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Abstract The assessment of the direct impact of breakdown
products of pesticide components on aquatic wildlife is
ecotoxicologically relevant, but frequently disregarded. In this
context, the evaluation of the genotoxic hazard posed by
aminomethylphosphonic acid (AMPA—the major natural
degradation product of glyphosate) to fish emerges as a critical
but unexplored issue. Hence, the main goal of the present
research was to assess the AMPA genotoxic potential to fish
following short-term exposures (1 and 3 days) to environmen-
tally realistic concentrations (11.8 and 23.6 pug L"), using the
comet and erythrocytic nuclear abnormalities (ENA) assays,
as reflecting different levels of damage, i.e. DNA and chro-
mosomal damage, respectively. Overall, the present findings
pointed out the genotoxic hazard of AMPA to fish and, sub-
sequently, the importance of including it in future studies
concerning the risk assessment of glyphosate-based herbicides
in the water systems.

Keywords AMPA - Glyphosate - Genotoxicity - DNA
lesion-specific repair enzymes - Fish
Introduction

Most studies concerning the effects of pesticides on (non-
target) aquatic organisms have been focused either on the
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active ingredients or the commercial products as a whole.
However, in the environment, the parental compounds present
in those formulations may suffer modifications of their chem-
ical structure, originating products with different toxic prop-
erties. The previous perspective triggered studies with the
transformation products of endosulfan (a broad-spectrum in-
secticide) (Hoang et al. 2011) and dichlobenil (a broad-
spectrum herbicide) (Bjorklund et al. 2011), pointing out their
potential risk to aquatic biota. Therefore, the assessment of the
direct impact of chemicals that may occur in the water systems
as breakdown products of the former ingredients should be
considered ecotoxicologically unavoidable and thereby in-
cluded in the priorities of researchers and public authorities.
Glyphosate [N-(phosphono-methyl-glycine)] is the active
ingredient of the most widely used non-selective post-
emergence herbicides in the world. Formulations containing
glyphosate are heavily used in agriculture, urban landscaping
and forestry (Kolpin et al. 2006; Landry et al. 2005). Though it
can be intentionally applied to control emergent and floating
aquatic vegetation, surface runoff following terrestrial uses is
known to be the primary way of glyphosate transfer to surface
waters. Studies on environmental fate of glyphosate indicated
that it tends to strongly bind to organic matrices, like sediment
of aquatic systems, and rapidly degrading (Feng et al. 1990).
The soil sorption and the degradation of glyphosate exhibit a
great variation depending on soil composition and properties
(Gimsing et al. 2004), as well as the factor leachability
(Borggaard and Gimsing 2008). Once in the aquatic environ-
ment, glyphosate can be naturally converted into sarcosine
and aminomethylphosphonic acid (AMPA) (Al-Rajab et al.
2008; Landry et al. 2005). Of these two, AMPA has the
highest occurrence in water, showing an environmental mo-
bility and persistence greater than glyphosate (Kolpin et al.
2006), being thus assumed as the major breakdown product
(Williams et al. 2000). Studies concerning its occurrence in
water reported the importance of microorganism
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in the metabolization of this compound (Rueppel et al. 1977),
while chemical degradation and photodecomposition seemed
to be minor routes (Mallat and Barcel6 1998).

The relative rapid degradation of glyphosate (half-life from
7 to 14 days) in the aquatic environment (Giesy et al. 2000)
can, apparently, limit the environmental risk associated.
However, this is highly questionable due to the appearance
of its metabolites, namely AMPA, which has been found in
levels ranging 3.6-60 pg L' (Battaglin et al. 2005; Struger
et al. 2008).

Considering the abundance of studies reporting the occur-
rence of AMPA as a pollutant in the aquatic environment, it
would be expected that its effects on organisms have already
been extensively explored. Bearing this in mind, only a study
performed with the Pacific oyster (Crassostrea gigas) demon-
strates the toxicity of AMPA in aquatic organisms (Mottier
et al. 2013). Thus, this is a matter almost completely uncov-
ered and relatively little is known about the biological activity
of this compound (Mafias et al. 2009), and thus, it is quite
surprising its categorization by some regulatory agencies as
“not of toxicological concern” (E.U. 2002; USEPA 1993).

