manufacturer’s protocol.

Construction of midgut cDNA libraries
RNA extracted from the midgut tissue was used to
construct a cDNA library using a SMART TM

cDNA library construction kit from BD
Biosciences (www.bdbiosciences.com) following
the manufacturer’s protocol with one
modification (Mittapalli et al. 2005b); the cDNAs
obtained were not cloned into the phage vector
supplied with the kit but rather directly into the
PCR®4-TOPO® vector included in a TOPO TA
cloning® for sequencing kit (Invitrogen,
www.invitrogen.com). Plasmid DNA was isolated
using a Qiagen BioRobot 3000 (www.qiagen.com)
and cloned DNA expressed sequence tag

fragments were sequenced from the 5' end by the
Purdue Genomics Center using a primer designed
to the 5′ cloning oligonucleotide of the cDNA
library construction kit.

Sequence comparison and alignment
Annotations and sequence similarity for the
recovered GSTs were done using the basic local
alignment search tool (BLAST) programs on the
National Center for Biotechnology Information
(NCBI, Bethesda, MD,
http://www.ncbi.nlm.nih.gov/). Sequence
alignments were performed using the
GENETYX-MAC 10.1 software (Software
Development Co., Ltd., Tokyo, Japan). Conserved
domains (CD-search) in the deduced amino acid
sequences of the M. destructor GSTs were
revealed using the BLAST search engine on the
NCBI browser (Marchler-Bauer and Bryant
2004).

Analyses of the M. destructor GSTs in
larval tissues and during development
The larval tissues collected from first and early
second instars, as described above, were pooled
into three categories, midgut, salivary glands and
fat body and the RNA extracted from each pool
was used to determine the transcript levels of the
GSTs in the tissues by quantitative real-time PCR
(see below). Total RNA was also isolated from all
the life stages of the M. destructor including first
instars (four days after hatch), second instars
(eight days after hatch), third instars, pupae and
adults to determine the transcript levels of the
GSTs during development.

Analyses of the M. destructor GSTs during
compatible and incompatible interactions
A compatible interaction was represented by
Biotype L larvae on susceptible Newton wheat
seedlings. An incompatible interaction was
represented by Biotype L larvae on resistant Iris
seedlings. Total RNA was extracted from 1–4
day-old larvae from both interactions to
determine the transcript levels of the GST genes
in larvae during compatible and incompatible
interactions.

Quantitative analysis
Quantitative real-time PCR was used to assess
transcript levels of MdesGST-1, MdesGST-2 and
MdesGST-3 in tissues, during development and in
larvae on susceptible and resistant plants. The
software Primer Express from Applied Biosystems
(http://www.appliedbiosystems.com/) was used
to design the real-time primers. The primer
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Table 1. Primer sequences used in the quantitative real-time PCR

Gene Primer Sequence (5′ -3′ ) Tm (ºC)
MdesGST-1F GATTTGGTAAAACGAGCATTGGT 57.1
MdesGST-1R AACATACGAAGGCGACAAAACA 56.5
MdesGST-2F TGGCCTGCACTCAAACCAA 56.7
MdesGST-2R GCAACATAGCGAGCCATTGAT 57.9
MdesGST-3F AGCTGTTGGCGTTGAATTGAA 55.9
MdesGST-3R TTGGAACGGTGTGTTGAGGAT 57.9
MdesUB-1F CCCCTGCGAAAATTGATGA 54.5
MdesUB-1R AACCGGACTACTTGCATCGAA 57.9

sequences for these analyses are shown in Table 1.
In brief, the single-strand cDNA synthesis was
performed as follows: 1 μg of total RNA in 10 μl of
water was treated with DNase using the DNA-free
kit (Ambion www.ambion.com) following the
manufacturer’s instructions. The reverse
transcriptase reaction to generate the cDNA for
use in quantitative real-time PCR was carried out
using the SuperScript First Strand cDNA
Synthesis kit (Invitrogen) as follows: 1 μl of oligo
d(T) primer and 1 μl of dNTPs were added to the
10 μl of total RNA. The mixture was heated at
65°C for 5 min and then placed on ice. The
following were added on ice: 2 μl of 10X first
strand buffer, 2 μl of 50 mM MgCl2, 2 μl of 0.1 M
DTT, 1 μl of RNaseOut, and 1 μl of SuperScript II
reverse transcriptase. cDNA synthesis was
performed by at 42°C for 2 h. Reactions were
stopped by heating samples at 70°C for 15 min.

