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Oxidative effects of boric acid on different developmental stages of
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Drosophila melanogaster Meigen, 1830 (Diptera: Drosophilidae)’in farkl gelisme
donemleri Gzerine Borik asitin oksidatif etkileri

Eda GUNES” Ender BUYUKGUZEL?®
Summary

Synthetic organic insecticides are widely used to combat agricultural pests. Boric acid has a great importance
in pest management because it has less toxic effect on non-target organisms compared to other organic chemical
insecticides. For this purpose, the fruit fly Drosophila melanogaster Meigen, 1830 (Diptera: Drosophilidae) was reared
from first stage larvae on an artificial diet containing boric acid at 10, 100, 200 or 300 mg/L to adult stage. The effect
of boric acid on important oxidative stress indicators such as lipid peroxidation product of malondialdehyde contents
(MDA) and protein oxidation products of protein carbonyl contents (PCO) and detoxification enzyme activity of
glutathione S-transferase (GST) in the third stage larvae, pupae, adults and eggs of D. melanogaster were
investigated. All boric acid concentrations significantly increased MDA content in third stage larva. When the adults
from the larvae reared on 300 mg/L of dietary BA were also fed with high BA concentration for a 10-day period, MDA
and PCO contents of male and female adults were considerably went up in comparison to control. MDA and PCO
content in the eggs of these females were hugely increased. The rise in PCO content of the eggs was 31-fold relative
to control. Our results indicate that BA feeding at high concentrations in all developmental stages of D. melanogaster
is more effective on oxidative stress indicators and detoxification enzyme.
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Ozet

Tarimsal zararlilar ile miicadelede sentetik organik insektisitler yogun olarak kullaniimaktadir. Borik asit
organik kimyasal insektisitlere gbére hedef olmayan organizmalara kargi daha disuk toksisiteye sahip olmasi
nedeniyle 6nem tasimaktadir. Bu amagla calismamizda meyve sinedi Drosophila melanogaster Meigen,1830
(Diptera: Drosophilidae)'in birinci dénem larvalari borik asitin farkli konsantrasyonlarini (10, 100, 200 ve 300 mg/L)
iceren yapay besinler ile yetistirilmistir. Drosophila melanogaster' in iglinci dénem larva, pupa, ergin dénemleri ve
yumurtalarinda oksidatif stresin 6nemli indikatorleri olan lipid peroksidasyonu Griini malondialdehid (MDA) ve protein
oksidasyon Uriini protein karbonil miktarlari (PCO) ile detoksifikasyon enzimi glutatyon-S-transferaz (GST) aktivitesi
Uzerine etkisi incelenmistir. Borik asitin denenen konsantrasyonlarini igeren yapay besinler ile yetistirilen D.
melanogaster’ in tglncu dénem larvalarinin MDA miktari 6nemli derecede artmistir. Yiiksek borik asit ile yetistirilen
erginlerin 10 giin sureyle 300 mg/L borik asit iceren besin ile beslenilmesi sonucunda kontrol besinine gore disi ve
erkek bireylerde MDA ve PCO miktarlari énemli derecede artmistir. Bu disilerin yumurtalarindaki MDA, PCO
miktarlari ve GST aktivitesi 6nemli derecede artarken, PCO miktarindaki artis yaklasik 31 kati oraninda olmustur.
Sonuglarimiz, borik asitin yiksek konsantrasyonlariyla beslenen D. melanogasterin tim gelisme dénemlerindeki
oksidatif stres indikatorleri ve detoksifikasyon enzimi izerine oldukga etkili oldugunu gostermistir.
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Introduction

The use of chemical insecticides and their synthetic analogs to fight insects harmful agriculture is
gradually increasing. Excessive and misdirected use of these substances harm the environment having
negative effects on both target and non-target organisms. Innovative studies try to develop alternative
control methods centering on the use of compounds and elements (e.g. B), which have lower toxicity to
the environment, humans and other species, and do not have direct impacts on organisms.

