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Abstract Using goldfish (Carassius auratus) as the

model animal, the present study revealed the types of

the DNA damage induced by monocrotophos, a highly

toxic organophosphorus pesticide, and explored the

mechanism underlying the DNA-damaging effect of

this pesticide. Results of the alkaline comet assay

showed that global DNA damage (including single-

and double-strand breaks and alkali-labile sites) in

peripheral erythrocytes of goldfish, measured as olive

tail moment, was significantly increased by exposure

to 0.01, 0.10, and 1.00 mg/L monocrotophos for 24,

48, 96, and 168 h. In particular, alkali-labile sites

rather than single- or double-strand breaks, distin-

guished by the alkaline, pH 12.1, and neutral comet

assays, were mainly induced by monocrotophos at

48 h. Oxidative damage in DNA bases and telomeric

DNA was investigated by using the alkaline comet

assay combined with endonuclease III or formami-

dopyrimidine DNA glycosylase and with fluorescence

in situ hybridization, respectively. Further, glutathione

peroxidase activity significantly decreased at 24 h but

increased at 96 and 168 h, and malondialdehyde

concentrations significantly increased at 48 h but

gradually decreased at 96 and 168 h, which indicated

an over-production of reactive oxygen species (ROS)

at short exposure durations, but effective scavenging

at long exposure durations in the peripheral blood

tissues. Accordingly, our results suggest that DNA

damage induced by monocrotophos in fish blood cells

is possibly due to the inhibition of ROS scavenging

and resulted accumulation of ROS.
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Abbreviations

ROS Reactive oxygen species

SSB Single-strand breaks

DSB Double-strand breaks

ALS Alkali-labile sites

OP Organophosphate

CYPs Cytochrome P450s

O2 Oxygen

O��
2 Superoxide anion

�OH Hydroxyl radicals

SOD Superoxide dismutase

GSH-Px Glutathione peroxidase

Endo III Endonuclease III

FPG Formamidopyrimidine DNA glycosylase

FISH Fluorescence in situ hybridization

MDA Malondialdehyde

PBS Phosphate-buffered saline

OTM Olive tail moment
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SSC Saline sodium citrate

Hb Hemoglobin

AP sites Apurinic or apyrimidinic sites

H2O2 Hydrogen peroxide

Introduction

Monocrotophos is an organophosphorus pesticide

used for pest control in agriculture and forestry. It

has been banned in Western countries like the USA,

but is still widely used in some African and Asian

countries because of its good insecticidal efficacy and

low price (Tariq et al. 2004; Kumari et al. 2007;

Krause et al. 2013). Monocrotophos residues in

brinjal, okra, cucurbits, crucifers, and green chili were

found to be 0.023–1.140 mg/kg (Swarnam and Vel-

murugan 2013) on the Andaman Islands, India, and its

concentration in the industrial wastewater near Luc-

know City, India, was reported to be 8.32 ± 3.9 lg/L
(Anjum and Malik 2013). Monocrotophos residues

can enter the aquatic environment through surface

runoff or be absorbed by organisms via the food chain

and thereby alter the genetic materials of exposed

organisms and induce DNA damage (Saleha Banu

et al. 2001; Ali and Kumar 2008), which includes

DNA single-strand breaks (SSB), double-strand

breaks (DSB), alkali-labile sites (ALS), DNA base

oxidation, DNA–protein cross-links, and DNA–DNA

cross-links (Ribas-Maynou et al. 2014). Using the

alkaline comet assay, Saleha Banu et al. (2001) first

reported the DNA strand breaks caused by monocro-

tophos exposure in fish blood cells. Other studies also

demonstrated that monocrotophos can induce DNA

strand breaks in mouse peripheral blood leukocytes

(Mahboob et al. 2002), in human lymphocytes (Jamil

et al. 2004), and in the gill, kidney, and lymphocytes of

Channa punctatus (Ali and Kumar 2008). However, to

our knowledge, these studies have not clarified the

specific types of DNA damage detected by Saleha

Banu et al. (2001), which may include SSB, DSB, or

ALS, and the specific pathway through which

monocrotophos induces DNA strand breaks is still

unknown.

