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Abstract

It is essential to monitor pesticides in soils as their presence at trace levels and their bioavailability can induce
adverse effects on soil’s ecosystems, animals, and human health. In this study, we developed an analytical
method for the quantification of traces of multi-class pesticides in soil using liquid chromatography-tandem mass
spectrometry. In this way, 31 pesticides were selected, including 12 herbicides, 9 insecticides, and 10 fungicides.
Two extraction techniques were first evaluated namely: the pressurized liquid extraction and the QUEChERS
procedure. The latest one was finally selected and optimized, allowing extraction recoveries of 55 to 118 %. The
addition of the chelating agent EDTA, which binds preferentially to soil cations that complex some pesticides,
facilitates their extraction. Coupled with liquid chromatography-tandem mass spectrometry, the procedure
displayed very high sensitivity, with limits of quantification (LOQ) in the range 0.01-5.5 ng/g. A good linearity
(R2>0.992) was observed over two orders of magnitude (LOQ-100xLOQ) with good accuracy (80% — 120 %)
for all compounds except the two pyrethroids lambda-cyhalothrin and tau-fluvalinate (accuracy comprised
between 50 and 175%) and the cyclohexanedione cycloxydim (accuracy<35%). Good repeatability and
reproducibility were also achieved. The method was finally successfully applied to 12 soil samples collected
from 3 land-use types. Among the 31-targeted pesticides, 24 were detected at least once, with concentration
levels varying from LOQ to 722 ng/g. Many values were below 0.5 ng/g, indicating that the developed method

could provide new knowledge on the extremely low residual contents of some pesticides.

Keywords

Pesticide residues; soil; QUEChERS; ultrasounds; LC-MS/MS
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1.Introduction

Pesticides are a threat to the environment and human societies due to their potential toxicity, persistence, and
their extensive use worldwide. In order to evaluate the potential fate and impacts of pesticides on non-target
areas and animals, it is first necessary to determine their concentration levels in soils that have a high capacity to
retain and store chemical substances like pesticides. Soil is the main and first recipient of the applied pesticides,
and their contamination is a major issue due to the crucial role they play in ecosystems and food chains (Chiaia-

Hernandez et al. 2017).

Nevertheless, it represents a real challenge, due to the complexity of the matrix, the wide range of
physicochemical properties of pesticides, and the low concentration levels at which pesticides can cause a
chronic effect. Sample preparation, which includes both the specific extraction of the target pesticides and the
elimination of organic or inorganic interfering compounds, represents a key step for the development of

analytical methods for pesticide residues determination in such complex environmental matrices.

Different extraction methods are commonly used to measure pesticides in soils, including pressurized liquid
extraction (PLE), ultrasonic- or microwave-assisted extractions, solid-phase micro-extraction, dispersive liquid—
liquid micro-extraction, or supercritical fluid extraction (Tadeo et al. 2012; Di et al. 2015; Pastor-Belda et al.
2015; Ukalska-Jaruga et al. 2020). The so-called QUEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe)
extraction has also gained more and more attractiveness (Lozowicka et al. 2017; Zaidon et al. 2019). Indeed, it
has largely been used due to its green and cheap approach, along with its versatility for a wide range of
pesticides in many matrices, including soils or sediments. Nevertheless, most methods deal with one or a few
pesticide chemical families (Kemmerich et al. 2015; Muhammad et al 2017; Qu et al. 2019), whereas multi-
residue analysis of a large extends of pesticides in soils are still limited, although this is the most common

situation in cultivated soils (Lozowicka et al. 2017; Avendafio et al. 2018; Silva et al. 2019).