Boron, a beneficial bioactive element for many organisms, is classified in a different group (Group D)
than boron oxide and boric acid (BA, H3BOs) (Anonymous, 2004). According to the results of toxicity
studies, BA used for various medical and agricultural purposes has negative effects on animals, but is less
toxic to honey bees, birds, fish, aquatic organisms, beneficial insects that are biological control agents and
mammals when used in low doses (EFSA, 2004). BA is used on organisms such as ants, cockroaches and
mosquitos as a registered inorganic insecticide having a sterilizing effect and also affecting digestion acting
as a stomach toxin (Cochran, 1995). BA increases in the amount of consumption stimulating nutrient intake
and forms complexes with carbohydrates, nucleotides and vitamins causing insufficient uptake of these
nutrients (Xue & Barnard, 2003). For a long time BA has been used alone or in complex for the control of
vermin (Xue & Barnard, 2003). The use of substances which have effects on a relatively narrow group and
are less toxic with different activity for controlling insects is important for organisms in the food chain.
Having knowledge of the effects of chemicals used will allow minimization of negative effects on beneficial
non-target insects, biological control agents humans, and the environment. The oxidative effect of BA on
biochemical parameters and detoxification capacity of Drosophila melanogaster Meigen, 1830 (Diptera:
Drosophilidae) has not been determined. Also, aging mechanisms subject to nutrient-induced oxidative
stress in organisms exposed to pesticides have not been studied.

Reactive oxygen species may be generated in organisms as byproducts during normal metabolic
activities or as a result of exposure to the substances causing various chemical or environmental pollution
(Felton & Summers, 1995). These radicals impede metabolic processes and cause oxidative damage in
organisms damaging cellular components, such as fatty acids, proteins, carbohydrates, enzymes, nucleic
acids, hormones and neurotransmitters (Hermes-Lima & Zenteno-Savin, 2002). For instance, they cause
damage changing structures of the enzymes which produce or annihilate reactive oxygen species (ROS)
(Giordano et al., 2007). Toxic or harmful chemical substances cause oxidative damage leading to lipid
peroxidation, protein and enzyme oxidation and increased level of cellular glutathione in insect tissues
(Ahmad, 1995). The increase in the level of malondialdehyde (MDA), which is an important aldehyde
derivative being a final product of the reactions known as lipid peroxidation reactions, and the generation of
protein carbonyl (PCO) products as a result of oxidation of proteins by ROS and covalent modification of
proteins are used as indicators in the assessment of oxidative effect (Evans et al., 1999; Gulbahar, 2007).

There is an antioxidant defense system which is responsible for annihilating or counteracting
endogenous or exogenous reactive chemicals in organisms. The antioxidant mechanism also activates in
insect tissues in response to stress and allows insects to survive under chemically unsuitable
environmental conditions (HyrSl et al., 2007). There is a tissue-specific antioxidant defense mechanism
which consists of antioxidant enzymes and substances in adipose tissue and midgut of insects
(Barbehenn & Stannard, 2004). Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), glutathione S-transferase (GST), glutathione reductase (GR), ascorbate peroxidase, thioredoxin
peroxidase, disulfide reductase, and methionine sulfoxide reductase are the antioxidant enzymes found in
insects (Missirlis et al., 2003).

Organisms protect themselves from harmful effects of environmental stress depending on their
detoxification capacities (Vasseur & Leguille, 2004). GST which is responsible for insecticide resistance
and detoxication of xenobiotics functions as an antioxidant enzyme with its peroxidase-like activity
(Krishnan & Kodrik, 2006). GST enzymes in invertebrates and vertebrates constitute a group of
multifunctional detoxification enzymes neutralizing toxic effects of electrophilic substances by means of
phase Il detoxification system of reactive metabolites which are produced by microsomal oxidation and
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which conjugate xenobiotic with glutathione in order to transform them into their less toxic forms (Vontas
et al., 2001). Researches have shown that insects have GST and may increase their GPx-like activity as
a physiological adaptation against toxic substances. Also, there are studies showing that this activity
varies between different stages of insects (Peric-Mataruga et al., 1997).

In this research, assessed how antioxidant defense systems of D. melanogaster, an organism not
directly harmful to agriculture (Uysal & Sisman, 2003), is affected when feed on BA and if BA has an
effect on the antioxidant defense system in association with aging. Previous studies were conducted in
order to determine the effects of BA and other B-containing compounds on survival and development of
insects in terms of stimulation of nutrient intake (Hyrsl et al., 2007; Durmus & Bliyukgtzel, 2008). For this
purpose, D. melanogaster was studied because it is an ectodermic organism with known quantitative
nutrient needs, a short life span and is a model organism used for biochemical and physiological studies
(Keser, 2010). In the study, changes in the activities of three important indicators for oxidative stress,
MDA (a product of lipid peroxidation), PCO (a product of protein oxidation) and GST (a detoxification
enzyme), were examined in third stage larvae, pupae and adults of insects fed on larval nutrient
containing BA, which has a low toxicity to non-target organisms.

