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Abstract
Heterotermes indicola (Wasmann) (Blattodea: Rhinotermitidae) is a species of subterranean termite that is a destructive
pest of wood and wood products in Pakistan. This study evaluated the antioxidant and antienzyme potential of
heartwood extractives against H. indicola. Heartwood extractives of four durable wood species, Tectona grandis (L.f),
Dalbergia sissoo (Roxb.), Cedrus deodara (Roxb.), and Pinus roxburghii (Sarg.) were removed from wood shavings
via soxhlet extraction with an ethanol:toluene solvent system.The antioxidant potential of the extractive compounds
was determined using the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging test. Results showed maximum
antioxidant activity for extractives of D. sissoo. D. sissoo had the lowest IC50 (the concentration where 50% inhibition
of the DPPH radical is obtained) at 28.83 µg/ml among the heartwood extractives evaluated. This antioxidant activity,
however, was not concentration dependent as was observed in the other heartwood extractives tested. At the
maximum test concentration, T. grandis showed the highest percent inhibition at 89.7%, but this inhibition was lower
compared to the positive control antioxidant compounds butylated hydroxytoluene and quercetin. When termites
were fed filter paper treated with IC50s of the extractives and control compounds, glutathione S-transferase activity in
the guts of H. indicola workers was significantly reduced by T. grandis and D. sissoo extractives. Similarly, esterase
activity was reduced more by P. roxburghii extractives compared to control antioxidant treatments and other tested
extractives. However, none of the extractives examined significantly reduced the activity of catalase enzymes in
H. indicola compared to treatments with the antioxidant control compounds.
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Subterranean termites are serious pests of wood and wood products causing significant economic damage in areas they occur. In
Pakistan, they have become an increasing object of public interest due to increased urbanization and use of wood for household
structures, particularly after devastating earthquakes in the region
in 2005 resulted in building code changes. Of the 50 termite species
identiﬁed in Pakistan, 13 are considered pests of wood in service
in rural and urban areas. These species cause significant economic
damage and are the focus of ongoing research to mitigate their
destructive habits (Manzoor and Mir 2010). Of these economically
important species, termites of the genus Heterotermes account for a
significant proportion of the damage to wood attributed to subterranean termites in this region. This genus occurs in the warm neotropics, Indian subcontinent and Australia. Heterotermes indicola
(Wasmann) (Blattodea: Rhinotermitidae) is a destructive subterranean termite pest in Pakistan, where it causes significant damage to

wooden structures. Much of its ability to cause such destruction is
that it is active year round (Saljoqi et al. 2012, Misbah ul haq et al.
2015).
Several synthetic termite control chemicals have been withdrawn
from the commercial markets in recent years because of toxicological and environmental concerns (Little et al. 2010). In an era of
increasing sensitivity to recalcitrant chemicals in the environment,
there is a push for chemical manufacturers to replace more toxic
wood preservatives currently in use with biodegradable environmentally friendly alternatives. One approach has been the examination
of botanical biocides, some of which can occur in the heartwood of
naturally durable wood species. Bark and heartwood of many plant
species sequester strong antioxidant compounds, many of which
are polyphenolic in nature (Chang et al.1999). Studies have shown
that heartwood phenolic compounds include flavonoids, stilbenes,
tannins, and lignans. Such compounds are active agents protecting
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plants and wood from termite attack due to their toxic properties.
Plant and heartwood compounds that are toxic to termites have been
shown to have free radical scavenging (antioxidant) properties (Doi
et al. 2001, Sroka and Cisowski 2003, Morimoto et al. 2006, Ragon
et al. 2008, Little et al. 2010). Insect antioxidant enzyme systems
include superoxide dismutase, catalase (CAT), esterase, glutathione
transferase, and glutathione reductase. Plant antioxidant compounds
can act as pro-oxidants, effectively reducing the insect antioxidant
enzyme system (Lukasik 2007). This reduction in the antioxidant
system creates the presence of more reactive oxygen species (ROS)
that are cytotoxic and lead to the formation of lesions in the insect
gut lumen which can ultimately lead to death (Barbehenn 2002).
The termite digestive tract, especially the midgut, is important not
only for cellulose digestion but also for the detoxification of plant compounds such as allelochemicals, entomopathogens, and other xenobiotic
chemicals. Termite gut cells secrete laccases, glutathione S-transferases
(GSTs), CATs, esterases, and cytochrome P450s (Tartar et al. 2009).
Of these, many are involved in the degradation or metabolism of plant
chemicals and insecticides. GSTs (EC 2.5.1.18), a super family of detoxifying enzymes, are phase II metabolizing isozymes that play a fundamental part in the protection of living cells against injury by the toxic
compounds. Several xenobiotic compounds such as pesticides, plant
allelochemicals, drugs, organic pollutants, and other toxins are detoxified by these enzymes in insects (Hayes et al. 2005). Hydroxyl radicals and singlet oxygen are directly scavenged by these enzymes, so
these also play protective roles against oxidative stress (Bamidele et al.
2017). They are mostly secreted by midgut tissues and fat body of the
insects. Guts of several termite species, e.g., Coptotermes curvignathus
(Holmgren) (Blattodea: Rhinotermitidae), Mastotermes darwiniensis Froggatt (Blattodea: Mastotermitidae), Reticulitermes virginicus
(Banks) (Blattodea: Rhinotermitidae), Reticulitermes flavipes (Kollar)
(Blattodea: Rhinotermitidae), Coptotermes acinaciformis (Froggatt)
(Blattodea: Rhinotermitidae), and Coptotermes gestroi (Wasmann)
(Blattodea: Rhinotermitidae) contain cytochrome P450s monooxygenases, carboxylesterase, GST, and N-acetyltransferase which are involved
in all three biotransformation phases of xenobiotic and detoxification
metabolism (Valles et al. 1998, Tartar et al. 2009, Raychoudhury et al.
2013, Charles at al. 2014, Tramontina et al. 2017) .
Esterases (EC 3.1) are hydrolytic enzymes that break ester bonds
in several biomolecules. They are also directly involved in xenobiotic, acetylcholine, lipid, and JH metabolism (Wheeler et al. 2010).
These enzymes also play a role in insect resistance to insecticides
and allelochemicals and are part of the insect antioxidant system
(Singh et al. 2001, Lehane and Billingsley 2012). In the termite gut,
these are phenolic acid esterases and are potentially important in the
cleavage of polyphenolic lignin and lignin monomers from hemicellulose in the fore- and midgut after ingestion of cellulosic material
(Scharf and Tartar 2008, Wheeler et al. 2010). However, previous
studies indicate that some esterases can be produced by some of the
protozoa species (Pseudotrichonympha grassii Koidzumi) which are
present in hindgut of Coptotermes formosanus (Shiraki) (Blattodea:
Rhinotermitidae), a lower termite (Wang and Grace 2000).
Catalases (CATs) (EC 1.11.1.6) are secreted in the termite gut
lumen to catalyze the breakdown of hydrogen peroxide to oxygen
and water, thereby protecting from the activity of ROS, which can
cause cellular oxidative damage (Engel and Moran 2013).
The heartwood of naturally durable woods, a rich source of bioactive chemicals and antioxidants, have various pharmacological
and insect growth-reducing activities (Omar et al. 2000, Belt et al.
2017). Antioxidant flavonoids, found in some heartwoods, have
been shown to be inhibitors of several enzymatic pathways, including catabolic glycohydrolases, which hydrolyze cellulose and starch
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(Tadera et al. 2006). Previous studies show that esterases such as
acetylcholinesterase (AChE), a neurotransmitter that catalyzes the
breakdown of acetylcholine and other choline esters, was inhibited
by a naturally occurring flavonoid, kaempferol (Thors et al. 2008,
Priya 2012). Its stimulating effects were found to correlate with the
toxicity of tetrahydronootkatone, a derivative compound isolated
from Chamaecyparis nootkatensis (D. Don) (Ibrahim et al. 2007).
Özkan et al. 2015, showed that olive wood extracts had high antioxidant activities and proved to be good inhibitors of AChE and
butyrylcholinesterase, a plasma esterase. Digestive enzymes in the
guts of termites, particularly cellulases, have been the target of several synthetic and natural inhibitors (Zhu et al. 2005). Plant extracts
can also have significant effects on semiochemicals, hormones, and
lignocellulose processing in the termite gut where esterases can play
a major role (Nisar et al. 2015). Similarly, juniper wood extractives
where shown to inhibit the activity of amylase and glucosidase
(Ozkan et al. 2015). Plant ﬂavonoids have also been identiﬁed as
inhibitors of GSTs in Spodoptera frugiperda (Smith) (Lepidoptera:
Noctuidae) (Yu and Abo Elghar 2000). Tang et al. (2007) showed
a reduction in GST activities in Odontotermes formosanus
(Shiraki) (Blattodea: Termitidae) and Reticulitermes chinensis
(Snyder) (Blattodea: Rhinotermitidae) after exposure to quercetin
and tannic acids, which ultimately reduced the detoxification mechanism in these termites. Wheeler et al. 1993 reported that quercetin,
ellagic acid, juglone, catecholamines, and quinones were successful
antioxidants and insect GST inhibitors.
Many extractives present in naturally durable wood are not only
toxic to termites but are also a rich source of antioxidants/radical
scavengers (Gao et al. 2007, Huang et al. 2009, Lamounier et al.
2012, Kadir and Hale 2017), which may act synergistically to affect
termite mortality. These free radical scavengers serve as synergists
by interfering with the GST-mediated detoxification mechanism and
act as alternative substrate for the antioxidant enzymes. They can
also reduce the activities of antioxidant enzyme systems by acting as
competitive and noncompetitive inhibitors toward the substrate of
GST and esterases (Das et al. 1984). Thus, the balance between ROS
and antioxidants is always optimal as both extremes, oxidative and
antioxidative stress, can be damaging to an organism (Poljsak 2011).
Reduction in the antioxidant system of termites due to antioxidant
stress ultimately leads to death of termites due interference with
physiological processes. In earlier work, we showed that extractives
from durable wood species used in Pakistan were toxic to termite gut
protozoa (Hassan et al. 2017). In further efforts to identify potential
botanical insecticides for wood preservation in Pakistan, the current
study was designed to examine the antioxidant potential and physiological impacts of four naturally durable heartwood extractives on
esterase, GST and CAT activity in the guts of H. indicola.

