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Abstract 
Natural populations of Boettcherisca (Sarcophaga) peregrina Robineau-Desvoidy (Diptera: Sarcopha-
gidae) were maintained for 20 generations and reared either on unpolluted diet or on polluted diet 
containing copper at a median lethal concentration (LC50) determined every five generations. This resulted 
in two reliable strains: the relative susceptible strain (S) and the copper-resistant strain (R). The metal ac-
cumulation, growth and development, reproduction, and antioxidant enzymes were analyzed in the two 
strains. The results showed that compared with the S strain, the R strain showed increased metal accumu-
lation and fecundity of female adults. Regardless of whether larvae were fed on diet with or without Cu2+, 
the R strain showed higher activity of superoxide dismutase and glutathione S-transferase than the S 
strain, although without statistical significance. Moreover, the activity of superoxide dismutase and gluta-
thione S-transferase increased when B. peregrina larvae were exposed to Cu2+ at 100 μg/g but decreased 
when they were exposed to Cu2+ at 800 μg/g. Larval catalase activity in the R strain was higher than in the 
S strain when larvae were fed on diet with or without Cu2+, although these differences were significant 
only at the 100 μg/g concentration. Moreover, the activity of catalase decreased when larvae were exposed 
to experimental Cu2+. Beyond all expectations, larval glutathione reductase activity was not significantly 
different between the two strains but changed slightly when larvae were exposed to experimental Cu2+. 
These results indicate that copper resistance in B. peregrina larvae is mediated by superoxide dismutase, 
catalase, and glutathione S-transferase. These results also help in establishing a physiological link between 
antioxidase activity and the resistance level of B. peregrina to copper. 
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Introduction 
 
Heavy metal pollution has become a global 
environmental problem and severely threatens 
biological diversity and human health. Be-
cause insects form an important group with 
global biological diversity (Sun et al. 2007), 
much attention has been paid to the potential 
effects of heavy metal pollution on insects. 
One of the important indicators of heavy met-
al pollution in insects are antioxidases, such as 
superoxide dismutase (SOD), catalase, perox-
idase, glutathione peroxidase (GSH-Px), 
glutathione S-transferase (GST), and glutathi-
one reductase (GR), that remove reactive 
oxygen species generated by insects exposed 
to heavy metals (Zamam et al. 1994, Ahmad 
1995, Pardini 1995, Migula and Glowacka 
1996, Stone et al. 2002, Wilczek et al. 2003, 
Li et al. 2005, Wang et al. 2006). Like other 
heavy metals that are required in trace 
amounts to maintain homeostasis, copper is 
also one of the micronutrients essential for 
insects although an excess dietary intake of 
copper can be toxic in some circumstances. 
Many of the toxic effects of copper, such as 
increased lipid peroxidation in cell mem-
branes and DNA damage, are related to its 
role in the generation of oxygen free radicals 
(Kadiiska et al. 1992, Bremner 1998, 
Schümann et al. 2002). In insects, induction of 
reactive oxygen species by copper alters the 
activity of antioxidant enzymes (Korsloot et 
al. 2004, Migula et al. 2004, Wang et al. 
2006). Thus far, not much is known about the 
relationships between antioxidases and copper 
resistance levels in insects. Therefore, we de-
veloped a copper-resistant strain of the flesh 
fly Boettcherisca (Sarcophaga) peregrina 
Robineau-Desvoidy (Diptera: Sarcophagidae) 
and compared the changes effected by expo-
sure to Cu2+ between copper-resistant and 
susceptible flesh fly strains.  
 

Flesh flies have been models to study various 
aspects of insects, such as physiology, bio-
chemistry, development, and reproduction, 
among others. Larvae of these flies feed on 
carrion or feces and cause myiasis in livestock 
and humans (Braverman et al.1994, Iqbal et 
al. 2011). Boettcherisca peregrina is one flesh 
fly species that has been studied widely be-
cause of its use in forensic entomology 
(Sukontason et al. 2010). As a model insect, 
B. peregrina could explain the cytotoxic ef-
fects caused by metal pollution on insects. 
Previous studies have reported the effect of 
copper on the activity of SOD, catalase, and 
peroxidase (Wang et al. 2006), the develop-
ment and reproduction (Wu et al. 2007), and 
the ultrastructure of midgut and Malpighian 
tubules (Wu et al. 2009) in B. peregrina lar-
vae. Here we report the selection of a copper-
resistant strain and changes in antioxidase ac-
tivity in the flesh fly B. peregrina. These 
results will be helpful to understand the rela-
tionship between the activity of antioxidases 
and the level of copper resistance in B. pere-
grina. 
 
