SEIAL pRESS]

Environmental Toxicology and Chemistry, Vol. 29, No. 9, pp. 1907-1917, 2010
© 2010 SETAC

Printed in the USA

DOI: 10.1002/etc.246

ENVIRONMENTAL IMPACT OF INSECTICIDES APPLIED ON BIOTECH SOYBEAN CROPS IN
RELATION TO THE DISTANCE FROM AQUATIC ECOSYSTEMS

WALTER D. D1 MaRrzio,*t1 Maria E. SAEnz, 11 JosE L. ALBERDI, I NicoLAs FORTUNATO,§ VERONICA CAPPELLO,§

CLARISA MONTIVERO, I and GABRIELA AMBRINI}
tNational Council of Scientific and Technical Researches CONICET, Avda. Rivadavia 1917, C1033AAJ Buenos Aires, Argentina
{Ecotoxicology Research Program, Department of Basic Sciences, National University of Lujan, B6700 Lujan, Argentina
§Provincial Agency for Sustainable Development, Government of the Province of Buenos Aires, B1900 La Plata, Argentina

(Submitted 5 January 2010; Returned for Revision 27 January 2010; Accepted 23 March 2010)

Abstract—Aquatic environments located in areas cultivated with biotech soybean were studied. Water and sediment samples were
analyzed for insecticides, acute toxicity, genotoxicity, detoxification biomarkers, and fish diversity. Samples were taken in the core area
of soybean cultivation in Argentina; all measures were related to the distance between the crops and the streams sampled. Endosulfan
(ou+ B) concentrations as high as 553.33 wg/kg were found in sediments from environments located at 0.15m from treated fields.
Ethoxyresorufin-O-deethylase (EROD) activity and cytochrome P4501A1 (CYP1Al) gene expression in fish showed the highest
correlation with the environmental concentration of endosulfan. These biomarkers and mortality of amphipods significantly correlated
with the concentration of endosulfan in water and sediment, which correlates inversely with the distance between the crop and streams.
The differences with respective controls disappear at distances greater than 5 m. The fish diversity was significantly lower from distances
between the margin of the stream and soybean crops, not exceeding 2 m. Environ. Toxicol. Chem. 2010;29:1907-1917. © 2010 SETAC
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INTRODUCTION

In Argentina the area planted with soybeans from the years
1992 to 2008 showed an exponential growth, with an approxi-
mate annual growth factor of 1.15. Since the introduction of
Round-up Ready soya (resistant to Round-up®™, Monsanto) in
1996, the area planted increased from four million hectares to
17 million hectares. A total of 95% of this area corresponds to a
transgenic variety of glyphosate tolerant soybean, which is
cultivated by direct sowing [1].

A 5% increased occurred over the cropped surface area
during the 2005/2006 period, due to increased cultivation south
of Cordoba, north of La Pampa, west of Buenos Aires, as well as
in the middle of the Negro River valley where the Patagonian
soja’s project is located. The majority (85%) of the planted area
occupies the provinces of Buenos Aires, Cordoba, and Santa Fe,
in the so-called core area. This is related to linear growth in
productivity per hectare, in some cases exceeding 3,000 kg/ha.
Relative to pesticides, insecticides are the focus of our work in
the present study. Soy is attacked by a great diversity of
defoliating caterpillars (Lepidoptera) during the growing sea-
son, whereas during the fruiting stage increased populations of
bugs (Hemiptera) pose a serious threat to the crop because of
their large effect on yield and quality of the seed. These stages
are between the months of January and April. In this period
the three most common pests found are: Isoc or loopers
Rachiplusia nu (Lepidoptera, Noctuidae) normally controlled
with the synthetic pyrethroid cypermethrin. The green bug,
Nezara viridula (Hemiptera, Pentatomidae) is generally con-
trolled with the organochlorine insecticide endosulfan and the
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Epinotia aporema borer outbreak, (Lepidoptera, Tortricidae)
typically controlled by the organophosphate insecticide chlor-
pyrifos. Also, mixtures of endosulfan or chlorpyrifos are often
used simultaneously with cypermethrin [2].

In Argentina in 2004 the National Secretary of Water
Resources (2004) fixed the following levels of water column
quality guidelines for endosulfan: <7 pg/L and cypermethrin
and chlorpyrifos: <0.6 pg/L (www.obraspublicas.gov.ar). No
guideline levels exist for these pesticides in benthic sediments.
Very few studies have evaluated in a systematic way the effect
of using these pesticides on aquatic ecosystems located in the
so-called core area.

Work by Jergentz et al. [3] provides information on streams
crossing soybean-growing areas near the city of Arrecifes
(Buenos Aires): concentrations of the insecticide endosulfan
(a4 B) as high as 318 and 43 pg/kg of suspended material. The
present study reported a significant decrease in the number of
macroinvertebrates with respect to the unpolluted streams in
the same region. Our laboratory data shows that endosulfan is
lethal for individuals of Hyalella curvispina at concentrations
close to 1 pg/L [4]. Additionally, endosulfan can be rapidly
bioaccumulated from sediment by rooted aquatic plants such as
Vallisneria spiralis that reaches steady-state within 24 h [5].
In another study, Jergentz et al. [6] found for the same streams
concentrations of chlorpyrifos and cypermethrin as high as
150 and 46 pg/kg of suspended solids (SS), respectively, and
100% mortality of Hyalella curvispina in field-condition
toxicity tests. The authors relate the presence of these insecti-
cides to runoff causes; however, they remark that other potential
routes of pesticide entry into surface waters, such as spray drift,
should also be investigated to provide data for a thorough
risk assessment of pesticides in this region. Furthermore, the
potential effects on fish are unknown in this area, although fish
kills have been observed in the past. In this process it should
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relate well with the proximity of the soybean crop to aquatic
environments.