It has been reported that organophosphate (OP)

pesticides mainly induce DNA strand breaks and base

damage by increasing reactive oxygen species (ROS)

generation in tissues, which can attack DNA directly

(Bagchi et al. 1995; Lu et al. 2012). Specifically, OP

pesticides generate excessive ROS via two possible

pathways: (a) In the oxidation–reduction cycle cat-

alyzed by the cytochrome P450s (CYPs), the chemical

bond –P=O, transformed from the –P=S or originally

existing in OP pesticides, can easily obtain an electron

and transfer it to the oxygen (O2) molecule to produce

superoxide anion (O��
2 ), and then the O��

2 can be

further converted into other ROS like the hydroxyl

radicals (�OH) (Bondy and Naderi 1994; Kovacic

2003); (b) OP pesticides can also reduce the an-

tioxidant ability of tissues by inhibiting the ROS

scavenging enzyme activities, and thus excessive ROS

accumulate. Yu et al. (2008) reported that chlorpyrifos

increases the levels of DNA damage and lipid

peroxidation and decreases activities of antioxidant

enzymes superoxide dismutase (SOD), catalase, and

glutathione peroxidase (GSH-Px) in the retina of mice,

suggesting that inhibition of antioxidant enzyme

activities may increase the level of ROS and further

lead to the damage of DNA. Recently, Kashyap et al.

(2011) found that exposure of 10-5 M monocrotophos

increased the level of ROS in PC12 cells by elevating

the mRNA expressions of CYP1A1/1A2, 2B1/2B2,

2E1 enzymes; however, whether the DNA damage

induced by this pesticide is associated with alterations

in the antioxidant system and accumulation of ROS is

still equivocal.

Therefore, to investigate the types of DNA damage

induced by monocrotophos, different versions of the

comet assay were applied in peripheral erythrocytes of

goldfish (Carassius auratus) exposed to 0.01, 0.10,

and 1.00 mg/L of this pesticide: The alkaline

(pH[ 13), pH 12.1, and neutral (pH 8.2–8.5) comet

assays were used to identify the global DNA damage

(includes DSB, SSB, and ALS), DSB and SSB, and

DSB, respectively; and the alkaline comet assay

combined with endonuclease III (Endo III) or for-

mamidopyrimidine DNA glycosylase (FPG) and with

fluorescence in situ hybridization (FISH) was used to

detect oxidative damage in DNA bases and telomeric

DNA, respectively. Further, the potential mechanism

underlying the DNA-damaging effect of monocro-

tophos was explored with respect to the changes of the

ROS scavenging ability in the peripheral blood tissues

of goldfish, as evaluated by the SOD and GSH-Px
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activities; the level of lipid peroxidation, a relatively

delayed manifestation that follows ROS accumulation

(Dwivedi and Flora 2011), was assessed by the

malondialdehyde (MDA) concentrations.

Materials and methods

Chemicals and fish

Monocrotophos (3-hydroxyl-N-methyl-cis-croton-

amide dimethyl phosphate, 40 % water-soluble prepa-

ration) was purchased from the Qingdao pesticide

factory,People’sRepublic ofChina.All other chemicals

were of analytical grade and purchased from Sigma (St.

Louis,MO,USA) or SinopharmChemical Reagent Co.,

Ltd. (Beijing, People’s Republic of China).

Goldfish (C. auratus) with average weight and

length of 8.53 ± 0.83 cm and 24.05 ± 2.74 g were

obtained from a local supplier in Qingdao, People’s

Republic of China, and were acclimated under

laboratory conditions for 2 weeks before exposure.

Exposure design and sample collection

Goldfish (C. auratus) were exposed to 0.01, 0.10, and

1.00 mg/L monocrotophos in a semi-static manner for

24, 48, 96, and 168 h. Control treatments were

established for each exposure duration, and triplicate

exposures were performed for each treatment and

control. Test compound concentrations were main-

tained in a semi-static manner (half water renewal

daily), and quantification of monocrotophos in expo-

sure solutions was analyzed by the ultra-performance

liquid chromatography–tandem quadrupole mass

spectrometry (UPLC-MS/MS). Monocrotophos was

undetected in the control tanks, while the analyzed

concentrations (mean ± standard deviation; and %

analyzed/nominal) in the test solutions were

0.001 ± 0.0001 (25 %), 0.009 ± 0.0004 (22.5 %),

and 0.091 ± 0.0062 mg/L (22.75 %) (Zhang et al.

2013). The concentrations mentioned in the following

referred to the nominal monocrotophos pesticide

values. Throughout the experiment, the water tem-

perature was maintained at 20 ± 2 �C, the dissolved

oxygen remained at 7.0 ± 0.1 mg/L, the pH was

7.5 ± 0.5, and the photoperiod was 14-h light and

10-h dark. No food was provided for the fish during

exposure.