The analysis of DNA alterations in aquatic organisms have
been shown as a highly suitable method for evaluating the
environmental genotoxic contamination, allowing the detec-
tion of exposure to low concentrations of contaminants, in-
cluding pesticides, in a wide range of species (Scalon et al.
2010). Hence, and despite the considerable amount of studies
addressing glyphosate and Roundup® (a glyphosate-based
herbicide) genotoxic potential to fish (Cavalcante et al.
2008; Cavas and Koénen 2007; Guilherme et al. 2010;
2012a; 2012b), the risk posed to genome integrity by AMPA
remains unknown. The only study carried out in this direction
was applied to mammalian models (human cell lines and
mice), clearly demonstrating its genotoxic action (Manas
et al. 2009). To the authors’ knowledge, no studies were
performed concerning the genotoxicity of AMPA in aquatic
organisms.

Thus, the main goal of the present research was to assess
the genotoxic potential of AMPA, as the major breakdown
product of glyphosate, in blood cells of Anguilla anguilla L,
following short-term exposures (1 and 3 days) to environmen-
tally realistic concentrations (11.8 and 23.6 ug L™").
Genotoxic end points such as comet and erythrocytic nuclear
abnormalities (ENAs) assays were adopted, since they reflect
different levels of genetic damage, i.e. DNA and chromosom-
al damage, respectively. The comet assay detects DNA strand
breaks and alkali-labile sites (Andrade et al. 2004; Lee and
Steinert 2003), representing an early sign of damage that
might be subject to a repair process. In order to achieve a
better understanding of DNA-damaging mechanisms, an extra
step was added to the standard procedure of comet assay
where nucleoids were incubated with DNA lesion-specific
repair enzymes, highlighting specifically oxidised DNA

bases. Complementary, the ENA assay, based on the detection
of micronuclei and other nuclear anomalies (Pacheco and
Santos 1997), signals chromosome breakage (clastogenicity)
or loss and mitotic spindle apparatus dysfunction
(aneugenicity) (Fenech 2000; Stoiber et al. 2004), which are
hardly reparable lesions. Hence, ENA assay displays later and
less transient alterations when compared with those detected
by the comet assay.

Material and methods
Chemicals

AMPA and all chemicals needed to perform the comet assay
and the ENAs test were obtained from the Sigma-Aldrich
Chemical Company (Madrid, Spain). DNA lesion-specific
repair enzymes, namely formamidopyrimidine DNA
glycosylase (FPG) and endonuclease III (Endo III), were
purchased from Prof. Andrew Collins (University of Oslo;
Norway).

Test animals and experimental design

European eel (4. anguilla L.) juvenile specimens with an
average weight 0.25+0.02 g (glass eel stage) were captured
at the Minho river mouth, Caminha, Portugal. Eels were
acclimated to laboratory for 20 days and kept in 20-L aquaria
under a natural photoperiod (10L: 14D), in aecrated, filtered,
dechlorinated and recirculating tap water, with the following
physico-chemical conditions: salinity 0, temperature 20+
1 °C, pH 7.1+0.3, nitrate 23+0.1 mg L', nitrite 0.03+
0.02 mg L', ammonia 0.2+0.04 mg L', dissolved oxygen
8.1+02 mgL .. During this period, fish were daily fed with
fish roe.

The experiment was carried out in 1-L aquaria, in a semi-
static mode, under the conditions described for the acclima-
tion period. After acclimation, 72 eels were divided into 6
groups, corresponding to three test conditions and two expo-
sures times. Thus, fish were exposed to 11.8 and 23.6 ug L™
AMPA (groups Al and A2, respectively). Another group was
kept with clean water—control (group C). For each test con-
dition, 1- and 3-day exposures were carried out. Water medi-
um in 3-day aquaria was daily renewed (100 %). The concen-
trations of glyphosate adopted previously by Guilherme and
co-workers (Guilherme et al. 2012b) served as a basis to
determine the AMPA concentrations currently tested. Taking
this as a starting point, the concentration of AMPA was
calculated assuming that it results from a glyphosate conver-
sion on a basis of 1:1 mol. Thus, for instance, it was assumed
that 17.9 ug (1.065x 10~ mol) of glyphosate corresponds to
11.8 pug (1.065x1077 mol) of AMPA. A stock solution of
AMPA was prepared using deionized water just before its
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addition to the exposure water. The experiment was carried out
using triplicate (n=3) groups of 4 fish for each condition/time.

Fish were not fed during experimental period. Fish were
sacrificed by cervical transaction at the post-opercular region
and blood collected from the heart using heparinised capillary
tubes. Blood smears were immediately prepared for ENA
assay. For comet assay, 2 puL of blood was immediately
diluted in 1 mL of ice-cold phosphate-buffered saline (PBS)
to prepare a cell suspension, which was kept on ice up to
further procedure.