Quantification of cDNA, displayed as relative
expression value (REV) was based on the Relative
Standard Curve method (User Bulletin #2: ABI
Prism 7700 Sequence Detection System
http://docs.appliedbiosystems.com/pebiodocs/
04303859.pdf) using serial dilutions of a cDNA
sample containing the target sequence. After
quantitative real-time PCR amplification the
threshold cycle (Ct) value for each dilution was
plotted against the log of its concentration, and Ct
values for the experimental samples were plotted
onto this dilution series standard curve. Target
quantities were calculated from separate standard
curves generated for each experiment. REVs were
then determined by dividing the quantities of the
target sequence of interest with the quantity
obtained for ubiquitin. The entire analysis was
performed using a M. destructor ubiquitin
(DQ674274) as an internal standard (reference),
which in our evaluations has shown constant
expression in the M. destructor during
development. Ubiquitin has been shown to be a
suitable internal reference in a number of
experimental systems (Jin et al. 2003; Luo et al.
2005; Yuan et al. 2006). PCR cycling parameters
included 50ºC for 2 min, 95°C for 10 min, and 40
cycles of 95°C for 15 sec, and 60°C for 1 min.

Statistical analysis
For calculations of significance, the logs of the
REVs for each gene were analyzed by Analysis of
Variance using the PROC MIXED procedure of
SAS (SAS Institute Inc. SAS/STAT User’s Guide,
Version 9.1). For the expression analysis
pertaining to tissues and developmental stages,
the statistical model included treatment and
interaction between treatments whereas for the
analysis of expression in different larval M.
destructor/wheat interactions (compatible versus
incompatible), the statistical model included
treatment, time points, and interaction between
treatments and time points as fixed effects.
Biological replicates were included as a random
effect in the analysis model. Treatment
differences at each time point were evaluated
using orthogonal contrasts and considered
statistically significant if the p-value associated
with the contrast was p< 0.05.

Relative fold change in the case of tissue
expression was calculated by taking the salivary
gland mRNA experimental samples as the
calibrator sample (confer User Bulletin #2: ABI
Prism 7700 Sequence Detection Syste, see below).
Hence, the fold changes in the M. destructor GST
transcripts in the midgut and fat bodies were
calculated relative to the salivary glands. During
development, expression in the first instars was
taken as the calibrator. Fold change in gene
expression for MdesGST-1 during compatible and
incompatible interactions was assessed by
dividing the REV for larvae on susceptible plants
by the REV for larvae on resistant plants. For
MdesGST-2 and MdesGST-3 fold changes during
these interactions was determined by dividing the
REV for larvae on resistant plants by the REV for
larvae on susceptible plants for each of the four
time points examined. For the
tissue/developmental analysis three technical
replicates were used, whereas, for the analysis
during different interactions three biological
replicates (two technical replicates within each)
were used. The standard error represented the
variance in these biological replicates for the
respective analysis.
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Figure 1. Alignments of the deduced amino acid sequences. (A) Homology shared among all three Mayetiola
destructor GSTs, MdesGST-1 (AAS00666), MdesGST-2 (DQ662542) and MdesGST-3 (DQ662543). The boxed
sequence of MdesGST-2 represents the N-terminal extension constituted by a hydrophobic/acidic motif. (B)
Homology of MdesGST-2 with sequences from other insect Sigma GSTs: Musca domestica (P46437), and
Drosophila melanogaster (AAM48357). Filled and open circles represent residues that constitute the putative
glutathione (GSH) and electrophilic-substrate binding sites, respectively. The putative H-site residue of
MdesGST-2 (L62), which also contacts GSH, is indicated by an asterisk. The bulge-inducing residue (G205) of
MdesGST-2 is marked with an inverted filled triangle. [continued on next page]

Results
Characterization of the M. destructor GSTs
Results from blastp homology searches indicated
that the M. destructor genome encodes both Delta
(MdesGST-1 and MdesGST-3) and Sigma
(MdesGST-2) classes of GSTs. The nucleotide and
deduced amino acid sequences for MdesGST-1
were reported by Yoshiyama and Shukle (2004).
Therefore, this study was confined to the
characterization of MdesGST-2 and MdesGST-3.
The deduced amino acid sequence for MdesGST-2

was characterized with an n-terminal extension
commonly found in other Sigma GSTs (Figure
1A). The deduced amino acid sequence for
MdesGST-2 revealed 76% identity at a 5e-77
threshold with a Sigma GST from the housefly
(Musca domestica, P46437) and 72% identity at a
6e-77 threshold with a GST2 from the fruit fly (D.
melanogaster, AAM48357) (Figure 1B).
Homology searches for MdesGST-3 at the amino
acid level revealed 71% identity (2e-88 threshold)
and 69% identity (2e-86 threshold) with Delta
GSTs from the African malaria mosquito (A.
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Figure 1. [continued] (C) Homology of MdesGST-3 with sequences from other insect Delta GSTs: Anopheles
gambiae (40889324), and Episyrphus balteatus (CAH58743). S11 and N49 of MdesGST-3, which represent the
catalytic pocket, are indicated with an asterisk. Amino acid residues determining folding are marked with open
circles. In all three panels, identical residues among all taxa are highlighted in black and identical residues in two
of the three taxa are highlighted in gray. Gaps in the alignment are indicated by dashes.

gambiae, 40889324) and the marmalade hoverfly
(Episyrphus balteatus, CAH58743), respectively
(Figure 1C). The nucleotide sequences for
MdesGST-2 and MdesGST-3 were submitted to
GenBank with accession numbers DQ662542 and
DQ662543, respectively.