Materials and Methods 
 
Insects 
Boettcherisca peregrina was maintained in an 
artificial climate chamber (25 ± 1°C, photo-
period of 14:10 L:D) for five years in the 
laboratory. Larvae were fed on wheat 
bran:water:porcine liver mixed at a ratio of 
3:5:6, and adults were fed on water and su-
crose.  
 
Toxicity determination 
One-day-old flesh fly larvae were transferred 
to a glass vial containing 100 g artificial diet 
supplemented with the following Cu2+ con-
centrations: 50, 100, 200, 400, 800, 1,600, and 
3,200 μg/g of artificial diet (Wu et al. 2009). 
The control group was fed on artificial diet 
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without Cu2+. Three replicates of about 30 lar-
vae each were used for each Cu2+ 
concentration and the control. The number of 
dead individuals in each treatment was count-
ed when the larvae pupated. Regression 
equations, LC50, and confidence interval were 
calculated by using a data processing system 
(DPS) for practical statistics (Tang and Feng 
2002). 
 
Selection of fly strains 
One B. peregrina population fed on unpollut-
ed diet was maintained in the laboratory for 
20 generations (F20) and resulted in a copper-
susceptible strain (S). A copper-resistant 
strain (R) of B. peregrina was created by rear-
ing one-day-old larvae on diet containing Cu2+ 

at LC50 concentrations (median lethal concen-
tration) determined every five generations. 
Individuals surviving the treatment were 
screened and used for the next generation. 
Such selection was continued for 20 genera-
tions, resulting in the R strain.  
 
Accumulation of Cu2+ in larvae and its ef-
fects on growth and development 
Groups of 300 newly hatched larvae (within 8 
hr) in the 20th generation (F20) were fed on 
diets containing Cu2+ at concentrations of 0, 
100, and 800 μg/g. Each group was reared in a 
glass bottle, and each concentration was repli-
cated three times. After four days of 
treatment, 30 larvae from each group were 
picked randomly, washed with distilled water, 
and starved for 24 hr. They were then dried on 
paper towels and weighed on an electronic 
scale (AB204-E, Mettler Toledo, 
www.mt.com). Each treatment was divided 
into four groups with one group of larvae 
treated with xylene:ethanol (1:1) solution to 
measure larval body length by using a vernier 
caliper after stretching. The second group of 
larvae was used to determine tissue metal con-
tent by using an atomic absorption 

spectrophotometer (AAnalyst100, Perkin 
Elmer, www.perkinelmer.com) after digestion 
with 1 mL mixed acid (HClO4:HNO3 =1:5 
v/v) (Wu et al. 2007). The third group was 
used to determine enzyme activity, and the 
remaining larvae in the fourth group were al-
lowed to pupate, emerge, and mate to 
determine egg production by individual fe-
males. 
 
Enzyme activity measurement 
To measure enzyme activity, larvae were first 
washed with the appropriate buffer solution, 
mixed with ice-cold buffer (1 mL buffer was 
added to 0.5 g larvae), and homogenized on 
ice. The homogenate was then centrifuged at 
10,000 × g for 10 min at 4°C, and the superna-
tant was used as the enzyme preparation. 
 
The SOD activity was determined as de-
scribed previously by McCord and Fridovich 
(1969) and Deng and Yuan (1991). Briefly, 
about 10 μL enzyme preparation was added to 
4.5 mL Tris-HCl (50 mM; pH 8.2), mixed 
with 10 μL 45 mM pyrogallol, and homoge-
nized immediately. The homogenate was 
transferred to a 1 cm cuvette to measure the 
optical density (OD) at 325 nm every 30 sec, 
maintaining the auto oxidation rate around 
0.07 OD/min. One activity unit was defined as 
the amount of enzyme required to inhibit 50% 
auto oxidation in 1 min in 1 mL enzyme prep-
aration. The SOD activity and specific activity 
were then calculated by using Equations [1] 
and [2]. 
 
SOD activity (U/mL) =  
 
 
 

 volumesample
factordilution volumereaction    

%50

%100
070.0

min/070.0 325

×
×

Δ− nmA

 
[1] 
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Table 1. Resistance development of B. peregrina larvae to Cu2+. 
 