Evaluation of genetic damage
Comet assay

The conventional alkaline version of the comet assay was
performed according to the methodology of Collins (2004)
and adapted by Guilherme et al. (2010), with the proper
adjustments to assay procedure with one extra step of
digesting the nucleoids with endonucleases. In order to sig-
nificantly increase the throughput of the assay, a system of
eight gels per slide was adopted, based on a model created by
Shaposhnikov et al. (2010) and adapted by Guilherme et al.
(2012b). Briefly, 20 puL of cell suspension (previously pre-
pared in PBS) was mixed with 70 pL of 1 % low melting point
agarose (in PBS). Eight drops with 6 puL of cell suspension
were placed onto the precoated slide (with 1 % normal melting
point agarose) as two rows of 4 (4 groups of 2 replicates),
without coverslips, containing each gel approximately 1,500
cells. The gels were left for £5 min at 4 °C in order to solidify
agarose and then immersed in a lysis solution (2.5 M NaCl,
0.1 M EDTA, 10 mM Tris, 1 % Triton X-100, pH 10) at4 °C,
for 1 h. After lysis of agarose-embedded cells, slides were
washed three times with enzyme buffer (0.1 M KCI, 0.5 mM
EDTA, 40 mM HEPES, 0.2 mg.mLﬁ1 bovine serum albumin,
pH 8) at 4 °C.

Three sets of slides were prepared: two sets were incubated
with endonucleases FPG and Endolll that convert oxidised
purines and pyrimidines into DNA single-strand breaks, re-
spectively (Azqueta et al. 2009), and a third set was incubated
only with buffer. Hence, 30 pL of each enzyme diluted in
buffer was applied in each gel, along with a coverslip, prior to
incubation at 37 °C for 30 min in a humidified atmosphere.
Then, the coverslips were removed and slides gently placed in
the electrophoresis tank (Sub-Cell® GT, Bio-Rad), immersed
in electrophoresis solution (20 min) for alkaline treatment.
DNA migration was performed at a fixed voltage of 25V, a
current of 300 mA (power supply PowerPac™, Bio-Rad) that
results in 0.7 V cm ™' (achieved by adjusting the buffer volume
in the electrophoresis tank). The slides were stained with
ethidium bromide (20 pg L™).

Slides with eight gels each, and 50 nucleoids per gel, were
observed, using a Leica DMLB fluorescence microscope
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(x400 magnification). The DNA damage was quantified by
visual classification of nucleoids into five comet classes,
according to the tail intensity and length, from 0 (no tail) to
4 (almost all DNA in tail) (Collins 2004). The total score
expressed as a genetic damage indicator (GDI) was calculated
multiplying the percentage of nucleoids in each class by the
corresponding factor, according to this formula:

GDI = [(% nucleoids class 0) x 0]
+ [(% nucleoids class 1) x
+ [(% nucleoids class 2) x 2
+ [(% nucleoids class 3) x 3
+ [(% nucleoids class 4) x 4

1]
]
]
J

GDI values were expressed as arbitrary units in a scale of 0
to 400 per 100 scored nucleoids (as average value for the 2
gels observed per fish). When the comet assay was performed
with additional FPG and Endolll steps, GDI values were
obtained in the same way but the parameter designated
GDlIgpg and GDIgpgorn, respectively. Additional DNA breaks
corresponding to net enzyme-sensitive sites (NSSgpg or
NSSkgndorn) Were also expressed. These parameters were cal-
culated based on the difference between GDIypg and GDI or
GDIEndOIII and GDL

Besides GDI, the frequency of nucleoids observed in each
comet class was also expressed, as recommended by Azqueta
et al. (2009). In order to improve the expression of the DNA
damage extent (Cavas and Konen 2007; Palus et al. 1999), the
subtotal frequency of nucleoids with medium (class 2), high
(class 3) and complete (class 4) damaged DNA was also
calculated (2+3+4).

ENA assay

This assay was carried out in mature peripheral erythrocytes
according to the procedure of Pacheco and Santos (1996).
Briefly, one blood smear per animal was fixed with methanol
for 10 min and stained with Giemsa (5 %) for 30 min. From
each smear, 1,000 erythrocytes were scored under x1,000
magnification (microscope Olympus BX-50) to determine
the frequency of the following nuclear lesion categories:
kidney-shaped nuclei (K), lobed nuclei (L), binucleate or
segmented nuclei (S) and micronuclei (MN). In addition,
notched nuclei (N) were also scored as suggested by Fenech
(2000) and Ayllon and Garcia-Vazquez (2001). Final results
were expressed as the mean value (%o) of the sum for all the
lesions observed (K+L+S+N+MN).

