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Abstract

Imazethapyr, a post-emergent herbicide used in worldwide soybean and corn crops, induces genetic and biochemical
alterations in aquatic vertebrates. This study examined the relationship between biomarkers at different organization levels
and imazethapyr real-life route exposure in Boana pulchella adults. Frogs were exposed to imazethapyr-based formulation
Pivot” H (10.59%) at concentrations representing possible acute routes: field runoff (S1:10 mg.L "), exposure after direct
foliar application (S2:100 mg.L*I) and during direct foliar application (S3:1000 mg.L*I). Post-exposure, endpoints levels
were evaluated: organism alterations, biochemical activities and cytogenetic assays. Forty-eight hours post-exposure,
antioxidant enzymes decrease, micronuclei induction and DNA damage were observed in all scenarios, while
cholinesterase activity increase and body condition reduction were observed in frog-exposed to S3. Ninety-six hours post-
exposure, frogs showed glutathione-S-transferase inhibition in S1, micronuclei induction in S2 and S3, and DNA-damage
increase in S3. Herbicides routes of exposures in real-life could indicate that authorized applications have a risk to
amphibian populations.

Keywords Biomarkers integrative responses * Boana pulchella - Dermal exposure * Herbicide toxicity - Physiological stress

Abbreviations MNs micronuclei

AChE acetylcholinesterase NT notched nucleus

BL blebbed nucleus PCA principal component analysis.

BN binucleated cell

CAT catalase

GST glutathione-S-transferase Introduction

IMZT imazethapyr

LB lobed nucleus Pesticides are considered essential to maintain high agri-

cultural output in modern agriculture based on genetically
modified organisms. Nevertheless, pesticide products may
cause a variety of adverse effects in non-target organisms
through both direct and indirect actions (Howarth 2000;
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Kohler and Triebskorn 2013). The imidazolinones are a
group of widely used broad-spectrum herbicides employed
for selective pre- or post-emergence weed control in a
variety of crops. These herbicides fall into the class of
acetolactate synthase (ALS)-inhibitors, an enzyme involved
in the synthesis of branched-chain amino acids (Tan et al.
2005; Kawai et al. 2007; Lin et al. 2007).

Imazethapyr (IMZT) [5-ethyl-2-(4-isopropyl-4-methyl-5-
0x0-4,5-dihydroimidazol-1H-2-yl) nicotinicacid] is an imi-
dazolinone herbicide widely used in soybeans and corn
crops genetically modified to be resistant to these herbi-
cides. The recommended application rate of IMZT ranges
between 0.8 to 1 L/ha for both aerial and terrestrial foliar
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applications, respectively (CASAFE 2013). IMZT has been
classified as a slightly toxic compound (Class III) by the
USEPA (1989), and as a dangerous compound for the
environment by the European Union (EU) (Kegley et al.
2020). Furthermore, they affirm that IMZT is an unsafe
pesticide for the environment and is associated with adverse
effects in humans such as eye irritation, skin lesions, and
respiratory tract difficulties (Kegley et al. 2020).

At the same time, data from literature about IMZT-
induced toxicity in non-target organisms is scarce. Briefly,
reports showed that IMZT is nontoxic for fish (LC50 non-
determinated) such as the channel catfish, the rainbow
trout and the bluegill after acute exposures (Kegley et al.
2020). Furthermore, analyzing in aquatic vertebrates,
Moraes et al. (2011) reported alterations on enzymes
related to oxidative stress after 0.0148 mg/L. exposure to
both the active ingredient IMZT and to the IMZT-based
commercial herbicide formulation Only” in hepatic tissues
of the fish Cyprinus carpio. In addition, inhibition of
acetylcholinesterase (AChE) was found after exposure to
commercial formulations of IMZT in the Mozambique
tilapia (Pasha and Singh 2005; Pasha 2013). Recently, in
other aquatic vertebrates, our research group has demon-
strated the toxicological effects at genetic, biochemical
and individual levels in anurans such as Boana pulchella
and Leptodactylus latinasus exposed to IMZT in their
larval phase (Pérez-Iglesias et al. 2015; 2017; 2018;
2020). Particularly, we found alterations in several bio-
markers such as primary DNA lesions and micronuclei
frequency, glutathione-S-transferase alterations, morpho-
logical abnormalities and swimming performance. Thus,
we were able to demonstrate that when the exposures of
environmental stressors increase, IMZT-exposed frogs
move from homeostasis toward a stress status (Pérez-
Iglesias et al. 2015; 2017; 2018; 2020).