Generation Regression 
equation 

Correlation 
coefficient (r) 

LC50 (95% confidence 
interval) (μg/g) RR 

F0 y = -1.72 + 2.49 x 0.96 494.89 (411.03 ~ 622.45) n/a 
F5 y = -1.88 + 2.51 x 0.96 553.52 (455.04 ~ 711.53) 1.12 
F10 y = -2.17 + 2.57 x 0.96 612.58 (498.52 ~ 805.09) 1.24 
F15 y = -2.94 + 2.79 x 0.97 700.21 (561.91~ 951.60) 1.41 
F20 y = -2.43 + 2.55 x 0.95 812.99 (699.22 ~ 982.88) 1.64 

RR values represent resistance rates at the LC50 relative to F0 generation; n/a, not 
applicable. 

Specific activity (U/mg protein) =  
 
 

)/(ion concentratProtein 
)/(activity  
mLmg

mLUSOD

 
[2] 
 
Catalase activity was measured according to 
the method described by Barbehenn (2002). 
The reaction solution contained 665 μL phos-
phate buffer (66 mM; pH 7.0), 25 μL enzyme 
preparation, and 10 μL 3% H2O2. The OD was 
measured continuously for 5 min every 30 sec 
at 240 nm. Catalase activity was expressed as 
the amount of H2O2 reduced per mg protein in 
1 min. The extinction coefficient was 39.4 M-1 
· cm-1 (Aebi 1984).  
 
Activity of GR was measured by using Berg-
meyer’s method (Bergmeyer 1963) with slight 
modifications. Briefly, about 3 mL reaction 
mix was prepared that contained 0.1 mM 
phosphate buffer (pH 7.8), 1 mM Na2EDTA, 
1 mM oxidized glutathione (GSSG), 0.2 mM 
NADPH-Na4, and 140 μL enzyme prepara-
tion. Absorbance at 340 nm was measured 
continuously for 5 min by using a UV spec-
trophotometer. 
 
The GST was measured as described by Habig 
et al. (1974). About 50 μL enzyme preparation 
was mixed with 1.93 mL 0.1 M phosphate 
buffer (pH 7.6) and 100 μL 0.05 M reduced 
glutathione, incubated at 25°C for 5 min, and 
then mixed with 20 μL 0.01 M 1-chloro-2,4-
dinitrobenzene. The OD was then measured at 
340 nm within 5 min. The extinction coeffi-
cient was 9.6 mM-1 · cm-1. 
 
Protein concentration was deter-
mined according to Bradford 
(1976) by using Coomassie Bril-
liant blue G250. A standard curve 
was prepared with bovine serum 
albumin.  

Data analysis 
Data were analyzed by analysis of variance 
(ANOVA) in the DPS software (Tang and 
Feng 2002) followed by Duncan’s multiple 
comparison method to compare within treat-
ments. Levels of significance at P < 0.05 were 
considered as significant and at P < 0.01 as 
highly significant , whereas P > 0.05 was con-
sidered as not significant. 
 
Results 
 
Selection for copper resistance 
To select copper-resistant B. peregrina, larvae 
were fed on diet containing Cu2+ at an LC50 
concentration, which was determined once 
every five generations. Copper resistance in B. 
peregrina larvae developed slowly. For the R 
strain, LC50 values are listed in Table 1. The 
LC50 in F20 of the R strain was only 1.64-fold 
higher than that in F0 and 1.68-fold higher 
than that in the S strain, which fed on unpol-
luted diet for 20 generations. 
 
Cu2+ accumulation in larvae 
Larvae of the S and R strains fed on diet con-
taining Cu2+ at 800 μg/g accumulated more 
Cu2+ than those fed on diet with Cu2+ at 100 
μg/g (P < 0.01). On both diets, R-strain larvae 
accumulated more Cu2+ than S-strain larvae. 
A significant difference in Cu2+ accumulation 
was observed between R- and S-strain larvae 
fed on diet with Cu2+ at 800 μg/g (P < 0.01), 
but when they were fed on diet with Cu2+ at 
100 μg/g, the difference was not statistically 
significant (P > 0.05) (Fig. 1).  
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Figure 1. Cu2+ accumulation in R and S strains of B. peregrina larvae. Values are means ± stand-
ard deviation. Same lower-case letters represent no significant difference after exposure to same 
concentration of Cu2+ (P < 0.05) and different letters represent significant differences (P < 0.05) 
(Duncan’s multiple range test); fw, fresh weight; S, susceptible strain; R, copper-resistant strain. 

Table 2. Body weight of R- and S-strain larvae of B. peregrina 
after exposure to Cu2+. 
 