Materials and Methods

Drosophila melanogaster culture

Culture of D. melanogaster (Wms, wild type) was allowed to feed on an artificial nutrient (8 g agar,

20 g D-sucrose, 11.8 g dry yeast, 0.8 g L-ascorbic acid, nipagin 3.5% solution, 36 g mashed potatoes,
1000 ml of distilled water, heated to dissolve the agar) containing potato and sucrose under non-sterile
conditions in 250 ml glass bottles (Lesch et al., 2007). The insect culture was exposed to 25 + 2°C, 60-
70% relative humidity, and 12 h photoperiod in a Niive cooled incubator.

Boric acid treatment

BA (99%, H3BO3) provided by the National Boron Research Institute, Ankara, Turkey was used in
feeding experiments. BA was added to 1000 ml of the artificial nutrient in 10, 100, 200, 300 mg doses
dissolved in water before the agar set. This concentration range was based on the studies conducted on
various organisms using B and BA (Massie, 1994; Yang et al., 2000; Cisneros et al., 2002; Gore et al.,
2004; Ali et al., 2006; Xue et al., 2006; Espinoza-Navarro et al., 2009), and because it would allow D.
melanogaster to complete its development until the adult stage in pre-feeding experiments.

Feeding experiments

Newly hatched insects were raised until the adult stage with nutrients containing specified
concentrations of BA. MDA and PCO levels, and GST activity were recorded during the last (third) larva,
pupa and adult stages. Following this process, the adult individuals raised with various concentrations of
BA from their larva stage were allowed to feed on various BA concentrations for 10 d in a second
experimental setup, and the adult individuals raised with various BA concentrations from their larva stage
were allowed to feed on BA-free nutrient for 10 d in a third experimental setup (Figure 1). MDA and PCO
levels, and GST activity in adults and in the eggs of the females raised with adjusted concentrations of BA
and in adults allowed to feed on BA-free nutrient for 10 d after they reach the adult stage (male and
female) were determined. The experiments were conducted for 10 d of the adult stage because that it is
the ideal period for reproductive efficiency (Kaya et al., 2009).

Specimen preparation and biochemical analysis

The specimens were extracted using cold homogenization buffer (1.15% potassium chloride, 25 mM
dipotassium hydrogen phosphate, 5 mM ethylene diamine tetraacetic acid, 2 mM phenylmethylsulfonyl, 2 mM
dithiothreitol, pH 7.4) in +4°C in an ultrasonic homogenizer (Bandelin Sonoplus, HD2070, Berlin,
Germany). The specimens were kept at -80°C until analysed. The experiments were repeated four times
using 20 larvae, 20 pupae, 20 females and 20 male adults (Taskin et al., 2007), and 200 eggs for
biochemical analysis.
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The levels of MDA which is a final product of lipid peroxidation in the specimens reacted with
thiobarbituric acid at 532 nm were measured based on the method used by Jain & Levine (1995). The
coefficient of 1.56 x 10°M"'cm™ was used and the level of MDA was calculated as nmol/mg protein.

Determination of protein carbonyl followed the method of Levine et al. (1994) with minor
modifications (Krishnan & Kodrik, 2006): 2,4-dinitrophenylhydrazone, a stable compound formed by
carbonyl groups in proteins, and 2,4-dinitrophenylhydrazine were calculated as nmol/mg protein at 370 nm
using the coefficient of 22.0 M'cm™ina strong acidic medium.

Glutathione S-transferase (EC 2.5.1.18) activity was determined by the method of Habig et al.
(1974), as the amount of thioethers produced per 1 mg of total protein in the supernatant at 340 nm (€340:
9.6 mM/cm) for 1 min.

The enzyme specific activity was calculated as ymol/mg protein/min. Total protein was determined
at 600 nm by the Folin-Lowry method (Lowry et al., 1951). A Shimadzu 1700, UV/VIS (Kyoto, Japan)
spectrophotometer was used for the determination of MDA and PCO levels, the total amount of protein,
and GST activity. All chemicals used in the experiments where analytical grade.

