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Abstract: The occurrence of the market-leading glyphosate active ingredient in surface waters is
a globally observed phenomenon. Although co-formulants in pesticide formulations were consid-
ered inactive components from the aspects of the required main biological effect of the pesticide,
several studies have proven the high individual toxicity of formulating agents, as well as the en-
hanced combined toxicity of the active ingredients and other components. Since the majority of
active ingredients are present in the form of chemical mixtures in our environment, the possible
combined toxicity between active ingredients and co-formulants is particularly important. To as-
sess the individual and combined phytotoxicity of the components, glyphosate was tested in the
form of pure active ingredient (glyphosate isopropylammonium salt) and herbicide formulations
(Roundup Classic and Medallon Premium) formulated with a mixture of polyethoxylated tallow
amines (POEA) or alkyl polyglucosides (APG), respectively. The order of acute toxicity was as follows
for Roundup Classic: glyphosate < herbicide formulation < POEA. However, the following order was
demonstrated for Medallon Premium: herbicide formulation < glyphosate < APG. Increased photo-
synthetic activity was detected after the exposure to the formulation (1.5–5.8 mg glyphosate/L and
0.5–2.2 mg POEA/L) and its components individually (glyphosate: 13–27.2 mg/L, POEA: 0.6–4.8 mg/L),
which indicates hormetic effects. However, decreased photosynthetic activity was detected at higher
concentrations of POEA (19.2 mg/L) and Roundup Classic (11.6–50.6 mg glyphosate/L). Differences
were demonstrated in the sensitivity of the selected algae species and, in addition to the individual
and combined toxicity of the components presented in the glyphosate-based herbicides. Both of the
observed inhibitory and stimulating effects can adversely affect the aquatic ecosystems and water
quality of surface waters.

Keywords: glyphosate; co-formulants; POEA; APG; algae; phytotoxicity; photosynthetic activity;
hormesis; growth inhibition; combined toxicity

1. Introduction

The majority of various pesticide formulations have significant direct or indirect detri-
mental effects on the environment, particularly in surface waters due to their leaching, surface
run-off from treated areas, drifting, foliar spray, and unintended overspray [1–3]. Non-
selective glyphosate-based herbicides (GBHs) are no exemption from this trend [4,5]. Origi-
nally, these herbicides were exclusively applied for pre-emergence weed control. However, the
introduction of glyphosate-tolerant genetically modified crops (not authorized for cultivation

Toxics 2024, 12, 257. https://doi.org/10.3390/toxics12040257 https://www.mdpi.com/journal/toxics1
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in the European Union) and the adoption of pre-harvest desiccation practices in agriculture
resulted in a substantial increase in the use of glyphosate-based formulations [6–8]. However,
the approval of the active substance glyphosate has been renewed according to the current
legislation subject to the specified conditions and restrictions. Based on the Commission
Implementing Regulation (EU) 2023/2660, pre-harvest use of GBHs as desiccants to control
the time of harvest or optimize threshing is not authorized [9,10].

Globally, more than 2000 commercial GBHs are used for chemical plant protec-
tion against weeds. Different salts of glyphosate (e.g., glyphosate isopropylammonium
salt, glyphosate diammonium salt, or glyphosate trimethylsulfonium salt) are used as
active ingredients in various GBHs to enhance the solubility of the parent compound,
glyphosate [11,12]. In addition to the active ingredient, various co-formulants are also
included in GBHs. The primary function of these co-formulants is to facilitate the effec-
tiveness and bioavailability of the formulation by increasing the solubility, adsorption, and
absorption of the active ingredient [13]. For example, POEA (a mixture of polyethoxylated
tallow amines) as a formulating agent in GBHs enhances the penetration of glyphosate
into the plant cell [14]. Various co-formulants presented in commercial pesticides were
considered inactive components with regard to the required main biological effect of the
formulation. However, numerous studies have indicated the high individual toxicity of co-
formulants and the enhanced combined toxicity of the active ingredients and co-formulants
in various commercial pesticide formulations compared to the individual toxicity of active
ingredients [15–17]. Therefore, the use of POEA in GBHs has been banned in the EU due to
the incriminating scientific evidence [18].

As a result of excessive global use, glyphosate has become a ubiquitous contaminant
in aquatic ecosystems [19,20]. The appearance and concentration of glyphosate in the differ-
ent environmental elements (e.g., soil, ground and surface waters) are highly influenced by
several abiotic (e.g., hydrological conditions, pH, suspended materials), biotic (e.g., activity
and composition of the microbial community), and climatic factors (e.g., rainfall frequency
and intensity) [21–23], in addition to the condition of pesticide treatments (e.g., frequency
and timing of the treatment) [22,24]. In the past, glyphosate was not included in standard
pesticide monitoring programs. Thus, the environmental concentration of glyphosate and
its metabolites were underestimated particularly in regions where pre-harvest desiccation
practices are widespread or the cultivation of glyphosate-tolerant genetically modified crops
occurs extensively. The primary metabolite of glyphosate, aminomethylphosphonic acid
(AMPA), is more mobile in water than the parent compound [25,26] and is frequently detected
in various environmental elements, including groundwater and surface waters [26–31]. How-
ever, it is important to note that the appearance of AMPA in environmental matrices (e.g.,
groundwater, influents, or sewage sludge) is not exclusively a result of glyphosate metabolism,
as it can also originate from phosphonate detergents used in different softeners and cleaning
agents [31,32]. According to the U.S. Geological Survey, the presence of glyphosate and/or
AMPA was identified in 59% of the analyzed surface waters [33].

The level of glyphosate contamination can reach up to 5.2 mg/L in surface water,
although mainly in streams near the treated agricultural fields and especially after heavy
rains [27,34,35]. However, high variability can be observed in the detected glyphosate
residue levels in various surface water samples [27]. In surface waters collected in Ar-
gentina, the average concentrations of glyphosate and AMPA were in the ranges of 17.5–35.2
and 0.6–2.1 μg/L, respectively [36]. However, maximum concentrations were up to 0.258
and 5.87 mg/L, respectively, in the analyzed groundwater and surface water samples [37].
Based on European monitoring programs, the level of glyphosate contamination in surface
waters within the EU seems to be relatively lower, with typical glyphosate concentrations
ranging between 0.05 and 0.85 μg/L, but residues are consistently detectable [27]. In
water samples collected from Hungary, Switzerland, and Italy, the detected glyphosate
contamination ranged from 0.035 to 96 μg/L [5,27,35,38–40].
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Different GBHs manufactured with various co-formulants show different environmen-
tal behaviors (e.g., different half-lives and mobility in soil and water). After the pesticide
treatments, the active ingredients and the co-formulants rapidly become separated in
most cases. The half-life (DT50) of glyphosate in water varies from a few to 91 days [41].
Furthermore, the photo- and biodegradation of the active ingredient also occurred in
surface waters [41,42], although limited information is available about the half-lives and
the environmental fate of the co-formulants [20,43]. In general, most studies focus on the
possible toxic effects on various aquatic organisms and the analytical possibilities of the
qualitative and quantitative determination of the co-formulants including POEA and APGs.
However, the presence of the GBH co-formulant POEA has been observed extensively in
soils collected from agricultural fields of the mid-western states in the USA, where the
cultivation of genetically modified glyphosate-tolerant crops is concentrated [44]. Addi-
tionally, studies have demonstrated the persistence of POEA in soil along with glyphosate
and AMPA [44–46] and possible access to natural waterways [20,43,45]. Due to their low
environmental impacts and biodegradability [47], APGs are commonly used as additives
in pesticide formulations, personal skin products, and drugs [48,49]. The environmental
concentration of co-formulants is generally not monitored [45]; therefore, the exact con-
centration of POEA and APGs in surface waters is not known. However, the presence of
co-formulants such as POEA and APGs in the environment has been demonstrated (e.g.,
soil, sediment, wastewater) [43,49]. Typically, glyphosate and the co-formulants presented
in the GBHs coexist in environmental matrices (e.g., soil and waters) and such co-exposure
can affect various non-target aquatic organisms. The aquatic organisms and communities
are highly exposed to water pollution [50], as their contact with xenobiotics in water is
unavoidable. Recently, the possible combined toxic effects between active ingredients and
co-formulants on the environment and non-target organisms are poorly understood.

The toxic effects of glyphosate and its formulations have been studied in numer-
ous aquatic organisms, such as various algae species [51,52], crustaceans (e.g., Daphnia
magna) [53], mollusks [54], fish [55], and amphibians [56]. Based on the results of eco-
toxicological testing performed on a wide range of aquatic plant and animal organisms,
the damage to different physiological and behavioral functions was demonstrated [20].
In aquatic ecosystems, algal communities constitute the primary producer level and the
majority of biomass, playing a key role in the oxygen cycle of water and the atmosphere.
They also have essential roles in aquatic food webs and nutrient transport processes [57,58].
In addition, some species (e.g., Ankistrodesmus fulcatus) can participate in the breakdown
of organic pollutants and toxic compounds (e.g., tributyltin) [59]. However, the massive
proliferation of certain cyanobacterial (e.g., Anabaena flos-aquae, Microcystis aeruginosa) [60]
and green algae species (e.g., Pleodorina indica) can lead to deterioration of the water quality
of surface waters [61]. The determination of the effects of herbicides used for chemical plant
protection on algal species is crucial for the toxicological assessment of herbicide formula-
tions. Various algal species are widely used for environmental biological monitoring [62]
and bioremediation activities [63]. The different effects of glyphosate, its metabolite, co-
formulants, and/or commercial herbicide formulations on green algae and cyanobacterial
species are summarized in Table 1 partially based on our previous review about aquatic
ecotoxicity of glyphosate, its formulations, and co-formulants [20].

Based on the results of ecotoxicological studies, the inhibitory effects of glyphosate
and its formulation on various green algal (e.g., Chlorella vulgaris, Scenedesmus incrassatulus,
Pseudokirchneriella subcapitata) [64,65] and cyanobacterial (e.g., M. aeruginosa) species were
observed [66]. However, stimulated growth was observed at lower test concentrations after
exposure to glyphosate and glyphosate-based formulations [64,65,67].

In addition, altered cell morphology, disrupted ultrastructure (e.g., damaged thylakoids
and mitochondria) as well as altered biochemical and physiological parameters (e.g., antiox-
idant activity, lipid peroxidation) were also demonstrated in algae [52,68,69]. Additionally,
differences were observed in the sensitivity of the investigated aquatic organisms, even with
similar lifestyles, habitats, or identical taxa [70–72]. For example, the determined 72 h EC50
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values are in the range of 24.7–166 mg/L [15,20,73] for P. subcapitata, while for Desmodesmus
subspicatus higher values were calculated (72.9–166 mg/L) [41,52,74–76] during the ecotoxico-
logical testing on the effects of glyphosate. Moreover, potential adverse effects of glyphosate
and GBHs were indicated also on freshwater periphyton [77–79]. Moreover, the increased
toxicity of Roundup was demonstrated on cyanobacterial and green algal species (M. aerugi-
nosa, Nitella microcarpa var. wrightii) in the presence of POEA [80]. The 72 h EC50 values for
POEA in P. subcapitata ranged from 0.2 to 4.9 mg/L [15,81,82]. The negligible aquatic toxicity
of APGs was demonstrated on P. subcapitata [83], but the toxicity of APGs highly depends on
the length of the of the carbon chain [84,85].

In addition to growth inhibition, photosynthetic activity is a commonly used endpoint
during the assessment of phytotoxic effects. The measurement of photosynthetic parame-
ters ensures a non-invasive and rapid indication of harmful effects. A widely used method
for the measurement of photosynthetic activity is the detection of induced chlorophyll-a
fluorescence [86]. Recently, the measurement of photosynthetic activity is widely used
in research on stress effects on plant organisms, and for characterizing the physiological
state of plants [87–89]. In addition to herbicide active ingredients that directly inhibit
photosynthesis (e.g., atrazine), additional active ingredients, including glyphosate, can
also impact photosynthetic and respiratory processes by influencing various metabolic
pathways [90,91]. The adverse effects of glyphosate on photosynthetic processes can be
explained by the direct or indirect inhibition of plastoquinone biosynthesis [92,93]. Further-
more, the reduction in chlorophyll concentration [94] directly affects the rate of electron
transport in the chloroplast [91]. Reactive oxygen species generated in mitochondria can
further affect photosynthesis by inhibiting the respiratory electron transport chain as a
result of glyphosate exposure. The generated free radicals leave mitochondria and enter
the chloroplast, where they cause oxidative damage to the photosynthetic apparatus and
reduce the activity of photosynthesis [94]. The phytotoxic effects of glyphosate and its
herbicide formulation on photosynthetic activity have been studied on phytoplankton
species [95,96]. The observed effects indicated damage to the photochemical efficiency of
the PS II photochemical system [95]. However, increased growth, chlorophyll-a content,
and photosynthetic activity were observed at lower concentrations [90].

The aim of this study was to assess the individual and combined acute phytotoxicity of
the components of glyphosate-based formulations. During the comparison of toxic effects,
glyphosate was tested in the form of pure active ingredient (glyphosate isopropylammo-
nium (IPA) salt) and preparations (Roundup Classic and Medallon Premium) formulated
with a mixture of polyethoxylated tallow amines (POEA) or alkyl polyglucosides (APG),
respectively. In addition, the individual toxicity of the formulating agents (POEA and
APG) was also investigated. During our study, standard algal growth inhibition assays
were performed on different green algae species (D. subspicatus, P. subcapitata, Scenedesmus
obtusiusculus) and a cyanobacteria (A. flos-aquae). Based on the results, the differences in the
sensitivity of various algal species were also compared. In addition, we investigated the
possible effects on the photosynthetic activity of P. subcapitata algae cells exposed to the
components of Roundup Classic individually and in combination.
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2. Materials and Methods

2.1. Standard and Reagents

Glyphosate IPA salt and the mixture of polyethoxylated tallow amines (POEA, un-
der the tradename: Emulson AG GPE 3SS) were received from Lamberti SpA (Albizzate,
Italy). The glyphosate-based Roundup Classic (Monsanto Europe S.A./N.V.) [97] and
Medallon Premium (Syngenta) [98], in addition to the alkyl polyglucosides (APG, under
the tradename: Plantapon LGC) were purchased from a public commercial source. The
main chemical properties of the investigated herbicide active ingredient, formulations,
and surfactants (POEA and APG) used in the investigated formulations can be found in
Table 2. Based on the Material Safety Data Sheet (MSDS), Roundup Classic contains 41.5%
glyphosate IPA salt and 15.5% POEA. In addition, Medallon Premium consists of 34%
glyphosate diammonium salt and 10–20% APG. However, the selected formulations con-
tain different salts of glyphosate, and the indicated concentrations of the active ingredient
correspond to 360 g/L glyphosate acid concentration for both preparations. During the eco-
toxicological testing, glyphosate was tested only in the form of glyphosate IPA salt. In the
tested concentration ranges, the water solubility is not limited for any forms of glyphosate
active ingredient, and in water, the salts of glyphosate quickly dissociate into ions that are
also found in nutrient solutions and buffer solutions used in ecotoxicological studies.

Table 2. Composition and chemical characteristics of the investigated chemical substances.

Active ingredient (AI)

Chemical Name CAS No.1
Concentration of

the AI
Physical

Appearance Chemical Structure

glyphosate iso-
propylammonium

(IPA) salt
38641-94-0 62% (486 g/L

glyphosate acid)
water-soluble

emulsion

 

Glyphosate-based formulations

Product name AI Concentration of
the AI Co-formulants Concentration of

the co-formulants
Type of

formulation

Roundup Classic glyphosate IPA salt 41.5% (360 g/L
glyphosate acid)

mixture of
polyethoxylated

tallow amines
(POEA)

15.5%
liquid

water-soluble
concentrate

Medallon
Premium

glyphosate
diammonium

salt(CAS
69254-40-6)

34% (360 g/L
glyphosate acid)

alkyl
polyglucosides

(APG)
10–20%

liquid
water-soluble
concentrate

Co-formulants

Product name Co-formulant Concentration of
the co-formulant Additives Type of

formulation Chemical structure

Emulson AG GPE
3SS

POEA
(CAS 61791-26-2) 100% – water-soluble

emulsion

Plantapon LGC

APG (Na-lauryl
glucose

carboxylate CAS
383178-66-3 +

lauryl glucoside
CAS 110615-47-9)

28.5–34.0% water: 66–71.5% water-soluble
emulsion

 

1 Chemical Abstracts Service (CAS) Registry Number.
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2.2. Selected Algae Monocultures

The selected algae species were obtained from public collections. The green algae
Pseudokirchneriella subcapitata, Korshikov (NIVA-CHL1, previous name: Selenastrum capri-
cornutum, current name: Raphidocelis subcapitata) was obtained from the alga collection
of the Norwegian Institute for Water Research. The additional Desmodesmus subspicatus,
Hegewald & Schmidt (CCAP 276/20) and Scenedesmus bijugus var. obtusiusculus, Schmidt
(CCAP 276/25) green algae species, as well as the investigated filamentous cyanobacteria
Anabaena flos-aquae (CCAP 1403/13D, current name: Dolichospermum flos-aquae), were de-
rived from the Scottish Culture Collection of Algae and Protozoa. The batch culture
of green algae species and the selected cyanobacteria were maintained in Zehnder-8
(pH = 6–7) [99] and Allen (pH = 6–7) [100] media, respectively. Fresh media were added to
the algae cultures every two weeks, and they were maintained at 20 ± 2 ◦C and illuminated
in a 14:10 light/dark period with the use of cool-white fluorescence tubes (15 μmol/m2/s).
The sensitivity of the algae cultures was verified with the use of the reference substance
(potassium dichromate, K2Cr2O7) before testing and was proven to be acceptable (72 h
EC50 = 1.0 ± 0.1 mg/L) within the appropriate ranges (0.8 ± 0.1 mg/L for D. subspicatus;
1.2 ± 0.3 mg/L for P. subcapitata) based on the relevant standard protocol [101].

The selected green algal and cyanobacterial strains are sensitive to changes in water
quality, so they serve as excellent test organisms for the investigation of the toxic effects of
aquatic pollutants. P. subcapitata and D. subspicatus are also considered reference species
recommended by the related OECD guideline [102]. Additionally, the selected strains can
be easily maintained under laboratory conditions, and are characterized by a fast repro-
duction and life cycle [103,104]. Based on the scientific literature, significant differences
can be observed in the sensitivity of algal species to certain pollutants even within the
same taxa [71]. To investigate and compare the sensitivity of taxonomically close and
distant species to the applied treatments, three common representatives of freshwater green
algae (Phylum: Chlorophyta) were selected. Two of the selected green algae species (D.
subspicatus and S. obtusiusculus) belong to the same taxonomic family (Scenedesmaceae), thus
the sensitivity can be compared also in the case of taxonomically very close species. With
the use of A. flos-aquae representing a species of cyanobacteria known for its ability to form
harmful algal blooms [60], the differences in the sensitivity to the effects of glyphosate can
be evaluated for eukaryotic green algae cells and a prokaryotic cyanobacterium as well.

2.3. Algal Growth Inhibition Tests

The individual and combined phytotoxic effects of the components of the tested GBHs
were evaluated in algal growth inhibition tests based on the OECD 201 guideline [102].
Growth inhibition tests were performed on three unicellular green algae species (P. subcap-
itata, D. subspicatus, S. obtusiusculus) and, in the case of the active ingredient glyphosate,
the tests were also performed on the selected filamentous cyanobacteria (A. flos-aquae).
The duration of the test was 72 h. During the tests, continuous and uniform cool-white
illumination (104.9–14.9 μE/m2/s), optimal pH of algal media (pH = 6–7 for Zehnder-8
and Allen media, as well), controlled temperature (22 ± 2 ◦C) and stirring (continuous,
100 rpm) were ensured in a shaking incubator (Witeg WIS-10RL, Wertheim, Germany) [102].
The tested compounds were serially diluted, and five concentrations of the substance along
with the control were investigated in three repetitions at each level. Each test was repeated
three times for each investigated compound. The initial number of algae cells was 105

cells/mL in the tested and control groups with the fulfillment of the conditions for expo-
nential growth during the entire exposure time. During the growth inhibition assays, the
algal cell density was determined daily in the control group to monitor the required specific
reproduction rate. The concentration ranges used in the algal growth inhibition tests were
as follows for the different species: (1) P. subcapitata: glyphosate IPA salt: 22–352 mg/L,
Roundup Classic: 3.5–56 mg/L, Medallon Premium: 45–720 mg/L, POEA: 0.5–8 mg/L,
APG: 6.5–104 mg/L; (2) D. subspicatus: glyphosate IPA salt: 22–352 mg/L, Roundup Classic:
7–112 mg/L, Medallon Premium: 95–1520 mg/L, POEA: 0.8–13 mg/L, APG: 10–160 mg/L;
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(3) S. obtusiusculus: glyphosate IPA salt: 22–352 mg/L, Roundup Classic: 15–240 mg/L,
Medallon Premium: 125–2000 mg/L, POEA: 1.5–24 mg/L, APG: 30–480 mg/L; (4) A.
flos-aquae: glyphosate IPA salt: 4.5–36 mg/L.

At the end of the experiments, we determined the amount of algal biomass in each
control and treated group. Algal biomass was characterized by the measurement of optical
density and chlorophyll-a content. The optical density of green algae cells was determined
at a wavelength of 750 nm using a spectrophotometer (UV/VIS Camspec single beam
M330, Camspec, Crawley, UK), also in three repetitions for each sample [101]. In addition
to the measurement of optical density, the potential toxic effects were also evaluated based
on the chlorophyll-a content of the samples in the tests performed on green algae species
exposed to the POEA-formulated herbicide and its components. Due to the filamentous
structure of A. flos-aquae, more reliable results were obtained with the measurement of
the chlorophyll-a content. The correlation between the two test methods proved to be
very high in the case of green algae species (R2 > 0.998). After the extraction process, the
chlorophyll-a content of the samples was also determined using a spectrophotometric
method in the three replicates [105]. In the performed tests, the coefficient of variation for
section-by-section specific growth rates (days 0–1, 1–2, and 2–3) remained below 35% in
the control groups. During the entire duration of the tests, the coefficient of variation of the
specific growth rates did not exceed 7% in the parallel control cultures of P. subcapitata and
D. subspicatus. In addition, more than 16-fold growth was detected in the control groups,
thus the tests can be considered valid.

During the testing of individual and combined effects on algal growth, algae cells were
exposed to glyphosate IPA salt and the tested surfactants (POEA and APG) individually
and in the form of formulated herbicides. The individual and combined toxicity of the
tested substances was evaluated by the determined 72 h EC50 values. The 72 h EC50 values
were calculated based on the measured optical densities and chlorophyll-a contents as well.
During the comparative study of the individual and combined toxicity, the 72 h EC50 values
determined for the tested GBH formulations were corrected with the nominal content of
the active ingredient glyphosate and the surfactant as well, based on the MSDS (Table 2).

2.4. Photosynthetic Activity Tests

The individual and combined effects of the components of Roundup Classic were
assessed on the photosynthetic activity of P. subcapitata green algae. The photosynthetic
activity was determined in the samples derived from the algal growth inhibition tests after
the 72 h exposure. The measurements were carried out with a portable FluoroMeter Module
(FMM) device based on the detection of laser-induced chlorophyll-a fluorescence [106]. The
measuring principle of the instrument is based on the “Kautsky effect” [86]. Under dark
conditions, the photochemical process of photosynthesis in plant cells temporarily ceases,
and upon sudden high-intensity stimulation, typically by laser excitation, the chlorophyll
molecules in the cells immediately begin to absorb light. However, the optimal conditions
for photosynthesis develop more slowly, so only a small fraction of the energy of the
light absorbed at the beginning is used in the process of photosynthesis. The excess light
energy is re-emitted by the cells in the form of fluorescent light. After a few minutes, as
the photosynthetic process resumes, the plant cell utilizes the absorbed light with higher
efficiency, causing the intensity of fluorescent radiation to gradually decrease, stabilizing at
a lower value [86,107].

During the 96-well microplate-based assay, the photosynthetic parameters were mea-
sured after a 10 min dark adaptation with the use of a special sample holder. After the dark
acclimatization, the samples were excited with a laser diode (10 mW) at the wavelength
of 635 nm. After excitation, the duration of the measurement was 5 min. During the
measurements, the intensity of the fluorescent light emitted by the sample was detected
at wavelengths of 690 nm and 735 nm [106,107]. The measurements were performed in
triplicates. Photosynthetic activity of the control and treated groups was characterized by
the observed ratio of fluorescence decrease (Rfd*) and the proxy of quantum efficiency of
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the algae photosystem PSII (Fv*/Fp). Here, Fp means the peak fluorescence value derived
from the fluorescence induction curve using the FMM module, while Fv* represents the
variable fluorescence in terms of Fp. Essentially, the Fv/Fm parameter describes the impact
of plant stress on photosystem II in a dark-acclimated state, where Fm is the maximum
chlorophyll fluorescence under a saturating radiation pulse in such conditions [108,109].
As the maximum actinic level available with the FMM will not saturate PSII, Fp is used to
distinguish it from Fm, which represents the maximum fluorescence value during continu-
ous excitation under full saturation [88,108]. Rfd* corresponds to Fd/Fs, where Fs is the
observed steady-state fluorescence and Fd indicates the fluorescence reduction from Fp to
Fs [106,108]. Detailed explanations of different fluorescence parameters are summarized in
Table 3. The effects on photosynthetic activity were compared based on the values detected
at the wavelength of 690 nm [88].

Table 3. The main fluorescence parameters and quantities determined by FMM [106].

Fluorescence Parameter Definition Interpretation

Fo observed Non-variable (original) fluorescence intensity
Fp observed Peak fluorescence intensity, maximum fluorescence at a

non-saturating light pulse
Fv* Fp–Fo Variable fluorescence in terms of Fp

Fv*/Fp Fv*/Fp Proxy of quantum efficiency of photosystem II
Fs observed Steady-state (terminal) fluorescence
Fd Fp–Fs Fluorescence decrease in terms of Fp

Rfd* Fd/Fs Fluorescence decrease ratio

2.5. Statistical Analysis

Based on the results of algal growth inhibition tests, 72 h EC50 values for both measured
parameters (optical density and chlorophyll-a content) were determined using the ToxRat
Pro 3.0 statistical software (ToxRat Solutions Gmbh, Alsdorf, Germany). The additional
statistical analyses were performed with the use of the R Statistical program 4.2.1. (R
Development Core Team, Vienna, Austria). The effects of the individual and combined
exposures, in addition to the differences between the determined 72 h EC50 values, and the
detected parameters of photosynthetic activity (Fv*/Fp and Rfd*) were evaluated with the
use of general linear models. Before the statistical analysis, the normality of the data and
the homogeneity of variance were checked by Shapiro–Wilk and Levene’s or Bartlett’s tests
at the significance level of 0.050. Furthermore, the applicability of the fitted model was
verified in each case with diagnostic plots (residual variances, QQ plot, Cook’s distance
plot). Tukey’s honest significant difference (HSD) tests were used as post hoc analyses
to assess the significant differences between groups. The data were evaluated using the
Kruskal–Wallis test, if the conditions for applying the chosen model were not met, with the
use of the Student–Newman–Keuls (SNK) test for the comparison of the different groups at
the significance level of 0.050. In addition, the observed hormetic effects were verified with
the use of Brain–Cousens hormesis models available in the ’dcr’ package of the R Statistical
program 4.2.1. [110–112].

3. Results

3.1. Individual and Combined Effects on Algal Growth

During the ecotoxicological testing, significant differences were not observed in the 72 h
EC50 values determined for the active ingredient glyphosate based on the optical density
of P. subcapitata (125.2 ± 16.5 mg/L) and D. subspicatus (132.9 ± 2.3 mg/L) green algae
samples (p = 0.467). On the other hand, much higher individual toxicity of glyphosate was
demonstrated on S. obtusiusculus (73.1 ± 21.2 mg/L) compared to the individual toxicity
values determined for the two other green algae species (p < 0.001). The individual toxicity of
POEA significantly exceeded the individual toxicity of glyphosate for all three algal species
(p < 0.001). Furthermore, compared to the individual toxicity of glyphosate, the toxicity of
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the formulation significantly increased in the presence of POEA during the examination of
all species (P. subcapitata, D. subspicatus: (p < 0.001); S. obtusiusculus p = 0.005). In the case
of the formulation, no difference can be observed between the toxicity values corrected
with the nominal content of POEA and determined after the individual exposure to POEA
for P. subcapitata (p = 0.146) and D. subspicatus (p = 0.172), but the individual toxicity of
POEA was lower on S. obtusiusculus (p = 0.021) (Table 4). Based on the determined 72 h
EC50 values, a significant difference can be observed in the sensitivity of the tested species.
There is no difference between the sensitivity of P. subcapitata and D. subspicatus (p = 0.467)
for glyphosate, while the sensitivity of S. obtusiusculus was higher due to the toxic effects
of glyphosate (p < 0.001). In contrast, S. obtusiusculus was the most tolerant against the
effects of the POEA-formulated herbicide and POEA, followed by D. subspicatus, while in
the case of both tested substances, P. subcapitata proved to be the most sensitive green algae
(Roundup Classic: p < 0.001; POEA: p < 0.030) (Table 4).

Table 4. The determined 72 h EC50 values for Roundup Classic and its components based on optical
density measurements during the ecotoxicological testing on various green algae species.

72 h EC50 Values (mg/L) 1

Algae Species GLY
Roundup Classic 2 POEA

GLY cont. POEA cont.

Pseudokirchneriella subcapitata 125.2 ± 16.5
12.2 ± 3.1

2.6 ± 0.75.1 ± 1.3 1.9 ± 0.5

Desmodesmus subspicatus 132.9 ± 2.3
34.0 ± 6.9

4.4 ± 0.414.1 ± 2.9 5.3 ± 1.1

Scenedesmus obtusiusculus 73.1 ± 21.2
65.8 ± 9.0

6.9 ± 1.627.3 ± 3.7 10.2 ± 1.4
1 The combined toxicity of the investigated active ingredient glyphosate (GLY) and formulating agent POEA
(mixture of polyethoxylated tallow amines) was investigated in the form of the formulated herbicide preparation.
2 The 72 h EC50 values for the herbicide formulation corrected with the nominal content of GLY and POEA
indicates the concentration of the given component that is present in the formulation causing a 50% effect.

Similar to the toxicity values based on the optical density measurements, the toxicity
of the POEA-formulated herbicide was also higher compared to the individual toxicity of
glyphosate on the investigated green algae species (p < 0.001), according to the 72 h EC50
values based on the measurements of the chlorophyll-a content. The highest individual
toxicity of glyphosate (17.4 ± 6.0 mg/L) was demonstrated for the tested cyanobacterium
(A. flos-aquae) (p < 0.001). However, based on the chlorophyll-a content, a difference can
be observed in the sensitivity of the two green algae, as D. subspicatus proved to be more
sensitive (73.8 ± 5.3 mg/L) compared to P. subcapitata (105.3 ± 17.8 mg/L) (p = 0.004). The
individual toxicity of POEA also proved to be much higher compared to the individual
toxicity of glyphosate based on the chlorophyll-a content (p < 0.001), where P. subcapitata
was more sensitive to the effect of POEA (p < 0.001). In contrast to the active ingredient,
there was no significant difference between the 72 h EC50 values for the formulation
corrected with the POEA content and the determined toxicity values for POEA alone on
the tested green algae species (p ≥ 0.096). Moreover, differences were not indicated in the
sensitivity of the green algae species exposed to the formulation (p = 0.838) (Table 5).

According to the results of algal growth inhibition tests performed on the APG-
formulated herbicide, differences were not demonstrated between the individual toxicity
of glyphosate and the combined toxicity indicated by the calculated 72 h EC50 values for
the formulation on P. subcapitata (p = 0.856). In contrast to the POEA-formulated GBH,
the individual toxicity of glyphosate significantly exceeded the combined toxicity of the
components determined in the form of the APG-formulated herbicide on the other two
tested green algae species (D. subspicatus: p < 0.001, S. obtusiusculus: p = 0.002). S. obtusius-
culus proved to be more sensitive to the effects of glyphosate (p = 0.001) (Table 6). Similar
to POEA, the individual toxicity of APG was higher compared to the individual toxicity
of glyphosate on P. subcapitata and D. subspicatus (p < 0.001), where P. subcapitata proved

10



Toxics 2024, 12, 257

to be more sensitive (p < 0.001). Conversely, the individual toxicity of glyphosate was
higher compared to the individual effects of APG on S. obtusiusculus (p = 0.008). Signifi-
cant differences were not detected between the toxicity values determined for Medallon
Premium corrected with the APG content and indicated after the individual exposure to
the surfactant APG on P. subcapitata (p = 0.068) and S. obtusiusculus (p = 0.109), similarly to
POEA. However, the individual toxicity of APG was higher compared to the combined
effects of the components indicated by toxicity values for the APG-formulated herbicide
corrected with the APG content on D. subspicatus (p = 0.001). Based on the determined 72 h
EC50 values, significant differences can be observed in the sensitivity of the tested species.
P. subcapitata was the most sensitive species for both the formulation and APG (Medallon
Premium: p < 0.001, APG: p ≤ 0.001). In the case of the additional two green algae, the
difference was not demonstrated in their sensitivity to the effects of the APG-formulated
herbicide (p = 0.650), while S. obtusiusculus proved to be more tolerant to the toxic effects of
APG (p < 0.001) (Table 6).

Table 5. The determined 72 h EC50 values for Roundup Classic and its components based on the
chlorophyll-a content during the ecotoxicological testing on green algae species and a cyanobacterium.

72 h EC50 Values (mg/L) 1

Algae Species GLY
Roundup Classic 2 POEA

GLY cont. POEA cont.

Pseudokirchneriella subcapitata 105.3 ± 17.8
34.9 ± 3.2

1.9 ± 0.314.5 ± 1.36 5.4 ± 0.5

Desmodesmus subspicatus 73.8 ± 5.3
32.3 ± 9.2

4.9 ± 0.613.4 ± 3.8 5.0 ± 1.4

Scenedesmus obtusiusculus 51.1 ± 2.6
25.4 ± 8.5

4.4 ± 0.910.5 ± 3.5 3.9 ± 0.6

Anabaena flos-aquae 17.4 ± 6.0
n.m. 3

n.m.
n.m. n.m.

1 The combined toxicity of the investigated active ingredient glyphosate (GLY) and formulating agent POEA
(mixture of polyethoxylated tallow amines) was investigated in the form of the formulated herbicide preparation.
2 The 72 h EC50 values for the herbicide formulation corrected with the nominal content of GLY and POEA
indicates the concentration of the given component that is present in the formulation causing a 50% effect.
3 not measured.

Table 6. The determined 72 h EC50 values for Medallon Premium and its components based on the
optical density measurements during the ecotoxicological testing on various green algae species.

72 h EC50 Values (mg/L) 1

Algae Species GLY
Medallon Premium 2 APG

GLY cont. APG cont.

Pseudokirchneriella subcapitata 125.2 ± 16.5
125.7 ± 13.7

23.0 ± 2.342.7 ± 4.7 18.9 ± 2.1

Desmodesmus subspicatus 132.9 ± 2.3
720.9 ± 96.6

64.3 ± 12.9245.1 ± 32.8 108.1 ± 14.5

Scenedesmus obtusiusculus 73.1 ± 21.2
687.5 ± 171.9

137.9 ± 19.1233.8 ± 58.4 103.1 ± 25.8
1 The combined toxicity of the investigated active ingredient glyphosate (GLY) and formulating agent APG (alkyl
polyglucosides) was investigated in the form of the formulated herbicide preparation. 2 The 72 h EC50 values for
the herbicide formulation corrected with the nominal content of GLY and APG indicates the concentration of the
given component that is present in the formulation causing a 50% effect.