Cu2+ concentration 
(μg/g) 

Body weight (mg per larva) 
S R 

0 65.45 ± 3.07a 47.33 ± 6.09b 
100 59.47 ± 4.57a 54.87 ± 3.03a 
800 42.96 ± 2.25a 31.00 ± 2.77b 

Values are means ± standard deviation. Same lower-case letters in a 
row represent no significant difference (P > 0.05); different letters 
represent significant differences (P < 0.05) (Duncan’s multiple range 
test ). S, susceptible strain; R, copper-resistant strain. 

Table 3. Body length of R- and S-strain larvae of B. peregrina 
after exposure to Cu2+. 
 

Cu2+ concentration  
(μg/g) 

Body length (cm) 
S R 

0 1.59 ± 0.03a 1.36 ± 0.07b 
100 1.47 ± 0.15a 1.26 ± 0.12a 
800 1.28 ± 0.19a 1.20 ± 0.10a 

Values are means ± standard deviation. Same lower-case letters in a 
row represent no significant difference (P > 0.05); different letters 
represent significant differences (P < 0.05) (Duncan’s multiple range 
test ) . S, susceptible strain; R, copper-resistant strain. 

Table 4. Adult female fecundity in R and S strains of B. pere-
grina after exposure to Cu2+. 

Cu2+ concentration  
(μg/g) 

Eggs per ♀ 
S R 

0 79.4 ± 5.42a 81.3 ± 7.96a 
100 80.8 ± 6.41a 89.6 ± 7.29a 
800 47.4 ± 7.47a 53.4 ± 5.91a 

Values are means ± standard deviation. Same lower-case letters in a 
row represent no significant difference (P > 0.05) (Duncan’s multiple 
range test). S, susceptible strain; R, copper-resistant strain. 

 

Effects of Cu2+ on larval 
development 
As shown in Tables 2 and 
3, the R and S strains were 
significantly different from 
each other in body weight 
(P < 0.01) and length (P < 
0.01) when larvae were fed 
on Cu2+-free diet. After a 
four-day treatment with 
Cu2+, no significant differ-
ence in body weight (P > 
0.05) was observed be-
tween the two strains at 
100 μg/g, but a significant 
difference was observed at 
800 μg/g. However, the 
body lengths were signifi-

cantly different at both concentrations (P < 
0.01). Interestingly, body weight decreased 
at low concentrations of Cu2+ (100 μg/g) in 
the S strain but increased slightly in the R 
strain. Similar body weights between the 
two strains at 100 μg/g (P < 0.05) suggest 
the adaptation of the R strain to the low 
Cu2+ concentration.  
 
Effects of Cu2+ on adult reproduction 
The R and S strains showed no significant 
difference in adult egg production (P > 
0.05) when larvae were fed on Cu2+-free 
diet (Table 4). After Cu2+ treatment during 
the larval stage, adult egg production de-
clined significantly in the R and S strains at 
high Cu2+ concentrations (800 µg/g) (P < 
0.01). However, treatment of larvae with 
low Cu2+concentrations (100 µg/g) did not 
cause a significant difference between the R 
and S strains (P < 0.05).  
 
Effects of Cu2+ on larval enzyme activity 
As shown in Table 5, SOD activity of the R 
strain was higher than that of the S strain 
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Table 5. Enzyme activity in R and S strains of B. peregrina larvae. 
 

Cu2+ concentration 
(μg/g) 

SOD activity 
(U/mg protein) 

 
CAT activity 

(μmol/min/mg protein) 
 

GR activity 
(U/mg protein) 

 
GST activity 

(μmol/min/mg protein) 
S R  S R  S R  S R 

0 183.62 ± 24.03a 193.56 ± 12.76a  34.56 ± 3.74a 49.58 ± 11.82a  0.028 ± 0.004a 0.030 ± 0.002a  248.34 ± 34.67a 264.42 ± 43.42a 

100 190.41 ± 19.08a 201.09 ± 22.86a  23.19 ± 4.75b 33.83 ± 3.81a  0.028 ± 0.004a 0.030 ± 0.007a  268.91 ± 35.63a 329.97 ± 50.74a 

800 108.25± 11.06a 125.41 ± 10.64a  20.69 ± 6.36a 28.98 ± 5.76a  0.036 ± 0.004a 0.034 ± 0.003a  171.20 ± 21.17a 179.39 ± 15.18a 
Values are means ± standard deviation. Same lower-case letters in a row in an enzyme activity represent no significant difference (P > 
0.05) and different letters represent significant differences (P < 0.05) (Duncan’s multiple range test). SOD, superoxide dismutase; CAT, 
catalase ; GR, glutathione reductase; GST, glutathione S-transferase; S, susceptible strain; R, copper-resistant strain. 

when larvae were fed on diet with or without 
Cu2+, although without statistical significance 
(P > 0.05). The SOD activity was enhanced 
after larvae of both strains were continuously 
fed for four days on diet with Cu2+ at 100 μg/g 
but was suppressed when larvae were fed on 
diet containing Cu2+ at 800 μg/g.  
 