Statistical analysis

Statistica 7.0 software (StatSoft, Inc., OK, USA) was used for
statistical analysis. All data were first tested for normality
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(Shapiro-Wilk test) and homogeneity of variance (Levene’s
test) to meet statistical demands. One-way analyses of vari-
ance (ANOVA), followed by Dunnett test as post hoc com-
parison, was applied to compare treated with control groups,
within the same exposure duration. Two-way ANOVA was
applied to test the effect of the factors concentration and
exposure time on the levels of DNA damage, as well as on
the frequency of nuclear abnormalities. The Tukey test was
applied as post hoc comparison. In all the analyses, differences
between means were considered significant when p<0.05
(Zar 1996). Statistical treatments were carried out using the
means of replicate groups. The relationship between the
assessed parameters was explored using linear regression
analyses. The correlation coefficient () was calculated, and
its statistical significance (p) was determined from the table of
critical values for the correlation coefficient (Zar 1996).

Results
Non-specific DNA damage

Analysing GDI values after 1 day of exposure (Fig. 1), both
AMPA groups showed significant increases, relative to the
control. The 3 days of exposure (Fig. 1) revealed that only the
higher concentration of AMPA (A2) induced significant DNA
damage, in comparison with the control. Neither concentra-
tion nor time related significant differences were observed;
however, a decrease tendency was displayed by all treatments
in relation to time.

Considering the results in terms of individual DNA damage
classes (Table 1), after 1 day of exposure, it was perceptible that
only control group (C) displayed a prevalence of classes 1 and
2. Differently, both concentrations of AMPA (A1, A2) present-
ed higher frequencies in classes 2 and 3. Moreover, the subtotal

Non-specific DNA damage
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Fig. 1 Mean values of genetic damage indicator (GDI) measured by the
standard (alkaline) comet assay in blood cells of A. anguilla exposed to
11.8 and 23.6 ug L~ aminophosphoric acid (AMPA; A1, A2), during 1
and 3 days (replicate aquaria, n=3). Bars represent the standard error.
Statistically significant differences (p<0.05) are: (*) in relation to control
(C), within the same exposure time

of damaged nucleoids (2+3+4) revealed significantly higher
values in both treated groups, in comparison with control.

After 3 days of exposure (Table 1), the group Al, like the
control (C), displayed classes 1 and 2 as the most frequent. In
a different way, classes 2 and 3 presented higher frequencies
for A2 group. The subtotal of damaged nucleoids (2+3+4)
displayed significantly higher values only for the group A2,
compared to control.

Comparing 1- and 3-day results (Table 1), a general time-
related increase tendency was observed in the frequency of
class 1, despite the absence of significant differences, while
class 3 showed the opposite temporal variation, with a signif-
icant decrease in A2 group.

Oxidative DNA damage

The detection of oxidised bases was achieved by the analysis
of the results of the comet assay with an extra step where
nucleoids were incubated with DNA lesion-specific repair
enzymes—FPG and Endolll (Figs. 2 and 3).

FPG-associated damage

Regarding GDIgpg results, both treatments, and both exposure
times, showed significantly higher damage, in comparison
with the control (Fig. 2a). In a different way, NSSgpg param-
eter was not capable to distinguish any treatment, in relation to
the control (Fig. 2b).

Neither concentration- nor time-related differences were
observed for GDIgpg and NSSgpg (Fig. 2) data.

Endolll-associated damage

After the 1-day exposure, the digestion with Endolll
(GDIgpgomm; Fig. 3a) revealed an overall damage significantly
higher than the control, in both treated groups. Concerning the
NSSEgndom parameter (Fig. 3b), no significant differences were
found.

Regarding the 3-day exposure, only the group corresponding
to the higher concentration of AMPA (A2) showed to be signif-
icantly higher than the control (GDIg,gor; Fig. 3a). On the other
hand, the NSSg,4om parameter (Fig. 3b) followed the pattern of
1 day of exposure, being unable to identify any AMPA effective
concentration, when compared with the control.

A significant general time-related decrease was detected in
GDIgngommr values, considering both AMPA groups.
Differently, and considering the NSSg, 4o parameter, no dif-
ferences were found, comparing both exposure times.

