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Abstract

Systemic insecticides such as neonicotinoids are widely used in seed coating practices for pest control in many crops, e.g.,
corn. Their success is due to their ability to protect the whole plant, from the roots to the upper leaves, but their use at high
amounts is causing possible adverse effects on non-target animals exposed to contaminated pollen, nectar, leaves, and dust
emitted during sowing. In 2018, the European Union banned some neonicotinoids and fipronil as seed coating insecticides
in open fields. Consequently, the methylcarbamate methiocarb and less-toxic neonicotinoids, e.g., thiacloprid, have been
authorized and largely used as alternative pesticides for corn seed coating. Here, an analytical protocol based on QuECh-
ERS extraction/purification procedure and analysis by liquid chromatography-mass spectrometry has been optimized for
the identification and the quantification of methiocarb, thiamethoxam, thiacloprid, and their metabolites in guttation drops,
the xylem fluid excreted at leaf margins, and in leaves of corn plants grown from coated seeds. Although methiocarb is a
non-systemic pesticide, we unexpectedly found high concentrations of its metabolites in both guttations and leaves, whereas
methiocarb itself was below detection limits in most of the samples. The methiocarb main metabolite, methiocarb sulfoxide,
was found at a mean concentration of 0.61 +1.12 ug mL~" in guttation drops and 4.4 +2.1 ug g~! in leaves. Conversely,
parent compounds of neonicotinoids (thiamethoxam, thiacloprid) are systemically distributed in corn seedlings. This result
raises safety concerns given that methiocarb sulfoxide is more toxic than the parent compound for some non-target species.
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Introduction

Large-scale worldwide use of neonicotinoid insecticides in
recent decades (Bonmatin et al. 2015; Giorio et al. 2017) was
found to impact the health of honeybees and wild pollinators
Electronic supplementary material The online version of this (Tapparo et al. 2012, 2013; Wood and Goulson 2017; Pisa
article (https://doi.org/10.1007/s10311-020-01098-3) contains et al. 2017), aquatic species (Gibbons et al. 2015; Pisa et al.
supplementary material, which is available to authorized users. 2015), birds, and mammals (Gibbons et al. 2015) including
humans (Ichikawa et al. 2019). Despite being introduced as
a safe and more environmentally friendly approach, the seed
coating application of these systemic insecticides did not
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Other insecticides have been introduced and used as replace-
ments. Among these, methiocarb (a methylcarbamate) and
thiacloprid (a less toxic neonicotinoid) were authorized in
the EU up to 2020. Although methiocarb and thiacloprid are
currently no longer authorized in the EU (European Com-
mission 2019, 2020), they are used for seed coating applica-
tions worldwide. While thiacloprid is a systemic insecticide,
methiocarb is considered a non-systemic insecticide and bird
repellent (EFSA 2018). For these insecticides, information
on their residue levels within the plant, and on the presence
and the environmental fate of their metabolites, is scarcely
available (Bohme et al. 2018; Erban et al. 2019; Martinello
et al. 2019; Lentola et al. 2020).

In the present work, we analyzed guttations and leaves
of corn plants grown from seeds coated with methiocarb to
assess residue levels and the possible presence of metabo-
lites of the active ingredient. A suspect screening approach
was used starting from the metabolic pathways available in
the literature (Kuhr 1970; Ford and Casida 2006; Simon-
Delso et al. 2015). It is worth noticing that guttations, a
natural phenomenon forming drops of xylem sap at the leaf
margins of many vascular plants (Goatley et al. 1966), may
represent a renewable matrix in which soluble species (i.e.,
systemic insecticides and their metabolites (Harris et al.
1999; Girolami et al. 2009)) can be studied without com-
promising the whole plant. For guttation samples, direct
injection is proposed as a simple analytical procedure by
using ultra-high performance liquid chromatography with
high-resolution mass spectrometry (UHPLC-HRMS). For
leaf samples, we optimized an analytical method based on
Quick, Easy, Cheap, Effective, Rugged, and Safe (QuECh-
ERS) extraction/purification procedure (Placido et al. 2013;
Rejczak and Tuzimski 2015; Rahman et al. 2017) before
UHPLC-HRMS analysis in order to identify and quantify the
degradation products of methiocarb in corn plants. Samples
collected from plants treated with the well-known systemic
pesticides thiacloprid and thiamethoxam were also analyzed
to compare residue levels in both leaves and guttation drops.

Materials and methods

Seeds

Corn seeds coated with different pesticides, Cruiser® 350
FS (thiamethoxam 1.0 mg/seed, Syngenta, Basel, Switzer-
land), Sonido® (thiacloprid, 1.0 mg/seed, Bayer Cropsci-
ence AG, Leverkusen, Germany), and Mesurol® (methio-
carb, 1.25 mg/seed, Bayer Cropscience), were from Pioneer
HiBred Italia. All seeds have also been treated with the
fungicide Celest XL® (Fludioxonil 2.4% and Metalaxyl-M
0.93%; Syngenta, Basel, Switzerland). Seeds coated with flu-
dioxonil and metalxyl-M (Celest®, Syngenta International,
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2.4% and 0.93%, respectively) fungicides were used as
controls.