Larval catalase activity was higher in the R 
strain than in the S strain when larvae were 
fed on diet with or without Cu2+, although the-
se differences were significant (P < 0.05) only 
at the 100 μg/g concentration (Table 5). After 
four days of Cu2+ treatment, larval catalase 
activity was suppressed significantly in both 
strains (P < 0.05) in a dose-dependent man-
ner; the higher the Cu2+ concentration the 
lower the catalase activity. At the low Cu2+ 
concentration (100 μg/g), the activity of cata-
lase was significantly different between the 
two strains (P < 0.05), whereas at the high 
Cu2+ concentration (800 μg/g), the catalase 
activity was not significantly different be-
tween the two strains (P > 0.05).  
 
Larval GR activity was similar in the R and S 
strains when larvae were fed on diet with or 
without Cu2+ (Table 5). Even after a four-day 
Cu2+ treatment, larval GR activity in both 
strains showed no significant change (P > 
0.05).  
 
Similar to SOD activity, larval GST activity 
was higher in the R strain than in the S strain 
when larvae were fed on diet with or without 

Cu2+, but without statistical significance (P > 
0.05) (Table 5). Compared with larval GST 
activity on Cu2+-free diet, GST activity in both 
strains increased after a four-day treatment 
with Cu2+ at 100 μg/g, although there was no 
significant difference. However, after a four-
day treatment with Cu2+ at 800 μg/g, larval 
GST activity was significantly suppressed in 
the R and S strains (P < 0.05) compared with 
their larval GST activity in the Cu2+-free 
treatment. 
 
Discussion 
 
Changes in the activity of antioxidant en-
zymes are important to tolerate copper 
accumulation in insects (Korsloot et al. 2004, 
Migula et al. 2004, Wang et al. 2006). How-
ever, such antioxidant enzyme activity has not 
been reported in relative copper-resistant in-
sect strains. In the present study, regardless of 
the presence or absence of Cu2+ in the diet of 
B. peregrina larvae, the R strain had higher 
SOD, catalase, and GST activity than the S 
strain. Moreover, the activity of SOD and 
GST increased when B. peregrina larvae were 
exposed to Cu2+ at 100 μg/g but decreased 
when larvae were exposed to Cu2+ at 800 
μg/g. Our results differ from those of Wang et 
al (2006), who reported that the activity of 
SOD and catalase in B. peregrina was signifi-
cantly inhibited with increasing Cu2+ 
concentrations. These discrepancies support 
the notion that patterns in antioxidative en-
zyme activity are species specific and 
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correlate to the levels of metal pollution or 
metal loads in the insect’s body (Migula et al. 
2004). 
 
In contrast, larval GR activity was not signifi-
cantly different between the R and S strains, 
and the activity of GR slightly changed when 
larvae were exposed to experimental Cu2+. 
This finding is similar to the reported GR ac-
tivity in Phyllobius betulae F. (Coleoptera: 
Curculionidae) (Migula et al. 2004). 
 
At homeostatic conditions, SOD produces hy-
drogen peroxide by rapidly dismutating O2

•‾ 
(2O2

•‾ + 2H+ →H2O2 + O2) (Richter and 
Schweizer 1997, Wolin and Mohazzab-H 
1997), which is a superoxide anion radical 
predominantly produced in the respiratory 
chain of mitochondria by auto oxidation of 
reduced components (Winyard et al. 1994). In 
the presence of H2O2, which is an oxidizing 
environment, Cu2+ reacts with reduced gluta-
thione (GSH) to produce Cu+ and a thiyl 
radical, GS•, which reacts with GS‾ to result in 
GSSG•‾. The latter is a strongly reducing mol-
ecule that reacts rapidly with oxygen to yield 
O2

•‾ (Brouwer and Brouwer-Hoexum 1998). 
In our study, the increased SOD activity in B. 
peregrina indicates its critical role in convert-
ing O2

•‾ into H2O2 to mitigate the damaging 
effects exerted by excess O2

•‾.  
 