After goldfish had been anesthetized in 75 mg/L

MS-222 (Sigma, St. Louis, MO, USA), peripheral

blood samples were obtained from the caudal vein

using a heparinized syringe. Three fish were randomly

sampled for each treatment and control group at each

time point. For the comet assay, a fraction of each

blood sample was diluted into a single-cell suspension

in phosphate-buffered saline (PBS) (pH 7.4), with a

cell density of 105 cells/mL and cell viability

(evaluated by trypan blue exclusion assay) higher

than 95 %. For the evaluation of SOD and GSH-Px

activities and MDA concentrations, the hemolysate

was collected. Heparinized blood (200 lL), prepared
by adding heparin sodium to the remaining fractions of

the samples to avoid blood coagulation, was diluted

with 4 mL physiological saline (0.9 % NaCl) and

centrifuged at 2,000g/min for 3 min. The precipitated

erythrocytes were collected and resuspended with

0.8 mL pre-cooled ddH2O and 0.4 mL 95 % ethanol

and then mixed for 30 s. Trichloromethane (0.4 mL)

was added and mixed for 1 min, followed by centrifu-

gation at 3,500g/min for 8 min. The supernatant was

the hemolysate used for evaluation.

Comet assay

The comet assay was conducted under red light,

according to the procedure described by Singh et al.

(1988) with some modifications.

For the alkaline comet assay, 25-lL single-cell

suspension was mixed with 75 lL low-melting-point

agarose and pipetted onto a glass microscope slide pre-

coated with a layer of 45 lL 0.6 % (w/v) normal

melting point agarose. The slides were maintained at

4 �C for 10 min to allow solidification of the agarose

and then immersed in lysis buffer (2.5 M NaCl,

100 mM Na2EDTA, 10 mM Tris-base, pH 10, with

1 % Triton X-100 and 10 % dimethyl sulfoxide added

immediately before use) to lyse the cells at 4 �C for

1.5 h. After being washed in 0.2 M phosphate buffer

(pH 7.4), the slides were immersed in electrophoresis

buffer (0.3 M NaOH and 1 mM Na2EDTA, pH[ 13)

for 20 min to allow the unwinding of DNA at 4 �C.
Electrophoresis was performed for 20 min at 25 V

(300 mA). The slides were then washed with pre-

cooled neutralization buffer (0.4 M Tris–HCl, pH 7.5)

three times for 5 min each, drained and stained with

30 lL ethidium bromide (20 lg/mL) for 15 min.

Analysis of the slides was performed at 2009
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magnification using a fluorescence microscope (O-

lympus BX-51, Tokyo, Japan) equipped with a CCD

video camera. For each fish in each treatment group,

two slides were processed and 50 cells randomly

selected from each slide were analyzed.

Procedures for the pH 12.1 and neutral comet

assays were essentially the same as for the alkaline

comet assay, except that for the pH 12.1 comet assay,

the pH of the electrophoresis buffer was adjusted to

12.1, and for the neutral comet assay, lysis of cells and

electrophoresis were all performed at room tem-

perature and electrophoresis was conducted in TBE

buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA,

pH 8.2–8.5).

For the alkaline comet assay with the use of Endo

III or FPG enzyme, additional procedures were

adopted after lysis of cells but before electrophoresis

(Thorne et al. 2009). Slides were washed in enzyme

reaction buffer (10 mM Bis–Tris propane HCl,

10 mM MgCl2, 1 mM DTT, pH 7.0, 0.1 mg/mL

FBS) two times for 8 min each and air-dried. Of the

six slides prepared for each sample, two were treated

with 100 mU Endo III per slide (New England

Biolabs, Hitchin, UK) to recognize and convert

oxidative pyrimidines into strand breaks, another

two with 100 mU FPG per slide (New England

Biolabs, Hitchin, UK) to recognize and convert

oxidative purines, and the remaining two with enzyme

reaction buffer as control slides. The slides were then

incubated for 45 min at 37 �C and subsequently

immersed in electrophoresis buffer. The subsequent

steps were the same as for the alkaline comet assay.

Digital images of the slides were acquired using

Image-Pro Express software (Media Cybernetics Inc.,

Silver Spring, MD, USA) and analyzed with the CASP

software (Końca et al. 2003). DNA damage was

expressed as olive tail moment (OTM, arbitrary units),

defined as the distance between the center of mass of

the tail and the center of mass of the head, in

micrometers, multiplied by the percentage of DNA in

the tail (Tice et al. 2000).