The alignments of deduced amino acid sequences
between MdesGST-2 and other insect Sigma GSTs
indicated several conserved residues across the
insect species under comparison. These residues
constituted the putative GSH binding site
(Y56-W87-Q98-S112-) and the
electrophilic-binding site
(V59-A61-R148-A152-Y156-Y211-Y214) in the
deduced amino acid sequence for MdesGST-2
(Figure 1B). L62 represented the putative H-site
residue, which contacts GSH. G205 indicated the
bulge-inducing residue (Agianian et al. 2003).
Similarly, the alignment of deduced amino acid
sequences between MdesGST-3 and other insect
Delta GSTs also revealed key residues conserved
across all the insect species (Figure 1C). The
deduced amino acid sequence for MdesGST-3
contained S11, the catalytic residue used by Delta
GSTs and P55-L143-G151-D158, which determine
folding of the GSTs molecules.

Tissue-specific expression patterns of the
M. destructor GSTs
Quantitative analysis of the M. destructor GST
transcripts in larval tissues including midgut,
salivary glands and fat body suggested their
mRNA abundance to be tissue-specific in
expression. The greatest levels of mRNA for
MdesGST-1 were observed in the fat body and

midgut, whereas the mRNA levels for MdesGST-2
and MdesGST-3 were predominant in the midgut
(Figure 2). The least level of transcriptional
expression for all the M. destructor GSTs was
found in the salivary gland samples and thus the
expression in midgut and fat body were compared
relative to the salivary glands. A significant (p<
0.05) fold difference of 2.6 and 2.3, respectively,
was calculated for MdesGST-1 in the fat body and
midgut samples relative to the salivary gland
tissue (Figure 2). Further, a fold change of 2.1 for
MdesGST-2 and 2.2 for MdesGST-3 was
calculated between the midgut and salivary gland
tissues.

Developmental expression patterns of the
M. destructor GSTs
Transcription profiling for the M. destructor GST
genes was also performed for all the stages of
development including the three larval instars,
pupae and adults. Of all three M. destructor
GSTs, mRNA for MdesGST-1 was observed to be
the most abundant, while mRNA for MdesGST-3
was the least abundant. MdesGST-1 showed an
ascending pattern in mRNA levels during the
larval instars (Figure 3), with a peak in the third
instars. Interestingly, the expression profile for
the Sigma GST (MdesGST-2) revealed a peak
mRNA level in pupae (Figure 3). The lowest level
of expression for all three M. destructor GSTs was
observed in the first instar samples. Therefore,
the fold change in mRNA abundance in the other
developmental stages was calculated relative to
this basal level in the first instars. Significant
(p<0.05) fold differences of 3.2, 4.8, 1.8 and 1.9
for MdesGST-1 were determined between second
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Figure 2 Transcriptional patterns of the M. destructor GSTs in larval tissues. Data shown represents relative fold
changes in the expression of MdesGST-1, MdesGST-2, and MdesGST-3 in midgut, salivary glands and fat body
tissues. Expression in the salivary glands was taken as the calibrator and the expression in midgut and fat body
samples was calculated relative to the expression in the salivary glands. The standard error is represented by the
error bar for three technical replicates. Asterisks indicate fold changes in expression significantly different
(p>0.05) relative to salivary glands.

instar, third instar, pupa, and adult respectively
compared to the first instar, while a 1.7-fold
difference (p<0.05) for MdesGST-2 was
calculated between pupa and first instar (Figure
3). Levels of mRNA for MdesGST-3 did not
significantly vary throughout development.