In B. peregrina, an increase in the amounts of 
H2O2 also results in increased catalase activi-
ty, which is required to decompose H2O2 
(Sohal et al. 1995). In general, H2O2 is de-
graded to H2O by two enzyme systems, 
catalase and glutathione peroxidase (GSH-Px) 
(Korsloot et al. 2004), although differences 
between organisms have been observed. For 
example, GSH-Px plays an important role in 
mammals but is not present in nematodes and 
insects (Orr and Sohal 1994, Beckmann and 
Ames 1997). This indicates that the reaction 

H2O2 + 2GSH → GSSG + 2H2O catalyzed by 
GSH-Px and the GSH-regenerated reaction 
GSSG + NADPH + H+ → 2GSH + NADP+ 
catalyzed by GR do not occur in insects. This 
could explain the low GR activity that was not 
significantly different between the R and S 
strains of B. peregrina. 
 
The enzyme GST plays an active role in the 
detoxification of endogenous and exogenous 
compounds and is ubiquitously distributed in 
the biota. Increased GST activity was reported 
in the carabid beetle Pterostichus oblon-
gopunctatus F. (Coleoptera: Curculionidae) 
collected from metal-polluted areas (Stone et 
al. 2002). In the western honey bee, Apis mel-
lifera L. (Hymenoptera: Apidae), Smirle and 
Winston (1988) emphasized the role of GST 
in defense against the cytotoxic action of met-
als, and similar results were observed in 
cadmium-treated red wood ants Formica aqui-
lonia Yarrow (Hymenoptera: Formicidae) 
(Migula 1997). Changes in GST activity in the 
carabid beetle Poecilus cupreus L. also de-
pended on the metals used and their doses to 
detoxify cadmium or zinc (Wilczek et al. 
2003). This holds true for GST activity in B. 
peregrina larvae fed on diet with Cu2+. Com-
pared with the larval GST activity in the Cu2+-
free treatment, GST activity in the R and S 
strains of B. peregrina increased after a four-
day exposure to Cu2+ at 100 μg/g and signifi-
cantly decreased after a four-day exposure to 
Cu2+ at 800 μg/g. Moreover, larval GST activ-
ity was higher in the R strain than in the S 
strain indicating that copper resistance in B. 
peregrina may be linked to GST activity. 
 
In conclusion, results of the present study 
showed that increased resistance to Cu2+ in the 
R strain resulted in enhanced fecundity and 
Cu2+ accumulation compared with the S strain. 
Copper resistance in B. peregrina larvae was 
mediated by SOD, catalase, and GST rather 
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than GR. Antioxidative enzyme activity was 
correlated to the levels of metal exposure or 
the metal loads in the body. These factors 
should therefore be considered in the design 
of experiments to investigate antioxidative 
enzyme activity in B. peregrina. 
 
Acknowledgements 
 
This research was supported by the National 
Natural Science Foundation of China (Grant 
No. 30230070 and 30960221). We thank the 
College of Environmental and Resource Sci-
ences of Zhejiang University for allowing us 
to use the atomic absorption spectrophotome-
try. 
 
References 
 
Aebi, H. 1984. Catalase in vitro, pp. 121–126. 
In L. Packer (ed.), Methods in enzymology. 
Academic Press, Orlando, FL. 
 
Ahmad, S. 1995. Oxidative stress from 
environmental pollutants. Archives of Insect 
Biochemistry and Physiology 29: 135–137. 
 
Barbehenn, R. V. 2002. Gut-based 
antioxidant enzymes in a polyphagous and a 
graminivorous grasshopper. Journal of 
Chemical Ecology 28: 1329–1347. 
 
Beckmann, K. B., and B. N. Ames. 1997. 
Oxidants, antioxidants, and aging, pp. 201–
246. In J. G. Scandalios (ed.), Oxidative stress 
and the molecular biology of antioxidant 
defenses. Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, NY. 
 
Bergmeyer, H. U. 1963. Methods of 
enzymatic analysis. Academic Press, New 
York, NY, and London, United Kingdom. 
 

Bradford, M. M. 1976. A rapid and sensitive 
method for the quantitation of microgram 
quantities of protein utilizing the principle of 
protein-dye binding. Analytical Biochemistry 
72: 248–254. 
 
Braverman, I., I. Dano, D. Saah, and B. 
Gapany. 1994. Aural myiasis caused by flesh 
fly larva, Sarcophaga haemorrhoidalis. 
Journal of Otolaryngology 23: 204–205. 
 
