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Abstract – Freshwater microalgae are primary producers and cosmopolitan species subjected to the effects

of herbicides. In this work, the in vitro algal growth inhibitory effects of 11 agrochemicals (9 herbicides,
1 metabolite, and 1 safener) were quantiﬁed. Chemical compounds were applied singly and in speciﬁc
mixtures. Three species were used in axenic condition: the green alga Desmodesmus subspicatus (Chodat),
the diatoms Nitzschia palea (Kützing) W. Smith and Navicula pelliculosa (Kützing) Hilse. When exposed to
single compounds, N. palea and N. pelliculosa were only sensitive to atrazine/desethylatrazine and the
safener benoxacor (BE), respectively. D. subspicatus was equally sensitive to four herbicides including
atrazine and its metabolite and signiﬁcantly more sensitive to iodosulfuron-methyl-sodium (IODO). The
mixture of these ﬁve compounds induced a signiﬁcantly higher growth inhibition of about 1.5-fold than
IODO alone, which could be attributed to the four other herbicides. The mixture of all compounds was
twofold less toxic than IODO on D. subspicatus. A halogen atom is present in IODO as in the herbicides to
which the safener BE  known to induce glutathione-S-transferases  is associated in agrochemical
preparations. We then showed that IODO was less toxic when combined with non-toxic concentrations
of BE. These results indicated that the toxicity of the most active herbicide studied was decreased by a
non-herbicide compound present in agrochemical formulations of other herbicides. These results suggest the
importance to take into account the chemistry and the mechanisms of action for each compound in a risk
assessment approach of a complex mixture.
Keywords: agrochemical mixtures / benoxacor / diatom / green alga / growth inhibition assay /
microbial ecotoxicology

