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Abstract

The toxicity of pesticides to non-target organisms continues to be important in understanding the dynamic interactions
between anthropogenic chemicals and ecosystem health. This study assesses biochemical markers to determine the effects
that varying concentrations of atrazine (13.1-5557 pg/l) have on the freshwater shrimp, Caridina africana. Exposure and
oxidative stress biomarkers were analysed and followed by univariate, integrated biomarker response v2 (IBRv2) and
Kendall Tau correlation statistical analyses, to gain insight into the concentration-dependent responses. Oxidative stress
biomarkers such as reduced glutathione content (GSH), glutathione-S-transferase activity (GST), superoxide dismutase
activity (SOD) and catalase activity (CAT) were significantly correlated with increasing atrazine exposure concentration
(p<0.01). Bimodality has been seen when looking at both the univariate statistically significant differences as well as
the IBRv2, with the first peak at 106.8 ug/l and the second peak at 5557 pg/l atrazine. The results indicate that while
individual responses may indicate statistically significant differences, using correlation and integrated statistical analysis
can shed light on trends in the adaptive response of these.
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Introduction al. 2014). Contamination of surface waters with atrazine

occurs through various routes such as aerial drift, run-off

Global pesticide usage in 2012 was over 2.64x10° kg
of applied active ingredient with projections estimat-
ing an increase up to 3.47x 10° kg in 2020 (Atwood and
Paisley-Jones 2017; Zhang 2018). Herbicides account for
up to 49% of global pesticide consumption (Atwood and
Paisley-Jones 2017; De et al. 2014). Atrazine, one of the
most commonly used herbicides, is predominantly a broad-
leaf, pre and post emergence, herbicide applied to corn,
sorghum, sugarcane and many other crop types (Griboff et
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and seepage and has been detected in rain, fog, seawater and
arctic ice (Du Preez et al. 2005; Jablonowski et al. 2011).
Although there is still debate over the endocrine-disrupting
properties of atrazine, it has been banned in the European
Union due to environmental concentrations exceeding per-
missible drinking water concentration limits of 0.1 pg/l
(Sass and Colangelo 2006). The ban was a proactive pre-
cautionary measure, however in many countries agricultural
use is ongoing. Atrazine is persistent in water and soils and
has been detected in wells in Canada and the USA at 74 pg/l
and 140 pg/l respectively (Graymore et al. 2001). Examples
of guideline maximum concentration considered safe for
drinking water are 5 pg/l for Canada, 3 pg/l for the USA
and 2 pg/l for South Africa Canada Health 1993; DWAF
1996; USEPA 2007).

South Africa has banned industrial applications of atra-
zine, but the herbicide is still permitted for use in agricul-
ture. Maize is the most cultivated crop in South Africa and
in 2009 maize accounted for 87.83% of national atrazine
usage which equated to 8.9 x 10° kg with national usage of
approximately 1.01x10° kg (Dabrowski 2015). Detected
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atrazine concentrations in heavy maize producing areas of
South Africa in the highveld region, vary significantly rang-
ing between <0.005 pg/l to 14.97 pg/l (Ansara-Ross et al.
2012; Dabrowski 2015; Rimayi et al. 2018), though some
studies have reported surface water atrazine contamination
up to 53 000 ng/l in streams adjacent to agricultural areas
(Davies et al. 1994). The biochemical impact on non-target
aquatic organisms needs to be assessed to determine the
impact of potential exposure.

The family Atyidae accounts for more than 58% of all
freshwater shrimp with Caridina being the largest genus,
accounting for 290 of the 443 recognised species in the fam-
ily. Nearly one-third of freshwater shrimp species are clas-
sified as threatened or near threatened, of which over 68%
are primarily impacted by urban and agricultural runoff (De
Grave et al. 2015; de Mazancourt et al. 2019). The distribu-
tion and sensitivity to environmental contamination make
Caridina sp. appropriate bioindicators. In a field study we
recently showed that biomarker responses in Caridina nilot-
ica were able to reflect organic pollutant exposure (Jansen
van Rensburg et al., 2020). Therefore, Caridina sp. were
chosen for this study and were identified as Caridina afri-
cana using the key of Richard and Clark (1995).