Bremner, I. 1998. Manifestations of copper 
excess. The American Journal of Clinical 
Nutrition 67: 1069–1073. 
 
Brouwer, M., and T. Brouwer-Hoexum. 
1998. Biochemical defence mechanisms 
against copper-induced oxidative damage in 
the blue crab, Callinectes sapidus. Archives of 
Biochemistry and Biophysics 351: 257–264. 
 
Deng, B. Y., and Q. S. Yuan. 1991. 
Improved method of pyrogallol self-oxidation 
for determination of superoxide dismutase. 
Progress in Biochemistry and Biophysics 18: 
163. 
 
Habig, W. H., M. J. Pabst, and W. B. 
Jakoby. 1974. Glutathione S-transferases: the 
first enzymatic step in mercapturic acid 
synthesis. The Journal of Biological 
Chemistry 249: 7130–7139. 
 
Iqbal, J., P. R. Hira, M. M. Marzouk, F. Al-
Ali, F. Shelahi, N. Khalid, N. Wyatt, and M. 
J. Hall. 2011. Pressure sores and myiasis: 
flesh flies (Diptera: Sarcophagidae) 
complicating a decubitus ulcer. Annals of 
Tropical Medicine and Parasitology 105: 91–
94. 
 
Kadiiska, M. B., P. M. Hanna, L. 
Hernandez, and R. P. Mason. 1992. In vivo 
evidence of hydroxyl radical formation after 

Downloaded From: https://bioone.org/journals/Journal-of-Insect-Science on 02 Nov 2021
Terms of Use: https://bioone.org/terms-of-use



 

Journal of Insect Science: Vol. 14 | Article 116  Wu et al. 

Journal of Insect Science | http://www.insectscience.org  9 
 
 

acute copper and ascorbic acid intake: 
electron spin resonance spin-trapping 
investigation. Molecular Pharmacology 42: 
723–729. 
 
Korsloot, A., C.A.M. van Gestel, and N. M. 
van Straalen. 2004. Environmental stress and 
cellular response in arthropods. CRC Press, 
Boca Raton, FL. 
 
Li, L. J., X. M. Liu, Y. P. Guo, and E. B. 
Ma. 2005. Activity of the enzymes of the 
antioxidative system in cadmium-treated Oxya 
chinensis (Orthoptera: Acridoidae). 
Environmental Toxicology and Pharmacology 
20: 412–416. 
 
McCord, J. M., and I. Fridovich. 1969. 
Superoxide dismutase. An enzymic function 
for erythrocuprein (hemocuprein). The 
Journal of Biological Chemistry 244: 6049–
6055. 
 
Migula, P. 1997. Molecular and physiological 
biomarkers in insects as the tools in 
environmental hazard assessment. Acta 
Phytopathologica et Entomologica Hungarica 
32: 231–243. 
 
Migula, P., and E. Glowacka. 1996. Heavy 
metals as stressing factors in the red wood 
ants (Formica polyctena) from industrially 
polluted forests. Fresenius’ Journal of 
Analytical Chemistry 354: 653–659. 
 
Migula, P., P. Laszczyca, M. Augutyniak, 
G. Wilczek, K. Rozpedek, A. Kafel, and M. 
Woloszyn. 2004. Antioxidative defence 
enzymes in beetles from a metal pollution 
gradient. Biologia Bratislava 59: 645–654. 
 
Orr, W. C., and R. S. Sohal. 1994. Extension 
of life span by overexpression of superoxide 

dismutase and catalase in Drosophila 
melanogaster. Science 263: 1128–1130. 
 
Pardini, R. S. 1995. Toxicity of oxygen from 
naturally occurring redox-active pro-oxidants. 
Archives of Insect Biochemistry and 
Physiology 29: 101–118. 
 
Richter, C., and M. Schweizer. 1997. 
Oxidative stress in mitochondria, pp.169–200. 
In J. G. Scandalios (ed.), Oxidative stress and 
the molecular biology of antioxidant defenses. 
Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, NY. 
 
Schümann, K., H. G. Classen, H. H. Dieter, 
J. König, G. Multhaup, M. Rükgauer, K. H. 
Summer, J. Bernhardt, and H. K. Biesalski. 
2002. Hohenheim consensus workshop: 
copper. European Journal of Clinical 
Nutrition 56: 469–483. 
 
Smirle, M. J., and M. L. Winston. 1988. 
Detoxifying enzyme activity in worker honey 
bees: an adaptation for foraging in 
contaminated ecosystems. Canadian Journal 
of Zoology 66: 1938–1942. 
 