Materials and Methods
Preparation of Heartwood Extractives
Heartwood shavings of Tectona grandis, Dalbergia sissoo, Cedrus
deodara, and Pinus roxburghii were air dried and extracted separately using 300-ml mixture of ethanol:toluene (2:1) as solvent system according to ASTM D1105-96 (ASTM 2014) to obtain crude
extractives per Kirker et al. (2013). Shavings (12–15 g) were added
to soxhlets with a small amount of cotton under and above the shavings to prevent clogging of the reflux tubes. The 300 ml of solvent
was heated in a heating mantle at medium heat and run for six hours
after the first reflux for each extraction. The resulting aliquot was
placed in a tared round-bottom flask and vaporized using a rotary
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evaporator (BUCHI, R-114). After the flask had cooled to room
temperature, it was reweighed and the resulting residue was rehydrated with the ethanol:toluene solvent mixture to produce a stock
solution of 10 mg/ml, based on the dry weight of the extractive residue. Solutions of extractives of the four wood species were stored in
darkness at 4°C in tightly capped air tight bottles and further sealed
with a plastic paraffin film (Parafilm, Bemis, Inc, Oshkosh, WI).

Effect of Heartwood Extractives on DPPH RadicalScavenging Activity
An assay method employed by Lu et al. (2014) was used with a slight
modification for the determination of DPPH (2,2-diphenyl-2-picrylhydrazyl) scavenging activity/antioxidant properties of each extractive. The modification used 2.5 µmol instead of 50 µM as described
in the assay method cited. Extractives were dissolved in methanol
to produce a series of concentrations ranging from 25 to 800 µg/ml.
One hundred microliters of methanolic DPPH (Sigma-Aldrich) solution was added to an equal amount of each extractive concentration.
This solution was added in 200-µl aliquots to each well of a 96-well
microtiter plate. Methanol was used as a negative control in this
test. The well-plate was shaken by hand for two minutes and incubated for 20 min at 37°C in darkness. The resulting yellow-colored
solutions were measured spectrophotometrically at 517 nm using a
BioTek Power Wave HT microplate spectrophotometer linked to a
computer with Gen5 software. This test was repeated thrice and the
percentage of radical scavenging activity was calculated by using the
formula cited by Lu et al. (2014).
Concentrations of butylated hydroxytoluene (BHT) and quercetin as positive controls were prepared as mentioned above. The IC50
values were calculated by using Graph pad Prism 6 software, where
IC50 represents the concentration where 50% inhibition of the DPPH
radical is obtained.