The intent of the present study was to evaluate the impact of
aerial spraying of insecticides at varying distances from aquatic
organisms, present in different streams located in the core zone.
The aerial application accounts for 30 to 70% of land applica-
tions. We propose that the effects are a function of the proximity
of crops or the existence of a buffer zone between themselves
and water bodies. We wanted to prove that the lack of it
facilitates the incorporation into water of insecticides applied
to the crop and thus affects the organisms present. Stress
indicators were used in two different levels of organization:
one suborganismal through the use of biomarkers and the
other at the community level through the identification of fish
diversity.

MATERIALS AND METHODS
Study area

The study area included the so-called core area of soybean
cultivation in Argentina. This region saw increased acreage and
productivity per hectare in the country. Located in the agricul-
tural region of the humid Pampa, the core area is characterized
by soil Mollisols of the suborder Argiudolls, subgroup typic
Argiudolls. Clay-silt-sand content was 17, 57, and 26%,
respectively. Mollisols are commonly the very dark colored,
humus-rich surface horizon in which bivalent cations are dom-
inant on the exchange complex and the grade of structure ranges
from weak to strong. These are the mineral soils of the steppes
[7]. This area is crossed by numerous streams of first and second
order, and closely related to the surrounding land by runoff
phenomena common after heavy rainfall (rainfall >100 mm/d).
The average grade in the region is 2.5%. Due to the large size
of cultivated areas, pesticide application is done by aerial

spraying.

Sampling area

All sampled streams were no more than 5 m wide and 0.5 m
deep, that is, narrows and shallows. All were included in
cultivated areas. The maximum distance between the treated
field and each stream was 20 m. The buffer zone was cover only
for riparian vegetation no more than 20 cm high. The water and
sediment samples were taken at 24 h postaerial application of
insecticides to any sampling point, where no rainfall occurred
for 15 d prior. This was to avoid a possible effect of contam-
ination of water bodies due to runoff. The aerial application was
conducted by aircraft such as AirTractor Piper Bravo 300, most
of the agricultural aircraft were equipped with rotary atomizers
like Micronair AU5000, and each atomizer can handle a flow of
up to 23 L/min. The fumigation and weather conditions were:
airplane speed 150 km/h, flight height 1.5 to 2 m, wind speed 8
to 11km/h, air temperature 28 to 30°C, ground level relative
humidity 40 to 45%, and swath width 30 m. The implementation
of insecticides is done, in some cases, before flowering or
when the presence of the pest is noted, according to the
number of caterpillars present per meter and percentage of
damage observed on soy. The recommended application
doses are: endosulfan 35% (w/v) 1 to 3 L/ha, chlorpyrifos
48% 1 to 2 L/ha, Cypermethrin 25% (w/v) 100 to 160 cm*/ha.

In total, 13 sites were selected for sampling in the core zone.
Seven of them were in the province of Buenos Aires in an area
of approximately 1536 km?, bordered by the cities of Salto,
Rojas, Arrecifes, and Pergamino. Four samples were taken in
the Cordoba province and two in Santa Fe. Water samples were
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taken just above the bottom sediments, with a horizontal
sampler of polyvinyl chloride Van Dorn’s type (Wildco™,
Wildlife Supply) and placed in glass bottles to reduce phthalate
adsorption. At each sampling site pH, conductivity, dissolved
oxygen, temperature, salinity, and turbidity were measured
using a multiparameter probe Horiba U10 model. Laboratory
determinations included total dissolved solids, total SS, and
volatiles as described by the American Public Health Associ-
ation (APHA) [8]. The sediments were sampled with a hand
shovel, carefully collecting the first 5 cm of silt-clay fraction,
placed in polypropylene bags. Sediments were characterized by
determination of total organic carbon (TOC), sulfides, pH, and
total ammonia, according to APHA methodology [8]. All
samples were immediately refrigerated at 4°C until transporta-
tion to the laboratory, where they were stored at —20°C or used
for conducting toxicity testing within 24 h of arrival. Figure 1
shows schematically the area covered by samples and in Table 1
the geographic coordinates of each point sampled are refer-
enced, determined using a Garmin GPS II (global positioning
system).

The sampling points were differentiated mainly by the
proximity of soybean crops to the margins of the streams
and the presence of crops on one or both sides of the aquatic
environments.

Fish collection and diversity index

Based on preliminary sampling, it was determined that four
passes (bank to bank) of a 10-m area with a 0.2 x 0.2 cm mesh
seine with a blocking net of similar construction downstream to
prevent escape was sufficient to sample 80% of the fish species
present. At each sampling site fish were collected and counted
and classified taxonomically. Diversity index was calculated
according the Brillouin formula:

1 NI
B=log(—
N ¢ (NI!NZ!Ni!)

Where N is the total number of individuals and N, N,, N; the
individuals number for each species [9]. Healthy individuals of
Bryconamericus iheringii were captured. In the field, fish were
weighed and standard and total lengths were recorded. Liver
and gills were removed, placed in cryovials, and immersed in a
portable liquid nitrogen thermos. Once in the laboratory they
were transferred to a —80°C freezer until analysis.

Toxicity tests

Acute toxicity assessment of water samples was
performed with the green alga Scenedesmus quadricauda and
the following native organisms: the microcrustacean Daphnia
spinulata, the amphipod Hyalella curvispina, and the Poeciliid
Cnesterodon decemmaculatum. Tests were performed follow-
ing the U.S. Environmental Protection Agency (U.S. EPA) [10]
and the Organization for Economic Cooperation and Develop-
ment (OECD) [11] guidelines for receiving waters.