3.2. Effects on the Photosynthetic Activity of Green Algae Cells

The individual and combined effects of the components presented in the tested POEA-
formulated herbicide on the photosynthetic activity of P. subcapitata were evaluated accord-
ing to the measured Fv*/Fp values connected to the photochemical efficiency of the PS
II photochemical system and Rfd* values characterizing photosynthetic activity. During
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the investigation of the effects of glyphosate on photosynthetic activity, the pure active
ingredient did not result in a significant decrease in the Fv*/Fp values compared to the
control group up to a concentration of 109 mg/L (p = 0.034). In contrast to the pure ac-
tive ingredient, the formulation resulted in a significant reduction in the Fv*/Fp value
(p = 0.015) compared to the control group, but only at the highest tested concentration
(50.6 mg/L). After the individual exposure to POEA, significant changes in Fv*/Fp values
were not observed in the tested concentration range (0.6–19.2 mg/L). POEA in the presence
of the active ingredient did not cause the reduction in the Fv*/Fp value up to the highest
tested concentration (18.9 mg/L) compared to the control group (p < 0.001) (Figure 1—the
Fv*/Fp values were plotted in the common concentration range of the tested components:
glyphosate: 0–54.5 mg/L; POEA: 0–19.2 mg/L).

Figure 1. The individual and combined effects of glyphosate and POEA on the Fv*/Fp values character-
izing the photochemical efficiency of the PS II photochemical system in the exposed algae cells.

During the investigation of glyphosate, a significant increase was observed in the Rfd*
values at the lower tested concentrations (13.6–27.2 mg/L) (p < 0.025). However, above
this range, no significant difference was observed compared to the control group, not even
at the highest concentration (436 mg/L) (p = 1.000). After the exposure to glyphosate in
the form of herbicide formulation, increased Rfd* values were also detected at the lower
test concentrations (1.5–5.8 mg/L) compared to the control group. However, the difference
was significant only at the two lowest concentrations (p < 0.018). In contrast, significantly
decreased Rfd* values were observed at the higher concentration range (11.6–50.6 mg/L)
(p < 0.012) (Figure 2—the Rfd* values were plotted in the common concentration range
of the tested components: glyphosate: 0–54.5 mg/L; POEA: 0–19.2 mg/L). Similar to
the effects of glyphosate, a significant increase in Rfd* was observed after the individual
exposure to POEA at the lower concentration range (0.6–4.8 mg/L) compared to the control
group (p < 0.035). However, a significant decrease was demonstrated in the Rfd* values
(p = 0.009) at the highest tested concentration (19.2 mg/L). After the exposure to the
herbicide formulation, POEA also resulted in an increase in Rfd* values at the lower
concentration range of POEA (0.5–2.2 mg/L) compared to the control. However, significant
differences were not observed at the higher concentrations (4.8–19.2 mg/L) (p > 0.984)
(Figure 2).
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Figure 2. The individual and combined effects of glyphosate and POEA on the Rfd* values character-
izing photosynthetic activity in the exposed algae cells.

4. Discussion

According to the determined 72 h EC50 values based on the measured optical density
and chlorophyll-a content of the samples, the results and observed trends in toxicity
correlated well between the tested endpoints. However, higher differences can be observed
in some cases. Generally, lower toxicity values were determined based on the chlorophyll-a
content compared to the 72 h EC50 values calculated based on the optical density of the
samples (Tables 4 and 5). The observed differences between the 72 h EC50 values based on
the two tested endpoints can presumably be explained by the fact that the determination
of the optical density can be disturbed by the aggregation of cells and the presence of the
remains of dead cells in the sample. On the other hand, during the analytical determination
of the chlorophyll-a content, this disturbing matrix is not presented after the extraction of
the samples. The determination of chlorophyll-a content proved to be a more reliable and
sensitive endpoint, while in dead plant cells, chlorophyll-a begins to decompose rapidly, so
the effects of inhibiting algae growth are estimated only based on living cells.

Based on the scientific literature and our results, significant differences can be observed
in the sensitivity of different algal and cyanobacterial species to the effects of glyphosate
and its formulated herbicides, even within the same taxa [20,70–72,113]. Therefore, the
significant differences that can be observed in the available toxicity data are not surprising.
Differences in the sensitivity of different algal species can presumably be explained by
differences in the morphology of different algal cells (e.g., size and shape of cells, surface
area to volume ratio, colony formation), the biology of cells (e.g., cell wall permeability,
intracellular structure), and the physiology of different species (e.g., growth, nutrient
uptake, metabolic activity) [114,115].

During the examination of the phytotoxic effects of glyphosate, the 72 h EC50 values de-
termined for P. subcapitata (125.2 ± 16.5 and 105.3 ± 17.8 mg/L) far exceed the available lit-
erature values (24.7–41 mg/L) [15,73]. The values determined for D. subspicatus (132.9 ± 2.3
and 73.8 ± 5.3 mg/L) fit well into the available toxicity range (72.9–166 mg/L) [74–76].
The toxicity of GBHs on algae species was investigated in several studies [115–117]. The
toxicity values determined for Roundup Classic (corrected with glyphosate content) on P.
subcapitata (72 h EC50 values: 5.1 ± 1.3 mg/L) correlated well with some of the published
72 h EC50 values (0.7–5.8 mg/L) for Roundup formulations [15,73,118]; however, they
remain well below the values published in other studies (15.6–64.7 mg/L) [52,119]. In
contrast to the 72 h EC50 values demonstrated on the MSDS of the tested formulations
for algal test organisms (72 h EC50 values = 2.1 mg/L (P. subcapitata, Roundup Classic)
and 140 mg/L (D. subspicatus, Medallon Premium) [97,98]), our toxicity values were sig-
nificantly higher. During the investigation of the individual and combined toxicity of the
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components presented in Roundup Classic, the formulating agent POEA proved to be the
most toxic component, followed by the formulation, while the toxicity of glyphosate was
the lowest on the tested green algae species similar to the results of Tsui and Chu [15].
Similarly, the highest toxicity was observed for the tested surfactant APG compared to
the individual toxicity of glyphosate and the combined toxic effects of the formulation
on P. subcapitata and D. subspicatus. However, the highest toxicity was observed after the
individual glyphosate exposure on S. obtusiusculus. (Tables 4–6). The increased toxicity
of the formulations in the presence of formulating agents (e.g., POEA) has already been
proven in several studies [15,77,120,121]. Based on our results, POEA proved to be more
toxic than APG (p < 0.001) (Tables 4 and 6). The determined 72 h EC50 values of POEA
(2.6 ± 0.7 mg/L and 1.9 ± 0.3 mg/L) roughly correspond to the literature data for P.
subcapitata (0.2–4.1 mg/L) [15,81,82] (Tables 4 and 5). The 72 h EC50 values determined
for APG on P. subcapitata (23.0 ± 2.3 mg/L) correspond to the toxicity range determined
for long-chain APG compounds (C12–14: 11–46 mg/L) [83,84], but far exceed the value
(2.7 mg/L) determined by Pavlic et al. [85] for C10 carbon chain APG compounds. In
contrast, the 72 h EC50 values determined for APG compounds with shorter carbon chains
(C8–10) on P. subcapitata proved to be very high (1113–1543 mg/L) [83,84]. The toxicity
values determined for D. subspicatus (64.3 ± 12.9 mg/L) (Table 6) far exceed the aver-
age 72 h EC50 values calculated for APG compounds with different chain lengths (C8–10:
21 mg/L, C12–14: 6 mg/L) [122], but mainly reflect the average value determined by Pavlic
et al. [85] (C10: 0.32 mg/L). According to the results of several studies, increased toxicity
on algae species has been observed with the length of the carbon chain [84,122].

In addition to herbicides that directly inhibit photosynthesis (e.g., atrazine), other
active ingredients (e.g., glyphosate) can also affect photosynthesis and respiration pro-
cesses through their effects on different metabolic pathways [90,91,123]. Based on our
results, the pure glyphosate active ingredient did not result in a significant decrease in
the photochemical efficiency of the PS II photochemical system compared to the control
group up to a concentration of 109 mg/L. On the other hand, in the presence of POEA, a
significant decrease was detected in the measured Fv*/Fp values even at a lower concen-
tration of 50.6 mg/L (Figure 1). According to the measured Rfd* values, an increase was
observed for both the pure active ingredient and the formulated herbicide preparation at
low concentrations (glyphosate: 13.6–27.2 mg/L, Roundup Classic (glyphosate equivalent):
1.5–5.8 mg/L). However, the decrease in the Rfd* values was only observed after the
exposure to the herbicide formulation in the tested concentration range (Figure 2).

The adverse effects of glyphosate on the photochemical efficiency of the PS II photo-
chemical system were observed on various green algal species (including P. subcapitata)
from a concentration of 75 mg/L and several diatom species in the range of 15.3–37.5
mg/L [95]. Moreover, similar to our results, at a lower test concentration (0.02 mg/L),
an increase in photosynthetic activity was also observed in the unicellular green algae
(Scenedesmus quadricauda) [113]. The effects of formulating agents (e.g., POEA, APG) on
the photosynthetic activity were investigated on the leaves of higher order plants (Bras-
sica oleracea, Malus domestica), where significant effects of the tested surfactants were not
demonstrated on M. domestica. On the other hand, a significant decrease in the photo-
chemical efficiency of the PS II photochemical system was detected on the leaves of B.
oleracea exposed to POEA [124]. During our measurements, POEA caused a significant
decrease in the photochemical efficiency of the PS II photochemical system only in the
presence of glyphosate at the highest test concentration (Roundup Classic: 18.9 mg/L
POEA equivalent). POEA individually and in the presence of glyphosate induced an
increase in Rfd* values at lower test concentrations. Conversely, significantly lower Rfd*
values were demonstrated in the higher POEA concentration range compared to the control
(Figure 2). After the exposure to Roundup formulations, the phytotoxic effect of glyphosate
in the presence of POEA far exceeded the toxicity of the pure active ingredient on the
photosynthetic activity of green and blue-green algae species (M. aeruginosa, N. microcarpa
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var. wrightii). However, at low concentrations, an increase in photosynthetic activity was
also reported [80,90].

The observed stimulatory effects of toxic compounds at lower concentrations can be
interpreted as hormesis effects [80,90]. Hormesis is the phenomenon when a xenobiotic
has an opposite effect in low and high doses on some infra-individual level property of an
organism (biochemical processes, cellular characteristics, histological and organic changes,
etc.), or on some characteristic of a population/community [125]. Essentially, hormesis is
a biological phenomenon where a harmful compound shows a favorable or stimulating
effect in the low concentration range [126]. The phenomenon cannot be characterized by
the usual sigmoid (logistic) shaped dose–effect curve [126–128]. The explanation of the
phenomenon of hormesis is not completely clear, but several background mechanisms
can be assumed [127,129]. One of the possible explanations is that the homeostasis of the
organism is disturbed by the low concentration of the pollutant and the positive effect
appears to compensate the negative effects of the xenobiotics. As a result of the disturbance,
the dynamic equilibrium of the body conditions slightly exceeds the normal limits. To
compensate for this imbalance, the affected organism mobilizes resources and, in the
meantime, achieves a more favorable state than before (e.g., observed higher growth rates
by the low concentrations of the tested compounds compared to the control) [127,130].
According to another idea, hormesis results from changes in energy allocation of the
organisms [131]. The consequence of the trade-off alterations in life history traits can be
indicated by changes in various population parameters (e.g., number of eggs, growth, and
behavior) [129,131]. The changes of trade-off caused by pesticides can have an adaptive
value, because it helps individuals maintain their fitness [132].

Based on our results, Rfd* proved to be a more sensitive endpoint compared to the
Fv*/Fp values characterizing the photochemical efficiency of the PS II photochemical
system. During the investigation of the phytotoxic effects, a higher growth rate (3.5 mg/L
Roundup Classic) and increased photosynthetic activity were measured at lower test con-
centrations of the formulation compared to the control groups. At the lower concentrations
of the pure active ingredient and POEA, the hormesis effects were only detected during the
measurement of the Rfd* values. The observed hormetic effects were also verified by the
performed Brain–Cousens hormesis models (p < 0.048). Based on the results of algal growth
inhibition tests, this stimulating effect was not demonstrated after the individual exposure
to the tested components. According to the measured Rfd* values, the hormetic response of
P. subcapitata was indicated after the individual and combined exposure to the components
at the lower concentration ranges. In our study, the observed changes in photosynthetic pa-
rameters can presumably be explained primarily by the phenomenon of hormesis, as well as
by the change in algal biomass resulting from toxic effects. At low concentrations, the toxic
effects do not yet prevail, but on the contrary, the treated algal cells can utilize glyphosate
as a source of carbon, phosphorus, and nitrogen [70,90,110,133,134]. Moreover, glyphosate
can also trigger pathways for protein and metabolite synthesis [70,133], which can result in
increased biomass growth. However, with the increase in concentration, the toxic effects
prevail against the excess nutrient content. During the investigation of Pseudomonas species,
the utilization of octadecyl-bis(2-hydroxyethyl) amine was demonstrated as a carbon and
energy source during bacterial growth [81]. Based on certain studies, hormesis can also be
interpreted as the response of the plant organism to increased stress [135].

Significant differences were demonstrated in the individual and combined toxicity
of the components presented in the tested GBHs. Furthermore, our results support the
scientific opinions proposing changes in the official regulations, including the strict regu-
lation of co-formulants, the future development of standards to assess combined effects,
and the environmental risks of chemical mixtures [136,137]. Generally, the active ingre-
dients and the co-formulants almost certainly become separated relatively quickly after
pesticide treatments. The mobility of the components presented in pesticide formulation
highly depends on the physico-chemical properties of the chemical substances (e.g., water
solubility, log Kow) and the environmental matrices (e.g., pH, level of suspended materials,
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dissolved oxygen content) [20–22,41,138]. The water solubility of glyphosate is 11.6 g/L
(25 ◦C), while degradation half-life (DT50) in water varies from a few to 91 days [41]. The
water solubility of POEA increases with the increase in oxide–tallow amine ratio [139],
while its persistence was demonstrated in soil by several studies [44,45]. The water solubil-
ity and biodegradability of APGs depends on the length of the alkyl chain [48]. Various
co-formulants affect the solubility and stability of glyphosate, leading to variations in its
bioavailability and persistence in the environment [43]. The surfactants applied in GBHs
can modify the adsorption capacity of glyphosate, resulting in reduced physical adsorption
of glyphosate on the surface of solid–liquid boundary phases (e.g., suspended particles in
water samples) [140]. In addition, surfactants form micelles that help glyphosate stay in
solution and provide protection against degradation [82,141,142]. In summary, the physico-
chemical interactions between glyphosate and the additional ingredients are complex and
can significantly influence the overall toxicity of GBHs. Therefore, the ecotoxicological and
toxicological evaluation of the various additives is an essential condition for the proper
environmental risk assessment of pesticide formulations used in agricultural practice. Cur-
rently, manufacturers are only required to indicate the exact chemical name and quantity of
the active ingredient(s), synergists, and antidotes on the labels of the products in the EU.
Thus, the exact composition of the formulations and information about co-formulants are
not public [9,143], resulting in several uncertainties regarding the evaluation of the possible
combined toxic effects [144].

However, most of the calculated toxicity values determined for the components pre-
sented in glyphosate-based formulations individually and in combination remain below
the detected average environmental concentrations in surface waters [27,36], and contami-
nation levels can rise significantly after heavy rains in the watercourses near the treated
areas [34,145]. Additionally, the toxicity of glyphosate and POEA can also be significantly
influenced by different environmental conditions (e.g., pH, dissolved oxygen content,
temperature) [146,147]. Moreover, as a result of global climate change, increased average
temperature and the modified intensity of the incident light can significantly influence the
phytotoxic effects of glyphosate on phytoplankton communities [91]. Stimulatory effects
were indicated at lower concentrations of glyphosate-based Roundup Classic (1.5–5.8 mg
glyphosate/L and 0.5–2.2 mg POEA/L), for which concentrations approach or stay much
below the measured maximums [27,34,35,37].

5. Conclusions

Based on the scientific evidence and our findings, significant differences can be ob-
served in both the individual and combined toxicity of the components contained in the
tested GBH formulations. According to our results, the tested co-formulants proved to be
the most toxic components. Although the individual toxicity of APG is not as high as for
POEA, the toxicity of the formulation is affected by the simultaneous presence of the active
ingredient and the co-formulants. Therefore, the revision of GBHs formulated with APG
compounds may also be necessary. In addition, significant differences were detected in the
sensitivity of the tested algal species, including D subspicatus and S. obtusiusculus species
belonging to the same family (Scenedesmaceae). The differences in sensitivity are presum-
ably the result of differences observed in the morphology, cell biology, and physiology of
different algal cells. During the evaluation of phytotoxic effects, increased photosynthetic
activity was detected on P. subcapitata after the exposure to the POEA-formulated GBH
and its components in the lower concentration ranges. However, decreased activity was
observed after exposure to POEA and the formulation at higher test concentrations. Not
only the inhibitory effects but stimulating effects on the growth of algae can adversely affect
the aquatic ecosystem and water quality of surface waters. Moreover, the accumulation of
phytotoxins can also cause serious environmental effects on aquatic communities.
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Abstract: The environmental load by isoxaflutole and its formulated herbicide products has increas-
ingly become apparent because, after the ban of atrazine, isoxaflutole has become its replacement
active ingredient (a.i.). Obtaining information regarding the fate of this a.i. in environmental matri-
ces and its ecotoxicological effects on aquatic organisms is essential for the risk assessment of the
herbicide. In this study, the effects of Merlin Flexx- and Merlin WG75 formulated isoxaflutole-based
herbicide products and two selected additives (cyprosulfamide safener and 1,2-benzisothiazol-3(2H)-
one antimicrobial agent) were investigated on Raphidocelis subcapitata in growth inhibition assays.
In ecotoxicological tests, two conventional (optical density and chlorophyll-a content) and two
induced fluorescence-based (Fv*/Fp: efficiency of the photosystem PSII and Rfd* changes in the
observed ratio of fluorescence decrease) endpoints were determined by UV-spectrophotometer and
by our FluoroMeter Module, respectively. Furthermore, dissipation of isoxaflutole alone and in
its formulated products was examined by an HPLC-UV method. In ecotoxicological assays, the
fluorescence-based Rfd* was observed as the most sensitive endpoint. In this study, the effects of the
safener cyprosulfamide and the antimicrobial agent 1,2-benzisothiazol-3(2H)-one on R. subcapitata
is firstly reported. The results indicated that the isoxaflutole-equivalent toxicity of the mixture of
the isoxaflutole–safener–antimicrobial agent triggered lower toxicity (EC50 = 2.81 ± 0.22 mg/L)
compared to the individual effect of the a.i. (EC50 = 0.02 ± 0.00 mg/L). The Merlin Flexx formulation
(EC50 = 27.04 ± 1.41 mg/L) was found to be approximately 50-fold less toxic than Merlin WG75,
which can be explained by the different chemical characteristics and quantity of additives in them.
The additives influenced the dissipation of the a.i. in Z8 medium, as the DT50 value decreased by
approximately 1.2- and 3.5-fold under light and dark conditions, respectively.

Keywords: isoxaflutole; Merlin Flexx; Merlin WG75; cyprosulfamide; 1,2-benzisothiazol-3(2H)-one;
safener; combined effect; herbicide; ecotoxicology; fluorescence

1. Introduction

Agricultural micropollutants (pesticide active ingredients, co-formulants, and other
additives, mycotoxins, and fertilizers) can leach out from soil and contaminate surface
water and drinking water supplies, and thus exert direct and indirect adverse effects
on aquatic organisms and human health [1–5]. Agriculture, expanding in an effort to
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provide food for the growing and increasingly consuming human population, is forecasted
to dramatically contribute to biodiversity collapse and become a major driver of global
environmental change by 2050 [6–9]. Deterioration of water quality is also a key problem
related to these contaminants [1,3,10,11], and consequently, internationally harmonized
water quality indicators are in use to describe the state of water quality in agricultural
areas and define the contribution of nutrient and pesticide pollution originating from
agricultural activities [12].

Pesticide products exert their targeted activity by their active ingredients (a.i.s) in-
terfering with key physiological processes in the pest organisms. In addition to the a.i.s,
these products also contain various additives that can facilitate the stability, distribution, or
efficacy of the a.i. or modify its adhesivity or other physicochemical characteristics. Three
groups of additives need to be mentioned for the purpose of this study. Surfactants reduce
the surface tension of the aqueous solution of the a.i., thus facilitating the spreading of
the formulation used in plant protection as a film layer on the surface, thus aiding the
absorption of the a.i. [13]. Antidotes (safeners) reduce or eliminate the phytotoxic effect
of the a.i. on certain plants mostly by enhancing metabolic enzymes in these plants that
can rapidly degrade the a.i. of pesticide formulations. The use of antidotes has several
advantages in agricultural weed control: (i) selective eradication of weeds in botanically
related crops, (ii) the use of non-selective herbicides for selective weed control, and (iii) the
use of persistent soil herbicides by enhancing their degradation. An important drawback,
however, is that the antidote may facilitate the emergence of weed resistance, as increased
herbicide metabolism is a key mechanism in the development of not target-site-based weed
resistance [14]. Antimicrobial and/or antifungal additives (preservatives) protect the a.i.
from microbial degradation or unexpected chemical transformation on the plant surface,
thus promoting enhanced efficacy of the formulation [15]. As seen, antidotes (safeners) and
antimicrobial additives are biologically active components. Therefore, they are not typical
additives, as additives are, in principle, inert regarding the pesticidal mode of action of
the a.i., and therefore, formulation substances used to be evaluated as inert components
in the regulatory risk assessment process. Certain components in pesticide formulations
applied to animals, including the sodium salts of sulfomethylated lignosulfonic acid sus-
pension/emulsion stabilizers, are to date exempt from the requirement of tolerance in the
U.S. as “inert ingredients” [16]. Nonetheless, numerous studies confirmed that the toxicity
of formulated pesticides is often higher than that of the a.i.(s) themselves, confirming that
the formulation agents may exert their own toxicity on non-target organisms, possibly
additive or in some cases synergistic with the a.i.s [17].

Isoxaflutole (5-cyclopropylisoxazol-4-yl-2-mesyl-4-trifluoromethylphenyl-ketone), de-
veloped in 1995, is the a.i. of several commercial selective systemic herbicides for pre-
emergent weed control [18]. The mode of action of isoxaflutole is the inhibition of the
enzyme 4-hydroxyphenylpyruvate dioxygenase (HPPD). As a pigment inhibitor, it inhibits
the biosynthesis of carotenoid pigments that protect chlorophyll from degradation by
sunlight. Excessive exposure to sunlight causes photo-oxidation of chlorophyll pigments,
degradation of chloroplasts, and consequent whole-plant death [19–21]. The molecular
feature in isoxaflutole responsible for binding to HPPD has been identified to be the dike-
tonitrile moiety formed in situ, and more potent derivatives were reported by including
two of such moieties in a single molecule [22]. Nonetheless, isoxaflutole remains the sole
isoxazole derivative among commercialized HPPD inhibitor herbicides, often used in
herbicide-resistant weed management strategies [23–25]. Isoxaflutole was first registered
for use on maize in 1999, and it is currently authorized in the European Union until 2034
(assessed by Sweden as rapporteur Member State) [26,27]. It was also registered in the
US for use on genetically modified (GM) isoxaflutole-tolerant soybeans in 2020 [28–30].
With the introduction of GM crops into agricultural practice, the rate and amount of the a.i.
applied increases, as shown by the worldwide use of glyphosate following the approval
of tolerant GM crops [31,32]. Nonetheless, the adoption of isoxaflutole-resistant GM soy
remains limited due to restrictions in the use of isoxaflutole [25].
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1.1. Occurrence of Isoxaflutole and Its Additives in the Environment

Isoxaflutole has been detected as an emerging contaminant in surface and drinking wa-
ters due to its increasing use, together with the metabolites of diketonitrile, dichloroacetoni-
trile, and benzoic acid [33,34]. It has been identified as a persistent pollutant in water [21]
exerting algal toxicity [35], but long-term accumulation of it and its main diketonitrile
metabolite was not evidenced in semistatic water bodies [36]. Its half-life (DT50) wa-
ter is 18 days [37] and can be substantially shorter (0.5–14 days) in soil [38] due to its
leaching potential via migration through the unsaturated zone [39]. Due to the known
hydrolytic decomposition of isoxaflutole and subsequent conversion to cyto- and genotoxic
dichloroacetonitrile [34], the adverse biological effects of isoxaflutole can also be attributed
to this latter metabolite. Due to the increasing application rates of isoxaflutole accelerated
by the cultivation of isoxaflutole-resistant GM soy, its chemical load on the environment
increases, yet environmental accumulation risk has not been attributed to the a.i. In cases
of severe environmental pollution with pesticide a.i.s causing persistent or cumulating con-
tamination, not only the environmental fate and toxicology of the substance, but potential
means of remediation are needed to be assessed, as seen, e.g., in the case of paraquat [40]
or glyphosate [32,41,42]. The environmental status of isoxaflutole is fortunately not as
unfavorable, apparently manageable by certain application restrictions, and therefore the
feasibility of remediation is uncalled for.

Cyprosulfamide (N-[[4-[(cyclopropylamino)carbonyl]phenyl]sulfonyl]-2-methoxyben
zamide), developed in 2009, is a herbicide safener used with herbicide a.i.s including
isoxaflutole. It is detected along with its metabolites in surface water, but not in ground
water [43,44], and was found toxic but unlikely to cause lethality but exert adverse effects
upon chronic exposure on Daphnia magna at relevant environmental concentrations [44].
As a common additive to frequently used pesticide formulations, cyprosulfamide and its
two metabolites, its desmethyl derivative and N-cyclopropyl-4-sulfamoylbenzamide, were
detected in up to 56% of the 34 surface water (but not groundwater) samples collected
near cornfields in the midwestern United States. Thus, cyprosulfamide, cyprosulfamide
desmethyl, and N-cyclopropyl-4-sulfamoylbenzamide were found in 25%, 19%, and 56%
frequency with highest concentrations and detection rates during the growing season, and
with maximum concentrations ranging between 22.0 and 5185.9 ng/L [43].

1,2-Benzisothiazoline-3-one is a preservative, disinfectant, and industrial biocide and
antimicrobial agent in industrial and consumer products including formulated pesticides. Due
to its widespread use, it has been detected as an aquatic environmental contaminant [45–47].

1.2. Algae as Indicators of Water Quality

Algal biomass, as an indicator of water quality and ecotoxicological impacts, can
be measured using a variety of techniques. The most commonly used methods include
the determination of algal cell numbers by microscope, optical density (OD), and the
chlorophyll content of algal cells after alcohol extraction by spectrophotometry, and dry
mass measurements [48]. The primary source of endogenous fluorescence in algae is the
fluorescence signal induced by chlorophylls responsible for photosynthesis [49]. Thus, the
efficiency of photosynthesis can also be characterized by fluorescence induction kinetics
describing changes in the photosynthetic process and the physiological state of algal
cultures [50]. The monocultures of various microalgal species (e.g., Raphidocelis subcapitata)
are often used as test organisms in ecotoxicological studies to determine the side effects of
agricultural pollutants.

This study was targeted to determine the phytotoxic effects of the herbicide a.i.
isoxaflutole, its commercial formulated herbicide products (Merlin Flexx and Merlin
WG75), and selected additive components used in these products (cyprosulfamide, 1,2-
benzisothiazol-3(2H)-one) on R. subcapitata as a water quality indicator algal species, using
our previously developed, modular microplate-based fluorometer prototype [35] and con-
ventional methods. The investigation also included the assessment of the aquatic stability
of the a.i. alone and within the formulation. The aim of the study was to demonstrate the
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effects of the formulating agents on the environmental fate and the algal toxicity of the
herbicide a.i. isoxaflutole.

2. Materials and Methods

2.1. Monoculture of Raphidocelis Subcapitata

The unicellular model green algae species R. subcapitata, Korshikov (NIVA-CHL1) were
obtained from the alga collection of the Norwegian Institute for Water Research (NIVA).
This microalga is commonly applied in ecotoxicological investigations as an indicator
species due to its ubiquitous distribution and high sensitivity against environmental pollu-
tion. For maintenance of the batch culture of microalgae R. subcapitata and the preparation
of different solutions of test compounds, Zehnder 8 (Z8) [51] media were used. The culture
was maintained at 23 ± 1 ◦C and illuminated in a 14:10 light/dark period by cool-white
fluorescence tubes with a photosynthetic photon flux density of 15 μmol/m2/s. Fresh
media were added to the cultures every two weeks.

2.2. Test Compounds

The effects of two isoxaflutole-based herbicide products, Merlin Flexx and Merlin
WG75, were investigated. Merlin 75WG, in contrast with Merlin Flexx, is not authorized in
Hungary, thus it was purchased from Slovakia. Isoxaflutole (CAS 141112-29-0), cyprosul-
famide (CAS 221667-31-8), and 1,2-benzisothiazol-3(2H)-one (CAS 2634-33-5) were obtained
from Merck and were of ≥97.5%, ≥98.0%, and ≥96.5%, respectively.

There appear characteristic differences between the two herbicide preparations re-
garding their physico-chemical properties and chemical composition. Merlin Flexx is
an aqueous suspension concentrate, while Merlin WG75 is a water dispersible granu-
late. Although the a.i. is isoxaflutole in both preparations, the concentration of the
a.i. and the chemical structure of additives applied during the formulating process
are different (Table 1). In this study, the individual effects of the antidote cyprosul-
famide and the antimicrobial agent 1,2-benzisothiazol-3(2H)-one; the combined effects
of the a.i. and the antidote/antimicrobial agent; and the effects of the two formulated
products were investigated. The combined effects of isoxaflutole + cyprosulfamide and
isoxaflutole + cyprosulfamide + 1,2-benzisothiazol-3(2H)-one were investigated according
to the concentration ratio in the Merlin Flexx formulated product (Table 1). As for
1,2-benzisothiazol-3(2H)-one, a concentration range (0.005–0.05%) is given by the sup-
plier in Safety Data Sheet, and the compound was tested at 0.05% in the combination study.
Information on the ingredients of the preparations is available from their safety data sheets
according to the Regulation (EC) No. 1907/2006 [52–54].

Table 1. Composition of the isoxaflutole-based herbicide products.

Herbicide Products Concentration (%) CAS No 1 Function in the Herbicide Product

Merlin Flexx
isoxaflutole 20.3 141112-29-0 active ingredient
cyprosulfamide 20.3 221667-31-8 additive: antidote
1,2-benzisothiazol-3(2H)-one 0.005–0.05 2634-33-5 additive: antimicrobial
D-glucopyranose, oligomer, C9-11-alkyl glycosides 3–10 132778-08-6 additive: surfactant
glycerin >1 56-81-5 humectant, antigelling, and antifreeze agent

Merlin WG75
isoxaflutole 75 141112-29-0 active ingredient
sodium diisopropylnaphthalene sulphonate 3–10 1322-93-6 additive: surfactant
lignosulfonic acid, sodium salt, sulfomethylated 3–10 68512-34-5 suspension/emulsion stabilizer
kaolin >1 1332-58-7 carrier
pyrogenic (fumed) amorphous silica >1 112945-52-5 carrier

1 Chemical Abstract Service Number.

2.3. Bioassay

Ecotoxicological algal growth inhibition tests were performed to investigate the possi-
ble harmful effect of the test compounds on the R. subcapitata monocultures according to
the standardized OECD Guideline 201 [55]. The 72 h growth inhibition was described by
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the biomass reduction of the algal cultures, whereby optical density (OD) and chlorophyll-a
(Chl-a) content were measured as endpoints. Chl-a content was detected after an extraction
process that was performed according to the ISO 10260:1992 standard [56] and the Felföldy
formula was applied to quantify the Chl-a content [57].

During the 72 h of tests, the following parameters were controlled: light intensity
(continuous, 104.9 ± 14.9 μE/m2/s) by illumination (continuous, 2500 lux), temperature
(22 ± 2 ◦C), pH of the algal Z8 medium (pH = 6–7), and intensity of stirring (continuous,
100 rpm). The ecotoxicological assays were performed in three replicates for each test
substance diluted serially. In the three individual experiments, untreated control and alga
suspensions exposed to different concentrations of the test substances were evaluated.

Besides the conventional parameters (OD and Chl-a content), two fluorescence-based
endpoints were also measured in algal growth inhibition assays via induced fluorescence.
Both the proxy of quantum efficiency of the algae photosystem PSII (Fv*/Fp) and the
changes in the observed ratio of fluorescence decrease (Rfd*) and describe the status of
the photosynthetic activity of the plants. Both parameters are calculated from fluorescence
quantities observed by the FMM instrument: Fo—non-variable fluorescence intensity;
Fp—peak fluorescence intensity, maximum fluorescence at a non-saturating light pulse;
Fs—steady-state (terminal) fluorescence. Fv*/Fp and Rfd* were calculated according to the
following equations: Fv* = Fp − Fo; Fd = Fp − Fs; Rfd* = Fd/Fs [35]. For measurement of the
fluorescent parameters, 250 μL treated or untreated algal suspension was added into the
selected wells of a 96-well microplate. Circumstances (pH, temperature, light intensity, etc.)
of the ecotoxicity assay were set up according to the OECD guideline; thus, measurements
of OD, Chl-a content, Fv*/Fp, and Rfd* were performed under the same conditions.

Growth inhibition by compounds tested in this study was investigated in two ways.
Firstly, based on the equation of the dose–response curve EC50, values were calculated.
Secondly, according to the endpoint parameters, growth inhibition rate (IR) values were
determined based on the following formula: IR = (C − T)/T*100, where C and T are
the density of algal cells in the control and experimental group, respectively. IR values
were calculated and compared at the isoxaflutole EC50 equivalent concentration in all
mixtures tested. Concentration of combinations were expressed by the sum of the amount
of compounds in the combination.

2.4. Analytical Determination of Isoxaflutole Substance Loss in Its Formulated Products

The dissipation of isoxaflutole was determined under dark and light conditions in
distilled water and in Z8 medium applied to maintain the algal monocultures. Dark and
light conditions were applied in parallel experiments using the same treatment periods. Dis-
sipation of isoxaflutole was determined using an analytical standard of the a.i. and samples
of the two herbicide formulations Merlin Flexx and Merlin WG75. The analytical determi-
nation of isoxaflutole was performed by high-performance liquid chromatography with
ultraviolet detection (HPLC-UV). A mixture of acetonitrile and water (70:30) was used as
an eluent at a flow rate of 1 mL/min. Isoxaflutole was separated on a PerfectSil 100 ODS-3
column (MZ-Analysentechnik GmbH, Mainz, Germany) (150 × 4.6 mm i.d., 5 μm) at 35 ◦C,
and UV detector signals were recorded at λ = 220 nm. The concentration of the a.i. was
determined with an initial isoxaflutole-equivalent concentration of 5 μg/mL in samples
collected in triplicates at 0, 9, 24, 48, 72, 96, 120, 168, 216, 264, and 336 h of treatment.

2.5. Instrumentation

Ecotoxicological algal growth inhibition assays on monocultures of R. subcapitata were
performed in a shaking incubator (Witeg WIS-10RL, Wertheim, Germany) at controlled
parameters (see Section 2.3). Chl-a content and OD values of algal suspensions were
measured by a spectrophotometer (UV/VIS Camspec single beam M330, Camspec, Crawley,
UK). HPLC-UV determinations were carried out using a Youngin YL9100 HPLC instrument
equipped with a YL9150 autosampler (Youngin Chromass, Anyang-si, Korea).
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Fluorescent parameters Fv*/Fp and Rfd* were measured by the FluoroMeter Module
(FMM) [35,58] equipped with an apparatus capable of holding standard-size 96-well mi-
croplates and allowing manual stepping among the wells, which is a modified version of a
plant leaf fluorometer capable of measuring the excitation kinetics of Chl-a fluorescence
induction besides the traditional Kautsky induction kinetics [59–62]. The main parameters
of the instrument are summarized in Table 2. The limit of detection and the lower limit of
quantification are 4.01 × 106 and 8.12 × 106 cells for R. subcapitata, respectively. The latter
was used throughout the experiments and the kinetic curves were detected simultaneously
at the two maxima of the Chl-a fluorescence (at the 690 nm red and 735 nm far-red bands)
upon continuous excitation with no saturation pulses. Wavelengths applied in the determi-
nation of the OD, Chl-a content, Fv*/Fp, and Rfd* parameters by spectrophotometry and
the induced-fluorescence method are summarized in Table 3.