Enzyme Activity of the Gut Contents of H. indicola
Workers Exposed to the Values of IC50 of Heartwood
Extractives and Control Antioxidant Compounds
Sets of filter paper were treated with the values of IC50 of the four
heartwood extractives and control compounds at 42.63, 8.17,
167.97, 28.83, 508.69, and 335.24 µg/ml for BHT, quercetin,
T. grandis, D. sissoo, C. deodara, and P. roxburghii, respectively.
Ethanol:toluene (2:1) was used as solvent to prepare above-mentioned concentrations of compounds and extractives. About 200-µl
solution of each concentration was applied to each filter paper and
allowed to air dry. Each treatment was replicated three times along
with a control treatment (only ethanol:toluene treated). Jars containing 20 g of sand, moistened with 3.6 ml of deionized water to
produce a moisture content of 18% based on the weight of sand,
were used. Each jar received a total of 50 termites with treated
filter papers, which were maintained in an incubator at 27 ± 2°C
and 75 ± 1% RH for 7 d. After 7 d, termites were briefly rinsed in
80% ethanol and the termite guts were then dissected in a saline
solution. The dissected guts were stored at −20°C until used for the
enzyme assay.

Protocol for Esterase Activity
Procedure outlined by Nisar et al. (2015) was used for the determination of esterase activity. Ten termite worker guts per replicate were homogenized in 0.1 M phosphate buffer with a yellow
line IKA DI 25 Basic Homogenizer at 15,000 rpm for 20 s. Glass
wool was used to filter the homogenate, which was used as the
enzyme test solution. An aliquot of uncentrifuged homogenate was
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incubated at 25°C with α-naphthyl acetate (0.25 mM final concentration) in a total volume of 3.0 ml of 0.1 M phosphate buffer (pH
7.0). After 30 min, 0.5 ml of Fast blue B salt (tetra-azotized o-dianisidine/ZnCl2, 1%) + sodium dodecyl sulfate (5%) was added
to the incubated mixture. A red color immediately developed that
quickly changed into a fairly stable blue color, which was measured at 605 nm on a spectrophotometer (CECIL, CE2041, 2000
series). The quantity of naphthols produced was determined from
a standard curve of naphthol. The α-naphthol standard curve was
obtained by plotting concentrations (3–30 µmol) of α-naphthol
against absorbance at 605 nm. Specific activity of esterase was,
thus, represented as µmole naphthol produced per minute per milligram of protein.

Protocol for GST Activity
The guts of 10 termites were homogenized in 0.1 M sodium phosphate, pH 7.4, and centrifuged at 3,000 g for 10 min at 4°C, storing
the supernatant as enzyme source at −80°C. GST activity was measured using 1-chloro-2,4-dinitrobenzene (CDNB) (Sigma-Aldrich)
following the technique described by Habig et al. (1974). Each well
of a spectrophotometer plate contained 300 µl of reaction mixture:
213 µl of 0.1 M sodium phosphate buffer (pH 6.5), 8 µl of synergist,
70 µl of enzyme and incubated for 10 min at 30°C, 6 µl of 50 mM
CDNB. Then, 3 µl of 100 mM GSH (Sigma-Aldrich) was added to
start the reaction. The change in absorbance at 340 nm was recorded
for 6 min with a spectrophotometer.

Protocol for CAT Activity
CAT activity was measured as described by Aebi (1984). Ten termite
guts from each treatment were homogenized in 67 mM potassium
phosphate buffer (pH 7) for 5 min at 0°C. Homogenates were filtered through two layers of cheesecloth and centrifuged at 3,000
g for 15 min. A 0.5 ml aliquot of the termite gut homogenate was
added to 0.5 ml of 30 mM H2O2 and the disappearance of hydrogen
peroxide was measured at 240 nm during 3 min at 30 s intervals.
CAT activity was expressed as µmol decomposed H2O2 per minute
per mg protein. Protein concentration of the sample (10 µl) was
determined by the method described by Bradford (1976).

Statistical Analysis
Differences in enzyme activity in the different treatments were determined by ANOVA and means were separated by Tukey’s HSD test at
5% level of significance.

Results
Effect of Heartwood Extractives on DPPH RadicalScavenging Activity
The radical-scavenging ability and IC50s for the extractives/compounds tested are presented in Fig. 1. The minimum IC50 was produced by quercetin at 8.17 µg/ml. Of the tested extractives, D. sissoo
showed the maximum percent inhibition with an IC50 of 28.83 µg/
ml. The IC50 value of D. sissoo heartwood extractives was between
that of the two control antioxidant compounds, BHT and quercetin.
The percent inhibition of D. sissoo was not concentration dependent
within the range evaluated while the percent inhibition of the other
heartwood extractives was somewhat linearly dependent on concentration (Fig. 1). Of the heartwood extractives, T. grandis showed the
highest percent inhibition at 89.7%, but this inhibition was to some
extent lower compared to the BHT and quercetin at the maximum
concentration tested.
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Fig. 1. Effect of heartwood extractives on DPPH radical scavenging activity (% inhibition); Conc. = concentration.

Table 1. Mean GST activity in the gut of H. indicola exposed to IC50
concentrations of BHT, Quercetin, and four heartwood extractives
Compound/extractives
Control—ethanol:toluene
BHT
Quercetin
T. grandis
D. sissoo
C. deodara
P. roxburghii

IC50 (µg/ml)
—
42.63
8.17
167.97
28.83
508.69
335.24
F= 365.73

GSTs activity

Grouping

77.60 ± 1.07
23.96 ± 0.73
12.83 ± 0.72
29.33 ± 1.17
30.76 ± 0.54
54.27 ± 1.39
44.50 ± 1.80
P < 0.05

a
e
f
de
d
b
c

Means (n = 3) sharing same letters in a column are not significantly different
from each other at P > 0.05.