Algal toxicity tests

The strain S. quadricauda CCAP 276-21 was used in 96-h
algal toxicity tests. Algal stock cultures were maintained in
modified Detmer’s nutrient medium (pH 7.5) under controlled
conditions in an orbital shaker, Forma® (ThermoFisher
Scientific), incubator chamber, at 22 4+ 1°C, 3,000 lux/cm? of
continuous cool-white fluorescent lighting, and 100rpm [12].
The inoculants were prepared from these cultures to provide an
initial cell density of 5 X 10* cell/ml in treated and control
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Fig. 1. Region under study in the core area, occupying the provinces of Buenos Aires, Cordoba, and Santa Fe, having 85% of the area planted with soy in

Argentina.

flasks. Test solutions consisted of enriched stream water
samples with algal medium nutrient solutions. Control cultures
were incubated in the same medium. Control and treated
cultures were grown under the same conditions of temperature,
photoperiod, and shaking and were carried out in triplicate.
Chlorophyll a was measured by a TD 700 Turner fluorometer
(Turner Designs). Definitive protocols for toxicity testing using
this species are described in Saenz et al. [13].

Microcrustacean toxicity test

Tests were performed with laboratory cultures of
D. spinulata, a native cladoceran widespread in freshwater
environments of Buenos Aires Province. A 48-h static test
was conducted at 21 + 1°C in the dark. Twenty-four-hour-old
organisms placed in artificial freshwater (pH, 7.87; total hard-
ness, 95.87 mg CO3Ca/L; conductivity, 475 uS/cm; and alka-
linity, 189.37mg CO;Ca/L) served as controls. Definitive
protocols for toxicity testing using these species are described
in Alberdi et al. [14].

Amphipod toxicity tests

The native amphipod H. curvispina was selected as the test
organism. Ten-day-old individuals were chosen because of
their relative sensitivity (96-hLC50 median lethal concentra-
tion =0.31 mg potassium dichromate/L) and size appropriate
for test handling [15]. Age control was made using the equation
TL=0.71+1 0.037 where TL is the total length in mm and ¢ is
the time in days. The water quality for controls was: hardness,
82 mg CO5Ca/ L; conductivity, 500 wS/cm; pH, 8.3; and alka-
linity, 212 mg CO3Ca/L. A 96-h static test was carried out in
darkness at 21 + 1°C, with 40 amphipods per water sample.
Definitive protocols are described in Di Marzio et al. [16].

Fish toxicity tests

Fish toxicity tests were performed with the species
C. decemmaculatum, a native member of the Family Poeciliidae
that is widespread in the temperate water region throughout
Buenos Aires Province. Ninety-six-hour semistatic tests were
conducted. Fish captured in an artificial freshwater pond were

Table 1. Geographic coordinates of sampling sites, Argentina

Site Buenos Aires Coérdoba

Cariete (S1) 33°58'0.56"S 60°16'24.85"W San Francisco (S8) 31°34'55.08"S 62°16'48.68"W
Maguire (S2) 34°2/37.47"S 60° 8/23.28"W Bell Ville (S9) 32°34'15.16"S 62°42'18.57"W
Site 3 (S3) 33°57'49.94"S 60°16'41.78"W Bell Ville (S10) 32°36/9.22"S 62°40/19.00"W
Site 4 (S4) 33°57'59.34"S 60°31'49.74"W Marcés Juarez (S11) 32°47'47.82"S 62° 8'2.75"W
Site 5 (S5) 33°58'18.45"S 60°37'3.19"W Santa Fe

Site 6 (S6) 34° 5'38.54"S 60°38'32.33"W Arteaga (S12) 33°05.50"S 61°46'37.00"W
Site 7 (S7) 34°15'23.47"S 60°32/9.04"W Arequito (S13) 33°7'50.64"S 61°39'11.97"W
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acclimated in groundwater (pH, 7.9; conductivity, 400 wS/cm;
dissolved oxygen [DO] concentration. 8.20 mg/L; hardness,
98 mg CaCOs5/L) for 20 d under environmental test conditions.
Tests were made using groundwater in glass aquariaat 21 £ 1°C
and a photoperiod of 12:12h light:dark. The final volume
was 2 L in order to obtain a loading rate of 0.5g of fish/L.
Samples and the control were in quadruplicate. Ten 1-month-
old fish were used for each sample. Mortality was recorded
every 24 h. The definitive protocol is described in Di Marzio
et al. [17].

Sediment tests

Sediment toxicity was assessed with H. curvispina in a 10-d
test. Sediment test conditions are summarized as follows:
sampled sediment/control sediment; homogenized 50 g/250-
ml dry weight; 10 animals per test chamber, eight replicates;
10 to 15 d old. The overlying water was aerated and cleaned
every 24 h. Mortality and growth were recorded at the end of
exposure. Sediment of an unpolluted stream containing less
than 3% organic matter was used as the control in the experi-
ments. Sediment organic matter was measured according to the
APHA [8]. Further details of the protocol used are in U.S. EPA
methods [18] and Di Marzio et al. [17].

Pesticides analysis

Samples were extracted twice with methanol (1:4) in an
ultrasonic bath (Testlab®™) for 60 min and then passed through
C18 columns (Supelco). The pesticide analysis was performed
after elution of the C18 columns with 2 ml hexane followed by
2ml dichloromethane. Final volume was adjusted to 1ml
with N,. The sample extracts were injected into a Shimadzu
gas chromatograph (GC) 17A V 1.3 model, fitted with standard
electron capture detector (ECD). A second analysis, to confirm
the identity of the compounds, was performed using a GC with
mass spectrometer QP 5050A and Mass Spectrometry Work-
station Class 5000 (Shimadzu GC/MS) according to U.S. EPA
method SW-846/8081B [19]. The GC/MS confirmation was
accomplished by analyzing the same extract that was used for
GC/ECD analysis and the extract of the associated method
blank. Target compounds were endosulfan (a, [, sulfate),
Chlorpyrifos, and a-cypermethrin. Quantification limits were
5 pg/kg (dry wt) and 0.5 pg/L for endosulfan and chlorpyrifos
and 10 pg/kg for a-cypermethrin. Quantification was done
using an external standard method purchased from Supelco.
Laboratory quality assurance control included laboratory blanks
and surrogate recovery spikes and were used to estimate the
quality of the analytical data. Spiked sediments and water were
recovered at 85 to 110% and 90 to 120, respectively.

