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Abstract

Polymeric and SiO> nanoparticles can be used as nanocarriers to improve the efficacy of
pesticide delivery in agriculture. However, the environmental fate and potential risks of this type
of nanopesticides in agroecosystems remain poorly understood. In this study, two separate active
ingredients, azoxystrobin (AZOX) and bifenthrin (BFT), loaded into two different types of
nanocarriers (Allosperse® polymeric nanoparticles and SiO, nanoparticles), were applied to
strawberry plants under realistic field conditions over two growing seasons. The pesticide
concentration profiles in soil and plant tissues, plant growth and soil microorganisms were
compared among treatments. Although the encapsulation appeared to reduce sorption of the active
ingredients (Al) to the soils, few of the sensitive indicators of ecosystem health showed any
differences when compared to controls. Bioaccumulation of the Al by the strawberry plants and
fruit was similar for classical and nano-applications of the Al. No significant differences were
observed among the conventional, nanopesticide or control treatments in terms of fruit mass,
number of flowers and leaves, or biomass. None of the pesticide formulations appeared to
systematically affect soil enzyme activity. Finally, the soil microbial composition (Shannon
indices, PCoA plots) and function (soil enzyme activity) only showed some transient, initial effects

to the pesticides, but did not distinguish among formulations.

Keywords: nanopesticides; uptake; soil enzyme activity; soil bacterial community; SiO>

nanoparticles, polymeric nanoparticles.
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1. Introduction

Synthetic nanoparticles (NPs, <100 nm particle size) are increasingly incorporated into
products and applications in agriculture (1, 2). For example, polymeric nanocarriers and metal
oxide NPs are being used in fertilizers, growth regulators and pesticides, to control their release or
to facilitate target-specific delivery (3, 4). Nanopesticides are being designed with the ambition to
deliver the active ingredients (Als) more efficiently, reduce impacts to non-target organisms and
provide longer pest protection (5, 6). This technology has the potential to reduce the ecological
risks associated with pesticides with respect to more conventional formulations, while more
efficiently contributing to crop protection (7).

Despite the prospects of nanotechnology in agriculture, the environmental fate and the
ecological risks of nanomaterials have not been fully documented, in particular, for nanomaterials
that may be in contact with crops and foods (8, 9). Due to the high specific surface area of the NPs
and thus their high capacity for adsorption or partitioning, their direct or indirect (e.g., biosolids;
(10)) addition to agricultural soils is likely to alter the biogeochemical cycling of trace elements
and organic substances in soils (3). Some early studies indicated that Ag NPs could perturb soil
nutrient cycling (11), while Cu(OH)2 nanopesticides have been shown to affect microbial diversity
(6). Indeed, nanopesticides were postulated to have a higher bioavailability when compared to
their conventional forms (6).

Azoxystrobin (AZOX, log Kow 3.7), a major strobilurin fungicide, and bifenthrin (BFT, log
Kow 6.6), a pyrethroid insecticide, are commonly used in agriculture, including strawberry
production. These active ingredients are being incorporated into commercially available
polyacrylic acid (PAA) based nanocarriers (e.g., Allosperse®, from Vive Crop) for crop protection.

In addition, silica nanoparticles (nSiO.) have emerged as a new product to control the release of
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drugs or pesticides based upon stimuli-response (12). As both AZOX and BFT may have some
impacts on soils (e.g. bacterial communities, (13); (14)) or may be toxic to aquatic organisms (5),
nanoencapsulation could be seen as a strategy to mitigate the potential ecological risks associated
with their use in agriculture. In a controlled experiment, the toxicity of an encapsulated form of
AZOX (i.e. Allosperse®) was significantly lower for zebrafish than was its conventional
formulation (2). In contrast, earthworms exposed to BFT-Allosperse® accumulated ~50% more
of the Al than those exposed to the conventional formulation. However, while most of the
conventional BFT was found in external earthworm tissues, BFT applied as a nanopesticide was
mainly detected in the gut and therefore not internalized (1). In another study, AZOX-loaded
mesoporous silica NPs exhibited better fungicidal activity than AZOX alone (15). Although the
beneficial effects of silica for plants are well established (16), nSiO> have been shown to exhibit
acute toxic effects in vivo (17) and to affect plant biomass and nutrient content (18).