The aim of this paper was to determine the oxidative
stress incurred at different atrazine concentrations in C. afyi-
cana under short term testing conditions. This was achieved
using biomarkers of exposure and oxidative stress namely
acetylcholinesterase activity (AChE), reduced glutathione
(GSH), glutathione S-transferase (GST), superoxide dis-
mutase (SOD), catalase activity (CAT) and malondialde-
hyde content (MDA). An integrated biomarker response
(IBR) was performed to assess the combined effect at each
exposure concentration. The IBRv2 allows for a standard-
ized approach to interpreting the effects that toxicants have
on an organism’s body. As the organisms have to cope with
greater ATZ concentrations, it is hypothesised that increas-
ing exposure concentrations will result in increased expres-
sion of the selected biomarkers, which will be reflected in
the correlations and IBRv2.

Materials and Methods
Sampling and experimental design

Ethics clearance for the study was granted by the Univer-
sity of Johannesburg’s Ethics committee (Ref# 2016-09-23/
Greenfield Jansen van Rensburg). Caridina africana were
collected from the Vaal River system (Standerton, Mpuma-
langa Province, South Africa) using a one-millimetre mesh
size netand transported to the Department of Zoology Aquar-
ium at the University of Johannesburg. The organisms were
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acclimated under laboratory conditions for five months. The
setup for the exposure is based on the USEPA’s 96 h acute
toxicity testing for fish (Muller et al. 2011; USEPA 2002),
while being cognisant of a pseudoreplicated experimental
design. The methodology considers each individual organ-
ism as the experimental unit because the dependent vari-
ables are measured at the sub-organism level (Schank and
Koehnle 2009; Tincani et al. 2017). Five test organisms, in
duplicate per concentration, were placed in 500 ml beakers
in matured borehole water (pH — 7.3; electrical conductivity
—110 pS/cm; temperature — 21.8 °C) under constant aera-
tion. Results from each organism were combined per expo-
sure concentration for statistical analysis. The organisms
were acclimated in the beakers for 24 h and were not fed for
the duration of the acclimation and exposure test. Atrazine
(CAS #1912-24-9, purity 99%, Sigma-Aldrich) stock was
made using ultrapure water at a concentration of 20 mg/I
and was used for all the exposure concentrations. The nomi-
nal concentrations of atrazine used in the 96 h exposures
were 0, 10, 25, 63, 156, 391, 977, 2441 and 6104 pg/l. The
selected concentrations were chosen to cover a large range
and were calculated as a ratio of 1:2.5 starting at 10 pg/l,
slightly higher than suggested by the OECD (2019). Water
samples were taken at the beginning of the exposure period
in glass bottles, to confirm accurate exposure concentrations
and were representative of both duplicate beakers. Follow-
ing the exposure period organisms were collected in cryo-
tubes and euthanised by flash freezing in liquid nitrogen and
transferred to a -80 °C freezer until analysis.

Atrazine Extraction and Analysis

Water samples were prepared for gas chromatography —
micro electron capture detector (GC-pECD) analysis using a
modified dispersive liquid-liquid microextraction method of
Della-Flora et al. (2018). Briefly, 2.5 g NaCl was dissolved
in 25 ml water samples before the addition of 3 565 pl dis-
persive/extraction solvent. The mixture was made by mix-
ing HPLC grade dichloromethane (DCM, > 99.8%) with
acetone (>99.8%) at a ratio of 550:163. The mixture was
rapidly vortexed and centrifuged at 1 000 x g for 5 min. An
aliquot of 400 ul of organic phase was transferred to a GC
vial where it was evaporated under a light stream of nitro-
gen before being reconstituted in 100 pl ethyl acetate and
analysed. The methodology followed the USEPA method
508.1, version 2 (Munch 1995), with slight adjustments.
A Hewlett Packard 6890 GC-puECD fitted with an Agilent
DB-5ms UI fused silica capillary column (30 m x 0.25 mm
x 0.25 pm film thickness) was used for the separation and
detection of atrazine. Helium was used as the carrier gas,
with the total flow rate at 1.5 ml/min, including nitrogen as
the make-up gas, set to 45 ml/min. Splitless injection of a
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10 pl sample was performed with an inlet temperature set at
250 °C. The GC oven temperature program was as follows:
initial temperature 60 °C and 1 min hold; ramp at 20 °C/min
to 160 °C and hold 3 min; ramp 3 °C/min to 275 °C with
no hold; and finally, 2 °C/min to 310 °C with no hold. The
detector temperature was set at 320 °C.