Due to their special characteristics such as their
permeable skin, position in trophic webs, shell-less eggs,
exposed embryogenesis, free-living aquatic larvae,
dependence upon two environments throughout their life
history, and a narrow home-range, amphibians have been
widely used as bioindicators of environmental quality
(Wake 1991; Blaustein et al. 2011). Furthermore,
amphibians are declining and one of the proposed causes
has been the increasing use of environmental con-
taminants (e.g., pesticides) (Wake 1991; Houlahan et al.
2000; Kiesecker et al. 2001; Beebee and Griffiths 2005;
Mann et al. 2009). Several studies have demonstrated that
amphibians are negatively affected at the physiological,
histological, biochemical and cytogenetic levels by living
in agroecosystems where pesticides are continuously
introduced (Mann et al. 2009; Shutler and Marcogliese
2011; Hegde and Krishnamurthy 2014). Particularly in
Argentina, several authors have reported evidences of
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alterations in anurans inhabiting the agricultural Pampa
region where a variety of pesticides are extensively used
(Cabagna et al. 2006; Attademo et al. 2007; 2011; 2014;
Peltzer et al. 2008; Brodeur et al. 2011; 2012; Agostini
et al. 2013; Sanchez et al. 2013; Guerra and Ardoz 2016).
In this sense, amphibians are a particularly important and
vulnerable group of non-target organisms in Pampasic
agricultural landscapes, where they can be exposed
directly or indirectly to a variety of pesticides (Mann et al.
2009; Brodeur et al. 2011; 2012; Suarez et al. 2016; Van
Meter et al. 2014; 2019). Indeed, terrestrial exposure of
amphibian to pesticides through dermal uptake may be a
primary and a significant pathway (Van Meter et al. 2014;
2015; 2018; 2019). Adult amphibians are known to move
across terrestrial landscapes in search of breeding ponds
and/or overwintering habitats (Briihl et al. 2013; Van
Meter et al. 2018; 2019). This situation, particularly in
agriculturally intensive areas, leads to the terrestrial
amphibians at risk of dermal exposure due to soils or
vegetation contaminated with pesticides (Van Meter et al.
2018; 2019). The primary route of exposure to pollutants
of amphibians in agricultural habitats is via skin contact
with soil or water principally by direct application, and
secondly by runoff or ingestion of insects previously
exposed (Pérez-Iglesias et al. 2016). However, a limited
number of studies employing a battery of bioassays
evaluating the effects of pesticides after dermal exposure
on adults’ anurans have been previously reported (Briihl
et al. 2013; Van Meter et al. 2014; 2015; 2018; 2019). In
Neotropical regions, some studies revealed that the anur-
ans sampled in agricultural landscapes had lower body
condition and enzymes alterations, which may have rela-
ted to the presence of environmental stressors (Brodeur
et al. 2011; 2012; 2021).

Environmental exposures to contaminants are quite
complex and the implementation of a battery of biomarkers
to monitor the status of amphibian populations is a valu-
able tool (Newman 2014). It is well documented that the
use of biomarkers at different ecological levels allows
researchers to associate environmental exposure with a
wide range of deleterious biological responses of aquatic
vertebrates (e.g. amphibians) and, the biomarkers are use-
ful tools on which to base environmental decisions before
irreversible damage occurs in the ecosystem (Van der Oost
et al. 2003; Vasseur and Cossu-Leguille 2003; Sparling
et al. 2010; Ossana et al. 2013).

In this context, the objective of the present study was to
evaluate how IMZT affects the physiology and genetic
material using several biomarkers in adults of the Neo-
tropical anuran B. pulchella to simulations of potential real
life terrestrial exposures under laboratory conditions to
concentrations of the IMZT-based herbicide formulation
Pivot” H simulating realistic scenarios.
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Materials and methods
Chemical reagents and determinations

All chemicals, reactives and solvents of analytical grade
were purchased from Sigma Chemical Co. (St. Louis,
MO) while Pivot H" (10.59% w/v of IMZT, CAS 081335-
77-5) was obtained from BASF Argentina S. A. Cyclo-
phosphamide (CP, CAS 6055-19-2) was purchased from
Sigma Chemical Co. (St. Louis, MO). IMZT concentra-
tions present in bioassay solutions were analyzed by
Waters Acquity Ultra Performance Liquid Chromato-
graphy (UPLC) system coupled to a Quattro Premier XE
tandem quadrupole mass spectrometer (MS/MS), with an
electrospray ionization (ESI) source equipment from the
CIM Institute (National University of La Plata, La Plata,
Argentina) according to the procedures described in
Report 01-4134 of the U.S. Geological Survey (Furlong
2001). Samples from test nominal concentrations were
taken and immediately measured after the solutions were
prepared (Oh) and 24 h thereafter. Detection limit of
IMZT was 0.5 ug/L.

