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Abstract
Acute genotoxicity of commercial glyphosate (GLY) (Credit®)-, 2,4-D-acid (2,4-D) (Dedalo Elite)-, 2,4-D-amine (2,4-D DMA)
(Weedar Full®)- and 2,4-D-ester (2,4-D BE) (Herbifen Super®)-based herbicide formulations alone and their combinations were
analysed in Cnesterodon decemmaculatus. Mortality was evaluated as a lethal end-point and the single cell gel electrophoresis
(SCGE) bioassay was used as a sublethal end-point. LC5096h values for Dedalo Elite was 0.46 mg/L and Herbifen Super® was
2.67 mg/L based on 2,4-D and 2,4-D BE, respectively. Results reveal a higher toxicity exerted on C. decemmaculatus after
exposure to 2,4-D- rather than 2,4-D BE-based herbicide formulations. Overall, results demonstrated an enhancement in the
genetic damage index committed to an enhancement of damaged erythrocytes of C. decemmaculatus when exposed to Credit®,
Dedalo Elite, Weedar Full® and Herbifen Super® at 5% and 10% of LC5096h values alone as well as in their combinations.
Overall, the combination of GLYplus 2,4-D or GLYplus 2,4-D DMA showed a synergistic pattern whereas the combination of
GLYplus 2,4-D BE was antagonic. Furthermore, this research is pioneer in the assessment of lethality and genotoxicity induced
by 2,4-D-, 2,4-D DMA- and 2,4-D BE-based formulations when combined with GLY-based formulated herbicides in fish after
they are acutely exposed.
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Introduction

Worldwide, most agrochemicals are manmade compounds
employed to reduce the unfavourable consequences of
croplands, pastures and domestic pests (Larramendy and
Soloneski 2014, 2015). The applications of pesticides
have exceptionally increased during the two last decades
due to the intensified production model of agriculture,

especially in South American countries (Morales and
Schaper 2004). This model has stimulated the transition
of small cultures to large monocultures as well as to the
enhancement of the appearance of resistant weeds to these
agrochemicals and to the adopted farming techniques
(Dirzo and Raven 2003; Schiesari et al. 2013).

Glyphosate (GLY) (N-phosphonomethyl glycine), the most
commonly employed active ingredient in commercial formula-
tions worldwide, is a herbicide belonging to the group of organ-
ophosphates. GLY is a weak organic acid, formed by one mole-
cule of glycine (carbonyl + amine) and another of
phosphonomethyl, which results in different ionic charges as a
function of both the pH of themedium and the solubility in water
(IPCS 1994).Most organophosphorus compounds are less stable
than organochlorine ones and are rapidly broken down by chem-
ical or biochemical reactions. It has been reported that GLY
possess very low toxicity by the World Health Organization
(WHO-FAO 1997). Additionally, the International Agency for
Research on Cancer has considered GLYas a compound “prob-
ably carcinogenic in humans” (category 2A) on the bases of
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in vivo and in vitro studies (Guyton et al. 2015; IARC 2018),
whereas the United States Environmental Protection Agency
(US EPA) claimed that the herbicide is unlikely to be carcino-
genic to humans (USEPA 2016).

2,4-D-Dichlorophenoxyacetic acid (2,4-D) is a weak acid
herbicide that belongs to the auxinic family with systemic,
selective and broad mode of action and presents a broad spec-
trum low environmental persistence (Liu et al. 2013; Mithila
et al. 2011). It is usually applied in pre-planting (or pre-
sowing) for desiccation or in post-emergence in several cereal
crops (CASAFE 2017). It is part of the chlorophenoxyacetic
family. The US EPA has classified it as slightly to moderately
toxic chemical (category II–III) (USEPA 1974) or as moder-
ately hazardous agent by WHO (class II) (WHO 2009). After
a thorough revision of the available in vivo and in vitro stud-
ies, IARC has considered 2,4-D as a compound that is “pos-
sibly carcinogenic in humans” (category 2B) (IARC 2018).
Formulations of 2,4-D consist of esters, acids and amines
which differ in their chemical, environmental fate as well as
toxicity properties. These chemical variants can be found in
liquid form, soluble powder, granules or pellets (Mithila et al.
2011). In general, it is known that ester formulations are more
volatile than amine and salt variants and present higher plant
toxicity (WHO-FAO 1997). The amine forms are water solu-
ble and have, then, higher loading properties than salt formu-
lations. They can interact intensely with anions and, to a lesser
extent, cations (WHO-FAO 1997).