EROD activity

Ethoxyresorufin-O-deethylase —activity was measured
according to the Association Frangaise de Normalisation
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(AFNOR) method [20] with few modifications. Individual liver
samples were thawed on ice and then homogenized in 100 mM
phosphate—phenyl-methyl-sulfonyl fluoride (PMSF) 0.2 mM
buffer (PB), pH 7.8 (1:4) using Eppendorf-fitting pestles.
The homogenate was centrifuged at 9,000g for 20 min at 4°C
and the postmitochondrial supernatant (PMS) collected for
immediate use. Protein content of the PMS was determined
by Quant-It"™ Protein assay kit and Qubit™ fluorometer
(Invitrogen/Molecular Probes). The reaction mixture contained
PB, PMS, and 7-ethoxyresorufin. The reaction was initiated by
adding nicotinamide adenine dinucleotide phosphate (NADPH)
and incubating at room temperature (21 +1°C) for 2min.
Fluorescence was measured with a Turner TD 700 fluorometer
at excitation/emission wavelengths of 530/590 nm. The EROD
activity was expressed as picomoles of resorufin produced per
milligram of total protein per minute (pmol R mg Prot '
min ). Betanaphtoflavone was used as a positive control.

RNA extraction and isolation

Total RNA was isolated from liver samples using RNAeasy
Midi kit from Qiagen that is suitable for 20 to 250 mg of liver
tissue (Tecnolab). Liver samples (50 mg) were disrupted and
homogenized in a highly denaturing guanidine isothiocyanate-
containing buffer using Eppendorf-fitting, ribonuclease-free
pestles. The lysate was centrifuged for 10 min at 5,000g and
the supernatant carefully transferred to a new tube. Ethanol was
added to provide appropriate binding conditions and the sample
was then applied to the column containing a silica-gel-based
membrane where total RNA binds and contaminants are effi-
ciently washed away. High-quality RNA was then eluted in
RNase-free water. Total RNA and possible DNA coextracted
were estimated by fluorometric method using Quant-iT RNA
and dsDNA BR assay kits and Qubit™ fluorometer (Invitrogen
/ Molecular Probes). Contaminating genomic DNA, if found,
was removed using DNase I amplification grade (Invitrogen /
Molecular Probes).

Design of oligonucleotides

The oligonucleotides were obtained from Operon and their
sequence is detailed in Table 2. We chose the pairs of primers in
the conserved region of vertebrate CYP1A sequences as pro-
posed previously by Chaty et al. [21]. Primers actin-forward
(ACT-F) and actin-reverse (ACT-R) were also used as coam-
plification of a standard gene.

OneStep RT-PCR

Reverse transcription (RT) and polymerase chain reaction
(PCR) were carried out sequentially in the same tube using the
One-Step RT-PCR kit from Qiagen. The protocol was opti-
mized for 1 pg to 2 pg of total RNA as final concentration. The
RNase inhibitor was added in the master mix at 5 to 10 units/
reaction. Polymerase chain reactions were performed in an

Table 2. Primers used for polymerase chain reaction amplification of Bryconamericus iheringii cDNA corresponding to CYPIAT1 and actin gene products.

Primer name Oligonucleotide sequences Origin References
CYPI1A1-F3 GGCTSCCWGGACCRAAGCCCC Several vertebrates [21]
CYP1A1-R3 CCGTAYTCWGGNGTCAWGTC

CYP1A1-F4 SACTGCCATGARCRAGCGCTA

CYPIA1-R4 TTCTCSCCNTCNWGCTTGTT

ACT-F GGAYGAYATGGAGAARATCTGG Vertebrates and invertebrates [21]

ACT-R CCTGYTTGCTGAYCCACATCTG
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iCycler (Biorad) thermal cycler. The protocol conditions basi-
cally consist of 30 min for RT at 50°C, then the initial PCR
activation step at 95°C, where HotStarTaq polymerase is acti-
vated, RT inactivated, and the cDNA template is denatured.
Cycling parameters were as follows: 30 to 40 cycles of heat
denaturation at 94°C for 30s, annealing between 55 and 65°C
for 30s, polymerization or extension at 72°C for 1min, and
10min as final extension at 72°C. Aliquots (10 pl) of each
reaction were separated by electrophoresis on 1% agarose gel in
TAE (TRIS 40 mM, acetic acid 1 mM, ethylenediaminetetra-
acetic acid [EDTA] 40 mM) buffer, gels were stained with
ethidium bromide, and the PCR products were visualized under
ultraviolet (UV) light using a transiluminator. Digitalized gel
images were analyzed measuring optical density (OD) for each
amplimer’s band by Image-Pro Plus V4.0 (Media Cybernetics).
The OD ratio between CYP1A1 and Actin expression was used
as a semiquantitative endpoint.