Sohal, R. S., A. Agarwal, S. Agarwal, and 
W. C. Orr. 1995. Simultaneous 
overexpression of copper- and zinc-containing 
superoxide dismutase and catalase retards age-
related oxidative damage and increases 
metabolic potential in Drosophila 
melanogaster. The Journal of Biological 
Chemistry 270: 15671–15674. 
 
Stone, D., P. Jepson, and R. Laskowski. 
2002. Trends in detoxification enzymes and 
heavy metal accumulation in ground beetles 
(Coleoptera: Carabidae) inhabiting a gradient 
of pollution. Comparative Biochemistry and 
Physiology Part C: Toxicology & 
Pharmacology 132: 105–112. 

Downloaded From: https://bioone.org/journals/Journal-of-Insect-Science on 02 Nov 2021
Terms of Use: https://bioone.org/terms-of-use



 

Journal of Insect Science: Vol. 14 | Article 116  Wu et al. 

Journal of Insect Science | http://www.insectscience.org  10 
 
 

Sukontason, K., N. Bunchu, T. Chaiwong, 
K. Moophayak, and K. L. Sukontason. 
2010. Forensically important flesh fly species 
in Thailand: morphology and developmental 
rate. Parasitology Research 106: 1055-1064. 
 
Sun, H. X., Y. Liu, and G. R. Zhang. 2007. 
Effects of heavy metal pollution on insects. 
Acta Entomologica Sinica 50(2): 178–185. (In 
Chinese.) 
 
Tang, Q. Y., and M. G. Feng. 2002. DPS© 

data processing system for practical statistics. 
China Science Press, Beijing, China. (In 
Chinese.) 
 
Wang, H., G. X. Wu, G. Y. Ye, C. Hu, and 
J. A. Cheng. 2006. Accumulation of cuprum 
and cadmium and their effects on the 
antioxidant enzymes in Boettcherisca 
peregrina exposed to cuprum and cadmium. 
Journal of Zhejiang University (Agriculture & 
Life Science) 32(1): 77–81. (In Chinese.) 
 
Wilczek, G., P. Kramarz, and A. 
Babczyńska. 2003. Activity of 
carboxylesterase and glutathione S-transferase 
in different life-stages of carabid beetle 
(Poecilus cupreus) exposed to toxic metal 
concentrations. Comparative Biochemistry 
and Physiology Part C: Toxicology & 
Pharmacology 134: 501–512. 
 
Winyard, P. G., C. J. Morris, V. R. 
Winrow, M. Zaidi, and D. R. Blake. 1994. 
Free radicals in the inflammatory response: 
redox regulation of gene transcription and 
proteolytic tissue destruction, pp. 361–383. In 
C. A. Rice-Evans and R. H. Burdonm (eds.), 
Free radical damage and its control. Elsevier 
Science BV, Amsterdam, The Netherlands. 
 
Wolin, M. S., and K. M. Mohazzab-H. 
1997. Mediation of signal transduction by 

oxidants, pp. 21–48. In J. G. Scandalios (ed.), 
Oxidative stress and the molecular biology of 
antioxidant defenses. Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, NY. 
 
Wu, G. X., X. Gao, G. Y. Ye, C. Hu, and J. 
A. Cheng. 2007. Effects of dietary copper on 
the growth, development and reproduction of 
Boettcherisca peregrina (Diptera: 
Sarcophagidae) in the parental generation and 
first filial generation. Acta Entomologica 
Sinica 50(10): 1042–1048. (In Chinese.) 
 
Wu, G. X., G. Y. Ye, C. Hu, and J. A. 
Cheng. 2009. Ultrastructural alterations in the 
midgut and Malpighian tubules of 
Boettcherisca peregrina exposure to cadmium 
and copper. Ecotoxicology and Environmental 
Safety 72: 1137–1147. 
 
Zamam, K., R. S. MacGill, J. E. Johnson, S. 
Ahmad, and R. S. Pardini. 1994. An insect 
model for assessing mercury toxicity: effect of 
mercury on antioxidant enzyme activities of 
the housefly (Musca domestica) and the 
cabbage looper moth (Trichoplusia ni). 
Archives of Environmental Contamination 
and Toxicology 26: 114–118. 
 
 
 
 

Downloaded From: https://bioone.org/journals/Journal-of-Insect-Science on 02 Nov 2021
Terms of Use: https://bioone.org/terms-of-use