GLY and 2,4-D are post-emergence herbicides applied in
large crop production playing an significant part in the opti-
misation of global farming production (Mithila et al. 2011;
Wright et al. 2010). The Chamber of Agricultural Health and
Fertilisers from Argentina suggests to apply GLY and 2,4-D
together in several cultures of economic importance
(CASAFE 2017) regardless of the potential toxicity that when
combined could exert on other than the target species (Ge et al.
2014). Furthermore, the complexity of the chemical interac-
tions between agrochemicals and the extensive use of their
combinations result in changes in the physicochemical prop-
erties and behaviour and, thus, cause different and negative
consequences on environmental and human health (Ge et al.
2014; Silva et al. 2015; Varona-Uribe et al. 2016). It is known
that the combination of agrochemicals leads to additive, syn-
ergistic or even antagonistic effects (Blouin et al. 2010, 2004;
Brodeur et al. 2014, 2016; Deneer 2000; Hernández et al.
2017; Lydy et al. 2004). In general terms, when the response
observed is larger than the effects of each constituent applied
individually, this is assigned as a synergistic pattern. On the
contrary, when the outcome of the interaction is the diminu-
tion of the effect caused by any of its constituents, it is referred
to as an antagonistic effect. Lastly, an additive consequence is
claimed when the effect is similar to the global effects caused
by all individual constituents present in the mixture (Blouin
et al. 2010; Lydy et al. 2004).

The use of fish as bioindicators of the effects of pollutants
in the aquatic environment has shown satisfactory results in
bioassays for potentially evaluating the mutagenic, teratogenic
and carcinogenic properties of chemicals previously deter-
mined to exist in humans since they usually respond to toxic
compounds in pathways similar to those found in large verte-
brates (Di Giulio and Hinton 2008). In order to evaluate the
toxicity of pesticides in fish and other organisms, the single
cell gel electrophoresis (comet) (SCGE) assay has been ap-
plied on isolated cells due to the sensitivity of the bioassay for
detecting genotoxic effects of several xenobiotics, including
herbicides (Azqueta and Collins 2013; Collins et al. 2014;
Ruiz de Arcaute et al. 2014b, 2016, 2018a).

Several studies have shown that C. decemmaculatus, the
ten spotted live-bearer, is a valid bioindicator of environmen-
tal quality in assessing the lethal and sublethal effects of sev-
eral pesticides, e.g., pirimicarb (Vera-Candioti et al. 2010,
2013b, 2015), endosulfan (Mugni et al. 2012, 2015),
cypermethrin (Carriquiriborde et al. 2007; Mugni et al.
2012), glyphosate (Vera-Candioti et al. 2013a, 2013b), chlor-
pyrifos (Mugni et al. 2012; Vera-Candioti et al. 2013b, 2014),
2,4-D (Ruiz de Arcaute et al. 2016, 2018a) and dicamba (Ruiz
de Arcaute et al. 2014a, 2018a), among others.

We aimed to evaluate the lethality and genotoxicity exerted
by the GLY-based herbicide Credit® and the 2,4-D, 2,4-D
DMA and 2,4-D BE representative chemical forms included
in the commercial formulations namely Dedalo Elite, Weedar
Full® and Herbifen Super®, respectively. These commercial
herbicides were used alone, as well as in mixtures on
C. decemmaculatus acutely exposed under semi-static labora-
tory protocol. Mortality and the SCGE assay were used as
biomarkers for lethality and genotoxicity, respectively.
Synergistic, antagonistic and additive potential effects
resulting from the mixture of these herbicides on the species
were also considered.

Material and methods

Chemicals

Herbicides included the 48% isopropylamine salt N-
phosphonomethyl glycine (GLY; CAS 1071-83-6)-based
trade formulation Credit® (Dow AgroSciences Argentina
S .A . Buenos Ai r e s , A rgen t i na ) , t h e 30% 2 ,4 -
dichlorophenoxyacetic acid (2,4-D; CAS 94-75-7)-based
commercial formulation Dedalo Elite (Red Surcos, S.A.,
Buenos Aires, Argentina), the 83.5% 2,4-dimethylamine salt
(2,4-D DMA; CAS 2008-39-1)-based commercial formula-
tion Weedar® Full (Nufarm de Argentina, Buenos Aires,
Argentina) and 97% butyl ester 2,4-D (2,4-D BE; CAS 94-
80-4 or 1713-15-1, or their mixtures)-based commercial for-
mulation Herbifen Super® (Atanor S.C.A., Buenos Aires,
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Argentina). Positive control K2Cr2O7 (Cr(VI); CAS 7778-50-
9) was purchased from Merck KGaA (Darmstadt, Germany).
All other chemicals were obtained from Sigma-Aldrich Co.
(St. Louis, MO).

Quality control

Analyte determinations of GLY, 2,4-D, 2,4-DDMA and 2,4-D
BE herbicides were estimated by HPLC using an ultraviolet
detector and fluorenylmethyloxycarbonyl derivatization
contained in the commercial formulations Credit®, Dedalo
Elite, Weedar® Full and Herbifen Super®, respectively.
Analyses were performed by QV Chem Laboratory (La
Plata, Buenos Aires, Argentina) according to OSHA
Analytical Method PV2067 and US Geological Survey
Report 01-4134 (Furlong et al. 2011), respectively. Test solu-
tions correspond to values obtained after preparation (0 h) and
24 h thereafter up to renewal. The detection limit was 0.2 mg/
L for GLY and 0.5 mg/L for all 2,4-D variants. The herbicide
concentrations employed during the study represent the nom-
inal concentration of the active principle contained in the for-
mulations Credit®, Dedalo Elite, Weedar® Full and Herbifen
Super®.