Gas chromatography combined to mass spectrometry (GC-MS) or Electron Capture Detector (ECD), and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) are the most commonly used techniques for the
determination of trace organic contaminants in soil and environmental matrices (Pose-Juan et al. 2014; Karasali
et al.2016; Joseph et al. 2020). The latter allows detection of extremely low concentrations (ng/g or lower) in
various complex solid matrices, especially when it is used with the specific multiple-reaction monitoring (MRM)

mode.
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Interfering substances that can be co-extracted with the analytes may affect the detection of the target
compounds. Indeed, it can result in the enhancement or the reduction of the analyte signal (the so-called matrix-
effect) during the analysis using electrospray ionisation. Most of the studies dealing with the determination of
pesticide residues in soil use a quantification through matrix-matched calibration to compensate for these
resulting errors (Dominguez et al. 2015). This method implies the use of a soil similar to those analysed in order
to have close matrix effects (Zhao et al. 2018), and free of the selected analytes for quantification purposes,
which is not always applicable. Calibration using isotopically labelled internal standards often used for sediment,
sludge, or wastewater analysis (Wiest et al. 20184, b) is less developed for soil analysis. However, using internal
standards with the same physicochemical characteristics as the target compounds for calibration is one of the
most accurate solutions to correct for matrix effects and to perform quantification regardless of the soil

characteristics.

Regarding literature on quantification of pesticides in soils, many studies still deal with organochlorine
pesticides, although they are prohibited for decades. Indeed, detrimental effects to humans and non-target
organisms are still observed as several dozen persistent ng/g are still detected in soils (Yadav et al. 2016; Qu et
al. 2019; Ukalska-Jaruga et al. 2020). Only a few analytical methods include currently used pesticides, that is to
say, last generation pesticides intended to be less bioaccumulative, less persistent, and used at lower doses. Here,

the pesticides selection was based on agrochemicals practices in the area where the soils were collected.

In this study, we developed a reliable and sensitive method, combining ultrasounds and salting-out solvent
(derived-QUEChERS) extractions assisted by EDTA, for the simultaneous analysis of 31 pesticides currently
used and at agronomical rates, covering a wide range of physicochemical properties applicable to a huge range
of soils. It was then validated under environmental conditions to soil samples collected from different

landscapes, using isotopically labelled standards for quantification.

2.Materials and Methods

2.1.Chemicals and reagents

UPLC-MS grade acetonitrile (ACN), ammonium acetate, and methanol (MeOH) were obtained from Biosolve
Chimie (Dieuze, France). Acetic acid (purity > 99 %), heptane (purity > 90%) and dimethylsulfoxide (DMSO,

LC grade) were acquired from Sigma-Aldrich (Saint Quentin Fallavier, France). A MilliQ® gradient A10 water
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purification device including an EDS-PAK cartridge and a 0.2 um Millipak® 40 filter from Merck-Millipore (St.

Quentin en Yvelines, France) generated ultra-pure water.

The QUEChERS extract tubes containing citrate buffer were supplied from Agilent Technologies (Massy,
France). The citrate buffer packet included 1 g of NaOCitrate, 4 g of MgSOa, 1 g of NaCl, and 0.5 g of disodium
citrate sesquihydrate (pH = 5-5.5). Dispersive solid phase PSA/C18 (primary and secondary amines/C18)
composed of 900 mg of MgSQ,, 150 mg of PSA, and 150 mg of C18 was obtained from Macherey Nagel
(Diiren, Germany). Ethylenediaminetetraacetic acid disodium salt (Na,EDTA) was purchased from Sigma-

Aldrich.

Relevant targeted pesticides (Table S1) were chosen according to agricultural surveys carried out in the "Zone
Atelier Plaine et Val de Sévres" (ZAPVS), Villiers-en-Bois, France area. They were also selected for their
variety of physico-chemical properties. Pesticide analytical standards were acquired from Sigma-Aldrich, Riedel
de Haén (Seelze, Germany), or Cluzeau Info Labo (Sainte Foy la Grande, France) with purity > 97.0% (except

for acetochlor, cycloxydim, and cypermethrin with purity of 96.8 %, 96.4%, and 92.0%, respectively.

Isotopically labelled internal standards (ISs, Table S2) were acquired from Sigma—Aldrich, A2S (Saint Jean
d’Illac, France), or CDN isotopes (Pointe-Claire, Quebec, Canada) with purity > 97.5% except for
propiconazole-(phenyl-3) (> 94 % purity). Phenacetin-ethoxy-1-13C (98 atom % *3C) used as injection standard

was purchased from Isotec (Ohio, USA).