Chromosomal damage

No significant alterations were found in ENA frequency fol-
lowing the first day of exposure (Fig. 4). On the other hand,
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Table 1 Mean frequencies (%) of each DNA damage class and subtotal
of damaged nucleoids (+ standard error), measured by the standard
(alkaline) comet assay, in blood cells of 4. anguilla exposed to 11.8 and

23.6 ug L™ aminophosphoric acid (AMPA; A1, A2), during 1 and 3 days
(replicate aquaria, n=3)

Exposure conditions DNA damage classes
0 1 2 3 4 Subtotal (2+3+4)

1 day C 5.20+5.20 38.11+4.31 49.03+£3.18 7.44+4.59 0.22+0.22 56.69+3.21

Al 0.00+£0.00 12.75+3.95* 50.58+2.21 34.33+4.68* 2.33+£0.86 87.25+3.95%

A2 0.00+0.00 2.45+0.79* 45.66+3.46 49.43+3.18* 2.46+0.94 97.55+0.79*
3 days C 0.00+0.00 49.75+3.10 45.58+2.63 4.67+1.17 0.00+0.00 50.25+3.10

Al 0.00+0.00 27.42+3.50 55.15+2.72 16.92+2.49 0.50+0.34 72.58+3.50

A2 0.00:£0.00 17.17+4.64* 58.00+2.66 23.17+3.36** 1.67+0.59 82.83+4.64*

*p<0.05 (statistically significant differences in relation to control (C), within the same exposure time; (¢) between exposure times, within the same

treatment

considering the 3-day exposure, a significant increase for the
higher concentration of AMPA (A2) was observed, in relation
to the control. This exposure condition was the only one able to
indicate a concentration dependence, showing a significantly
higher chromosomal damage for the group A2 when compared

FPG associated DNA breaks
400

300

200

GDI FPG
(arbitrary units)

100

C A1 A2 C A1 A2
1day exposure 3 days exposure

400

350
100

NSSFPG
(arbitrary units)

50

C A1 A2 C A1 A2
1 day exposure 3 days exposure

Fig. 2 Mean values of DNA damage, measured by comet assay in blood
cells of 4. anguilla exposed to 11.8 and 23.6 ug L™ aminophosphoric
acid (AMPA; Al, A2), during 1 and 3 days (replicate aquaria, n=3).
Values resulted from the assay with an extra step of digestion with
formamidopyrimidine DNA glycosylase (FPG) to detect oxidised purine
bases. a Overall damage (GDIgpg) with the contribution of DNA breaks
corresponding to net FPG-sensitive sites (NSSgpg; black). b NSSgpg
alone. Bars represent the standard error. Statistically significant differ-
ences (p<0.05) are: (*) in relation to control (C), within the same
exposure time
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to the group Al (Fig. 4). Moreover, it was perceptible a time-

related increase for the higher concentration of AMPA (A2).
The results in terms of individual analysis of each nuclear

lesion category (Table 2) showed no differences in what

Endolll associated DNA breaks
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Fig.3 Mean values of DNA damage, measured by comet assay in blood
cells of A. anguilla exposed to 11.8 and 23.6 ug L' aminophosphoric
acid (AMPA; Al, A2), during 1 and 3 days (replicate aquaria, n=3).
Values resulted from the assay with an extra step of digestion with
endonuclease III (Endolll) to detect oxidised pyrimidine bases. a Overall
damage (GDIg,qom) with the contribution of additional DNA breaks
corresponding to net Endolll-sensitive sites (NSSgngom; dark grey). b
NSSgngor alone. Bars represent the standard error. Statistically signifi-
cant differences (p<0.05) are: (*) in relation to control (C), within the
same exposure time; (¢) between exposure times, within the same
treatment
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Chromosomal damage

100 :
L
- 751
[*]
£ *
o=
g & 0
w
3 ’_k_‘
w 25 ’_I_‘ ’—l—‘
0
C Al A2 [ Al A2

1 day exposure 3 days exposure

Fig.4 Mean frequency (%o) of erythrocytic nuclear abnormalities (ENA)
in peripheral erythrocytes of 4. anguilla exposed to 11.8 and 23.6 ug L'
aminophosphoric acid (AMPA; A1, A2), during 1 and 3 days (replicate
aquaria, n=3). Bars represent the standard error. Statistically significant
differences (p<0.05) are: (*) in relation to control (C), within the same
exposure time; (A ) between treatments, within the same exposure time;
(#) between exposure times, within the same treatment

concerns to 1 day of exposure. Contrarily, the 3-day exposure
revealed that L and S categories, as well as the subtotal (K+
L+S+N), were significantly higher than the control, when the
higher concentration of AMPA (A2) was considered. Similar
to what was noticed for ENA frequency (Fig. 4), L category
and the subtotal displayed significant concentration- and time-
related increases. Kidney-shaped nuclei (K) was the most
commonly detected nuclear abnormality in all experiment
groups, except in the higher AMPA concentration, after the
3-day exposure (A2) where L category exhibited the highest
frequency (Table 2).