The method was validated for linearity, precision and
accuracy. Linearity of the calibration curve was assessed
by the coefficient of determination (R?) as close to 1.0 as
possible (Miller and Miller 2010). The standards were ana-
lysed in triplicate and were injected in order of increasing
concentration with blank injections in between to prevent
carryover. Standard concentrations were prepared to deliver
a linear range and resulted in an R? of 0.997. Precision
was expressed as relative standard deviation (%RSD) by
injecting 6 replicates of spiked blank samples (spiked with
350 pg/l) and resulted in 12%RSD. Accuracy for the spiked
water samples was between 75 and 130%.

Biomarker Analysis

Frozen organisms were thawed and whole organisms were
accurately weighed (+0.001 g) and placed in individual
microcentrifuge tubes. Individuals were homogenized on
ice in one millilitre homogenizing buffer (50 mM potassium
phosphate buffer, pH 7.4 with 0.9% NaCl and 1 mM EDTA)
and centrifuged for 25 min at 25 000 x g. The resulting
supernatant was transferred to new tubes and was used for
all biomarker protocols which were all tested in triplicate
with the homogenizing buffer as a blank. All biomarkers
were read in 96-well microtiter plates and analysed on an
ELx 800 (colorimetric) and FLx 800 (fluorometric) univer-
sal microplate reader (Biotek Instrument Corp).
Acetylcholinesterase activity was determined accord-
ing to Ellman et al. (1961). A reaction mixture of 90 mM
potassium phosphate buffer (pH 7.4), 30 mM acetylcholine
iodide and 10 mM DTNB was added to a microplate. The
plate was incubated at 37 °C for 5 min after which 5 pl of
sample supernatant was added to start the reaction. The
reaction was read kinetically at 405 nm for 6 min with 1 min
intervals. Reduced glutathione content was measured fol-
lowing the method of Cohn and Lyle (1966). Two hundred
and fifty microliters of sample supernatant were transferred
to a microcentrifuge tube to which 25% H,PO, was added
and the tubes were placed on ice for 10 min. The samples
were then centrifuged at 5 000 x g for 10 min at 4 °C. One
hundred microliters of supernatant was transferred to a
new tube and diluted with 1 ml of distilled water before
being added to the microplate with 100 mM sodium phos-
phate buffer (pH 8.0) and 0.1% o-pthalaldehyde. The plate
was incubated at room temperature for 15 min in the dark
before fluorescence was measured at 350 nm excitation and

420 nm emission. Glutathione S-transferase was determined
according to Habig et al. (1974). To a microplate, 270 pul
of reaction mixture containing potassium phosphate buf-
fer (0.1 M, pH 6.5) and 1 mM GSH was added to 10 pl of
sample supernatant. The reaction was initiated with 20 pl
of 1 mM CDNB and absorbance read at 25 °C every 30 s
for 3 min at 340 nm. Superoxide dismutase was read fol-
lowing the protocol of Del Maestro and McDonald (1985).
The reaction mixture contained 50 mM Tris DTPA, 24 mM
pyrogallol and 5 pl of sample supernatant. The mixture was
immediately read kinetically in the dark at 420 nm over a
5 min period with 30 s intervals. Catalase activity was deter-
mined following the protocol of Cohen et al. (1970). Ten
microliters of sample were loaded into the microplate, to
which 100 pl of cold 20 mM H,0, was added. The mixture
reacted for 3 min and was stopped by the addition of 20 pl
H,SO, (6 N). Potassium permanganate (140 pl, 2 mM) was
added and the plate was immediately read at 490 nm. Malo-
ndialdehyde content was measured following the protocol
of Ohkawa et al. (1979). To a microcentrifuge tube 20 pl of
sample, 50 ul SDS, 375 ul acetic acid, 375 pl thiobarbituric
acid and 175 pl of distilled water were added and placed in
a 95 °C water bath for 30 min. After cooling 250 pl distilled
water and 1250 pl butanol:pyridine (15:1, v:v) were added
and after centrifugation the supernatant was read at 532 nm.
All biomarkers were expressed per milligram protein (Brad-
ford 1976), to allow for standardization.