2.2.Stock solutions and calibration standards

Pesticide stock solutions of the 31 individual standards (Table S1) and ISs of the 13 isotopically labelled internal
standards (Table S2) were prepared individually in ACN at 2000 mg/L. They were stored 3 months in the dark at

-20°C without any measured degradation.

A fortifying mixture containing the 13-labelled standards at concentrations of 5, 50, or 500 pg/L (depending on
the molecules) was prepared weekly in ACN and used for internal calibration. The fortifying mixture was added
to soil samples before extraction to compensate for losses occurring during the overall process, the matrix
effects, and for quantification purposes. It was left to soak the soil for 15 h (one night) before performing the

extraction procedure.
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2.3.S0ils

Soil sampling was performed in April 2017, in different areas located in the ZAPVS. Soils were stored at -20°C
until analysis. Samples were air-dried at room temperature, coarse particles were removed, and the soils were

sieved (250 um-mesh) to obtain homogeneous samples.

Standard soil 2.4 from LUFA Speyer (Speyer, Germany) was used for method development and validation.
Properties of this soil are the following: 32.0% of sand, 42.1% of silt, 25.9% of clay, 1.95 organic carbon (% C),
0.22 total nitrogen (% N), 21.2 meqg/100g of cation exchange capacity, pH of 7.4 (0.1 M CaCl,). According to

the Unites states Department of Agriculture this soil is classified as loam soil.

2.4.Liguid chromatography tandem mass spectrometry

The chromatographic separation of the pesticides was performed using a liquid chromatographic system H-Class
UPLC from Waters (St. Quentin en Yvelines, France). The chromatographic column was a Kinetex Phenyl-
Hexyl (100 x 2.1 mm; 2.6 um) from Phenomenex (Le Pecq, France). The mobile phase was composed of (A)
0.01% acetic acid with 0.04 mmol/L ammonium acetate in ultrapure water and (B) MeOH. The flow rate was
fixed at 0.4 mL/min. The following gradient was used: 0-7 min, 5-90% B; 7-7.2 min, 90-100% B; 8.2-10.2 min,
100% B, 10.2-10.5 min, 100-5 %B; 10.5-13.5 min, 5% B. The oven temperature was maintained at 60°C and the

injection volume was set at 2 pL.

A Xevo TQ-S triple-quadrupole mass spectrometer (Waters) equipped with a StepWave ion guide was coupled
to the chromatographic system. The multiple reaction monitoring (MRM) mode was used for the MS/MS
detection with an electrospray source in the positive ionization mode (ESI+). The optimum ESI-MS/MS settings
were obtained by direct infusion of each individual pesticide and internal standard into the electrospray source.
The declustering potential (DP) and collision energy (CE) leading to the highest signal intensities for each
pesticide are shown in Tables S2 and S3. Two transitions were optimized in the MRM mode for each analyte.
The transition that presented the most intense signal (MRM1) was chosen for quantification and the second one
(MRM2) for confirmation of each target compound. MRM ratios between both target transitions and retention
times were also used as identification parameters. Only one transition was selected for each labelled internal

standard. lonization source parameters were optimized for maximum intensity of the precursor ions as follows:
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capillary voltage 3200 V, desolvation temperature 450°C, source offset 50 V, source temperature 150°C,

nitrogen desolvation and nebulizer gas flows of 900 L/h and 150 L/h, respectively.

2.5.Extraction protocol

The final procedure corresponded to a combination of derived-QUEChERS and ultrasounds, assisted by EDTA.
Once thawed, dried, and sieved, 2.5 g of soils were introduced into a 50 mL-polypropylene centrifugation tube.
Then, 500 pL of the mixture of labelled internal standards (at 5, 50 or 500 pug/L depending on their detection
intensity) were added so as to work from chromatograms with quite similar intensity signals. After 15 h of

contact in the dark, and total evaporation of the solvent, the extraction was carried out.