Data evaluation

In order to determine the effects of BA in various concentrations on D. melanogaster; one-way
analysis of variance was used for MDA and PCO levels and GST activity, and LSD test was used to
compare means (SPSS, 1997). The Kruskal-Wallis test was used to determine differences between
respective MDA and PCO levels and GST activities of larva-pupa-adult stages at each BA concentration,
and the Mann Whitney U test for differences between male and female adults at each BA concentration.
The significance level used was P < 0.05.

Results and Discussion

For D. melanogaster raised until the adult stage with BA concentrations added to the nutrient
medium, the effects of different BA concentrations on MDA and PCO levels and GST activity in last (third)
stage larvae, pupae and adults (male and female) are shown in Tables 1 to 3.

1. The experimental setup 3. The experimental setup

Feed on BA
free diet
for10d ”

oncentrations
for10d

Feeding with BA concentrations  BA effects after the adult stage

Figure 1. The insects with different BA concentrations before and after feeding experiments; a. last larval stage b. pupae, c. female,
d. male e. egg.
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Table 1. Malondialdehyde (MDA) levels in various developmental stages of Drosophila melanogaster raised with artificial nutrient
containing various concentrations of boric acid

MDA
(nmoI/n)(g protein)
o (Mean +S.E)™
Boric acid
(mglLiter) Adult
Third stage larvae Pupae
Female Male
o_o§ 0.13+0.08 aA 0.06 £ 0.01 aAB 0.04 £0.03 aB 0.04 +0.01 aB
10 0.29 £+ 0.02 bAB 0.04 £0.01 aA 0.48+0.12 bB 0.04 £0.01 aA
100 0.26 + 0.56 bAB 0.05+0.02 aA 0.37 £0.07 bB 0.12 +0.03 abAB
200 0.34 £ 0.03 bcAB 0.07 £0.02 aA 0.16 + 0.02 abAB 0.30 £ 0.05 bB
300 0.41 £0.05 bcA 0.11+0.03 aA 0.31+£0.10 bA 0.38 +0.14 bA

’ The mean of four experimental runs, 20 insects in various developmental stages were used for each run;

T The values containing the same lower case letter in the same column are not different from each other, P< 0.05 (LSD test);

# The values containing the same upper case letter in the same row are not different from each other, P< 0.05 (Kruskal-Wallis test);
§ Control nutrient (boric acid free).

While B and B-containing compounds do not have a repellent effect (Maistrello et al., 2002), it is
known that they can be toxic depending on the the rate of consumption and interaction with nutrients
(Blylikgiizel & igen, 2004; Biiyiikglizel & Kalender, 2007). As a result of the pre-feeding experiments, it
was found that 300 mg/L is the most effective BA concentration for D. melanogaster to complete its
development and reach the adult stage.

Table 2. Protein carbonyl (PCO) levels in various developmental stages of Drosophila melanogaster raised with artificial nutrient
containing various concentrations of boric acid

PCO (nmgl/mg protein)
(Mean +S.E)'*

Boric acid
(mglLiter) ) Adult
Third stage larvae Pupae
Female Male
o_0§ 296+0.79 aA 6.35+1.23 aAB 11.27 £+ 2.56 aAB 31.85+8.63 aB
10 27.33+7.00 abA 1445+ 450 aA 19.46 +3.75 aA 10.67 £6.34 abA
100 2574 +9.16 abAB 9.80+0.60 aA 37.40+5.32 aB 13.99+1.69 abAB
200 39.11+11.96 abA 24.81+12.79 aA 28.88+9.10 aA 13.37 £3.12 abA
300 52.50 £ 17.61 bA 19.26 +3.44 aA 120.88 + 34.15 bB 69.11 +£21.47 cA

’ The mean of four experimental runs, 20 insects in various developmental stages were used for each run;
T The values containing the same lower case letter in the same column are not different from each other, P< 0.05 (LSD test);