Given the differences observed between the conventional formulations and the
nanopesticides with respect to their bioavailability and mobility in soils, it is essential to determine
NP fate under realistic conditions if one is to properly evaluate their environmental risk (19).
However, there are only few comprehensive studies that have analyzed the fate, uptake, and impact
of nanopesticides in field experiments, under reasonable usage scenarios. Therefore, the overall
objective of this study was to evaluate the environmental effects of several nanopesticides that
were based on commercially available polymer and silica-based nanocarriers. Field mesocosm (pot
strawberry culture under real weather/irrigation conditions) assessments were performed over 2
growing seasons by comparing the treatments with nanopesticides to both control (no treatment)
and conventional formulation treatments. The specific objectives were to: a) compare the uptake

of the Als (AZOX, BFT) by strawberry plants and fruits; b) assess the effects of the different
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pesticide formulations on the biological properties of the soil, including enzyme activity
(glucopyranoside, phosphomonoesterase, arylsulfatase, and -D-glucosidase) and the microbial
community structure. Soil microbiota were evaluated as a non-target organism and surrogate for
the health of the soils through the measurements of function (soil enzyme activities) and microbial
community structure. Strawberry plants were used as the test crop since they have the ability to
accumulate pesticides into the fruits following assimilation from the roots, which represents a
vegetal source for human exposure (20) and since pesticides and fungicides are commonly applied

to the production of this fruit (21).

2. Material and methods
2.1 Polymeric and SiO2 based nanopesticides

The pesticides AZOX (96.5% Al), BFT (98.5% Al), AZOX-Allosperse® (18.4% Al) and
BFT-Allosperse® (19.3% Al), as well as a mixture of the dispersant agents contained in all of the
nanoformulations were obtained from Vive Crop Protection Inc (Mississauga, Canada). Hollow
nSiO2 used in the first experimental year were those acquired from Materium Innovations (Granby,
Canada), while those used in the second year were synthetized according to Bueno et al. (22).
Particles sizes were previously characterized by Diaz et al. (23) (Allosperse® - 7 nm), Kah et al.
(3) (Allosperse®-BFT — 333 to 424 nm), Zhang et al. (2) (Allosperse®-AZOX - <100 nm), and
Bueno and Ghoshal (24) (nSiO2 - 258nm). nSiO2 were loaded with the active ingredients to
produce nanoencapsulated nSiO>—AZ0OX (19.1 mg AZOX in 1 g nSiO2) and nSiO>-BFT (20.3 mg
BFT in 1g nSiOy). Stock solutions of the nanoformulations were prepared in Milli-Q water (R>18
MQ cm; TOC < 2 pg C L. Stock solutions of AZOX and BFT contained the same proportions

of dispersive agents to Al as the nanoformulations provided by Vive Crop Protection Inc.
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Analytical standards of the pure compounds, AZOX (>98%, CAS#131860-33-8), and BFT
(>98.0%, CAS#82657-04-3) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Deuterated internal standards (Ds-azoxystrobin and Ds-bifenthin) and azoxystrobin free acid
(R234886, AzFA) were purchased from Toronto Research Chemicals (North York, ON, Canada).
HPLC grade solvents (water, acetonitrile (ACN), and methanol), anhydrous magnesium sulphate,
sodium acetate, LC/MS grade formic acid and ammonium acetate were obtained from Fisher

(Pittsburgh, PS, USA).

2.2 Field experiments

The field experiment was carried out at the Macdonald Campus of McGill University (Ste-
Anne-de-Bellevue, QC, Canada), over two growing seasons, under realistic field conditions.
During the first experimental year, the experimental design was optimized (i.e. methods for
collection and preparation of the soil, preparation of the pots, placement of the pots in the field,
construction of the irrigation and fertilization systems, etc.). At the end of the growing season of
the first experimental year, some final samples were collected, plants were removed from the pots,
pots with soil were covered with a black polyethylene sheet (to protect against weathering) and
then left outdoors over the winter. Therefore, the soil used in the second growing season was that
which contained residual pesticide concentrations (as would a real-world field site). New
strawberry (bare root) plants were planted in the second year and soil and strawberry samples were
collected at a higher frequency than year one in order to provide a higher resolution on the
concentration profiles.

The agricultural soil used for this experiment was characterized as clayey soil with the

following characteristics: pH 7.2, 6.1 % organic matter, 183 mg kg™ of P, 3999 mg kg™ of Ca, 325
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mg kg of Mg, 349 mg kg™ of K, 717 mg kg™ of Al, 6.4 mg of N kg™ as NO3™* and 2.5 mg of N
kg™ as NH4" (soil characterization methods are provided in the Supplementary Material). Forty-
five, 20 L-polyethylene pots, each containing 18 kg of soil, were arranged randomly on a black
plastic polyethylene tarp (5 rows x 9 columns). The tarp was used as a secondary containment to
prevent any transfer of pesticide residues to the soil. Pots were positioned on a wood structure at
a height of 30 cm above ground in order to collect any excess water leaching from the soil under
each pot. Four strawberry bare root plants (Fragaria x ananassa “Seascape”, Pépiniére Lareault,
QC, Canada) were planted in each pot (Figure S1). Irrigation with pesticide-free water was
performed on a daily basis, whereas fertilization was performed weekly.