Statistical Analysis

Atrazine concentrations determined through GC-pECD
analysis were used as the independent variables in the sta-
tistical analysis and graphing thereof. Univariate biomarker
data are presented as box and whisker plots with the Kendal
Tau’s correlation coefficient (1) and statistical significance
(p<0.05 or p<0.01) indicated. Box and whisker plots, per
exposure concentration, have been generated from all of
the individual organism’s biomarker response data. Ken-
dal Tau’s correlation analysis was used to identify overall
trends in the data with concentration group as the indepen-
dent variable. It should be borne in mind that t interpreta-
tion is not analogous to spearman correlation coefficient as t
will underestimates by between 66 and 75% (Strahan 1982).
Certain raw data failed assumptions of parametric tests and
non-parametric equivalents were selected. To test for sig-
nificance between group means, the Kruskal-Wallis test (H
test statistic) was used, and through a Bonferroni correction
the a threshold was set at 0.0063 for pairwise comparisons.
Eight comparisons were made between the control group
and each exposure group, as these were of primary interest.
The integrated biomarker response metric was calculated
according to Beliaeff and Burgeot (2002) and modified by
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Sanchez et al. (2013). The modification introduced the con-
cept of reference deviation and is aptly named integrated
biomarker response version 2 (IBRv2). Briefly, for each bio-
marker, a log transformation is applied to the ratio between
individual response data (X;) and the mean of the reference
data (X,): vi = log (x;/x).

Y; is then standardized after calculating the general mean
(1) and standard deviation (o): z; = (y; — ) /o . The ref-
erence deviation (4;) was used to create radar plots and is
calculated as the difference between the mean of the stan-
dardized response (Z;) and the mean of the reference or con-
trol response data (Z): A; = z; — 2.

Finally, the IBRv2 is calculated as the sum of the abso-
lute values of the 4 responses: ] BRv2 = ¥ | A|

Statistical tests were run on IBM® SPSS® Statisticsv27
with graphical representation generated on GraphPad Prism
v8. Microsoft Excel was used to calculate and generate the
radar plots for the IBRv2.

Results and Discussion

Biomarker results from exposed C. africana are shown in
Fig. 1 A-F, with quantified atrazine concentrations used
as independent variables. The atrazine concentrations that
were quantified were similar to those calculated as nomi-
nal concentrations. The corresponding Kendall Tau’s cor-
relation coefficients have been indicated, per biomarker.
All significant differences in the box-and-whisker plots
(p<0.0063) are related to the control group as differences
between concentrations was not of primary interest. Ace-
tylcholinesterase activity (Fig. 1 A) showed no pairwise
significant differences (H(8)=8.90, p>0.05) or correla-
tion between concentration and AChE activity, T = -0.121,
p>0.05. The inhibition of AChE as a result of exposure
to pesticides is well documented with the most significant
inhibitors are known to be carbamate and organophosphate
pesticide groups, as their mode of action is to target these
enzymes (Chambers et al. 2002). No significant response in
ACHhE activity after atrazine exposure were found in similar
studies by Steele et al. (2018) at 160 pg/l in freshwater cray-
fish and Anderson and Lydy (2002) in Hyalella azteca at
200 pg/l. Moreover, Jin-Clark et al. (2002) found no signifi-
cant changes in AChE activity in midge larvae at 1 000 pg/1.