1 Introduction
Among many compounds of anthropogenic origin,
pesticides that are used to enhance agricultural yields are
extensively used and spread in all environmental compartments (Silva et al., 2015). All these compounds are ﬁnally
found in surface water and in groundwater (Devault et al.,
2007; Carvalho et al., 2014; Baker et al., 2016). In addition,
short pulses of high concentrations of pesticides can be
detected in water (Gilliom, 2007), especially after heavy rain
and during high river ﬂow (Spalding and Snow, 1989;
⭑
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Schulz, 2001; Polard et al., 2011). Such studies also show that
aquatic organisms are exposed to cocktails of several
compounds, in particular, agrochemicals.
These anthropogenic chemicals can induce growth inhibition, genotoxicity, and teratogenicity in microalgae (Debenest
et al., 2008, 2010; Sjollema et al., 2014). Moreover, genotoxicity
and/or endocrine alterations have been reported in zooplanktonic organisms, invertebrates, and ﬁshes (Hanazato,
2001; Cavas, 2011; Peschke et al., 2014). Pesticides can also alter
biological interactions between organisms at individual,
population, and community level ( Hanazato, 2001; Debenest
et al., 2009; Gonzalez-Rey et al., 2015). Numerous direct and
indirect trophic cascade effects have been reported in aquatic
communities (Fleeger et al., 2003). Such toxicants are known
to modify the behaviour and the competition among both
producer and consumer communities of aquatic organisms (Weis
et al., 2001; Gonzalez-Rey et al., 2015).
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Because green algae and diatoms are primary
producers at the beginning of freshwater trophic chains,
pesticides may disrupt the balance of the whole ecosystem
if microalgae communities are impacted (Ghosh and
Gaur, 1998; Stoemer and Smol, 1999; Debenest et al.,
2008). As they share with plants a chlorophyll a/b
photosynthetic system, green algae are at ﬁrst concerned by
herbicides that target photosystem II (Debenest et al., 2010).
Besides, other herbicides that target amino acids synthesis (Duke
and Dayan, 2011), fatty acids/lipids synthesis (Carder and
Hoagland, 1998; Böger, 2003), and carotenoid biosynthesis
(Lee et al., 1997; Ferhatoglu and Barrett, 2006) along with less
targeted metabolisms are also expected to affect the growth of
microalgae. Moreover, non-target effects are often described, in
particular, when high concentrations of xenobiotics are recorded
(Chèvre et al., 2006). Besides, the safeners that have no
herbicidal activity on their own can display an effect on
non-target organisms (Abu-Qare and Duncan, 2002). Hence,
agrochemical mixtures that are contaminating surface and
groundwater can modify the development of microalgae through
various mechanisms.
Based on diatom populations and communities structures,
several diatomic indices help to evaluate the effect of both
chemical and physical environmental parameters on the
ecosystem health taking into account that their results are
speciﬁc of each method (Rimet et al., 2005). These indices also
include the effects of xenobiotics on targeted and non-targeted
organisms but do not allow evaluating their speciﬁc effects
because the variation of the environment becomes a
confounding effect. In mesocosms, community ecology has
been shown to predict the effect of agrochemical mixtures on
biodiversity and ecosystem services when the number of
organisms and pollutants are strictly limited (Halstead et al.,
2014). Alternatively, direct measurement of the effect of
xenobiotics on microalgae can help to evaluate their effect on
the aquatic ecosystems. In this line, species-sensitive
distribution analysis has been developed to deal with multiple
species toxicity (Posthuma et al., 2002). However, due to
the lack of detailed information on the bioavailability and the
mechanism(s) of action of each compound along with the
chemical interaction(s) between them, it is difﬁcult to predict
the effects of various mixtures that slightly differ in their
composition. Hence, a component-interaction analysis is
required in which the assessment of the effects of xenobiotics
mixtures one by one along with testing each compound
singly is performed in microplates. As the reported methods
are time-consuming because the microplate wells become red
one by one (e.g., Nagai et al. (2013)), an efﬁcient method
would help to process large amounts of samples.
In order to assess the effect of xenobiotics in surface and
groundwater, we have developed a method that allows
processing simultaneously 12 microplates within a short run
with high sensitivity. We then assessed the effect of nine
herbicides of various mechanisms of action, one herbicide
metabolite and one safener widely used in the south-west
of France. These compounds were tested singly and in
speciﬁc mixtures on the green alga Desmodesmus subspicatus
(Chodat), and the diatoms Nitzschia palea (Kützing) W. Smith
and Navicula pelliculosa (Kützing) Hilse that are widespread
freshwater microalgae.

2 Materials and methods
2.1 Chemicals

The agrochemicals were selected after a survey of the
herbicide formulations currently used in a riparian area of the
river Garonne (Monbéqui) located in the south-west of
France. The nine herbicides, the metabolite of atrazine (DEA)
and the safener benoxacor (BE), which increases tolerance of
maize to S-metolachlor and atrazine (Online Tab. 1), were
purchased from Sigma-Aldrich (St Louis, MO 63103, USA,
St Quentin-Fallavier, France). Aclonifen (ACLO), atrazine
(ATRA), fenoxaprop-P-ethyl (FENO), isoxaﬂutole (ISOX),
desethylatrazine and benoxacor were dissolved in acetone.
Clomazone (CLOM), imazamox (IMAZ), iodosulfuronmethyl-sodium (IODO), metazachlor (META) and S-metolachlor (SMET) were dissolved in sterilized milli-Q water
(Millipore, Billerica, MA).
For each molecule, concentration inducing 50% growth
inhibition of various green microalgae and diatoms were
retrieved from Tomlin (2009) to determine a reference
concentration value (RCV). In order to take account of (i)
the difference in sensitivity between species and (ii) an
additive, subtractive or synergistic effect of the compounds in
mixtures, we applied to the three tested microalgae a nominal
concentration range that encompassed 0.1–10-fold the RCV
value set as 1. Within this range, a geometric sequence of nine
concentrations was centred on the RCV (Tab. 1). This range of
concentration determined for each compound was used when
the compounds were tested both singly and in mixtures. Then,
IC50 of the compounds tested singly on the three microalgae
were determined in molar concentration (Tab. 3). For the green
alga, the fraction of RCV was used to compare the mixtures
with the most active compound (IODO) and to compare the
effect of the combination of the safener BE and IODO with that
of IODO.
2.2 Microalgae cultures