Test organisms and specimen recollection

Boana pulchella (Duméril and Bibron, 1841), formerly
named Hypsiboas pulchellus, is an arboreal anuran spe-
cies from the Hylidae family with extensive distribution
in neotropical South America, and which is very abundant
in the Pampa region of Argentina (Cei 1980). Its natural
habitats are dry low land grasslands, seasonally wet or
flooded low land grasslands, intermittent freshwater
lakes, intermittent fresh water marshes, and pasture lands
(Kwet et al. 2004). This species lays its eggs in masses
attached to the submerged stems of aquatic plants. This
species is easy to acclimate to laboratory conditions, it
has been previously employed as a bioindicator species
(Lajmanovich et al. 2005; Agostini et al. 2009; Brodeur
et al. 2011; 2012; Pérez-Iglesias et al. 2014; 2015; Bro-
deur and Vera Candioti 2017; Sansifiena et al. 2018) and
its population status is considered as ‘“least concern”
(Vaira et al. 2012; TUCN 2020). Individuals of B. pul-
chella (n=100) were obtained during night collections
from a typical pampean unpolluted habitat, during
breeding season (La Plata, Buenos Aires, Argentina - 35°
10" S; 57° 51’ W). All frog collections were approved by
the Buenos Aires Province government (permit number
22500-22339/13). All experimental procedures were
performed according to “Reference Ethical Framework
for Biomedical Research: Ethical Principles for Research
with Laboratory, Farm, and Wild Animals” (CONICET
2005). Adult males of B. pulchella were transported to the
laboratory to be weighted (average, 2.65+0.52 g) and

measured (snout-vent length average, 35.35 +2.58 mm).
Afterwards, specimens were acclimated during 7 days in
2800 cm® glass containers containing 200 cm® of soil at
the bottom. Photoperiod (16:8 h light/dark) and tempera-
ture (25.0 =1 °C) were maintained constant and animals
were not fed during this period.

Experimental design and exposure protocol

Experiments were carried out reproducing plausible three
exposure scenarios as recommended by Wang and Jia
(2009) and Van Meter et al. (2015). The first scenario (S1)
illustrated an exposure to field runoff water. The second
scenario (S2) illustrated a situation where B. pulchella
visited a leaf previously sprayed with a foliar application
and in which one-tenth (1/10) of the applied concentration
of IMZT would reach the frogs (100 mg IMZT/L) and
finally, the third scenario was designed to illustrate a
situation where frogs were directly sprayed with the
recommended application rate (S3: 1000 mg IMZT/L).
Briefly, before the start of the bioassay, frogs were placed
in a clean 20L glass aquarium for a 24 h period of
dehydration. This dehydration period was intended to
facilitate the movement of water and xenobiotics
throughout the anuran dermis because the re-hydration
would occur during the bioassay, according to Van Meter
et al. (2018). For each scenario, adults’ frogs were
exposed to an acute pulse of the IMZT-based herbicide
formulation by immersing the entire specimens for 15 sec
in each herbicide concentrations (10, 100 and 1000 mg
IMZT/L). Test solutions were prepared according to
procedures proposed by USEPA (1975). Also, negative
control and positive groups were prepared consisting of
10 frogs immersed in dechlorinated tap water and cyclo-
phosphamide, respectively; and run in parallel with
herbicide-exposed specimens. Immediately after expo-
sure, each frog was placed individually in 3 L glass flasks
containing 200 mL of fertile soil at the bottom. Frogs
were not fed throughout the experiment and were re-
hydrated by spraying dechlorinated tap water every 24 h
to avoid frogs’ death due to drying (Van Meter et al.
2018). Evaluation of the proposed endpoints was per-
formed 48 and 96 h after the acute exposure pulse. At
each sampling time, frogs were anesthetized, placed on
ice and dissected according to directives and protocols
detailed in the Guide for Care and Use of Laboratory
Animals (Garber et al. 2011), and the ethical procedures
of the Ethical Committee from the National University of
La Plata (codel1/N619), “Reference Ethical Framework
for Biomedical Research” (CONICET 2005) and “Guide
for Care and Use of Experimental Animals” (INTA 2008).
Experiments were performed in triplicate and 10 indivi-
duals were employed each time.
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Evaluations of endpoints
Individual endpoints

Frog body condition was assessed using a method described
by Brodeur et al. (2011). This method consists of examining
the residuals from a regression of body mass against snout-
vent length where the regression line obtained establishes
the average body weight for a given length. An individual
with positive residuals is considered in a good condition
whereas an individual with a negative residual is regarded
as having low energy (Schulte-Hostedde et al. 2005; Bro-
deur et al. 2011). To evaluate behavioral sublethal end-
points, mobility and posture of the frogs were observed for
I min in a polypropylene chamber (30 L). Frogs were then
placed into a pool to examine swimming activity for another
minute. Finally, the hepatosomatic index (HSI) was calcu-
lated as the ratio of liver weight with respect to total body
weight. At the end of the experiment the liver was weighed
to obtain the HSI index using a precision scale 0.001 g.