Soil samples were mixed with 6 mL of water containing EDTA (0.1 M) and put in an ultrasonic bath during 15
min at 30°C. The water was added first to the dry soil in order to weaken the interactions between the analytes
and the matrix, and to subsequently facilitate solvent accessibility in the matrix pores. Then, a ceramic bar and 5
mL of ACN were added to the tube that was vortexed 15s. Then, the citrate buffering salt was added and the tube
was straightaway vigorously manually shaken for 10s, then vortexed for 1 min and finally centrifuged for 3 min
at 6000 rpm, at room temperature. A 3-mL aliquot of the ACN extract layer containing the compounds of

interest was transferred into the sample cleanup tube (15 mL) containing PSA/C18.

The extraction was repeated once again with 5 mL of ACN. At the end of the extraction, 5 mL of the supernatant
was again transferred into the same dSPE tube. This cleanup tube was vortexed 1 min and centrifuged (3 min at
6000 rpm, at room temperature). Subsequently, 6 mL of supernatant were transferred to a 10 mL glass tube with
100 uL. DMSO in order to prevent evaporation of the target analytes. Then, ACN was evaporated under a gentle
stream of nitrogen at 40°C. Finally, 800 pL of water and 100 pL of 3C-phenacetin (200 ng/mL in MeOH) were
added to the residual DMSO prior to LC-MS/MS analysis. The addition of *3C-phenacetin in the vials as

injection internal standard was systematically carried out to control any variations due to the injection step.

2.6.Method performance

Method validation followed the European Commission SANTE/12682/2019 guidelines. The standard soil was

used for the evaluation of the method performance in terms of linearity, specificity, limits of detection (LOD)
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and quantification (LOQ), accuracy, repeatability, and reproducibility. Additionnally, the matrix effect (MEs)

and the extraction efficiency were assessed.

The method performances were determined by fortifying the standard soil with analytical and isotopically
labelled standards. The pesticides standards were spiked at seven concentrations ranging from LOQ to 100xLOQ
(different for each pesticide) whereas labelled IS were introduced at a fixed concentration (corresponding to
50xL.OQ of each pesticide). The linearity was assessed by considering the determination coefficient (R?) of the

plot built by the ratio of the analyte to the IS signal versus the analyte concentration.

The specificity was ensured by the accurate retention time of each pesticide, both MRM transitions and the

accurate ratio between them (with a tolerance <20% between the ratio of an analyte detected in the sample and
those of the reference standard fortified in the sample matrix). It was checked by an injection of each individual
standard that there were no interfering signals between the different MRMs. It was also verified that there were

no residual signals when injecting unspiked soil extracts.

Intra-day precision, expressed as repeatability (five replicate extractions in the same day, n=5) and intra-day
precision, expressed as reproducibility (three replicate extractions in three different days, n=9) were assessed at
three different levels corresponding to 2xL0OQ, 20xLOQ, and 100xLOQ, which seemed to be representative of
the range of residual concentration potentially expected in soils. Precision corresponded to the Relative Standard

Deviation RSD(%).

Accuracy was calculated on three days as the closeness of agreement between the theoretical fortified
concentrations (2xLOQ, 20xL0OQ, and 100xLOQ) and the concentrations actually obtained at the end of the

analysis, from the calibration curves obtained the same day.

The LOD was determined as the analyte concentration that generated a peak signal corresponding to three times
the background noise from the chromatogram, regarding MRM2. The LOQ was determined as the analyte
concentration that produced a peak signal of ten times the background noise, regarding MRM1, and at which the
MRM1/MRMZ2 ion ratio was consistent with the MRM1/MRM2 ratio of a standard (Relative Standard Deviation
(RSD) < 20%) analysed in the same conditions. It has to be noticed that sometimes LOD and LOQ could be
similar. This is due to the calculation of their values, as the LOD and LOQ were determined regarding MRM2
and MRM1 transitions, respectively. Thus, the signal-to-noise of 3 for MRM2 (LOD) can be the same as a

signal-to-noise of 10 for MRM1 (LOQ).
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To correct for extraction efficiency and matrix effects, internal standard calibration was performed using 13

stable isotope labelled analogues of target pesticides (Table S2), which means that more than two thirds of the
compounds had a specific IS. For the analytes that did not have their own isotopic labelled standard, the most
appropriate 1S was selected among the ones available by considering the closest chemical classes or retention

times to best account for matrix effect and extraction behavior.