Expression patterns of the M. destructor
GSTs during interactions with wheat
It was also of interest to determine transcriptional
expression patterns for the M. destructor GST
genes in larvae on susceptible and resistant wheat

plants during compatible and incompatible
interactions. All three M. destructor GSTs showed
different expression patterns during these
interactions. The mRNA level for MdesGST-1 was
significantly (p < 0.05) up-regulated in larvae on
resistant wheat plants compared to similar aged
larvae on susceptible wheat plants for 1-4 day-old
larvae (Figure 4A). The greatest fold change of 8.1
for MdesGST-1 was observed between 4 day-old
larvae (data not shown). Quantitative analysis for
MdesGST-2 suggested modest levels of changes in
the mRNA levels of larvae infesting resistant

Figure 3. Transcriptional patterns of the M. destructor GSTs during development. Data presented reveals the
fold-changes. For all the genes analyzed, the first instar was taken as the calibrator sample. The standard error is
represented by the error bar for three technical replicates. Asterisks indicate fold changes in expression
significantly different (p>0.05) relative to the first instar.
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Figure 4. Differential expression patterns of the M. destructor GSTs during compatible and incompatible
interactions with wheat. Quantitative analysis was performed using RNA samples from larvae participating in
compatible interactions (Biotype L Hessian flies on susceptible ‘Newton’ wheat) and from larvae participating in
incompatible interactions (Biotype L Hessian flies on resistant ‘Iris’ wheat) 1 through 4 days (d) post hatch. Values
represent the Log of the mean relative expression value (REV) plotted against each of the four time points
examined for (A) MdesGST-1 (B) MdesGST-2 and (C) MdesGST-3. REVs for all genes were calculated relative to
the expression of a M. destructor ubiquitin gene. The standard error in all panels is represented by the error bar for
two biological replicates (two technical replicates within each).
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wheat plants. Only the first two time points (1and
2 day-old larvae), were significantly different (p<
0.05), but the later time points were not (Figure
4B). This observation was further supported by
the fold-change data, which indicated a
fold-difference of less than 1.0 for 3 and 4 day-old
larvae (data not shown). In contrast to the
transcriptional expression patterns observed for
MdesGST-1 and MdesGST-2, the mRNA level for
MdesGST-3 was found to be significantly (p<
0.05) up-regulated in 2, 3 and 4 day-old larvae on
susceptible wheat compared to similar aged larvae
on resistant wheat (Figure 4C). The greatest
difference in the mRNA level for MdesGST-3 was
observed between 4 day-old larvae, which
corresponded to a 7.2 fold-change (data not
shown).

Discussion
M. destructor Delta and Sigma GSTs
Two new glutathione S-transferases, MdesGST-3
and MdesGST-2, were characterized and
transcription profiles described. In addition, the
transcriptional expression patterns of another
GST gene, MdesGST-1, previously reported by
Yoshiyama and Shukle 2004 is described. Of the
three M. destructor GST genes, two of them fall
within the Delta class (MdesGST-1 and
MdesGST-3) and the third within the Sigma class
(MdesGST-2). This classification of the M.
destructor GSTs was primarily based on the
identity shared at the amino acid level with other
known insect GSTs belonging to similar classes.
The deduced amino acid sequences for the M.
destructor GSTs were in agreement in length and
contained conserved GST domains that are
characteristic of other insect Delta GST amino
acid sequences (Chen et al. 2003) and Sigma
GSTs (Agianian et al. 2003).

Insect genomes contain diverse GST genes that
share functionality with those present in lower
and higher animals (Enayati et al. 2005). The
complexity of GST genes found within an insect
species is best exemplified by the genomes of D.
melanogaster (Toung et al. 1993; Tu and Akgul
2005), A. gambiae (Ranson et al. 2001; Ranson
and Hemingway 2005) and M. domestica
(Fournier et al. 1992; Zhou and Syvanen 1997),
which are characterized by multigene GST
families. In the genomes of two dipteran species,
D. melanogaster and A. gambiae, only a single
putative transcript of the Sigma GST has been
identified, while more than 10 putative transcripts
encoding for Delta GSTs have been identified

(Enayati et al. 2005). However, it has been
documented in A. gambiae that both the Sigma
and Delta classes of GSTs exist as alternative
splice variants (Ding et al. 2003; Ranson et al.
1998).

Induction of MdesGST-1 and MdesGST-3
mRNAs
The mRNA transcripts for MdesGST-1 and
MdesGST-3 were found in all the tissues
examined (midgut, fat body and salivary glands).
This observation is in agreement with the results
obtained by Yoshiyama and Shukle (2004) for
MdesGST-1 with reverse transcription PCR.
However, quantitative analysis performed in this
study revealed the greatest mRNA levels for
MdesGST-1 in the fat body and midgut and for
MdesGST-3 in the midgut. Spatial expression
studies in D. melanogaster showed that the gut
epithelium consisted of three expression domains
which were essential for the expression of Gst-D1
(Nakamura et al. 1999). Several other studies have
also reported that the midgut plays an important
role in GST-based detoxification in an array of
herbivorous insect species including members of
Lepidoptera (Snyder at l. 1995; Periæ-Mataruga et
al. 1997; Krishnan and Kodrík 2006), Diptera
(Nakamura et al. 1999) and grasshoppers (Konno
and Shishido 1992; Barbehenn 2002). GST
expression has also been observed in other tissues
of insects such as Malphigian tubules (Konno and
Shishido 1992), fat body (Konno and Shishido
1992; Snyder et al 1995) and antennae (Rogers et
al. 1999). The peak expression obtained for
MdesGST-1 in fat body corroborates with the
findings of Konno and Shishido (1992) and
Snyder et al., (1995). The higher mRNA levels for
MdesGST-1 and MdesGST-3 in the midgut of the
M. destructor larvae suggests a detoxification
mechanism that could be associated with the
allelochemicals present in their diet. The low
mRNA levels observed in other tissues suggest
additional physiological functions of the GST
proteins in the biology of the M. destructor.