Comet-FISH

An oligonucleotide probe, which can bind specifically

to the targeted telomeric DNA sequences, was labeled

with tetramethyl rhodamine (TAMRA) at the 50 end of
the sequence and was synthesized by Shanghai Sangon

Biotechnology Co. Ltd. (Shanghai, People’s Republic

of China). The probe sequence was 50-CCCTAACCC-
TAACCCTAA-30.

The whole comet-FISH procedure was performed

under red light following the protocol described by

Arutyunyan et al. (2004, 2005) and Schlörmann and

Glei (2009). After electrophoresis, the slides prepared

as described above were dehydrated in an ethanol

series (75, 85, and 100 %, 5 min each), rehydrated in

ddH2O for 10 min, denatured in 0.5 M NaOH for

30 min, and neutralized in 0.01 M PBS (pH 7.4) for

1 min. The slides were then dehydrated in an ethanol

series (75, 85, and 100 %, 5 min each) again and air-

dried. Diluted probes (5 lL) were mixed with 7 lL
hybridization solution, denatured at 75 �C for 5 min,

maintained at 4 �C for 2 min, and then pipetted onto

the air-dried slides. Slides were then sealed with

sealing films and placed in a humidified chamber at

37 �C overnight. The next day the slides were placed

at room temperature for 5 min before removing the

sealing films and then were washed in 29 saline

sodium citrate (SSC) solution at 65 �C for 5 min, 19

SSC solution at 65 �C for 5 min, and 19 phosphate-

buffered detergent solution at room temperature for

5 min. Finally, 30 lL of 1:2,000 diluted SYBR-Green

I (Shanghai Sangon Biotechnology Co. Ltd., Shang-

hai, People’s Republic of China) was pipetted onto

each slide for counterstaining.

The slides were then analyzed with an Olympus BX-

51 fluorescence microscope equipped with a blue filter

for the view of comet cells and a green filter for

hybridization signals. Fifty randomly selected comet

cells with successful hybridization were analyzed for

each slide. Telomeres without DNA damage displayed

hybridization signals in theheadsof cometcells,whereas

those with DNA damage also displayed hybridization

signals in the tails. Levels of DNA damage in telomeres

were calculated by the ratio of the number of comet cells

with hybridization signals in tails to the number of comet

cells successfully hybridized.

Measurement of SOD and GSH-Px activities

and MDA concentration

SOD and GSH-Px activities, MDA concentrations,

and hemoglobin (Hb) contents in the peripheral blood

tissues of goldfish were determined using correspond-

ing assay kits (Nanjing Jiancheng Bioengineering

Institute, Nanjing, People’s Republic of China) ac-

cording to the manufacturer’s instructions. The
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activity of SODwas expressed as units per gram of Hb,

where one unit of enzyme was defined as the amount

of enzyme inhibiting the rate of reduction reaction of

2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazoli-

um chloride by 50 % in 1 mL reaction solution. The

activity of GSH-Px was expressed as units per gram of

Hb, where one unit of enzyme was defined as the

micromoles of GSH oxidized per minute, deducting

non-enzymatic reaction. The MDA concentration was

defined as the moles of MDA per gram of Hb.

Statistical analysis

Results of the comet assay, SOD and GSH-Px

activities, and MDA concentrations were expressed

as the mean ± standard deviation. Data were analyzed

using one-way analysis of variance (ANOVA) fol-

lowed by Tukey’s test for multiple comparisons. For

the results of comet-FISH, v2 analysis was used to

evaluate the significance of differences in the percent-

age of comet cells with hybridization signals in the

tails between the control group and each treatment.

Values were considered significant when P\ 0.05.

Results

Global DNA damage

DNA in the control group maintained integrity, as

almost no tails were observed in comet cells (Fig. 1a).

However, comet cells in the 0.01 mg/L treatment group

displayed obvious tails (Fig. 1b), and those in the 0.10

and 1.00 mg/L treatment groups showed gradual in-

creases in the intensity and length of comet tails

(Fig. 1c, d). Results at exposure durations of 24, 48,

96, and 168 h showed that OTM values in peripheral

erythrocytes were significantly increased by 0.01, 0.10,

and 1.00 mg/Lmonocrotophos (P\ 0.05). At the same

exposure concentration, the OTM value significantly

increased at 24 h and reached a peak value at 48 h,

followed by gradual decreases at 96 h and 168 h,

although the levels remained significantly higher than

the corresponding control (P\ 0.05) (Fig. 2).