Strawberries were planted in early June and pesticide treatments were applied twice (15
and 30 days after transplantation), according to the suggested maximum application dosages for
the commercial conventional pesticide formulations (25, 26). Treatments with AZOX all contained
7.6 mg active ingredient / pot, whereas treatments with BFT contained 7.98 mg active ingredient
/ pot. A drench method was used for the application of the different treatments in order to better
control the amounts of pesticides applied to each pot, particularly avoiding losses to the
surroundings, such as air. In addition, the drench application allowed us to better assess uptake by
the plants through the roots and the effects of the treatments on the soil microorganisms. Nine
different conditions were evaluated in replicate (n = 5): (i) Control (no nanoparticle and pesticide
added); (ii) nSiOz only; (iii) Allosperse® only; (iv) BFT; (v) AZOX; (vi) nSiO; -BFT; (vii) nSiO>
-AZOX; (viii) Allosperse®-BFT; and (ix) Allosperse®-AZOX. Dispersants were added in (i) to
(vii) in order to reproduce the amounts present in the nanoformulations provided by Vive Crop
Protection. For each formulation (details are provided in the Supplementary Materials, Section C),

a 1 L stock solution was first prepared in ultrapure water where it was left to equilibrate for 24
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hours prior to field application. In the field, stock solutions were separated into five 200 mL
aliquots, which were diluted to 1 L using the irrigation water and then applied using a soil drench
in each of the 5 pot replicates, carefully avoiding direct contact of the solutions with the plants.

Strawberries, soil and leachate samples were collected for pesticide residue analysis by
sampling only the three rows in the middle of the field to avoid edge effects. For the leachates,
volumes were recorded continuously for each pot. Aliquots of the leachates were collected and
filtered into glass vials (0.22 um PTFE filter, Chrom4; Thuringen, Germany) for pesticide analysis.
Prior to LC-MS analysis, leachate samples were spiked with internal standards: 40 pg L™ of Ds-
AZOX and 60 pg L of Ds-BFT. For the soils, three subsamples were collected from each pot, 72
and 85 days after the application of the formulations in the first experimental year, and 14, 30, 52,
60, 72, and 85 days after the application of the formulations in the second experimental year.
Subsamples were homogenized in an aluminum tray, transferred to a 20 mL glass flask, and stored
at -20 °C until extraction. For the measurements of pesticide residues in the strawberries, sampling
was performed on days 23, 33, 53, 63 and 73 days post-application in the first experimental year,
and 21, 26, 40, 52 and 85 after pesticide application in the second year. Leaves and roots were
sampled uniquely at day 85, i.e., the last experimental day, for both experimental years. All the
plant samples were stored in glass vials at -20 °C prior to extraction. Figure S2 shows an overview
of the sample collection timeline.

Phenological data was acquired for one plant from each of the three middle pots and
included the plant biomass (without the fruits) in addition to the number of leaves and the number
of flower stalks at the end of the exposure period. The ripe fruit yields for each pot were also
recorded during the growing season. At the end of the season, three plants from different pots were

collected from each treatment. They were air dried in order to measure plant biomass.
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2.3 Pesticide analysis in soils and plants

AZOX and BFT in the strawberry plant tissues and soils were analyzed using a LC-QTOF-
MS-based method, recently developed by Wang et al. (27) and summarized in the Supplementary
Materials. Method detection limits (MDL) and method quantification limits (MQL) were: AZOX
in strawberry (MDL = 0.14 pg kg, MQL = 0.46 ug kgl), BFT in strawberry (MDL = 0.03 ug kg
! MQL =0.10 pg kg?), AZOX in soil (MDL = 0.65 pg kg, MQL = 2.15 pg kg?), BFT in soil
(MDL = 0.36 pug kg, MQL = 1.2 ug kg) (27). The instrumental detection limits for AZOX and

BFT were 0.3 pg and 2.2 pg, respectively.