Species

Adult of C. decemmaculatuswere gathered in a pond, located
near La Plata City (Buenos Aires Province, Argentina), away
from agricultural areas. Fish were handled and cared accord-
ing to the guideline of the Argentinean National Service for
Sanitary and Quality of Agriculture and Food guidelines 617/
2002 for biological testing (SENASA 2013). After collection,
specimens were conveyed to the laboratory and acclimatized
for 20 days at 16/8 h light/dark cycle, with artificial aeration as
reported in detail previously (Ruiz de Arcaute et al. 2018a).
Specimens were fed daily with commercial fish food flakes
(TetraMin®, TetraWerke, Melle, Germany).

Acute toxicity of herbicide formulations

Lethality analyses were performed according to the standard-
ized recommendations proposed by the US EPA (IRAM2008;
USEPA 1975, 2002), with recommendations informed previ-
ously (Ruiz de Arcaute et al. 2016; Vera-Candioti et al.
2013b). Preliminary tests were performed in order to establish
the exposure concentrations, as suggested by the USEPA
(2002). Each experiment was performed in 1 L glass aquaria
containing dechlorinated tap water (see the “Species” section),
with 10 individuals selected at random following previous
recommendations (Ruiz de Arcaute et al. 2016; Vera-
Candioti et al. 2013b). Specimens were treated with 9 concen-
trations of 2,4-D (0.1, 0.2, 0.25, 0.35, 0.45, 0.55, 0.60, 0.65
and 1 mg/L) or 12 concentrations of 2,4-D BE (1, 2, 2.5, 3,

3.5, 4, 4.5, 5, 6, 7, 12 and 15 mg/L). Negative (dechlorinated
tap water; see the “Species” section) and positive (21.4 mg/L
Cr(VI)-treated fish) controls (Vera-Candioti et al. 2013b) were
carried out in parallel with treated specimens. Herbicide solu-
tions were prepared prior to use and fully substituted daily for
all experimental points. All experimental points were per-
formed in triplicate and run in parallel. No food was provided
to the exposed fish. Dead individuals were determined by
visual observation daily before test solution renewal.

Acute toxicity of the GLY-based formulation Credit® and
the 2,4-D DMA-based formulation Weedar® Full on
C. decemmaculatus was determined in our laboratory and
complete data reported in detail previously (Ruiz de Arcaute
et al. 2018b; Vera-Candioti et al. 2013a).

Single cell gel electrophoresis assay

For each assayed point, 5 fish were placed in a 1-L glass
container and treated with two concentrations of the tested
herbicides. Fish were treated with 4.58 and 9.17 mg/L
GLY, 0.023 and 0.046 mg/L 2,4-D, 33.90 and 67.80 mg/
L 2,4-D DMA, 0.023 and 0.13 and 0.26 mg/L 2,4-D BE
(see the “Species” section), values equivalent to 5% and
10% of the LC5096h values determined for each formulat-
ed product. In addition, fish were exposed to a combina-
tion of the single concentrations assayed (i.e. 5% + 5% or
10% + 10% LC5096h values). Negative (see the “Acute
toxicity of herbicide formulations” section) and positive
controls (10 mg/L CP) were run in parallel with herbicide-
exposed individuals. Experimental points were performed
in triplicate and run in parallel. No food was provided to
the exposed fish. After 96 h of exposure, a blood sample
from each specimen was obtained as described in detail
previously (Ruiz de Arcaute et al. 2016; Vera-Candioti
et al. 2013a) and DNA breaks and alkali-labile sites were
analysed following the recommendations proposed by
Singh (1996), with minor modifications (Ruiz de
Arcaute et al. 2016, 2018a; Vera-Candioti et al. 2013b).
Peripheral blood samples were suspended with 1 ml
phosphate-buffered saline in Eppendorf microtubes.
Then, aliquots of blood cells were combined with 0.5%
low-melting-point agarose and sandwiched with 0.5%
normal-melting-point agarose on a cleaned slide. After
the top layer had solidified (4 °C, 10 min), slides were
transferred in an ice-cold freshly prepared lysing solution
(1% sodium sarcocinate, 2.5 M NaCl, 100 mM Na2EDTA,
10 mM Tris, pH 10.0, 1% Triton X-100, 10% DMSO) and
then the cells lysed at darkness at 4 °C for at least 1 h.
Then, slides were placed into chilled fresh electrophoresis
buffer (1 mM Na2EDTA, 300 mM NaOH) for 25 min at
4 °C to a l l ow t h e c e l l u l a r DNA to unw ind .
Electrophoresis was conducted in the same buffer and
temperature for 30 min at 25 V and 250 mA (0.8 V/cm).
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Finally, the slides were neutralized three times (5 min
each) with a buffer solution comprising 0.4 M Tris-HCl,
pH 7.5 , and then sta ined wi th 4 ′ ,6 -d iamino-2-
phenylindole (DAPI; Vectashield mounting medium
H1200; Vector Laboratories, Burlingame, CA, USA).
Upon staining the slides were immediately examined un-
der an Olympus BX50 fluorescence photomicroscope
equipped with an appropriate filter combination. The ex-
tent of DNA damage was assessed visually in 100 ran-
domly selected and non-overlapping nucleoids. DNA
damage was visually analysed and scores in five classes
according to the tail intensity (0–I, undamaged; II, mini-
mum damage; III, medium damage; IV, maximum dam-
age), as suggested previously (Cavaş and Könen 2007).
Data are expressed as the percentage of damaged nucle-
oids (sum of classes II, III and IV). The genetic damage
index (GDI) was estimated according Pitarque et al.
(1999) using the formula GDI = [1(I) + 2(II) + 3(III) +
4(IV)/N(0–IV)], where 0–IV represents the nucleoid type,
and N0–NIV represents the total number of nucleoids
scored.