ALS, SSB, and DSB

DNA in the peripheral erythrocytes of goldfish showed

the most serious damage at 48 h after exposure to

monocrotophos, as indicated by results of Fig. 2, and

so this exposure duration was selected for the follow-

ing studies. For the alkaline and pH 12.1 comet assays,

OTM values in all treatment groups increased sig-

nificantly compared with corresponding controls

(P\ 0.05); for the neutral comet assay, OTM values

in the 0.01 and 1.00 mg/L treatment groups increased

significantly (P\ 0.05), but no significant changes

were observed in the 0.10 mg/L treatment group

(Fig. 3). At the same monocrotophos exposure con-

centration, OTM values assessed by the three versions

of comet assay were significantly different from each

other (P\ 0.05), with those of the alkaline 5.1–15.3

times higher than the pH 12.1 and those of the pH 12.1

4.9–31.5 times higher than the neutral (Fig. 3).

Oxidative DNA damage

Figure 4 shows the levels of oxidative DNA damage in

peripheral erythrocytes of goldfish assessed by alka-

line comet assay with the use of Endo III and FPG.

After incubation with Endo III and FPG, OTM values

in all treatment groups increased significantly com-

pared with their corresponding negative controls

(P\ 0.05). In the case of incubation with Endo III,

the OTM values in the treatment groups were 1.3–2.2

times higher than the corresponding negative controls,

and in the case of incubation of FPG, those were

1.6–2.4 times higher.

DNA damage in telomeres

Fluorescently labeled DNA probes were observed in

the heads or tails of comet cells under a fluorescence

microscope (Fig. 5). Comet cells without the addition

of DNA probes served as the negative control, in

which no hybridization signals were detected in the

heads or in the tails. Comet cells in control groups with

no pesticide exposure served as controls, in which

hybridization signals were only detected in the heads,

indicating less or no DNA damage in telomeres.

Conversely, hybridization signals in the tails of comet

cells were detected in all pesticide treatment groups.

Compared with the control, the percentage of comet

cells with hybridization signals in the tails was

significantly increased by 0.01, 0.10, and 1.00 mg/L

monocrotophos exposure for 48 h (P\ 0.05,

Table 1).
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Activities of SOD and GSH-Px and concentrations

of MDA

Activities of SOD

No significant differences in the SOD activities in

peripheral blood tissues of goldfish were observed

between treatment groups and their corresponding

controls after monocrotophos exposure for 24, 48, 96,

and 168 h (Fig. 6).

Fig. 1 Representative comet images (pH[ 13) in peripheral erythrocytes of goldfish exposed to different concentrations of

monocrotophos for 48 h. a Control group; b 0.01 mg/L; c 0.10 mg/L; d 1.00 mg/L

Fig. 2 Olive tail moment (OTM) values of DNA in peripheral

erythrocytes of goldfish (pH[ 13). Goldfish were exposed to

0.01, 0.10, and 1.00 mg/L monocrotophos for 24, 48, 96, and

168 h. *Significantly different from the control group at the

same exposure duration; P\ 0.05

Fig. 3 Olive tail moment (OTM) values of DNA in peripheral

erythrocytes of goldfish assessed by comet assay under different

pH conditions. Goldfish were exposed to 0.01, 0.10, and

1.00 mg/L monocrotophos for 48 h. *Significantly different

from the control group under the same pH conditions; P\ 0.05.

At the same exposure concentration, different letters represent

significant differences between the OTM values under different

pH conditions (P\ 0.05)
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Activities of GSH-Px

Figure 7 shows the changes of GSH-Px activities in

peripheral blood tissues of goldfish exposed to

monocrotophos. The GSH-Px activities in all treat-

ment groups decreased significantly compared with

the control at 24 h (P\ 0.05), followed by non-

significant differences at 48 h. At 96 h, the GSH-Px

activities in treatment groups increased significantly

(P\ 0.05) compared with the control, whereas ac-

tivities at 168 h exhibited a decreasing trend compared

with those at 96 h, but were still significantly higher

than the control (P\ 0.05).

Concentrations of MDA

MDA concentrations in the treatment groups de-

creased significantly at 24 h and 168 h compared with

the corresponding controls (P\ 0.05), but increased

significantly and reached a peak value for each

treatment group at 48 h (P\ 0.05). No significant

differences were observed between treatment groups

and the control at 96 h (Fig. 8).

Discussion

By applying the pH[ 13 comet assay, waterborne or

oral exposure to monocrotophos has been found able

to induce DNA strand breaks on different nontarget

animals (Saleha Banu et al. 2001; Mahboob et al.