According to the European Organisation for
Economic Co-operation and Development (OECD), we
tested 11 chemicals on D. subspicatus and N. pelliculosa as
they are suitable for the testing of chemicals in growth
inhibition test (Anonymous, 2011). We also included the
widespread freshwater diatom N. palea (Larras et al., 2013;
Abdullin and Bagmet, 2015; Moisset et al., 2015). The
strain SAG 86.81 of D. subspicatus was obtained from
the Culture Collection of Algae at Göttingen University.
N. pelliculosa CCMP 543 and N. palea CPCC 160 were
supplied by the Culture Collection of Massachusetts
University and the Canadian Phycological Culture Center
of the University of Waterloo, respectively. The COMBO
medium (Kilham et al., 1998) adapted to ﬁt the nutrient
requirements of periphytic and epilithic algae was stored at
4 ± 0.5 °C. The strains were maintained in agitated ﬂasks
(90 rpm, 25 mm orbital path) under the following conditions: 12 h/12 h (day/night) at 20 ± 0.5 °C, 70% air relative
humidity, PAR 120–150 mmol · m2 · s1 provided by
sodium-vapour lamps (Philips 600 W, Eindhoven, The
Netherlands).
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Table 1. The concentration range of each tested agrochemical. The reference concentration value (RCV) was determined from the literature and
referred to as 1.00 for each compound. The concentrations of each agrochemical corresponding to the fraction of the RCV are indicated.
Concentration (nmol · L1)
Fraction of RCV
ACLO
ATRA
CLOM
FENO
IMAZ
IODO
ISOX
META
SMET
DEA
BE

0.10
2.6
20
57
140
12
29
4.5
11.5
3
500
240

0.18
4.7
36
103
252
21.6
52.2
8.1
20.7
5.4
900
432

0.32
8.3
64
182
448
38.4
92.8
14.4
36.8
9.6
1600
768

0.56
14.6
112
319
784
67.2
162
25.2
64.4
16.8
2800
1344

Table 2. The mixtures and combinations of the tested agrochemicals.
In the mixtures, the concentration range of each tested agrochemical
was used (cf. Tab. 1). In IODO þ BE combinations, the concentration
range of IODO was applied (cf. Tab. 1), whereas the BE concentration
was kept constant (the corresponding fraction of RCV determined
from the dose–response curve of this compound is indicated).
Mixture/
combination

Components

MixAll
MixDs
MixDsw/oIODO
IODOþBE1
IODOþBE2

The 11 agrochemicals listed in Table 1
ATRA þ DEA þ FENO þ META þ IODO
ATRA þ DEA þ FENO þ META
IODO þ BE (2 400 nmol · L1; 1.00-fold RCV)
IODO þ BE (7 632 nmol · L1; 3.18-fold RCV)

2.3 Algal growth inhibition assay

In order to set the measurement conditions of growth, we
ﬁrst determined the absorption 3D spectra for the COMBO
medium alone and each microalga grown in this medium using
a Fluorolog-3 spectroﬂuorimeter (Horiba Scientiﬁc, Fukuoka,
Japan) (Online Fig. 1). We then selected the suitable excitation
and emission wavelengths that corresponded to the lowest
possible autoﬂuorescence of the COMBO medium and the
highest possible autoﬂuorescence of the microalgae in order to
quantify the growth of each living microalga species. Agreeing
with the spectra obtained with the Fluorolog-3, we used a
Typhoon 9410 (GE Healthcare Life Sciences, Pittsburgh, PA)
with the 488 nm excitation of the argon laser (10 mm pixel size)
and the 670 nm bandpass emission red ﬁlter 670BP30 to
measure the ﬂuorescence intensity in each well of a 96-well
microplate for the growth inhibition assay. These wavelengths
are in accordance with those used by Nagai et al. (2013), who
reported that ﬂuorescence intensity measured by ﬂow
cytometry and cell density counts of each of the three
microalgae used in our study were highly correlated. After the
scan of one microplate, the ImageQuant software (GE
Healthcare) allowed to map the digital information to the
appropriate pixel location and to quantify the ﬂuorescence