Statistical analysis

Lethality was pondered according to the US EPA Probit sta-
tistical software, version 1.5 (USEPA 2002). The relation be-
tween variations in LC50 data and exposure time was evalu-
ated with a correlation analysis. Differences in DNA damage
among herbicide-exposed and control groups were estimated
by one-way ANOVA with Dunnett’s test. All tests were per-
formed by the Statistica 7.0 software (StatSoft, OK). For all
tests, the significance criterion was 0.05.

Results

Quality control

Results of chemical analyses of the concentration of the pure
analyte of GLY, 2,4-D, 2,4-D DMA and 2,4-D BE presented
no significant changes (P > 0.05) between the testing solu-
tions with 24 h interval renewals (concentration range, 97 ±
5% recovery). Concentrations employed in the present study
correspond to the nominal concentrations of pure compound
conforming the GLY-based formulation Credit®, 2,4-D-based
formulation Dedalo Elite, 2,4-D DMA-based formulation
Weedar® Full and 2,4-D BE-based formulation Herbifen
Super®, respectively.

Mortality

GLY- and 2,4-D DMA-induced lethality for the species were
previously reported by our laboratory previously (Ruiz de

Arcaute et al. 2018b; Vera-Candioti et al. 2013a). Data re-
vealed values of 91.73 mg GLY/L (range, 86.80–98.00 mg/
L) and 678.04 mg 2,4-D DMA/L (range, 639.35–718.04 mg/
L) as LC5096h for Credit® (Vera-Candioti et al. 2013a) and
Weedar® Full (Ruiz de Arcaute et al. 2018b), respectively.

Mortality experiments in 2,4-D-based formulation-exposed
fish revealed the mean LC50 values of 0.85 mg/L (range,
0.78–0.95), 0.65 mg/L (range, 0.61–0.69), 0.51 mg/L (0.47–
0.56) and 0.46 mg/L (range, 0.42–0.51) after 24, 48, 72 and
96 h of exposure, respectively. Correlation analysis demon-
strated that 2,4-D-based formulation LC50 values diminished
as a significant function of the exposure time (r = − 0.96;
P < 0.05).

When fish were exposed to 2,4-D BE-based formulation,
results revealedmean LC50 values of 6.12mg/L (range, 5.06–
6.71), 3.67 mg/L (range, 3.44–3.86), 3.04 mg/L (range, 2.82–
3.22) and 2.67 mg/L (range, 2.48–2.82) after 24, 48, 72 and
96 h of exposure, respectively. Correlation analysis demon-
strated that 2,4-D BE-based formulation LC50 values de-
creased as a non-significant function of the exposure time
(r = − 0.91; P > 0.05).

DNA damage

DNA damage induction in C. decemmaculatus specimens,
after 96 h of exposure to GLY-, 2,4-D-, 2,4-D DMA- and
2,4-D BE-based formulations alone as well as in their mix-
tures, is summarized in Table 1. Besides that, the mean fre-
quencies of nucleoids from each damage categories as well as
variations in GD are depicted in Figs. 1 and 2, respectively.

CP induced a nearly 6-fold increase in the frequency of
damaged nucleoids (Table 1, Fig. 1), as well as in the GDI
in relation to negative control values (P< 0.001) (Fig. 2). This
variation was consequence to the increase in the frequencies
of type II, III and IV nucleoids and a concomitant decrease of
type 0–I nucleoids (P < 0.001) (Fig. 1).

DNA damage in GLY-, 2,4-D-, 2,4-D DMA- and 2,4-D BE-based
formulation-exposed fish

In fish exposed to all herbicides, the frequency of damaged
cells and GDI values increased when compared to negative
control values, regardless of the assayed concentration
(P < 0.001) (Table 1, Figs. 1 and 2). This effect was due to
an increase in the frequencies of type II, III and IV nucleoids
(P < 0.001), as well as a decrease of type 0–I nucleoids (P
< 0.001) (Fig. 1). For all tested herbicides, GDI induced by
10% LC5096h 2,4-D-, 2,4-D DMA- and 2,4-D BE-based for-
mulations was higher than that induced by 5% LC5096h of the
herbicide (P< 0.001). Contrarily, no statistically significant
differences were observed between GDI values induced after
exposure to 5% and 10% LC5096h GLY-based formulation
(P > 0.05) (Table 1, Fig. 2).
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DNA damage in GLY- plus 2,4-D-based formulation-exposed
fish