2002; Jamil et al. 2004; Ali and Kumar 2008). The

results of the pH[ 13 comet assay in the present study

showed that waterborne exposure of 0.01, 0.10, and

1.00 mg/L monocrotophos for 24–168 h was able to

induce DNA damage in peripheral erythrocytes of

Fig. 4 Olive tail moment (OTM) values of DNA in peripheral

erythrocytes of goldfish assessed by alkaline comet assay with

the use of formamidopyrimidine DNA glycosylase (FPG) or

endolase III (Endo III). Goldfish were exposed to 0.01, 0.10, and

1.00 mg/L monocrotophos for 48 h. *Significantly different

from corresponding negative controls; P\ 0.05

Fig. 5 Representative comet-FISH images in peripheral ery-

throcytes of goldfish exposed to monocrotophos. Goldfish were

exposed to 0.01, 0.10, and 1.00 mg/L monocrotophos for 48 h.

a Group with no probes added (negative control); b group with

no pesticide exposure (control); c 0.01 mg/L; d 0.10 mg/L;

e 1.00 mg/L. 1, comet cells under the fluorescence microscope

with blue filter; 2, comet cells under the fluorescence

microscope with green filter; 3, combined images of 1 and 2.

The arrows show the location of the small hybridization signals

in the heads or tails of the comets
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goldfish, which was consistent with the reports of

Saleha Banu et al. (2001) and Ali and Kumar (2008)

using fish as the model animal. However, it was just

the global DNA damage confirmed in these previous

studies utilizing the pH[ 13 comet assay (Tice et al.

2000), without clear evidence on the specific types of

DNA strand breaks and the pathway through which

monocrotophos caused DNA strand breaks. Therefore,

the pH 12.1 and pH 8.2–8.5 comet assays were

performed in this study. The significantly increased

OTM values in these three versions of comet assay,

compared with their corresponding controls,

specifically suggested induction of ALS, DSB, and

SSB in peripheral erythrocytes of goldfish exposed to

0.01, 0.10, and 1.00 mg/L monocrotophos for 48 h.

Wen et al. (2011) demonstrated that DSB and SSB but

Table 1 DNA damage in telomeres of peripheral erythrocytes of goldfish exposed to monocrotophos for 48 h, assessed by comet-

FISH

Concentration of

monocrotophos

(mg/L)

Total number of

detected hybridization

signals

Number of

hybridization signals

in the heads

Number of

hybridization signals

in the tails

Percentage of comet cells with

hybridization signals in the tails

(%)

Control 58 36 22 37.9

0.01 57 21 36 63.2*

0.10 62 16 46 74.2*

1.00 56 18 38 67.9*

* P\ 0.05 compared with positive control values

Fig. 6 Activities of superoxide dismutase (SOD) in the

peripheral blood tissue of goldfish. Goldfish were exposed to

0.01, 0.10, and 1.00 mg/L monocrotophos for 24, 48, 96 h, and

1 week. *Significantly different from the control; P\ 0.05

Fig. 7 Activities of glutathione peroxidase (GSH-Px) in the

peripheral blood tissues of goldfish. Goldfish were exposed to

0.01, 0.10, and 1.00 mg/L monocrotophos for 24, 48, 96, and

1 week. *Significantly different from the control; P\ 0.05

Fig. 8 Concentrations of malondialdehyde (MDA) in the

peripheral blood tissues of goldfish. Goldfish were exposed to

0.01, 0.10, and 1.00 mg/L monocrotophos for 24, 48, 96 h, and

1 week. *Significantly different from the control; P\ 0.05
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not ALS can be detected by the pH 12.1 comet assay;

Horváthová et al. (1998) and Tice et al. (2000)

reported that by keeping the same molarity of the

ingredients in unwinding and electrophoresis proce-

dures, the presence of increased migration of DNA

fragments at pH[ 13 compared with that at pH 12.1

indicates the induction of ALS. Since the OTM values

at pH[ 13 were 5.1–15.3 times higher than those at

pH 12.1, we deduce that compared with the DNA

strand breaks, ALS was the main type of DNA damage

produced by monocrotophos exposure. As the neutral

comet assay was reported to be more specific for the

detection of DSB (Shahidi et al. 2007; Cortés-Gutiér-

rez et al. 2012; Ribas-Maynou et al. 2012) and the

OTM values at pH 12.1 were 4.9–31.5 times higher

than those at pH 8.2–8.5, it was predominantly SSB

with much fewer DSB detected by the pH 12.1 comet

assay in this study. Consistently, Tice et al. (2000)

suggested that almost all genotoxic agents induce SSB

orders of magnitude more than DSB.