Single-cell electrophoresis assay

Gills were homogenized in phosphate-buffered saline (PBS)
and centrifuged at 500g to remove gill filaments and other
tissues. Individually suspended gill tissue cells were obtained
from the supernate. Cell viability was determined using 0.4% of
Trypan blue. A single-cell electrophoresis assay (SCEA) was
carried out according to Di Marzio et al. [22]. Basically, the gels
were composed of three layers of agarose. The suspensions of
gill cells were diluted (1:2) with 1% low-melting-point agarose
(LMPA), giving a final agarose solution of 0.66%, and 80 .l of
the cell suspension was transferred to a slide having a thin layer
of solidified 1% agarose. The slides were covered with a
coverslip and left on ice for 10 min to allow the second layer
of agarose to solidify. The coverslip was gently removed and
80 ul of 0.5% LMPA was spread over the second layer. A
coverslip was placed on top of this third layer and the agarose
solidified. This last coverslip was removed and each slide was
immersed in freshly prepared cold lysing solution (2.5 M NacCl,
100mM Na,EDTA, 10 mM Tris [pH 10)] 1% N-laurylsarco-
sinate, 1% Triton X-100, and 10% dimethylsulfoxide [DMSO])
to remove proteins and lipids. Lysis time was 60 min. Slides
were then placed in an electrophoresis tank and covered with
electrophoresis buffer (300mM sodium hydroxide [NaOH],
1 mM Na,EDTA, pH 13.5) for 25min at room temperature
to allow DNA unwinding. Electrophoresis (300 mA, 30 min,
1 V/em) was then performed in the same buffer. The slides were
washed once for 10min in neutralization buffer (0.4M
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Tris, pH 7.5). Before analysis the slides were stained with
30 ! of 20-mg/ml ethidium bromide. The slides were observed
using an epifluorescence microscope (Nikon Eclipse 600) with a
dichroic filter (excitation filter, BP 510-550 nm; suppression
filter, BA 590 nm) linked to an image analysis system (Image-
Pro Plus V4.0, Media Cybernetics). The DNA migration was
measured as: % tail DNA (the percentage of DNA that migrated
from the nucleus in the direction of the anode expressed as
100 — head % DNA). Hydrogen peroxide (H,0,) and PBS were
used as positive and negative controls, respectively. Experi-
ments were performed in triplicate and 900 cells were analyzed
per each fish. Only comets with similar size and shape nuclei
were scored to avoid heterogeneous response of differing cell
types present in the cell suspension [22].

Statistical analysis

Amphipod mortalities recorded in sediment tests were com-
pared by Kruskal-Wallis analysis of variance (ANOVA) and
median test at p < 0.05 [23,24]. The EROD activity, genotox-
icity, and gene expression were compared by one-way statistical
ANOVA in conjunction with Dunnett’s test, considering LF site
as a negative control. A square root transformation was neces-
sary to tail DNA (%) data to stabilize the variances and
approximate a normal distribution. Site samples were analyzed
by principal component analysis (PCA) mainly to explore the
degree of correlation of EROD, genotoxicity, and gene expres-
sion parameters with the final concentrations of insecticides and
distance between crop and streams. One matrix was constructed
using these variables and the 13 site samples as the horizontal
rows of the PCA data matrix. All statistical analysis was
performed using Statistica v. 8 (StatSoft).

RESULTS

Table 3 shows the values of the physicochemical parameters
determined at each sampling site. The concentration of SS
varied over one order of magnitude between the different
streams under study, ranged from 17.8 to 250 mg/L, and
90% percentile equal to 220 mg/L. Similarly, the percentage
of organic matter in the SS varied between 0.22 and 3.08%, and
90% percentile equal to 2.64%. The sediments showed the
following ranges for the determined parameters: TOC 30 to
55mg/g dry weight, N-NH; 1.8 to 5.7mg/L, sulfides 7 to
25 wg/L, pH 6.4 to 6.7.

Table 3. Physicochemical parameters of water at each sample and sites description

Site Ph Conductivity wS/cm Turbidty NTU Salinity 0/00 TDS mg/L SS mg/L VSS mg/L Off-crop distance m Soy crop
S1 7.01 1010 29 0.04 707 20.8 0.55 2 Om
S2 7.12 1150 63 0.05 805 29.4 1.01 1.7 Om
S3 7.59 2200 23 0.1 1540 17.8 0.89 0.15 Bm
S4 8.74 2970 785 0.14 2079 140 2.38 10.00 Om
S5 7.64 970 150 0.06 679 66.7 2.67 0.25 Bm
S6 8.02 3330 36 0.16 2331 26.67 1.36 15.00 Om
S7 8.67 7200 100 0.39 5040 40 0.48 5.00 Bm
S8 8.11 700 500 0.05 490 130 2.33 5.00 Om
S9 8.42 5390 500 0.29 3773 134 2.97 1.00 Bm
S10  8.84 1160 999 0.05 812 220 433 20.00 Bm
S11 6.7 980 391 0 686 100 1.7 1.20 Bm
S12 795 575 270 0.02 402.5 110 1.59 0.50 Bm
S13 7.72 1140 999 0.08 798 250 3.65 10.00 Bm
LF 8.31 811 51 0.01 540 40 5 — —

All samples had dissolved oxygen concentrations greater than 5 mg/L. Bm = soy crop in both margins of the stream, Om = one margin. NTU = nephelometric
turbidity units, TDS = total dissolved solids, SS = suspended solids, and VSS = volatile suspended solids. (—)=no crop.
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Table 4. Endosulfan concentrations in sediment and water of the sampling
sites, Argentina

Site Description pg/kg dry wt SD ng/L SD
S1 Cafiete 106.67 15.28 1.90 0.14
S2 Maguire 134.50 29.26 0.80 0.28
S3 +Maguire 553.33 14572 20.00 141
S4 Pergamino 1 16.44 2.80 1.10 0.14
S5 Pergamino 2 403.33 45.09 14.00 1.41
S6 Pergamino 3 12.00 2.44 1.05 0.07
S7 Salto 50.67 5.55 1.05 0.22
S8 San Francisco 43.76 3.74 3.60 0.57
S9 -Bell Ville 200.70 25.92 8.80 1.70
S10 Bell Ville 22.71 3.20 1.20 0.28
S11 Marcos Juarez 230.66 20.94 7.50 2.12
S12 Arteaga 359.33 61.98 11.50 0.71
S13 Arequito 76.59 8.50 1.50 0.01
Las Flores Control ND — ND —

SD = standard deviation, ND = not detectable. (—) =no data.

In water column and sediment samples, the presence
of endosulfan sulfate, chlorpyrifos, or cypermethrin was not
determined, but the insecticide endosulfan (« + 3) was identi-
fied in most of the studied samples, as shown in Table 4.

Water samples from all sites sampled did not result in acute
toxicity to exposed organisms representing different trophic
levels. Sediment samples from sites S1-S3, S5, S9, S11, and
S12 caused mortalities between 65 to 100%. The remaining
samples were not toxic, in terms of mortality or growth,
comparing the total length reached by the exposed organisms
with respect to the control group (Table 5).