Reduced glutathione levels (Fig. 1B) in C. africana
showed a significantly increasing trend, t=0.287, p<0.01.
The Kruskal Wallis test indicated a statistically signifi-
cant effect of concentration on GSH levels in C. africana,
H(8)=24.07, p<0.05. The concentrations 106.8, 277.2 and
729.5 ng/l were found to be significantly different to the
control (p <0.0063). Silveyra et al. (2018) found no signifi-
cant difference in GSH levels in freshwater crayfish exposed
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to 1 000 pg/l atrazine but found a 17-fold increase (p < 0.01)
in GSH levels after exposure to 5 000 pg/l. It is possible
that below the 1000 pg/l exposure concentration there were
increased levels in GSH that could be similar to the results
obtained for C. africana. Stara et al. (2018) found that expo-
sure of Cherax destructor to 6.86 pg/l and 1 210 pg/l of
atrazine for 7 days resulted in decreased GSH levels. Along
with GSH, GST (Fig. 1 C) is also considered a Phase II
biotransformation enzyme that acts on electrophilic com-
pounds such as reactive oxygen species (ROS) (Griboff et
al. 2014). The responses showed two concentration regions
that had higher peak distribution with statistically signifi-
cant differences from control found in organisms exposed
to 69.2, 106.8 and 5557 pg/l (p <0.0063). Although there
was a decrease in GST levels in organisms exposed to con-
centrations between 106.8 and 5557 there was a statistically
significant correlation between exposure concentration and
GST response, t=0.235, p<0.01.

Antioxidant enzyme SOD (Fig. 1D) showed a statisti-
cally significant positive correlation between enzyme activ-
ity and atrazine concentration (t = 0.180, p<0.05), reflected
in the Kruskal Wallis test, H(8) = 24.68, p<0.05. Organisms
exposed to 729.5 and 5557 pg/l atrazine showed signifi-
cantly higher levels of SOD than organisms in the control
group (p<0.0063). The increasing trend indicates that there
is a need for the body to upregulate its defences against
possible superoxide anion radical formation. Atrazine has
been found to increase SOD in freshwater shrimp (380 pg/1)
and crayfish (1210 pg/l) after 14 and 21 days respectively
(Griboff et al., 2014; Stara et al., 2018). The upregulation in
the formation of SOD was attributed to the body’s adaptive
mechanisms in dealing with ROS. The superoxide anion
radical is formed naturally in the body of most organisms
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Fig. 1 Box-and-whisker plots representing median, interquartile range
and 5-95 percentile of individual biomarkers with the associated Ken-
dall Tau?s correlation coefficient (?) according to different exposure
concentrations of atrazine. Statistically significant differences for box
and whisker plots compared to control are indicated by either a single
asterisk (p < 0.0063) and significant correlation a single asterisk (p <
0.05) or double asterisk (p < 0.01). AChE — acetylcholinesterase; GSH
—reduced glutathione; GST — glutathione-S-transferase; SOD — super-
oxide dismutase; CAT — catalase; MDA — malondialdehyde
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and is reactive due to its unpaired electron (Fernandez et
al., 2009). Catalase activity (Fig. 1E) in the test organ-
isms was influenced by the exposure concentration, H(8) =
20.37, p<0.05. Groups that were significantly different from
the control were exposed to 106.8 and 5557 pg/l atrazine,
(p<0.0063). Following the dismutation of the superoxide
anion radical, hydrogen peroxide is formed, which can also
cause oxidative damage. Catalase neutralises hydrogen per-
oxide by converting it to water and oxygen. Similar to SOD,
a positive correlation between CAT activity and exposure
concentrations was also noted, T = 0.180, p<0.05. This is
expected as there is usually a relationship in the SOD — CAT
system (Hong et al., 2018). Malondialdehyde is formed
when lipid structures undergo oxidation from ROS. If there
is enough protection from the antioxidant system, this can
protect the organisms macromolecular structures and pre-
vent oxidative damage (Nikinmaa, 2014). Lipid peroxida-
tion was measured in the test organisms as MDA (Fig. 1F).
Kruskal Wallis, and Kendall Tau correlation results show
no indication of an increasing or decreasing trend in MDA
content, H(8) = 1.53, p>0.05; T = -0.007, p>0.05, possibly
indicating that the oxidative stress enzymes were still cop-
ing to prevent oxidative damage.

The original IBR was updated as it could produce differ-
ent results depending on how the biomarkers were ordered
in the analysis (Beliaeff and Burgeot 2002). The IBRv2
gives an overall score based on the biomarker response’s
deviation from a control group (Sanchez et al. 2013).
Table 1 provides the reference deviation scores as well as
the final IBRv2 score, with Fig. 2 graphically representing
excitation and inhibition of the biomarkers based on the
deviation from the reference (zero mark). The scores ranged
from 1.73 in the second lowest concentration to 6.25 in the
highest concentration.