Regardless of the tested concentrations, formulation mixtures
induced a significant increase of the GDI compared to the
negative control values (P < 0.001) as well as those fish treat-
ed only with 2,4-D-based (P < 0.001) or with GLY-based her-
bicides (0.05 > P < 0.001) (Table 1, Fig. 2). In addition, no
significant differences in the GDI were observed between fish
exposed to both 5% LC5096h 2,4-D-based plus GLY-based
formulations or those exposed to 10% LC5096h 2,4-D-based
plus GLY-based formulations (P > 0.05) (Table 1, Fig. 2).
Overall, exposure to 5% LC5096h 2,4-D-based plus GLY-
based formulation concentrations induced an equivalent
1.15-fold increase of the GDI over those induced by a 5%
LC5096h 2,4-D-based and 5% LC5096h GLY-based formula-
tion. Nevertheless, fish, when exposed to 10% LC5096h 2,4-
D-based plus GLY-based formulations, showed a 1.05- and
1.10-fold increase of the GDI over those induced by a 10%
LC5096h 2,4-D-based formulation and 10% LC5096h GLY-

based formulation, respectively. Finally, the mixture of 10%
LC5096h 2,4-D-based plus GLY-based formulations induced a
1.07-fold enhancement of the GDI over that induced by the
mixture of 10% LC5096h of the herbicides (Table 1, Fig. 2).

DNA damage in GLY- plus 2,4-D DMA-based
formulation-exposed fish

Regardless of the concentrations tested, formulation mixtures
induced a significant increase of the GDI compared to negative
control values (P < 0.001), as well to those fish exposed only to
2,4-D DMA-based (P < 0.01) or to GLY-based herbicides
(P < 0.001) (Table 1, Fig. 2). Furthermore, no significant differ-
ences in the GDI were observed between fish treated with 5%
LC5096h 2,4-D DMA-based plus GLY-based formulations and
those exposed to 10% LC5096h 2,4-D DMA-based plus GLY-
based formulations (P > 0.05) (Table 1, Fig. 2). Overall, exposure
to 5% LC5096h 2,4-D DMA-based formulation plus GLY-based
formulation induced a 1.06- and 1.12-fold increase in GDI over
those induced by 5% LC5096h 2,4-D DMA- and 5% LC5096h

Table 1 Analysis of DNA damage measured by SCGE assay in
peripheral blood erythrocytes of Cnesterodon decemmaculatus cells
exposed to commercial glyphosate (GLY) (Credit®)-, 2,4-D-acid (2,4-

D) (Dedalo Elite)-, 2,4-D-amine (2,4-D DMA) (Weedar Full®)- and
2,4-D-ester (2,4-D BE) (Herbifen Super®)-based herbicides formulations
alone and their combinations

Herbicidesa Number of animals
analysed

Number of cells
analysed

% of damaged cells
(II + III + IV)

Genetic damage index

Negative control 15 1601 13.35 ± 1.38 1.17 ± 0.01

Positive controlb 15 1647 78.57 ± 2.99*** 2.68 ± 0.06***

GLY

5% 15 1571 58.18 ± 1.63*** 2.10 ± 0.04***

10% 15 1558 69.19 ± 1.51*** 2.34 ± 0.04***

2,4-D and mixtures

5% 15 1502 58.12 ± 1.41*** 2.11 ± 0.05***

10% 15 1570 65.29 ± 2.25*** 2.45 ± 0.02***

5% GLY+ 5% 2,4-D 15 1631 67.57 ± 2.24*** 2.42 ± 0.05*** ¤¤¤ ###

10% GLY+ 10% 2,4-D 15 1600 69.31 ± 3.50*** 2.59 ± 0.10*** ¤ ###

2,4-D DMA and mixtures

5% 15 1576 68.02 ± 2.05*** 2.21 ± 0.02***

10% 15 1590 62.48 ± 2.77*** 2.39 ± 0.10***

5% GLY+ 5% 2,4-D DMA 13 1365 68.64 ± 1.73*** 2.36 ± 0.05*** ¤¤ #

10% GLY+ 10% 2,4-D DMA 15 1599 76.11 ± 2.44*** 2.72 ± 0.03*** ¤¤¤ ###

2,4-D BE and mixtures

5% 15 1663 52.38 ± 2.93*** 1.91 ± 0.11***

10% 15 1597 66.06 ± 1.43*** 2.28 ± 0.06***

5% GLY+ 5% 2,4-D BE 15 1681 68.71 ± 2.28*** 2.25 ± 0.09*** #

10% GLY+ 10% 2,4-D BE 15 1572 72.52 ± 1.18*** 2.44 ± 0.03*** ##

a Concentrations of herbicide commercial formulations are expressed as percentages of the LC5096h of each active ingredient
b Positive control (cyclophosphamide 10 mg/L)

***P < 0.001, significant differences with respect to negative control values
¤¤P < 0.01, ¤¤¤P < 0.001, significant differences with respect to GLY-based formulation-induced GDI
#P < 0.05, ##P < 0.01, ###P < 0.001, significant differences with respect to 2,4-D-based formulation-induced GDI
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GLY-based formulation, respectively. However, fish exposed to
10% LC5096h 2,4-D DMA- and GLY-based formulations pre-
sented a 1.13- and 1.16-fold increase in GDI in relation to those
induced by a 10% LC5096h 2,4-D DMA-based formulation and
10%LC5096hGLY-based formulation, respectively. Finally,mix-
tures of 5% LC5096h 2,4-D DMA- plus GLY-based herbicides
induced a 1.15-fold increase in GDI over that induced by the
10% LC5096h combination (Table 1, Fig. 2).