1.00
26
200
570
1400
120
290
45
115
30
5000
2400

1.79
46.5
358
1020
2506
215
519
80.6
206
53.7
8950
4296

3.18
82.7
636
1813
4452
382
922
143
366
95.4
15,900
7632

5.66
147
1132
3226
7924
679
1641
255
651
170
28,300
13,584

10
260
2000
5700
14,000
1200
2900
450
1150
300
50,000
24,000

intensity. Twelve microplates of one experiment could be
scanned in one 15 min run.
We ﬁrst established the relationship between ﬂuorescence
intensity and cell density of the three microalgae in microplates. At time 0, triplicate 500 ml agitated ﬂasks containing
100 ml of COMBO medium were seeded with an inoculum of
5000–50,000 cells ml1 taken from an exponential phase
culture. After seeding, 200 ml of each ﬂask was transferred in a
well of a 96-well polystyrene transparent microplate with low
evaporation lid (Falcon® cat. # 35-3072, BD Biosciences, San
Jose, CA). Microplates were incubated as indicated in Section
2.2 in non-agitated condition. Fluorescence intensity was then
measured with the Typhoon 9410 and cells were counted with
Malassez counting chamber on 200 ml aliquots transferred
from the ﬂasks to wells of new microplates. After 48 and 96 h,
ﬂuorescence and cell density were quantiﬁed directly in the
non-agitated microplates. The mean of the COMBO medium
autoﬂuorescence intensity (40  106 a.u. (arbitrary unit)) was
subtracted from the ﬂuorescence measured in the wells of the
non-agitated microplates.
Eleven compounds were ﬁrst tested singly and in a mixture
(MixAll) on the three algae. In this mixture and the two others
(Tab. 2), each agrochemical compound was tested at the
concentration range indicated in Table 1. When tested singly,
six compounds displayed an activity, of which ﬁve on
D. subspicatus that include the two that were also active on
N. palea. Two mixtures were then tested on the three species:
(i) MixDs that comprises the compounds that displayed an
effect on this species; (ii) MixDs without IODO (MixDsw/
oIODO), the compound that displayed the strongest effect.
Then we tested the effect of the safener BE at two different
concentrations that did not inhibit or stimulate the green alga
growth. In these IODO þ BE combinations, the BE concentration (BE1 and BE2) indicated in Table 2 is constant over the
concentration range determined for IODO (Tab. 1). To set the
BE concentration, we ﬁrst took into account that the highest
concentration of BE was toxic (40% growth inhibition) on
D. subspicatus. Hence, we ﬁxed BE at constant concentration
in order (i) to use non-toxic BE concentrations (BE1: 1.00-fold
RCV and BE2: 3.18-fold RCV that caused 0 and 4% growth
inhibition, respectively) and (ii) to mimic different ﬁeld
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Fig. 1. Relationship between ﬂuorescence intensity and cell density after 96 h of growth of the green alga D. subspicatus and the diatom
N. palea. Each determination was carried out in triplicates. Error bars, SD.