2.4 Degradation products of pesticides in samples

LC/MS data were screened for potential metabolites and degradation products of AZOX
or BFT for the different matrices and treatments. First, LC/MS data were aligned using the Agilent
Masshunter Profinder (Agilent Technologies, USA), using tolerances of 0.15 min for the retention
times (RT) and 10 ppm for the mass differences. A library of AZOX and BFT metabolites was
prepared using the Agilent Masshunter PCDL software (Agilent Technologies, Table S2 & S3),
based on formulae reported in the literature (28-31). The library was used to screen the LC/MS
data for possible metabolites of AZOX and BFT. The MS/MS spectra of those metabolites were
manually compared with spectra from the literature to increase confidence in the identification.
The identity of the AZOX free acid (AzFA), amajor degradation product of AZOX, was confirmed
using the pure reference standard (matching RT=3.491 min and ion at 372.0971 m/z). The signals
for selected compounds of interest were compared across the pesticide and control treatments using

the Agilent Masshunter Qualitative Analysis software (Agilent Technologies).
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2.5 Soil enzyme activities

Extracellular enzymes in soils can be sensitive indicators of changes of soil quality and
fertility (32). Soil enzyme activities: B-D-glucosidase (MUB-C), phosphomonoesterase (MUB-P),
arylsulfatase (MUB-S) and leucine-aminopeptidase (AMC-N) were measured immediately after
sampling the soils in 15 mL Falcon tubes at 1, 7, 14, 30, 60, and 85 days after the application of
the treatments in the second experimental year. Enzyme activities were determined according to

Peyrot et al. (11), as summarized in the Supplementary Materials.

2.6 Microbial community assays

Genomic DNA (gDNA) was extracted from soil that was randomly collected from the pots
on days O (first day of first experimental year), 356 (first day of the second experimental year) and
455 (last day of the second experimental year). In summary, 250 mg of dry soil (N = 3) was
processed using a DNeasy PowerSoil Pro kit (Qiagen) in order to obtain gDNA suspensions ready
for downstream applications. Quality control on the extracted gDNA was performed by
quantifying the DNA content using the PicoGreen method (33) (Invitrogen Quant-iT PicoGreen
dsDNA Assay Kit, Thermo Fisher). The V4 region of the 16S rRNA gene in archaea and bacteria
was amplified using the primers 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-
GGACTACHVGGGTWTCTAAT-3’). The amplified sequences were analyzed on a llumina
MiSeq instrument using the PE250 protocol.

The sequence reads were processed using the QIIME2 pipeline (version 2019.4) (34). The
processing included: pairing forward and reverse sequence reads, demultiplexing sequences by
linking the barcode information with the corresponding samples, denoising the amplicon sequence

data with the DADA2 pipeline (35) and truncating at positions 20 on the left, and 220 on the right,

10
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when quality started to drop significantly. Taxonomic ranks were assigned to the 16S rRNA
processed sequences using Naive Bayes Taxonomic Classifier (36) trained with the Greengenes

database (37).

2.7 Statistical analysis

One way analysis of variance (ANOVA) followed by a Tukey's test were used to identify
significant differences as a function of time, using p<0.05 to denote statistical significance. A two-
way ANOVA (p<0.05) was used to identify differences among the different Als (AZOX and BFT)
and the different formulations (conventional and nanoformulations based on Allosperse® and
nSi0O.). All data are presented as means * standard deviations for values obtained from at least
three independently performed experiments. Shannon’s index and B-diversity metrics used for

Principal Coordinate Analysis (PCoA) were performed using the g2-diversity pipeline.

3. Results and Discussion

3.1 Leaching from the soils depended mainly on the pesticide and less on the formulation

For AZOX, concentrations and the cumulative mass (mazox) were measured over time in
the leachate solutions (Figures S3 and S4). For all of the formulations (conventional Al,
Allosperse®-AZ0OX and nSiO2-AZOX), mazox were the highest from day 52 to 68, before
decreasing to near background levels at day 68, whereas Cazox were highest on days 25 and 52.
The decreasing Cazox from day 52 were consistent with the profile for the cumulative precipitation
(Figure S5), where high precipitation rates were observed up to day 52 prior to dropping down
between days 52 and 72. The final mazox in the leachates represented 0.10%, 0.20% and 0.09%

of the initial amounts added to each pot for the conventional, Allosperse® and nSiO» treatments,

11
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respectively. Although all losses to leaching were small (i.e., < 0.2%), the results suggest that the
Allosperse® encapsulated AZOX were more water soluble and thus more mobile than the other
formulations (for the Allosperse®, AZOX in the leachate was significantly higher than for the
conventional and nSiO; treatments on days 39 and 52).

In contrast, BFT concentrations in the leachates were always below the MDLs, which is
consistent with previous results (5) that showed very limited mobility of a conventional
formulation due to the high affinity of the BFT for the soil (log Kow = 6.6). Although
nanoencapsulation of the BFT (poly(methacrylic acid) based nanocarriers) could have improved
the mobility of the Als (3), that was not observed here where no BFT could be detected in the
leachate. Nonetheless, it should be noted that leachate concentrations are largely influenced by the
sampling interval and the rainfall volumes, implying that tendencies in the concentration data have

to be carefully interpreted.