By utilizing the pH[ 13, pH 12.1, and pH 8.2–8.5

comet assays, this is the first study to reveal that ALS

are the main type of DNA damage induced by

monocrotophos exposure in fish blood cells. ALS in

DNA mainly include apurinic or apyrimidinic (AP)

sites (Cortés-Gutiérrez et al. 2014), and due to the loss

of hydrogen bonding and other non-covalent interac-

tions, the stability of duplex DNA is destroyed at AP

sites (Greenberg 2014). Thus, AP sites increased by

monocrotophos exposure may contribute to the pres-

ence of SSB when the AP endonuclease in cells nicks

the damaged DNA backbone (Kim et al. 1998).

Moreover, an unrepaired SSB may be converted to a

further DSB in DNA destabilized by AP sites (Ma

et al. 2011). Accordingly, induction of ALS (AP sites)

may be one of the main pathways through which

monocrotophos induces DNA strand breaks (including

SSB and DSB) in goldfish peripheral erythrocytes.

As AP sites in cells can be formed in the base

excision repair of oxidative DNA damage initiated by

DNA glycosylases (Jin et al. 2014), the abnormally

increased ALS in peripheral erythrocytes of goldfish

exposed to monocrotophos might be, at least partly,

due to the generation of oxidized DNA bases. Results

of the alkaline comet assay showed that comet cells in

the treatment groups, after incubation with Endo III or

FPG enzyme, all exhibited higher OTM values

compared with the controls, directly suggesting

oxidation of DNA bases upon monocrotophos

exposure. In addition to DNA bases in non-telomeric

regions, guanine-rich telomeric DNA is particularly

vulnerable to attack from ROS, since guanines are

prone to be oxidized and further converted to SSB,

which are less efficiently repaired in telomeres than

the rest of the genome (von Zglinicki et al. 2005;

Wang et al. 2010). Results of the comet-FISH showed

that compared with the control, exposure of 0.01, 0.10,

and 1.00 mg/L monocrotophos significantly increased

the percentage of comet cells with hybridization

signals in the tails, the value of which reached

maximum in the 0.10 mg/L treatment group but

reduced slightly in the 1.00 mg/L group. Arutyunyan

et al. (2004) found that ex vivo incubation with

bleomycin increased telomeric DNA damage in the

human peripheral blood cells in a dose-dependent

manner, and verified that the dose–response relation-

ship of DNA damage was not dramatically altered by

the hybridization procedure of the comet-FISH. Thus,

the results of comet-FISH in this study demonstrated

DNA strand breaks in telomeres and indirectly

validated the oxidative DNA damage caused by

monocrotophos exposure; however, compared with

bleomycin, telomeric DNA damage induced by

monocrotophos exhibited a dose-independent in-

crease. Opresko et al. (2005) reported that AP sites

generated in the base excision repair pathway of

8-oxo-7,8-dihydroguanine, oxidative products of gua-

nines, decrease the binding of telomeric proteins TRF1

and TRF2 to the telomere sequence, leading to the

disruption of telomere length, maintenance and func-

tion; damage in the structure and function of telomere

may further result in the formation of micronuclei,

nucleoplasmic bridges, nuclear buds, and chromo-

some fragmentation (Gisselsson et al. 2001; Pam-

palona et al. 2010). The present study confirmed the

telomeric DNA damage induced by monocrotophos

exposure in peripheral erythrocytes of goldfish, and

this is in accordance with our findings that this

pesticide produced nuclear abnormalities in peripheral

erythrocytes and structural chromosomal aberration in

kidney cells of Monopterus albus (unpublished data).

Collectively, results of the alkaline comet assay with

the use of Endo III or FPG enzyme and comet-FISH

indicated the oxidation of DNA bases caused by

monocrotophos exposure.

Oxidative damage in DNA bases is directly related

to the production of ROS, especially �OH (Cooke et al.