DNA damage in GLY- plus 2,4-D BE-based
formulation-exposed fish

Regardless of the concentrations tested, formulation mixtures
induced a significant increase of the GDI compared to nega-
tive control values (P < 0.001), as well to those fish only ex-
posed to 2,4-D BE-based herbicides (0.05 > P < 0.01)
(Table 1, Fig. 2). On the other hand, no differences were

observed between the GDI value exerted in fish exposed to
both herbicide mixtures and that induced in fish when exposed
only to a GLY-based product (P > 0.05). Furthermore, signif-
icant differences in the GDI were observed between fish ex-
posed to 5% LC5096h 2,4-D BE-based plus GLY-based for-
mulations or those exposed to 10% LC5096h 2,4-D BE-based
plus GLY-based formulations (P > 0.05) the GDI values of the
latter being higher than of the former (P < 0.001) (Table 1, Fig.
2). Exposure to 5% LC5096h 2,4-D BE-based plus GLY-based
formulations induced a 1.17- and 1.07-fold increase in the
GDI relative to those induced by the 5% LC5096h 2,4-D BE-
based and 5% LC5096h GLY-based products. Fish when ex-
posed to 10% LC5096h 2,4-D BE plus GLY-based formula-
tions showed an equivalent 1.07- and 1.04-fold increase in
GDI values compared to those induced by 10% LC5096h
2,4-D BE-based and 10% LC5096h GLY-based formulations,
respectively. Overall, the mixture of 5% LC5096h 2,4-D BE

Fig. 1 DNA damage induced by glyphosate (GLY)-based formulation
Credit®, the 2,4-D-based formulation Dedalo Elite (a–b), the 2,4-D
DMA-based formulation Weedar® Full (c–d), the 2,4-D BE-based for-
mulation Herbifen Super® (e–f) and their mixtures on Cnesterodon
decemmaculatus exposed for 96 h. The frequencies of undamaged (type

0–I nucleoids; black bar), type II (stripped bar), type III (dotted bar) and
type IV (grey bar) were determined in three independent experiments.
White bars represent negative (NC, untreated fish) and positive controls
(CP, 10mg cyclophosphamide/L-exposed fish). ***P < 0.001: significant
differences with respect to negative control values
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plus GLY-based formulations induced a 1.08-fold increase in
GDI over that induced by the 10% LC5096h mixture of both
herbicides (Table 1, Fig. 2).

Discussion

In this study, we determined LC5096h values of 0.46 mg/L
(range, 0.42–0.51) and 2.67 mg/L (range, 2.48–2.82) for
C. decemmaculatus when exposed to 2,4-D-based and 2,4-D
BE-based formulations Dedalo Elite and Herbifen Super®, re-
spectively. Thus, considering the toxicological categories for
aquatic organisms performed by the United Nations directives
(2011), the former commercial herbicide should be classified as a
very toxic compound (category 1), whereas the latter as toxic
chemical (category 2). Besides, following to the hazard risk cat-
egories proposed by the European Union, 2,4-D-based formula-
tion Dedalo Elite can be ranked as a very toxic herbicide (cate-
gory I), whereas 2,4-D BE-based formulation Herbifen Super®
represents a toxic agent for aquatic life (category II) (Mazzatorta
et al. 2002). Whether the directives reported by the US EPA for
terrestrial and aquatic organisms are considered, 2,4-D-based and
2,4-DBE-based formulations Dedalo Elite and Herbifen Super®
should be ascribed as highly and moderately toxic formulations,
respectively (USEPA 2001). Nevertheless, the toxicological pro-
file recently obtained for the chemical form 2,4-D DMA-based
herbicide Weedar® Full for the species revealed a concentration
equivalent to 678.04 mg/L (range, 639.35–718.04) as the
LC5096h value (Ruiz de Arcaute et al. 2018b). Thus, this chem-
ical variant has been classified as a harmful compound (category
3) (UN 2011) and as a compound that may cause long-term
adverse effects (category IV) (Mazzatorta et al. 2002) or as a
product with practically non-toxic effects for aquatic organisms