An intriguing expression pattern was observed in
larvae during compatible and incompatible
interactions with wheat. In a compatible
interaction, larvae on resistant wheat plants
larvae were able to continuously feed and could be
challenged with wheat allelochemicals during the
feeding event (Mittapalli et al. 2005b). However,
in an incompatible interaction, larvae failed to
establish a sustained feeding site and thus
underwent severe stress resulting in death within
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5 days (Painter 1930). In the current study it was
found that the mRNA level for MdesGST-1 was
significantly greater in larvae in incompatible
interactions. The greater abundance of
MdesGST-1 mRNA in larvae on resistant wheat
could be explained by the response of induced
plant defense compounds such as flavonoids
(Hodnick et al. 1989) in resistant wheat plants.
Further, endogenous sources of reactive oxygen
species stemming from stress within the larvae
could contribute to the induction of MdesGST-1.
The high level of MdesGST-1 mRNA in the fat
body supports the latter explanation.

Insect Delta GSTs have a key role in detoxifying
xenobiotics including insecticides and plant
allelochemicals. In this study, MdesGST-3 was
induced at modest levels in larvae in compatible
interactions. MdesGST-3 is a target for future
studies of detoxifying wheat allelochemicals
during feeding on susceptible wheat plants.

The level of induction of GSTs in other insects in
response to feeding is mixed. Several studies
report a significant induction of GST activity in
larvae fed on natural plant diet containing
prooxidant allelochemicals (Egaas et al. 1992;
Vanhaelen et al. 2003; Krishnan and Kodrík
2006) or fed an artificial diet supplemented with
plant allelochemicals (Wadleigh and Yu 1988; Lee
1991). However, Yu (1989) found a moderate GST
activity in fall armyworms (Spodoptera
frugiperda) upon ingestion of xanthotoxin and
Snyder et al., (1995) reported a moderate level of
mRNA induction for a Sigma GST when Manduca
sexta was fed dietary chemicals.

Putative functions of MdesGST-2
The functions of Sigma GSTs in insects remain
unclear (Agianian et al. 2003). Sigma GSTs in D.
melanogaster had been initially reported to have
structural functions in the indirect flight muscle
tissues (Bullard et al. 1988; Clayton et al. 1998).
More recently, the Sigma GST homolog in D.
melanogaster (DmGSTS-1) was assigned
(alternative) putative functions related to
detoxification, anti-oxidant defense and cell
signaling processes (Singh et al. 2001; Agianian et
al. 2003).

mRNA levels for MdesGST-2 were highest in the
midgut. This is in agreement with the mRNA
levels associated with a Sigma GST recovered
from a larval midgut cDNA library of M. sexta
(Snyder et al. 1995). Additionally, a low level of M.

domestica GST-2 was observed in non-muscular
tissues (Franciosa and Berge 1995). The M.
destructor Sigma GST, MdesGST-2, could
participate in detoxification/anti-oxidant
functions similar to those observed in D.
melanogaster based on the developmental
expression pattern. Unlike the two M. destructor
Delta GST transcripts (MdesGST-1 and
MdesGST-3), the peak mRNA level for
MdesGST-2 was observed in pupae. This result is
similar to the findings in the yellow mealworm,
Tenebrio molitor (Kostaropoulos et al. 1996).
Up-regulation of MdeGST-2 in pupae could be
required as a response to increased metabolism
related to morphological changes during this
stage (Kostaropoulos et al. 1996). As a result of
these alterations, the action of anti-oxidant
enzymes is essential to counteract the toxic effects
of electrophilic substrates generated during this
massive re-organization process. Indeed, this
seems to be the most plausible explanation also
given for another dipteran, A. gambiae (Hazelton
and Lang 1983). Further, the mRNA levels for
MdesGST-2 during compatible and incompatible
interactions remain equivalent. There is no basis
for suggesting it is involved in detoxifying wheat
allelochemicals.