Discussion

Despite being considered as practically nontoxic to fish
(USEPA 1993), glyphosate’s genotoxic potential to this group
of aquatic organisms was recently and unequivocally demon-
strated in 4. anguilla (Guilherme et al. 2012b). The fast

conversion of glyphosate into its breakdown product AMPA
seems to be a silent problem to the environment, since this
metabolite has not been taken into account when the impact of
this pesticide was under evaluation. Though its persistence is
higher than glyphosate, until now, AMPA occurrence in the
environment has been neglected and its toxicity largely ig-
nored. Consequently, concerns regarding its possible health
and environmental hazard have emerged, justifying further
research in this direction. Hence, the present study appears
as the first study assessing the genotoxic risk of AMPA to fish.

The concentrations of AMPA currently tested were calcu-
lated on the basis of environmentally realistic concentrations
of glyphosate (Guilherme et al. 2012b), considering a total
degradation into its metabolite. Keeping this in mind and the
scarcity of data published so far, the following discussion will
be mainly focused on the interpretation of the current findings,
having as background the available data concerning its pre-
cursor—glyphosate.

The genotoxicity of AMPA was assessed by two genotoxic
end points (comet and ENA), in order to reflect genetic
damage at different levels as stated in the introduction. In line
with Maiias et al. (2009), the comet assay could be considered
a biomarker of genotoxic exposure (measuring damage which
may be repaired), while the ENA assay is a biomarker of
genotoxic effect (signalising irreparable lesions).

In terms of non-specific DNA damage, depicted in GDI
values, AMPA showed its genotoxic potential in both concen-
trations. Despite being statistically non-significant, a time-
related decrease tendency in GDI values can be noticed.
Adding to this tendency, the lack of a significant GDI increase
for the lower concentration (A1) after 3 days, it can be sug-
gested that fish had the capacity to adapt to the genotoxic
stimulus, allowing blood cells to avoid the damage expression
as GDI. This idea is confirmed by the analysis of the DNA
damage classes individually, as most of the AMPA treatments
displayed classes 2 and 3 as the most prevalent, contrarily to
Al group after 3 days where classes 1 and 2 prevailed. Since it

Table 2 Mean frequency (%o) of each nuclear abnormality category (+ standard error) in peripheral erythrocytes of A. anguilla exposed to 11.8 and
23.6 pg L™ aminophosphoric acid (AMPA; A1, A2), during 1 and 3 days (replicate aquaria, n=3)

Exposure conditions Nuclear abnormalities categories

Kidney shaped (K)  Lobed (L) Segmented (S)  Notched (N)  Subtotal (K+L+S+N)  Micronuclei (MN)
1 day C 11.63+£3.04 3.38+0.62 4.25+£0.97 0.00+0.00 12.83+4.40 0.00+0.00
Al 14.92+2.15 5.67+1.59 3.58+1.41 0.00+0.00 24.17+4.29 0.00+0.00
A2 13.80+3.05 8.40+1.11 2.10+0.86 0.00+0.00 22.09+4.73 0.00+0.00
3 days C 9.00+1.66 5.67+£1.48 1.58+0.34 0.00+£0.00 16.25+£3.21 0.00+0.00
Al 15.08+2.79 8.67+1.86 5.33+£1.94 0.00+0.00 29.08+5.45 0.00+0.00
A2 18.83+£2.86 2333+4.97%4*  925+2.65* 0.00+£0.00 51.42+891%4¢ 0.00+0.00

*p<0.05 (statistically significant differences in relation to control (C), within the same exposure time); (A) between treatments, within the same

exposure time; (4) between exposure times, within the same treatment.
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is known that DNA strand breaks and alkali-labile sites de-
tected by the comet assay represent an early sign of damage
(Lee and Steinert 2003), which might be subject to a repair
process (Collins 2004), this DNA damage reduction may be
explained by the intervention of DNA-repair system and/or by
the catabolism of heavily damaged cells. An increased splenic
erythrophagia was previously associated to intense genetic
damage in 4. anguilla (Pacheco and Santos 2002). Despite
not being tested, this hypothesis cannot be excluded, consid-
ering the specificities of blood in terms of the modulation of
the cell population’s renewal. These processes have been
previously presented by Saleha Banu et al. (2001) to explain
reductions in comet tail-length after 2 and 3 days and a return
to control levels, after 4 days, in blood cells of Tilapia
mosambica exposed to an organophosphate pesticide.