Enzyme Activity in H. indicola Worker Gut Material
Exposed to IC50 Concentrations of BHT, Quercetin,
and Heartwood Extractives
Tables 1–3 show the activity of the gut enzymes tested in H. indicola
fed on filter paper treated with IC50s of the antioxidant compounds
and heartwood extractives.
The results revealed lowest GSTs activity at 12.83 μmol/min
mg/protein in termites exposed to quercetin. This was significantly
lower compared to all tested extractives and BHT (P < 0.05). BHT
reduced significantly more GSTs compared to all extractives except
T. grandis. Extractives from D. sissoo and T. grandis did not significantly reduce the activity of GSTs but were significantly different
compared to the other extractives and quercetin (Table 1). A maximum GST activity of 54.27 μmole/min mg/protein was observed
in H. indicola workers fed on filter paper treated with C. deodara
extractives, but it was significantly lower compared to the ethanol:toluene control treatment.
Evaluation of esterase (ESTs) activity in the gut of H. indicola
workers fed on filter paper treated with the different concentrations
of heartwood extractives and control compounds (BHT, quercetin)
is presented in Table 2. The compound quercetin resulted in significantly lower activity of esterase activity, 0.22 μmol/min mg/protein
in the workers of termite as compared to all treatments. Termites
fed on extractives of P. roxburghii showed significantly lower EST
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Table 2. Mean Esterase activity in the gut of H. indicola exposed
to IC50 concentrations of BHT, quercetin, and four heartwood
extractives
Compounds/extractives
Control—ethanol:toluene
BHT
Quercetin
T. grandis
D. sissoo
C. deodara
P. roxburghii

IC50 (µg/ml)
—
42.63
8.17
167.97
28.83
508.69
335.24
F = 43.82

Esterases activity Grouping
41.03 ± 0.89
25.03 ± 3.24
0.22 ± 0.01
27.70 ± 3.96
16.26 ± 0.63
32.60 ± 0.70
10.70 ± 1.67
P < 0.05

a
bc
e
b
cd
ab
d

Means sharing same letters in a column are not significantly different from
each other at P > 0.05.

activity at 10 μmol/min mg/protein compared to all other treatments
except D. sissoo. However, D. sissoo extractives performed similarly
to BHT. Additionally, extractives of T. grandis and C. deodara performed similarly to each other but significantly different from all
other treatments including control except BHT. This was contrary
to GST activity, where D. sissoo and T. grandis showed minimal
activity.
Table 3 gives the results for CAT activity in workers of termite
(H. indicola) after feeding on filter paper treated with heartwood
extractives of four species and control compounds. The results
revealed that there was no substantial decrease in CAT activity in
H. indicola-fed extractives of C. deodara, P. roxburghii, or D. sissoo. Compared to the control, the maximum decrease in the activity of CAT was detected in termites after feeding on quercetin and
T. grandis treated filter papers at 9.23 and 11.00 µmol H2O2/min mg/
protein, respectively.

Discussion
In our study, D. sissoo extractives were observed to have maximum
antioxidant activity with the lowest IC50 among the evaluated heartwoods. The synthetic antioxidant control, BHT, showed higher
IC50 at 42.63 µg/ml compared to D. sissoo extractives. Bark from
this tree has been previously reported to have a high potential to
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Table 3. Mean CAT activity in the gut of H. indicola exposed to IC50
concentrations of BHT, quercetin, and four heartwood extractives
Compound/extractives

IC50 (µg/ml)

Control—ethanol:toluene
BHT
Quercetin
T. grandis
D. sissoo
C. deodara
P. roxburghii

—
42.63
8.17
167.97
28.83
508.69
335.24
F = 10.24

CATs activity Grouping
16.41 ± 0.35
15.07 ± 0.43
9.23 ± 1.30
11.00 ± 0.52
12.48 ± 0.74
15.36 ± 0.48
16.53 ± 1.58
P < 0.05

a
ab
c
bc
abc
a
a

Means sharing same letters in a column are not significantly different from
each other at P > 0.05.