The values containing the same upper case letter in the same row are not different from each other, P< 0.05 (Kruskal-Wallis test);
§ Control nutrient (boric acid free).
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Radiation, viruses, ultraviolet light, products of fossil fuels combustion, cigarette smoke, infection,
stress, byproducts or final products generated during normal metabolic activity, some chemicals and
substances such as insecticides are known to be free radical sources (Sarikaya et al., 2012). It is known
that MDA and PCO levels change in insects due to free radicals and overall oxidative stress (Wang et al.,
2001). MDA and PCO levels in midgut cells and adipose tissue of Galleria mellonella L., 1758 increased
and the insect underwent oxidative stress in the studies conducted using substances such as a-solanine,
ornidazole, gemifloxacin and niclosamide which is an anthelmintic antibiotic (Buyukguzel et al., 2013;
Erdem et al., 2013; Vuran et al., 2013; Blylkguzel & Kayaoglu, 2014). Furthermore, nutrient components
induce ROS generation in insects interacting with each other or substances added to the nutrient. Sugars
added to Drosophila's nutrient such as galactose increase the level of MDA and decrease SOD activity
(Jordens et al., 1999). The ROS produced in nutrients change toxicity depending on nutrient consumption
of insect larvae (Cohen & Crittenden, 2004). It has been observed that xanthotoxin, which is an
allelochemical, increases MDA and PCO levels and decreases GST activity in G. mellonella (Erdem &
Buyukgtzel, 2015). While the mechanism of pathophysiological action of BA and some of B-containing
compounds in insects is not known exactly, it is known that they induce the production of O, radicals
transferring electron to the molecular oxygen (Jolly, 1991). In this experiment, MDA level increased four
times in third stage larvae raised with nutrient containing 300 mg/L BA compared to the control group and
reached 0.41 £ 0.05 nmol/mg, and the level of PCO increased about 17 times and reached 52 + 18 nmol/mg
protein. A similar situation was observed in females and males raised with nutrients containing high
concentrations of BA; the level of MDA increased nine times in males and seven times in females compared
to the control group and the level of PCO increased to 120 + 34 and 69 + 21 nmol/mg of protein,
respectively (Tables 1 & 2). The accumulation of B added to the nutrient in tissues varies depending on the
development stage and age (Massie, 1994). The decrease observed in the level of MDA during the
development process from larva stage to adult stage in the study shows similarity to previous studies.
Drosophila larvae stop feeding towards the end of third stage (Lozinsky et al., 2012). The decrease in the
level of MDA in the pupae indicates that BA accumulation is at the lowest level in this stage due to feeding
cessation and perhaps due to the decrease in potential oxidative damage. A similar situation is observed in
the level of PCO, a variation was seen between the developmental stages of insects. It is known that
insecticides in particular cause oxidative stress effecting lipid, carbohydrate and protein levels in insects
(Damien et al., 2004). For instance, the level of PCO is higher in males compared to females of Drosophila
which were allowed to feed on high concentrations of S-nitrosoglutathione (Lozinsky et al., 2012). It is believed
that BA used as an insecticide might cause changes in nutritional physiology of insects in association with
excessive chemical intake due to the stimulation of nutrient intake, and oxidative damage in tissues. In this
study, the increased levels of MDA and PCO proves that BA can cause cell damage in insects.

Table 3. Glutathione S-transferase (GST) activities in various developmental stages of Drosophila melanogaster raised with artificial
nutrient containing various concentrations of boric acid

GST (nmollrpg protein/min)
(Mean +SE)#

Boric acid
(mg/Liter) Third stage larvae Pupae Adult
Female Male
0.0 0.36 £ 0.01 aA 0.52+0.28 aA 0.15+0.02 aA 0.21£0.03 aA
10 0.54 £ 0.03 bA 0.44 +£0.16 aAB 1.17£0.21 bA 0.15+0.01 aB
100 0.56 £ 0.05 bA 0.35+0.13 aA 0.45+0.14 acA 0.33+0.04 aA
200 0.64 £ 0.04 bA 1.05+0.20 aA 0.68 £0.11 cA 0.57 £ 0.07 abA
300 0.50 £ 0.05 abA 1.80+0.74 bB 0.75+0.10 bcAB 0.87 £ 0.32 bAB

’ The mean of four experimental runs, 20 insects in various developmental stages were used for each run;

T The values containing the same lower case letter in the same column are not different from each other, P< 0.05 (LSD test);