3.2 Formulation and nanocarrier type affected the mobility of pesticides in soils

Concentrations of the pesticides extracted from the soils are shown in Figure 1. Pesticides
were not detected in any of the control samples. In the second experimental year, Cazox and Cgrr
measurements at day O correspond to the quantities remaining from the first experimental year,
which were not significantly different from concentrations from the end of the first experimental
year (p<0.05). The slight increase of Cazox and Cgrr on day 30 is mainly related to the addition of
the second dose of pesticide to the soils, which occurred just after sampling on day 14.
Subsequently, Cazox and Cgrr (also C/Co azox and C/Co srr, Fig. S6) decreased after days 60 or
52, respectively, for the conventional formulations. Given the reported half-lives in agricultural

soils of AZOX which ranges from 58 to 87 days (38), and for BFT, which is 125.3 + 13.3 days (3),

12
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the decreasing Cazox can be attributed to chemical or enzyme degradation, assimilation by soil
organisms, uptake by crops and leaching from the soil (13, 15). The observed decrease of Cgrr

with time is likely related to chemical or enzymatic degradation and assimilation by soil organisms

(1, 3).

20‘36000 1 (A) m Conventional "'-;1800 71 (B) m Conventional

24500 - O Allosperse® 21500 - o Allosperse®

E b ©8Si0,NP 21200 - F8i0, NP

g 3000 - ' £ 900
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e e 55 I "\

§ o b RGN e e 520 0 ln | B 13
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Days after the pesticide application Days aﬂer the pesnmde application

Figure 1 Concentrations of AZOX (A) and BFT (B) (conventional and nano forms) in the soils in
the second experimental year as a function of time following the application of the pesticide
formulations. Red arrows indicate when the addition of the treatments to the soils occurred (days
0 and 14). For a specific timepoint, significant differences (ANOVA) between different
formulations are represented by different letters, according to Fisher's least significant test. Data
are means + standard deviation (SD), n=3.

The nanoformulations appeared to impact the mobility of the Als in the soil. For example, a 45%
decrease in conventional AZOX was observed between days 30 to 85 as compared to a 62%
decrease for Allosperse®-AZOX and a 59% decrease for nSiO2>-AZOX, reflecting perhaps an
increased sorption of the conventional pesticide to the soil when not encapsulated by the
nanocarriers (Figure 1). The more pronounced decrease of AZOX in the nanoformulations might
imply an increased availability for the plants and soil microorganisms. For both pesticides, the

nanoformulations appeared to increase soil mobility as the peak in soil associated compound

13
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occurred earlier (AZOX: day 30 for the Allosperse® and day 14 for the SiO, as compared to day
60 for the conventional formulation; BFT: day 30 for the Allosperse® and SiO. NP as compared
to day 52 for the conventional formulation). When compared to its maximum measured
concentration in the soil, BFT concentrations on day 85 represented a 70% reduction for the
conventional formulation as compared to a 71% reduction for the Allosperse and a 69% reduction
for the SiO.. Indeed, on day 52, a significantly higher concentration of BFT was measured in the
soil with respect to either of the nano-formulations (Figure S6). Similarly, for AZOX,
concentrations of the conventional formulation were the highest at the end of the field experiment,
consistent with an increased leaching of the nano-formulations. All of these indicators suggest that
the nanoformulations could be more mobile and less associated with the soil. For the BFT, these
results appear to contrast with Kah et al. (3), who showed increased sorption to soil, therefore
lower mobility, when it was encapsulated in a polymeric nanoparticle. In addition to mobility,
reduced pesticide concentrations in soil may be due to other processes such as plant uptake or
degradation. Therefore, the effects of nanocarriers on pesticide residues in soil should be analyzed

in detail.

3.3 Nano-formulations had a limited impact on bioaccumulation or plant growth

BFT levels were below the MDL for all plant tissue samples. This was expected as BFT is
a non-systemic pesticide, and nanoencapsulation did not modify this behavior. AZOX
concentrations in the strawberry plant tissues (fruits, leaves and roots) and their bioaccumulation
factors (BFs) are given in Figure 2 for several exposure times. Although AZOX levels were
significantly lower on day 21 in the nSiO>-AZOX exposures (Fig. 2A), no differences were

observed when concentrations were normalized to the measured concentrations in the soil (i.e.

14
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bioaccumulation factors, BF). In fact, when comparing BF, significant differences were only
observed at day 52, where the conventional formulation of AZOX appeared to be more strongly
accumulated (Fig. 2B). Nonetheless, this contrasted with year 1 data, which showed a higher BF

for the Allosphere® in comparison to the other treatments (Figure S8B).