Conclusions
The M. destructor genome codes for at least two
classes of GST genes. The product of the Delta
GST genes may aid in detoxifying exogenous
allelochemicals from its host plant, while that of a
Sigma GST could function in protection against
toxic oxygen species generated endogenously
during development. These results provide a
better understating of the mechanisms employed
by the M. destructor during its interactions with
wheat. Proteomic studies are needed to determine
the functions of these enzymes.

Disclaimer

This article represents the results of research
only. Mention of a commercial or proprietary
product does not constitute an endorsement by
the USDA for its use.

Acknowledgments
This is a joint contribution of the USDA-ARS and
Purdue University. This study was supported
through USDA CRIS No. 3602-22000-014D.

Journal of Insect Science | www.insectscience.org ISSN: 1536-2442

Journal of Insect Science: Vol. 7 | Article 20 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/7/1/20/869009 by guest on 23 M

ay 2023



References

Agianian B, Tucker PA, Schouten A, Leonard K, Bullard B,
Gros P. 2003. Structure of a Drosophila Sigma class
glutathione S-transferase reveals a novel active site
topography suited for lipid peroxidation products.
Journal of Molecular Biology 326: 151-165.

Ahmad S, Pardini RS. 1990. Antioxidant defense of the
cabbage looper, Trichoplusia ni: Enzymatic responses to
the superoxide-generating flavonoid, quercetin, and
photodynamic furanocoumarin, xanthotoxin.
Photochemistry and Photobiology 51: 305-311.

Barbehenn RV. 2002. Gut-based antioxidant enzymes in a
polyphagous and a grminivorous grasshopper. Journal of
Chemical Ecology 28: 1329-1347.

Bullard B, Leonard K, Larkins A, Butcher G, Karlik C, Fyrberg
E. 1988. Troponin of asynchronous flight muscle. Journal
of Molecular Biology 204: 621-637.

Byers RA, Gallun RL. 1972. Ability of the Hessian fly to stunt
winter wheat. I. Effect of larval feeding on elongation of
leaves. Journal of Economic Entomology 65: 955-958.

Chelvanayagam G, Parker MW, Board PG. 2001. Fly fishing for
GSTs: A unified nomenclature for mammalian and insect
glutathione transferases. Chemico-Biological Interactions
133: 256-260.

Chen L, Hall PR, Zhou XE, Ranson H, Hemingway J, Meehan
EJ. 2003. Structure of an insect delta-class glutathione
S-transferase from a DDT-resistant strain of the malaria
vector, Anopheles gambiae. Acta Crystallographica
Section D: Biological Crystallography 59: 2211-2217.

Clayton JD, Cripps RM, Sparrow JC, Bullard B. 1998.
Interaction of troponin-H and glutathione S-transferase-2
in the indirect flight muscles of Drosophila melanogaster.
Journal of Muscle Research and Cell Motility 19: 117-127.

Ding Y, Ortelli F, Rossiter LC, Hemingway J, Ranson H. 2003.
The Anopheles gambiae glutathione transferase
supergene family: Annotation, phylogeny and expression
profiles. BMC Genomics 4: 35-51.

Egaas E, Kobro S, Svendsen NO, Skaare JU. 1992. Glutathione
S-transferases in endosulfan-treated red sword grass
moth (Xylena vetusta Hb.) and hebrew character moth
(Orhtosia gothica L.) reared on leaves from apple (Malus
domestica Cult.) or willow (Salix caprea L.). Comparative
Biochemistry and Physiology C 101: 143-150.

El Bouhssini M, Hatchett JH, Cox TS, Wilde GE. 2001.
Genotypic interaction between resistance genes in wheat
and virulence genes in the Hessian fly, Mayetiola
destructor (Diptera: Cecidomyiidae). Bulletin of
Entomological Research 91: 327-331.

Enayati AA, Ranson H, Hemingway J. 2005. Insect
glutathione transferases and insecticide resistance. Insect
Molecular Biology 14: 3-8.

Fournier D, Bride JM, Poirie M, Bergé JB, Plapp F. 1992.
Insect glutathione S-transferases. Biochemical
characteristics of major form from houseflies susceptible
and resistant to insecticides. Journal of Biological
Chemistry 267: 1840-1845.

Franciosa H, Berge JB. 1995. Glutathione S-transferases in
housefly (Musca domestica): Location of GST-1 and
GST-2 families. Insect Biochemistry and Molecular
Biology 25: 311-317.

Gallun RL. 1977. Genetic basis of Hessian fly epidemics.
Annals of the New York Academy of Sciences 287:
223-229.

Grant DF, Matsumura F. 1989. Glutathione S-transferase 1
and 2 in susceptible and resistant insecticide resistant
Aedes aegypti. Pesticide Biochemistry and Physiology 33:
132-143.

Grover Jr PB, Ross DR, Shukle RH. 1988. Identification of
digestive carbohydrases in larvae of the Hessian fly,
Mayetiola destructor (Say) (Diptera: Cecidomyiidae).
Archives of Insect Biochemistry and Physiology 8: 59-72.