Table 2. Features of the FluoroMeter Module applied in ecotoxicity assays on Raphidocelis subcapitata.

FluoroMeter Module Feature/Type Role

actinic light source
635 nm laser diode with
256-step digital optical

power adjustment
excitation

interference filters

NT43-089 for 690 nm and
NT43-091 for 730 nm, full
width at half maximum of

10 nm each 1

separation of the detection
wavelengths and eliminate the

scattered illumination light
cut-off filters RG665 for 665 nm 1

photodetector Low-noise PIN photodetectors
(SD-200-14-21-241) 2

photocurrent-to-voltage
conversionelectrometer amplifier OPA129 3

signal amplifier AD620 4

digitalizer 12-bit ADC (AD7864-2) 4 signal digitalization

computer single-board computer
(CMD16686GX) 5 firmware, storage of data

1 Edmund Optics, Barrington, NJ, USA; 2 Laser Components, Olching, Germany; 3 Texas Instruments, Dallas, TX,
USA; 4 Analog Devices, Willington, MA, USA; 5 Real Time Devices, Wickwar, UK.

Table 3. Wavelengths applied in determination of endpoint parameters of ecotoxicological algal
growth inhibition assays.

Method Parameter Measured Wavelength 1

spectrophotometry Optical density detection: 750 nm

spectrophotometry Chl-a content detection:
750 nm 2, 666 nm 3, 653 nm 4

induced-fluorescence Fv*/Fp
excitation: 635 nm

detection: 690 nm, 735 nm

induced-fluorescence Rfd* excitation: 635 nm
detection: 690 nm, 735 nm

1 Applied in the measurement procedure of the given parameter. 2 Degree of turbidity. 3 First detection wavelength
of Chl-a. 4 Second detection wavelength of Chl-a.

2.6. Statistical Evaluation

Effects of tested compounds on R. subcapitata were described by EC50 ± SD mg/L
values for the two formulated herbicide products (Merlin Flexx and Merlin WG75), cypro-
sulfamide safener, and 1,2-benzisothiazol-3(2H)-one antimicrobial agent. The results of
the ecotoxicity assays were statistically analyzed by the statistical software R 4.0 (The R
Foundation for Statistical Computing, Vienna, Austria). Differences between the EC50
values (calculated on the basis of the dose–response equation) for OD, Chl-a content, and
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Rfd* were detected by general linear models at a 5% significance level. Shapiro–Wilk and
Levene’s or Bartlett’s test at a significance level of 5% were applied for the determination
of normality and homogeneity of variance, respectively. The applicability of the fitted
model was checked in each case with diagnostic plots (QQ plot, residual variances, Cook’s
distance plot). Tukey’s honest significant difference (HSD) tests were performed as post
hoc analyses to assess the significant differences between groups.

3. Results

3.1. Ecotoxicological Evaluation of Isoxaflutole-Based Herbicide Formulations

Ecotoxicity studies were performed to determine the effect of isoxaflutole-based
formulated herbicide products (Merlin Flexx and Merlin WG75) and two additives applied
in the formulating process of Merlin Flexx: cyprosulfamide safener and 1,2-benzisothiazol-
3(2H)-one antimicrobial agent. The effects of these compounds were tested on R. subcapitata
in growth inhibition assays based on the respective OECD guideline. Table 4 summarizes
the highest concentration of test compounds investigated and the growth inhibition rate
at these concentrations from three independent experiments. The highest concentrations
were chosen to obtain a data point at the upper plateau of the sigmoid dose–response
curve (concentration vs. growth inhibition). The lower concentrations investigated were
sequentially diluted with a dilution factor of 1:2.

Table 4. Growth inhibition rates at the highest concentrations investigated in this study.

Substance
The Highest Concentration

Investigated in This Study (mg/L)
IR (%)

active ingredient
isoxaflutole 0.064 98.0 ± 1.0

herbicide products
Merlin Flexx 80 96.3 ± 0.6
Merlin WG75 1.3 96.0 ± 4.7

combinations
cyprosulfamide 100 21.3 ± 1.5
1,2-benzisothiazol-3(2H)-one 0.6
isoxaflutole + cyprosulfamide 10 + 10 96.3 ± 1.5
isoxaflutole + cyprosulfamide +
1,2-benzisothiazol-3(2H)-one 5 + 5 + 0.025 95.7 ± 3.0

Growth inhibition was determined by measuring OD, Chl-a content, and two induced
fluorescence-based parameters (Fv*/Fp and Rfd*) characterizing the status of photochemi-
cal systems of the microalgal indicator species R. subcapitata. Concentrations resulting in
50% growth inhibition are presented in Table 5. Algal toxicity of the a.i. isoxaflutole is
listed as reported in our previous study [35].

For all the test compounds and their combinations tested, significantly lower EC50
values (p: 0.005–0.030) were determined based on Chl-a content than based on the OD value.
The toxicity order of the test compounds is the same for both ecotoxicological endpoints.
The most toxic ingredient was found to be the a.i. isoxaflutole (EC50(OD) = 0.03 ± 0.00 mg/L
and EC50(Chl-a) = 0.02 ± 0.00 mg/L). In the case of Merlin Flexx, the additives (see Table 1)
reduced the toxicity of the a.i. by ~200-fold, as the isoxaflutole equivalent EC50 was found
to be 6.80 ± 0.02 mg/L mg/L. The a.i. equivalent concentration is the concentration of
the a.i. in the formulated herbicide product at which it exerts a 50% effect. An EC50(OD)
of 0.74 ± 0.20 mg/L was determined for Merlin WG75, indicating that the toxicity of
isoxaflutole is substantially reduced (by one order of magnitude) by the additives present
(e.g., kaolin).
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Table 5. Ecotoxicological effects of the active ingredient isoxaflutole and its formulations on the
growth of the algal species Raphidocelis subcapitata as determined by optical density (OD), Chl-a
content, and Rfd*.

Substance
Method of
Detection 1

EC50 ± SD
(mg/L)

Isoxaflutole-Equivalent

EC50 ± SD (mg/L) 2

active ingredient

isoxaflutole 3
OD 0.03 ± 0.00 0.03 ± 0.00

Chl-a 0.02 ± 0.00 0.02 ± 0.00
Rfd* 0.02 ± 0.00 0.02 ± 0.00

herbicide products

Merlin Flexx
OD 33.3 ± 1.10 6.80 ± 0.20

Chl-a 28.52 ± 0.32 5.84 ± 0.32
Rfd* 27.04 ± 1.41 5.48 ± 0.48

Merlin WG75
OD 0.74 ± 0.20 0.55 ± 0.17

Chl-a 0.64 ± 0.10 0.50 ± 0.07
Rfd* 0.58 ± 0.15 0.43 ± 0.11

additives

cyprosulfamide
OD >100 –

Chl-a >100 –
Rfd* >100 –

1,2-benzisothiazol-3(2H)-one
OD 0.20 ± 0.00 –

Chl-a 0.10 ± 0.01 –
Rfd* 0.18 ± 0.01 –

combinations

isoxaflutole + cyprosulfamide
OD 1.37 ± 0.04 0.69 ± 0.02

Chl-a 1.22 ± 0.06 0.61 ± 0.03
Rfd* 0.91 ± 0.07 0.46 ± 0.04

isoxaflutole + cyprosulfamide + 1,2-benzisothiazol-3(2H)-one
OD 7.43 ± 0.58 3.71 ± 0.29

Chl-a 6.33 ± 0.44 3.12 ± 0.22
Rfd* 5.64 ± 0.45 2.81 ± 0.22

1 Methods of detection of algal biomass growth of R. subcapitata determined by optical density (OD), by extracted
Chl-a content, and by the observed ratio of fluorescence decrease of the algal photosystem PSII (Rfd*) detected
by our modular microplate-based fluorometer prototype [35]. 2 The 72 h EC50 value for the active ingredient
(a.i.) represents the concentration of the a.i. present in the mixture or product that exerts a 50% effect in the given
biotest. 3 Published earlier by Lázár et al., 2023 [35].

For 1,2-benzisothiazol-3(2H)-one, an EC50(OD) of 0.20 ± 0.00 mg/L was determined,
whereas cyprosulfamide used as an antidote for isoxaflutole did not show any algal toxicity
below 100 mg/L, which is the so-called limit test concentration as defined in the corre-
sponding OECD guideline (Table 1) [55]. EC50 values indicated that the presence of cypro-
sulfamide and cyprosulfamide + 1,2-benzisothiazol-3(2H)-one resulted in ~23-fold and
~123-fold lower toxic effects of isoxaflutole, respectively, based on the OD values detected.

The determination of two photochemical parameters (Fv*/Fp—photochemical ef-
ficiency of the PSII photochemical system and Rfd*—fluorescence decrease ratio) was
performed using the FMM fluorescence-based instrument. Both parameters characterize
the functioning of the PSII photochemical system. The parameter Fv*/Fp was not found
to be a suitable endpoint for the study of the effect of isoxaflutole and its formulations on
green microalgae, showing no concentration dependence between treatments. However,
the EC50 values based on the Rfd* parameter were determined to be 0.02 ± 0.0 mg/L,
27.04 ± 1.41 mg/L, 0.58 ± 0.15 mg/L, >100 mg/L, and 0.18 ± 0.01 for isoxaflutole, Merlin
Flexx, Merlin WG75, cyprosulfamide and 1,2-benzisothiazol-3(2H)-one, respectively. The
results were significantly lower (p: 0.009–0.040) for all the compounds and their mixtures
tested compared to EC50 values determined based on OD and Chl-a content (the difference
was not significant in the case of Merlin Flexx and isoxaflutole compared to Chl-a content),
suggesting that the vitality index determined by induced fluorescence is a more sensitive
parameter compared to the determination of OD and Chl-a content after alcohol extrac-
tion. It also provides additional information on the effect of the test substance. Growth
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inhibition rates calculated for isoxaflutole EC50 values equivalent for herbicide products
and combinations of the a.i. and additives are presented in Table 6.

Table 6. Growth inhibition rate of the herbicide products and combinations at isoxaflutole EC50

equivalent concentrations.

Substance
Isoxaflutole EC50 Equivalent

Concentration (mg/L)
IR (%)

active ingredient

isoxaflutole

0.03 OD 50.0

0.02 Chl-a 50.0

0.02 Rfd* 50.0

herbicide products

Merlin Flexx

0.15 OD 0.22

0.1 Chl-a 0.17

0.1 Rfd* 0.18

Merlin WG75

0.04 OD 3.64

0.03 Chl-a 3.00

0.03 Rfd* 3.49

combinations

isoxaflutole + cyprosulfamide

0.06 OD 2.17

0.04 Chl-a 1.64

0.04 Rfd* 2.17

isoxaflutole + cyprosulfamide +
1,2-benzisothiazol-3(2H)-one

0.065 OD 0.88

0.045 Chl-a 0.72

0.045 Rfd* 0.8

3.2. Analytical Determination of Substance Loss of Isoxaflutole

Isoxaflutole, as the replacement compound for atrazine, has been detected as an emerg-
ing water pollutant in the US and the EU [33,63]. For environmental risk assessment, it is
crucial to obtain information regarding the fate of pollutants in different environmental
matrices. The aim of this analytical determination was to ensure the accuracy of algal
toxicity tests, the stability of the compound during the test, and to gather information about
the dissipation time (DT50) value of isoxaflutole in the presence of additives applied in the
herbicide formulations. The dissipation of isoxaflutole in the form of an analytical standard
and also in its formulated products was determined in distilled water and Z8 medium,
under dark and light conditions with initial isoxaflutole and isoxaflutole-equivalent concen-
trations of 5 μg/L. The results showed no apparent dissipation of isoxaflutole in distilled
water within 2 weeks. For Z8 media, the results are presented in Figure 1. In the two
formulations, the analytical determination of the samples has not immediately reached
the initial concentration of 5 μg/L at 0 h due to a slight time delay of micelle formation
of isoxaflutole with the surfactant additives in the formulation. Considerable differences
appeared regarding the dissipation of isoxaflutole in pure form and formulated herbicides
both under dark and light conditions. Dissipation of the a.i. isoxaflutole as an analytical
standard was completed on the 216th hour (DT50 = 131 h) and the 120th (DT50 = 59 h)
under light and dark conditions, respectively. In both conditions, the additives in the
formulations Merlin Flexx and Merlin WG75 (Table 1) contributed to a longer dissipation
process. Under light conditions, the substance loss was completed on the 336th hour for
both formulations, with DT50 values of 154 h and 158 h for Merlin Flexx and Merlin WG75,
respectively. In contrast, under dark conditions, the dissipation remained incomplete
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during the experiment. DT50 values were found to be 194 h and 222 h for Merlin Flexx and
Merlin WG75, respectively.

 
(a) (b) 

Figure 1. Dissipation of isoxaflutole in the form of an analytical standard (blue lines) and formulated
herbicide products Merlin Flexx (grey lines) and Merlin WG75 (orange lines) under (a) light and
(b) dark conditions. Data for isoxaflutole in form of an analytical standard under light conditions
were published earlier [35].

The additives in formulated herbicides had a considerable influence on the dissi-
pation of isoxaflutole, as they delayed the dissipation time and resulted in higher DT50
values. However, results indicated that the differences between dark and light circum-
stances were more remarkable than the chemical characteristics of the additives in the two
formulated products.

4. Discussion

The mode of action of isoxaflutole is the inhibition of the enzyme 4-hydroxyphenylpyruvate
dioxygenase, thus the quite high toxicity of the a.i. to the algal species R. subcapitata is not
surprising, as it acts on all green plant organisms. Isoxaflutole has been shown to exert phyto-
toxicity on green algae: its 72 h EC50 values have been reported to range between 0.003 and
0.380 mg/L on freshwater green or diatom algae and duckweed [64], 0.030–1.71 mg/L on
R. subcapitata [18,35,65] with 0.12 mg/L on 120 h exposure time [66], and 0.016–0.140 mg/L
on Selenastrum capricornutum [18,64]. Similar inhibitory effects of isoxaflutole have been
demonstrated in a plant spectral analysis system for herbicide efficacy using a terrestrial
model weed crabgrass (Digitaria ciliaris) as a test plant and chlorophyll fluorescence as
an endpoint [67]. The additional 96-well microplate-based biotest detected the effects on
chlorophyll fluorescence, but instead of applying fluorimetry as in our case, it used a semi-
conductor device, a complementary metal oxide semiconductor camera. However, wide
variability is seen among aquatic plant organisms regarding their sensitivity to this a.i. [68].
In our present study, a reduced toxicity of the two formulated preparations compared to
the a.i. was observed, due to the combined effect of the a.i. and the additives.

Although it has already been reported for various pesticide a.i.s that the presence
of additives in pesticide formulations can alter the toxicity of the a.i. [69–73], our results
are the first that demonstrate the same phenomenon for isoxalfutole-based formulations.
Moreover, the individual toxicity of numerous additives has also been published [74–76],
among which the first generation of polyethoxylated amines has been the focus recently.
As a result of numerous independent studies [74,77–79], this surfactant-type was banned
in 2016 as a co-formulant in the European Union and was progressively replaced by
other surfactants, ethoxylated etheramines, which exhibited lower toxicity on non-target
organisms [80,81]. For both, the composition of the preparations and the physico-chemical
characteristics of the additives were different, which exerted significantly different toxic
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effects. Thus, the influence of additives applied in formulated products on the toxic
properties of the herbicide formulations is evident.

Nonetheless, the views on the health safety of isoxaflutole have not been unambigu-
ously positive. As early as during its initial assessment and subsequent toxicological
evaluation, the US EPA classified the carcinogenic potential of isoxaflutole in 1997 as
“likely” to be carcinogenic to humans by all routes of exposure [82], and stated later in
2011: “In carcinogenicity studies, isoxaflutole induced liver and thyroid tumors in rats
and liver tumors in mice. Isoxaflutole was classified as “likely to be a human carcinogen”.
The method of quantification was linear cancer slope factor (Q1*).” [83]. The European
Food Safety Authority (EFSA) proposed to classify it as a carcinogen category 2 (suspected
human carcinogen) due to observed thyroid follicular cell adenoma in rats and liver carci-
noma in mice [65]. These tumor-inducing effects of isoxaflutole are suggested to lay on the
grounds of endocrine disruption [84]. Thyroid tumor induction was considered to occur
via a possible disruption of the thyroid–pituitary hormonal feedback mechanisms [82],
and since this proposed mode of thyroid tumor induction can apply to humans as well, a
warning has recently been published that this mode of action of isoxaflutole is of public
health relevance [85]. However, approval of the a.i. was approved as no experimental
evidence proved the assumption of the carcinogenicity of isoxaflutole on humans.

Information on the effects of both formulations regarding the toxicity to aquatic plant
is only available in their MSDS [52,53]. For Merlin Flex and Merlin WG75, EC50 values are
described for R. subcapitata and Desmodesmus subspicatus green algal species, respectively.
Varying by the endpoints detected in this study, a 4.1–5.1-fold lower toxicity for Merlin
Flexx, and a minimum 46.9–59.8-fold higher toxicity for Merlin WG75 on R. subcapitata
were found compared to data in the MSDSs. The difference in the case of Merlin WG75 is
due to the different sensitivities of different algal species.

The antimicrobial additive 1,2-benzisothiazol-3(2H)-one in Merlin Flexx is highly toxic
to aquatic ecosystems and its presence in surface waters has been demonstrated [45–47].
Wang et al. studied the effect of the additive on three species of green algae. For Scenedesmus
sp. LX1, Chlorella sp. HQ, and Chlamydomonas reinhardtii, the detected EC50 values were
1.70, 0.41, and 1.16 mg/L, respectively, indicating the differences in sensitivity between
species and the importance of including more species in the environmental risk assessment.
It was found that the primary effect of 1,2-benzisothiazol-3(2H)-one was to inhibit pho-
tosynthesis. This inhibitory effect appeared reversible at exposure in the concentration
range of 1–30 mg/L [86]. In our study, R. subcapitata appeared to be 2–8-fold more sensitive
to the additive (EC50 = 0.20 ± 0.00 mg/L) than the above-mentioned algal species. The
cyprosulfamide additive did not show any toxic effect at a concentration of 100 mg/L on
the algae species tested. As an antidote, it protects the plant against the toxic effect of
the a.i. isoxaflutole, an effect which was presumably also observed in R. subcapitata. Its
lower toxicity compared to Merlin Flexx is probably due to this mechanism of action. A
similar moderating effect of another safener benoxacor on the toxicity of the herbicide a.i.
iodosulfuron–methyl–sodium was reported on Desmodesmus subspicatus [87].

Our dissipation study of isoxaflutole in the forms of analytical standard and for-
mulated products indicated that the presence of additives in the formulation prolonged
the DT50 value of isoxaflutole in water. In contrast to the ecotoxicity experiment on
R. subcapitata alga species, in the dissipation study, the composition of the formulated prod-
ucts and the physico-chemical characteristics of the additives did not significantly influence
the dissipation time. The alteration of dissipation time when the a.i. and the additive
are present in water samples at the same time has been also published for neonicotinoid-
type and glyphosate a.i.s. in surface water [77,88,89] and for esfenvalerate in seawater
samples [90], and slight differences in the kinetics of dissipation were observed for the
herbicide a.i. sulcotrione alone and in the formulation Tangenta® [91]. For the determina-
tion of isoxaflutole at low concentrations, liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) is the analytical method of choice with LOD and LOQ
values low enough to detect the a.i. under the maximum residue level in food and feed
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products or the maximum individual limit (0.1 μg/L) in surface water [92–95]. In our study,
a simpler LC-UV method was applied for the detection of isoxaflutole dissipation, as our
aim was only to determine its DT50 values, not the a.i. at very low concentrations. In an en-
vironmental and ecotoxicological impact assessment study of various herbicide mixtures of
20 a.i.s, carried out by an Italian researchers, isoxaflutole itself and combinations containing
it were found to be most favorable regarding the pesticide index (a specific score based on
selected pesticide indicators including water affinity, soil mobility, soil persistence, water
persistence, percolation index, partition coefficient, and volatility), while among the worst
ones regarding the priority index for surface and ground waters (a specific score based
on sales data, type of application, environmental distribution, and soil persistence) [96].
A recent survey reported the use of isoxaflutole to be 193 tons/year in the US only in
2018, being the third-most highly used HPPD inhibitor in maize with a single application
annually at an application dosage of 72 g/ha [29]. Lipophilicity of the two additives cypro-
sulfamide and 1,2-benzisothiazol-3(2H)-one are similar (logKow 0.55 [44] and 0.70 [97],
respectively); therefore, their potential effects on the solubility features of the two orders
of magnitude and more lipophilic feature of isoxaflutole (logKow 2.34 [18]) are similar,
and the concentration of 1,2-benzisothiazol-3(2H)-one is 400–4000-fold lower than that
of isoxaflutole.

5. Conclusions

The ecotoxicological effect of two isoxaflutole-based formulations (Merlin Flexx and
Merlin WG75) and two additives (cyprosulfamide safener and 1,2-benzisothiazol-3(2H)-one
antimicrobial agent) were determined on the growth inhibition of R. subcapitata green algal
indicator species. The combined effects of the a.i. isoxaflutole with cyprosulfamide and
cyprosulfamide + 1,2-benzisothiazol-3(2H)-one were also determined to obtain a better
insight to the effect of herbicide formulations and their ingredients. After the ban of atrazine
(in 2004 in the EU), isoxaflutole has become its replacement a.i.; thus, the application of
isoxaflutole-based formulations is increasing. As a consequence, the environmental burden
from the a.i. and additives applied in its formulations is on the rise as well. For risk
assessments, it is essential to know the fate of the ingredients in different environmental
matrices and the dissipation characteristics. Our results indicated that the additives in
Merlin Flexx and Merlin WG75 influence the DT50 values in aqueous media and the toxicity
of the isoxaflutole-based formulations. The toxicity of isoxaflutole was lower in the presence
of the tested safener and antimicrobial agent presented in Merlin Flexx. Moreover, the
presence of other additives in the formulation resulted in an even lower toxicity of the
formulation. In contrast, the additives in the formulation prolonged the dissipation time of
the a.i.; thus, the environmental load represented by the ingredients is longer if they are
present together in the same media.

Results of ecotoxicity assays showed that the most sensitive endpoint was the induced
fluorescent-based parameter Rfd* that characterizes the aptness of the photochemical
system of the microalgae tested well. The benefit of the application of Rfd* values is
that the determination requires no sample preparation compared to the measurement of
Chl-a content. The least sensitive parameter was the optical density. However, the toxicity
order of the tested compounds was the same for all the three endpoints. In this study, the
corresponding OECD Guideline was applied for the detection of the ecotoxicological effects
of additives in isoxaflutole-based herbicide formulations. Thus, the results are limited to
the growth inhibition of test compounds on R. subcapitata determined by conventionally
applied endpoints (OD and Chl-a content). In addition, a fluorescence-based parameter
(Rfd*) was also assessed to obtain information regarding the possibly detrimental effects
of the compounds and their combinations tested on the PSII photochemical system. For a
more complex risk assessment study, investigation of the test compounds in field studies
are required and biochemical and physiological experiments can contribute for a better
understanding of the mode of action of test compounds.
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Abstract: Chlorantraniliprole is a broad-spectrum insecticide that has been widely used to control
pests in rice fields. Limited by its low solubility in both water and organic solvents, the development
of highly efficient and environmentally friendly chlorantraniliprole formulations remains challeng-
ing. In this study, a low-cost and scalable wet media milling technique was successfully employed
to prepare a chlorantraniliprole nanosuspension. The average particle size of the extremely stable
nanosuspension was 56 nm. Compared to a commercial suspension concentrate (SC), the nanosuspen-
sion exhibited superior dispersibility, as well as superior foliar wetting and retention performances,
which further enhanced its bioavailability against Cnaphalocrocis medinalis. The nanosuspension
dosage could be reduced by about 40% while maintaining a comparable efficacy to that of the SC. In
addition, the chlorantraniliprole nanosuspension showed lower residual properties, a lower toxicity
to non-target zebrafish, and a smaller effect on rice quality, which is conducive to improving food
safety and the ecological safety of pesticide formulations. In this work, a novel pesticide-reduction
strategy is proposed, and theoretical and data-based support is provided for the efficient and safe
application of nanopesticides.

Keywords: chlorantraniliprole; nanosuspension; efficacy; safety

1. Introduction

Chlorantraniliprole is an anthranilic diamide insecticide (Figure 1) that has been widely
used in rice fields to control Cnaphalocrocis medinalis, Nilaparvata lugens Stal, Chilo suppressalis,
and other pests. It has both contact and stomach poison activities [1,2]. The insecticidal
mechanism of chlorantraniliprole involves the activation of the ryanodine receptor, leading
to the discharge of intracellular calcium in insects’ smooth and striated muscle cells, which
causes muscular regulation weakness and paralysis, culminating in pests’ deaths [3,4].
However, the low solubility of chlorantraniliprole in both water (1.023 mg/L) and organic
solvents (3.446 mg/L in acetone, 1.714 mg/L in methanol, 0.711 mg/L in acetonitrile,
1.144 mg/L in ethyl acetate at 20–25 ◦C) has greatly hindered the development of highly
efficient and environmentally friendly formulations. Nowadays, chlorantraniliprole is
mainly formulated as a suspension concentrate (SC) and water-dispersible granule (WDG).
For conventional formulations, dust drift and roll down result in the loss of >50% of the
applied pesticides during field application [5,6]. In addition, organic solvents and excessive
amounts of emulsifiers are used to maintain effective formulation performance. The low
efficacy and the composition of conventional formulations lead to resource waste, pest
resistance, and a series of food safety and environmental pollution issues [7–9]. Therefore,
there is an urgent need to develop a green and scalable strategy to build an environmentally
friendly chlorantraniliprole delivery system that is highly efficacious and capable of tackling
the problems related to the use of sparingly soluble pesticides.
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Figure 1. Stereochemical structure of chlorantraniliprole.

According to the Noyes–Whitney equation, a reduction in particle size can increase
the saturation solubility and dissolution rate of materials [9], thereby improving the dis-
persibility of poorly soluble pesticide compounds. It has been widely demonstrated that
nanotechnology can enhance the solubility, dispersibility, targeting, bioavailability, and
safety of sparingly soluble pesticides, which has caused them to attract significant interest
in the design and construction of nanopesticides [10–13]. Currently, there are two methods
for preparing nanopesticides, namely, bottom-up and top-down approaches. Bottom-up
approaches, such as micro-precipitation and solvent evaporation, involves the aggregation
of molecules into nanoparticles [14,15]. Top-down approaches rely on mechanical forces to
process larger particles into nanoscale particles. The typical top-down processes are media
milling, high-pressure homogenization, dry co-grinding, and melt emulsification [16–23].
Patel et al. concluded that top-down techniques could significantly reduce drug particle
sizes, increase their specific surface areas, and accelerate their dissolution rates, with their
final formulations exhibiting good physical stability compared to conventional formula-
tions [23]. Chin et al. produced a carbendazim nanosuspension via media milling which
exhibited a superior stability and a 13.5% increase in insecticidal efficiency over a micron-
sized suspension [24]. Francesco et al. prepared a zoxamid nanosuspension using the same
method and increased the solubility 1.6-fold compared to the SC formulation while im-
proving the deposition and retention abilities of the active ingredient on tomato plants [25].
In our previous work, we successfully constructed lambda–cyhalothrin and abamectin
nanosuspensions using melt emulsification–high-pressure homogenization and wet milling
methods, proving the effectiveness of nanotechnology for enhancing the dispersibility and
biological activity of poorly soluble pesticides [26–28].

It is imperative to emphasize that recent studies on nanopesticides primarily concern
formulation characterization and biological activity evaluations, and there is still a relative
paucity of potential risk assessments on target and non-target organisms. In the mid-20th
century, the widespread use of organochlorine pesticides such as DDT and lindane led to
severe air, soil, and water pollution and caused the death of plants and animals through
accumulation effects. Studies have linked the increasing incidence of nervous system
damage like Alzheimer’s disease, cardiovascular diseases, and diabetes to the consumption
of pesticide-contaminated food [29,30]. Some types of pesticides are carcinogenic and muta-
genic, seriously affecting human genes and causing harm to the growth and development of
future generations [31]. Nanopesticides are likely to settle in water and remain in sediments,
causing toxicity to aquatic organisms, and to accumulate in fish through ingestion, thus
affecting human health through the food chain [32,33]. In addition, pesticides may damage
the nutritional value of crops, reducing the mineral content and inhibiting synthesis of
proteins, sugars, and vitamins [34]. Rico et al. found that CeO2 nanoparticles can reduce
the content of two essential elements (Fe and S), proteins (prolamin and glutelin), fatty
acids (lauric and valeric acids), and starch in three rice varieties (high-, medium-, and
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low-amylose) [35]. Zhao et al. found that thifluzamide can change the chlorophyll, phenol,
flavonoid, and protein contents in rice plants and that thifluzamide-loaded mesoporous
silica nanoparticles could relieve the damage caused by thifluzamide to rice seedlings [36].
However, there are still relatively few reports focusing on both the nanopesticide residues
and their impacts on food quality.

It is crucial to systematically evaluate the effect of nanopesticides on non-target or-
ganisms and foodstuffs while improving the effectiveness of pesticides. The potential
environmental risk is a key issue, constraining the development and application of novel
pesticide nanoformulations as well as the improvement of pesticide regulatory regimes.
In this study, a facile and low-cost media milling technique was employed to prepare a
chlorantraniliprole nanosuspension. The nanosuspensions’ physicochemical properties and
field efficacy were systematically compared with a conventional SC to reveal the enhancing
effect of the nanoformulation and its underlying mechanism. In particular, in this study,
we also focused on nanopesticides’ safety issues from multiple perspectives related to
pesticide residues in rice leaves and grains, effects on rice quality, and toxicity to non-target
zebrafish. We propose a pesticide-reduction strategy and provide a theoretical basis and
technical support for the efficient and safe application of nanopesticides.

2. Results and Discussion

2.1. Optimization of the Preparation Parameters of the Chlorantraniliprole Nanosuspension

According to our previous research, a composite surfactant composed of MRES and
polycarboxylate (1:1, w/w) can provide effective electrostatic repulsion and a steric stabi-
lization effect to stabilize the chlorantraniliprole nanoparticles produced by high-pressure
homogenization combined with lyophilization. Therefore, the same surfactant combination
was also applied for the preparation of the chlorantraniliprole nanosuspension by wet
media milling. The surfactant content affects the amount of adsorption on the surface
of the poor-water-soluble pesticide and further influences the formulation’s dispersibil-
ity and stability. As shown in Table 1, an increase in surfactant content can reduce the
particle size to a certain extent, but this effect was no longer evident when the surfactant
amount was 50%. Therefore, a 1:2 (w/w) surfactant/pesticide ratio was used to prepare
the chlorantraniliprole nanosuspension. In addition, the milling parameters, especially the
milling time, have a crucial impact on the particle size and distribution of the resultant
suspensions. As shown in Table 1, the milling time significantly affected the particle sizes
of the chlorantraniliprole nanosuspensions, although it had essentially no effect on the
PDI value. As the milling time increased from 0.5 h to 1 h, the average particle size of
the chlorantraniliprole nanosuspension decreased from 288.4 nm to 244.2 nm, and when
the milling time increased to 2 h, the particle size continued to decrease to 161.9 nm but
increased again to 181.0 nm as the time was extended to 3 h. The reason for this is that a
short milling period does not provide sufficient energy to break up large particles, while
excessive milling generates a large amount of heat and induces particle agglomeration.
Hence, 2 h was chosen as the optimal milling time for synthesizing the chlorantraniliprole
nanosuspension.

Table 1. Effects of surfactant content and milling time on the particle size and distribution of the
chlorantraniliprole nanosuspensions.

Size (nm) PDI

Surfactant/pesticide ratio
30% 167.1 ± 1.2 0.174 ± 0.013
50% 161.9 ± 0.2 0.186 ± 0.010
70% 160.3 ± 0.8 0.153 ± 0.007

Milling time (h)

0.5 288.4 ± 2.9 0.253 ± 0.009
1 244.2 ± 3.1 0.174 ± 0.024
2 161.9 ± 0.2 0.186 ± 0.010
3 181.0 ± 1.4 0.176 ± 0.015
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2.2. Particle Size and Zeta Potential

Particle size, distribution, and zeta potential are crucial indicators for evaluating
the stability of water-based formulations. PDI values lower than 0.3 suggest a narrow
size distribution, and a smaller PDI signifies a more uniform system. PDI values higher
than 0.3 indicate that the system is susceptible to destabilization phenomena like Ostwald
ripening and sedimentation [37,38]. As depicted in Table 2, the average particle size and
PDI of the chlorantraniliprole nanosuspension were 161.9 ± 0.2 nm and 0.186 ± 0.010,
respectively, measured using dynamic light scattering. In contrast, the particle size and PDI
of the conventional SC formulation were 678.7 ± 27.3 nm and 0.446 ± 0.021, respectively,
4.2 and 2.4 times higher than that of the nanosuspension. Following the Ostwald Freundlich
and Noyes Whitney equations, as the particle size decreases, the saturation solubility and
dissolution rate of substances increase [39–41]. Consequently, the nanosuspension is
more conducive to dissolving and dispersing poorly soluble pesticides in water, thereby
mitigating the concentration discrepancies and reducing the incidences of chemical damage
during spraying.

Table 2. Particle size, distribution, and zeta potential values of the chlorantraniliprole nanosuspension
and SC.

Formulation Size (nm) PDI Zeta Potential (mV)

Nanosuspension 161.9 ± 0.2 b 0.186 ± 0.010 b −43.1 ± 0.7 b
SC 678.7 ± 27.3 a 0.446 ± 0.021 a −29.4 ± 0.3 a

Different letters (a,b) in the table indicate significant differences at p < 0.05.

The potential polarity hinges upon the nature of the charge at the particle interface
and is closely linked to the type and quantity of surfactants. The zeta potential of the
chlorantraniliprole nanosuspension was measured to be −43.1 ± 0.7 mV, while the value of
SC was −29.4 ± 0.3 mV (Table 2). Typically, an absolute zeta potential greater than 30 mV
is indicative of system stability [42]. In this investigation, the highly negative zeta potential
of the nanosuspension demonstrates that the anionic surfactants were indeed adsorbed on
the pesticide surface and provided strong electrostatic repulsion against aggregation, thus
enhancing the system stability [43].

2.3. Morphology

The morphologies of the chlorantraniliprole TC, SC, and nanosuspension are presented
in Figure 2A–C. Due to the poor solubility and dispersibility of chlorantraniliprole in water,
the TC exhibited an irregular blocky structure with micron-sized dimensions. Although
the SC particle size was lower than that of the TC, it was still unevenly distributed, with
micron and nanoparticles co-existing and noticeable aggregation. The suspension is a
thermodynamically unstable system, and its long-term stabilization is an uphill battle
against thermodynamics [41]. According to the Gibbs–Thomson equation [6,41] and the
principle of thermodynamic energy reduction, the chlorantraniliprole SC with a broad size
distribution is prone to undergo Ostwald ripening, leading to clarification, sedimentation,
and agglomeration [44]. In contrast, the chlorantraniliprole nanosuspension produced
through wet media milling exhibited a uniform and regular block-like structure. Based
on SEM images, we found that the statistical particle size ranged from 34 nm to 86 nm,
with an average diameter of 56 nm (Figure 2D). This value was smaller than that measured
by DLS. This difference is due to the fact that SEM reflects the monodispersed particle
size in a dried state, whereas DLS reflects the hydrodynamic diameter with hydrated or
diffuse layers on the particle periphery [45]. Additionally, larger particles or aggregates in
the suspension may shield the signals of smaller particles, leading to an overestimation of
measurement values [46–49].
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Figure 2. Morphologies of the chlorantraniliprole (A) TC, (B) SC, and (C) nanosuspension. (D) The
statistical particle size of the nanosuspension (based on SEM images).