The EROD activity of fish sampled in eight of the 13 sites
under study was significantly (p < 0.05) higher for those caught
in the stream considered control. These sites were in the
province of Buenos Aires S1, S2, S3, S5, and S7, in Cordoba
S9 and S11, and S12 in Santa Fe (Fig. 2). However, the relative
gene expression was significantly different (p < 0.05) only in
sites S3, S5, S11, and S12 (Table 6). All of these sites were
bordered by soybean crop on both margins and the distance
from soy crops and streams was less than 1.5 m.

Genotoxic effects, determined in gill cells of B. iheringii,
were significantly higher (p <0.05) for fish caught at the
sampling stations S3, S5, and S12 (Fig. 3).

Table 5. Mortalities of Hyalella curvispina exposed to the sediment

samples

Sample Mortality SD Total length (pm) SD

Control 7.50 7.07 1059.75 30.78
S1 70" 5.34 1120 20.43
S2 65" 9.16 1230 24.49
S3 100" — — —

S4 6.25 7.44 1062.31 47.89
S5 100" — — —

S6 8.75 6.41 1070.00 70.10
S7 8.75 11.26 1128.44 83.27
S8 6.25 9.16 1024.06 9.72
S9 70" 7.07 1144.25 85.44
S 10 125 11.65 1142.38 90.49
S 11 80" 8.86 1021.88 7.76
S 12 100" — — —

S 13 5 7.56 1061.25 3.11
LF 5.00 7.56 1050.94 19.41

Data are average values expressed in percentage. SD = standard deviation,
LF =Las Flores. (—) =no data or all data 100%.
" Significantly different with respect to the control LF at p < 0.05.
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Fig. 2. Ethoxyresorufin-O-deethylase activity expressed in pmol/mg
protein/min of Bryconamericus iheringii sampled at Buenos Aires
(S1-S7), Coérdoba (S8-S11), and Santa Fe (S12-S13), provinces.
“Significantly different at p <0.05 (ANOVA =analysis of variance,
Dunnett’s test) with respect to fish present at Las Flores (LF) stream.
BNF = beta-naphtoflavone positive control.

The fish diversity was significantly different from distances
between the margin of the stream and soybean crops, not
exceeding 2 m (Fig. 4).

DISCUSSION

There was a relationship between the distance of the crop to
the margins of streams, the relative values obtained in each
biomarker used, and fish diversity. Integrating all the results
presented by PCA, we saw that two components of PCA
analysis (Fig. 5) explained more than 90% of the variance.
The first component would define the variability, taking into
account the total endosulfan concentrations for all samples. The
second component could be interpreted as a measure of the
variability of the distance between crop and aquatic environ-
ments. Table 7 shows the partial correlation coefficients
between the variables from the PCA. The distance was neg-
atively correlated with other measured parameters, having a
stronger correlation with the concentration of endosulfan in
water and sediment. Among the biomarkers, EROD activity
showed the highest correlation coefficients with the concen-
tration of insecticide in both arrays (Table 7). Mortality of
amphipods exposed to sediment factors showed correlations

Table 6. Ratios of reverse transcriptase-polymerase chain reaction pro-

ducts intensities (CYP1A1/ACT) from Las Flores site (LF) and ethoxyr-

esorufin-O-deethylase’s positive sites for Buenos Aires (sites 1-5 and 7),
Cordoba (sites 9 and 11), and Santa Fe (site 12) provinces, Argentina

CYP1A1/ACT SD SEM Off-crop distance (m)

Site 1 0.262 0.15 0.07 2
Site 2 0.154 0.10 0.04 1.7
Site 3 1.29 " 0.20 0.09 0.15
Site 5 1.184 * 0.17 0.08 0.25
Site 7 0.158 0.07 0.03 5
Site 9 0.324 0.09 0.04 1
Site 11 047" 0.18 0.08 1.2
Site 12 05" 0.22 0.10 0.5
LF control 0.172 0.11 0.05 No crop

Average values from five animals were used in each group. SD = standard
deviation, SEM = standard error of the mean.
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Fig. 3. Tail DNA of gill cells of Bryconamericus iheringii sampled at
Buenos Aires (S1-S7), Coérdoba (S8-S11), and Santa Fe (S12-S13),
provinces. *Significantly different at p <0.05 (ANOVA =analysis of
variance, Dunnett’s test) with respect to the fish present at Las Flores
(LF) stream. HP = hydrogen peroxide, positive control.

higher than 0.8 regarding endosulfan in water and sediment
concentrations (Table 7).

The EROD and gene expression biomarkers and mortalities
of amphipods significantly correlated with the concentration of
endosulfan, which correlates inversely with the distance
between the crop and streams (Table 8). The differences with
respect to controls were no longer statistically significant at
distances greater than 5m.

In the case when the two banks of streams are bordered by
crops, the aerial application of insecticides would include them
as part of the cultivated area. Insecticides are more or less
bioavailable in relation to the concentration of SS and organic
matter content. Furthermore, the concentration of SS present in
water bodies can reduce the toxicity of endosulfan to factor
increases close to five times one order of magnitude of the SS
[4]. Moreover, streams that are in such shallow (<0.5m) and
with low current (0.1-0.3m?%/s) environments have intimate
contact between the sediment, water column, and biota. In this