% -gS 1 (A) = Conventional 0.008 ~ (B) m Conventional
= 5 O Allosperse® c 0 Allosperse®
€ Z6 = Si0, NP 50.006 - £ Si0, NP
Sc *3
_ 0
£o4 - £0.004 -
52 D
Q ;‘ i
582 4 0.002 - | \
b
b .
0 - .T I .II 0.000 - I.1 - I -
30 52 85
Days after the pest|0|de appllcanon Days after the pesticide application

Figure 2 Concentration of azoxystrobin (conventional and nanoencapsulated) in the fruits (A) and
the calculated bioaccumulation factors (B; BF = concentration in the fruits divided by the
concentration in the soils) for AZOX following different exposition times (days) beginning at the
first dosage application. Red arrows indicate when the addition of the treatments to the soils
occurred. Pesticides were applied at days 0 and 14. Significant differences (ANOVA) between
different formulations at the same sampling date are represented by different letters (Fisher's least
significant test, p<0.05). Data are the means+ SD, n=3. BF were only calculated for the three

sampling days when both soil and fruits were collected concurrently.
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In contrast to the soil concentrations (all formulations) that peaked on days 52-60, Cazox
in the strawberries were at their maxima earlier in the exposure period (day 21 or 30) (Figure 2A),
resulting in larger BFs at the beginning of the growing season (Figure 2B). From day 40, lower
Cazox were observed in the fruits, possibly reflecting some metabolism/degradation of the AZOX
by the plants, in addition to a decrease of Cazox in the soil. Nonetheless, there were no AZOX
metabolites detected in the fruits, leaves or soils. For example, the free acid is the major metabolite
of AZOX. It was detected in the roots on the last sampling day, which is consistent with AZOX
being metabolized by the plants (Figure S9). No significant differences in the concentrations of
the free acid were observed when comparing the conventional and nanoformulations (AZOX: 35.2
+ 8.2; Allosperse®-AZOX: 64.8 + 36.6; nSiO2-AZOX: 46.6 + 34).

Although the Cazox in strawberry fruits were similar in conventional and Allosperse®
formulations up to day 40, at day 52, the BF was higher for the conventional AZOX (p<0.05) than
for the nanopesticides (Figure 2), indicating that AZOX might be more bioaccessible when in the
conventional formulation. Nanocarriers are thought to reduce the bioaccessibility and therefore the
plant uptake of AZOX, due to the slow-release rate of the Al from the nanoparticles (39).

AZOX residues were analyzed in the plant tissues at the end of the growing season (day
85). The highest levels were recorded in the roots (up to 74.51 ug kg2), followed by the leaves (up
to 3.00 ug kgt) and the fruits (up to 1.29 ug kg™) for both experimental years (Figure S10, Figure
S11). AZOX can be taken up in the roots mainly by passive transport and is more likely to
accumulate in organelles with a higher lipid content (40). These results are in line with those
obtained for rice exposed to fenoxil encapsulated into mesoporous nSiO2, which also showed
absorption by the roots and translocation to above ground tissues (41). BFs increased in the order

fruits < leaves < roots. There were no significant differences observed among the different
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pesticide formulations for any of the BFs for leaves or roots. Based on the higher transfer factors
(TFs) for the AZOX (Table S1), transfer from the roots to the leaves was facilitated as compared
to that from the leaves to the fruits, for both experimental years. Similar to the BFs, no significant
differences (p>0.05) were observed among TFs for different formulations of pesticides.

No significant differences were observed among the conventional, nanopesticide or control
treatments in terms of fruit mass (Figure S12a,b), number of flowers and leaves (Figure S12c), or
biomass (plant without fruits) (Figure S12d). This contrasts somewhat to results of Bueno et al.
(39), who reported that exposure to relatively high levels (20 pg/leaf) of AZOX and nSiO2-AZOX
negatively impacted the growth of tomatoes under controlled hydroponic conditions. Under the
present realistic field conditions using recommended exposure levels, none of the pesticide
treatments had a inhibitory impact on the growth of the strawberries.

Overall, although the nanocarriers showed some small effects on the mobility of the AZOX
in the soils, effects on the TFs and BFs of the plants were negligible and no effects of the different

formulations could be seen on growth.