Plant growth conditions and collection of guttations
and leaves

Seven corn seeds coated for each of methiocarb, thiameth-
oxam and thiacloprid were sown in pots (@ 12 cm, h 12 cm)
and grown in the laboratory. To obtain samples replicates,
nine pots were prepared for methiocarb and six pots for thia-
methoxam and thiacloprid. Sterilized garden soil was used
and plants were watered regularly once a day. Leaf samples
from the same pot were collected on different days, and each
corn leaf sample consisted of one corn seedling manually
gathered. In view of the observed differences in the growth
of seedlings from the different seeds (for example, not all the
seedlings grew enough to obtain an adequate leaf sample or
produced guttation drops in the same period), the sampling
procedures were adapted daily to sample availability. For
methiocarb, a total of 30 samples were collected between
9 and 16 days after sowing. Instead, 19 and 23 samples
were collected for thiamethoxam and thiacloprid, respec-
tively, between 19 and 42 days after sowing. Samples were
placed in plastic bags, and they were stored at — 20 °C until
analysis.

Guttation samples were collected for two weeks starting
a few days after plant emergence. Micropipettes were used
to collect guttation drops twice-daily from the same plants
used for leaf sample collection. For methiocarb, a total of 21
samples were collected between 7 and 15 days after sowing.
For thiamethoxam and thiacloprid, 7 and 4 samples were
collected, respectively, between 17 and 21 days after sowing.
In addition, for corn plants grown from seeds coated with
methiocarb, guttation samples were collected from plants
sown in an open field (Agripolis University Campus, Leg-
naro, Padova, IT). In this case, five different plants were
sampled in the morning (between 9 and 11 am) for three
non-consecutive days. All guttation samples were collected
in 1.5 mL plastic tubes with caps, and they were stored at
— 20 °C until analysis.

Sample preparation
Guttations

Guttation samples were filtered through 0.2 pm syringe fil-
ters (Phenomenex, RC), diluted 1:1 with a methanol solu-
tion of the internal standards (final internal standard con-
centration was 0.10 ug mL~! and directly injected into the
UHPLC-HRMS system; the analytical procedure is reported
in details in the ESM).
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Insecticide extraction from leaves by QUEChERS procedure

Before extraction, leaves were ground with liquid nitrogen
followed by manual homogenization using a micro-spatula.
An aliquot of 100+ 5 mg of ground sample was weighed
in an Eppendorf test tube. 500 uL of acetonitrile with 1%
acetic acid was added and the sample vortexed for 1 min.
After that, 400 uL of water and 250 mg of a salt mixture
(magnesium sulfate and sodium acetate; 4:1) were added.
The solution was quickly shaken for 30 s and then placed in
an ultrasonic bath for 10 min. After centrifugation, the upper
organic phase was transferred into an Eppendorf contain-
ing 30 mg of the dispersive solid-phase extraction (d-SPE)
PSA sorbent. The sample was extracted again with another
500 pL of solvent, and the combined extracts were mixed
and placed in an ultrasonic bath for 5 min. After centrifuga-
tion, the supernatant was transferred into another Eppendorf
and evaporated to dryness under a nitrogen stream at 30 °C.
Finally, the extract was recovered with 300 uL of a water/
methanol (80:20) solution, filtered through a 0.2 pm syringe
filter (Phenomenex, RC), and diluted 1:1 with a water/meth-
anol (80:20) solution of the internal standards (150 pg L7h,
before analysis.

UHPLC-HRMS analysis

Analyses were carried out using an UltiMate 3000 UHPLC
system coupled to an electrospray (ESI)-QExactive Hybrid
Quadrupole-Orbitrap™ Mass Spectrometer (Thermo
Scientific™). Analyte separation was achieved using a
reverse-phase Luna® Omega C18 polar column (1.6 pm,
2.1 x 100 mm, Phenomenex), maintained at 30 °C. The
injection volume was 20 uL, and mobile phases were
water with ammonium acetate 5 mM (A) and acetonitrile
with ammonium acetate 5 mM (B). The flow rate was
0.2 mL min~! with the following elution gradient: 0—3 min
100% A, 3-20 min linear gradient from 100 to 30% A,
20-22 min linear gradient from 30% A to 0% A, 22-25 min
0% A, 25-26 min to 100% A and 3 min of equilibration time
before the next injection.