situations in which IODO and BE concentration do not covary. Microalgae were grown for 96 h in 200 ml COMBO
medium in 96-well polystyrene transparent microplates with
low evaporation lid. The peripheral wells of the microplates
were ﬁlled with 200 ml of sterile medium to prevent the
evaporation in the inner wells and help to control the lack of
contamination. According to the linear range determined
above (Fig. 1), we seeded 2000 cells per well (corresponding to
an initial density of 10,000 cells ml1) to test the agrochemicals. Fluorescence intensity was measured to quantify
the growth in each microplate well at the end of the exposure to
the tested compounds. Triplicate wells of a culture were
exposed to each of the nine concentrations of each compound
(Tab. 1). Each control containing the solvent of the tested
agrochemical(s) at the highest ﬁnal concentration (0.02 %) was
carried out in hexaplicates. The mean ﬂuorescence of replicate
wells ﬁlled with only growth medium was subtracted from the

ﬂuorescence measured in both control and treated wells. Each
dose–response curve was ﬁtted from one experiment in which
triplicates wells of a culture were treated with an agrochemical,
a mixture or a combination.
2.4 Statistical analysis

We veriﬁed that no signiﬁcant difference across the
triplicates of each sample was consistently observed in each
experiment using the Kruskal–Wallis and the associated
post-hoc tests. Each dose response was ﬁtted with the model
function of Brain–Cousens (Ritz et al., 2015), which take into
account the eventual presence of a hormesis:
f (x, (b, c, d, e)) = c þ (d  c þ fx /1 þ exp(b(log(x)
 log(e)))),
where b denotes the steepness of the dose–response curve, c
and d the lower and upper asymptotes or limits of the response
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Table 3. Inhibitory effect of the 11 agrochemicals and the mixtures/combinations tested on three species of microalgae. Brain–Cousens model
was used for the calculation of the 50% inhibition concentration (IC50) value in molarity for the 11 agrochemicals and as a fraction of the RCV
for the mixtures and combinations, the associated determination coefﬁcient (R2) and the standard deviation (SD). NI, IC50 could not be
determined within the concentration range. A letter indicates a signiﬁcant difference between the mean values (ANOVA, Pr (>F) < 0.05; Tuckey
HSD test, P. adj < 0.05) of the mixtures/combinations.
D. subspicatus
ACLO
ATRA
CLOM
FENO
IMAZ
IODO
ISOX
META
SMET
DEA
BE
MixAll
MixDs
MixDsw/oIODO
IODO
IODOþBE1
IODOþBE2

IC50 ± SD (nM)
NI
1 178 ± 255
NI
14 884 ± 3 564
NI
514 ± 80
NI
900 ± 174
NI
30 349 ± 5 041
21 946 ± 1
IC50 ± SD (fraction of RCV)
3.75a ± 0.30
1.26a,b ± 0.04
4.41b ± 0.22
1.83a,b,c ± 0.23
1.87 ± 0.38
4.67c ± 0.93

N. palea
2

R

0.93
0.84
0.99
0.99
0.99
0.94
0.99
0.99
0.99
0.99
0.98
0.93

N. pelliculosa

IC50 ± SD (nM)
NI
1 987 ± 24
NI
NI
NI
NI
NI
NI
NI
49 855 ± 218
NI
IC50 ± SD (fraction of RCV)
NI
NI
NI
NI
NT
NT

and e the effective dose ED50. The lower limit c was set to 0 to
ﬁt the dose response of ATRA and FENO and the combination
IODO þ BE2. The ﬁt of the dose response of this combination
was the best that could be obtained after testing the other
models presented in Ritz et al. (2015).
IC50 and standard deviation calculation were performed
using the Brain–Cousens model of the drc package (Ritz et al.,
2015) of the R software (R Core Team, 2014). One-way
ANOVA analyses followed by the Tukey–Kramer Multiple
Comparisons Test to compare the dose response of IODO to
the three mixtures (MixAll; MixDs; MixDsw/oIODO) and the
combinations IODOþBE at 96 h. Comparison of IC50s was
performed on three values obtained from the model (IC50,
IC50 þ SD and IC50–SD). One-way ANOVA postulates
(normality and homoscedasticity) were veriﬁed by Shapiro–
Wilk test and Bartlett test.