3.4 Nano-formulations had limited impact on the soil enzymes

Nanopesticides have previously been shown to affect soil enzymes. For example, Cu(OH)>
nanopesticides have been shown to affect soil bacterial abundance, diversity, and community
structure as compared to a conventional commercial formulations (6). In this work, none of the
pesticide formulations appeared to systematically affect soil enzyme activity. Only a few
differences with respect to the control treatments (dotted horizontal lines, Figure 3) were observed,

generally in the first day after pesticide application.
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Figure 3 Soil enzyme activities for B-D-glucosidase (MUB-C), phosphomonoesterase (MUB-P),
arylsulfatase (MUB-S) and leucine-aminopeptidase (AMC-N) in soils treated with the different
pesticide formulations in the second experimental year. Sampling occurred at different times
(days) following the first application (t = 0), which occurred 15 days after the transplantation of
the strawberries. Enzyme activities can be compared to values obtained for the nanoparticle-free

and pesticide-free samples (i.e., dashed line). Error bars indicate one standard deviation of the
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mean obtained from 3 biological replicates and 2 technical replicates (n = 6). Activities that were

significantly different from controls (p<0.05) are indicated by an asterisk *.

Glucosidase is an important hydrolyze for the decomposition of organic matter in soils by
producing smaller molecules that are used by soil microorganisms as an energy supply (42),
whereas leucine aminopeptidase is a hydrolyze involved in the acquisition of nitrogen by
microorganisms by cleaving N-terminal residues from proteins and peptides (43). AMC-N
activities were significantly higher from controls one day after the application of nSiOz, nSiO»-
AZOX, and Allosperse®-BFT, while MUB-C was significantly higher from controls one day after
the application of Allosperse®-BFT (p<0.05). The present results are in line with a previous
investigation that reported no effect or a stimulatory effect of pesticides on glucosidase activity,
possibly due to the supplementary source of energy to the soil bacteria (42). If the polymeric
nanoparticles and the Al are considered as extra sources of carbon and organic matter to the soils,
such amendments could improve microbial synthesis of extracellular enzymes and liberate further
nutrients, which in turn would positively affect the soil microbiota and enhance the activities of
the soil enzymes (44). At these dose levels, AMC-N and MUB-C were sensitive short-term
indicators of the impacts of the nanopesticides (especially for Allosperse®-BFT and SiO.-AZOX),
however, enzyme activities appeared to return to control levels after 24 h.

Arylsulfatase, an essential hydrolase that controls the availability of sulfur in agricultural
soils (45), and acid phosphatase, which plays an important role for the cycling of phosphorous (a
limiting nutrient for crops), have also been proposed as sensitive environmental indicators for the
effects of pesticides and nanomaterials in soils (46, 47). For example, under controlled laboratory

conditions, AZOX had an inhibitory effect on MUB-P and indicated risks to living organisms (48).
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However, for the low level field exposures used here, neither enzyme was significantly affected
by the treatments.

The overall lack of systemic, extensive effects of the Als (conventional or encapsulated) to
the soil enzymes suggests that the nanopesticides do not have a significant higher risk to the soil
microbiota as compared to the conventional Als. Such results are consistent with previous work
showing no apparent difference in dehydrogenase activity for conventional BFT and BFT
encapsulated into a polymeric NP (3). The activity of the enzymes appeared to be more responsive
to the exposure time and environmental conditions than the different treatments. It is nonetheless
important to note that this study focused on the four main soil hydrolases, whereas impacts to other
soil enzymes may differ. Further research is needed to ensure that novel nano-based pesticides
safeguard soil microbiota (32). Experiments could involve testing the effects of the nano-based
pesticides in different types of soil or for variable fertilization rates and crop management practices.
Finally, more differences would be expected for higher application rates, i.e. higher than the rates

recommended by the manufacturers.

3.5 Nano-formulations had limited impact on the soil microbial community

Similar to the results for the enzyme activities, no systematic, significant effects were
observed for the microbial community composition following the treatments (Figs. 4-5). The
Shannon Index was between 8 and 9 for all samples (Figure S13), which indicates that the
microbial community was very rich (which is usually the case for agricultural soil communities).
It would thus appear that all formulations, including the polymer and nano-silica based
nanopesticides, had limited effects on the soil biodiversity, which is similar to results that were

obtained when measuring the effects of copper-based nanopesticides for a different agricultural
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soil (49). Nonetheless, some small subtle changes occurred when comparing data obtained
following the first and second experimental years (Figures 4 and S14). The most noticeable change
in the first experimental year was the increase of Acidobacteria and the decrease of Crenarchaeota
(the only large Archea group) and Actinobacteria at day 85 (with respect to day 0), especially for
the control, AZOX, Allosperse®-BFT and nSiO: (Fig. S14). Similar results were observed in year
2 (Fig. 4) with a large but transient increase in relative abundance of Acidobacteria (25% for
Allosperse®-AZOX and 10% for Allosperse®-BFT) and a large but transient decrease in
Actinobacteria (25% for Allosperse®-AZOX and 10% for Allosperse®-BFT). In both cases,
perturbations to the soil microbial community appeared to be attenuated with time, returning to
near control levels when measured 85 days after pesticide addition. Changes in the microbial
community composition appeared to be more related to length of exposure time rather than the

actual pesticide treatments.
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Figure 4 Relative abundance plot of the soil microbial community composition from the second
experimental year. *Day zero of the first experimental year refers to the soils before the pesticide
application. Days 0 (before pesticide application) and 85 (after pesticide application) of the second

experimental year.
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Figure 5 PCoA plot of the soil microbial community composition from the days O (filled symbols)
and 85 (hollow symbols) of the second experimental year. Control (time zero) refers to results

from the first experimental year before the pesticide application.