Tandem MS acquisition was performed in both polarities
using the parallel reaction monitoring (PRM) mode with
the multiplex option (MSX, Table S1 in the Electronic Sup-
plementary Material for details). The normalized collision
energy (NCE) was optimized for each analyte (Table S1),
and other parameters were as follows: spray voltage 3.3 kV
in positive ionization and 2.8 kV in negative ionization,
capillary temperature 320 °C, probe heather temperature
340 °C, sheath gas 40 arbitrary units (a.u.), auxiliary gas
nitrogen 20 a.u., S-lens RF 60 V, resolution 35,000 in MS
and 17,500 in MS/MS, Automatic Gain Control (AGC) tar-
get 3-10° in MS and 2-10° in MS/MS, max injection time
50 ms, scan range 50-750 m/z, isolation window 3.0 m/z

and isolation offset 1.0 m/z, collision gas nitrogen. Data were
acquired using Thermo Xcalibur 3.0.63, and quantification
was carried out by internal standard calibration.

Individual pesticide stock solutions (100 mg L") were
prepared in methanol. Standard solutions for instrumental
calibration, including the deuterated internal standards,
were prepared weekly by diluting stock solutions in water/
methanol (80:20). All solutions were stored at — 20 °C in
darkness. Details about chemicals, reagents, method opti-
mization, and validation are reported in the Electronic Sup-
plementary Material.

Results and discussion

Methiocarb and its metabolites in corn plants grown
in pots and in open field

Twenty-one guttation samples were collected from plants
treated with methiocarb. Concerning the active ingredient
(AI), its concentration in guttation drops was lower than
the method detection limit (MDL, 8.7 ng mL™") in 17 of
the 21 analyzed samples. In one sample its concentra-
tion was 31 ng mL™!, and in three samples its concentra-
tion was between the method quantification limit (MQL,
26 ng mL~!) and MDL. Unexpectedly, four methiocarb
metabolites were identified in guttation drops: methiocarb
sulfoxide (0.61 + 1.12 ug mL~"), methiocarb sulfoxide phe-
nol (0.54 +0.42 ug mL™"), methiocarb sulfoxide hydroxy
(0.068 +0.138 ug mL™"), and methiocarb sulfone phenol
(0.018 +0.025 pg mL™Y), while methiocarb phenol and
methiocarb sulfone were below the MDL in all samples
(Table 1). This is the first study in which the absence of the
insecticide in the guttations is evidenced together with the
significant presence of its metabolites, so that the metabo-
lites may have systemic properties that are different from
that of their parent active ingredient. The main methiocarb
modification is the oxidation of the sulfur atom, which leads
to higher water solubility of the compound. In fact, methio-
carb sulfoxide is more soluble in water than the parent com-
pound methiocarb. Such modification seems to affect the
systemic properties of the compounds. Methiocarb is known
to be oxidized to sulfoxide both in soil and plants (EFSA
2018; Kuhr 1970). Therefore, in our case it is difficult to
assess where the oxidation actually takes place. However,
due to the high amount of methiocarb sulfoxide detected
compared to the parent compound, it is likely that the oxida-
tion takes place in soil before uptake by the roots.
Methiocarb sulfoxide maintains a relevant toxicity
(Buronfosse et al. 1995; EPA 1987) and it is known to
be more toxic than the parent compound for mice (Oon-
nithan and Casida 1968), so its impact against non-target
small mammals needs to be considered in risk assessment
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Fig.1 Concentration of methiocarb metabolites in corn guttation
samples collected from plants grown in an open field

Residue levels of methiocarb metabolites in guttations
and leaves are in-line with residue levels of systemic insec-
ticides and their metabolites in plants grown from seeds
coated with thiamethoxam and thiacloprid. Noteworthy, for
both these neonicotinoids the largely dominant species is
the active compound and not its metabolites (see sections
S4 and S5).

Analysis of guttation samples collected from corn plants
grown in an open field gave similar results. Methiocarb and
methiocarb phenol concentrations were below the MDL.
Conversely, high concentrations of methiocarb sulfoxide and
methiocarb sulfoxide phenol were observed (Fig. 1). Other
metabolites were also detected: methiocarb sulfone phenol
(0.163 +0.036 pug mL~!) and methiocarb sulfoxide hydroxy
(0.139+0.071 pg mL~"). Therefore, these metabolites
and their systemic behavior must be considered in the risk
assessment related to the use of methiocarb for seed coating.

Conclusion

This work demonstrates that the existence of methiocarb
sulfoxide (together with other degradation products) in corn
seedlings may indicate a systemic action of methiocarb
through the presence of its metabolites, despite methiocarb
being classified as a non-systemic pesticide. To the authors’
knowledge, this is the first study in which a non-systemic
pesticide is found to produce systemically distributed metab-
olites throughout plants grown from coated seeds. Therefore,
environmental behavior, exposure routes and toxic effects
of the degradation products of active ingredients should be
carefully considered in the risk assessment procedures for

the authorization of new seed-coating insecticides or new
formulations.

Notably, the approach of measuring the presence of active
ingredients and their metabolites both in guttations and
leaves highlighted that guttation analysis can be an effec-
tive and innovative tool for the study of systemic properties
of the insecticides, as well as their metabolic pathways, in
plants grown from coated seeds.
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