Environ. Toxicol. Chem. 29, 2010 1913

scenario, if we consider the aerial application of endosulfan at
doses between 1 to 3 L/ha of commercial formulation 35%
(w/v) on a body of water of 0.3 m average depth, this will result
in an insecticide concentration of 300 pwg/L. However, a value
of log Koc for endosulfan of 4.09 and the fraction of organic
carbon in SS and sediments, approximately equivalent to 5%,
results in a K4 near 600. Taking 0.1 g/L. as the average con-
centration of SS in the environments studied, we obtain nominal
concentrations of endosulfan of 0.18 pg/ml in water and
112 pg/g in the SS. Preliminary studies on endosulfan spraying
artificial lagoons yield values close to those mentioned above
(W. Di Marzio, unpublished data). This partition to the solid
matrix can be accelerated by using an antievaporating agent in
aerial application. If the relative humidity is below 60%, it is
recommended to use oils that provide this function (e.g.,
soybean oil) to prevent loss by volatilization of the drops
applied on the crop. Thereby the insecticide can enter the water,
contained in a hydrophobic matrix that can easily adsorb the
material in suspension, and thus precipitate the sediment rap-
idly. Following spray application, Wan et al. [25] measured
endosulfan (a4 [3) concentrations in farm ditch sediments in
Canada ranging from 5 to 2,461 pg/kg. Leonard et al. [26]
measured up to 48 pg/kg of total endosulfan (a4 ) in sedi-
ments of the Namoi River in Australia. Antonious and Byers
[27] studied the fate and movement of endosulfan under field
conditions and reported the vertical movement of endosulfan
through the vadose zone at a concentration of 630 pg/L.
Jergentz et al. [3] performed in situ bioassays with amphi-
pods observing toxic effects, according to the authors, associ-
ated with chlorpyrifos and endosulfan adsorbed to particulate
matter. However, the animals used were kept in chambers of
1,500 wm mesh, closed at the ends, with the base in contact with
sediments. Thus, that the field effect could be caused by
pesticides associated with the superficial sediments. In the
present study the sediments belonging to sites S1-3, S5, S9,
and S11-12 were relatively toxic to amphipods compared to a
control site, resulting in 100% mortalities some cases; it is
possible that this mortality could be related to the concentration
of endosulfan in those sediments (Table 5, Fig. 5). As men-
tioned above, cypermethrin and chlorpyrifos were not detected
in samples of water or sediment. During the sampling period
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Fig. 4. Fish diversity at each sampling site. SE = standard error of the mean.
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Fig. 5. Biplot of two-dimensional scattergram corresponding to the
distributions of principal components parameters of each sampled site and
the measured variables. The two components, factors 1 and 2, explained more
than 90% of total variance. EROD = ethoxyresorufin-O-deethylase activity;
ANF = amphipod mortality; EndoS = endosulfan sediment concentrations;
EndoW =endosulfan water concentrations; GEN=gene expression;
GENO = genotoxicity.

(summer 2006-2007) the high temperatures limited the appli-
cation of cypermethrin due to its greater volatility and was
replaced by endosulfan. The application of the latter was
predominant, regardless of the type of pest present between
the months of January to March.

Endosulfan can also be incorporated by runoff but the spray
drift is a major source of pesticide exposure in off-crop habitats,
neighboring streams, and other water bodies [28]. Jergentz et al.
[6] found that the highest chlorpyrifos concentration in the
suspended particles was detected in a period without runoff
events. The authors concluded that the likely alternative source
in this case was airplane fumigation, resulting in insecticide
deposition on the water surface and subsequent sorption to
suspended particles and sediments. It is a general management
practice in the region under study to spray the soybean fields by
air after the plants reach a certain size because airplanes cause
less damage to the crop than vehicles. Aquatic environments are
included in the application area, especially if there is no
separation with the crop, and/or a buffer zone does not exist
between them. Wang and Rautmann [28] concluded that wind
speed, relative humidity (weather condition), nozzle type, and
spray pressure (spray practice) are the main factors influencing
spray drift. The influence of each has a strong relationship with
the distance between sprayed field and surface waters. Wind
speed has a strong positive influence far away from fields,
whereas close to fields the effect diminished substantially. Very
close to field margins (3 m or less) the effect of wind speed is
negative and increasing values cause a reduction of spray drift.

W.D. Di Marzio et al.

Table 8. Regression parameters obtained considering biomarkers

Y X Intercept Slope Adjusted R* F p value
EndoS  I/distance  64.38  82.38 0.864 77.57 0.00001
EndoW  l/distance 2.51 2.88 0.813 53.19  0.00002
EROD EEC 2357  0.156 0.857 72.67 0.00004
GEN EEC -0.013  0.002 0.88 93.81 0.00001
GENO EEC 2.63 0.073 0.719 31.70  0.0001

EROD = ethoxyresorufin-O-deethylase activity; GEN = gene expression;
GENO = genotoxicity. Endosulfan concentrations in water (EndoW) and
sediment (EndoS), EEC =environmental endosulfan concentration, and
distance crops — stream.

According to Wang and Rautmann [28], spray pressure has a
marked (positive) effect on this variable in the proximity of field
borders, in the range of 2 to 15 m, whereas at larger distances
spray drift is not affected by spray pressure.

Aerial application (AA) and runoff (RO) are the two sources
of insecticides in streams from treated fields. From the infor-
mation generated in other studies and the data obtained in
our study, considering the design’s sample in which runoff
events were avoided, we assume that AA was >RO, so that
the environmental endosulfan concentration (EEC) (water +
sediment) was based on aerial application. In this regard, and
given the proximity of crops to streams, the spray pressure
would be the variable that most influences the contribution of
AA, which varies depending on the mode of application and the
nozzle type. The latter determines the mean diameter of the
droplets of spray related with drift postimplementation. From
these considerations the results of this study allow us to
establish the relationship between the EEC and the distance
between the crop/edge of streams and the EEC with the bio-
markers studied, as presented in Table 8.

The potential relationships to species diversity is not
included because we are assuming that the EEC is related to
the aerial application and postapplication within 48 h of the
occurrence. However, the diversity indices recorded in this
study are related to stream/crop distance (Fig. 4) and would
reflect the effect of the sustained implementation of recent years
on this variable. In this regard, a close relation between the
distance of the crops to streams and fish diversity was observed
(Fig. 5). While no deaths or acute effects occurred on the water
samples tested, the species diversity was significantly different
between different sampling sites. This was reflected in the
number of species (Table 9) and, in the evenness component
of the fish communities, heterogeneity related with the distri-
bution of specific abundances (data not shown). The fish
diversity for the control stream was similar to that reported
by Di Marzio et al. [29].