3 Results
3.1 Validation of the method

The green alga grew 2.3-fold faster than N. palea and
1.8-fold faster than N. pelliculosa in the non-agitated
microplates. Linear responses between cell density and either
ﬂuorescence intensity or log-transformed ﬂuorescence intensity were observed with the diatoms (N. palea, R2 = 0.997 and
N. pelliculosa, R2 = 0.914) and the green alga D. subspicatus
(R2 = 0.983), respectively (Fig. 1 and Online Fig. 2 for
N. pelliculosa). This response was observed within a range
of 0.16–8.2 (N. palea) or 0.15–10 (N. pelliculosa) 10  106 and
1.9–11  106 cells ml1 for the diatoms and the green alga,
respectively. Within the observed ranges of cell density, the

2

R

0.97

0.93

IC50 ± SD (nM)
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
18 913 ± 733
IC50 ± SD (fraction of RCV)
6.41 ± 0.33
NI
NI
NI
NT
NT

R2

0.98
0.99

three species could be grown for up to at least 144 h without
reaching the highest cell number values.
The linear ranges of growth corresponded to an initial
seeding of 5000–50,000 cells ml1 of each species and the
microplate wells of the growth inhibition assay were seeded
with 10,000 cells ml1. Analysis of the results obtained with
the microplate assay revealed that no signiﬁcant difference
across the replicates (0.11 < P < 0.84) was consistently
observed using Kruskal–Wallis tests, indicating that, overall,
the replication sampling was correctly processed.
3.2 Effects of the agrochemicals tested singly

Five IC50 values (ATRA, DEA, FENO, IODO and META)
could be determined for D. subspicatus, two (ATRA and DEA)
for N. palea and one (BE) for N. pelliculosa (Tab. 3). N. palea
was slightly less sensitive (P = 0.05) than D. subspicatus to
ATRA and DEA. It is worth noting that the diatom N. palea,
but not N. pelliculosa, was sensitive to the photosystem II
inhibitors ATRA and DEA. On the green microalga, IODO
showed the highest growth inhibition (Tab. 3 and Fig. 2A/
Online Fig. 3A). It is worth noting that 29% of cells were able
to grow in the presence of increased concentrations of IODO
up to 10-fold RCV. The IC50 of IODO was not signiﬁcantly
different from that of META and ATRA (P = 0.91 and 0.89,
respectively) and signiﬁcantly different from that of FENO and
DEA (P < 0.001).
Maximum growth stimulation of 10–43% was observed
between 0.32 and 5.66-fold RCV, depending on species
and compound (Online Tab. 2). Growth stimulation
was most frequently observed with N. palea. We determined
the hormesis evidence category whenever possible
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Fig. 2. Dose response of D. subspicatus to the agrochemicals after 96 h of growth. (A) The ﬁve active compounds. (B) The mixtures containing
IODO. (C) The combinations of IODO and BE. Concentration values corresponding to each fraction of the RCV are those attributed to each
agrochemical in Tables 1 and 2. Error bars, SEM.

(Online Tab. 2) using the set of criteria awarded by
Calabrese and Blain (2011) with assigned numerical values
based on the quality of the study design, response magnitude,
statistical analysis and reproducibility of the response.
3.3 Effects of agrochemical mixtures

As shown by the analysis of the IC50s expressed in fraction
of RCV, MixAll exhibited higher growth inhibition on the
green alga D. subspicatus than the diatoms N. palea and
N. pelliculosa (Tab. 3). On the green alga, MixDs was 3-fold
more toxic than MixAll (P < 0.001; Fig. 2B/Online Fig. 3B
and Tab. 3). Removing IODO from the MixDs resulted in a
3.5-fold loss of toxicity (P < 0.001), while the IC50 of MixDsw/
oIODO was not signiﬁcantly different from that of MixAll
(P = 0.25).
The combination of the herbicide IODO with the lowest
concentration of the safener (BE1) did not modify the shape