scavenge DPPH radicals (Roy et al. 2011). T. grandis at the highest
concentration showed maximum percent inhibition at 89.7%, but
this was not statistically significant different than BHT or quercetin,
unlike previous findings where ethyl acetate extraction of T. grandis
wood showed more antioxidant potential than quercetin and trolox
(Krishna and Jayakumaran 2010).
The use of heartwood extractives as termiticides has been previously tested and practiced. In previous laboratory studies, tested
extractives showed very strong insecticidal activities against termites
(Kirker et al. 2013, Mankowski et al. 2016, Hassan et al. 2017).
Currently, we are investigating the effects of nondurable pine and
cottonwood treated with the heartwood extractives used in this study
on termites in field tests. Results after 1 yr for heartwood extractive treated stakes and blocks exposed in Pakistan and the United
States show that untreated control nondurable pine or cottonwood
were severely damaged by termites in ongoing field tests. Extractive
plus linseed oil combinations appear to add some protection to the
treated nondurable wood species (Hassan et al. 2017b). Several studies have shown that it may not be solely toxic activity of the heartwood extractives that gives resistance to heartwood against termites,
but that the toxicity and antioxidant properties of heartwood extractives act in synergistic manner to affect termite mortality (Little et al.
2010, Ragon et al. 2008). Heartwood extractives tested here appear
to be inhibitors of some of the gut enzymes in H. indicola similar
to other plant compounds previously examined (Yu 1982). The
majority of active compounds identified in heartwoods in this study
are classified as polyphenols having powerful antioxidants. D. sissoo extractives showed higher antioxidant activity compared to the
other tested extractives. Gas chromatography–mass spectrometry
results (Hassan et al. 2017) confirmed that these extractives contain large amounts of resveratrol, a phenol, which has been noted to
have biocidal and antioxidant functions (Sambangi and Rani 2016).
Resveratrol is a potential pro-oxidant which can inhibit the antioxidant systems in the insect gut or can generate ROS in the digestives
tract of insects. These ROS can lead to fatal oxidative damage to the
cells of the midgut (Baxter et al. 1998, Sambangi and Rani 2016). In
earlier work, we showed that R. flavipes and H. indicola exposed to
extractives from T. grandis, D. sissoo, C. deodara, P. roxburghii, and
Morus alba (L.) incurred increased mortality with increased concentration of extractives when termite were exposed to extractive
treated nondurable southern pine (Hassan et al. 2016, Mankowski
et al. 2016). Extractives from these woods were also shown to rapidly lower protozoan numbers in the hindgut of exposed termites,
and this correlated with termite mortality. (Hassan et al. 2017a).
The inhibition of enzymes has been observed to correlate with the
contents of phenols and tannins in the extracts of plants (Owen and
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Johns 1999). Two neurotransmitter enzymes, glutamic acid decarboxylase, and monoamine oxidase were inhibited by extracts of different plant species (Milestone et al. 2012, Waye et al. 2014). How
plant allelochemicals act on the enzymes, is generally not known yet,
although some seem to disrupt the digestive system and process by targeting insect gut digestive enzymes, such as proteases and α-amylases
(Duffey and Stout 1996). For example, ingestion of azadirachtin by
Spodoptera litura (F.) (Lepidoptera: Noctuidae) and Cnaphalocrocis
medinalis (Guenee) (Lepidoptera: Crambidae) caused a decrease in
gut enzyme activities (Nathan et al. 2005a,b). Phenolic compounds
present in the extractives can act as enzyme and metabolism inhibitors as these binds to proteins and thus act as nutritional protein
precipitating agents and ultimately reduce the protein digestibility in
insects (Torres et al. 2003). It has also been suggested that extractive
compounds bind to the active enzyme site inhibiting the detoxification role of the enzyme (Kolawole et al. 2009).
In our study, activity of the tested gut enzymes esterase and
GST were significantly reduced after feeding on filter paper treated
with heartwood extractives or the synthetic antioxidants, BHT and
quercetin. Total phenolic content present in the plant extracts has
been interrelated with its antioxidant activity via assessment of phenols on enzyme inhibition (Skerget et al. 2005, Coruh et al. 2007a,b,
Kolawole et al. 2009). GST serves a crucial role in the defense system of insects. Thus, reduction in the detoxification mechanism of
this enzyme may lead to higher mortality in termites exposed to
extractives that inhibit this enzyme system. Our results agree with
Tang et al. (2007) who observed a decrease in GSTs activities in
R. chinensis (Snyder) and O. formosanus (Shiraki) after treatment
with two antioxidants (quercetin and tannic acids). Similar results
were observed by Wang et al. (2014) where reduction of this enzyme
(GST) in the gut of the Colorado potato beetle by cone and bark
extract of pine was noted. This inhibition was positively correlated
to phenolic contents of the tested extracts. Reduction of GST activity
has also been reported in Spodoptera exigua (Hübner) (Lepidoptera:
Noctuidae) and Callosobrochus maculatus (F.) (Coleoptera:
Chrysomelidae) by different plant extracts (Kolawole et al. 2009,
Rizwan-ul-haq et al. 2010, Kolawole and Kolawole 2014). Esterase,
a detoxifying enzyme, play very important role in hydrolyzing of
the esteric bond of synthetic chemicals (Zibaee and Bandani 2010).
Our findings agree with Bouayad et al. 2013 who showed a reduction in esterase from the extracts of 10 plant species in the guts of
Plodia interpunctella (Hübner) (Lepidoptera: Pyralidae). Similarly,
esterase reduction was observed in Eurygaster integriceps (Puton)
(Hemiptera: Scutelleridae) after topical application of two medicinal plants extracts (Zibaee and Bandani 2010). In our study, CAT
activity was not significantly reduced by the control antioxidant
compounds or tested heartwood extractives. This is contrary to
the findings of Kaur et al. (2014) where a reduction in CAT was
observed in Bactrocera cucurbitae (Coquillett) (Diptera: Tephritidae)
after feeding on a diet mixed with plant extracts. Reduction in
enzymes activities can be due to synergistic effect of plant chemicals
on antioxidant enzyme system of termites. These plant chemicals act
as inhibitors of enzymes which increases the concentration of ROS in
termite gut which ultimately leads to death of insect.
Gut symbionts of some insects, particularly termites, contribute
to the survival of the insect by the production of detoxifying enzymes
(GST, EST) and thus augment the hosts’ ability to detoxify poisons
(Shen and Dowd 1992). Previous studies showed an increased number of bacteria in the insect gut may produce detoxifying enzymes
such as esterases, which also aid in depolymerization of lignin in
wood-feeding termites (Scharf and Tartar 2008, Ramya et al. 2016).
Esterases present in the gut of insects have previously been identiﬁed
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from symbiotic gut bacterial and fungal communities of higher termites. McSweeney et al. (1999) identiﬁed esterase activity from a
bacterial gut symbiont (Clostridium xylanolyticum) of Tumilitermes
pastinator (Holmgren) (Blattodea: Termitidae), a grass-feeding
higher termite. Clostridium bacteria have also been identified from
the gut of R. ﬂavipes (Kollar) (Fisher et al. 2007). Symbiotic protozoans in the guts of lower termites (Rhinotermitidae) such as
Heterotermes are a rich reservoir of novel Fe hydrogenase, endo-βglucanase, and other enzymes (Inoue et al. 2007, Cairo et al. 2011).
In earlier work we performed (Hassan et al. 2017), we found that
extractives of the four heartwoods tested here drastically reduced the
number of gut protozoa in H. indicola. Reduction in the activity of
tested enzymes may be due to gut protozoan depletion in response
to compounds in the extractives as some studies shows that esterases
are produced by some of the protozoa species (P. grassii) of lower
termites. However, we are currently investigating whether or not
the origin (self-produced or symbiotic or both) of the three enzymes
tested here are produced by the termites themselves or from their
symbiotic protozoa.

Conclusion
Heartwood extractives of tested species have potential to reduce the
activity of GST and esterase present in the gut of H. indicola. This
reduction appears to increase termite mortality due to antioxidant
properties of theextractives.

Acknowledgments
We wish to thank Amy Bishell (USDA-FS Forest Products Laboratory)
for DPPH assays of extractive. B. Hassan’s visiting scholar sabbatical was
cofunded by the Higher Education Commission of Pakistan (HEC) and the
USDA-FS Forest Products Laboratory.

References Cited
Aebi, H. 1984. Catalase in vitro. Methods Enzymol. 105: 121–126.
ASTM- International, & American Society for Testing & Materials. 2014.
Annual book of ASTM standards. American Society for Testing &
Materials, West Conshocken, PA. 4.10: 430–432.
Bamidele, O. S., J. O. Ajele, and F. M. Olajuyigbe. 2017. An evaluation of
glutathione transferase associated with Dichlorvos degradation in African
palm weevil (Rynchophorus phoenicis) larva. Cogent Biol. 3: 1286764.
Barbehenn, R. V. 2002. Gut-based antioxidant enzymes in a polyphagous and
a graminivorous grasshopper. J. Chem. Ecol. 28: 1329–1347.
Baxter, H., J. B. Harborne, and G. P. Moss. 1998. Phytochemical dictionary: a
handbook of bioactive compounds from plants. CRC Press, Boca Raton, FL.
Belt, T., T. Hänninen, and L. Rautkari. 2017. Antioxidant activity of Scots
pine heartwood and knot extractives and implications for resistance to
brown rot. Holzforschung 71: 527–534.
Bouayad, N., K. Rharrabe, N. Ghailani, R. Jbilou, P. Castañera, and F. Ortego.
2013. Insecticidal effects of Moroccan plant extracts on development,
energy reserves and enzymatic activities of Plodia interpunctella. Span
J. Agric. Res. 11: 189–198.
Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72: 248–254.
Cairo, J. P. L. F., F. C. Leonardo, T. M. Alvarez, D. A. Ribeiro, F. Büchli, A.
M. Costa-Leonardo, M. F. Carazzolle, F. F. Costa, A. F. P. Leme, and G.
A. Pereira. 2011. Functional characterization and target discovery of glycoside hydrolases from the digestome of the lower termite Coptotermes
gestroi. Biotechnol. Biofuels. 4: 50.
Chang, S.-T., S.-Y. Wang, C.-L. Wu, Y.-C. Su, and Y.-H. Kuo. 1999. Antifungal
compounds in the ethyl acetate soluble fraction of the extractives of
Taiwania (Taiwania cryptomerioides Hayata) heartwood. Holzforschung.
53: 487–490.
Downloaded from https://academic.oup.com/ee/article-abstract/47/3/741/4924720
by U S Dept of Agriculture user
on 06 June 2018