Biochemical endpoints

All procedures were performed as previously described by
Brodeur et al. (2017, 2020). Briefly, livers were homo-
genized in ice-cold 50 mM tris buffer (1 mM EDTA acid,
0.25M of sucrose, pH 7.4) with a Teflon-glass Potter-
Elvehjem homogenizer. Then, the homogenates were cen-
trifuged at 4 °C (10,000 x g, 10 min) to collect the super-
natant while nuclei and cell debris were discarded. One
portion of the supernatant was used for protein concentra-
tions following the method of Lowry et al. (1951) using
bovine serum albumin as a standard. All enzymatic reac-
tions and protein calibration curves were performed on
microplates, and posterior reads of the enzymatic activities
as well as the protein concentration were carried out by
using a microplate reader (SPECTROstar Nano, BMG
Labtech, Ortenberg, Germany).

GST activity determination The GST activity in the liver
of B. pulchella was measured using 1-chloro-2, 4- dini-
trobenzene (CDNB) as substrate. Determinations were
performed in a reaction mixture containing 300 uL GST
(30% m/v of GSH in PBS, pH 7), 10 uL CDNB (0.1 M) and
10 uL of sample (dilution, 1:25 of pure supernatant:PBS).
The colorimetric reaction absorbance (340 nm) was recor-
ded for 2 min (37 °C) and GST activity was calculated with
molar extinction coefficient of 9.6 mM ' cm ™.

AChE activity determination Activity of hepatic acet-
ylcholinesterase (AChE) was determined by the Ellman
method (Ellman et al. 1961). The reaction mixture consisted
of 200 uL of PBS (100 mM, pH 8), 10 uL of acetylcholine
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(1mM), 10uL of DTNB (0.5 mM), and 50 ul of sample
(previously diluted 1/5; 200 uL homogenized sample in
800 uL. of PBS). The kinetic absorbance (412nm) was
recorded for 3 min (37 °C) and AChE activity was calculated
using a molar extinction coefficient of 14,150 M~ lem™

CAT activity determination The CAT activity in the liver
of B. pulchella was determined by measuring the kinetic
absorbance in microplates using a reaction mixture con-
sisting of 300 uL of PBS (100 mM, pH 7), 10 uL of H,0O,
(dilution 0,5% v/v, H202 99% in distilled water) and 10 uL.
of sample (dilution, 1:25 of pure supernatant:PBS). The
change in the absorbance (240 nm) resulting from H,0,
consumption was recorded for 2 min (37 °C), using a molar
extinction coefficient of 43.6 M~ 'cem ™.

Cytogenetic endpoints

MNs induction and nuclear abnormalities MN assay and
blood analysis was conducted in accordance with the ori-
ginal protocol (Fenech 2007) with minor modifications for
this species (Pérez-Iglesias et al. 2016). Slides of blood
smears, by triplicate, were stained for 12 min with 5% of
Giemsa solution for each treated group. MNs frequency
was calculated in peripheral mature erythrocytes after acute
pulse exposure in both scenarios. MNs were blind-scored
from 1000 erythrocytes from each blood frog sample
(x1000 magnification). While, the presence of other nuclear
abnormalities in mature erythrocytes was evaluated for this
species according to our previous procedures (Pérez-Igle-
sias et al. 2016; 2020). The following frequency of nuclear
abnormalities were considered: notched nuclei (NNs), i.e.,
nuclei with vacuoles and appreciable depth into a nucleus
without containing nuclear material; blebbed nuclei (BLs),
i.e., cells with one nucleus presenting a relatively small
evagination of the nuclear membrane which contains
euchromatin; and erythroplastids (EPs), i.e., anucleated
forms of circulating red blood cells. MNs and nuclear
abnormalities frequencies are expressed as total number of
alterations per 1000 cells and the examination criteria for
MNs acceptance was determined following previously
reports (Vera Candioti et al. 2010).