of the dose–response curve (Fig. 2C). On the contrary,
the combination of the highest concentration BE2 with
IODO increased signiﬁcantly the relative growth of the
green alga D. subspicatus to 61% compared to that of IODO
at 5.66-fold RCV (Pr (>F) = 0.002, P.adj = 0.003). Using the
ﬁt of the Brain–Cousens model, the addition of the
BE1 concentration to IODO did not signiﬁcantly modify
the IC50 of the herbicide (Tab. 3; P = 0.94; Fig. 2C/Online Fig.
3C) whereas the addition of the BE2 concentration decreased
its toxicity by a factor of 2.6 (P < 0.01; Fig. 2C) according to
the ﬁt of the Brain–Cousens model that does not completely
ﬁt the experimental points (Online Fig. 3C and
Tab. 3).
A limited but signiﬁcant stimulation was observed with
the diatom N. pelliculosa exposed to MixDs and MixDsw/
oIODO. We recorded similar growth stimulation for IODO
and its combination with the two BE concentrations (Online
Tab. 2).
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4 Discussion
4.1 Validation of the approach

As photosynthetic organisms, green microalgae and
diatoms share many characters similar to those present in
plants and can thus be targeted by agrochemical compounds
released in agriculture areas. We are currently studying a
speciﬁc agriculture area within a ripisylve of the river
Garonne. In this study, we set up a new method to ﬁrst
perform a component-interaction analysis (bottom-up approach, Feron et al., 1998; Groten et al., 2001) to evaluate the
toxicity of the 11 agrochemicals released in this area. A wholemixture analysis (top-down approach, Groten et al., 2001) to
determine the growth inhibition of aquatic ﬁeld samples have
been performed on the same microalgae (results to be
published).
The agrochemical compounds were tested both singly
and in mixtures by using an automated microplate assay that
we validated. The microalgae were exposed to a range of
nominal concentrations of agrochemicals in order to
compare their IC50. Among the tested agrochemicals tested
singly, we could determine an IC50 value for six of them. In
the other cases, the growth inhibition did not reach more
than 20% at the highest concentration applied to the
microalgae, making it impossible to determine IC50 value.
The maximum concentration that did not allow determining
IC50 values may have been too low, in particular in diatoms
that were less sensitive than the green alga. Hence, some of
the differential sensitivities pointed out in this study are to
be viewed in the light of this limitation. Finally, it is worth
noting that the axenic microalgae were grown as plankton, a
culture condition that most probably made them more
sensitive to xenobiotics than in natural bioﬁlm even for
diatoms that grew as small aggregates adherent to the
bottom of the wells.
4.2 Effect of the agrochemicals tested singly

The selected diatoms species were less sensitive to the
tested agrochemicals than the green alga. These results are in
agreement with the overall greater sensitivity of the green
algae compared to the diatoms as reported in Tomlin (2009).
The benthic diatoms N. palea and N. pelliculosa are primary
producers in freshwater bioﬁlms and produce extracellular
polymeric substances (EPS) (Sutherland, 2001; Larras et al.,
2013), whereas the green alga membrane is directly in contact
with the extracellular compartment. These EPS are able to
interact with xenobiotics and limit their penetration into the
cell compartment (Flemming et al., 2009; Larras et al., 2012).
In this line, Chalifour and Juneau (2011) showed that
N. pelliculosa secretes more EPS than N. palea and is less
sensitive to ATRA and DEA than this species. More generally,
the greater tolerance of diatoms may also be related to the
presence of fucoxanthin in plastids that would protect these
organisms from ATRA, CLOM and ISOX that induce photooxidation (Müller et al., 2001; Pinto et al., 2003; Dayan and
Zaccaro, 2012).
Besides the growth inhibition effects induced by the
agrochemicals, we recorded six cases of high evidence of
hormesis when agrochemicals were tested singly on the three

species. No relation could be found between the class of
compounds and/or the amount of secreted EPS and the
occurrence of hormesis. Although regulatory agencies still
exclude the use of hormetic effects in their risk assessment
deﬁnition, information about hormetic dose responses could
help to reexamine the process of ecological risk assessment
(Agathokleous et al., 2018).