2.4. Stability

As shown in Figure 3, diluted solutions of the chlorantraniliprole nanosuspension at
different concentrations exhibited a light blue color due to the Tyndall effect, whereas the
SC was milky white at high concentrations. The storage stability of the nanosuspension was
further investigated according to CIPAC MT 39, CIPAC MT 46, and GB/T 19136–2003. As
shown in Table 3, the average particle size of the nanosuspension increased from 161.9 nm
to 182.5 nm and 182.3 nm after 14 days of storage at 4 ◦C and 54 ◦C, respectively. However,
the particle size changed only slightly when stored at 25 ◦C. Meanwhile, the PDI value
remained below 0.2 during storage. This indicates that the nanosuspension had an excellent
physical stability, which can be attributed to the strong electrostatic repulsion combined
with the steric stabilization provided by the two polymer surfactants [50,51]. Therefore,
reducing the particle size of chlorantraniliprole to the nanoscale is an effective way to
improve its stability and shelf life.

Table 3. Storage stability of the chlorantraniliprole nanosuspension at 4 ◦C, 25 ◦C, and 54 ◦C.

Time (Day)
4 ◦C 25 ◦C 54 ◦C

Size (nm) PDI Size (nm) PDI Size (nm) PDI

0 161.9 ± 0.2 e 0.186 ± 0.010 a 161.9 ± 0.2 bc 0.186 ± 0.010 a 161.9 ± 0.2 e 0.186 ± 0.010 a
2 166.1 ± 0.6 d 0.143 ± 0.006 e 159.0 ± 1.3 c 0.141 ± 0.008 b 156.7 ± 0.5 f 0.163 ± 0.004 ab
4 166.4 ± 0.6 d 0.137 ± 0.005 e 162.9 ± 1.5 bc 0.134 ± 0.008 b 173.9 ± 1.3 c 0.167 ± 0.002 ab
6 176.1 ± 0.4 c 0.159 ± 0.005 cd 164.6 ± 2.8 ab 0.147 ± 0.003 b 169.4 ± 0.3 d 0.149 ± 0.007 bc
8 175.8 ± 0.2 c 0.166 ± 0.011 bc 169.3 ± 3.2 a 0.146 ± 0.019 b 169.8 ± 0.7 d 0.133 ± 0.012 cd
10 177.5 ± 1.0 bc 0.148 ± 0.009 de 167.9 ± 2.6 a 0.151 ± 0.012 b 178.3 ± 2.5 b 0.165 ± 0.010 ab
12 178.8 ± 1.4 b 0.174 ± 0.007 ab 166.9 ± 2.6 ab 0.141 ± 0.008 b 176.4 ± 0.7 b 0.117 ± 0.023 d
14 182.5 ± 0.4 a 0.168 ± 0.007 bc 166.1 ± 0.8 ab 0.134 ± 0.017 b 182.3 ± 0.3 a 0.168 ± 0.012 ab

Different letters (a,b,c,d,e,f) in the table indicate significant differences at p < 0.05.
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Figure 3. Appearance of the chlorantraniliprole nanosuspension(N) and SC diluted to different
concentrations.

2.5. Foliar Wettability and Retention

The formulations’ foliar wettabilities and retention influence the pesticide efficacy by
affecting spreading, adhesion, and droplet persistence on crop leaves after spraying [52,53].
Under different application scenarios, the pesticide formulations will be diluted to different
concentrations, so the foliar wettabilities of different diluents of the chlorantraniliprole
nanosuspension on rice leaf surfaces were investigated. Hydrophobic leaves such as rice
leaves are more difficult to wet and cannot retain water as well as hydrophilic leaves, so it
is practical to enhance the pesticide utilization rate on hydrophobic surfaces. As shown in
Figure 4A, the contact angle of the chlorantraniliprole SC on a rice leaf was 125.8◦, which
was comparable to the 18 g a.i./hm2 dispersion of the nanosuspension. However, the con-
tact angle of the nanosuspension dispersion continued to decrease with increasing pesticide
concentrations, dropping to 120.7◦ at 24 g a.i./hm2 and 116.9◦ at 30 g a.i./hm2, significantly
lower than the contact angle of the SC. A reduction in the contact angle is conducive to
increasing the foliar wettability of pesticide droplets, which further enhances retention per-
formance. As shown in Figure 4B, the retention of the chlorantraniliprole nanosuspension
on rice leaves was 55.9% higher than that of the SC. In order to explore the reasons for the
differences in deposition performance, the particle depositions and distributions of the two
formulations on the rice leaf surface were observed using a scanning electron microscope.
As shown in Figure 4C–E, there were abundant papillae and micro/nanostructures on the
rice leaf surface, with widely distributed grooves. This microscopic morphology is more
favorable for nanoparticle deposition. Figure 4F–K further confirm the above speculation.
Chlorantraniliprole nanoparticles were easily distributed between the grooves, which
could effectively inhibit the loss of active ingredients. In contrast, the large particles in the
SC could not match the micro/nanostructures of the leaf surface, thus covering the top
surface in a blocky form which can easily roll off. Therefore, the higher retention of the
chlorantraniliprole nanosuspension can be attributed to its small size and enhanced foliar
wettability, facilitating an improvement in the pesticide utilization rate and efficacy.
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Figure 4. (A) Contact angles and (B) retention of the chlorantraniliprole nanosuspension and SC
on rice leaves. (C–E) Morphology of blank rice leaves. Depositions and distributions of the chlo-
rantraniliprole particles in (F–H) the nanosuspension and (I–K) the SC on rice leaves. Different letters
(a,b,c) in the figure indicate significant differences at p < 0.05.

2.6. Field Efficacy on Cnaphalocrocis Medinalis

At present, knapsack sprayers still are the most common agricultural machinery
used for pest control in China. However, in recent years, with the reduction in the rural
workforce and a sharp increase in labor costs, coupled with the increase in agricultural
intensification, plant protection drones have been widely used. Limited by low loading
capacity, highly concentrated and dispersed pesticide formulations are more suitable for
drone spraying. Hence, in this study, field efficacy evaluations of the chlorantraniliprole
nanosuspension against Cnaphalocrocis medinalis were performed using two different spray
modes: a knapsack sprayer and a drone. Under manual spraying, both the nanosuspension
and the conventional SC achieved around 85% control efficacies against Cnaphalocrocis
medinalis (Figure 5A). There was no significant difference in the control effect of the nanosus-
pension at 18 g a.i./hm2 and SC at 30 g a.i./hm2 dosages. A lower spraying height in
manual mode reduced the influence of the external environment on pesticide droplet
adhesion, thereby reducing the differences in efficacy between the various formulations.
As shown in Figure 5B, when a drone was used for spraying, the nanosuspension efficacies
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were greater than 90% at application doses of 18–30 g a.i./hm2, but the control effect of the
SC was below 80%, which meant that the nanoformulation could reduce pesticide usage
by about 40%. In high-concentration spraying, the better dispersibility and suspensibility
of the nanosuspension were more conducive to improving the coverage, adhesion, and
deposition of active ingredients on crop leaves, thus increasing the contact probability
between pesticides and pests and further improving the biological control effect. Con-
versely, the large particles in the SC were more likely to agglomerate and settle, resulting in
concentration discrepancies during the application process and inconsistent control against
Cnaphalocrocis medinalis. It is evident that chlorantraniliprole nanoformulation use led to
a substantial reduction in pesticide usage and increased the biocontrol efficiency, thereby
increasing the formulation’s ecological safety. This study provides a scientific basis and
data-based support for the development and application of nanopesticides.

Figure 5. Field efficacies of the chlorantraniliprole nanosuspension and the SC against Cnaphalocrocis
medinalis spraying using (A) a knapsack sprayer and (B) a drone. Different letters (a,b,c) in the figure
indicate significant differences at p < 0.05.

2.7. Pesticide Residue

Pesticide residues in crop tissues and harvested fruits have a significant effect on the
ecological environment and food safety. Table 4 compares the chlorantraniliprole residues
on rice leaves and grains after applying the nanosuspension and the SC with the same
active ingredient dosage. The maximum residue limits (MRLs) for chlorantraniliprole
in rice vary according to countries and regions, with MRLs of 0.5 mg/kg, 0.4 mg/kg,
0.4 mg/kg, 0.02 mg/kg in China, Codex Alimentarius Commission (CAC), Australia, and
Europe, respectively. The application of the chlorantraniliprole nanosuspension had low
residue risks, thus ensuring food and ecosystem safety. Moreover, considering the field
control efficacy, the chlorantraniliprole nanosuspension facilitated a reduction in pesticide
usage, which further enhances the formulation’s environmental friendliness, delays pest
resistance, and improves the economic benefits.

Table 4. Residues of chlorantraniliprole in rice treated with the proposed nanosuspension and SC.

Sample Treatment Residue Amount (mg/kg)

Leaves
SC 30 g a.i./hm2 0.074 ± 0.0021

nanosuspension 30 g a.i./hm2 0.063 ± 0.0006

Grains
SC 30 g a.i./hm2 0.042 ± 0.0006

nanosuspension 30 g a.i./hm2 Not detected

2.8. Impact on Rice Quality

The content and distribution of major nutritional components in rice are pivotal indica-
tors of rice quality. Table 5 shows the effects of the different chlorantraniliprole formulations
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on the nutrient content in rice grains. Compared to the control group, chlorantraniliprole
application had no effect on protein content. Khan et al.’s study also showed that five
insecticides—Lorsban (40% EC), Decis (25% EC), Pyrifos (40% EC), Karate (25% EC), and
Ripcord (10% EC)—did not have any significant effect on the protein content of chick-
pea (Cicer arietinum L.) crops [54]. However, pesticide application reduced the contents
of energy, fat, and carbohydrates, as well as calcium, magnesium, iron, and potassium
elements in rice grains. Reddy et al. investigated the influence of insecticide spraying on
mineral element contents in cabbage. They found that pesticides significantly reduced
the zinc content but increased the calcium and potassium contents. Additionally, endo-
sulfan had a more pronounced effect on altering mineral element contents compared to
malathion [55]. The probable reason for this is that pesticides, as exotic stressors, cause a
reduction in rice stomatal opening, which in turn results in a decrease in photosynthetic
rate and organic matter production, thereby reducing the fat and carbohydrates stored in
rice gains [56–60]. Khidir clarified that treflan could significantly reduce the amount of
total nitrogen, phosphorus, potassium, sodium, iron, zinc, and manganese in wheat [61].
Moreover, the calcium, magnesium, iron, zinc, and potassium contents in gains treated with
nanosuspension were all higher than those in the group sprayed with SC. The nanosus-
pension has a smaller and more uniform particle size, and may have a lower impact on
stomatal opening and photosynthesis. Rice transports mineral elements to plant tissues via
the chelation of deoxymalturonic acid (DMA) and mineral elements [62]. Pesticides lost to
the soil may also affect the dissolution and chelation of mineral elements, thereby affecting
their delivery [63]. In conclusion, the nanosuspension has a smaller impact on the quality
of rice.

Table 5. Effects of applying the chlorantraniliprole nanosuspension and the SC on rice quality.

Nutrient Control Group Nanosuspension SC

Energy 1550 kJ/100 g 1511 kJ/100 g 1498 kJ/100 g
Protein 7.2 g/100 g 7.2 g/100 g 7.2 g/100 g

Fat 1.4 g/100 g 0.9 g/100 g 0.9 g/100 g
Carbohydrate 80.0 g/100 g 78.6 g/100 g 77.8 g/100 g
Dietary fiber 2.0 g/100 g 2.4 g/100 g 2.5 g/100 g

Calcium 89.4 mg/kg 88.2 mg/kg 81.7 mg/kg
Magnesium 587 mg/kg 556 mg/kg 413 mg/kg

Iron 7.82 mg/kg 6.21 mg/kg 5.41 mg/kg
Zinc 21.4 mg/kg 23.1 mg/kg 19.6 mg/kg

Potassium 1630 mg/kg 1480 mg/kg 1170 mg/kg

2.9. Zebrafish Safety

Pesticides can enter the aquatic environment of rice paddies and cause serious ecologi-
cal and environmental problems. In this study, the safety of chlorantraniliprole regarding
aquatic organisms was evaluated using zebrafish as a model species. As shown in Figure 6,
the mortality of zebrafish increased with increasing chlorantraniliprole concentrations
and treatment durations. The LC50 value of the chlorantraniliprole SC was 69.13 mg/L,
consistent with what is described in [64]. In contrast, all zebrafish survived at each corre-
sponding concentration in the chlorantraniliprole nanosuspension group, even at 500 mg/L.
Considering that it would be difficult to reach such high chlorantraniliprole concentrations
in the natural environment, it can be inferred that the nanosuspension is extremely safe for
zebrafish. An analogous phenomenon has also been noted by other researchers. Huang
et al. compared the acute toxicities of three chlorantraniliprole formulations to zebrafish
embryos. The LC50 of the aqueous solution was greater than 80 mg/L, while the LC50
values of the SC and granules were 32.34 mg/L and 25.96 mg/L, respectively [65]. The
significant difference in toxicity to zebrafish between the different formulations is mainly
linked to the type and content of organic solvents and surfactants in the compositions.
In this study, the low toxicity of the chlorantraniliprole nanosuspension was due to chlo-
rantraniliprole’s action mechanism, which interferes with the nervous system of pests to
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cause paralysis or death [66]. Essentially, chlorantraniliprole is an insensitive agent to
zebrafish. In particular, the processing stages and the nanosuspension composition are free
of organic solvents and harmful adjuvants, thus rendering it environmentally friendly and
safe for non-target organisms.

 
Figure 6. Toxicity of the chlorantraniliprole SC to zebrafish.

3. Materials and Methods

3.1. Materials

The chlorantraniliprole technical material (TC, 95%, w/w) and suspension concen-
trate (SC, 200 g/L) were acquired from FMC Corporation (Shanghai, China). Maleic
rosinpolyoxypropylene-polyoxyethylene ether sulfonate (MRES) and polycarboxylate were
provided by Sinvochem S&D Co., Ltd. (Yangzhou, Jiangsu, China). Chromatographic-
grade acetonitrile was bought from Thermo Fisher Scientific Co., Ltd. (Shanghai, China).
Milli-Q water (18 MΩ cm, TOC ≤ 4 ppb) was used in all analytical experiments.

3.2. Preparation of Chlorantraniliprole Nanosuspension

In our previous work, it was proven that a composite surfactant consisting of MRES
and polycarboxylate (1:1, w/w) is a suitable surfactant system for the prevention of chlo-
rantraniliprole nanoparticle aggregation [67]. Based on this, the same surfactant combina-
tion was applied to stabilize a chlorantraniliprole nanosuspension produced via the wet
media milling method. The specific preparation procedure was as follows. Firstly, 5.62 g
of MRES and the same amount of polycarboxylate were dissolved in 154 mL of water to
obtain a colorless and transparent solution. Subsequently, 22.5 g of chlorantraniliprole was
added into the above solution, and the mixture was stirred and emulsified at rcf = 1453 g
for 10 min in a shearing machine (25BC, Shanghai HENC Mechanical Equipment Co., Ltd.,
Shanghai, China) to uniformly suspend the pesticide particles in the suspension. Then,
the dispersion was transferred to laboratory milling equipment (WG-0.3, Suzhou Vgreen
Nano-Chem Technology Co., Ltd., Suzhou, Jiangsu, China) to produce chlorantraniliprole
nanosuspensions. The milling media were 0.3 mm zirconium dioxide beads. The surfactant
content and milling time changed with the experimental design.

3.3. Particle Size and Zeta Potential Measurements

The chlorantraniliprole nanosuspension and SC were diluted with water and then
placed into the sample cells of a Zetasizer Nano ZS 90 (Malvern, UK). The particle size,
polydispersity index (PDI), and zeta potential were measured at room temperature. Each
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sample was measured in triplicate, and the data were recorded as means ± standard
deviation (S.D.).

3.4. Morphological Characterization

The morphological characterization of the chlorantraniliprole particles was performed
using a scanning electron microscope (JSM-7401F, JEOL, Tokyo, Japan). Aqueous disper-
sions of the chlorantraniliprole nanosuspension and SC were dropped onto freshly cleaned
silicon slices. The samples were air-dried and coated with platinum using a sputter coater
(ETD-800, Beijing Elaborate Technology Development Ltd., Beijing, China). The images
were recorded in low electron image (LEI) mode, and the statistical particle sizes were
determined based on SEM images using Nano Measurer software (1.2.5).

3.5. Stability Test

The physical stability of the chlorantraniliprole nanosuspension was assessed accord-
ing to CIPAC MT 39, CIPAC MT 46, and GB/T 19136–2003. The samples were stored at
0 ± 2 ◦C, 25 ± 2 ◦C, and 54 ± 2 ◦C for 14 days. The particle size and PDI were measured
every two days.

3.6. Contact Angle Measurement

The contact angles of the chlorantraniliprole nanosuspension and SC on rice leaves
were measured using a contact angle apparatus (JC2000D, Zhongchen Digital Technic
Apparatus Co., Ltd., Shanghai, China). The samples were diluted with water to different
concentrations corresponding to those applied in the field. Fresh rice leaves were smoothly
adhered to glass slides. Then, a drop of the sample aqueous dispersion was placed onto
the surface of the rice leaf. The droplet was photographed after standing for 15 s, and the
five-point fitting method was used to calculate the contact angle. The average value of five
replicates was calculated.

3.7. Retention Test

The retention was measured (Rm, mg/cm) according to the method described in [68]
with slight modifications. First, the chlorantraniliprole nanosuspension and SC were di-
luted into aqueous dispersions containing 0.1% (w/w) of active ingredient. Secondly, each
leaf was weighed using an electronic balance (ME204E, Mettler Toledo, Zurich, Switzer-
land), and its surface area was measured using a leaf area meter (Yaxin-1241, Beijing Yaxin
Science Instrument Technology Co., Ltd., Beijing, China). Leaves were then completely
immersed in the above dispersions. After 15 s, each leaf was removed and weighed again.
The retention (Rm) was calculated based on the following equation. The particle adsorption
and distribution of the chlorantraniliprole nanosuspension and SC on rice leaves were also
observed using a scanning electron microscope.

R =
M1 − M0

S
(1)

where M0 (mg) and M1 (mg) are the leaf weights before and after immersion in dispersions,
and S (cm2) is the leaf area. The average of five tests was calculated.

3.8. Field Efficacy on Cnaphalocrocis Medinalis

The field efficacies of the chlorantraniliprole nanosuspension and SC with different
size characteristics were compared. The field trials for the control effect on Cnaphalocrocis
medinalis were performed at two sites. A knapsack sprayer was used to spray pesticide in
Baiertu Village, Lubu Town, Zhaoqing City, Guangdong Province, China, from 10 to 25 May
2019, while a drone was applied for spraying at Mawang Village, Wuling Town, Bingyang
County, Nanning City, Guangxi Province, China, from 2 to 17 June 2019. Each experimental
area was 667 m2 and arranged in a randomized block design. The concentration of the
chlorantraniliprole SC was set as 30 g a.i./hm2, considering the recommended dosage. The
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nanosuspension was diluted into three concentration gradients of 18, 24, and 30 g a.i./hm2.
The parallel skip method was used for sampling, and 50 samples were taken from each
treatment area. Three replicates were conducted for each treatment.

3.9. Residue Test
3.9.1. Sample Collection and Processing

Rice leaf samples were collected 21 days after pesticide application, and grain samples
were collected after the rice was mature. Samples were gathered independently from at
least 12 random sites in each plot. After collection, 2.000 g of accurately weighed rice leaves
(cutting into pieces less than 1 cm) or crushed grains was placed into 50 mL centrifuge
tubes. Subsequently, 19.8 mL of acetonitrile, 0.2 mL of acetic acid, 1.5 g of anhydrous
sodium acetate, and 6 g of anhydrous magnesium sulfate were added and homogenized at
RCF = 503 g for 1 min, followed by centrifugation at RCF = 905 g for 5 min. Then, 6 mL
of the upper acetonitrile extract was added into a centrifuge tube filled with 900 mg of
anhydrous magnesium sulfate and 150 mg of PSA (primary secondary amine) sorbent.
After vortex mixing for 1 min and centrifugation at RCF = 905 g for 5 min, 0.75 mL of the
supernatant was mixed with water in a 1:1 ratio (v/v) and passed through a 0.22 μm filter
membrane for testing. The same method was used to determine the chlorantraniliprole
recovery rate. Three concentration levels (10 μg/L, 20 μg/L, and 30 μg/L) were used for
the recovery test, and three parallel tests were conducted for each sample.

3.9.2. Chromatographic Analysis Conditions

Liquid phase separation was performed by gradient elution using a Kinetex C18 col-
umn (4.6 mm × 100 mm, 2.6 μm) under the conditions listed in Table 6. The analysis time
for each sample was 7 min. The mobile phase consisted of water (with 1‰ formic acid)
and acetonitrile. The column temperature was maintained at 25 ◦C.

Table 6. Mobile phase parameters for gradient elution in liquid chromatography.

Time (min) Flow Rate (mL/min) Water Phase Acetonitrile

0 0.6 60 40
0.5 0.6 60 40
5 0.6 5 95

5.5 0.6 5 95
6 0.6 60 40
7 0.6 60 40

3.9.3. Mass Spectrometric Analysis Conditions

Chlorantraniliprole was detected in positive-ion mode because of the minimal back-
ground interferences and high response. The protonated molecular ion peak [M + H]+

of chlorantraniliprole was observed at m/z 484. The [M + H]+ ion was selected as the
precursor ion for secondary mass spectrometry analysis, and the major fragmentation ions
of chlorantraniliprole were located at m/z 453 and 286. These fragmentation ions exhibited
strong and stable responses, thus acting as product ions. An automated optimization
approach was employed to maximize the response of the target compound under multiple
reaction monitoring (MRM) mode, ensuring the highest sensitivity to analytes.

3.9.4. Measurement of Additive Recovery

The standard curve equation of chlorantraniliprole, measured by liquid chromatography–
mass spectrometry, was Y = 8020.2X + 835.67, with a correlation coefficient R2 of 0.9999. This
indicates that there was a good linear relationship between the concentration of chlorantranilip-
role and the peak area in the range of 0.5–50 μg/L. A recovery test at three chlorantraniliprole
concentrations was carried out, and the average recovery rate of the added standard con-
centrations of 10 μg/L, 20 μg/L, and 30 μg/L ranged from 80.1 to 109.63%. The results in
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Table 7 show that the RSD of the three measurements is 0.9–4.2%, indicating good recovery
and reproducibility.

Table 7. Recovery rate of chlorantraniliprole addition in rice.

Treatment Number 10 μg/L 20 μg/L 30 μg/L RSD (%)

Chlorantraniliprole
(leaf)

1 79.6% 89.7% 109.2%

0.9
2 78.4% 87.6% 107.4%
3 82.3% 85.4% 112.3%

average 80.10% 87.57% 109.63%

Chlorantraniliprole
(grain)

1 80.2% 85.6% 105.9%

4.2
2 78.9% 84.3% 107.3%
3 84.1% 80.1% 99.6%

average 81.07% 83.33% 104.20%

3.10. Rice Quality Determination

The protein content in rice was determined using the Kjeldahl nitrogen method
according to GB 5009.5-2016. In detail, 3 g of rice was taken, and under catalytic heating
conditions, proteins were decomposed, and the produced ammonia was combined with
sulfuric acid to form ammonium sulfate. Alkaline distillation was performed to release
ammonia, which was then absorbed by boric acid and titrated using a standard sulfuric
acid solution. The nitrogen content was calculated based on the consumption of acid and
multiplied by the conversion factor to obtain the protein content. The determination of
fat in rice was carried out using the Soxhlet extraction method following GB 5009.6-2016.
For this, 3 g of rice was accurately weighed and placed in a filter paper tube. The tube
was then put into a Soxhlet extractor with anhydrous ether, and the mixture was heated
under reflux. After drying, the fat mass was measured. The calculation of the energy
and total carbohydrates in rice was based on GB 28050-2011. The total carbohydrates
were calculated as the total of food mass minus the mass of protein, fat, water, and ash.
The energy content was calculated by multiplying the contents of protein, fat, and total
carbohydrates by energy factors of 17, 37, and 17 kJ/g, respectively, and then summing
them up per 100 g of the product. The determination of mineral trace elements in rice
was carried out using the Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) method following GB 5009.268-2016. After the 3 g rice sample was digested, it
was measured using an inductively coupled plasma atomic emission spectrometer. The
qualitative analysis was based on the characteristic spectral line wavelength of the element,
and the quantitative analysis was performed using the direct proportionality between the
signal intensity of the element spectral line and its concentration.

3.11. Toxicity against Zebrafish

The chlorantraniliprole nanosuspension and SC were diluted with water to obtain
sample suspensions at several different concentrations. Ten adult zebrafish were randomly
selected and transferred to the sample suspensions. During the period of the experiment,
the suspensions were replaced every 24 h to maintain the pesticide concentration and
water quality. All zebrafish were reared at a temperature of 25 ± 1 ◦C. The poisoning
symptoms and mortality of the tested zebrafish within 24, 48, 72, and 96 h were observed.
The judgment standard for death status was no breathing or no movement upon touching
the tail.

3.12. Statistical Analysis

Data were analyzed using a one-way analysis of variance (ANOVA) and Duncan’s
multiple range tests, and a significance level of less than 0.05 was considered statistically
significant.
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4. Conclusions

In this study, a chlorantraniliprole nanosuspension with an average particle size of
56 nm and excellent stability was produced by using wet media milling technology, provid-
ing a green and scalable strategy to construct nano-delivery systems for pesticides that are
poorly soluble in both water and organic solvents. Compared to the SC formulation, the
nanosuspension exhibited better dispersibility, foliar wetting, and retention. The field trials
confirmed that pesticide usage could be reduced by about 40% through using the nanofor-
mulation while maintaining the same level of efficacy as the SC. It is worth noting that the
nanosuspension exhibited lower residual properties and higher non-target biosafety while
exerting a high insecticidal activity, reducing the negative impact of pesticides on rice and
ensuring rice quality and food safety. These advantages are attributed to the nanosuspen-
sion’s environmentally friendly composition and processing procedure. Comprehensive
efficacy and safety evaluations of chlorantraniliprole nanosuspensions are of paramount
importance for guiding the design, construction, and application of nanopesticides. This
highly effective and eco-friendly nanosuspension has broad application prospects in crop
protection for improving pesticide efficacy and reducing residual pollution in agricultural
products and the environment.
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Abstract: Melipona scutellaris is a Brazilian stingless bee that is important for pollinating wild flora
and agriculture crops. Fungicides have been widely used in agriculture, and floral residues can
affect forager bees. The goal of our study was to evaluate the effects of sublethal concentrations of
pyraclostrobin on the midgut ultrastructure of M. scutellaris forager workers. The bees were collected
from three non-parental colonies and kept under laboratory conditions. The bees were orally exposed
continuously for five days to pyraclostrobin in syrup at concentrations of 0.125 ng a.i./μL (FG1) and
0.005 ng a.i./μL (FG2). The control bees (CTL) were fed a no-fungicide sucrose solution, and the
acetone solvent control bees (CAC) received a sucrose solution containing acetone. At the end of
the exposure, the midguts were sampled, fixed in Karnovsky solution, and routinely processed for
transmission electron microscopy. Ultrastructural analysis demonstrated that both the fungicide
concentrations altered the midgut, such as cytoplasmic vacuolization (more intense in FG1), the
presence of an atypical nuclear morphology, and slightly dilated mitochondrial cristae in the bees
from the FG1 and FG2 groups (both more intense in FG1). Additionally, there was an alteration
in the ultrastructure of the spherocrystals (FG1), which could be the result of cellular metabolism
impairment and the excretion of toxic metabolites in the digestive cells as a response to fungicide
exposure. The results indicate that ingested pyraclostrobin induced cytotoxic effects in the midgut
of native stingless bees. These cellular ultrastructural responses of the midgut are a prelude to a
reduced survival rate, as observed in previous studies.

Keywords: digestive tract; Meliponini; mitochondria; morphology; strobilurin; sublethal effects

1. Introduction

Stingless bees are a large and diverse bee group belonging to the Meliponini tribe, of
which around 550 species and 58 genera have been described worldwide [1,2]. As well
as honey bees (Apis mellifera, Linnaeus, 1758), stingless bees are a member of the Apidae
family and are the largest group of eusocial bees [3]. The geographical distribution of
these bees is predominantly in tropical and subtropical regions, and they can be found in
Africa [4], America [5], the Indo-Malayan region, and Australasia [2]. The distribution of
stingless bees in these regions is closely related to the diversity of available flora (preferred
plant families) [6].

In Brazil, there is a high diversity of about 250 described stingless bee species belonging
to 29 genera, of which 20% are endemic [5]. Stingless bees are known for some remarkable
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characteristics, such as the incapacity to sting with a vestigial sting, well-developed defense
strategies, morphological diversity, a variety of nest architectures, and importance for
humans and the environment [2,7].

These native bee species are essential to conserving native flora [6,8–10] and are
important for several crops [11–14]. Nowadays, the breeding and care of stingless bees
(Meliponiculture) have become popular [15], which consequently has increased the commer-
cialization and research of stingless bee products like honey, pollen, and propolis [16]. Ad-
ditionally, many bioactive compounds, such as honey, propolis and geopropolis, with thera-
peutic properties that can contribute to treating human diseases, such as anti-inflammatory,
antioxidant, and antimicrobial effects, have been discovered [17–20].

In the same way as previously mentioned, Melipona scutellaris (Latreille, 1811; common
name—Northeast Uruçu) is an important bee species native to northeast Brazil [21], mainly
due to pollination services [8] and honey production since its singular aroma and flavor
are highly appreciated. The antibacterial properties of honey [22], and the antiproliferative
constituents of geopropolis [23], have been described. Although M. scutellaris is an essential
and relevant species, it is listed in the Brazil Red Book of Threatened Species of Fauna [24]. Ac-
cording to Toledo-Hernández et al. [25], many factors threaten stingless bees, highlighting
pesticides (insecticides, herbicides, fungicides, biopesticides, and fertilizers), transgenic
crops, deforestation, diseases and pests, competition for food resources, and climate change.
This is worrying since stingless bees are not as well studied as honey bees [26].

The increasing use of fungicides, worldwide, for many years [27], means bees are
more exposed to fungicides by aerial spraying or ingesting floral resources containing
their residues [28]. Raimets et al. [29] detected several fungicides in beekeeping matrices.
In that regard, pyraclostrobin is one of the most relevant strobilurin fungicides used in
some crops that stingless bees visit (coffee, eucalyptus, and pepper) and has also been
detected in pollen [30], nectar [31], and beebread [32]. Due to the inhibition of mitochondrial
respiration [33], the fungicide pyraclostrobin can affect essential functions of bee physiology.
A few studies have shown the side effects of fungicides on non-target stingless bees [34–38],
but there is still a considerable gap between insecticide and fungicide studies [25].

Additionally, there is a lack of knowledge about the sublethal effects of fungicides
on the digestive tracts of bees at a cellular level, which is responsible for vital nutritional
functions [39,40] and is an entrance site for many compounds such as nutrients or toxic
compounds [41]. The digestive tract of bees is divided into three compartments, the foregut
or stomodaeum, the midgut or mesenteron, and the hindgut or proctodaeum [42]. Due
to the importance of food digestion and the absorption of nutrients [43], the midgut can
be used as a key organ for cell biomarkers evaluation in ecotoxicological studies of the
sublethal effects of pesticide exposure [44–48].

According to Lourencetti et al. [49], three stingless bee species showed greater sen-
sitivity to pesticide exposure (the insecticide neonicotinoid) than the model organism
Africanized A. mellifera used in Brazil. Thus, stingless bees should be included in toxicolog-
ical evaluation programs, as Africanized honey bees do not represent the country’s vast
diversity of bee species [50]. Based on this, the effects of fungicides on these native bees
need to be clarified. Therefore, this study used an ultrastructural approach to evaluate the
morphological alterations on a subcellular level induced by the fungicide pyraclostrobin
and indications of cytotoxicity on the midgut cells after the oral exposure of M. scutellaris
to this fungicide.

2. Materials and Methods

2.1. Meliponary

The bees used in this work were obtained from a meliponary located at the Federal
University of São Carlos (UFSCar), Sorocaba campus (23◦34′52.1′′ S 47◦31′34.7′′ W), Soro-
caba, Brazil. Before starting the experiments, the colonies were visually inspected to ensure
a healthy status. Only colonies with similar strengths and populations that did not swarm
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were selected (n = 3). No chemical treatment was applied to manage the colonies, and they
were kept in an urban area without pesticide application.

2.2. Stingless Bee Sampling

Forager bees of M. scutellaris were sampled at the entrance of nests of three non-
parental colonies from the meliponary (Section 2.1) when they returned from foraging
activity (Figure 1). The collections were carried out with plastic bee cages (9 × 7 cm,
250 mL) containing 120 aeration holes (3 mm) and feeders (microtube 2 μL) filled with syrup
(crystal sugar 1:1 water, w:w) on primarily sunny days at 7:30–9:00 a.m., with temperatures
with a range of 15–25 ◦C, throughout the summer in the Southern Hemisphere in 2021.
After sampling, the cages were covered with fabric to avoid stress and transferred to the
“Laboratório de Ecotoxicologia e Análise de Integridade Ambiental (LEIA)” at UFSCar
and placed in an incubator at a constant temperature of 28 ◦C (±1) and 65% (±5) relative
humidity in darkness before starting the bioassay.

Figure 1. A representative picture of the study model, the M. scutellaris stingless bee.

2.3. Fungicide Pyraclostrobin

The standard analytical chemical was purchased from Sigma-Aldrich (CAS Number
175013-18-0, 99.9% purity). The stock solution (1000 ng a.i./mL) was prepared using acetone
as a solvent and autoclaved distilled water in proportions of 60–40%, respectively. Dilutions
were performed to obtain the working solutions (0.125 ng a.i./μL and 0.005 ng a.i./μL)
based on Domingues et al. [35,48]. These concentrations have been found in resources
collected by bees [30,32].

2.4. Oral Exposure to Pyraclostrobin

For the bioassays, after bee sampling (Section 2.2), the feeders were removed from
the cages two hours before starting oral exposure with two concentrations of the fungicide
pyraclostrobin in syrup (0.125 ng a.i./μL—FG1; 0.005 ng a.i./μL—FG2). Then, the bees were
randomly divided into fungicide-treated groups (FG1 and FG2), untreated controls (CTL),
and solvent controls (CAC), with four replicates (n = 20 bees per cage); each experimental
group contained 80 bees. The bees from CTL were fed syrup only, and the bees from CAC
received syrup containing acetone (1% of the final volume) based on the recommendation
of the OECD in 2013 [51]. Oral exposure was performed ad libitum over five days based on
previous studies [35,48].

2.5. Midgut Processing for Morphological Analysis

In order to evaluate the effects of oral exposure to pyraclostrobin on M. scutellaris, the
bees were randomly selected from all the groups (n = 6) and rendered motionless using a
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low temperature (4 ◦C) for one minute, and then dissected under a stereomicroscope at
room temperature 25 ◦C (±1). The midguts were collected and processed for ultrastructural
analysis. Light microscopy analysis was also performed according to the methodology
described in the Supplementary Materials (SM). The purpose was to identify which midgut
regions were more suitable for ultrastructure analysis by electron microscopy (Figure S1).

Transmission Electron Microscopy (TEM)

Three midguts for each experimental group were sampled, and the median region
of each individual was subdivided into three portions (median subregions), fixed in a
Karnovsky solution (2.5% glutaraldehyde—4% formaldehyde) in 0.1 M phosphate-buffered
saline (pH 7.3) for 24 h at room temperature, and postfixed in 1% osmium tetroxide
using the same buffer. Then, the midguts were washed in phosphate-buffered saline,
dehydrated in a graded acetone series (50%, 75%, 90%, 95%, and 100%), and embed-
ded in ultrapure resin (Araldite®). This process resulted in nine blocks per experimental
group. The ultra-sections (90–60 nm) obtained from all samples were contrasted with
0.5% uranyl acetate for 20 min and lead citrate for 10 min (room temperature), and
then visualized and photographed using a transmission electron microscope (Tecnai
Spirit—FEI Company). Ninety regions were examined per experimental group. All steps
were conducted as established in the protocol used at the Electron Microscopy Center of
the Bioscience Institute (UNESP, Botucatu—Brazil), where these steps were performed.