Environmental Entomology, 2018, Vol. 47, No. 3
Charles, S., P. K. Hung, J. B. C. Fah, O. Huat, F. D. A. Bakar, A. M. A. Murad,
A. Tsang, and N. M. Mahadi. 2014. Detoxification related genes in gut of
Coptotermes curvignathus. Entomol. Ornithol. Herpetol. 3: 117.
Coruh, N., A. S. Celep, and F. Özgökçe. 2007a. Antioxidant properties of
Prangos ferulacea (L.) Lindl., Chaerophyllum macropodum Boiss. and
Heracleum persicum Desf. from Apiaceae family used as food in Eastern
Anatolia and their inhibitory effects on glutathione-S-transferase. Food
Chem. 100: 1237–1242.
Coruh, N., A. S. Celep, F. Özgökçe, and M. İşcan. 2007b. Antioxidant
capacities of Gundelia tournefortii L. extracts and inhibition on glutathione-S-transferase activity. Food Chem. 100: 1249–1253.
Das, M., D. R. Bickers, and H. Mukhtar. 1984. Plant phenols as in vitro inhibitors of glutathione S-transferase (s). Biochem. Biophys. Res. Commun.
120: 427–433.
Doi, S., M. Aoyama, S. Ohara, and W. Omura. 2001. Insect repellent containing flavonoids and extraction of them from plants. Patent Application JP
169175.
Duffey, S. S., and M. J. Stout. 1996. Antinutritive and toxic components of
plant defense against insects. Arch. Insect Biochem. Physiol. 32: 3–37.
Engel, P., and N. A. Moran. 2013. The gut microbiota of insects–diversity in
structure and function. FEMS Microbiol. Rev. 37: 699–735.
Fisher, M., D. Miller, C. Brewster, C. Husseneder, and A. Dickerman. 2007.
Diversity of gut bacteria of Reticulitermes flavipes as examined by 16S
rRNA gene sequencing and amplified rDNA restriction analysis. Curr.
Microbiol. 55: 254–259.
Gao, H., T. F. Shupe, T. L. Eberhardt, and C. Y. Hse. 2007. Antioxidant activity of extracts from the wood and bark of Port Orford cedar. J. Wood Sci.
53: 147–152.
Habig, W. H., M. J. Pabst, and W. B. Jakoby. 1974. Glutathione S-transferases
the first enzymatic step in mercapturic acid formation. J. Biol. Chem. 249:
7130–7139.
Hassan, B., M. Mankowski, G. T. Kirker, S. Ahmed and M. M. Ul Haq. 2016.
Antitermitic activities of Shisham (Dalbergia Sissoo Roxb.) heartwood
extractives against two termite species. IRG/WP 16e10856. In Proceedings
of International Research Group on Wood Preservation, Stockholm, Sweden.
Hassan, B., M. E. Mankowski, G. Kirker, and S. Ahmed. 2017a. Effects of
heartwood extractives on symbiotic protozoan communities and mortality
in two termite species. Int. Biodeterior. Biodegrad. 123: 27–36.
Hassan, B., S. Ahmed, M. E. Mankowski and G. Kirker. 2017b. Comparison
of performance of wood extractives as preservatives in field tests against
termites and decay in the USA and in Pakistan. In Proceeding of the
113th AWPA Annual Meeting. American Wood Protection Association.
Birmingham, AL.
Hayes, J. D., J. U. Flanagan, and I. R. Jowsey. 2005. Glutathione transferases.
Annu. Rev. Pharmacol. Toxicol. 45: 51–88.
Huang, Z., K. Hashida, R. Makino, F. Kawamura, K. Shimizu, R. Kondo, and
S. Ohara. 2009. Evaluation of biological activities of extracts from 22
African tropical wood species. J. Wood Sci. 55: 225–229.
Ibrahim, S., G. Henderson, R. Cross, J. Sun, and R. Lane. 2007. Potential target site activity of nootkatone and tetrahydronootkatone on Formosan
subterranean termite (Isoptera: Rhinotermitidae), pp. 1125–1131. In
African Crop Science Conference Proceedings. El-Minia, Egypt, 27–31
October.
Inoue, J.-I., K. Saita, T. Kudo, S. Ui, and M. Ohkuma. 2007. Hydrogen production by termite gut protists: characterization of iron hydrogenases
of parabasalian symbionts of the termite Coptotermes formosanus.
Eukaryot. Cell. 6: 1925–1932.
Kadir, R. and M. D. Hale. 2017. Antioxidant potential and content of phenolic
compounds in extracts of twelve selected Malaysian commercial wood
species. Eur. J. Wood Wood Prod. 75: 615–622.
Kaur, A., S. K. Sohal, S. Arora, H. Kaur, and A. Kaur. 2014. Effect of plant
extracts on biochemistry of Bactrocera cucurbitae (Coquillett). J. Entomol.
Zool. Stud. 2: 86–92.
Kirker, G., A. Blodgett, R. Arango, P. Lebow, and C. Clausen. 2013. The role of
extractives in naturally durable wood species. Int. Biodeterior. Biodegrad.
82: 53–58.
Kolawole, A. O. and A. N. Kolawole. 2014. Insecticides and bio-insecticides
modulate the glutathione-related Antioxidant defense system of Cowpea
storage Bruchid (Callosobruchus maculatus). Int. J. Insect Sci. 6: 79.