# The values containing the same upper case letter in the same row are not different from each other, P< 0.05 (Kruskal-Wallis test);
§ Control nutrient (boric acid free).
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The basic mechanism which enables insects to adapt to the environment is the common
phenomenon of enzyme induction (Wu & Miyata, 2005). GST, a detoxification enzyme, is an important
indicator of oxidative stress (Otitoju & Onwurah 2007). It is known that BA causes oxidative damage in
midgut epithelial tissues of Blatella germanica L., 1767 adults and thus GST activity increases (Habes et al.,
2006). It was found that the high resistance to synthetic pyrethroid observed is associated with the increase
in GST activity in Spodoptera littoralis Boisduval, 1833 (Lagadic et al., 1993). Also, it was found that the
activities of GST enzyme increase in direct proportion to increased resistance to insecticides such as
chlorpyrifos, carbamate, and deltamethrin in S. littoralis populations (Hadim, 2008). It was observed that the
antioxidant defense system of D. melanogaster is highly responsive increasing the activities of reduced
glutathione (GSH), SOD, CAT, GR and GST (Ozata, 2006). Studies of G. mellonella showed that the
activities of antioxidant systems of SOD, CAT, GST and GPx significantly change in parallel with the
increased levels of MDA and PCO in hemolymph and adipose tissue due to increased BA concentrations
(Hyrsl et al., 2007; Blyukguzel et al., 2013; Buyukguzel & Kayaoglu, 2014). In our study, GST activity in
insects raised with nutrient containing high concentrations of BA significantly increased compared to the
control group (Table 3). It is determined that the increase in GST activity is associated with insecticide
resistance in studies conducted on cockroaches, domestic mosquitos and agricultural vermin. Particularly in
studies conducted using chlorinated hydrocarbon insecticides (e.g. DDT), it was determined that GST
activity increases in insects (Vontas et al., 2000; Rakotondravelo et al., 2006). It was found that there are
different GST classes responsible for the elimination of oxidative stress in midgut (delta, epsilon, sigma,
theta and omega zeta) of the third stage D. melanogaster larva, and most of the GST in midgut belongs to
the delta and epsilon classes (Li et al., 2008). An increase was observed in GST activity against oxidative
stress in pupa and adult stages of D. melanogaster when oxadiazole and 1-chloro-2,4-dinitrobenzene are
used as herbicides (Scott et al., 1990). In our study, the highest BA concentrations tested on D.
melanogaster significantly increased (three times) GST activity in pupae compared to the control. Although
more detailed experiments are required on this point, the activity of this enzyme might have increased in
parallel with the decrease in the level of GSH. GSH is the cofactor of this enzyme, and eliminates harmful
effects of other free radicals and some of the organic and inorganic peroxides conjugating them (Dandapat
et al., 2003). The increase in the level of this enzyme might be due to BA or metabolic products acting as
oxidants and accelerating the production of free radicals thus causing oxidative stress in larvae. Particularly
200 and 300 mg/L BA increased the GST activity approximately 2.5 and four times in adult males compared
the control nutrient, respectively. Relatively resistant individuals might have been produced due to the
resistance mechanism in Drosophila males. Also, the fact that the level of MDA increased in pupae and
adult males raised with this nutrient about 10 times more than females corroborates this opinion. It is clearly
seen in our study that BA causes changes in the levels of MDA and PCO, which are indicators of oxidative
stress, and in the activity of GST, which is an important detoxification enzyme.

Table 4. Malondialdehyde (MDA) and protein carbonyl (PCO) levels and glutathione S-transferase (GST) activity in females and
men raised with boric acid and then allowed to feed on boric acid for 10 d

MDA (nmol/mg protein) PCO (nmol/mg protein) GST (nmol/mg protein/min)
Borio (Mean +S.E)™ (Mean +S.E)" (Mean +S.E)

(mg/Liter) Female® Male® Female® Male* Female® Male®
0_0§ 0.03+£0.01 aA 0.05+0.02 aA 3.08 £0.88 aA 2.89+1.04 aA 0.67 £0.26 aA 1.00+0.39 aA
10 0.08 £ 0.03 abA 0.07 £ 0.02 abA 447 £ 0.47 aA 214 +£0.16 aB 214 +0.42 bA 1.83+0.39 aA
100 0.04 £0.02 aA 0.26 £ 0.11 bA 8.97 +2.85 aA 2.22+0.22 aB 1.18+0.12 abA 5.78+1.26 bB
200 0.07 £ 0.02 abA 0.17 £ 0.05 abA 8.85+2.56 aA 8.67 £2.13 aA 1.90+0.11 bA 2.41+0.40 aA
300 0.12+£0.01 bA 0.08 £0.02 abA  29.01+6.86 bA 20.91+5.10 bA 1.65+0.15 bA 1.75+0.26 aA