3. Results

The TEM analysis pattern performed on the midgut epitheliums of the forager workers
of M. scutellaris from all the experimental groups is highlighted in Figure 2. Based on
the analysis, the midgut epitheliums of the bees from the CTL and CAC groups were
determined to be similar. The digestive cells in both exhibited well-developed microvilli
containing mitochondria with a high electron density and regular morphology, as well as
mitochondria in varied formats, spherocrystals, and myelin figures in average amounts
for the forager’s life stage (Figure 2A,B). In contrast, the bees in the FG1 group showed
large, homogeneous, electron-lucent regions in the cytoplasm of the midgut digestive
cells, like cytoplasm vacuolization, while the bees in the FG2 group exhibited only small
extensions of electron-lucent material in the cytoplasm (Figure 2C,D). These changes were
not observed in the bees from the control groups. Additionally, digestive cells of the bees’
midguts from the FG1 group showed an altered nuclei morphology with irregular shapes
and several spherocrystals, which were absent in the CTL and CAC groups (Figure 2C). The
midgut digestive cells from the FG2 group exhibited autophagic vacuoles in the cytoplasm
(Figure 2D).

Figure 3 summarizes the apical region of the digestive cells in the midgut region,
highlighting the changes mentioned above (Figure 2). The midgut digestive cells in the
bees from the CTL group demonstrated standard organelle morphology, well-organized
microvilli, followed by a cytoplasm rich in mitochondria, and displayed some typical
spherocrystals (Figure 3A,D). Similar to those found in bees from the CTL group, the bees
in FG1 and FG2 revealed digestive cells with well-organized microvilli and a cytoplasm
rich in mitochondria (Figure 3B,C,E,F). However, the presence of agglomerations of sphero-
crystals and a mischaracterized nuclei were observed when compared to the CTL group
(Figure 3B,E). Similarly, the bees from the FG2 group presented autophagic vacuoles and
lipid vacuoles in the cytoplasm of digestive cells, which were not seen in the CTL group
(Figure 3C,F).
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Figure 2. Ultrastructural midgut epithelium morphology in forager workers of M. scutellaris following
five days of exposure to pyraclostrobin. (A) Untreated control—CTL; (B) solvent control—CAC;
(C) pyraclostrobin (0.125 ng a.i./μL)—FG1; (D) pyraclostrobin (0.005 ng a.i./μL)—FG2. Altered
nuclei (an), autophagic vacuole (av), lipid deposit (ld), microvilli (mv), mitochondria (mt), nuclei (n),
nucleolus (nc), and spherocrystal (s).

Regarding the basal region of the midgut digestive cells in the midgut region, the
individuals from all the experimental groups did not show any morphological changes
among themselves (Figure 4). The cells in this region were characterized by the presence of
evident agranular endoplasmic reticulums and mitochondria associated with the membrane
forming the basal labyrinth (Figure 4A–C). In the cellular medial region, the digestive cells
of the bees not exposed to the fungicide pyraclostrobin (CTL and CAC) showed a large
quantity of vesiculated Golgi apparatus (Figure 4D). However, the bees from the FG1 group
exhibited a more significant extension of myelin figures and spherocrystals compared to
those of the CTL and FG2 groups in the medial region of the digestive cells (Figure 4E).
Regarding the FG2 group, the bees demonstrated the presence of autophagic vacuoles in
the digestive cells (Figure 4F).

Based on the TEM analysis of the digestive cells, the mitochondria exhibited similar
ultrastructural morphologies among the groups (Figure 5). However, the mitochondrial
cristae appeared tubular and slightly dilated in the bees from the FG1 and FG2 groups,
becoming more evident (Figure 5A–C). The bees in the CTL and CAC groups did not
exhibit this trait and were similar. Figure 6 highlights the spherocrystals present in the FG1
and FG2 bee groups; some of them appeared unstructured, and this feature was present
only in the fungicide-exposed groups.
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Figure 3. Ultrastructural changes in the apical region of midgut epithelium in forager workers of
M. scutellaris following five days of exposure to pyraclostrobin. (A,D) Untreated control—CTL;
(B,E) pyraclostrobin (0.125 ng a.i./μL)—FG1; (C,F) pyraclostrobin (0.005 ng a.i./μL)—FG2. Au-
tophagic vacuole (av), lipid deposit (ld), microvilli (mv), mitochondria (mt), rough endoplasmic
reticulum (rer), and spherocrystal (s).

 

Figure 4. Ultrastructural changes in the basal and medial regions of midgut epithelium in forager
workers of M. scutellaris following five days of exposure to pyraclostrobin. (A,D) Untreated
control—CTL; (B,E) pyraclostrobin (0.125 ng a.i./μL)—FG1; (C,F) pyraclostrobin
(0.005 ng a.i./μL)—FG2. Agranular endoplasmic reticulum (aer), autophagic vacuole (av),
cytomembrane (cm), Golgi complexes (gc), lipid deposit (ld), mitochondria (mt), myelin figures (mf),
and spherocrystal (s).
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Figure 5. Ultrastructural morphology in the mitochondria of the digestive cells in the midgut
epithelium in forager workers of M. scutellaris following five days of exposure to pyraclostrobin.
(A) Untreated control—CTL; (B) pyraclostrobin (0.125 ng a.i./μL)—FG1; (C) pyraclostrobin (0.005 ng
a.i./μL)—FG2. Mitochondria (mt).

 

Figure 6. Ultrastructural changes in the spherocrystals of the digestive cells in the midgut epithelium
in forager workers of M. scutellaris following five days of exposure to pyraclostrobin. (A,B) pyra-
clostrobin (0.125 ng a.i./μL)—FG1; (C) pyraclostrobin (0.005 ng a.i./μL)—FG2. Altered nuclei (an),
Golgi complexes (gc), lipid deposit (ld), lysosomes (ly), microvilli (mv), mitochondria (mt), myelin
figures (mf), and spherocrystals (s).

4. Discussion

Pesticides have been recognized as significant stressors, contributing to honey bee
colony losses [52,53]. In Brazil, the weakness and losses in colonies of Africanized A.
mellifera are highly associated with pesticide use [54,55]. In the same way, populations of
stingless bees are also at risk due to pesticide exposure [25]. According to Rondeau and
Raine [56], there are significantly more knowledge gaps regarding the risk of fungicides on
some bees, particularly wild bees, compared to honey bees. From this point of view, the
findings of pyraclostrobin’s harmful effects on the midgut’s ultrastructure are crucial to
clarify some of these gaps in native stingless bees.

The electron-lucent areas, similar to cytoplasmic vacuolization, observed in the di-
gestive cells of M. scutellaris indicate a cytotoxic effect caused by exposure to the higher
residual concentration of pyraclostrobin continuously ingested by these bees. Similar effects
were reported in A. mellifera workers exposed to the fungicide iprodione (dicarboximide)
at a concentration of 2 mg/kg [46] and the fungicide azoxystrobin (strobilurin) at 100 μg
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a.i./bee [57]. Additionally, Batista et al. [58] highlighted cellular vacuolization at the zone
of differentiation above the regenerative cells in the midgut of honey bees after exposure to
fungicide picoxystrobin (strobilurin) at a concentration of 0.018 ng a.i./μL.

Ultrastructural analyses revealed the presence of atypical nuclear morphology, in-
dicating a prelude to cellular death, which was more pronounced in the bees from the
FG1 group. Cytotoxic effects, such as pyknotic nuclei, were also observed in the midgut
epitheliums of the adult honey bees after four days of larval exposure to the fungicide pyr-
aclostrobin at a concentration of 4.93 ng/mL, as reported by Tadei et al. [59]. The described
characteristics are associated with programmed cell death (apoptosis) [60]. These responses
can act as a defense mechanism against pyraclostrobin exposure, as observed with the other
stressors [44,61–63]. However, even with the characteristics indicative of cytotoxicity, the
cells maintained intact and probably active organelles (normal morphology), such as Golgi
complexes, rough endoplasmic reticulums, and mitochondria. If the oral exposure has been
prolonged, the cytotoxic effects might have expanded, and these cells would likely die.

Although the mode of action of pyraclostrobin and the other strobilurin fungicides is
known to involve the inhibition of the respiratory chain [33], no drastic ultra-morphological
alterations were observed in the mitochondria of the bees from the FG1 and FG2 groups.
These bees exhibited only slightly dilated mitochondrial cristae, suggesting that energy
production could be decreased with continued exposure. According to Zick et al. [64], the
cristae morphology is linked to the bioenergetic state of the mitochondria, although there
are still some gaps in understanding the key factors. A study conducted by Campbell
et al. [65] highlighted that honey bees increased their mitochondrial oxygen consumption
rates when exposed to the strobilurin fungicide Pristine® at concentrations of 5 ppm and
higher. Ultrastructural alterations in the mitochondrial cristae were observed in the newly
emerged workers of Africanized A. mellifera after exposure to thiamethoxam (0.001 ng/μL)
during the larval phase [66], such as dilated mitochondria with a deformed shape and a
loss of cristae. The mitochondrial cristae can vary from simple tubular structures to more
complex lamellar structures merging with the inner boundary membrane, and their ultra-
structural features have important implications for mitochondrial bioenergetics, biogenesis,
and the role of mitochondria in apoptosis [67].

Myelin figures and autophagic vacuoles, or autophagosomes, are common in the
digestive cells of the bee midgut, which exhibit a high turnover level of intracellular
compounds, such as membranes and organelles, due to their multiple functions [68].
These cells synthesize digestive enzymes [69], compounds of the peritrophic matrix [70],
and membrane protein transporters for nutrient absorption in the midgut [40]. The high
absorption rate of digestive cells is linked to the longer striated border observed in this
study, similar to what has been found in the midguts of other stingless bee species [71]

An alteration in the ultrastructure of the spherocrystal was observed. This alteration
supports our hypothesis that fungicide exposure impairs cellular metabolism and causes
the excretion of toxic products within the digestive cells. According to Serrão et al. [40],
spherocrystals are relevant to maintaining osmoregulation, storing inorganic compounds,
and preventing intoxication. According to the lesion index (severity and reversibility)
adapted to bees [72], a score of one was assigned to spherocrystal alteration due to its asso-
ciation with the inactivation of toxic substances. Although in a scenario with continuous
exposure, it could change and worsen.

In summary, our findings indicate that the fungicide pyraclostrobin clearly compro-
mises the midgut of M. scutellaris at the ultrastructural level, offering another perspective
on the effects of this fungicide on native stingless bees. These results reinforce our previous
studies conducted by our research group [35,48,50,59,73]. Furthermore, our results further
contribute to developing preventive safety measures to reduce the risks of pesticide use
to bees. Regarding this issue, applying pesticides when bees are less active, considering
weather conditions, establishing buffer zones, and implementing monitoring, integrated
pest management, and habitat conservation measures, may reduce the risks of pesticides
to bees.
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5. Conclusions

The results of this study confirm the hypothesis that ingested pyraclostrobin induces
cytotoxic effects at the ultrastructural, subcellular level of the midgut in native stingless
bees. In conclusion, these cellular responses of the midgut at the tissue level may serve
as a prelude to reduced bee survival rates. Therefore, it is necessary to consider the
effects of fungicides on native bees and include them in protective measures to enhance
regulatory decisions on risk assessment. Additionally, more studies like this would reduce
the knowledge gap in how different external factors affect stingless bees.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics11121028/s1. Figure S1: Midgut epithelium in forager work-
ers of M. scutellaris, following five days of exposure to pyraclostrobin. (A) Untreated
control—CTL; (B) solvent control—CAC; (C) pyraclostrobin 0.125 ng a.i./μL—FG1; (D) pyraclostrobin
0.005 ng a.i./μL—FG2. Asterisk (a) = apocrine secretion, black arrow = cells being released into the
lumen (l), muscle (m) and villi (l). N = 6 individuals per experimental group.
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Abstract: Methylene blue (MB) is a disinfectant used in aquaculture to prevent and treat fish diseases.
However, the release of MB can pose a risk to the receiving water bodies. Zooplankton are the
most sensitive organisms among aquatic life. Hence, this study examined the acute and chronic
toxic effects of MB on zooplankton using Daphnia magna (D. magna) as a test organism to provide
basic data for risk assessment. The results show that 48 h-EC50 and 24 h-LC50 were 61.5 ± 2.3 and
149.0 ± 2.2 μg/L, respectively. Chronic exposure to MB affected the heart rate, beat frequency of
the thoracic limbs, and reproductive ability of D. magna at environmental concentrations higher
than 4.7 μg/L. The cumulative molts, time to production of the first brood, and total number of
living offspring were affected at different MB concentrations, while “abortions” were observed
in high-exposure groups. The activity of superoxide dismutase was increased, while glutathione
S-transferase activity was stimulated at low concentrations and inhibited at high concentrations. In
addition, the malondialdehyde content increased with increasing concentrations of MB. Our findings
demonstrate the impact of MB on the reproduction and growth of freshwater species, as well as their
physiological responses. These results have implications for establishing guidelines on the use of MB
in aquaculture and setting discharge standards.

Keywords: antimicrobial dyes; zooplankton; life table parameters; oxidative damage

1. Introduction

Methylene blue (MB) is an aromatic dye with the molecular formula C16H18CIN3S
and a benzene ring with redox characteristics. It is commonly used in various industries,
including the textile, pharmaceutical, paper, dyeing, printing, paint, pharmaceutical, and
food industries, as well as in medical research and aquaculture [1–3].

In aquaculture, MB is a popular environmental disinfectant. Disinfectants frequently
used in aquaculture can be broadly categorized into three groups: halogens, dyes, and
surfactants. Among the dyes, trityl methane dyes such as malachite green and crystal
violet are prohibited substances due to their long residual time and toxic side effects, so MB
has emerged as one of the best alternatives. It is commonly used to disinfect aquaculture
environments because the ionic compound generated in the aqueous solution can compete
with microbial enzyme systems for hydrogen ions and inactivate the enzymes, which
results in the loss of viability of microorganisms. Furthermore, MB, as an antifungal drug,
is used to prevent and control fish diseases such as saprolegniasis, ichthyophthiriasis,
chilodonelliosis, and gill disease to reduce mortality in fish during transportation [4].

The environment of aquaculture water directly affects whether aquatic animals can
grow quickly and healthily, and the quality of the water is closely related to the occurrence
of diseases. As the water quality deteriorates, it encourages the production of different types
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of pathogens, endangering the growth and development of farmed animals. Disinfectants
play a crucial role in aquaculture, from cleansing water bodies to bathing fish before
transferring them to ponds, disease management, and even water quality regulation.
Disinfectants should be used rationally and scientifically to eradicate or destroy pathogenic
microorganisms in the aquaculture environment and stop the spread of disease.

Malachite green is listed as a banned drug in some countries [5] due to its potential
toxicity to the water environment and human health. It belongs to the same group of
tritylene-based dyes as methylene blue and has a long residual time, as well as teratogenic,
carcinogenic, and mutagenic risks [6]. The widespread use of methylene blue can result
in residues in water bodies that persist in the environment [7], and the associated water
contamination problems cannot be ignored. Additionally, the color of malachite green
can prevent sunlight from passing through the water body, resulting in reduced dissolved
oxygen and inhibited photosynthesis [8]. This can lead to reduced diversity in biological
communities [9–12] and interfere with the normal functioning of aquatic ecosystems.

Recent studies have reported varying toxic effects of MB on different aquatic organisms
(Supplementary Materials, Table S1). Perlberg et al. [13] found that MB was teratogenic
to Pterophyllum scalare, reporting that exposure to a 5 ppm concentration resulted in a
higher incidence of non-inflatable swim bladders. In contrast, Soltanian et al. [14] found
that goldfish (Carassius auratus) exposed to a 2 mg/L solution of methylene blue for
21 days had significantly reduced lethality caused by Aeromonas hydrophila. However, the
fish also exhibited significantly lower levels of neutrophils and aspartate aminotransferase,
indicating some immunosuppressive effects and potential harm to their health. Comparing
the toxicity of MB in various aquatic animals, it is evident that although it is a valuable tool
in aquaculture, it still has some negative consequences. Currently, the U.S. Food and Drug
Administration (FDA), EU Directive 96/23/EC, and Japan’s “positive list” have established
guidelines for detecting MB residues in aquatic products [15]. Despite being repeatedly
banned, MB continues to be used due to its low cost and high efficiency [16,17]. In addition,
many countries, such as China, have yet to establish limits on the use of methylene blue in
animal-derived food products.

Freshwater zooplankton are a critical component of aquatic environments, playing
a vital role in the material cycle and energy flow. Despite their importance, there are still
unanswered questions regarding the ecotoxicity of MB in this group of organisms. Daphnia
magna is a typical representative of zooplankton [18], with a transparent body. It feeds on
algae, which helps improve water quality, and is a natural bait for filter-feeding fish [19,20].
D. magna lays eggs in its brood chamber, where they develop until the eye point appears,
forming an embryo. The embryo then develops into a neonate and is released from the
parent’s body (Supplementary Materials, Figure S1).

Daphnia magna has been extensively used for toxicity testing, identifying water pollu-
tion, and creating water quality standards due to its sensitivity to chemical exposure [21,22].
To assess the toxicity of chemicals to D. magna, a range of parameters were determined,
including reproduction, physiology, swimming behavior, and biochemistry. Growth and
reproductive capacity are sensitive indicators of chronic toxicity for D. magna [23] and are
also important factors in assessing population growth capacity [24], including parameters
such as lifespan, total number of living offspring, time to first brood, cumulative molts,
reproductive rate, and number of aborted eggs. Swimming behavior parameters consist of
swimming activity, swimming time, swimming speed, and so on. Among the physiological
parameters are feeding rate, heart rate, thoracic limb activity, post-abdominal claw move-
ment, and compound eye activity. Biochemical parameters can be categorized as enzymatic
or non-enzymatic. Quantitative studies on enzyme activity variations in D. magna have
been conducted to determine the ecological risk of chemicals [25–27].

The safety of the aquatic environment is a pressing issue in the 21st century, with
significant ramifications for society and the global economy. Yee et al. [28] highlighted the
persistent issue of the negative effects of man-made surface biological contamination. To
address this issue, we used D. magna as a test organism to investigate the acute and chronic
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toxic effects of MB and calculated the median effect concentration (EC50), median lethal
concentration (LC50), and no observed effective concentration (NOEC) to provide basic
data for aquatic ecological risk assessment. Additionally, our findings provide a reference
for the safe and rational use of MB and ecological diversity conservation.

2. Materials and Methods

2.1. Chemicals

The MB solution used in this study was purchased from Sangon Biotech Company
(Shanghai, China), with a blue color and purity ≥ 98%. The basic physical and chemi-
cal properties of MB are presented in Table 1. A stock solution with a concentration of
100 mg/L was prepared with ultrapure water and stored at 4 ◦C in a refrigerator protected
from light.

Table 1. Physical and chemical properties of methylene blue (MB).

Chemical Name
Molecular
Formula

Molecular
Weight

CAS Registry
Number

Solubility
(g/L)

Chemical
Structure

Chloro-3,7-
bis(dimethylamino)

phenothiazine-5-buzz-
trishydrate

C16H18CIN3S·3
(H2O) 373.9 7220-79-3 50 (20 ◦C)

2.2. Preparation of Daphnia magna

D. magna were cultured in the laboratory for over 3 generations, all derived from a sin-
gle parent. They were cultured in a 500 mL glass beaker placed in an incubator at 20 ± 1 ◦C,
with a 16:8 light/dark photoperiod and a light intensity of 3000 Lux. EPA medium was
used as the culture medium, and it was renewed 2–3 times a week. The animals were fed
daily on Chlorella vulgaris (at a concentration of 2.5 × 106 cells/mL), and dead D. magna and
impurities at the bottom were cleaned daily. Larger, more active females with more eggs
were selected 24 h before the experiment and incubated in a separate beaker. The newly
produced juveniles (6~24 h) were used as test organisms.

2.3. Acute Experiments

In 48 h immobilization toxicity tests, referring to the Test No. 221 guidance docu-
ment [29], 6 concentration groups (30, 39.6, 52.3, 69, 91.1, and 120 μg/L) and a control group
were set up according to the pilot experiment. The test system consisted of 50 mL beakers
containing 30 mL of MB solution. Ten healthy neonates (<24 h) were randomly placed in
each beaker without feeding, and three replicates were set up for each group. After 48 h,
the morphology of D. magna was observed under a microscope, and the inhibition rate
was calculated (inhibited being defined as having a heartbeat but not swimming). The
48 h-EC50 value was obtained through curve fitting.

In 24 h lethality toxicity tests, after pilot experiments, 6 treatment groups (110, 124, 140,
157, 177, and 200 μg/L) and a control group were established. The test system consisted
of 50 mL beakers containing 30 mL of MB solution. Ten healthy neonates (<24 h) were
randomly placed in each beaker without feeding, and three replicates were set up for each
group. After 24 h, the morphology of D. magna was observed under a microscope, and the
mortality rate was calculated (with the criterion of no heartbeat as death). The 24 h-LC50
value was obtained by curve fitting.

2.4. Chronic Experiments

According to the value of 24 h-LC50, 6 treatment groups (1.5, 2.7, 4.7, 8.4, 15, and
26.7 μg/L) and one blank control group were set up using the equal logarithmic spacing
method. The experimental system consisted of 50 mL beakers containing 30 mL of MB
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solution, with one healthy neonate (<24 h) randomly placed in each beaker, and 10 replicates
were set up for each concentration group, for a total of 70 neonates (7 × 10) used in
the experiment, which lasted 21 days. Chlorella vulgaris were fed daily at a density of
2.5 × 106 cells/mL. During the experiment, a semi-static exposure test was used, and the
exposure solution was replaced every 2 days. The growth and reproductive status were
observed and recorded daily, including cumulative molts, time of the first brood, number
of offspring in the first brood, total number of broods, and number of living offspring per
brood, to calculate the intrinsic growth rate (rm) of the population. The newborns were
promptly removed after birth.

At the end of the experiment, each D. magna was placed in the groove of a single
concave glass slide, and an appropriate amount of MB exposure solution was dropped
in. The body length (from the helmet to the front end of the tail spine, excluding the tail
spine), the heart rate, and the frequency of thoracic limb movement were measured using a
stereomicroscope and VistarImage software. Each D. magna was measured 3 times.

2.5. Measurement of Physiological Parameters

Antioxidant damage tests were conducted on D. magna in the 8.4, 15, and 26.7 μg/L
exposure concentrations and the blank control group based on the results of the chronic
test. For these tests, 100 healthy neonates (age 6~24 h) were randomly placed in a 250 mL
beaker containing 200 mL of MB solution, without feeding, and there were 3 replicates
for each group. After 24 h, the D. magna were collected, washed 3 times, and transferred
to a 1.5 mL tube containing 0.81 mL of physiological saline. The tube was then placed at
−40 ◦C for 12 h and then at 4 ◦C for 1 h to thaw. An ultrasonic cell disrupter was used
to crush the tissue. The prepared 10% tissue homogenate was centrifuged at 2500 rpm
for 15 min in a high-speed frozen centrifuge at 4 ◦C. The supernatant obtained was the
crude enzyme solution for measurement. Superoxide dismutase (SOD) activity, glutathione
S-transferase (GST) activity, and malondialdehyde (MDA) content were measured using
test kits purchased from Nanjing Jiancheng Bioengineering Institute, Nanjing, China.

2.6. Statistical Analysis

The experimental data were analyzed and statistically processed using SPSS 23.0
and Excel software. The experimental results were subjected to linear or nonlinear fitting
analysis using OriginPro 9.1 software. The most suitably fitted model was selected based
on the R2 value of the fitting curve being closer to 1 and the p value being smaller. The
trend of inhibition and mortality of D. magna under exposure to different concentrations
of methylene blue was fitted using the Hill function (Equation (1)) to obtain the 48 h-EC50
and 24 h-LC50 values:

f (x) =
1

1 + ( EC50
x )

m (1)

where f (x) refers to the mortality (or immobilization rate) of D. magna, x refers to the
concentration of MB solution (μg/L), and m refers to the curve shape parameter.

The Log3P1 model (Equation (2)) was used to fit the trend of heart rate and thoracic
limb activity in the chronic treatment:

y = a − b ln(x + c) (2)

where y refers to the heart rate or beat frequency of the thoracic limb (times/min), x refers
to the concentration of MB solution (μg/L), and a, b and c are constants.

The intrinsic rate of population increase (rm) was initially calculated by Equation (3),
and then the precise value was obtained through the stepwise approximation method in
Equation (4) [30,31]:

rm =
ln R0

T
, R0 =

∞

∑
0

mxlx, T =
∑∞

0 xlxmx

R0
(3)
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n

∑
x=0

e−rmx lxmx = 1 (4)

where x is the age of D. magna (d), lx is the survival rate at age x, mx is the fecundity at age
x, R0 is the net reproduction rate, and T is the generation time (d).

The normality of the parameters was tested using the Shapiro–Wilks test. A one-way
ANOVA followed by an LSD post hoc test was used to analyze the differences between
the blank control and various MB concentration groups, and the experimental results were
presented as mean ± standard error.

3. Results

3.1. Acute Immobilization Toxicity Tests

The immobilization rate of D. magna increased with increasing MB concentration
(Figure 1). The 48 h-EC50 of MB for D. magna was determined to be 61.5 ± 2.3 μg/L.

Figure 1. Trend of immobilization rate fitted by Hill function in acute toxicity tests. Means and
standard errors are shown.

3.2. Acute Lethality Toxicity Tests

The mortality of D. magna increased with the increased MB concentration (Figure 2).
The 24 h-LC50 of MB for D. magna was determined to be 149.0 ± 2.2 μg/L.

Figure 2. Trend of mortality rate fitted by Hill function in acute toxicity tests. Means and standard
errors are shown.
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3.3. Damage Caused by MB to D. magna Bodies in Acute Toxicity Tests

In the acute exposure test, the tested D. magna suffered from various degrees of
damage. Some individuals had holes in their carapace and lost their thoracic limbs, while
others had a swollen carapace and blue residue on their antennae, appendages, intestines,
and carapace. The bodies of D. magna that had stopped beating were white and sank to the
bottom of the exposure solution (Figure 3).

 

Figure 3. Damage to D. magna caused by MB in acute toxicity tests: (A) swollen and whitish carapace;
(B) blue intestines; (C) swollen carapace and blue intestines; (D) carapace stuck with blue substance;
(E) swollen carapace and partial loss of thoracic limb; (F) blue substance sticking to second antenna;
(G) body turned blue throughout, with swollen carapace and holes; (H) swollen carapace and blue
substance sticking to thoracic limb; (I) blue deposits in intestines and thoracic limbs.

3.4. Chronic Toxicity of Methylene Blue in D. magna
3.4.1. Heart Rate and Thoracic Limb Activity

The heart rate of D. magna decreased as the MB concentration increased (Figure 4).
At 4.7 μg/L, the heart rate of the exposed group (269 ± 2.35 times/min) was significantly
different (p < 0.05) from that of the control group (298 ± 10.15 times/min). The lowest
heart rate was observed in the 26.7 μg/L MB treated group (256 ± 5.57 times/min), which
was significantly different (p < 0.05) from the control group, as well as the 1.5, 2.7, 4.7, and
8.4 μg/L MB treated groups. Similarly, as the MB concentration increased, the thoracic
limb beat frequency decreased. At 4.7 μg/L, the beat frequency of the exposed group
(289 ± 10.75 times/min) was significantly different (p < 0.05) from that of the control group
(301 ± 4.95 times/min). The lowest beat frequency was observed in the 26.7 μg/L exposed
group (280.2 ± 1.92 times/min), which was significantly different (p < 0.05) from that of
the control group as well as the 1.5, 2.7, 4.7, and 8.4 μg/L treatment groups.
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Figure 4. Effect of MB on (a) heart rate and (b) thoracic limb activity of D. magna (mean ± SE,
n = 10); significant differences (p < 0.05) between different treatment groups and the control group
are indicated by different letters.

The inhibitory effect of MB on heart rate and thoracic limb beat frequency was dose-
dependent (Figure 5).

Figure 5. Effects of MB on (a) heart rate and (b) thoracic limb activity of D. magna after fitting with
the Log3P1 curve. Means and standard errors are shown.

3.4.2. Body Length

After exposure to methylene blue for 21 days, the body length of D. magna in the
15 μg/L group increased (3.472 ± 0.078 mm) compared to the control group
(3.462 ± 0.094 mm), but there was no significant difference (p > 0.05). The body length of D.
magna in all other groups was shorter than that of the control group, and the body length
in the highest concentration group (26.7 μg/L) was significantly shorter (3.206 ± 0.211 mm,
p < 0.05; Figure 6).
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Figure 6. Effect of MB on (a) body length and (b) morphology of D. magna in each group at 21 days
(mean ± SE, n = 10); significant differences (p < 0.05) between different treatment groups and the
control group are indicated by different letters.

3.4.3. Reproduction

The total number of molts of D. magna showed a trend of increasing and then de-
creasing with increasing MB concentration. When the MB concentration was 8.4 μg/L, the
number of molts reached a peak at 9.1 ± 1.52 times, but there was no significant difference
(p > 0.05) compared with the control group (8.2 ± 1.14 times) (Figure 7a). When the concen-
tration was higher than 8.4 μg/L, the number of molts began to decrease. The total number
of molts in the group exposed to the highest concentration of 26.7 μg/L (6.6 ± 1.43 times)
was significantly less than that of the control group (p < 0.05).

Except for the 8.4 μg/L exposure group, which had a slightly earlier first brood time
than the control group (7.1 ± 0.316 days versus 7.2 ± 0.422 days), the first brood time in all
other groups was delayed compared to the control group. In particular, the first brood time
of D. magna in the 15 and 26.7 μg/L exposure groups (8.4 ± 2.297 and 8.75 ± 1.389 days,
respectively) was significantly later than that of the control group (p < 0.05) (Figure 7b).

The number of first brood neonates and total offspring produced by D. magna showed
an initial increase followed by a decrease with increasing MB concentration. The highest
number of first brood neonates (19.3 ± 3.302) and total offspring produced
(65.3 ± 9.21) were observed in the 8.4 μg/L concentration group, which was significantly
higher than the control group (p < 0.05). In contrast, the lowest number of first brood
neonates (8.875 ± 4.051) and total offspring produced (43.5 ± 4.75) was observed in the
highest concentration group (26.7 μg/L), which was significantly lower than the control
group and other exposure groups (p < 0.05; Figure 7c,d). The number of broods produced
in all exposure groups was higher compared to the control group, and the number was
significantly higher in the 8.4 and 26.7 μg/L groups than the control group (p < 0.05), with
4.1 ± 0.57 and 4.1 ± 0.35 broods, respectively (Figure 7e). The average number of neonates
produced per brood decreased with increasing MB concentration, and all exposure groups
had fewer neonates per brood than the control group. The lowest average number of
neonates produced per brood was observed in the highest concentration group (26.7 μg/L),
with 10.58 ± 1.23, which was significantly lower compared to the control group (p < 0.05;
Figure 7f). The cumulative number of living offspring in each group over 21 days is shown
in Figure 8.

In addition, “abortion” was observed during the experiment (Figure 9). One D. magna
in the 15 μg/L exposure group aborted seven eggs on the seventh day. The undeveloped
eggs fell off the brood chamber and adhered to the molted carapace. Another individual in
the 26.7 μg/L exposure group aborted four eggs on the fifth day, and the eggs sank to the
bottom of the beaker.
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Figure 7. Influences of MB on (a) number of molts, (b) time to production of first brood, (c) number
of first brood, (d) total number of living offspring, (e) total number of broods, and (f) total number of
living offspring per brood (mean ± SE; n = 10). Significant differences (p < 0.05) among groups are
indicated by different letters.
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Figure 8. Cumulative number of living offspring over a 21-day period. Means and standard errors
are shown.

 

Figure 9. (a) Control group of D. magna and aborted eggs in groups exposed to (b) 15 and
(c) 26.7 μg/L observed under a stereomicroscope (3×).

As the concentration of MB increased, the intrinsic growth rate showed a trend of first
increasing and then decreasing (Figure 10). The intrinsic growth rate was higher in the
groups exposed to 1.5, 2.7, 4.7, 8.4, and 15 μg/L of methylparaben than the control group,
while the rate was lower in the 26.7 μg/L group than the control group, but the difference
was not significant (p > 0.05).
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Figure 10. Intrinsic rate of population increase of D. magna (mean ± SE; n = 10).

3.5. Antioxidant Enzymes, Detoxification Enzymes, and Oxidative Damage Markers

The changes in superoxide dismutase (SOD) activity in D. magna tissues after exposure
to MB are shown in Figure 11a. The SOD activity of the control group was the lowest,
at 2.973 ± 0.479 U/mgprot. With increasing MB concentration, the SOD activity gradu-
ally increased. The SOD activity in D. magna exposed to 8.4 μg/L MB was significantly
higher than that in the control group (p < 0.05). The SOD activity in D. magna exposed to
15 μg/L MB was 7.996 ± 0.878 U/mgprot, significantly higher than that in the control group
(p < 0.01). When the MB concentration was 26.7 μg/L, the SOD activity of D. magna was
the highest (15.497 ± 1.83 U/mgprot), which was 5.21 times that of the control group, and
there was a significant difference (p < 0.01).

Figure 11. Effects of MB on (a) SOD activity, (b) GST activity, and (c) MDA content of D. magna
(mean ± SE; n = 3; * p < 0.05 between the different treatment groups and the control group; ** p < 0.01
between the different treatment groups and the control group).

As the concentration of MB increased, GST activity in D. magna tissues was first
induced and then inhibited. When the MB concentration was 8.4 μg/L, the GST activity
was the highest (5.338 ± 0.505 U/mgprot), which was 1.86 times that in the control group
(2.868 ± 0.835 U/mgprot), and the induced GST activity was significant (p < 0.01). However,
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when the MB concentration exceeded 8.4 μg/L, the GST activity significantly decreased
compared to the control group (p < 0.05). This was evidenced by the GST activity in
the D. magna tissues exposed to 15 and 26.7 μg/L MB, which was 2.119 ± 0.403 and
0.808 ± 0.319 c U/mgprot, respectively (Figure 11b).

As the concentration of MB increased, the MDA content in D. magna tissues also
increased. However, there was no significant difference in MDA content between the
8.4 and 15 μg/L exposure groups and the blank control group (p > 0.05), with values of
0.292 ± 0.033 and 0.389 ± 0.055 nmol/mgprot, respectively. In contrast, the MDA content
in D. magna exposed to the highest concentration of 26.7 μg/L (0.538 ± 0.038 nmol/mgprot)
was 1.92 times higher than that in the control group (0.28 ± 0.062 nmol/mgprot)
(Figure 11c).

4. Discussion

EC50 and LC50 are commonly used to assess the toxicity of pollutants to aquatic
organisms. Previous studies reported 24 h-LC50 values of MB of 5.769 mg/L for Litopenaeus
vannamei [32] and 31.60 mg/L for Limnodrilus [33], suggesting that the sensitivity to MB
is highest in D. magna and that MB is a potent toxin for zooplankton. Furthermore, the
EC50 and LC50 values vary depending on the type of pollutant. Abe et al. [30] reported
EC50 values of two azo dyes, basic red 51 (BR51), a synthetic dye, and erythromycin (Ery),
a natural dye, on D. magna of 0.10 mg/L (0.09–0.11) and 19.7 mg/L (15.7–24.9), respectively.
Similarly, Verma [34] found that the 48 h-EC50 values of the azo dyes Remazol Parrot Green
and Remazol Golden Yellow for D. magna were 55.32 and 46.84 mg/L, respectively, while
Kanhere [35] reported that the 48 h-EC50 of malachite green was 0.77 mg/L. Compared with
these results, D. magna was found to be more sensitive to the toxicity of methylene blue, a
thiazide dye. Based on the United Nations Globally Harmonized System of Classification
and Labelling of Chemicals (GHS Rev. 9, 2021) for acute aquatic toxicity (class I: 48 h-
EC50 ≤ 1 mg/L; class II: 1 mg/L < 48 h-EC50 ≤ 10 mg/L; class III: 10 mg/L < 48 h-EC50),
the toxicity of MB to D. magna falls into class I.