Comet assay The same individuals employed for the MN
assay (see Section 2.4.3.2) were also used for the comet
assay. The comet assay was performed following the alkaline
procedure described elsewhere for the species (Pérez-Iglesias
et al. 2014; 2015; 2017; 2018). Briefly, blood samples were
diluted in PBS, centrifuged (2000 rpm, 9 min), and resus-
pended in PBS (50mL). An aliquot of diluted samples
(30 mL) was mixed with low-melting-point agarose (70 mL,
0.5%) and was then layered on a slide precoated with
normal-melting-point agarose (100 mL, 0.5%). The slide was
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placed at 4 °C. After solidification, the slide was covered
with a third layer of low-melting-point agarose (50 mL,
0.5%). After that, the slides were immersed in ice-cold
freshly prepared lysis solution and then lysed in darkness for
a 1h (4°C). Then, slides were placed in an electrophoresis
buffer (4 °C) to allow the cellular DNA to unwind, followed
by electrophoresis in the same buffer (4 °C, 20 min, 25V).
Finally, the slides were neutralized with a solution compris-
ing Tris—=HCl (pH =7.5) and stained with DAPI (4',6-dia-
mino-2-phenylindole, Vectashield Mounting Medium
H1200; Vector Laboratories, Burlingame, CA, USA). Slides
were examined under an OlympusBX50 fluorescence pho-
tomicroscope equipped with an appropriate filter combina-
tion. The extent of DNA damage was quantified by the
length of DNA migration, which was visually determined in
100 randomly selected and non-overlapping cells. DNA
damage was classified in four classes (0-I, undamaged; II,
minimum damage; III, medium damage; IV, maximum
damage), considering Cavas and Konen (2007). Data are
expressed as the mean number of damaged cells (sum of
Classes II, III, and IV) and the mean comet score for each
treatment group. The GDI was calculated for each test
compound following Pitarque et al. (1999) using the formula
GDI = [I(T) + 2(I) 4 3(IIT) 4 4(IV)/N(0-1V)], where 0-IV
represents the nucleoid type, and NO-NIV represent the total
number of nucleoids scored.

Statistical analysis

ANOVA one-way (analysis of variance) with post-hoc
Dunnett test was performed to estimate the IMZT exposure-
induced effects on body condition, organ index, liver
enzymes activities (GST, CAT and AChE), frequencies of
MN and others nuclear abnormalities, and GDI (response
variables), at both exposure times evaluated (Zar 2010).
ANOVA assumptions were corroborated with Barlett test for
the homogeneity of variances and y2 test for normality. Then,
data were logarithmically transformed to meet assumptions,
in those cases that did not meet the assumptions of normality,
a Kruskal-Wallis test was performed (Zar 2010).

A principal component analysis (PCA) was performed
considering each exposure scenarios as a grouping variable
to improve interpretation of the results and obtain integral
information of the biomarkers responses (or holistic vision).
The integration of all biomarkers was made by using
Components Principal Regression Analysis (Jackson 1993;
Jolliffe and Cadima 2016). In addition, the relationship
between biomarkers and IMZT was evaluated with a cor-
relation matrix (Pearson product moment correlation coef-
ficient) by using simple linear regression. Tests of
significance of the regression and correlation coefficients
were performed following Zar (2010). The level of sig-
nificance chosen was o = 0.05 for all tests, unless indicated

otherwise. Analyses were performed using the R software
6v.2.11.1 (R Core Team 2010).

Results
Chemical determinations

Chemical determinations demonstrated that concentrations
of IMZT were stable over the 24 h period between daily
renewals of the test solution (concentration range 98 + 5%
recovery). Specifically, HPLC analytic determinations of
IMZT revealed a value equivalent to the real concentration
of 10.86 IMZT mg/L+1.87 (SD), 98.62 IMZT mg/
L £19.96 (SD) and 1043.0 IMZT mg/L + 100.05 (SD), with
respect to nominal concentration of 10, 100, and 1000
IMZT mg/L, respectively; without significant variations
over the 24 h of analysis (p <0.05).

Response of endpoints

The responses after 48 h showed a decrease in GST activity
in all scenarios, an increase in body condition and AChE
activity in animals exposed to S3, and an increase in CAT
activity for S1 and S2 without increase in S3. Also, the
cytogenetic biomarkers (MNs frequency and comet assay)
increased in all concentrations 48 h after the exposure pulse.
After 96 h, the only biochemical effects that remained was a
decrease of GST activity in S1 while the cytogenetic
alterations were observed in S2 and S3.

Individual endpoints

Evaluations of body condition in adults of B. pulchella after
exposure to the herbicide IMZT revealed differences
between frogs exposed in S3 respect to the control group
after 48 h (p <0.05) but not after 96 h (p > 0.05). However,
no alterations in HSI were found in frogs exposed to IMZT
scenarios after both exposure times evaluated (48 and 96 h).