Hazelton GA, Lang CA. 1983. Glutathione S-transferase
activities in the yellow-fever mosquito [Aedes aegypti
(Louisville)] during growth and ageing. Biochemistry
Journal 210: 281-287.

Hodnick WF, Kalyanaraman B, Pritsos CA, Pardini RS. 1989.
The production of hydroxyl and semiquinone free radicals
during the autoxidation of redox active flavonoids. In: M.
G. Simic, K. A. Taylor, J. F. Ward and C. von Sonntag,
editors. Oxygen Radicals in Biology and Medicine. pp
149–152. Plenum Press.

Jin H, Liu Y, Yang K-Y, Kim CY, Baker B, Zhang S. 2003.
Function of a mitogen-activated protein kinase pathway in
N gene-mediated resistance in tobacco. Plant Journal 33:
719-731.

Konno Y, Shishido T. 1992. Distribution of glutathione
S-transferase activity in insect tissues. Applied
Entomology and Zoology 27: 391-397.

Journal of Insect Science | www.insectscience.org ISSN: 1536-2442

Journal of Insect Science: Vol. 7 | Article 20 11

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/7/1/20/869009 by guest on 23 M

ay 2023



Kostaropoulos I, Mantzari AE, Papadopoulos AI. 1996.
Alterations of some glutathione S-transferase
characteristics during the development of Tenebrio
molitor (Insecta: Coleoptera). Insect Biochemistry and
Molecular Biology 26: 963-969.

Krishnan N, Kodrík D. 2006. Antioxidant enzymes in
Spodoptera littoralis (Boisduval): Are they enhanced to
protect gut tissues during oxidative stress?. Journal of
Insect Physiology 52: 11-20.

Lee K. 1991. Glutathione S-transferase activities in
phytophagous insects: induction and inhibition by plant
phototoxins and phenols. Insect Biochemistry 21:
353-361.

Luo M, Dang P, Bausher MG, Holbrook CC, Lee RD, Lynch
RE, Guo BZ. 2005. Identification of transcripts involved
in resistance responses to leaf spot disease caused by
Cercosporidium personatum in peanut (Arachis
hypogaea). Phytopathology 95: 381-387.

Ma R, Cohen MB, Berenbaum MR, Schuler MA. 1994. Black
swallowtail (Papilio polyxenes) alleles encode cytochrome
P450s that selectively metabolize linear furanocoumarins.
Archives of Biochemistry and Physiology 310: 332-340.

Marchler-Bauer A, Bryant SH. 2004. CD-Search: protein
domain annotations on the fly. Nucleic Acids Research
32: W327-W331.

Martin-Sanchez JA, Gomez-Colmenarejo M, Del Moral J, Sin
E, Montes MJ, Gonzalez-Belinchon C, Lopez-Brana I,
Delibes A. 2003. A new Hessian fly resistance gene (H30)
transferred from the wild grass Aegilops triuncialis to
hexaploid wheat. Theoretical and Applied Genetics 106:
1248-1255.

Mittapalli O, Stuart JJ, Shukle RH. 2005a. Molecular cloning
and characterization of two digestive serine proteases
from the Hessian fly, Mayetiola destructor. Insect
Molecular Biology 14: 309-318.

Mittapalli O, Neal JJ, Shukle RH. 2005b. Differential
expression of two cytochromoe P450 genes in compatible
and incompatible Hessian fly/wheat interactions. Insect
Biochemistry and Molecular Biology 35: 981-989.

Nakamura A, Yoshizaki I, Kobayashi S. 1999. Spatial
expression of Drosophila glutathione S-transferase-D1 in
the alimentary canal is regulated by the overlying visceral
mesoderm. Development Growth and Differentiation 41:
699-702.

Painter R H. 1930. The biological strains of Hessian fly.
Journal of Economic Entomology 23: 322-326.

Periæ-Mataruga V, Blagojeviæ D, Spasiæ MB, Ivanoviæ J,
Jankoviæ-Hladni M. 1997. Effect of the host plant on the
antioxidative defence in the midgut of Lymantria dispar
L. caterpillars of different population origins. Journal of
Insect Physiology 43: 101-106.

Ranson H, Collins FH, Hemingway J. 1998. The role of
alternative mRNA splicing in generating heterogeneity
within the Anopheles gambiae class I GST family.
Proceedings of the National Academy of Sciences USA
95: 14284-14289.

Ranson H, Rossiter L, Ortelli F, Jensen B, Wang X, Roth CW,
Collins FH, Hemingway J. 2001. Identification of a novel
class of insect glutathione S-transferases involved in
resistance to DDT in the malaria vector Anopheles
gambiae. Biochemistry Journal 359: 295-304.