The comparison of DNA-damaging effects of AMPA pres-
ently detected (as GDI) with those described for its precursor
glyphosate (Guilherme et al. 2012b) demonstrated a similar
pattern for both compounds. The unique noticeable difference
is related to its recovery capacity from the damage caused.
Thus, after 3 days of exposure, fish showed to be able to
recover from the damage induced by the exposure to
35.7 ug L' of glyphosate (the equivalent concentration to
the highest concentration of AMPA) after 1 day, while con-
sidering the metabolite, fish were only able to recover from the
exposure to the lowest concentration (corresponding to
17.9 ug L™ of glyphosate). Thus, the idea that the metabolite
(AMPA) is less toxic than the parental compound (glyphosate)
as previously mentioned in a report of the European
Commission (E.U. 2002) cannot be corroborated, at least
concerning genotoxicity evaluation.

In order to understand a particular damaging action, name-
ly DNA oxidation, the comet assay was improved with an
extra step with two DNA lesion-specific repair enzymes.
Thus, data on the DNA breaks scored after the incubation
with endonucleases also pointed out the genotoxicity of
AMPA (in all treatments and exposure times, except for
GDIgpgorr in Al group after 3 days of exposures).
Surprisingly, when only the additional breaks corresponding
to net enzyme-sensitive sites were considered, none of the
conditions revealed significant levels of oxidative damage.
However, the use of this methodology allows the detection
of'a genotoxic risk resulting from unspecific (alkali-labile sites
and single-strand breaks associated with incomplete excision
repair sites) and specific (bases oxidation) damage jointly, as
well as the isolation of the oxidative DNA damage. The
additional step of the assay also improves the possibility to
identify a damaging action that could have been masked by
the breaks score as GDI only.

Looking specifically to GDIgpg parameter after 1 day of
exposure, the results demonstrated to be in accordance with
those obtained for GDI. However, when 3-day results as
GDIgpg were considered, the group Al kept its genotoxic
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action, pointing out an inability of adaptation to the genotoxic
stimulus, contrarily to what had been supposedly demonstrat-
ed in GDI results. Accordingly, it can be suggested that the
oxidative damage seems to be more difficult to repair when
compared to the non-specific damage, as found by Guilherme
and co-workers during a post-exposure period after an expo-
sure to the glyphosate-based herbicide Roundup® (Guilherme
et al. submitted). Anyway, it can be inferred that the DNA-
repair system played the principal role on the temporal recov-
ery displayed by the GDI parameter, rather than the catabo-
lism of heavily damaged cells. The involvement of the latter
process would have affected both GDI and GDIpg parame-
ters (which was not the case).

As described for GDI and GDIgpg, GDIgpgom Showed
significantly higher DNA damage for both AMPA treatments,
considering the 1-day exposure. The GDIg, 401y results obtain-
ed after the exposure of 3 days, as observed for the GDI
parameter and contrarily of GDIgpg, did not point out the
lowest AMPA concentration as genotoxic.

The NSSgqom parameter, similarly to NSSgpg, was not
able by itself to indicate AMPA as a notable inducer of
oxidative damage. In this way, the potential of AMPA to exert
oxidative damage, though it cannot be overlooked, seems to
be limited, preventing the detection of damage when only the
additional breaks corresponding to the incubation with DNA
lesion-specific repair enzymes (FPG and Endolll) are
assessed.

Thus, the present results point out a limitation of the
standard comet assay (GDI data), as already stated by
Guilherme et al. (2012b). Likewise, previous results of non-
specific DNA damage, depicted by GDI, pointed out the
higher concentration of glyphosate (corresponding to the
higher concentration of AMPA currently used) as non
genotoxic (Guilherme et al. 2012b). This fact would be
disclaimed by the results obtained as overall oxidative dam-
age, as well as considering the enzyme-associated DNA
breaks (Guilherme et al. 2012b). Contrarily to AMPA, the
previous study demonstrated that glyphosate was able to
induce oxidative damage measured as NSSg,qorp (in @ con-
centration corresponding to the higher AMPA concentration
tested). Thus, AMPA showed no evidences to have higher
potential to oxidatively damage DNA when compared to its
precursor—glyphosate. In spite of different biological models
used, the present findings on DNA-damaging potential of
AMPA agree with those reported by Mafias et al. (2009).