Biochemical endpoints

Fig. 1 summarizes the results of the biochemical endpoints
analyzed and the type of response observed with respect to
the control group in each exposure scenario considered, and
48 and 96 h after the exposure. A decrease in GST activity
was observed in frogs exposed to all scenarios (p <0.05) at
48 h, but only for S1 and S2 (p <0.05) at 96 h (Fig. 1a). Also,
a concomitant decrease of CAT activity was observed in
animals exposed to S2 and S3 scenarios (p <0.05) (Fig. 1b),
and a significant increase in the activity of AChE (p <0.05)
was seen in frogs of S1 and S3 after 48 h (Fig. 1c). However,
the analysis did not reveal a significant difference in CAT or
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Fig. 1 Biochemical biomarker response in B. pulchella adults exposed
to IMZT in different scenarios. The graphs represent the enzymatic
activities of GST (a), CAT (b) and AChE (c) evaluated at 48 h in CAT
and AChE and in both times elapsed in GST, from the acute exposure
pulse. Fig. a represents 48 h with dotted gray bars and 96 h with dotted
black bars. CG (control group), S1 (scenario 1: 10 mg/L IMZT), S2
(scenario 2: 100 mg/L IMZT) and S3 (scenario 3: 1000 mg/L IMZT).
*p <0.05; significant differences with respect to the control values.
The activity of each enzyme is expressed as mmol/min/mg protein in
the case of CAT and in pmol/min/mg protein for GST and AChE. The
lines with whiskers represent the ES
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Fig. 2 Genetic Damage Index in erythrocytes of Boana pulchella
adults induced by exposure to IMZT and evaluated by the comet assay
at 48 h (dotted gray bars) and 96 h (dotted black bars). *p <0.05;
**p <0.01; significant differences with respect to the values of the
control group

AChE activity when comparing all scenarios with respect to
control group after 96 h (p > 0.05).

Cytogenetic endpoints

The results at the cellular level from the analysis of MNs
and nuclear abnormalities revealed that IMZT is able to
induce MNs at both times analyzed but not nuclear
abnormalities in adults of B. pulchella. Particularly, a sig-
nificant increase in the frequency of MNs was observed in
S1 (p<0.01), S2 (p<0.05) and S3 (p<0.01); and S2
(p <0.05) and S3 (p <0.05), when compared to the control
group at 48 and 96 h, respectively. On the other hand,
significant differences were not detected compared to the
control group when frequency of nuclear abnormalities in
erythrocytes were analyzed for the two scenarios and
durations evaluated (p>0.05). As expected, the positive
control group (CP-exposed frogs) showed a significant
increase in MNs frequencies with respect to control group
(p <0.05) after both 48 h and 96 h of treatment.

When DNA damage was assessed, we confirmed that
IMZT is capable of inducing genetic lesions. Particularly,
the results showed a significant increase in GDI in frogs
exposed to S1 (p<0.01), S2 (p<0.01) and S3 (p <0.05)
after 48h of the IMZT pulse, although GDI remained
increased only in frogs exposed to S3 (p <0.05) after 96 h
(Fig. 2). The positive control group (CP treatment) showed
a significant increase in MNs frequencies with respect to the
control group (p <0.05) for both times evaluated.

Integration of biomarkers by PCA analysis
The results obtained from the reduction of dimensionalities

using the PCA revealed an evident separation between the
groups treated with IMZT in different scenarios and the
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Body.condition

PCA 2(23.7%)

MNs

GDI

Fig. 3 Biplot representing the responses of each biomarker evaluated
in Boana pulchella adults exposed to the simulating scenarios of
exposure to the imazethapyr-based commercial herbicide Pivot” H
after 48 h. The two gray white circles show the separation between
control group from scenarios of IMZT exposure delimited by bio-
markers response. Figure showed control group (stars), scenario or

negative control, which is explained by the correlation and
integral response between the biomarkers used 48 and 96 h
after the IMZT pulse (Fig. 3). Specifically, when the
response of the 6 biomarkers (body condition, CAT, GST,
AChE, MNs and IDG) was correlated and analyzed at the
different levels of organization (individual, biochemical and
cytogenetic) after 48 h, the analysis showed that biomarkers
are organized into 3 main components that explain 68.60%
(PC1 =27.90%, PC2 =23.70% and PC3 = 17.00%) of the
variability of the data. In addition to this, from the bio-
marker response observed, it was possible to determine two
large subgroups characterized, one by the negative control
and the other containing all the IMZT exposure scenarios
(S1, S2 and S3) (Fig. 3). Specifically, the separation of the
control group with respect to S1, S2 and S3 was due to a
greater extent to the response of the biochemical and
cytogenetic biomarkers that contribute to the variability of
PC1 (Fig. 3). From these analyses, it was also possible to
show significant positive correlations between GDI and
body condition (r=0.30; p<0.05) and both biochemical
biomarkers, CAT and GST (r = 0.32; p <0.05).

The analyses revealed that after 96h the situation is
similar to what occurs after 48 h, where there is a significant
difference in the response of the biomarkers that explains
PC1 and allow the negative control group to be separated
from all exposure scenarios to IMZT such as S1, S2 and S3.
The results obtained by the integration of biomarkers using
the PCA show that the response to IMZT, after 96 h of the

f T
0 5

PCA1(27.9%)