4.3 Effect of mixtures in relation to the presence
of the safener

The results that we obtained with the three tested mixtures
of active compounds on the green alga show that the toxicity of
these mixtures was rather unpredictable by comparing their
dose–response curves (Figs. 2A and 2B). Unexpectedly, the
mix of the 11 agrochemicals (MixAll that included IODO) was
less toxic than IODO, which was the most inhibitory molecule
tested in this study.
Among the tested agrochemical, the safener BE was the
only agrochemical with no reported herbicide effect. No report
of any effect of BE on IODO metabolism through cytochrome
P450 or glutathione-S-transferases (GST) induction (Davies
and Caseley, 1999) was found so far. Besides, a halogen atom
is present in IODO, as in SMET and ATRA to which BE is
associated in agrochemical preparations. GSTs catalyze the
nucleophilic addition of the sulfur of glutathione (GSH) to the
position of the halogen atom in SMET and ATRA (Prade et al.,
1998). The potential chemical reactivity of IODO with GSH
prompted us to test the combination of IODO with two BE
concentrations that had no effect on the growth of
D. subspicatus. The highest BE2 concentration decreased
the toxicity of IODO that can be evaluated at 50% growth
inhibition as a 2.6- to 4-fold attenuation. Compared to that
observed for IODO, the dose response to this combination
indicates that the growth inhibitory effect of IODO on the
green alga is reduced at 5.66-fold RCV when associated with
BE, while the hormesis effect remained similar. It must be
noted that the non-toxic BE2 concentration (3.18-fold RCV)
remained constant over the concentration range of IODO. On
the contrary, in the MixAll, in which the BE concentration
increased up to its IC60 at a concentration of 10-fold RCV, the
toxicity of IODO was completely removed (Fig. 2B). In this
mixture, ﬁve other active compounds can form adducts with
GSH (Ekler and Stephenson, 1989; Tal et al., 1993; Prade
et al., 1998) and a loss of effect could also result of their
conjugation to GSH through GSTs induction by BE.
As it could be expected from possible additivity and/or
synergy between compounds of different mechanisms of action,
the mixture of the ﬁve active compounds (MixDs, including
IODO) was more toxic than IODO on the green alga (Tab. 3).
Surprisingly, removing IODO made the toxicity of the MixDsw/
oIODO very similar to that of the four herbicides that compose this
mixture. These results made IODO play a pivotal role in the
differential toxicity of these mixtures. IODO inhibits the
acetolactate synthase (ALS), an enzyme involved in the synthesis
of the three proteinogenic branched-chain amino acids, and thus
impairs protein synthesis. In this line, imazethapyr, which also
inhibits ALS, targets several hundred proteins that are differentially expressed by Arabidopsis thaliana under treatment with this
herbicide (Qian et al., 2015). The mechanism(s) involved in the
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differential toxicity of MixDs and MixDsw/oIODO remain(s) to
be determined.

5 Conclusion
We performed a component-interaction analysis of the
growth inhibition of a green alga by 11 agrochemicals using a
method that allows a high gain of time saving. The effect of
two mixtures could not be correctly predicted from the effect of
the compounds tested singly. A safener that is associated in
agrochemical preparations with an herbicide of the mixture
appeared to be responsible for the decreased toxicity of the
most active compound. A biochemical approach allowed
partly disentangling the interaction between the 11 agrochemicals released by the farmers in an agriculture area.
Feron et al. (1995a,b) proposed to select the 10 most risky
chemicals from mixtures released by hazardous waste sites. As
shown in this study, non-active compounds may decrease the
toxicity of risky compounds but others may increase it. We
would suggest to also examine the chemistry and mechanisms
of action of the compounds that will not be tested because of
their low toxicity. This would help to better evaluate the actual
impact of these mixtures on the surrounding ecosystems.
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