Figure 6 represents the concentrations of endosulfan, in
water and sediment, as a function of distance between streams

Table 7. Correlation matrix of principal component analysis variables, correlation factors between paired variables

EndoS EROD GENO GEN ANF Dist EndoW Dv
EndoS 1.00 0.94 0.86 0.94 0.88 —0.75 0.96 —0.87
EROD 0.94 1.00 0.86 0.88 0.84 —0.64 0.92 —0.86
GENO 0.86 0.86 1.00 0.79 0.71 —0.45 0.82 —0.70
GEN 0.94 0.88 0.79 1.00 0.79 —0.59 0.93 -0.79
ANF 0.88 0.84 0.71 0.79 1.00 —0.70 0.82 —0.87
Dist —0.67 —0.64 —0.45 —0.59 -0.77 1.00 —0.63 0.91
EndoW 0.96 0.92 0.82 0.93 0.82 -0.73 1.00 —0.86
Dv —0.87 —0.86 —0.70 —-0.79 —0.87 0.91 —0.86 1.00

Biomarkers EROD = ethoxyresorufin-O-deethylase activity; GEN = gene expression; GENO = genotoxicity. Endosulfan concentrations in water (EndoW) and
sediment (EndoS); Dist = distance crops — stream; ANF = amphipod mortality; Dv = fish diversity.
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Table 9. Freshwater species found at each sampling site widespread in an agricultural area close to 30,000 km? in three provinces, Argentina

Specie LF S1 S2 S3 S4

S5 S6 S7 S8 S9 S10 S11 S12 S13

Asiphonichthys stenopterus
Oligosarcus jenynsi
Diapoma terofali
Pseudocorynopoma doriai
Astyanax eigenmanniorum
Astyanax fasciatus
Bryconamericus iheringi
Hyphessobrycon anisitsi
Hyphessobrycon meridionalis
Cheirodon interruptus
Hoplias malabaricus
Characidium fasciatum
Curimata gilberti
Heptapterus mustelinus
Pimelodella laticeps
Rhamdia sapo

Corydoras paleatus
Loricariichthys anus
Ancistrus cirrhosus
Hypostomus commersoni
Jenynsia lineata
Cnesterodon decemmaculatus
Phalloceros caudimaculatus
Synbranchus marmoratus
Gymnogeophagus australis
Cichlasoma facetum
Crenicichla sp.
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and crops. This exponential behavior in the ambient concen-
tration of endosulfan, presumably derived from aerial applica-
tion, was described previously by Ernst et al. [30], who found
the following concentrations of the insecticide as a function of
the distance between the sprayed field and the studied pond
water: 607 to 670, 503 to 535, 91 to 62, and 28 to 12 p.g/L for O,
3, 10, and 30 m. The results of that study indicated an obvious
concern, in that fish mortality was never less than 80%, even at
distances of up to 200 m downwind. Also, they noted that under
normal spraying conditions, using conventional delivery tech-
nology, unacceptable deposits, or those that would cause 50%
mortality in an exposed population, occur at distances of 10 m.
The authors recommended that an appropriate buffer zone
should exceed 200m and that endosulfan should not to be
used near water without further refinement of buffer zone
requirements.
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Fig. 6. Relations between endosulfan concentrations in water and sediment
samples with the distance between the crop and stream. EndoS = endosulfan
sediment concentrations; EndoW = endosulfan water concentrations.

The inherent capacity of a pesticide-stressed aquatic com-
munity to recover is considered important for the authorization
and risk assessment of these chemicals. Ecological effects of
modern agrochemicals are typically limited to brief episodes of
increased mortality or reduced growth that are qualitatively
similar to natural disturbance regimes. The long-term eco-
logical consequences of agrochemical exposures depend on
the intensity and frequency of the exposures relative to the
rates of recovery of the exposed populations [31]. Recently,
Brock et al. [32] discovered that treatment-related effects on
macroinvertebrates were expected to become less pronounced
as a larger proportion of the ditch surface area remained
unsprayed. Their results suggest that overall insecticide effects
may be smaller and ecological recovery faster in systems where
uncontaminated refuges are present, despite the presence of
local patches with relatively high exposure concentrations.
However, in aquatic environments such as those studied here,
where virtually all sections of the streams are included in an
area planted with soybeans, this recovery can be greatly reduced
by determining the loss of species and therefore reducing the
species diversity and without doubt related to the proximity of
the crop to the stream (see Fig. 7). Jergentz et al. [6] proposed as
a strategy, suitable under local conditions, for improving water
quality and protecting the water resources, vegetated wetlands
as one potentially effective means of mitigating the risk asso-
ciated with agricultural pesticide contamination. We propose
that initially the crops should start 5 m away from water bodies
and that this separation may or may not be vegetated. This
would be a starting point to control the excessive cultivation and
associated pesticide spraying.

CONCLUSION

The amount of pesticide that enters aquatic environments is
related to the distance separating the treated fields from adjacent
aquatic habits. Higher concentrations of insecticide were related
to the smaller separation between them. This effect would
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Fig. 7. Images showing the proximity between crops and stream environments. Photos corresponding to site S5 (left) and S12 (right).

disappear when the distance is greater than 5 m. Fish that live in
streams located within this distance show values significantly
different from those considered controls for the biomarkers
evaluated. Within these, EROD activity and CYP1A1 gene
expression showed the highest correlation with the total
ambient concentration for endosulfan, the only quantified insec-
ticide of the three insecticides potentially applied in the area
under study. Moreover, the fish diversity in the environments
studied also significantly correlated with the distance. The
reduction of fish diversity in environments closer to soybean
crops reflect a cumulative effect of environmental stress
in terms of the quantity of pesticides applied related to the
intensive cultivation of soybeans. Therefore, the requirement of
a separation line equal to or greater than 5 m between the crop
and the margin of the aquatic environment would contribute
substantially to reducing the incorporation of chemicals in
ecosystems and their associated impact.
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