10 mg IMZT/L (triangles), scenario 2 or 100 mg IMZT/L (squares) and
direct spraying application or 1000 mg IMZT/L (circles) obtained by
the correlation between the biomarkers. The length of the red arrow
indicates the magnitude of the response of the different biomarkers.
AChE acetylcholinesterase, CAT catalase, GST glutathione-S-trans-
ferase, GDI genetic damage index, MNs micronuclei

acute pulse, is due to 3 biomarkers (GST, MNs and IDG).
This analysis shows that the response is organized into 2
main components that explain 80.40% (PC1 =47.10% and
PC2 =33.30%) of the variability of the data. In the same
way as what was seen at 48 h, it was possible to determine
two large subgroups characterized by the negative control
and the scenarios of greater exposure to IMZT (S2 and S3).
Specifically, the separation of the control group from the
exposure scenarios with high concentrations was largely
due to the response of GDI (which separates the subgroups
on the PC1 axis) and GST and MNs frequency (which
separates the subgroups on the axis PC2). From these
analyses, it was also possible to show significant positive
correlations between biochemical and cytogenetic bio-
markers such as MNs and GST (r =0.48; p <0.05).

Discussion

Real-life exposure scenarios in Boana pulchella adults
demonstrate the potential adverse effect of IMZT on the
health and fitness of anurans. Few laboratory studies
have evaluated adverse biological effects under realistic
exposure scenarios in post-metamorphic anurans (Leiva-
Presa and Munro Jenssen 2006; Quaranta et al. 2009;
Ezemonye and Tongo 2010; Edge et al. 2011; Briihl et al.
2013; Selcer and Verbanic 2014; Van Meter et al. 2014,
2015; 2018; Glinski et al. 2018; Abercrombie et al. 2020).
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However, studies in Neotropical anurans integrating several
biomarkers are scarce and limited to field studies (Castillo
et al. 1991; 2005; Brodeur et al. 2011; 2012; Lajmanovich
et al. 2018). In this context, this study is the first to evaluate
in a laboratory context a real scenario of exposure inte-
grating the effects of pesticides at multiple biological scales
using a species that inhabits agricultural environments.

Biochemical analysis showed that IMZT induces CAT,
GST and AChE alterations in B. pulchella adults. Specifi-
cally, we do confirm that the antioxidant system is altered
due to the decrease in CAT and GST activity. These results
are in full agreement with Pasha and Singh (2005), Moraes
et al. (2011) and Pasha (2013) who report that IMZT, by
causing failures in the normal functioning of these enzymes,
may cause an increase in ROS (reactive oxygen species). In
this context, the imbalance due to excess ROS is known as
oxidative stress. In short, regulating the balance between
ROS production and the activation of antioxidant cell
defenses (e.g., CAT and GST) is essential to maintain cell
viability (Ferrari et al. 2008). Thus, the observed decrease in
CAT and GST activity in B. pulchella adults could be
considered a detrimental response to a stress situation by an
increase in ROS. Specifically, GST activity is involved in
phase II biotransformation of xenobiotics with the CYP-
450-dependent monooxygenase system while CAT is
involved in hydrogen peroxide uptake. In this way, they
prevent oxidative damage after acute exposure in anurans
(Attademo et al. 2007; Ferrari et al. 2008; 2011). In parti-
cular, the GST response to IMZT in these frogs agrees with
that reported by Moraes et al. (2011) who found a decrease
in the GST activity for Cyprinus carpio indicating that the
action of the herbicide is not specific for a particular target
enzyme. However, in these cases where inhibition of the
enzymes involved with antioxidant systems occurs, the
authors highlight it may be due to a physiological mal-
function product of some type of dehydration associated
with anoxia in frogs exposed and will end up compromising
oxygenation in tissues and organs (Ferrari et al. 2011,
Brodeur et al. 2012).

On the other hand, our studies revealed that adults’
frogs exposed to IMZT in a real situation causes AChE
alterations, a response similar to that reported in C. carpio
after being exposed to IMZT (Moraes et al. 2011). AChE
plays an important role in the cholinergic system, causing
the hydrolysis of the neurotransmitter acetylcholine at
cholinergic synapses and neuromuscular junctions. In this
sense, AChE has been used as a biomarker in many stu-
dies with anurans because it can be altered by the action of
many pesticides (Attademo et al. 2011; Brodeur et al.
2012). In this context, in this study significant AChE
increases were observed indicating that IMZT is affecting
the cholinergic system and promoting undesirable adverse
effects that may in the long-term lead to behavioral effects
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(Moraes et al. 2011; Pérez-Iglesias et al. 2015; 2020).
Finally, our studies reveal that the AChE-enzyme eval-
uated here is an excellent biochemical biomarker of
response to pesticides exposure not only in larvae of
anurans but also in adults of B. pulchella, under experi-
mental conditions.