Environmental Entomology, 2018, Vol. 47, No. 3
Kolawole, A. O., R. E. Okonji, and J. O. Ajele. 2009. Inhibition of glutathione S-transferases (GSTs) activity from cowpea storage bruchid,
Callosobrochus maculatus Frabiricius by some plant extracts. Afr.
J. Biotechnol. 8: 5516–5521.
Krishna, M. S. and N. Jayakumaran. 2010. Antibacterial, cytotoxic and
antioxidant potential of different extracts from leaf, bark and wood of
Tectona grandis. Int. J. Pharm. Sci. Res. 2: 155–158.
Lamounier, K., L. Cunha, S. de Morais, F. de Aquino, R. Chang, E. do
Nascimento, M. de Souza, C. Martins, and W. Cunha. 2012. Chemical
analysis and study of phenolics, antioxidant activity, and antibacterial
effect of the wood and bark of maclura tinctoria (L.) D. Don ex Steud.
Evid. Based. Complement. Alternat. Med. 2012.
Lehane, M., and P. Billingsley. 2012. Biology of the insect midgut. Springer
Science & Business Media, Berlin, Germany.
Little, N. S., T. P. Schultz, and D. D. Nicholas. 2010. Termite-resistant heartwood. Effect of antioxidants on termite feeding deterrence and mortality.
Holzforschung 64: 395–398.
Lu, Y., T. Khoo, and C. Wiart. 2014. Antioxidant activity determination of
Citronellal and crude extracts of Cymbopogon citratus by 3 different
methods. Pharmacol. Pharm. 5: 395–400.
Lukasik, I. 2007. Changes in activity of superoxide dismutase and catalase
within cereal aphids in response to plant o‐dihydroxyphenols. J. Appl.
Entomol. 131: 209–214.
Mankowski, M., B. Boyd, B. Hassan, and G. T. Kirker. 2016. GC-MS
Characterizations of termiticidal heartwood extractives from wood species utilized in Pakistan. In IRG Annual Meeting (ISSN 2000–8953) IRG/
WP 16-10857.
Manzoor, F. and N. Mir. 2010. Survey of termite infested houses, indigenous
building materials and construction techniques in Pakistan. Pak. J. Zool.
42: 693–696.
McSweeney, C. S., A. Dulieu, R. I. Webb, T. Del Dot, and L. L. Blackall. 1999.
Isolation and characterization of a Clostridium sp. with cinnamoyl esterase activity and unusual cell envelope ultrastructure. Arch. Microbiol. 172:
139–149.
Milestone, C. B., R. Orrego, P. D. Scott, A. Waye, J. Kohli, B. I. O’Connor,
B. Smith, H. Engelhardt, M. R. Servos, and D. L. MacLatchy. 2012.
Evaluating the potential of effluents and wood feedstocks from pulp and
paper mills in Brazil, Canada, and New Zealand to affect fish reproduction: chemical profiling and in vitro assessments. Environ. Sci. Technol.
46: 1849–1858.
Miranda, I., V. Sousa, J. Ferreira, and H. Pereira. 2017. Chemical characterization and extractives composition of heartwood and sapwood from
Quercus faginea. PLoS One. 12: e0179268.
Misbah-ul-Haq, M., I. A. Khan, A. Farid, and M. Ullah. 2015. Dose response
relationship of subterranean termite, Heterotermes indicola (Wasmann)
and two insect growth regulators, Hexaflumuron and Lufenuron. J.
Entomol. Zool. Stud. 3: 86–90.
Morimoto, M., H. Fukumoto, M. Hiratani, W. Chavasiri, and K. Komai.
2006. Insect antifeedants, pterocarpans and pterocarpol, in heartwood
of Pterocarpus macrocarpus Kruz. Biosci. Biotechnol. Biochem. 70(8):
1864–1868.
Nathan, S. S., K. Kalaivani, and P. G. Chung. 2005a. The effects of azadirachtin and nucleopolyhedrovirus on midgut enzymatic profile of Spodoptera
litura Fab.(Lepidoptera: Noctuidae). Pestic. Biochem. Physiol. 83: 46–57.
Nathan, S. S., K. Kalaivani, K. Murugan, and P. G. Chung. 2005b. The toxicity
and physiological effect of neem limonoids on Cnaphalocrocis medinalis
(Guenée) the rice leaffolder. Pestic. Biochem. Physiol. 81: 113–122.
Nisar, M. S., S. Ahmed, M. A. Riaz, and A. Hussain. 2015. The leaf extracts
of Dodonaea viscosa have a detrimental impact on tunneling and midgut
enzyme activities of Odontotermes obesus. Int. J. Agric. Biol. 17: 313‒319.
Omar, S., M. Lalonde, M. Marcotte, M. Cook, J. Proulx, K. Goel, T. Durst,
B. Philogene, and J. Arnason. 2000. Insect growth‐reducing and antifeedant activity in Eastern North America hardwood species and bioassay‐
guided isolation of active principles from Prunus serotina. Agric. For.
Entomol. 2: 253–257.
Owen, P. L. and T. Johns. 1999. Xanthine oxidase inhibitory activity of northeastern North American plant remedies used for gout. J. Ethnopharmacol.
64: 149–160.

Downloaded from https://academic.oup.com/ee/article-abstract/47/3/741/4924720
by U S Dept of Agriculture user
on 06 June 2018