(USEPA 2001). Accordingly, it seems evident that
C. decemmaculatus results, respectively, nearly 1474 and 254
times more sensitive to 2,4-D-based formulation Dedalo Elite
and to 2,4-D BE-based formulation Herbifen Super® than to
2,4-D DMA-based product Weedar® Full. In other words, the
results showed that the latter is the least toxic 2,4-D variant
among the three tested commercial herbicide formulations on
the species. Overall, a progression of toxic effects exerted by
2,4-D and its salt and ester forms is clearly evidenced by the
lethal pattern we observed in the species. Results reveal a de-
creasing toxicity gradient of mortality exerted on
C. decemmaculatus when exposed to 2,4-D- > 2,4-D BE- > 2-
4-DDMA-based herbicide formulations. A comparative analysis
of the available data reported for the lethality induced by these
auxinic chemical forms would indicate that the acid form of 2,4-
D and its salts are less toxic to fish than the 2,4-D BE chemical
form (USEPA 2019). A review of the literature indicates
LC5096h values ranging from 3.8 up to 1966 mg/L for Labeo
boga (Cypriniformes, Cyprinidae) (Vardia and Durve 1981) and
Pimephales promelas (Cypriniformes, Cyprinidae) (Brooke
1989) when exposed to 2,4-D acid, respectively, whereas values
ranging from > 100 up to 1530 mg/L were reported for Lepomis
macrochirus (Perciformes, Centrarchidae)- and P. promelas-2,4-
D DMA-exposed specimens (Mayer and Ellersieck 1986).
Finally, LC5096h values ranging from 0.15 up to 3 mg/L were
reported for Morone saxatilis (Perciformes, Moronidae) when
exposed to 2,4-D BE (Hughes 1973). To the best of our knowl-
edge, in only two fish species, mortality data for the three differ-
ent chemical forms have been reported so far. When
L. macrochirus were employed as a biotic matrix, concentration
ranges of 180–263, > 100–524 and 0.29–0.56 mg/L were found
as the LC5096h values when exposed to 2,4-D, 2,4-D DMA and
2,4-D BE active ingredients, respectively (Alexander et al. 1985;

Fig. 2 Analysis of genomic damage index (GDI) measured by comet
assay in peripheral blood erythrocytes of Cnesterodon decemmaculatus
cells exposed to glyphosate (GLY)-based formulation Credit®, the 2,4-D-
based formulation Dedalo Elite, the 2,4-D DMA-based formulation
Weedar® Full, the 2,4-D BE-based formulation Herbifen Super® and
their mixtures. White bars represent negative (NC, untreated fish) and

positive controls (CP, 10 mg cyclophosphamide/L-exposed fish).
Significant differences with respect to GLY-based herbicide-exposed fish:
¤P < 0.05, ¤¤P < 0.01, ¤¤¤P < 0.001. Significant differences with respect to
2,4-D variant-based herbicides exposed fish: #P < 0.05, ##P < 0.01,
###P < 0.001
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Mayer 1972; Mayer and Ellersieck 1986; USEPA 1992).
Similarly, values of 110–358, > 100–1170 and 0.40–1.44 mg/L
were determined in Oncorhynchus mykiss (Salmoniformes,
Salmonidae) as the LC5096h values when exposed to 2,4-D,
2,4-D DMA and 2,4-D BE active ingredients, respectively
(Alexander et al. 1985; Bills et al. 1981; Mayer 1972; Mayer
and Ellersieck 1986; USEPA 1992). Thus, a toxicity gradient
of mortality, equivalent to 2,4-D BE- > 2,4-D- > 2,4-D DMA
active ingredients, exerted on these latter species when exposed
to 2,4-D chemical forms result evident. Overall, our current re-
sults are in accordance with this observation, indicating that the
2,4-D DMA-based product is the less toxic variant among all
three formulated herbicides assayed. On the other hand, we ob-
served that the acid variant of 2,4-D resulted as the most toxic
chemical form evaluated, at least inC. decemmaculatus-exposed
fish. Although not possessing a clear explanation for this finding,
a plausible hypothesis to explain this discrepancy could be com-
mitted to the fact of using a 2,4-D-based herbicide commercial
product instead of the active principle by itself. In agreement,
several reports have compared the short-term toxicity exerted
by commercial formulations of pesticides vs their active ingredi-
ents in aquatic biota (Bach et al. 2018; Pérez-Iglesias et al. 2014;
Puglis and Boone 2011; Ruiz de Arcaute et al. 2014a; Schmuck
et al. 1994). They all agree in demonstrating that the formulated
products produce more toxic results than the respective active
ingredients being the excipients included in their formulation
responsible for this effect. Our putative explanation is in concor-
dance with this idea.

Our results highlighted the genotoxic effect evaluated by
the SCGE assay of GLY-, 2,4-D-, 2,4-D DMA- and 2,4-D BE-
based he rb i c ides o r the i r mix tu re s exe r t ed on
C. decemmaculatus regardless of the concentrations tested.
For fish, an enhancement in the frequency of DNA breaks
have been reported after treatment with GLY-based formulat-
ed products including Roundup® on Corydoras paleatus
(Siluriformes, Callichthyidae) (de Castilhos and Cestari
2013), Carassius auratus (Cypriniformes, Cyprinidae)
(C a v a ş a nd Kön en 2007 ) , Angu i l l a a n gu i l l a
(Anguilliformes, Anguillidae) (Guilherme et al. 2012),
Channa punctatus (Anabantiformes, Channidae) (Nwani
et al. 2013), Prochilodus lineatus (Characiformes,
Prochilodontidae) (Cavalcante et al. 2008; Cestari Moreno
et al. 2014) and Credit® on C. decemmaculatus (Vera-
Candioti et al. 2013b). Similarly, an increased frequency of
DNA breaks have been previously reported after exposure to
the auxinic herbicide on Clarias batrachus (Siluriformes,
Clariidae) (Ateeq et al. 2005) and O. mykiss (Martínez-
Tabche et al. 2004) treated with the active ingredient 2,4-D
in its acid form. Positive induction of DNA breaks have been
reported in C. decemmaculatus after exposure to the 2,4-D
DMA-based formulation DMA® (Ruiz de Arcaute et al.
2014b, 2016, 2018a). Furthermore, positive results have been
also found using the fish cell line epithelioma papulosum