’ The mean of four experimental runs, 20 insects in various developmental stages were used for each run;

T The values containing the same lower case letter in the same column are not different from each other, P< 0.05 (LSD test);
For each parameter: The values containing the same upper case letter in the same row are not different from each other, P< 0.05 (Mann-Whitney test);
Control nutrient (boric acid free);

¥ Adults raised with boric acid and then allowed to feed on boric acid for 10 d.
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It has been reported that tissue resistance to spontaneous autoxidation decreases with age,
peroxidation more frequently occurs in old tissues than normal tissues and antioxidants may decrease the
frequency but cannot delay the aging process. However, it has been found that the levels of endogenous
antioxidants acting as a means of defense against antioxidant damage does not change, decrease or
increase with age (Yizliak, 2008). It has been reported that high gravity (3 and 5 g) does not affect
enzyme activities (SOD and CAT) in two, four and six-week-old D. melanogaster (Le Bourg et al., 2000).
In our study, no significant difference was observed between males and females (10 d) in terms of the
level of MDA in the feeding experiments conducted using the control nutrient and nutrient containing
various concentrations of BA after reaching adult stage (Table 4). Prooxidative changes during the aging
process may not induce pathology as in our study (Buyukgizel & Akin, 2014). It was seen that continuing
intake of the nutrient containing 300 mg/L BA after reaching the adult stage significantly (nine times in
females and seven times in males) increases the level of PCO in adults compared to the control. It was
shown in the previous studies that the level of oxidatively modified proteins increase with age
(Buyukglzel, 2013), which is similar to our findings. The GST activity in Drosophila is associated with the
length of life and nutrient intake (Toba & Aigaki, 2000). The GST activity in Drosophila males and females
rose as S-nitrosoglutathione increased starting from the larva stage (Lozinsky et al., 2012). In our study,
the GST activity increased to 1.65 + 0.15 nmol/mg protein/min in females and 1.75 + 0.26 in males. The
increased enzyme activity is believed to have a protective role in insects. This statistically non-significant
increase in males indicates that oxidative stress might have reached the level the enzyme cannot
counteract and the enzyme itself might have been damaged.

Table 5. MDA and PCO levels and GST activity in females and men raised with boric acid and then allowed to feed on boric acid-
free diet for 10 d

MDA (nmoJ/mg protein) PCO (nmgl/mg protein) GST (nmoI/rpg protein/min)

Ba(::irijc (Mean + S.E)"* (Mean + S.E)™* (Mean + S.E)™*
(mg/Liter) Female® Male® Female® Male* Female® Male*
0.0% 0.03+0.01 aA 0.05+0.01 aA 3.08 £ 0.88 aA 2.89+1.04 aA 0.67 £0.26 aA 1.00 £ 0.39 aA
10 0.10+0.02 aA 0.04 £0.01 aA 4.31+£0.32 abA 228 +0.48 aB 1.41+0.16 abA 1.92+0.61 abA
100 0.10+0.02 aA 0.11+0.03 aA 2.92+0.51 aA 2.54 £ 0.54 aA 3.35+1.24 bA 3.62 £ 1.03 bA
200 0.10+0.02 aA 0.09+0.03 aA 4.82+1.31 abA 464 +0.54 aA 2.79+0.71 abA 1.50+0.36 abA
300 0.07+0.02 aA 0.22+0.12 aA 7.75+2.36 bA 13.16 £4.07 bA 228 +0.41 abA 4.12+0.89 bA

’ The mean of four experimental runs, 20 insects in various developmental stages were used for each run;

T The values containing the same lower case letter in the same column are not different from each other, P< 0.05 (LSD test);
For each parameter: The values containing the same upper case letter in the same row are not different from each other, P< 0.05 (Mann-Whitney test);
Control nutrient (boric acid free);

¥ Adults raised with boric acid and then allowed to feed on boric acid for 10 d.