2003). Results of Kashyap et al. (2011) indicated that
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induced expression of CYPs might have up-regulated

the production of ROS in cells after monocrotophos

exposure. The antioxidant enzymes, on the other hand,

play an important role in scavenging the over-

produced ROS in tissues, but whether monocrotophos

can interfere with the scavenging of ROS is still

unknown. After exposed to 0.01, 0.10, and 1.00 mg/L

monocrotophos for 24, 48, 96, and 168 h, no sig-

nificant differences were observed in the activities of

SOD, the enzyme responsible for dismutation of O��
2

to O2 and hydrogen peroxide (H2O2), in the peripheral

blood tissues of goldfish. However, at 24 h, GSH-Px

activities were significantly inhibited, which may

interfere with the decomposition of H2O2 and result in

over-production of �OH. The highly reactive �OH
reacts with DNA by addition to double bonds of DNA

bases and by abstraction of an H atom from the methyl

group and 20-deoxyribose of thymine (Cooke et al.

2003), consequently leading to the significantly

increased level of DNA damage at 24 h. However,

the excessive ROS-induced lipid peroxidation at 24 h

might be balanced to some extent by stimulating

effects of monocrotophos on non-enzyme antioxidants

such as vitamin E and vitamin C, which exist in the

membrane or in plasma and protect lipoproteins from

oxidation (Machlin and Bendich 1987; Betancor et al.

2012). Thus, MDA concentrations did not exhibit a

trend to increase even though the GSH-Px activities

decreased. At 48 h, no significant alterations were

observed for the GSH-Px activities, but the level of

lipid peroxidation and DNA damage all reached peak

values, which can be interpreted as the results of ROS

accumulation in peripheral erythrocytes. At 96–168 h,

the GSH-Px activities increased significantly in com-

pensation for the increased ROS, and MDA concen-

trations decreased gradually; both the changes of

GSH-Px activities andMDA concentrations suggested

the scavenging of excessive ROS, and so the levels of

DNA damage decreased gradually due to DNA repair.

Briefly, it is supposed that interfering with the

scavenging process and leading to the accumulation

of ROS are possibly involved in the mechanisms

underlying the DNA-damaging effect of monocro-

tophos in fish blood cells.

Saleha Banu et al. (2001) reported that DNA

damage (mean comet tail length) in the nucleated

erythrocytes of Tilapia mossambica, orally exposed to

0.313–4.375 mg/kg monocrotophos (98 % pure),

reached maximum at 24 h and decreased thereafter

to control levels at 96 h, exhibiting a higher DNA

repair ability than that in goldfish used in the present

study. Such difference may be due to the different

exposure dose of monocrotophos or the distinct life

span of erythrocytes, which varies among species over

a range of 80–500 days with an erythrocyte mutation

period of 17–23 days (Dinnen et al. 1988; Avery et al.

1992; Fischer et al. 1998; Çavaş and Könen 2007). Ali

and Kumar (2008) reported that DNA damage (the

percentage of DNA in comet tails) in the gill, kidney,

and lymphocytes of C. punctatus exposed to

1.59–4.78 mg/L monocrotophos pesticide (36 % ef-

fective concentration) decreased gradually after reach-

ing peak values at 96 h. Thus, compared with C.

punctatus, goldfish with the most serious DNA

damage occurring at 48 h exhibited a higher DNA

repair ability. In addition, the level of DNA damage in

the study of Ali and Kumar (2008) was 4–5 times

higher than the control in the gill, and 3–4 times higher

in the kidney and lymphocytes of C. punctatus;

however, that in peripheral erythrocytes of goldfish

reached as much as 42.0–44.3 times higher than

control levels, indicating a more sensitive response to

monocrotophos exposure in the peripheral erythro-

cytes of goldfish.

In conclusion, the present study shows thatmonocro-

tophos produces DNA strand breaks in peripheral

erythrocytes of goldfish by inducing ALS, SSB, and

DSB, and induction of ALS (AP sites) is one of the

main pathways through which monocrotophos further

produces SSB and DSB. And such ALS increases in

DNA are, at least partly, resulted from the monocro-

tophos-induced oxidative DNA damage, as indicated

by the altered activities of antioxidant enzymes which

disturbed the scavenging of ROS. It is worth to note that

abnormally increased DNA damage is always potent

inducers of cell death and many tumors (Vamvakas

et al. 1997; Khanna and Jackson 2001; Jackson 2002),

which can further influence the growth, development,

reproduction, and population dynamics of organisms

(Poletta et al. 2013; Santos et al. 2013; Einaudi et al.

2014; Ribas-Maynou et al. 2014). Considering that

liposoluble monocrotophos, remaining in food and the

aquatic environment, may accumulate in tissues of

organisms (Arifin et al. 1997), appropriate discharge

standards should be established in practical use to

reduce the ecological risk of this pesticide.
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