The heart rate and beat frequency of the thoracic limbs of D. magna are important indi-
cators of their overall health, reflecting the status of their feeding, respiration, metabolism,
and endocrine system [36]. Several chemicals have been found to affect D. magna’s heart
rate and beat frequency [37,38]. In this experiment, higher MB concentrations were found
to decrease the heart rate and beat frequency of the thoracic limbs in D. magna. This may
be due to the accumulation of MB with prolonged exposure, resulting in high toxicity
and difficulty degrading it [39]. Long-term accumulation of MB in D. magna may lead to
physiological abnormalities, decreased heart rate, and diminished eating capacity. Similar
findings were reported by Eghan et al. [40], who observed time- and dose-dependent sup-
pression of heart rate and thoracic limb beat frequency in D. magna exposed to acrylamide.
Bownik et al. [41] also reported a time- and dose-dependent decrease in heart rate and
thoracic limb beat frequency in response to ketoprofen, while procaine penicillin caused a
concentration-dependent depression of heart rate and beat frequency [42]. D. magna has
a myogenic heart, which means the myocardial contractions are not influenced by brain
activity [43–46]. Pirtle et al. [45] suggested that the autonomic beating of D. magna’s heart
relies on hyperpolarization activating T-type calcium channels and cyclic nucleotide-gated
ion channels. MB alters the activity of these ion channels, leading to changes in heart
rate, which could explain the observed decrease in heart rate in D. magna. A decreased
heart rate implies reduced O2 and nutrient supply to cells [47], which impacts lymphatic
blood circulation and immune response [48], thereby affecting the beat frequency of the
thoracic limbs.

The thoracic limbs, which are the feeding organs of D. magna, are covered with bristles
that filter food from the water and deliver it to the mouth. A decrease in the beat frequency
of the thoracic limbs can affect the water filtration rate of D. magna, reducing their feeding
capacity. Food intake is crucial for energy replenishment, and feeding capacity is closely
related to individual growth and reproduction ability [49]. Moreover, decreased beat
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frequency of the thoracic limbs may be associated with the intestinal contents. On the
one hand, it can be caused by an increase in particulate matter, including food [50,51].
Lari et al. [50] studied the effect of oil sands process-affected water (OPSW), a by-product
of bitumen extraction, on D. magna and found that the exposed group exhibited a change
in the color of the intestine from green to brown, a significantly higher density of algal
cells compared to the control group, and a simultaneous decrease in the beat frequency
of the thoracic limbs. On the other hand, exposure to dissolved toxicants can lead to
decreased Na+/K+-ATPase activity in D. magna, resulting in reduced transmission between
thoracic limb neurons and muscles and, in turn, decreased beat frequency of the thoracic
limbs [36]. Additionally, blue residue was observed in the intestines of exposed D. magna,
partially obstructing the flow of intestinal contents and potentially contributing to reduced
feeding capacity.

Chronic exposure to MB significantly impacted the growth and reproductive capacity
of D. magna. Specifically, the 26.7 μg/L exposure group exhibited significantly shorter
body length and fewer molts than the control group, indicating that MB had some develop-
mentally toxic effects, strongly inhibiting the growth and development of D. magna, as it
normally develops through molting.

Regarding reproduction, exposure to high concentrations of MB caused a significant
delay in the production of the first brood. At medium MB concentrations, the number
of the first brood and total number of living offspring significantly increased, while at
higher concentrations they decreased, indicating hormesis, a stimulative effect at low
concentrations, and an inhibitory effect at high concentrations [52]. The total number of
broods was higher in all exposure groups than in the control group, but the number of
living offspring per brood was lower in the exposure groups. When considering the 21-day
reproduction results, the increase in the number of the first brood and total number of
living offspring in the 8.4 μg/L group was due to the earlier sexual maturation time, while
the decrease in the 26.7 μg/L group was due to a significant delay in sexual maturation
and a decrease in the number of living offspring per brood. This adaptive response to the
environment aligns with previous studies, suggesting that D. magna deliberately increase
the number of reproductions and reduce the number of single reproductions to stabilize
the population in adverse environments [53].

Many studies have demonstrated the occurrence of hormesis in the growth, repro-
duction, and swimming behavior of D. magna when exposed to various contaminants. For
instance, low concentrations of bioplastics promoted the reproductive rate, while higher
concentrations inhibited it [54]. Similarly, low concentrations of ciprofloxacin and ofloxacin
were found to stimulate a shortening of the first oogenesis time and an increase in brood
size in D. magna [55]. In studies investigating the effects of fluoxetine and propranolol
on D. magna swimming activity [56], intermediate drug doses (1~10 μg/L) significantly
promoted swimming activity, while high doses (>100 μg/L) had the opposite effect, causing
a significant decrease in swimming activity.

The decreased reproductive capacity of D. magna in the high-concentration groups
may be attributed to the allocation of energy, primarily used for growth, reproduction, and
basal metabolism. The stress response triggered by MB elevated the basal metabolic energy
consumption of D. magna, thereby reducing the available energy reserves for growth and
reproduction [57]. Consequently, there was a decline in reproductive ability and, in certain
instances, even the occurrence of “abortion”. These findings are consistent with those of a
previous study [57].

The intrinsic rate of population increase is a measure of the population’s ability to ex-
pand under ideal conditions. In this study, the intrinsic rate of population increase initially
showed an increasing trend with increasing MB concentration, followed by a decreasing
trend. However, these trends were not significantly different from those observed in the
control group. The concentration of energy allocated to basal metabolism in D. magna
under the stress of MB may influence its growth and reproduction, contributing to the
observed pattern. The sensitivity of reproduction parameters to MB varied, and the order
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of sensitivity for these indicators was as follows: number of first brood = total number of
broods = total number of living offspring > time to production of first brood > cumulative
molts = number of living offspring per brood.

SOD plays a vital role in D. magna’s antioxidant defense system by eliminating reac-
tive oxygen species (ROS) through the catalysis of superoxide anion radicals (O2

−) into
hydrogen peroxide (H2O2) and oxygen (O2) [58]. This enzyme exerts a protective effect on
the cells of the organism. Assessing SOD activity in D. magna can provide insights into its
ability to adapt to MB exposure. In our study, SOD activity exhibited a continuous increase
with escalating MB concentration. SOD activity in the highest concentration group was
5.21 times higher than that in the control group. These findings indicate that under the
stress of MB, D. magna consistently enhanced its antioxidant capacity in response to the
increasing assault of ROS and the unfavorable environment.

Excess reactive oxygen radicals in D. magna tissues that cannot be scavenged by SOD
can lead to lipid peroxidation of cell membranes, causing cellular damage. This damage
can be assessed by measuring the MDA content. In our study, the MDA content in D. magna
exhibited a positive correlation with increasing MB concentration and was significantly
higher compared to the control group, indicating oxidative damage. Despite the increased
SOD activity, the MDA content also increased, suggesting that SOD was unable to fully
eliminate all ROS. It is noteworthy that the highest MB concentration tested did not inhibit
SOD activity, as reported in previous studies by Shen et al. [59] and Duan et al. [60] using
different compounds but demonstrating similar effects. The elevated MDA levels in our
study imply that MB exposure stimulated the generation of intracellular ROS in D. magna,
leading to oxidative alterations of cellular components.

GST is an essential detoxifying enzyme that plays a crucial role in scavenging free
radicals and facilitating detoxification processes. It catalyzes the conjugation of harmful
endogenous or exogenous substances with reduced glutathione (GSH), forming more
soluble and nontoxic derivatives that can be efficiently excreted or broken down by en-
zymes [61]. GST also possesses the ability to scavenge excess ROS, limit lipid peroxidation,
and mitigate oxidative stress-induced damage [62]. In this study, GST activity exhibited
hormetic effects, with induction observed in the low-concentration group and inhibition
in the high-concentration group. At low concentrations of MB, GST activity increased
to 1.86 times that of the control group, effectively scavenging free radicals and serving a
detoxification function. However, at high MB concentrations, GST activity declined rapidly,
possibly due to the depletion of intracellular GSH content. Consequently, toxins accumu-
lated, disrupting the balance between free radical production and elimination and leading
to the inactivation of GST, impairing its normal participation in the detoxification reaction.
This finding is consistent with previous research [59], which demonstrated that after 24 h of
dibutyl phthalate exposure, GST activity in D. magna neonates was dramatically elevated
at 0.5 mg/L and reduced at 2 mg/L.

The influence of MB on D. magna involves complex physiological and biochemical pro-
cesses, and our study examined only its effects on growth and reproduction. Consequently,
there remains a knowledge gap concerning the toxicological mechanism of MB. Future
investigations could bridge this gap by integrating conventional toxicological analysis with
ecotoxicological genomics data, including transcriptomics, proteomics, metabolomics, and
epigenomics. This comprehensive approach would enable a thorough exploration of the
effects of MB on D. magna and other zooplankton species [63].

5. Conclusions

Methylene blue exhibited pronounced toxicity toward D. magna, with increasing toxic
effects correlating with increasing concentration. Chronic exposure to MB significantly
affected the growth and reproduction of D. magna, with heart rate and thoracic limb beat
frequency proving to be more sensitive indicators than body length. Furthermore, MB
could induce antioxidant stress in D. magna. The maximal concentration of MB at which no
adverse effects were observed (NOEC) was determined to be 4.7 μg/L. Establishing water
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quality criteria for MB primarily relies on zooplankton, particularly D. magna, which is the
most sensitive species to MB contamination (Supplementary Materials, Figure S2).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/toxics11070594/s1, Table S1. Acute toxicity of methylene
blue to aquatic animals. Figure S1. Developmental stages of Daphnia magna under the stereomi-
croscope. Figure S2. Logistic fitting curve of species mean acute values (SMAV) of methylene blue.
References [32,33,64–68] are cited in the supplementary materials.
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Abstract: Agriculture is fundamental for human development, but it may also have a range of
unwanted effects on ecosystems when pesticides inadvertently enter the environment. We determined
the toxicity of difenoconazole and atrazine, as well as their photodegradation products, on the
bioindicators Lemna minor and Daphnia magna. For L. minor, we assessed the number of leaves,
biomass, and chlorophyll content exposed to different concentrations of difenoconazole (0–8 mg/L)
and atrazine (0–3.84 mg/L). For D. magna, we assessed the mortality to difenoconazole (0–1.6 mg/L)
and atrazine (0–80 mg/L). We found that the higher the concentrations of the pesticides, the higher
the toxicity for both bioindicators. In L. minor, the highest toxicity for atrazine was 0.96 mg/L,
whereas for difenoconazole, it was 8 mg/L. For D. magna, the 48 h LC50 for difenoconazole was
0.97 mg/L, while for atrazine, it was 86.19 mg/L. For L. minor, the toxicity of difenoconazole and
atrazine was not different compared to that of their photodegradation products. In contrast, for D.
magna, difenoconazole, but not atrazine, was more toxic compared to its respective photodegradation
products. Pesticides are a serious threat to aquatic biota, and their photodegradation products remain
toxic in the environment. Additionally, the use of bioindicators can help monitor these pollutants
in aquatic ecosystems in countries where the application of pesticides is imperative for agricultural
production.

Keywords: Lemna minor; Daphnia magna; pesticides; aquatic toxicity

1. Introduction

The contamination of aquatic ecosystems worldwide is a drastic issue, which worsens
every day by the inadvertent entry of pesticides into the environment [1]. Only very low
percentages of applied pesticides reach the target plant, and most pesticides simply end up
in aquatic ecosystems through percolation, evaporation, leaching, runoff, and erosion [2].
Thus, it is almost impossible to trace the flow of pesticides in the environment.

Difenoconazole and atrazine stand out as being among the most used pesticides in agri-
culture that have been detected as contaminants in the environment [3,4]. Difenoconazole
(triazole family) is a fungicide that interferes with the biosynthesis of ergosterol in fungi,
acting mainly on the demethylation of C14, which causes morphological and functional
alterations of the cell wall [4]. In addition, it belongs to the group of endocrine disruptors,
which are known to cause damage to human health and cause acute and chronic toxicity
in aquatic environments (H400 and H410, respectively, according to the classification of
the Globally Harmonized System of Classification and Labelling of Chemical Products
(GHS)) [5,6]. Atrazine (triazine family) is a herbicide that inhibits photosynthetic electron
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transport in leaves [4]. It is leached through the soil by rain or irrigation water until it
reaches bodies of water, where it is frequently detected due to its low solubility in water [5].
In addition, atrazine is listed as hazardous [6] (acute and chronic toxicity, H400 and 410,
respectively) for aquatic environments.

Pesticides present in the environment are degraded by physicochemical (e.g., pho-
todegradation by solar irradiation) or biological processes (e.g., degradation by microbial
activity), giving rise to transformation products. In many cases, these transformation prod-
ucts have unknown effects on the environment [7], are known to cause loss of species [7],
or have been classified as carcinogenic, neurotoxic, and teratogenic [8]. Some authors, such
as Man et al. [9], found that photodegradation products of difenoconazole are toxic for
fish but not for crustaceans. Klementová et al. [3] reported no toxicity of the combined
photodegraded products of atrazine on aquatic plants, while crustaceans only suffered
toxic effects after long-term exposure to atrazine. Evgenidou and Fytianos [10] investigated
the transformation products of atrazine via different degradation forms. However, it is
still necessary to understand how these compounds affect water bodies, their degradation
pathways, the means of detection, the effects of chronic exposure, and the responses of
aquatic biota.

Toxicity bioassays with biological indicators are already standardized techniques
(Standard Methods 8211), which tests give reliable and reproducible/repeatable results [11].
The use of biological indicators in toxicity tests is on the rise due to the ease of installation,
maintenance, and adaptation to laboratory conditions, which lowers the costs of studies [12].
Lemna minor is a floating macrophytic aquatic plant that inhabits freshwater bodies; it is
commonly used in aquatic ecotoxicity tests and is recommended for toxicity evaluations in
processes where pesticides are used [13,14]. Within the animal kingdom, Daphnia magna is
the most commonly used cladoceran crustacean in ecotoxicological tests because it is easy
to establish in the laboratory and has a short life cycle [15]. The USEPA [11,16] recommend
the use of these species for the evaluation of agrochemical toxicity in aquatic environments.

Agricultural production in Ecuador contributes 8% to the country’s total annual
production [17]. According to the FAOSTAT data, Ecuador registered pesticide use of
approximately 14.03 kg/ha in 2019 [18]. Difenoconazole is applied to control Black Sigatoka
caused by the fungus Mycospharella fijensis in banana crops, and it is an agrochemical
considered to be moderately dangerous (II) according to the toxicological category of the
World Health Organization [8,17,19]. Atrazine, on the other hand, is applied as a weed
controller in corn and sugar cane crops and it is an agrochemical considered to be slightly
dangerous (III) [10,20]. In Ecuador, the areas planted with bananas occupy 165,080 ha, and
the areas planted with sugarcane occupy more than 157,900 ha [17].

Therefore, the present study investigated the toxic effects of difenoconazole and
atrazine and the potential toxicity of their photodegradation products on aquatic biota
by using L. minor and D. magna as bioindicators. The photodegradation products were
obtained by exposing both pesticides to UV irradiation in the laboratory. As the response
variables, we used the number of leaves, biomass, and chlorophyll content of L. minor and
percentage of mortality of D. magna. We expected that the toxicity of the photodegradation
products is lower than that of the pesticides.

2. Materials and Methods

2.1. Difenoconazole and Atrazine Photodegradation

We used commercial-grade difenoconazole (Score® 250 EC, Syngenta S.A., Cartagena,
Colombia) and commercial-grade atrazine (ATRAPAC® 900, Agripac, Guayaquil, Ecuador).
The photodegradation products were obtained by exposing both pesticides to irradiation
with a 6 W UV-C light lamp (200 to 280 nm) in a cylindrical reactor (Microfilter Ultraviolet
Sterilization Filter model OPP-625 1.0 GPM. Sejong, Republic of Korea) with an adjustable
flow rate peristaltic pump (Cole Parmer model 7523-80 Masterflex L/S, Waltham, MA,
USA).
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The photodegradation conditions for both pesticides were as follows: for difenocona-
zole, a 8 mg/L solution was prepared and then irradiated for 2 and 4 min, whereas for
atrazine, a 3.84 mg/L solution was prepared and then irradiated for 15 min until pho-
todegradation products were obtained (Table 1). Pesticide concentrations and exposure
times (irradiation with UV-C light lamp) were established after performing and monitoring
previous tests until photodegradation products were detected through high performance
liquid chromatography (HPLC).

All tests during the assays were carried out with the previously mentioned commercial
pesticides; for their analytical determination, we used the standard solutions for difeno-
conazole (Difenoconazol PESTANAL®, Sigma Aldrich, St. Louis, MO, USA) and atrazine
(Atrazine PESTANAL®, Sigma Aldrich, St. Louis, MO, USA).

The analytical determination of difenoconazole, atrazine, and their photodegradation
products was performed using a HPCL coupled to a mass spectrometer (Bruker amaZon
Ion Trap Mass, Bremen, Germany) and a UV detector (Thermo Scientific, Dionex UltiMate
3000 modular system, Waltham, MA, USA).

2.2. Toxicity Tests with Lemna Minor

The toxicity tests for L. minor were carried out according to the guidelines of the
Standard Methods 8211 [11]. Prior to the tests, individuals of L. minor (adapted and main-
tained under laboratory conditions [11]) were cultured for two weeks in a nutrient solution
for duckweed (see Table S1 for details about solution) and simultaneously subjected to
an adaptation period with the light (24 h; 2150–4300 lux) and temperature (24 ± 2 ◦C)
conditions used during the toxicity tests. We prepared six concentrations of difenoconazole
(0, 0.5, 1, 2, 4, and 8 mg/L) from a stock solution of difenoconazole (1000 mg/L), and
six concentrations of atrazine (0, 0.12, 0.24, 0.48, 0.96, 1.92, and 3.84 mg/L) from a stock
solution of atrazine (192 mg/L). To test the effect of the photodegradation products from
both pesticides, individuals of L. minor were exposed to a solution of 8 mg/L of difeno-
conazole and to a solution of 3.84 mg/L irradiated with UV-C light. The selection of these
concentrations was based on previous range-finder tests, where both bioindicators were
exposed to different concentrations of each pesticide until we detected damage or alteration
in the exposed organisms to select a reference initial concentration. Then, from the initial
concentration, we successively increased the concentrations by two-fold.

Three replicates were created for each concentration of the pesticides and their pho-
todegradation products. In each replicate, we placed 10 healthy individuals of L. minor
in a 350 mL glass bowl containing 100 mL of the nutrient solution and an aliquot of each
concentration. L. minor individuals were similar in size and composed of 2 to 3 leaves;
they were exposed to the pesticides and photodegradation products for 7 days. During
the exposure period, the medium was not refreshed. Once the exposure time elapsed, the
individuals of L. minor were carefully removed and washed with DI water to determine the
average total number of leaves, the average total biomass, and the average total chlorophyll
content per replicate, as explained below.

The total number of leaves was counted at the beginning and at the end of the
exposure time (7 days). A new leaf was determined as every shoot that was observed in
the individuals. Any sign of chlorosis or deterioration in the leaves was also recorded.
Then, the number of leaves and the total biomass were determined. The individuals were
placed in 1.5 mL Eppendorf tubes that had been previously waxed and covered with
parafilm, making 3 to 4 perforations. Then, the individuals were lyophilized for a period of
3 hours at −50 ◦C and 0.250 mBar (Labconco modelo 7754047. Kansas City, MO, USA) and
weighed to the nearest 0.0001 mg. Once weighed, the individuals of L. minor were placed
in centrifugation tubes (10 mL) with 2 mL of 80% acetone. Subsequently, they were placed
in a water bath at 25 ◦C in the dark for 24 h, with continuous agitation for the extraction
of chlorophyll Then, the chlorophyll concentration was quantified in a spectrophotometer
(HACH DR 2800, Düsseldorf, Germany) by measuring the absorbance at 665 nm (Chl-
a) and at 649 nm (Chl-b), respectively. We chose these absorbance values based on the
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literature [21,22] and on previous tests carried out in the laboratory after the maximum
absorbance was determined.

2.3. Toxicity Tests with Daphnia Magna

The toxicity tests for D. magna were carried out based on the protocols of the Standard
Methods 8711. Prior to the tests, individuals of D. magna were cultured for four weeks
in a medium consisting of reconstituted hard water according to the Standard Methods
8010:1 (Table S2). During this time, the individuals of D. magna (adapted and maintained
in the laboratory facilities [11]) were adapted to the light (16 h; 528–1076 lux) and temper-
ature (20 ± 2 ◦C) conditions used in the toxicity tests. We prepared six concentrations of
difenoconazole (0, 0.1, 0.2, 0.4, 0.8, and 1.6 mg/L) from a stock solution of difenoconazole
(10 mg/L). For atrazine, we also prepared six concentrations (0, 10, 20, 40, 60, and 80 mg/L)
from a stock solution of atrazine (500 mg/L). To test the effect of the photodegradation
products from both pesticides, the individuals of D. magna were exposed to a solution of
1.6 mg/L of difenoconazole and to a solution of 80 mg/L of atrazine irradiated with UV-C
light. The selection of these concentration was similarly made as explained above.

For each concentration of the pesticides and their photodegradation products, three
replicates were created by placing 10 neonates (i.e., 24 h after hatching) of D. magna in
a 250 mL beaker containing 50 mL of reconstituted hard water plus the aliquot of each
concentration per replicate. The D. magna neonates were exposed to the pesticides and
photodegradation products since hatching for 48 h. Once the exposure time was completed,
the living and immobile individuals were quantified through observation. Then, immobility
was used as a proxy of mortality, and its percentage was calculated.

2.4. Data Analysis

Data analysis was performed in the R programming environment version 4.1.3 [23]. A
GLM was applied to evaluate the effects of the pesticides on L minor and D. magna. The
total number of leaves, the total biomass, and the total chlorophyll of L. minor, and the
percentage of mortality of D. magna, were used as the response variables against each
concentration (treatment) of the pesticides. In another GLM, the effects of the pesticides
and their photodegradation products were evaluated using the same response variables
against the type of pesticide (pesticide vs. by-products) and the different concentrations
(control vs. the highest concentration of each pesticide and by-product). The GLMs
were fitted assuming an adequate error distribution using the stats package [23], i.e.,
Poisson error distribution for number of leaves, Gaussian error distribution for biomass and
total chlorophyll, and binomial error distribution for percentage of mortality. Significant
differences were evaluated by a pairwise comparison test using the emmeans package [24].

For the mortality percentage of D. magna only, the lethal concentrations (LC50, LC20,
and LC10) for difenoconazole and atrazine were calculated using the drc package [25]. The
lethal concentrations were calculated with a 95% confidence interval.
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Table 1. Summary of the characteristics and effects of the studied pesticides as well as their pho-
todegradation products after UV irradiation. m/z refers to the observed mass/charge number ratio.
RT indicates the retention time expressed in minutes.

Name Structure Formula m/z RT Family Effect

Difenoconazole C19H17Cl2N3O3 405.9 6.9 Triazole
Inhibitor of the biosynthesis
of ergosterol in the cellular

membrane of fungi [4].

A-Difenoconazole C19H19N3O4 354.9 2.9 Triazole

Affects the normal
development of aquatic
vegetation and reduces
chlorophyll production.
Affects the mortality of

invertebrates (in this study).

B-Difenoconazole C19H18ClN3O3 370.0 5.2 Triazole

Affects the normal
development of aquatic
vegetation and reduces
chlorophyll production.
Affects the mortality of

invertebrates (in this study).

Atrazine C8H14ClN5 215.7 19.0 Triazine Inhibitors of photosynthetic
electron transport [26].

A-Atrazine C6H10ClN5 187.0 5.5 Triazine

Affects the normal
development of aquatic
vegetation and reduces

chlorophyll production (in
this study).

3. Results

3.1. Photodegradation of Difenoconazole and Atrazine

After the photodegradation of the pesticides, we identified two photodegradation
products for difenoconazole (A-Difenoconazole and B-Difenoconazole) and one for atrazine
(A-Atrazine), as shown in Table 1. For A-difenoconazole and B-Difenoconazole, the molec-
ular formulas are C19H19N3O4 and C19H18ClN3O3, respectively, while for A-Atrazine, the
molecular formula is C6H10ClN5. The three photodegradation products were identified at
the following retention times: A-Difenoconazole at 3 min, B-Difenoconazole at 5 min, and
A-Atrazine at 5.5 min (Table 1).

3.2. Toxicity Tests with L. minor

Both difenoconazole and atrazine have a significant effect on L. minor (Table 2). The
number of leaves decreases significantly as the concentrations of both pesticides increase,
as shown in Figure 1. For difenoconazole, the highest number of leaves is observed in the
control, which is different from the other concentrations, while there are no significant
differences in the number of leaves between the concentrations of 0.5 and 1 mg/L and
between the concentrations of 2, 4, and 8 mg/L (Figure 1). Regarding biomass, the highest
biomass is observed in the control, and there are no significant differences between the
concentrations of 0.5 and 1 mg/L; however, there are significant differences for the higher
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concentrations, with the concentration of 8 mg/L of difenoconazole having a greater effect
on the biomass of L. minor (Figure 1). The total content of chlorophyll is significantly higher
in the control and in the concentration of 0.5 mg/L of difenoconazole, and it decreases with
higher concentrations, with the concentration of 8 mg/L of difenoconazole being the dose
with the greatest effect on the chlorophyll content of L. minor (Figure 1).

Figure 1. Effects of difenoconazole (A–C) and atrazine (D–F) after seven days of exposure on the
number of leaves, total biomass, and total chlorophyll (Chl) content of Lemma minor. Different
lowercase letters denote significant differences in the means at p ≤ 0.05 (pairwise comparisons)
between different pesticide concentrations.
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Table 2. Summary of the GLM for the number of leaves, biomass, and total chlorophyll of L. minor
and for the percentage of mortality of D. magna after being exposed to different concentrations
(treatments) of difenoconazole and atrazine pesticides. Significant differences are indicated with the
p-values in bold.

Species Pesticide Variable Source of Variation Df F p

Lemna minor Difenoconazole No. of leaves Treatments 12 34.38 <0.001
Biomass Treatments 12 6.95 0.003

Total chlorophyll Treatments 12 70.64 <0.001

Atrazine No. of leaves Treatments 12 67.94 <0.001
Biomass Treatments 12 103.83 <0.001

Total chlorophyll Treatments 12 72.20 <0.001

Daphnia magna Difenoconazole Mortality Treatments 12 37.09 0.001

Atrazine Mortality Treatments 12 11.92 <0.001

For atrazine, the highest number of leaves is observed in the control, which is different
from the other concentrations, while there are no significant differences in the number of
leaves between the concentrations of 0.24 and 0.48 mg/L, and the highest concentrations
are the ones that have a negative effect on the number of leaves of L. minor (Figure 1).
Regarding biomass, the highest biomass is observed in the control. There is a marked
significant decrease towards higher concentrations of atrazine, but no significant differences
are observed between these concentrations (Figure 1). The total content of chlorophyll is
significantly higher in the control and in the concentration of 0.12 mg/L of atrazine, and
it decreases towards the highest concentrations, with the concentrations of 0.92, 1.92, and
3.84 mg/L of atrazine being the doses with the greatest effect on the chlorophyll content of
L. minor, although there are no significant differences between them (Figure 1).

In general, significant differences are found for the effects of different concentrations
(control vs. highest concentration) of both pesticides and their photodegradation products
on L. minor, but some exceptions are observed in the response of L. minor between the
type of pesticide (e.g., Atrazine vs. A-Atrazine) (Table 3). For difenoconazole, in terms of
number of leaves, biomass, and total chlorophyll content, both the pesticide and its two
photodegradation products have the same effect (Figure 2).

Table 3. Summary of the GLM for the number of leaves, biomass, and total chlorophyll of L. minor
and for the percentage of mortality of D. magna after being exposed to different concentrations
(treatments) of pesticides and their photodegradation products (pesticides). Significant differences
are indicated with the p-values in bold.

Species Pesticide Variable Source of Variation Df F p

L. minor Difenoconazole No. of leaves Treatments 16 288.10 <0.001
Pesticides 14 0.82 0.443

Biomass Treatments 16 25.02 <0.001
Pesticides 14 0.13 0.874

Total chlorophyll Treatments 16 165.13 <0.001
Pesticides 14 0.08 0.920

Atrazine No. of leaves Treatments 10 104.38 <0.001
Pesticides 9 41.89 <0.001

Biomass Treatments 10 78.27 <0.001
Pesticides 9 6.40 0.032

Total chlorophyll Treatments 10 16.80 0.003
Pesticides 9 5.07 0.051

D. magna Difenoconazole Mortality Treatments 10 9.24 0.009
Pesticides 9 6.60 0.010

Atrazine Mortality Treatments 10 8.69 0.016
Pesticides 9 4.67 0.060

93



Toxics 2023, 11, 213

Figure 2. Effects of difenoconazole (A–C) and atrazine (D–F) and their photodegradation products
after seven days of exposure on the number of leaves, biomass, and total chlorophyll (Chl) content
of L. minor. Control refers to a concentration of 0 mg/L, whereas IS (irradiated solution) refers to
highest concentration used in the bioassays, i.e., 8 mg/L for difenoconazole and its photodegradation
products, and 3.84 mg/L for atrazine and its photodegradation product. Different letters denote
significant differences in the means at p ≤ 0.05 (pairwise comparisons) between different treatment
(blue uppercase letters) and pesticide concentrations (lowercase letters).

For atrazine, there are significant differences in the effects of the pesticide and its
photodegradation product on the number of leaves, biomass, and total chlorophyll content
of L. minor (Figure 2).
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3.3. Toxicity Tests with D. magna

Both difenoconazole and atrazine have a significant effect on D. magna neonates
(Table 2). For difenoconazole, in the control, no mortality is observed in the D. magna
neonates, while neonatal mortality is significantly higher at the concentrations of 0.8 and
1.6 mg/L of difenoconazole (Figure 3). For atrazine, no mortality of D. magna neonates is
observed in the control nor in the concentrations of 10 and 20 mg/L. At 40, 60, and 80 mg/L
concentrations of atrazine, a significant increase in the mortality of D. magna neonates is
observed (Figure 3).

Figure 3. Effects of difenoconazole (A) and atrazine (B) after 48 h of exposure on the percentage of
mortality of Daphnia magna. Different lowercase letters denote significant differences in the means at
p ≤ 0.05 (pairwise comparisons) between different pesticide concentrations.

In general, significant differences are found for the effects of different concentra-
tions (control vs. highest concentration) of both pesticides and their photodegradation
products on D. magna, but some exceptions are observed in the mortality response of D.
magna neonates between the type of pesticide (e.g., Difenoconazole vs. A-Difenoconazole)
(Table 3). For difenoconazole, there is a significant difference between the pesticide and
its photodegradation products, with neonatal mortality being higher with the pesticide
than with the two photodegradation products (Figure 4). In the case of atrazine, there
is no significant difference in D. magna neonate mortality between the pesticide and its
photodegradation product (Figure 4).

Regarding lethal concentrations of difenoconazole, the dose that is necessary to cause
death in 50% of individuals is LC50—48 h = 0.97 mg/L (0.85–1.08, 95% confidence interval).
LC20—48 h and LC10—48 h values are determined for 0.66 mg/L (0.55–0.77) and 0.53 mg/L
(0.41–0.65) of difenoconazole, respectively (Figure S1).

For atrazine, the LC50—48 h value is 86.19 mg/L (66.04–106.34), being higher than
the highest concentration evaluated in this study (80 mg/L). The dose to cause death in
20% and 10% of D. magna are LC20—48 h = 40.63 mg/L (30.62–50.64) and LC10—48 h =
26.17 mg/L (15.28–37.06) of atrazine, respectively (Figure S1).
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Figure 4. Effects of difenoconazole (A) and atrazine (B) and their photodegradation products after
48 h of exposure on the percentage of mortality of D. magna. Control refers to a concentration
of 0 mg/L, whereas IS (irradiated solution) refers to highest concentration used in the bioassays,
i.e., 1.6 mg/L for difenoconazole and its photodegradation products, and 80 mg/L for atrazine
and its photodegradation product. Different letters denote significant differences in the means at
p ≤ 0.05 (pairwise comparisons) between different treatment (blue uppercase letters) and pesticide
concentrations (lowercase letters).

4. Discussion

These results show how the two pesticides, difenoconazole and atrazine, and their
photodegradation products cause a toxic effect on the growth of L. minor and on the
mortality of D. magna neonates. We found that pesticides in their original state are a
serious threat to aquatic biota and that photodegradation products remain toxic to aquatic
organisms even though they are degraded. Our findings show that the number of leaves,
biomass, and chlorophyll content of L. minor, as well as the mortality of D. magna, are
sensitive metrics to quantify the toxic effects of pesticides and photodegradation products
in aquatic environments. We believe that atrazine is a pesticide with a broad toxicological
spectrum for plants and low toxicity for crustaceans at <20 mg/L concentrations in aquatic
environments, whereas difenoconazole shows low toxicity for plants and high toxicity
for crustaceans from 0.1 mg/l concentrations. Therefore, our results complement the
information presented in other studies, where no effects of atrazine on D. magna was
found [3,27,28]. In the research of Klematová et al. [3], they carried out a homogeneous
photocatalytic degradation of atrazine through the photo-Fenton system and toxicity tests
on D. magna and L. minor, showing that atrazine was toxic for L. minor, but it did not affect D.
magna. Consequently, they established that photocatalytic degradation reduces the negative
effect of atrazine on D. magna, while photodegradation products still negatively affect the
growth of L. minor. Here, we demonstrated that when using a pesticide of different nature,
aquatic biota may also response using different pathways.

In the case of difenoconazole, the work carried out by Man et al. [9] supports our
results. They photodegraded difenoconazole in water as well as in soil, and they concluded
that the toxicity caused in D. magna by the photodegradation products is significantly
lower than the parent compound difenoconazole. Other researchers evaluated D. magna
against difenoconazole and determined that there are effects on antioxidant and detoxifying
enzymes, and on the lipid peroxidation of crustacean [4].

The fact that we could establish the toxicity that these pesticides may cause in aquatic
biota provides us the context of what happens to these chemicals after they are applied
to crops. It is known that the transformation of pesticides under different processes
(photodegradation, hydrolysis, photolysis, physical-chemical conditions, degradation by
microorganisms, etc.) produces new compounds that are released into the environment;
however, we do not fully know the role these compounds play in the ecosystem.

The approach that we describe in this work allows us to evaluate the status of two
common species that are part of the aquatic biota and that are known as indicators of
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ecotoxicity caused by pesticides that are used worldwide. Toxicological assays using
standard indicators are useful, but complementary tests using autochthonous organisms
would ideally improve the understanding of how pesticides affect local aquatic biota and
provide better clues for regulating pesticide applications.

The concentrations of the pesticides and their degraded products assessed in this
study may be used as reference information to establish potential hazardous effects in
natural water bodies, as stated by Lamkhanter et al. [29]. To complement this study, we
suggest performing assays to evaluate the combined effects of pesticides and their pho-
todegradation products e.g., [3], or the combined effects of pesticides with other pollutants,
such as microplastics. Additionally, the application of other bioindicators, such as fish,
macroinvertebrates, cyanobacteria, or algae, is recommended in order to better understand
how pesticides may affect natural ecosystems [30,31]. Another future approach can be the
implementation of longer exposure times to toxicants (chronic toxicity) since pesticides can
actually be present in the environment for very long periods, and organisms can experience
chronic effects from exposure to pesticides and their degraded products [31].

Currently, pesticides and their degradation products have been identified in air, water,
and soil in all geographic regions, including those that are very remote from the original
site of their environmental release [32]. Knowing the agricultural practices in some coun-
tries, such as Ecuador, where banana and sugar cane plantations (crops commonly using
difenoconazole and atrazine) were the crops with the largest irrigated area compared to the
planted area in 2020, with 91.5% and 94.4%, respectively [17], displays a snapshot of current
agricultural practices, where pesticides and their degradation products are potentially trans-
ported by irrigation systems to aquatic ecosystems, thereby contaminating water resources.
For instance, Ochoa-Cueva et al. [20] reported that several sites in southern Ecuador present
a high risk of pesticide exposure due to the indiscriminate application of pesticides across
croplands. We recommend that in areas seriously exposed to pesticides, an irrigation water
treatment based on photodegradation or advanced oxidation processes [33] may minimize
the negative impacts of pesticides to the environment. However, as we found that degraded
pesticide products can remain toxic in water, it is highly recommended the application of
organic farming and the restriction of the use of pesticides, or only allowing those that
degrade quickly and are less harmful to the ecosystem [34].