cyprini (EPC) derived from a skin tumour of carp Cyprinus
carpio (Cypriniformes, Cyprinidae) after exposure to the 2,4-
D acid form (Bokán et al. 2013). At last, it is worth mentioning
that to the best of our knowledge no induction of DNA breaks
evaluated by the SCGE assay has been reported for fish after
exposure to 2,4-D BE so far. Thus, our results could be con-
sidered as the first experimental evidence of the genotoxic
effect exerted by this chemical form of the auxinic herbicide
on fish, at least on C. decemmaculatus.

When combining GLY-based Credit® plus 2,4-D-based
Dedalo Elite or GLY-based Credit® plus 2,4-D DMA-
based herbicide formulation Weedar® Full results demon-
strated a synergistic pattern whereas the mixture of GLY-
based Credit® plus 2,4-D-based Herbifen Super® follow-
ed an antagonic pattern. To the best of our knowledge, no
data have been reported on the plausible genotoxicity in-
teractions exerted by these herbicide combinations on fish
evaluated by SCGE assay. Thus, our findings represent
the first experimental evidence obtained in a fish species,
as C. decemmaculatus is, as the results of an in vivo ex-
posure to these combinations when the primary DNA
damage was employed as genotoxic end-point. However,
a similar synergistic pattern has been previously described
for the mixture of GLY-based Credit® plus dicamba-based
herbicide Banvel® (Soloneski et al. 2016) or by the for-
mer when combined with the herbicide imazethapyr-based
formulation Pivot® H on R. arenarum tadpoles (Carvalho
et al. 2019) through the detection of DNA damage by the
comet assay. Similarly, years ago, Poletta et al. (2011)
verified a synergistic effect on genotoxicity, including
the SCGE assay, teratogenesis and metabolic alterations
on Caiman latirostris (Crocodillia, Alligatoridae) after in
ovo exposure to GLY-based Roundup® Full II when
mixed with the insect icides cypermethrin-based
Cypermethrin Atanor® or endosulfan-based Endosulfan
Galgofan®. A synergistic pattern has also been observed
for the lethality induced by the combination of GLY-based
Credit® plus 2,4-D DMA-based herbicide formulation
Weedar® Full (Ruiz de Arcaute et al. 2018b) or by the
mixture of 2,4-D DMA-based DMA® plus dicamba-based
herbicide Banvel® (Ruiz de Arcaute et al. 2018c) when
applied in combination using specimens of the same fish
species employed as an experimental matrix in our current
study or by the combination. Likewise, when tadpoles of
R. arenarum were exposed to a mixture of GLY-based
Glifosato Atanor® or Glifoglex® plus cypermethrin-
based insecticide Xiper® or Glextrin®, a lethal synergis-
tic pattern was also achieved (Brodeur et al. 2014).
Finally, when other biotic matrices different than aquatic
organisms were employed, a synergistic pattern was also
reported for the herbicide mixture of GLY-based Roundup
Pro Concentrate® plus a 2,4-D DMA-based (formulation
not specified) on the phytotoxicity induced on the poison
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ivy Toxicodendron radicans (Wehtje and Gilliam 2012).
Although not employing the same herbicide mixtures we
assayed, an antagonistic pattern was also previously re-
ported for the lethality induction on C. decemmaculatus
exposed to GLY-based Credit® plus dicamba-based her-
bicide Kamba® (Ruiz de Arcaute et al. 2018b) or to GLY-
based Glifoglex® plus cypermethrin-based insecticide
Glextrin® (Brodeur et al. 2016).

According to the Argentinean Administration (CASAFE
2017), the additives contained in any commercialized
phytosanitary product, including agrochemicals, are not man-
datory to be listed on the product data sheet. Unfortunately,
thus, the identities of the excipients present in the trade prod-
ucts Credit®, Dedalo Elite, Weedar® Full and Herbifen
Super® were not accessible to us. Additional studies should
be performed in order to disclose whether the toxic effects
induced by the formulated herbicides assayed are a conse-
quence of the presence of xenobiotics with lethal and
genotoxic properties. Furthermore, the aforementioned co-
nundrum could even represent a worst scenario. Since the
elements part of the formulations could experience different
transformation pathways when moving throughout the envi-
ronmental compartments, we cannot presume that each mem-
ber of the combinations will follow a similar toxic pattern in
the aquatic environment. Finally, taking into account the lack
of information regarding the constituents of tested herbicide
formulations, we could neither ensure nor deny whether these
excipients take place in the environment under the chemical
form we assayed. Besides that, the eventual presence of their
metabolites can introduce uncertainties on the conclusions
obtained from our current results and hamper the ecological
balance cannot be ruled out.
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