Results also showed that IMZT-exposure at different
scenarios produce cytogenetic damage. Specifically, MNs
increased and DNA damage was observed for all possible
exposure scenarios. It is important to highlight that genomic
instability plays a fundamental role in the fitness decrease in
the populations of aquatic vertebrates (Barni et al. 2007; Jha
2008). When DNA damage occurs, either due to an increase
in MNs, nuclear alterations or damage directly to the DNA,
this situation can end with cell death and lead to severe
patho-physiological situations that increase physiological
stress (Barni et al. 2007; Cavas and Konen 2007; Jha 2008).
Also, another scenario can occur if the damaged cells sur-
vive. In this case, damaged cells not repaired will also have
immediate adverse effects on the health of these organisms,
which may ultimately result in decreased survival and long-
term population effects (Barni et al. 2007; Jha 2008).
Finally, it is important to consider that both cytogenetic
biomarkers are useful tools to be used not only for bio-
monitoring but also in these considered exposure modes
more realistic to pesticides assessments. However, this work
reports the first evaluation using the comet assay in adult
Neotropical frogs experimentally exposed to pesticides.

In recent years, Newman (2014) highlighted the impor-
tance of evaluating the correlation of biomarkers as a whole
and not treated separately. This information helps to
understand not only the susceptibility of organisms to
environmental stressors but also their mode of action and
toxicity, which can later be used as early warning signals in
environments that are disturbed or contaminated by the
presence of environmental stressors. In particular, ecotox-
icological evaluations focusing on biomarkers correlations
at different scales are scarce. In this work, the multivariate
analysis using a battery of biomarkers related at different
levels of biological organization generates novel informa-
tion not provided by the individual analysis of each bio-
marker. Briefly, we clearly observe the separation between
those frogs exposed to IMZT from the control group, and
also detect those biomarkers acting in each scenario. This
situation corroborates that IMZT induces adverse effects
and physiological alterations. Also, we observe a progres-
sion of effects at the levels of organization, from the cyto-
genetic and biochemical in low exposure scenarios
(biomarkers) to irreversible effects at the individual level in
conditions in high exposure scenarios, representing the
concept of biomarkers proposed by Walker (2009). In this
sense, a holistic approach of multivariate analysis allows the
evaluation of multiple endpoints simultaneously and
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facilitates the general and particular understanding of the
various effects of experimental exposure to an environ-
mental stressor. This is an advantage for this type of ana-
lysis in contrast to the separate information provided by
conventional analyses (Walker 2009; Newman 2014). In
conclusion, we recommend an integrative biomarkers
approach for ecotoxicological studies since it allows us to
discern the groups of anurans that were exposed to envir-
onmental stressors from those that were not exposed and
detect useful biomarkers for each exposure situation. It
should be noted that this comprehensive and holistic ana-
lysis by IMZT-exposure had been reported in our previous
work with this species in tadpoles (Pérez-Iglesias et al.
2020) and L. latinasus adults (Pérez-Iglesias et al. 2021),
which shows that this analysis is useful when you want to
evaluate integrative biomarker responses.

Considering exposure routes in this work is useful for
making more realistic assessments of the ways pesticides
enter and act on amphibians. Focusing on the ecological
importance, we highlight that IMZT is one of the most
present herbicides in rivers where Boana pulchella inha-
bits (Kuhn et al. 2021) which can also bioaccumulate in
Neotropical frogs in high concentrations (Brodeur et al.
2021). In this study, the first scenario simulates surface
runoff of pesticide that flows to the breeding sites (per-
manent and temporary lagoons) of the frogs. In this con-
text, the highest concentrations of IMZT in runoff water
occurs near the site of herbicide application and does not
exceed 3% of what was initially applied (Dias Martini
et al. 2013). In a second scenario, where the herbicide is
applied directly on the leaves (where frogs rest and ther-
moregulate following its application), an estimated one-
tenth of the applied concentration of IMZT reaches the
exposed frog. A third scenario, considered the worst-case
scenario exposure where a direct application to the frogs
occurs with herbicide concentration equal to the recom-
mendations of the manufacturer (e.g., frogs sprayed when
actively foraging) (Van Meter et al. 2014). In these con-
texts, it is observed that after a realistic acute exposure of
Boana pulchella, there was a significant increase in bio-
chemical and cytogenetic damage in the proposed situation
of surface runoff or non-direct application (S1 and S2) but
the species presented more severe effects (cytogenetic
damage, biochemical failures and individual alterations) in
the worst exposure situation considered, direct exposure
(S3). We understand that the cytogenetic biomarkers such
as enzymes from antioxidant systems evaluated in this
occasion are early signals of effect and exposure,
responding to situations of low herbicide concentrations.
In addition, we can understand that the combination of
biochemical and cytogenetic biomarkers could be a valid
tool to use in biomonitoring and laboratory studies with
Boana pulchella. At this point, and as we pointed out

previously (Pérez-Iglesias et al. 2015; 2017; 2018), IMZT
could be a risk factor for Boana pulchella populations.
Finally, further research evaluating integration of bio-
markers should be developed to understand the impact of
environmental stressors on anurans.
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