5. Conclusions

The results of the present investigation confirm that number of leaves, biomass, and
chlorophyll content of L. minor and the mortality of D. magna are sensitive response variables
that can be used to determine the toxicity of pesticides and photodegradation products in
aquatic environments.

Pesticides, such as difenoconazole and atrazine, are a serious threat to aquatic biota
and, after they are degraded by, for example, UV exposure, the resulting compounds
remain toxic in the environment.
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of mortality of Daphnia magna neonates and the concentrations of difenoconazole (A) and atrazine (B).
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Abstract: The efficiency of constructed floating wetlands (CFWs) in their ability to remove agro-
chemicals (nutrients and pesticides) is here investigated in a series of pilot-scale systems. Four
experimental CFWs were designed and constructed; three of them were planted with the aquatic
plant species Lemna minor, Azolla pinnata and Eichhornia crassipes. The fourth did not contain any
plants and was used as the control. The aim of the study was to evaluate the efficiency of CFW
containing aquatic macrophytes in the reduction of pesticides and nutrients, under field conditions.
The CFWs operated continuously from May 2021 to September 2021, and their removal efficiencies
of nitrogen and phosphorus ions, and five commonly used pesticides were examined. The CFW
systems were fed daily with agricultural wastewater which was prepared by mixing a fertilizer and
predetermined doses of pesticides. The hydraulic residence time was kept at 14 days. Samples were
collected on a weekly basis from both the influent and the effluent of each experimental tank, and
were subsequently analyzed in the laboratory. HPLC-DAD and Ion Chromatography were imple-
mented for sample analysis following a very simple sample preparation. Reductions for nutrient
ranged from no reduction to 100% removal, whereas for pesticides these varied from no reduction to
98.8% removal, indicating that these systems can be used as efficient and low-cost pollution control
technologies for agrochemical wastewater treatment. Significant reduction for certain pesticides was
also observed in the algae control tank, thus, proving the efficiency of algae in organic pollution
reduction, and recognizing the limitations of aquatic plant use in decontamination.

Keywords: constructed floating wetlands; agricultural wastewater treatment; nitrogen; phosphorus;
pesticides; removal

1. Introduction

During the 20th and 21st century, natural water bodies have been subjected to severe
environmental pressure that resulted from both natural and anthropogenic causes [1].
The major reasons for ecosystem impairment are population growth, urbanization and
intensification of industry and agriculture [2]. The use of agrochemicals plays a significant
role in agricultural non-point source pollution of water bodies, posing a serious danger
to drinking water resources and aquatic ecosystems. Therefore, agrochemical pollution
has become a key issue of concern for the scientific community, NGOs and governments
worldwide. To abate pollution, proper on-site management measures and/or use of simple
and low-cost treatment technologies are required [3]. Conventional techniques designed
for the treatment of wastewaters (e.g., ion exchange, adsorption, reverse osmosis, chemical
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precipitation, electrochemical treatment) often fail to completely remove various kinds
of water contaminants; furthermore, they are expensive, energy-intensive and non-eco-
friendly. An increasing need thus arises for adopting cost-effective and environmentally-
friendly purification technologies for removing pollutants from water and for restoring
aquatic ecosystems [4–7]. Phytoremediation is such a technology, which makes use of
aquatic plants and the potential of the latter to absorb and accumulate nutrients or other
substances in their tissues, thus remediating wastewater [8]. Through this process, organic
and inorganic pollutants are transferred through the root system to the upper part of the
plant, thus naturally purifying the contaminated soil or water [9].

Several techniques for mitigation of agricultural pollution have been proposed, in-
cluding, among others, natural pollution abatement systems, such as constructed wetlands,
stabilization ponds, algae systems, and agroforestry systems [10,11]. Constructed wetlands
(CWs) are natural treatment systems wherein remediation of contaminated water is imple-
mented through the physical, chemical and biological processes naturally occurring during
the interaction of water and/or soil, plants and microorganisms [12]. The effectiveness of
the aforementioned systems, especially when combined with aquatic macrophytes, has
been well-documented for different kinds of wastewater, such as industrial, municipal,
agricultural, mine waste and stormwater [5,13–20]. Various system types can be used
in the treatment of the vast majority of pollutants, including organic substances, fecal
pollutants, metals, nitrogen and phosphorus, pesticides in all forms, as well as PAHs, PCBs,
PCEs, BTEX compounds and hydrocarbons [11,21–31]. A great variety of polluting sub-
stances, such as nutrients, pesticides, heavy metals, sediments and bacterial contaminants
have been investigated and proven to be efficiently removed or diminished by employing
aquatic macrophytes in CWs [32]. However, the effectiveness of natural pollution control
systems on pesticide treatment has not been studied adequately, especially with regard to
the water-based systems.

Aquatic plants established in CWs may also favor water transparency by reducing
water velocity and the resultant high concentration of suspended solids in the system [20].
Although in most studies the use of CWs has had an overall beneficial effect in remediating
effluents from agricultural activity, results in terms of pollutant removal effectiveness
greatly vary as a result of differing environmental and design factors [33], such as climate,
hydraulic loading rate, pollutant loading rate, hydraulic retention time, growth media, wa-
ter depth, vegetation type and age, and percent of vegetation coverage [32]. Díaz et al. [32]
reported that CWs performance in removing nitrate from agricultural runoff varies from
“negative”, namely being itself a nitrate source, to 98%. Regarding total phosphorus, CWs
efficiency has been found to range between non-significant to as high as 80%, whereas
pesticides can be removed from agricultural effluents by 0 to 100%.

Aquatic macrophytes being exploited in CWs are subdivided into three general cate-
gories, that is, free-floating (e.g., Pistia stratiotes, Azolla pinnata, Eichhornia crassipes, Lemna
spp.), submerged (e.g., Myriophyllum aquaticum) and emergent (e.g., Typha spp. and Phrag-
mites), with plant species of the third type being the most commonly utilized in phytoreme-
diation applications, due to their greater availability, high growth rate and ease in terms of
harvesting and stocking [5,8,34]. Constructed floating wetlands (CFWs), also referred to
as artificial floating islands (AFI), are a variant of CWs employing floating vegetation to
remediate water [7].

As regards the aquatic plants used in the present study, L. minor is a free-floating
aquatic species, commonly investigated for its potential in assimilating nutrients (nitrogen
and phosphorus) from various sources effluents [2]. Priya et al. [35] evaluated the efficiency
of Lemna minor in treating organic waste and removing nutrients from domestic wastewater.
The experiment was conducted in a pilot scale apparatus, after primary and secondary
treatment of the wastewater. The results showed good performance of the aquatic plant,
which reduced BOD and orthophosphate concentrations by 94.45% and 79.39%, respectively.
Aziz et al. [36] comparatively assessed the performance of four different aquatic plants,
among which was Lemna minor, and found that the latter was capable of reducing ammoni-
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acal nitrogen (NH4
+-N) from sewage by 80.4% after eight days of treatment. Sarkheil and

Safari [37] demonstrated the potential of using duckweed in aquaculture as well. In their
experiment, undertaken in a recirculating water system used to culture African cichlid,
L. minor reduced the concentrations in total nitrogen ammonia and total phosphorus by
43.7% and 52.38%, respectively [37]. Liu et al. [38] investigated the efficiency of L. minor
in removing nitrogen (N) and phosphorus (P) from industrial wastewater, in relation to
the salinity level in water. Their findings showed that high salt stress combined with long
periods of exposure inhibited duckweed capacity to absorb N and P, while for NaCl concen-
trations above 100 mM the aquatic plant had negative removal efficiency, functioning as a
sink of N and P. Ceschin et al. [39] examined the phytoremediation performance of Lemna
in a three-pool CW designed for treating municipal wastewater produced from the town of
Forano in Central Italy. The results highlighted the adverse effect of Lemna overgrowth on
treatment system efficiency. The authors stated that the successful application of duckweed
in phytoremediation requires periodic harvesting, in order to avoid the development of an
extended and thick mat, which in turn impedes light penetration and favors anaerobic con-
ditions. Kamyab et al. [40] attempted to evaluate the capacity of duckweed and microalgae
to remove nutrients from palm oil mill effluents as well as to further utilize the aquatic
plants for fertilizer production. The removal rate achieved from the combined use of the
two species attained 12.5%, 11.3% and 70.5% for NO3

−-N, NH4
+-N and PO4

3−-P [40]. In
a similar experiment, Sudiarto et al. [41] compared Lemna with three additional aquatic
plant species in terms of their ability to remove nutrients from treated livestock wastewater.
The results demonstrated that duckweed was the most effective among the examined
species in phosphorus uptake, achieving a removal rate of 36.15%. However, it was found
to be unsuitable for nitrogen removal because of its low growth rate. Duckweed has also
been successfully applied for the uptake of pesticides from agricultural runoff. Dosnon–
Olette et al. [42], in a four-day experiment, tested the efficiency of Lemna along with four
additional macrophyte species in removing dimethomorph and pyrimethanil, focusing also
on the toxicity these substances exert on the aquatic plants depending on concentration
levels. Lemna minor along with S. polyrhiza were found to be the most effective in fungicide
removal with the former yielding a removal rate equal to 12% and 17% for pyrimethanil and
dimethomorph, respectively. The authors also suggested that a concentration of 600 μg L−1

for these fungicides is suitable, so as to not inhibit photosynthetic activity of the utilized
macrophytes. In a similar study conducted by Dosnon–Olette et al. [43], L. minor exhibited
again the highest performance among the examined species in uptaking copper sulphate,
flazasulfuron and dimethomorph. In this 7-day experiment, Lemna achieved a removal
rate of 50%, 11.5% and 42% for copper sulphate, dimethomorph and flazasulfuron, re-
spectively. A concentration of 40 μg L−1 for copper and fluzasulfuron and 400 μg L−1 for
dimethomorph were defined as the optimum ones for evaluating remediation efficiency
of the examined plants based on the toxicity test undertaken. Dosnon–Olette et al. [44]
also tested L. minor against S. polyrhiza, in terms of their removal efficiency and toxicity,
solely considering dimethomorph. Lemna outgrew S. polyhriza, reaching a removal rate of
41 μg g−1 of dimethomorph, for a 600 μg L−1 concentration after 4 days of exposure. The
authors also reported a strong positive relationship between initial population density and
dimethomorph toxicity for both species. The pesticide removal efficiency of L. minor has
also been examined against chlorpyrifos by Prasertsup and Ariyakanon [45]. The exper-
iment was undertaken under laboratory greenhouse conditions and the results showed
a considerable inhibition of the relative growth rate of the aquatic plant for chlorpyrifos
concentration as high as 1000 μg L−1, whereas the maximum removal yield was observed
for 500 μg L−1 of the examined insecticide, reaching 87% [45]. A lower removal yield was
determined for two other herbicides, namely isoproturon and glyphosate, according to
an experiment conducted by Dosnon–Olette et al. [46], where Lemna minor was able to
uptake 25% and 8% of each of the two agrochemicals, respectively, after a 4-day exposure.
Furthermore, several studies have examined duckweed response in terms of removal rate
and sensitivity for a variety of additional pesticides (either alone or in mixture), including
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metolachlor, atrazine, metribuzin, lactofen, linuron, monolinuron, diuron, 2,4-D, alachlor,
paraquat, propanil, among others [47–52].

Eichhornia crassipes, commonly known as water hyacinth (WH), which was also used in
the present study experiments, is another example of free-floating macrophyte, well-known
for its pollutant removal capacity. Its effectiveness in wastewater treatment, mainly due to
the assimilation of nutrients and heavy metals, has been proved by several studies [8,16].
Fox et al. [53] examined WH efficiency in removing nitrogen under different concentrations
ranging between 0 and 300 ppm. The results demonstrated a 60–85% nitrogen assimilation
rate after a 4-week period, whereas it was also found that biomass production, although
having a positive relationship with applied nitrogen rates, stops increasing for N concen-
trations above 80 ppm [53]. Nabi et al. [54] elaborated on a 30-day experiment to test
WH nutrient performance for domestic wastewater. The results indicated that the aquatic
plant was capable of removing 63.28% and 58.54% of Total Nitrogen (TN) and phosphorus,
respectively. Osti et al. [55] employed WH to improve water quality in tilapia fishponds by
reducing nitrogen and phosphorus. The results revealed a reduction in TN, Total Inorganic
Nitrogen (TIN), Total Phosphorus (TP) and PO4

3−-P, induced by WH, equal to 66%, 82%,
27% and 33%, respectively. A 24-day experiment was performed by Kutty et al. [56] in
order to assess Eichhornia crassipes nutrient accumulation capacity from sewage treatment
plant effluent. The aquatic macrophyte exhibited a removal yield of 81%, 67% and 92%
for NH3-N, P and NO3

−-N, respectively, whereas it also presented a considerable growth
rate from the sixth day and until the end of the experiment. Additional studies having
investigated removal efficiency and/or sensitivity of WH in nutrient-rich wastewater are
those of Sooknah and Wilkie (2004), Chen et al. (2010), Aremu et al. (2012), Zhao et al.
(2012), Wang et al. (2013) and Lima et al. (2018) [57–62], among others. Despite the great
availability of experiments undertaken in order to assess nutrient removal efficiency of
WH, only a few have investigated WH potential for removing pesticides from agricultural
wastewater. Xia and Ma [63] examined ethion uptake capacity of WH by employing four
different culture solutions, that is, non-sterile planted, sterile planted, non-sterile unplanted
and sterile unplanted treatment. They found that WH accounted for 69% of the total
removal of the utilized ethion after 240 h of incubation against 12% of removal caused
by bacterial degradation [63], with the removal rate constant of ethion due to the aquatic
plant estimated at 0.00730 h−1. The removal capacity of Eichhornia crassipes against the
organophosphate insecticide chlorpyrifos was investigated by Anudechakul at al. [64]. WH,
along with the synergistic action of the bacterium Acinetobacter sp. strain WHA, achieved
a removal rate constant 3.89–4.87 times higher (depending on chlorpyrifos applied con-
centrations) than that which occurred in the absence of plants [64]. Alencar et al. [65]
comparatively examined Pistia stratiotes and water hyacinth regarding their efficiency in
uptaking clomazone. WH was found to be more resistant in the presence of the examined
herbicide, achieving, however, a lower removal yield compared to P. stratiotes (90 and 99.9%
for WH and P. stratiotes, respectively) [65].

Finally, Azolla pinnata that was also examined in the present study, was previously
investigated for its efficiency in treating four different wastewaters (domestic, municipal
aquaculture and industrial) for agricultural re-use, where it recorded a complete removal
of phosphorus and nitrogen compounds for all waste types tested, except for the municipal
where a maximum of 75.7% was obtained for phosphorus [66]. Following the same rationale,
Soman et al. [67] examined the ability of Azolla plants to remove nutrients from secondary
treated wastewater and observed removals of 54.8% for ammonia, 50% for organic carbon,
71.4% for nitrites, 80.5% for total phosphorus, 91.7% for BOD and 87.4% for COD. The
above findings were also supported by the study of Muvea et al. [68], as from their analysis
it was observed that Azolla plants in a CFW with 10–14 days retention time efficiently
removed from wastewater approx. 75% of nitrites, 32% of nitrates, 17% of ammonium
and 50% of total phosphorus. However, these authors pointed out that a longer retention
time would improve reductions. Another species of Azolla, the Azolla filiculoides, has also
presented nitrogen, phosphorus and COD removals from secondary effluents treated for
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28 days of up to 36%, 44% and 98.8%, respectively, thus posing that Azolla may be one of
the most promising floating plants for CFW [69]. Finally, Akinbile et al. [66] reported metal
removal in addition to nutrients, solids and turbidity, with removal rates reaching 70% for
zinc, 99.6% for iron and 64% for magnesium.

The literature survey undertaken revealed that some work had been carried out on
the potential of Lemna minor, Azolla pinnata and Eichhornia crassipes for removing nutrients
from wastewater. Fewer studies, though, have comparatively examined the capacity of
these species regarding pesticides uptake. Besides, to the best of our knowledge, there is
no study having investigated the effectiveness of these macrophytes against a combination
of nutrients and pesticides, which often co-exist in agricultural runoff. Therefore, the
present study seeks to comparatively assess the removal efficiency of Lemna minor, Azolla
pinnata and Eichhornia crassipes, at field-like conditions and pilot-scale systems, considering
ammonium, phosphate, and nitrate ions from fertilizers, as well as the following five
pesticides: (a) imidacloprid; (b) thiacloprid; (c) dimethomorph, (d) myclobutanil; and
(e) difenoconazole. In order to quantify the removal rates achieved by CFW systems, the
three plant species were established in respective pilot-scale CFWs continuously operating
for a 16-week period, that is, from May to September 2021, whereas a fourth no-plant
system, acting as control, was also established to test agrochemical removal in the absence
of plants, induced though by other factors, such as hydrolysis, photolysis, bacterial and/or
naturally developed algae degradation. The ultimate goal of the present experiment
was to propose CFW systems for treating agricultural runoffs as well as fertilizer and
pesticide residues from spraying equipment tanks, instead of discharging them, untreated,
to surface water bodies. The novelty of the study lies on the fact that it provides information
regarding pesticide degradation in CFW systems, where the current available literature is
scarce. The paper provides new experimental data on the design and operation of these
systems by examining three different aquatic macrophytes and a control algal system
in parallel experiments under the same climatic conditions. A comparison is also made
between warm and cold seasons accounting for the effect of temperature. Additionally, the
experiment is conducted under actual field conditions in pilot-scale systems located in the
open air and not in a closed laboratory. Thus, the effect of meteorological parameters can
be fully examined.

2. Materials and Methods

2.1. Experimental Parameters

The study was conducted at the premises of the School of Rural Surveying and
Geoinformatics Engineering at the National Technical University of Athens Campus located
in Zographou, Attica, Greece (coordinates: 37◦58′30.9′′ N; 23◦46′47.2′′ E). The tanks used for
the experiment were made of hard PVC plastic, with dimensions 1.40 × 0.75 m, and were
placed on the roof of the building (Figure 1). The sides of the tank were covered by black
plastic material to avoid below-water sunlight impact. The study was initiated on 1 May
2021 with the necessary plant growth procedures. Wastewater loading began on 14 May
and continued until 3 September 2021. The artificial waste was prepared daily right before
feeding, using tap water, commercial pesticides (Plant Protection Products-PPPs) and a
water-soluble 31-11-11+TE (N-P-K+micronutrients) granular fertilizer. The exact quantities
of the artificial wastewater input per tank were: for imidacloprid (20% w/v) 0.67 mL, for
thiacloprid (24% w/v) 0.56 mL, for myclobutanil (12% w/v) 1.11 mL, for difenoconazole
(25% w/v) 0.53 mL, for dimethomorph (50% w/v) 0.27 mL and for the fertilizer 6.45 g, thus
reaching an influent pollutant concentration of 2 mg/L for the pesticides, 30 mg/L for TN
and 10.65 mg/L for TP.

Influent and effluent samples were collected on a weekly basis to determine their con-
centrations and estimate pollutant reductions after treatment in the systems. To eliminate
any degradation, samples were deep-frozen and stored in the dark until the time of sample
preparation and analysis. Wastewater loading began 2 weeks after the installation of aquatic
plants to allow for aquatic plant growth and multiplication, whereas the first sampling was
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done one week later. The water depth in each tank was maintained at about 30 cm using
an overflow weir at the tank outlet (Figure 1e) and the volume for each tank was 305 L.
Wastewater feeding was performed once a day for 4 days per week at equal doses using an
inverse T-shaped PVC pipe with 16 2-mm holes in its horizontal arms that was installed at
the inflow side of each tank [2]. The inlet wastewater volume loaded each time was 38.1 L,
thus reaching a hydraulic retention time (HRT) of 14 days, also initially implemented for
plant equilibration. Apart from the chemical parameters examined, several water quality
parameters were also monitored (temperature, pH, Electrical Conductivity, Total Dissolved
Solids, Salinity and water depth). Finally, a meteorological station positioned next to the
experimental tanks recorded basic meteorological parameters (i.e., air temperature, relative
air humidity, rainfall depth, wind speed and solar radiation) at an hourly time-step with
the purpose of checking possible correlations between pollutant removal efficiency and
meteorological conditions.

Figure 1. View of the main components of the experiment: (a) water hyacinth tank; (b) Lemna minor
tank; (c) azola tank (d) control tank; (e) schematic representation of tanks.

In total, four similar tanks were used for the present experiment (Figure 1). The
L. minor and A. pinnata plants used were obtained from a local nursery (Attica, Greece) and
reproduced in the actual test tanks, and Eichhornia crassipes was available from previous
experiments and was reproduced in order to be used for the present study. In parallel
to the plant-containing tanks, a control tank without plants was run (however, algae
developed with time, acting as an oxidation pond) and was treated the exact same way as
the macrophyte-containing tanks.

Algae were eventually developed in the other three experimental tanks; therefore, the
comparison with the control tank to see the effects of the two plant species was possible.
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The active ingredients selected were among the most commonly used in the EU
region and in Greece, and are important for agricultural production, whilst they present
significantly different physicochemical and environmental fate properties (Table 1).

Table 1. The examined pesticides and their environmental fate endpoints [70–74].

Substance
NOEC

(Studies with
L. gibba)

Water
Solubility

(mg/L)

Koc
(Adsorption)

(mL/g)
DT50soil Photolysis Hydrolysis DT50water

DT50
System Type

Myclobutanil 105 mg as/L 132 225–920 191–1216 d
lab/ 9–58 d

field

Stable Stable 4–20 d 415–838 d fungicide

Imidacloprid no data 600 109–411 27–180 d field Yes
DT50 = 1 h

Stable >30 d 129 d insecticide

Difenoconazole no data 15 400–7730 20–242 d field Stable Stable 1–2 d 307–324 d fungicide
Thiacloprid 46.8 mg as/L 184 393–870 6–16.8 d field Stable

(79.7 d)
Stable n.a. 12.1–18 d insecticide

Dimethomorph no data 10.7–47.2 290–566 34–53.4 d lab/
10–61 d field

Stable
(86–107 d)

Stable 5–15 d 16–59 d fungicide

2.2. Sample Preparation

Nutrient residues sample preparation included homogeneous mixing of the sample in
a table shaker at 160 rpm and filtration via a 0.45 μm and a 0.22 μm syringe filter. Appro-
priate dilution (1:10) was performed for the inlet samples due to their high concentration
for the IC technique.

For pesticide residue determination, a filtration through 0.45 μm GF-PET filter was
applied before analytical determination.

2.3. Chemicals, Analyses and Instrumentation

Certified stock solutions at a concentration of 1000 mg L−1, purchased from Dionex,
USA, were used for nutrient determination after the appropriate dilution per ion in 18.3 MΩ
ultrapure water. The mobile phases used were methanesulfonic acid and sodium carbonate-
bicarbonate, also purchased from Dionex (Sunnyvale, CA, USA) and prepared in 18.3 MΩ
ultrapure water. The analytical instrument used was a Dionex ICS-3000 (USA) system with
IonPac AS 23 (4 × 250 mm) and CS16 (5 × 250 mm) columns with the respective column
guards (Thermo, Waltham, MA, USA). Data acquisition and processing were performed
using Chromeleon ver. 7 software. The method was validated and the recoveries for
all analytes ranged between 84–111%, and the linearity coefficient values (r2) achieved
from seven points were higher than 0.995, whilst the Limit of Quantification (LOQ) was
dependent on the ion, that is, 0.1 mg/L for PO4

3−-P, 0.05 mg/L for NH4
+-N, and 5 mg/L

for NO3
−-N and was set as the lowest point concentration at the calibration curve.

Similarly, pesticide residues were determined using reversed-phase high-performance
liquid chromatography with the diode array detection (HPLC-DAD) technique. A Nucleo-
dur C-18 gravity 150 × 4.6 mm (5 μm) column was used for the quantitative determination
of pesticide residues. Analytical standards of high purity were used for establishing lin-
earity and linear range, and repeatability and accuracy of the analytical method. The
analytical standard of imidacloprid (98.8%) was obtained from Bayer Crop Science, thiaclo-
prid (98.8%) was obtained from Bayer Crop Science, dimethomorph (97.6%) was obtained
from BASF, whereas myclobutanil (98.6%) and difenoconazole (99.9%) were obtained from
Sigma Aldrich. The individual standard stock solutions were prepared after an appropriate
dilution of the respective analytical standard to a final concentration of approximately
1 mg/mL.

Standard working solutions and their mixtures were prepared by independent dilu-
tions of the stock solutions in acetonitrile. Acetonitrile (Merck, Darmstadt, Germany) and
water (Fisher Scientific UK Limited, Loughborough, UK) were of HPLC grade. The mobile
phase used for pesticide residues determination was ACN/0.1% Acetic acid aqueous solu-
tion 60/40 (v/v). Working standard solutions were freshly prepared from the individual
stock solutions.
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HPLC analysis was carried out using a Shimadzu UFLC instrument (Shimadzu, Japan),
equipped with a diode array detection system (SPD-M20A), a column oven (CTO-20A), a
degasser (DGU-20AS) and an autosampler (SIL-20AC). The substance-specific chromato-
graphic parameters for the examined substances are presented in Table 2. Instrument
control and post-run data treatment were performed using Shimadzu Lab Solution soft-
ware, version 1.25. A representative chromatogram is presented in Figure 2, whereas
chromatographical method parameters are presented in Table 2. The applied methods
were fully validated with respect to linearity, specificity, accuracy (in terms of recovery),
and limit of detection and quantification (LOD and LOQ, respectively). The LOQ was
0.01 μg mL−1, for all analytes. Linearity of the chromatographic system was established
using 5 calibration solutions in the range of 1 μg mL−1 to 50 μg mL−1 for the examined
compounds. The correlation coefficient, as determined from the calibration curve, was
0.999 for all compounds. Recoveries ranged from 90 to 110% in all cases. Influent and
effluent wastewater physicochemical parameters were measured using a portable YSI
(Yellow Springs, OH, USA) Pro Plus multimeter.

Table 2. Chromatographical parameters.

Analyte
Detector/

Wavelength
Flow Rate
(mL/min)

Injection
Volume (μL)

Retention
Time (min)

Column Oven
Temperature (◦C)

Imidacloprid UV (230 nm) 1.0 10 1.85 35
Thiacloprid UV (230 nm) 1.0 10 2.05 35

Dimethomorph UV (230 nm) 1.0 10 3.67 35
Myclobutanil UV (230 nm) 1.0 10 4.62 35

Difenoconazole UV (230 nm) 1.0 10 8.65 35
Nitrates El. Conductivity 1.0 1000 13.0 30

Phosphates El. Conductivity 1.0 1000 16.8 30
Potassium El. Conductivity 1.0 1000 5.6 30

 

Figure 2. HPLC chromatogram representing the analyte peaks (as reported in Table 2).

2.4. Estimation of Pollutant Reductions

The reductions of nutrients and herbicides were calculated considering the measured
concentrations in both the influent (Cinlet) and the respective effluent (Coutlet) for each tank,
for each sampling timepoint, according to the following equation:

%Reduction =
Cinlet − Coutlet

Cinlet
100 (1)
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Mean reductions for every pollutant and system were also calculated using Equation (1)
and considering the average inlet and the average outlet concentrations for the total period
of monitoring.

2.5. Statistical Analysis

A statistical analysis was performed to investigate the significance of the derived re-
sults. The tests that were undertaken were: (a) a single-factor analysis of variance (ANOVA),
in order to investigate whether the derived differences in the removal rates among the
four experimental tanks are significant; (b) a Tukey’s Honest Significant Difference (HSD)
post hoc test so as to identify between which particular groups (examined tanks) these
differences were significant; and (c) a Student’s t-test in order to examine the discrepancies
in pollutant removal rates per aquatic plant system, between the summer and winter period.
All tests were applied in MS Excel 2016, using the data analysis toolpack and considering
a significance level of 0.05. Moreover, we calculated the Pearson correlation coefficients
between each recorded meteorological variable and the removal rates derived for each of
the planted and the reference tank, respectively. The examined meteorological variables
were the: air temperature, solar radiation, wind speed and precipitation. The above were
exploited to derive estimates of potential evaporation (for the reference tank) and evap-
otranspiration (for the planted tanks) using the Penman (1948) and Penman–Monteith
(Monteith, 1965) methods [75,76], respectively.

3. Results and Discussion

3.1. Physicochemical Parameters

The statistics of pH, Electrical Conductivity, Total Dissolved Solids, Salinity and water
temperature (i.e., mean, standard deviation, minimum and maximum values) in the four
different tanks, calculated for the entire operation period, are presented in Table 3. The
temporal variation of the physicochemical parameters in the three experimental tanks,
as well as at their inlet, measured during loading of the wastewater, is illustrated in
Figures 3 and 4.

Table 3. Physicochemical parameters in the test system tanks.

Statistical
Parameter

T (◦C) Salinity (ppt) pH

Hyac. Azola Lemna Contr. Hyac. Azola Lemna Contr. Hyac. Azola Lemna Cont.

Minimum 19.0 19.1 19.0 19.0 0.2 0.2 0.4 0.4 6.8 6.9 7.1 7.3
Mean 26.3 26.8 26.9 27.1 0.6 0.6 0.6 0.5 7.7 8.0 8.1 8.5

Maximum 32.2 32.4 32.5 32.2 0.8 0.8 0.7 0.6 8.5 8.6 8.7 9.0
St. Dev. 4.01 3.81 3.91 3.66 0.14 0.09 0.07 0.06 0.40 0.39 0.37 0.38

EC (μS/cm) TDS (mg/L)

Hyac. Azola Lemna Contr. Hyac. Azola Lemna Contr.

Minimum 394.7 306.1 771.0 737.0 233.4 221.0 559.0 513.5
Mean 1300.3 1301.5 1181.4 1044.9 840.0 818.3 740.3 648.0

Maximum 1845.0 1560.0 1479.0 1297.0 1087.5 992.0 886.5 825.5
St. Dev. 306.30 209.43 157.19 130.48 176.85 114.28 87.81 77.57

3.2. Nutrients

Influent and effluent concentration and removal statistics for the overall experimental
period and for all analytes were estimated and are presented in Table 4. The mean reduc-
tions were calculated considering the average influent concentration and the respective
effluent levels per pollutant.
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Figure 3. Temporal variation of (a) wastewater temperature, (b) pH and (c) electrical conductivity at
the inlet and outlet of the four tanks throughout the operation period.

Table 4. Removal percentages for the examined systems.

Pollutant
System

Azola Water Hyacinth Lemna Control

NH4
+-N (%)

Mean 84.3 91.9 84.7 41.8
Max 100.0 100.0 100.0 79.6
Min 24.8 38.3 10.9 0.0

PO4
3−-P (%)

Mean 68.5 65.0 77.2 76.2
Max 78.8 81.9 91.6 98.1
Min 25.3 20.6 45.5 36.4

109



Toxics 2022, 10, 790

Table 4. Cont.

Pollutant
System

Azola Water Hyacinth Lemna Control

NO3
−-N (%)

Mean 6.6 20.4 76.1 35.8
Max 94.4 50.0 98.8 98.9
Min 0.0 0.0 0.0 0.0

Imidacloprid (%)
Mean 31.1 34.7 43.3 68.3
Max 75.0 81.7 81.9 88.3
Min 0.0 0.0 0.0 0.0

Thiacloprid (%)
Mean 6.6 34.5 12.6 0.9
Max 81.9 83.3 81.9 63.8
Min 0.0 0.0 0.0 0.0

Dimethomorph (%)
Mean 22.4 41.7 32.8 53.1
Max 89.2 82.9 80.0 75.7
Min 0.0 0.0 0.0 0.0

Myclobutanil (%)
Mean 6.0 19.5 7.5 34.9
Max 76.7 79.7 77.1 56.3
Min 0.0 0.0 0.0 0.0

Difenoconazole (%)
Mean 33.2 64.8 33.8 69.0
Max 92.0 94.6 82.9 95.6
Min 0.0 20.40 0.0 20.4

Figure 4. Temporal variation of (a) salinity and (b) total dissolved solids at the inlet and the outlet of
the four tanks throughout the operation period.
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The temporal variation of ammonium, nitrate and phosphate concentrations is pre-
sented in Figure 5. Accordingly, the temporal variations of the weekly removal rates per
aquatic plant and pollutant, in parallel with the wastewater temperature, are shown in
Figure 6.

Figure 5. Temporal variation of: (a) NH4
+-N, (b) PO4

3−-P, (c) NO3
−-N concentrations at the inlet

and the outlet of the three tanks throughout the operation period.

As can be seen from the graphs, ammonium ions exhibited reduction percentages
ranging from 38.3% to 100% for water hyacinth, 11% to 100% for L. minor, 24.8% to 100%
for A. pinnata, and up to 79% for the control tank. It is, therefore, noticed that the water
hyacinth presented the highest reduction between the three aquatic macrophytes. The
mean removal rates for the whole experiment period were thus 91.9% for water hyacinth,
84.3% for azola, 84.7% for lemna and 41.8% for the control tank.
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Figure 6. Temporal evolution of removal rate per examined tank and wastewater temperature for:
(a) NH4

+-N, (b) PO4
3−-P, and (c) NO3

−-N.

Phosphate ions also presented significant reductions that ranged from 20.6% to 81.9%
for water hyacinth, 45.5% to 91.6% for lemna, 25.3% to 78.8% for azola and between 36.6%
to 98% for the algae control system, values demonstrating that the presence of algae is
important for the phosphates’ uptake, as well as the fact that phosphorus is absorbed in
the aquatic plants’ roots and surfaces and potentially re-dissolves during sampling and
feeding procedures. The mean reductions during the 4-month experimental period ranged
between 65% and 77.2%, with the minimum observed for hyacinth and the maximum for
Lemna minor.

Finally, NO3
−-N presented reductions ranging up to 50% for the water hyacinth

system, up to 98.8% for the lemna system, up to 94.4% for the azola system and up to 98.9%
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reduction for the control tank. As a general observation, the lemna and azola systems
presented a higher consistency in nitrate removal, contrary to the water hyacinth system
where high variations were observed between samplings. An increase in the detected
nitrate concentrations, along with an accumulation effect, was apparent from the 6th and
11th weeks of the experiment. As regards the mean reductions, they ranged from no
reduction and up to 76.1%, the latter observed for the lemna system.

Our findings are generally supported by previous ones, or even presented slightly
better pollution reduction potential. Comparing the present experiment performance
with our previous relevant study (performed during winter; [2]) it can be concluded that
reductions were comparable. In more detail, phosphate reduction was between 61.2–99.6%
for lemna and 64.4–98.2% for water hyacinth, and nitrate reduction was between 18–78.4%
for lemna and 19.5–78.4% for water hyacinth [2]. Using the same rationale, Sarkheil and
Safari [37] observed reductions of ammonium and phosphate ions by 43.7% and 52.4%,
respectively, using Lemna minor. In an identical combination to ours, that is, of Lemna minor
and algae, reductions of 12.5% and 70.47% were observed for nitrates and phosphates,
respectively [40], whereas Sudiarto et al. [41] presented 36.2% phosphorus uptake by lemna
from livestock wastewater.

Accordingly, Fox et al. [53] reported nitrogen removals up to 85%, after a 4-week treat-
ment using water hyacinth for N-concentrations up to 300 ppm. Similarly, Nabi et al. [54]
reported water hyacinth capability for removal of 63.3% and 58.5% for TN and P, respec-
tively, while Osti et al. [55] reported a reduction in TN, TIN, TP and PO4

3−-P, equal to
66%, 82%, 27% and 33%, respectively. Significant reductions reaching 87% for nitrogen
compounds and 85% for total phosphorus were also observed by Ozengin and Elmaci [77].
Wang et al. [78] reported 63.3% reduction of phosphates from a contaminated river system
using water hyacinth, whilst Qin et al. [79] presented TN and TP reductions of 47.4% and
53.4%, respectively. Accordingly, Kumari and Tripathi [80] presented elimination of 26.6%
of NO3

−-N, 53.0% of Total Kjeldahl Nitrogen (TKN) and 56.6% of PO4
3−-P concentrations.