747
Özkan, O. E., G. Zengin, M. Akça, M. C. Baloğlu, Ç. Olgun, E. M. Altuner,
S. Ateş, A. Aktümsek, and H. Vurdu. 2015. DNA protection, antioxidant,
antibacterial and enzyme inhibition activities of heartwood and sapwood
extracts from juniper and olive woods. RSC Adv. 5: 72950–72958.
Poljsak, B. 2011. Strategies for reducing or preventing the generation of oxidative stress. Oxid. Med. Cell. Longev. 2011: 15. doi:10.1155/2011/194586.
Priya, S. 2012. Identification of acetylcholine esterase inhibitors from Morus
alba L. leaves. J. Nat. Prod. 2: 440–444.
Ragon, K. W., D. D. Nicholas, and T. P. Schultz. 2008. Termite-resistant heartwood: the effect of the non-biocidal antioxidant properties of the extractives (Isoptera: Rhinotermitidae). Sociobiology. 52: 47–54.
Ramya, S. L., T. Venkatesan, K. S. Murthy, S. K. Jalali, and A. Verghese.
2016. Detection of carboxylesterase and esterase activity in culturable
gut bacterial flora isolated from diamondback moth, Plutella xylostella
(Linnaeus), from India and its possible role in indoxacarb degradation.
Braz. J. Microbiol. 47: 327–336.
Raychoudhury, R., R. Sen, Y. Cai, Y. Sun, V. U. Lietze, D. Boucias, and
M. Scharf. 2013. Comparative metatranscriptomic signatures of wood and
paper feeding in the gut of the termite Reticulitermes flavipes (Isoptera:
Rhinotermitidae). Insect Mol. Biol. 22: 155–171.
Rizwan-ul-haq, M., M. Hu, A. Muhammad, M. Bashir, L. Gong, and J. Luo.
2010. Impact of two medicinal plant extracts on glutathione S-transferase
activity in the body tissues of Spodoptera exigua (Lepidoptera: Noctuidae).
Pak. J. Bot. 42: 3971–3979.
Roy, N., R. A. Laskar, I. Sk, D. Kumari, T. Ghosh, and N. A. Begum. 2011. A
detailed study on the antioxidant activity of the stem bark of Dalbergia
sissoo Roxb., an Indian medicinal plant. Food Chem. 126: 1115–1121.
Saljoqi, A.-U.-R., M. A. Khan, A. Sattar, M. Ullah, and F. Khan. 2012.
Behavioral changes of Heterotermes indicola (Isoptera: Rhinotermitidae)
against some natural products. Pak. J. Zool. 44: 1613–1622.
Sambangi, P., and P. U. Rani. 2016. Physiological effects of resveratrol and
coumaric acid on two major groundnut pests and their egg parasitoid
behavior. Arch. Insect Biochem. Physiol. 91: 230–245.
Scharf, M. E., and A. Tartar. 2008. Termite digestomes as sources for novel
lignocellulases. Biofuels Bioprod. Biorefin. 2: 540–552.
Shen, S. K. and P. F. Dowd. 1992. Detoxifying enzymes and insect symbionts.
J. Chem. Educ. 69: 796.
Singh, S. P., J. A. Coronella, H. Beneš, B. J. Cochrane, and P. Zimniak. 2001.
Catalytic function of Drosophila melanogaster glutathione S‐transferase
DmGSTS1‐1 (GST‐2) in conjugation of lipid peroxidation end products.
FEBS J. 268: 2912–2923.
Škerget, M., P. Kotnik, M. Hadolin, A. R. Hraš, M. Simonič, and Ž. Knez.
2005. Phenols, proanthocyanidins, flavones and flavonols in some plant
materials and their antioxidant activities. Food Chem. 89: 191–198.
Sroka, Z., and W. Cisowski. 2003. Hydrogen peroxide scavenging, antioxidant
and anti-radical activity of some phenolic acids. Food Chem. Toxicol. 41:
753–758.
Tadera, K., Y. Minami, K. Takamatsu, and T. Matsuoka. 2006. Inhibition of
α-glucosidase and α-amylase by flavonoids. J. Nutr. Sci. Vitaminol. 52:
149–153.
Tang, F., T. Zhu, X. Gao, and A. Yan. 2007. Inhibition of glutathion
S-transferases activity from Odontotermes formosanus (Shiraki) and
Reticulitermes chinensis Snyder by seven inhibitors. Acta Entomol. Sin.
12: 1225–1231.
Tartar, A., M. M. Wheeler, X. Zhou, M. R. Coy, D. G. Boucias, and M.
E. Scharf. 2009. Parallel metatranscriptome analyses of host and symbiont gene expression in the gut of the termite Reticulitermes flavipes.
Biotechnol. Biofuels. 2: 25.
Thors, L., M. Belghiti, and C. Fowler. 2008. Inhibition of fatty acid amide
hydrolase by kaempferol and related naturally occurring flavonoids. Br.
J. Pharmacol. 155: 244–252.
Torres, P., J. G. Avila, A. R. de Vivar, A. M. Garcı́a, J. C. Marı́n, E. Aranda, and
C. L. Céspedes. 2003. Antioxidant and insect growth regulatory activities of
stilbenes and extracts from Yucca periculosa. Phytochemistry. 64: 463–473.
Tramontina, R., J. P. L. F. Cairo, M. V. Liberato, F. Mandelli, A. Sousa, S.
Santos, S. C. Rabelo, B. Campos, J. Ienczak, and R. Ruller. 2017. The
Coptotermes gestroi aldo–keto reductase: a multipurpose enzyme for
biorefinery applications. Biotechnol. Biofuels. 10: 4.

748
Valles, S. M., W. L. Osbrink, F. M. Oi, R. J. Brenner, and J. E. Powell. 1998.
Cytochrome P450 monooxygenase activity in the dark southern subterranean termite (Isoptera: Rhinotermitidae). J. Econ. Entomol. 91:
1131–1135.
Wang, J., and J. K. Grace. 2000. Allozyme patterns of protozoan symbionts
of Coptotermes formosanus (Isoptera: Rhinotermitidae). Sociobiology. 35:
467–474.
Wang, Z., Z. Zhao, M. M. Abou‐Zaid, J. T. Arnason, R. Liu, B. Walshe‐
Roussel, A. Waye, S. Liu, A. Saleem, and L. A. Cáceres. 2014. Inhibition
of insect glutathione s‐transferase (gst) by conifer extracts. Arch. Insect
Biochem. Physiol. 87: 234–249.
Waye, A., M. Annal, A. Tang, G. Picard, F. Harnois, J. A. Guerrero-Analco,
A. Saleem, L. M. Hewitt, C. B. Milestone, and D. L. MacLatchy. 2014.
Canadian boreal pulp and paper feedstocks contain neuroactive substances that interact in vitro with GABA and dopaminergic systems in the
brain. Sci. Total Environ. 468: 315–325.

Downloaded from https://academic.oup.com/ee/article-abstract/47/3/741/4924720
by U S Dept of Agriculture user
on 06 June 2018

Environmental Entomology, 2018, Vol. 47, No. 3
Wheeler, G., F. Slansky, and S. Yu. 1993. Fall armyworm sensitivity to flavone: limited role of constitutive and induced detoxifying enzyme activity.
J. Chem. Ecol. 19: 645–667.
Wheeler, M. M., M. R. Tarver, M. R. Coy, and M. E. Scharf. 2010.
Characterization of four esterase genes and esterase activity from the gut of
the termite Reticulitermes flavipes. Arch. Insect Biochem. Physiol. 73: 30–48.
Yu, S. 1982. Host plant induction of glutathione S-transferase in the fall armyworm. Pestic. Biochem. Physiol. 18: 101–106.
Yu, S., and G. Abo-Elghar. 2000. Allelochemicals as inhibitors of glutathione
S-transferases in the fall armyworm. Pestic. Biochem. Physiol. 68: 173–183.
Zhu, B. C., G. Henderson, and R. A. Laine. 2005. Screening method for inhibitors against Formosan subterranean termite β-glucosidases in vivo. J.
Econ. Entomol. 98: 41–46.
Zibaee, A., and A. Bandani. 2010. A study on the toxicity of a medicinal plant,
Artemisia annua L. (Asteracea) extracts to the sunn pest, Eurygaster integriceps Puton (Hemiptera: Scutelleridae). J. Plant Prot. Res. 50: 79–85.