Ranson H, Hemingway J. 2005. Mosquito glutathione
transferases. Methods in Enzymology 401: 226-241.

Ratcliffe RH, Safranski GG, Patterson FL, Ohm HW, Taylor
PL. 1994. Biotype status of the Hessian fly (Diptera:
Cecidomyiidae) populations from the eastern United
States and their response to 14 Hessian fly resistance
genes. Journal of Economic Entomology 87: 1113-1121.

Rogers ME, Jani MK, Vogt RG. 1999. An olfactory-specific
glutathione-S-transferase in the sphinx moth Manduca
sexta. Journal of Experimental Biology 202: 1625-1637.

Sardesai N, Nemacheck JA, Subramanyan S, Williams CE.
2005. Identification and mapping of H32, a new wheat
gene conferring resistance to Hessian fly. Theoretical and
Applied Genetics 111: 1167-1173.

Singh SP, Coronella JA, Benes H, Cochrane BJ, Zimniak P.
2001. Catalytic function of Drosophila melanogaster
glutathione S-transferase DmGSTS1-1 (GST-2) in
conjugation of lipid peroxidation end products. European
Journal of Biochemistry 268: 2912-2923.

Sosa O, Gallun RL. 1973. Purification of races B and C of the
Hessian fly by genetic manipulation. Annals of the
Entomological Society of America 66: 1065-1070.

Snyder MJ, Walding JK, Feyereisen R. 1995. Glutathione
S-transferases from larval Manduca sexta midgut:
sequence of two cDNAs and enzyme induction. Insect
Biochemistry and Molecular Biology 25: 455-465.

Toung Y-PS, Hsieh T, Tu C-PD. 1993. The glutathione
S-transferase D genes: a divergently organized, intronless
gene family in Drosophila melanogaster. Journal of
Biological Chemistry 268: 9737-9746.

Journal of Insect Science | www.insectscience.org ISSN: 1536-2442

Journal of Insect Science: Vol. 7 | Article 20 12

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/7/1/20/869009 by guest on 23 M

ay 2023



Tu Chen-Pei D, Akgül B. 2005. Drosophila glutathione
S-transferases. Methods in Enzymology 401: 204-226.

Vanhaelen N, Haubruge E, Lognay G, Francis F. 2003.
Hoverfly glutathione S-transferases and effect of
Brassicaceae secondary metabolites. Pesticide
Biochemistry and Physiology 71: 170-177.

Wadleigh RW, Yu SJ. 1988. Detoxification of isothiocyanate
allelochemicals by glutathione S-transferases in three
lepidopterous species. Journal of Chemical Ecology 14:
1279-1288.

Yoshiyama M, Shukle RH. 2004. Molecular cloning and
characterization of a Glutathione S-transferase gene from
Hessian fly (Diptera: Cecidomyiidae). Annals of the
Entomological Society of America 97: 1285-1293.

Yuan JS, Reed A, Chen F, Stewart CN. 2006. Statistical
analysis of real-time PCR data. BMC Bioinformatics 7:
85-97.

Yu SJ. 1989. Purification ans characterization of glutathione
transferases from five phytophagous lepidoptera.
Pesticide and Biochemistry Physiology 35: 97-105.

Zhou ZH, Syvanen M. 1997. A complex glutathione transferase
gene family in the housefly Musca domestica. Molecular
Genetics and Genomics 256: 187-194.

Journal of Insect Science | www.insectscience.org ISSN: 1536-2442

Journal of Insect Science: Vol. 7 | Article 20 13

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/7/1/20/869009 by guest on 23 M

ay 2023


	Tissue and life stage specificity of glutathione S-transferase expression in the Hessian fly, Mayetiola destructor: Implications for resistance to host allelochemicals
	Omprakash Mittapalli1, Jonathan J. Neal1 and Richard H. Shukle1,2
	Abstract
	Introduction
	Materials and Methods
	Insect and plant material
	Larval dissections and RNA extraction
	Construction of midgut cDNA libraries
	Sequence comparison and alignment
	Analyses of the M. destructor GSTs in larval tissues and during development
	Analyses of the M. destructor GSTs during compatible and incompatible interactions
	Quantitative analysis
	Statistical analysis

	Results
	Characterization of the M. destructor GSTs
	Tissue-specific expression patterns of the M. destructor GSTs
	Developmental expression patterns of the M. destructor GSTs
	Expression patterns of the M. destructor GSTs during interactions with wheat

	Discussion
	M. destructor Delta and Sigma GSTs
	Induction of MdesGST-1 and MdesGST-3 mRNAs
	Putative functions of MdesGST-2

	Conclusions
	Disclaimer
	Acknowledgments
	References