The radar plots (Fig. 2 A-H) are most dissimilar from the
control group at concentrations 106.8 ug/l (Fig. 2 D) and
5557 pg/l (Fig. 2 H), where the calculated IBRv2 scores
were the highest. There are two peaks identified in the dis-
tribution of response scores with the first peak at 106.8 pg/l

13.1g/t 30,7u8/1 69,2ug/1 106,8 ug/!
A B C D
2 3 2 asH MDA 2 GSH
1976,9 | 557,0 g
E F 729,5 ug/! G 1976,9 ug/l H ug/l

7}

s00

Fig. 2 Radar plots showing IBRv2 scores per exposure concentration.
Area below zero indicates inhibition compared to the reference group
and above zero indicates stimulation compared to the reference group.
AChE — acetylcholinesterase; GSH — reduced glutathione; GST — glu-
tathione-S-transferase; SOD — superoxide dismutase; CAT — catalase;
MDA — malondialdehyde

and the second peak at 5557 pg/l. The radar plots indicate
that the most significant deviation at these concentrations
was seen in the oxidative stress biomarkers GSH, GST, SOD
and CAT. This is a reflection from the univariate analysis as
the Kruskal Wallis test indicated that these two groups were
the most frequently flagged as statistically significantly dif-
ferent from the control group.

This standardized IBRv2 approach has been used suc-
cessfully in assessing the impacts of different stressors on a
variety of organisms under both laboratory and field studies.
Dahms-Verster et al. (2020) found increased IBRv2 scores
in frogs(Xenopus laevis) exposed to higher concentrations
of vanadium while Li et al. (2018) found increased IBRv2
values in field sampled snails from the Taihu Lake in China,
aiding in the identification of sites where organisms were
under greater stress.

Conclusions

In this study, atrazine showed a significant effect on the
biomarker responses in C. africana, particularly at 106.8

Table 1 Reference deviation values (A) for each biomarker. Negative values for each biomarker indicate indicate inhibition from the reference
group, while postive values indicate stimulation compared to the reference group. Final IBRv2 scores for each concentration are provided with
higher scores indicating a larger deviation from the reference group. AChE — acetylcholinesterase; GSH — reduced glutathione; GST — glutathione-
S-transferase; SOD — superoxide dismutase; CAT — catalase; MDA — malondialdehyde

Atrazine exposure concentrations

Biomarkers 13.1pgl  307pgd  69.2pgl  1068pgl  277.2pgl T295pgl 19769 pgll 5557 pgl
AChE -0.60 -0.09 -0.30 -0.31 -0.56 0.18 -0.94 -0.83
GSH 0.48 -0.24 111 1.06 0.23 0.07 0.86 127
GST 0.19 0.43 0.62 1.23 0.26 0.54 -0.32 1.45
SOD -0.09 0.17 0.50 0.97 0.49 1.34 0.77 1.85
CAT -0.11 0.37 0.58 1.19 1.22 1.65 0.73 0.72
MDA 031 -0.42 0.04 -0.36 0.05 0.24 -0.54 -0.12
IBRv2 1.78 1.73 3.15 5.13 2.82 4.02 4.17 6.25
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and 5557 pg/l exposure concentrations. Short term (acute)
testing is valuable to see immediate stress that organisms
are under. The results from this study show that there is a
clear oxidative stress response form the test organisms. The
use of the IBRv2 indicates graphically how these organ-
isms’ responses are deviating from their normal level.
The integration of all biochemical responses into a stan-
dardised index allows for easy interpretation and should
be included in multi-biomarker studies. This study reveals
that although ATZ is said to have little effect on aquatic
organisms (e.g. USEPA limit for acute protection of aquatic
life is 350 pg/l), there are nuanced effects that may result
in longer term impacts. Future investigation into the gene
expression that leads to the up regulation of certain oxida-
tive stress responses would give further insight into how
these responses are formed. This in turn would allow for the
determination of adverse outcomes pathways (AOPs).
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