Considering the ENA assay, chromosomal damage was
only found in fish exposed to the highest concentration of
AMPA (A2), after 3 days. In addition, and considering this
exposure length, it was possible to distinguish both AMPA
concentrations. In what concerns to the individual abnormality
categories, the observed differences were mostly due to the
significant increase of the lobed (L) category, despite the slight
contribution of S category. In addition, and following the total
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ENAs pattern, L category also displayed a significant increase
between both treated groups, after 3 days of exposure,
appearing as the only category able to distinguish between
concentrations. A time-related increase was also observed for
L category (A2 groups), supporting once again its contribution
to the total ENAs frequency. Despite the kidney-shaped nuclei
frequency assumed similar levels considering the control and
treated groups, it is important to clarify that in control groups,
the values were around 10%o (10 cells in a total score of 1,000)
and thus considered as low (Pacheco and Santos 1996, 1998,
2002; Guilherme et al. 2010).

The total absence of MN in the present study reinforced the
usefulness of the other nuclear abnormalities scoring, as previ-
ously stated (Guilherme et al. 2010; Guilherme et al. 2008). The
single score of MN may lead to a possible lack of sensitivity
related to its low frequency in wild fish. As mentioned for
comet assay, the present ENAs results agree with the findings
of Maiias et al. (2009) who described an increase frequency of
micronucleated erythrocytes (as an indication of chromosomal
damage) in mice, 2 days after an i.p. injection of AMPA.

The comparative analysis of comet and MN (or ENA)
assays in terms of their sensitivity is a controversial matter.
It is well known that comet assay detects primary DNA
lesions resulting from the balance of DNA damage (strand
breaks and alkali-labile sites) and repair mechanisms, while
the MN (or ENA) test reveals fixed DNA lesions or irrepara-
ble aneugenic effects (Bolognesi et al. 2004). Thus, data
resulting from both assays were considered in parallel, as
reflecting different types of genetic damage expression. In this
perspective, current ENA data reflected a late appearance of
damage when compared to comet assay, as suggested already
by Wirzinger et al. (2007). This fact seems linked to the need
of the exposed cell population to undergo at least one cell
cycle (Udroiu 2006), which is not a requisite for comet assay.
Subsequently, only comet assay demonstrated to be able of
genetic damage detection after 1 day of exposure, confirming
the early nature of the damaging events involved. On the other
hand, ENAs, unlike comet assay, demonstrated the ability to
distinguish between the two tested concentrations. Moreover,
it was possible to observe a different pattern related to the
temporal evolution of the induced damage. Hence, longer
exposures tended to increase the magnitude of chromosomal
damage, while DNA damage (comet assay) decreased
pointing out a recovery phenomenon.

In order to clarify the relation between the two end points,
their correlation was tested (ENAs vs. GDI, r=0.3363).
Accordingly, the absence of significant correlation reinforced
the idea that the detected genetic damage could be caused by
different events. Even though ENAs can be originated by
DNA single-strand breaks (measured by comet assay), a di-
versity of processes (e.g. DNA repair) may prevent the man-
ifestation of this causal association and, subsequently, the
existence of correlation. Moreover, it cannot be ignored that

ENAs could have an aneugenic origin (not detectable by
comet assay) that can also justify the absence of correlations.

Briefly, it can be inferred that these two genotoxic end
points provide complementary information, allowing a more
effective assessment of AMPA genotoxic effects, when jointly
applied. In this direction, only comet assay detected effects
after 1 day of exposure, while only ENA assay reflected a
concentration-effect relationship as well as the aptitude to
reflect temporal variations. Accordingly, Wirzinger et al.
(2007) stated previously that both are non-specific biomarkers
which reflect different forms of environmental stress,
recommending the application of both tests.

Overall, and bearing in mind the persistence of AMPA in
water bodies, as well as presented results, the adoption of
longer exposures in future studies would be interesting.
Moreover, as an attempt to clarify the organisms’ ability to
cope with the damage previously inflicted, follow-up studies
should be extended to post-exposure periods.

Conclusions

The present findings demonstrated, for the first time in fish,
the genotoxicity of AMPA, expressed both as DNA (comet
assay) and chromosomal (ENA assay) damage. Overall,
AMPA displayed a genotoxic potential comparable to its
precursor (glyphosate), bringing to the fore a recent publica-
tion of our research group (Guilherme et al. 2012b).

In an attempt to clarify the mechanisms involved in the
detected damaging action, the results indicated that AMPA did
not induce a marked DNA oxidation. Nevertheless, the use of
DNA lesion-specific repair enzymes as an extra step to the
standard methodology of comet assay appears as a value
added towards an effective assessment of genotoxic hazard.

Finally, it is strongly recommended to include AMPA in
futures studies concerning the risk assessment of glyphosate-
based herbicides due to its rapid appearance in the water systems
and the potential risk to aquatic organisms, namely fish.
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