At a different spatial scale, Wang et al. [61] studied nitrogen pollution reduction in
a Chinese lake, with the results presenting reduction of 52–64% using water hyacinth.
High N reductions (66–82%) and relatively lower ones for P (27–33%) were observed by
Osti et al. [55] in fishponds with water hyacinth, compared to no-plant ponds, whereas
in a sewage treatment study, Aremu et al. [59] reported that after a 28-day experimental
period, the water hyacinth cultured sewage had reduced 45.5% of nitrate and 37.8% of
phosphorus, whereas the pH also dropped from 8.6 to 7.8. Moreover, reductions of 67% of
phosphorus and 92% of nitrate using water hyacinth as a treatment plant were reported
by Kutty et al. [56]. Remarkable removal efficiencies of TN, P and K from wastewater
that reached 63.28%, 58.54% and 85.89%, respectively, were noticed by Nabi et al. [54].
Xu et al. [81] reported removal rates of NH4

+-N, NO3
−-N, NO2

−-N, TN, TP, COD, and
Chlorophyl-a ranging between 26.4% (ultimate minimum, only for nitrites) and 99.5%.
Finally, slightly lower reductions were presented by Zhao et al. in a relevant study design,
where a minimum reduction of 25.6% and a maximum of 64.5% were mentioned [60].

3.3. Pesticides

Influent and effluent concentrations and removal statistics for the overall experimental
period and for all analytes were estimated and are presented in Table 4.

The temporal variation and removal rates are presented in Figures 7 and 8, respectively.
Imidacloprid presented removals ranging from no reduction to 81.7% for water hyacinth,
no removal to 81.9% for Lemna minor, no removal to 75% for Azolla pinnata and no
removal to 88.3% for the algae control. Thiacloprid showed slightly better reductions in all
aquatic plant systems, reaching up to 83.3% removal for the hyacinth system, 81.9% for the
lemna and azola systems, and 63.8% for the algae control tank. Accordingly, dimethomorph
presented reductions from no removal to 82.9% in the water hyacinth system, no removal
to 80% for the lemna system, no removal to 89.2% in the azolla system and up to 75.7%
for the algae control. Finally, difenoconazole exhibited disappearances up to 94.6% for
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the water hyacinth, 82.9% for lemna, 92% for azola and 95.6% for the algae control tank,
thus proving that for this compound, the aquatic plants presence did not play a significant
role, possibly due to their intrinsic environmental (DT50) or physicochemical properties
(hydrolysis, photolysis).

Figure 7. Cont.
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Figure 7. Temporal variation of: (a) Imidacloprid, (b) Thiacloprid, (c) Dimethomorph, (d) Myclobu-
tanil and (e) Difenoconazole concentrations at the inlet and outlet of the three tanks throughout the
operation period.

The mean imidacloprid reductions for the whole study period were 31.1% for azola,
34.7% for water hyacinth and 43.3% for the lemna system. At the same rationale, thiacloprid
was reduced by 6.6%, 34.5% and 12.6% for the respective systems, and dimethomorph
reductions were 22.4%, 41.7% and 32.8% for azola, hyacinth, and lemna, respectively.
Finally, as regards myclobutanil, the mean reductions were 6%, 19.5% and 7.5% for azola,
hyacinth and lemna, respectively, whilst difenoconazole was respectively reduced by 33.2%,
64.8% and 33.8% throughout the experimental period.

Pesticide reductions with Lemna minor were also examined by Dosnon–Olette et al. [42],
where a 17% reduction was demonstrated for dimethomorph. Similarly, dimethomorph
exhibited up to 60% reduction in the study of Ekperusi et al. [82] with Lemna minor, yet
with higher pesticide concentrations, reaching 1 mg/L; however, no control system was
run in parallel. Additionally, in our previous experiment, under winter incubation, the
reductions achieved by Lemna minor were from 10.4% to 49.9% for imidacloprid, no reduc-
tion and up to 38.8% for thiacloprid, 13.2% to 63.5% for dimethomorph and 0.8% to 60.8%
for myclobutanil, with the maximum obtained for temperatures above 15 ◦C [2].

Regarding the degradation using water hyacinth, as reported in our previous study,
the removal rates for water hyacinth treatment were from 11.4% to 65.6% for imidacloprid,
no reduction and up to 57.8% for thiacloprid, 3.6% to 74.1% for dimethomorph and 4.2%
to 65.1% for myclobutanil, with the maximum obtained also in this case for temperatures
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above 15 ◦C [2]. To our knowledge, there is currently no other study available in the litera-
ture considering this specific plants–pesticides combination; hence, no further comparison
is feasible.

Figure 8. Cont.

116



Toxics 2022, 10, 790

Figure 8. Temporal variation of removal rate per examined tank and wastewater temperature for:
(a) Imidacloprid, (b) Thiacloprid, (c) Dimethomorph, (d) Myclobutanil, and (e) Difenoconazole.

Algae that developed in the control seem to have had a positive effect in reducing
pesticides, a fact that has been previously recognized in the literature [83–86]. Riaz et al. [87]
also reported almost equal reductions using water hyacinth and algae for pesticide phytore-
mediation. Nevertheless, algae cannot be easily adopted in CFW systems as their growth
is, in most cases, uncontrollable, causing system clogging and malfunctions, and at the
same time creating odor and appearance issues in contrast to aquatic plant installations.
In parallel, other limitations of algae systems include pH limitations, zooplankton and
herbivorous protozoa contamination, need of wastewater pretreatment, and the need to
establish mixed cultures to achieve maximum removal efficiency which requires special
attention in order to avoid inter-species competition [84].

3.4. Meteorological Conditions

The most important meteorological parameters associated with plant growth and
agrochemical decomposition, that is, air temperature, solar radiation, precipitation and
wind speed, were recorded at the experimental site and are presented in Figure 9. Besides,
evaporation and reference evapotranspiration rates, for the control and planted tanks,
respectively, were also estimated at a daily time step, making use of the meteorological
parameter records acquired from the meteorological station. The daily estimations were
then averaged to give average weekly rates. The calculations were performed based on
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Penman and Penman–Monteith methodologies [75,76], for evaporation from open water
(E0) and potential evapotranspiration from a reference crop (ET0), respectively. E0 and ET0
variation throughout the operation period are depicted in Figure 9c.

Figure 9. Temporal variation of (a) average weekly air temperature and solar radiation; (b) total
weekly precipitation and average weekly wind speed; and (c) average weekly evaporation and
evapotranspiration rates.
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The minimum weekly average air temperature was found to be 20.8 ◦C and the maximum
34.5 ◦C. The mean daily temperature for the study period was 27.1 ◦C, whereas the overall
minimum and maximum temperatures recorded were 14.3 ◦C and 42.7 ◦C, respectively.

3.5. Statistical Analysis Results

As mentioned, an ANOVA test followed by a Tukey’s Honest Significant Difference
(HSD) post hoc test were implemented to investigate the statistical significance of the
experimental data. To perform the ANOVA test, four groups consisting of the removal rates
for each of the four experimental tanks were considered. The analysis revealed significant
differences (p ≤ 0.05) in the performance of the examined systems for almost all examined
pollutants except thiacloprid. Therefore, for the rest of nutrients and herbicides, the Tukey
Honest Significant Difference (HSD) post hoc test was also applied by comparing, for each
pollutant, all possible pairs of groups (experimental tanks). With respect to the ammonium
ions, Tukey’s test demonstrated a significantly higher performance of all aquatic plant
systems compared to the algae control tank. Although water hyacinth presented relatively
higher reduction rates compared to the other species, no statistically significant difference
was detected among the planted tanks. Regarding phosphates, the results showed a
significantly lower performance of the water hyacinth system compared to the Lemna minor
and the algae control ones. As regards nitrates, significant differences in the reduction rates
emerged between water hyacinth and Lemna minor and water hyacinth and control tank
with the water hyacinth exhibiting a lower performance in both cases. As far as pesticides
removal is concerned, the algae control tank presented a significantly better performance
compared to all planted systems with respect to imidacloprid reduction, whereas in the
case of dimethomorph, the latter yielded significantly higher removal rates only compared
to azola. A significant difference was also identified with respect to myclobutanil removal
rates between control tank and azola and Lemna minor aquatic systems, with the former
presenting significantly higher efficiency in both cases. Finally, for the last compound,
significant differences in the difenoconazole removal rates emerged between: (a) water
hyacinth (higher) and azola; (b) control tank (higher) and azola; (c) water hyacinth (higher)
and L. minor; and (d) control tank (higher) and Lemna minor. Table 5 presents the ANOVA
results per pollutant.

Table 5. Results of ANOVA test performed between the four experimental tanks, that is, azola, water
hyacinth, Lemna minor and control tank, for each of the examined pollutants.

Pollutant F p-Value F Crit

NH4
+-N * 12.990 1.21 × 10−6 2.758

PO4
3—-P * 5.555 0.002 2.769

NO3
—-N * 6.237 0.001 2.769

Imidacloprid * 8.370 9.82 × 10−5 2.758
Thiacloprid 2.196 0.098 2.758

Dimethomorph * 3.322 0.026 2.758
Myclobutanil * 4.527 0.006 2.758

Difenoconazole * 12.376 2.10 × 10−6 2.758
* Statistically significant difference (p ≤ 0.05).

Correlation coefficients between pollutant reduction rates and meteorological variables
were also determined in an effort to detect eventual dependencies between the results and
meteorological conditions. The Pearson coefficient values are shown in Table 6, with those
revealing a strong linear relationship (r > 0.5), either positive or negative, being depicted
in bold.

As a general observation, the meteorological variables that affected the efficiency of
the examined systems the most are the air temperature, the evapotranspiration from the
planted tanks and the wind speed, whereas precipitation did not present any significant
correlation with the removal rate results, probably due to the negligible rainfall depth that
was recorded during the summer period. Based on the derived correlation values, it could
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be concluded that the examined herbicides seem to present a more consistent behavior,
that is, a negative correlation with the examined meteorological variables for most of the
compounds and examined tanks. Some exceptions that are observed (positive correlation
values), mainly for the cases of thiacloprid and myclobutanil, are rather low, and thus, do
not indicate strong dependencies.

Table 6. Pearson correlation coefficients between meteorological variables and pollutant reduction
rates per pollutant and examined tank. Bold values indicate a strong linear relationship.

Pollutant

Examined
Tank

NH4
+-N PO4

3−-P NO3
−-N Imidacroprid Thiacloprid Dimethomorph Myclobutanil Difenoconazole

Pearson Correlation Coefficients between Temperature and Pollutant Reduction

Azola −0.352 0.347 0.648 −0.607 −0.357 −0.718 −0.511 −0.402
Water

hyacinth −0.082 0.096 −0.364 −0.480 −0.197 −0.591 −0.450 −0.497

Lemna −0.149 0.441 0.538 −0.408 −0.342 −0.575 −0.515 −0.356
Control 0.098 0.129 0.594 −0.251 −0.202 −0.044 −0.308 0.276

Pearson correlation coefficients between solar radiation and pollutant reduction
Azola 0.340 0.441 0.329 −0.289 0.250 −0.622 0.081 −0.049
Water

hyacinth 0.539 0.169 −0.545 0.073 0.420 −0.478 0.135 0.122

Lemna 0.486 0.471 0.243 −0.013 0.289 −0.362 0.127 −0.129
Control 0.266 −0.111 0.196 −0.103 0.431 −0.163 −0.373 0.133

Pearson correlation coefficients between evapotranspiration/evaporation and pollutant reduction
Azola −0.128 0.402 0.505 −0.671 −0.281 −0.782 −0.560 −0.457
Water

hyacinth 0.022 0.091 −0.368 −0.514 −0.038 −0.690 −0.456 −0.210

Lemna −0.013 0.439 0.368 −0.411 −0.247 −0.652 −0.514 −0.577
Control 0.317 0.053 0.413 −0.179 0.041 −0.170 −0.445 0.350

Pearson correlation coefficients between wind speed and pollutant reduction
Azola −0.212 0.050 0.299 −0.523 −0.476 −0.392 −0.692 −0.537
Water

hyacinth −0.297 −0.184 −0.114 −0.624 −0.299 −0.422 −0.559 −0.131

Lemna −0.278 0.097 0.143 −0.398 −0.454 −0.385 −0.619 −0.650
Control 0.473 0.142 0.284 −0.078 −0.496 −0.206 −0.331 0.532

Pearson correlation coefficients between precipitation and pollutant reduction
Azola 0.238 −0.111 −0.275 0.423 0.368 0.301 0.438 0.381
Water

hyacinth 0.174 0.203 0.096 0.466 0.308 0.225 0.369 0.333

Lemna 0.236 −0.047 0.071 0.335 0.334 0.191 0.398 0.305
Control −0.020 0.039 −0.213 0.293 0.336 0.067 0.271 −0.272

On the other hand, with respect to nutrient removal, it can be seen that there is a
diverse image in the way the efficiency of the systems is affected by the examined mete-
orological variables, with correlation values sometimes revealing a positive relationship
and sometimes a negative one, depending on the considered tank and pollutant. These
results are in contrast with our previous relevant study [2], performed during winter,
where a consistently positive correlation had been revealed between the examined system
efficiency and temperature, radiation and evapotranspiration. This disagreement may
indicate, especially for temperature, that there is a certain upper temperature threshold
above which the aquatic plant system performance is reduced. The main reason for this
is probably the increase in the concentrations of the various substances due to increased
evapotranspiration and resulting water loss.

Finally, an attempt was made to compare the pollutant removal performance of
the examined systems during summer (current experiment) and winter period, when a
similar experiment had been elaborated [2]. For this purpose, we considered a 2-month
period, from November 2020 until early January 2021 where the average wastewater
temperatures were below 15 ◦C using removal rates by Pavlidis et al. [2], and compared with
respective data from the current experiment, undertaken during the summer season, when
the wastewater in the experimental tanks had an average temperature of approximately
27 ◦C. To analyze the differences in the results between the two experiments, we performed
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a two-sample Student’s t-test by examining each combination of experimental tank and
pollutant separately. It should be noted that only the compounds and experimental systems
that had been considered in both experiments were included in the analysis, namely,
water hyacinth, L. minor and the control tank with respect to the examined systems, and
phosphates, nitrates, imidacloprid, thiacloprid, dimethomorph and myclobutanil with
respect to the considered pollutants. The results revealed a significant difference (p = 0.001)
between the winter and summer periods for the case of water hyacinth and phosphate
and nitrate removals, indicating a significantly higher level of performance of the specific
aquatic plant for both compounds during the winter. On the contrary, a significantly higher
(p = 0.00008) removal performance with respect to nitrates was seen for L. minor during
the summer period. Regarding pesticide reduction, the examined aquatic plant systems
did not show any significant difference in their performance between summer and winter.
Some significant discrepancies were only derived for the control tank and for three of
the examined pesticides, that is, imidacloprid (p = 0.00002), dimethomorph (p = 0.0003),
and myclobutanil (p = 0.01). For these three compounds, the analysis demonstrated a
significantly higher efficiency of the algae control tank during the current experiment
(summer season).

4. Conclusions

The necessity, significance, and efficiency of natural treatment and remediation sys-
tems has been previously reported in various studies dealing with domestic wastewater
treatment, with regards to organic matter, nitrogen and phosphorus removal. The con-
structed floating wetlands (CFW) that were also examined in the present study constitute
an efficient, easily applicable and low-cost treatment option. In this context, the efficiency
of three different constructed floating wetlands pilot-scale systems consisting of aquatic
macrophytes as a pollution control plant, in the removal of nutrients and five pesticides
was examined in comparison with an unplanted system over a 16-week period during
spring to summer of 2021, indicating very promising results. Reductions reaching almost
100% were found for all examined agrochemicals. The highest mean reduction percentages
were observed for phosphates, ammonium, nitrates and difenoconazole.

Both for ammonium, nitrates and thiacloprid, the aquatic macrophyte systems per-
formed better than the control. On the contrary, potassium presented high residues, possibly
due to adsorption and accumulation to plant roots, with subsequent re-suspension in the
water column. Moreover, for the rest of the pesticides, the reductions observed in the plant
systems were comparable to those of the control system, demonstrating that the effect of
aquatic plants was comparable to the one provided by the green algae which developed in
the control tank. It shall also be remarked that the potential for plant uptake and absorption
to aquatic plant surfaces cannot be neglected based on the pesticide physicochemical prop-
erties. An exception was observed for imidacloprid, where photolytic degradation was
the prevailing dissipation process, which was rather expectable based on the photolytic
half-life of the compound (1 h; Table 1).

Overall, the statistical analysis results revealed a greater dependency of the pesticides
removal potential on the examined meteorological parameters, especially temperature,
wind speed and evapotranspiration. In particular, an increase in these variables proved
to negatively affect the aquatic plant system efficiency (negative correlation), which is in
contradiction with our previously published results derived from a similar experiment
running during the autumn to winter period. This may be explained by the subsequent
reduction in water volume in the tanks due to the high evapotranspiration rates, and
therefore, the consequent increase in pollutant concentrations. Besides, the differentiated
results between the two periods demonstrate the existence of specific threshold values of
the examined variables, especially air temperature, above which pesticide decontamination
starts being hampered. Additional experimentation under longer and/or different periods
(e.g., spring season) characterized by different temperature ranges is required to derive
generalized results.
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It can be concluded that the examined systems under the Mediterranean geoclimatic
conditions described in the present study have the potential for decontamination of spray
tank mix remnants, or pesticide container wash-off water, as well as agricultural runoff
from agricultural field drainage networks, thus consisting of a valuable technology for
farmers and policy-makers. Further research is deemed necessary, considering different
pollutant and plant combinations, variation of HRT, analysis of aquatic macrophytes to
establish mass balance, as well as the correlation of pollution reduction with chlorophyll
content and other plant-related parameters.
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Abstract: The honey bee is an important pollinator. In the environment, it can be exposed to many
harmful factors, such as pesticides. Nowadays, attention is paid to evaluating the potentially harmful
effects of these substances. This study aimed to evaluate the effect of worst-case environmental
concentrations of pesticide mixtures on honey bee survival and selected physiological markers (the
activity of ALT, AST, ALP, and GGTP, and the concentration of albumin, creatinine, urea, and uric
acid). Pesticides of three different groups (insecticide—acetamiprid, herbicide—glyphosate, and
fungicide—tebuconazole) and their mixtures were resolved in 50% (w/v) sucrose solution and given
to bees ad libitum. After 24 h, hemolymph was collected. All mixtures caused higher mortality than
single pesticides. Pesticides in mixtures caused disturbances in biochemical markers, and in some
cases the interaction between pesticides was synergistic. The mixtures had individual effects on
physiology, and the results were sensitive to changes in proportions.

Keywords: honey bee; Apis mellifera; pesticide compositions; insect physiology; biochemical markers

1. Introduction

As a pollinator, the honey bee has a positive effect on increasing agricultural yields
and preserving biodiversity. Bee pollination is valued at around 15 billion USD in the US,
19 billion USD in Europe, and 69 billion USD in East Asia [1]. For many years, the toxicity
of pesticides to these insects has drawn the attention of researchers. One of the criteria for
the division of pesticides concerns the type of target pest [2]. This classification includes,
among others, insecticides, fungicides, and herbicides [3,4]. Honey bee contact with the
pesticide at a sub-lethal dose may affect their behavior and/or physiology. Poisoning
may occur after contact and/or oral exposure. Systemic pesticides, commonly used in
developed countries, spread in plant tissues and may accumulate in plant nectar and pollen.
In addition to exposure to harmful substances in the environment, bees may also come
into contact with them in the hive, as they collect potentially contaminated nectar or pollen
and store it in combs [5]. Due to the fact that many different pesticides are used in plant
production, and their residues can accumulate in the environment, bees come into contact
with many different toxins in various concentrations and proportions simultaneously [6].
When combined, an additive effect (i.e., the sum of the individual substances), synergistic
effect (greater than an additive effect), or antagonistic effect (less than an additive effect)
may occur. According to Regulation (EC) No 1107/2009 of the European Parliament and of
the Council of 21 October 2009 concerning the placing of plant protection products on the
market and repealing Council Directives 79/117/EEC and 91/414/EEC, mixing pesticides
is a legal action unless it is expressly prohibited on the label of the product.

So far, the exposure of honey bees to pesticides has been shown to affect bee motor
activity, navigation, feeding, learning ability, and memory, to weaken the immune and
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reproductive systems, and to activate the body’s antioxidant and detoxification mecha-
nisms [7–12]. In order to fight harmful substances, the honey bee organism has developed
many defense mechanisms within their detoxification and antioxidant systems. The detoxi-
fication mechanisms of the bee body mainly include enzymes involved in the metabolism
of toxins or the detoxification process, i.e., cytochrome P450 monooxygenase (P450), glu-
tathione transferase (GST), carboxylesterase (COE), aspartate aminotransferase (AST),
alkaline aminotransferase (ALT) (ALP), gamma-glutamyl transpeptidase (GGTP), and
bilirubin [12,13]. The mechanisms of the antioxidant system are designed to remove free
radicals from the body. Antioxidants give electrons to free radicals and, as a result, the
possibility of oxidizing other components is blocked. Among antioxidants, enzymatic
antioxidants, such as glutathione peroxidase (GPX), catalases (CAT), superoxide dismu-
tase (SOD), and glucose-6-phosphate dehydrogenase (GP6D), can be distinguished from
non-enzymatic antioxidants (e.g., albumin, creatinine, glutathione, uric acid, urea, and vita-
mins) [11,13]. Many studies have confirmed that insecticides change enzyme activity and
the content of some key substances [11,12,14–17]. However, reference values have not been
estimated and there is still a lack of information about the influence of pesticide mixtures.

Our research aimed to investigate how oral exposure to pesticide mixtures affects the
activity of selected hemolymph enzymes and non-enzymatic antioxidants of worker honey
bees, i.e., ALT, ALP, AST, GGTP, albumin, creatinine, uric acid, and urea.

2. Materials and Methods

2.1. Research Material—Honey Bee Workers

Honey bee (Apis mellifera carnica) colonies used for research were treated against
Varroa destructor using amitraz fumigation four times at 4-day intervals (12.5 mg/tablet;
Apiwarol®, Biowet, Pulawy, Poland) before starting the experiment. To monitor the number
of Nosema spp. spores, the hemocytometer method was used (30 bees per hive in three
repetitions). After 28 days from the last fumigation, we selected 3 frames with bee brood in
20 days of apian development. Next, we took the brood to the laboratory and incubated it at
temperatures of 34 and 70% of relative humidity. After 24 h, we collected the bees. Worker
bees were placed in wooden cages (20 cm × 15 cm × 7 cm), each containing 100 workers and
two inner feeders with 50% (w/v) sucrose solution (Chempur®, Piekary Śląskie, Poland)
ad libitum. The adaptation process lasted 24 h at a temperature of 25 ◦C ± 0.5 ◦C and
relative humidity of 70% ± 5%. Caged bees were maintained in the incubator in the same
conditions described above until being used for the experiment [18]. Two-day-old bees
were used in the study, and the bees were divided into 14 groups. Dead bees were utilized
by a special biohazard waste company.

2.2. Experimental Setup

Each group consisted of ten cages. The experiment was performed by feeding bees
50% (w/v) sucrose solution containing the established concentrations of particular pes-
ticides for 24 h. Bees in the experimental groups were exposed to the single-pesticide
commercial formulations or their trinary mixtures in different proportions. The control
group was fed an untreated 50% (w/v) sucrose solution. The experiment used doses of
pesticides recommended by the manufacturer for the selected active substance, which repre-
sented worst-case environmental concentrations. The bees were exposed to the insecticide
Mospilan® 20SP, Target, Kartoszyno, Poland (ai acetamiprid 20%), the herbicide Agrosar®

360 SL, CIECH Sarzyna, Nowa Sarzyna, Poland (ai glyphosate 36%), and the fungicide
Tebu® EW, HELM, Hamburg, Germany (ai tebuconazole 25.8%) (Figure 1). Acetamiprid,
as a cyano-substituted neonicotinoid, has a higher dose value that kills 50% of honey
bees (LD50) compared to the nitro-substituted neonicotinoids (imidacloprid, clothianidin,
thiamethoxam) and is considered less toxic than them [5,19]. However, its toxicity can be
higher after being mixed with fungicide [20]. The LD50 of acetamiprid is 14,530 ng/bee
(food exposure) and 8090 ng/bee (contact exposure) [5]. Mortality and syrup intake were
recorded after 24 h.
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Figure 1. The scheme of treatments. Each group was fed ad libitum with a solution of a total volume of
6 mL. The solution composition differed between groups. The group abbreviated as C was a control
group, fed with 50% (w/v) sucrose solution. Groups XI–XIII were fed with single pesticides dissolved
in 50% (w/v) sucrose solution. Groups I-X were fed with pesticide compositions consisting of each
type of pesticide in varying proportions.

2.3. Collection of Hemolymph

Hemolymph was taken from 100 alive worker honey bees from each group im-
mediately after 24 h of oral exposure by removing the antennae with sterile tweezers.
Hemolymph was conserved in a 20 μL end-to-end glass capillary without anticoagulant.
Hemolymph from the control honey bees was collected at the same time. The test tubes
were placed on the cooling block during the operation. After collecting the hemolymph,
samples were stored at −80 ◦C [21].

2.4. Biochemical Analysis

Hemolymph biochemical parameters were determined using the Pentra 400 automated
biochemical analyzer by Horiba ABX (Longjumeau, France). The colorimetric method with
the use of bromocresol green and the creatinine kinetic method with alkaline picrate were
used for measurement of complex formation coloring; urea—the UV enzyme test; uric
acid—the enzymatic method using the Trinder reaction with Horiba ABX reagents were
used to assess the level of albumin activity. Reagents from Randox (Crumlin, Great Britain)
were used to assess the enzymatic activity (aspartate aminotransferase—AST, alkaline
phosphatase—ALP, alanine aminotransferase—ALT, gamma-glutamyl transpeptidase—
GGTP). Analysis kits for ALP—the photometric kinetic test in accordance with the rec-
ommendations of the International Federation of Clinical Chemistry (IFCC); for ALT and
AST—the enzymatic method (UV detection) in accordance with IFCC recommendations;
and for GGTP—the kinetic photometric test.
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2.5. Statistical Analysis

Statistical analyses were performed using the R program, version 3.4.4 (R Core Team,
2018, R-3.4.4 for Windows, CRAN, Vienna, Austria), with the RStudio overlay, using, inter
alia, the packages “dplyr”, “tidyr”, “agricolae”, and “ggplot2” [22]. The normality of the
distribution was checked by the Shapiro–Wilk test, and the differences between the groups
by the Kruskal–Wallis test with holm correction for multiple comparisons, α = 0.05. In
Inkscape, the experiment scheme was made, and the charts were visually improved.

3. Results

3.1. Mortality and Syrup Intake

In the control group, there was 0% mortality. Among the pesticides administered sepa-
rately, none caused acute toxicity, with the highest mortality after fungicide administration
being only 3.2% (Figure 2 and Table 1). All compositions showed mortality significantly
higher than the control, while all except groups III and IV caused mortality higher than
single pesticides. The highest mortality—over 70%—occurred in groups VIII, IX, and IV.
Considering syrup intake within separately administered pesticides, the herbicide caused
an intake similar to the control, while the fungicide intake was almost 50% lower, but the
difference was not statistically significant. Mean values of syrup intake were lower in all
compositions compared to the control, but the difference was statistically significant only
in group I, with the lowest value over 3× lower than the control.

Figure 2. Mortality and syrup intake during 24 h of the experiment. Bars represent the mean,
and error bars represent the standard deviation. The same letters between groups within one plot
means no statistically significant differences (Kruskal–Wallis test with holm correction for multiple
comparisons, α = 0.05); the statistical values are shown in the lower right corner of each graph.

Table 1. The dose of each active ingredient per individual bee used in the research.

Group Acetamiprid (μg) Glyphosate (μL) Tebuconazole (μg)

C 0.00 0.00 0.00

I 0.21 0.02 2.67

II 0.28 0.06 2.63

III 0.45 0.14 2.83

IV 0.49 0.20 1.54

V 0.61 0.03 2.88

VI 0.67 0.07 2.08

VII 0.69 0.10 1.08

VIII 1.00 0.03 2.08

IX 0.80 0.05 0.83
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Table 1. Cont.

Group Acetamiprid (μg) Glyphosate (μL) Tebuconazole (μg)

X 1.47 0.04 1.15

XI 3.64 0.00 0.00

XII 0.00 0.48 0.00

XIII 0.00 0.00 7.75

3.2. Enzymatic Activity

The overall effect of pesticides was an increase in alanine aminotransferase (ALT).
Of the single pesticides, only the insecticide increased ALT (Figure 3). All compositions
caused an increase except group IV (with the highest amount of herbicide). The highest
value was in group VII—more than 7× higher than the control and more than 2× higher
than the single insecticide. Concerning aspartate aminotransferase (AST), the overall
effect of pesticides was an increase in this parameter. Of the single pesticides, only the
insecticide increased AST. All compositions except group IX caused an increase in AST. The
highest increase occurred in group VII—more than 4× higher than the control and almost
2× higher than the insecticide, with a high value also in group X (composition with the
highest proportion of insecticide). The overall effect of pesticides on alkaline phosphatase
(ALP) was an increase in this parameter. Of the single pesticides, the insecticide and
fungicide caused an increase in this parameter, while the herbicide had no effect. Most of
the compositions increased ALP—only groups III and VII showed no increase. The highest
value was found in group II—more than twice as high as the control, and a high value also
in group VI. Generally, pesticides caused an increase or a decrease in gamma-glutamyl
transpeptidase (GGTP), but the decreases were not statistically significant. Among the
single pesticides, the differences were not significant in any, but the herbicide caused a very
low GGTP value, while the fungicide caused an increase in GGTP. Among the compositions,
groups IX and III caused a lower level of GGTP than in the control; however, the difference
was not statistically significant. The highest value of GGTP occurred in group VI (approx.
4× higher than the control), and a significant increase in this indicator was also observed
in groups II and VII.

Figure 3. Enzymatic activity. Bars represent the mean, and error bars represent the standard devia-
tion. The same letters between groups within one plot means no statistically significant differences
(Kruskal–Wallis test with holm correction for multiple comparisons, α = 0.05); the statistical values
are shown in the lower right corner of each graph.

130



Toxics 2022, 10, 590

3.3. Detoxification System Indicators

Generally, pesticides caused the albumin levels to rise or fall. Among single pesticides,
only the fungicide significantly changed the level of albumin, causing an increase (Figure 4).
No composition had a higher level than the fungicide, while the highest values occurred in
groups VI, II, and I. In the IX group, the albumin level was 3× lower than in the control.
Pesticides generally caused a drop in creatinine levels. Among the pure pesticides, a
statistically significant effect occurred only for the insecticide. Of the compositions, only
two groups did not cause a statistically significant decrease (I and IV). The lowest value
occurred in group IX, while low levels of creatinine also occurred in groups VII, VIII, III,
and X. The values of urea acid after pesticide exposure were higher or lower than the
control. Neither group differed statistically significantly from the control. The highest
values were found in group V (2× higher than the control), and high levels of uric acid
were also in groups VI and VIII. The lowest values were in groups I and IX and the single
insecticide. Pesticides caused both an increase and a decrease in urea levels, with the higher
values not statistically different from the control. The lowest value occurred in group IX
(approx. 4× lower than the control), and low urea rates also occurred in groups IV and III.

Figure 4. Detoxification system indicators. Bars represent the mean, and error bars represent
the standard deviation. The same letters between groups within one plot mean no statistically
significant differences (Kruskal–Wallis test with holm correction for multiple comparisons, α = 0.05);
the statistical values are shown in the lower right corner of each graph.

4. Discussion

The pesticide compositions induced much higher acute toxicity than single pesticides.
The differences were so large that this relationship can be called synergistic for all tested
compositions. The synergistic mortality-increasing effect of the combinations of different
types of pesticides has been previously observed [14,17,23]. This study suggests that the
use of Acetamiprid, Glyphosate, and Tebuconazole in mixtures can significantly increase
bee mortality. The specified toxicity in the first 24 h of our study was high. A bee in
the environment, had it come into contact with such a set of pesticides, would not have
returned to the hive. The concentrations of the pesticides did not exceed the manufacturer’s
recommendations and were given to the bees separately; they did not show a significant
effect on survival with short-term 24-h exposure. Walker et al. [24], investigating the
linkage of an insecticide, fungicide, and adjuvant, had similar observations. The pesti-
cides in combinations caused higher mortality than those used alone in the studies by
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Belsky et al. [25]. This shows that it is very important to compare the honey bee toxicity of
individual pesticides and their mixtures. Additionally, the high toxicity of the pesticide
compositions was confirmed by the syrup intake generally being lower in groups fed with
the pesticide compositions than in groups fed with the single pesticides and control. Higher
mortality was observed in the groups with pesticide mixtures despite lower syrup intake.

The pesticide mixtures had an individual effect; for each enzyme tested, there were
compositions whose effect was greater than that of single pesticides. The general effect of
single pesticides and mixtures on AST, ALT, and ALP was, if one occurred, an increase in
these indicators. The observed effect on GGTP was either the increase or decrease of its
activity compared to the control. Our research showed statistically significant changes in
the activity of ALT, AST, and ALP compared to the control group in the case of most of the
mixtures of pesticides. Similar observations of changes in activity were observed in the
studies by Zhu et al. [17] when combining two insecticides containing the active substances
imidacloprid and oxamyl, which resulted in a decrease in the activity of phenoloxidase—an
immunity enzyme—and this effect did not occur when these substances were administered
separately. Two binary compositions, thiamethoxam + λ-cyhalothrin and thiamethoxam
+ abamectin, caused a significant decrease in the activity and expression of a group of
key insect detoxifying enzymes—glutathione S-transferases. A significant increase in
mortality was also observed in these groups compared to the effects of single pesticides. In
addition, thiamethoxam + abamectin caused a significant increase in ALP expression with
a simultaneous decrease in the activity of this enzyme [23]. Changes in the activity of AST,
ALT, and ALP have also been demonstrated in studies on the effect of imidacloprid [12]. In
our research, the effect of selected plant protection products was an increase in the activity
of these enzymes. Changes in the activity of these enzymes were also observed when bees
were exposed to other substances. Bromfenvinphos, which is a substance used to treat
bees during the infestation of the Varroa destructor mite, caused a decrease in the activity
of AST, ALT, and ALP [26]. A similar effect was observed with the antifungal antibiotic
amphotericin B [27]. During long-term coenzyme Q10 supplementation, an increase in ALT,
AST, and ALP activity was observed [28]. Caffeine also caused an increase in the activity
of these enzymes, and a similar effect was observed for piperine [29] and curcumin [30].
Increased concentrations of enzymes in the hemolymph may indicate a greater need for
them by the organism.

Pesticides and mixtures caused a decrease in creatinine concentration, while in the
case of albumin, urea, and uric acid an increase was observed in some groups, while a
decrease was observed in others. Some mixtures of pesticides had a greater effect than
individual pesticides; thus, in the case of the detoxification system, the individual effect of
the mixture was also visible. The single use of the fungicide and some mixtures increased
the concentration of albumin, and a similar effect was observed with the administration of
bromfenvinphos used in the treatment of varroosis. Bromfenvinphos also caused a decrease
in creatinine, urea, and uric acid levels [31]. Long-term administration of coenzyme Q10
caused a decrease in each of these indicators [28]. Caffeine supplementation caused an
increase in uric acid and creatinine concentration and a decrease in albumin and urea
concentration, and curcumin had a similar effect [30]. Albumin, creatinine, uric acid, and
urea are substances that can also be classified as non-enzymatic antioxidants [28], hence
they participate in the detoxification of oxidative stress agents.

5. Conclusions

Assessing the degree of pesticide effects on the honey bee in different combinations of
substances continuously provides new information. It can be seen that the multidirectional
exposure of bees to pesticides contributes to an increase in mortality and the disruption of
the activity of biochemical markers. Such disturbances in the functioning of the organism
may cause higher sensitivity to external factors. Showing the effects of single substances
and comparing them with the effects of their mixtures is the basis for developing this
research area.
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