Recall that second year, day 0, samples refer to the initial microbial community
composition, one year after the initial treatments. With a few exceptions, only subtle changes were
observed among treatments or between days for the phylum-level soil microbial community
composition (Fig. 4). For example, following the treatment with Allosperse®-AZOX,
Crenarchaeota decreased by 8% on day 0 and by 6% on day 85 with respect to the control.
Similarly, following the treatment with Allosperse®-BFT, Crenarchaeota decreased by 4% on
day 0 and by 3% on day 85 of the second experimental year. Indeed, the soil’s ability to resist and
recover to its healthy state in response to destabilizing influences, in this case the addition of
nanopesticides, is well established (i.e. soil resilience; (50)). Similarly, for terrestrial mesocosms,

Carley et al. (49) observed no significant long-term effects on soil biodiversity from the repeated
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exposure to Cu(OH)2 nanopesticides. Although some initial shifts in soil microbial community
composition were more evident in the treatments with Allosperse®, they did not seem to have a
longer term influence in the plant growth or soil health. Indeed, observed changes could have been
related to a secondary change in the soil ecosystem, such as pH, since previous studies have shown
that soil pH controlled the abundance and diversity of these phyla (51, 52).

A principal coordinate analysis (PCoA) obtained from the B-diversity analysis of the
bacterial and archaea communities (Figure 5) showed no clear trend with respect to whether a
given treatment had unique impact on microbial diversity. The values of the PCoA plot of the soil
microbial community composition for SiO> NP-AZOX were interpolated at the same position as
those of SiO> NPs for day O (filled symbols) of the second experimental year, indicating no
differences among those sample groups. There were small differences among the nanocarrier
systems (e.g., Allosperse®-based formulations clustered to the left of the figure whereas nSiO;
and the conventional formulations clustered to the right). Nonetheless, the most significant
differences were due to time with most of the data points below 0 in the y-axis representing the
day 0 (control) and day 1 treatments with most of the points above 0 on the y-axis corresponding
to day 85 data. These results indicate that changes in the microbial community composition
appeared to be more related to exposure time than to the pesticide treatments. Similar conclusions
were reached for the PCoA analysis of year 1 data (Figure S15).

Figure S16 shows the Shannon diversity indices during the first exposure year. The
Shannon diversity index remained constant throughout the study for all of the treatments (Figure
S13, S16), which is in line with other studies using nanopesticides. Zhang et al. (2), for instance,
reported Shannon indices between 9-10, and which did not vary significantly for different

treatments, including Cu-based nanopesticides in agricultural soils.
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4. Conclusions

Even when employing the maximum concentrations of pesticides suggested by the
manufacturer and fairly sensitive indicators of ecosystem stress, the use of nanocarriers to
encapsulate and transport Als did not appear to lead to any negative impacts on the strawberry
plants or on the soil microbial communities and functions. When compared to conventional
pesticide forms, nanoencapsulation did not appear to lead to measurable increases in
environmental impacts. Concentrations of the Al in the strawberries were below the maximum
permissible dose for human ingestion (53) for all sampling times. Differences between the
treatments with conventional pesticides and the nanopesticides were generally not noteworthy.
The largest observed changes were related to time, with some indicators of a small initial stress,
immediately after application, followed by a return towards control values after a short period
(~days). The activities of MUB-C and AMC-N, as well as the microbial community composition
appeared to be the most sensitive indicators of ecosystem health for these pesticides. Some small
differences on pesticide retention were noted. For example, the Allosperse® formulation of AZOX
appeared to be less retained by the soil than the classical formulation, even in the presence of an
equivalent concentration of dispersants. Although minimal or no effects of the nanopesticides were
observed with respect to pesticide accumulation, strawberry plant growth or soil microorganism
composition or function, our findings demonstrate nonetheless that encapsulation into the
nanocarriers might lead to some subtle differences in the behavior in environmental systems.
Further research will be needed to assess release kinetics of the Als from the nanocarriers under
field conditions and the role of additional formulation components on the function and

bioavailability of these emerging products.
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