Antioxidant enzyme activity changes in females and males after the Drosophila larvae, exposed to
xenobiotics such as sodium nitroprusside, S-nitrosoglutathione and potassium ferrocyanide, reached the adult
stage (Lozinsky, 2013). Another study determined that wild type Drosophila Oregon males (85 d) lived longer
than the males with atrophied wings (56 d) and age-related changes in their CAT activity were similar, and GR
activity (between 10 and 40 d) and the level of total glutathione first increased then decreased suddenly (Figkin et
al., 1994). Ay & Yorulmaz (2008) determined that the levels of esterase and GST increased in the bifenthrin
resistant Tetranychus urticae C. L. Koch, 1836 population compared to the initial population. Our study showed
that feeding on high concentrations of BA until the adult stage and then control nutrient for 10d significantly
increased the level of PCO (2.5 times in females and 4.5 times in male) and the activity of GST (2.28 + 0.41 in
females; 4.12 + 0.89 nmol/mg protein/min in males) (Table 5). The change in the accumulation of B in Drosophila
depending on age (Massie, 1994) and the amount of nutrient observed in our study indicates that antioxidant
enzyme activity will improve due to decreased oxidation by the elimination of BA after reaching the adult stage.
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Figure 2. MDA and PCO levels and GST activity in eggs of adult females raised with boric acid and then allowed to feed on boric
acid for 10 d.
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Figure 3. MDA and PCO levels and GST activity in eggs of adult females raised with boric acid and then allowed to feed on boric
acid-free diet for 10 d.

Drosophila melanogaster adjusts the number of its eggs depending on its nutrition in order not to
endanger the species (Partridge et al., 1987). Vitellogenin (egg yolk protein) and adipose tissue used for
larva and adult development are synthesized in hemolymph and stored in oocyte in Drosophila (De Man et
al., 1981). Changes in the protein content of hemolymph, adipose tissue and ovary of Pyrrhocoris apterus
L., 1758 can be caused by some nucleoside-derived synthetic insecticides (Gelbi¢ &Sula, 1990). BA is
known to decrease protein, lipid and carbohydrate content of the ovary in cockroaches (Kilani-Morakchi et
al., 2005). The best period for egg production in Drosophila is its first 10d as an adult (Yesilada & Bozcuk,
1995). In our study, feeding on the highest concentration of BA during both larva and adult stages
increased the level of MDA by about 5 times, the level of PCO about 31 times, and the activity of GST
about 7 times in the eggs of females compared to the control (Figures 2 and 3). It is known that the
maximum B accumulation occurs in the egg (Massie, 1994). The accumulation due to exposure to BA may
have caused an increase in the levels of MDA and PCO which are indicators of oxidation in both larva and
adult stages. It is believed that exposure to BA increases oxidative stress effecting biomolecules of insects,
inhibiting vitellogenin synthesis, or due to oxidation of proteins in eggs. It is shown that these types of
effects are associated with prooxidant and antioxidant systems in insects (Buyukguzel, 2006).
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According to these findings, the increase in the levels of MDA and PCO in D. melanogaster due to BA
exposure indicates that free oxygen radicals induce oxidative stress in cells. While low concentrations of BA
were tolerated and the antioxidant defense mechanism was activated in a shorter time trying to prevent
oxidative stress, the mechanism was not able to prevent oxidative stress in case of high concentrations of
BA. It can be clearly seen that the effects of BA on the oxidant and antioxidant reactions in insects varies
depending on the concentration of BA. It is shown that feeding on high concentrations of BA from the larva
stage negatively effects insects and its detoxification capacity. Also, the use of low concentrations of BA as in
the adult diet increased the levels of MDA and PCO and the activity of GST thus indicating that the
antioxidant defense mechanism works. According to these results, low concentrations of BA may be added to
the adult nutrient as an ingredient to improve the capacity of D. melanogaster adults, however, potential cell
damages due to oxidative stress should be considered. This result is significant in terms of fighting target
insects without harming the environment and non-target organisms, suggesting the use of low concentrations
of BA, which is an inorganic insecticide less harmful than currently used insecticides. However, this oral
feeding study was carried out in the laboratory, futher studies are needed to examine the use of BA in the field.
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