To calculate extraction efficiencies of the sample preparation, the signals corresponding to standard soil samples
fortified at the beginning of the protocol (A fortified before extraction) were compared to those of samples

fortified after extraction (A fortified after extraction) as followed :

Afortified before extraction

Extraction efficiency (%) = x 100

Afortified after extraction

Matrix effects are one of the main aspects that must be addressed when evaluating a multi-residue method for
pesticide analysis. The intensity of the signal in a complex matrix can be influenced (suppressed or enhanced) by
matrix component that are not removed during sample preparation step. Matrix effects were calculated by
comparing extracted samples fortified after extraction and the signal obtained in the solvent, without the

presence of matrix component, as followed:

Afortified after extraction

Matrix effect (%) = ( —1) x100

Asolvent

3.Results and Discussion

In order to guarantee an accurate and sensitive analysis of the target compounds in a complex matrix such as
soil, an efficient and robust sample preparation is necessary. The aim of the extraction is to recover as much
analytes as possible from the soil while minimizing the co-extraction of matrix interferents. It is therefore
essential to optimize the extraction parameters. We conducted the following strategy: preliminary experiments
were carried out for two extraction techniques, considering only the responses obtained in LC-MS/MS after each

extraction. This first comparison led to select the most promising technique for further development.
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237 3.1.Preliminary comparison

238 Firstly, two extraction methods commonly used in soil analyzes were compared : PLE which uses the
239 combination of high temperature and high pressure to improve extraction efficiency, and QUEChERS which

240 consists of a salt-assisted liquid-liquid extraction followed by a dispersive phase purification step.

241 Both extraction methods were carried out using 5 g of dry soil, milled and sieved at 250 pm. At the end of
242 extractions, the supernatant was removed. Then, 100 pL of DMSO were added to the extract. After, it was

243 evaporated, then reconstituted in the injection solvent for the LC-MS/MS analysis.

244 Both extraction protocols performed for the preliminary comparison are summarized in Figure 1.

245

246 Fig.1: PLE and QUEChers extraction protocols performed in the preliminary study in order to evaluate the best
247  extraction for further developments

Weight 5g of dry and sieved soil
Spike with 500 uL Internal Standards mixture
Let 15hin the dark

PLE extraction QUEChERS extraction

Transfer 5g of soil in a polypropylene centrifuge tube

Introduce a piece of cellulose paper at the bottom of the cell Add 6mL of water
Add a ceramic bar

L
Add 0,5g of diatomaceous earth Add 5mL of acetonitrile
Vortex 15s and add citrate buffering salt
1 |

Shake manually 15s and vortex 1 min
Centrifuge (3min at 6000rpm)
|

Add 5g of soil mixed with diatomaceous earth

Add 0,5g of diatomaceous earth Transfer 3mL of supernatantin a PSA/C18 dSPE clean-up tube

| 1
Repeat another extraction with 5 mL of acetonitrile
Transfer 5mL of supernatant in the dSPE tube

|

Process 1 or 3 cycles
Program the temperature at 45, 50, or 80 °C
Use ACN, MeOH or both as extraction solvent

Vortex 1 min
1 Centrifuge (3min at 6000rpm)
1

Transfer 6mL in a 10-mL glass tube

Transfer 6mL of supernatant in a 10-mL glass tube

Add 100pL of DMSO
Evaporate under a gentle stream of nitrogen at 40°C

Reconstitute the extract in the injection solvent

Inject 2 pL in the LC-MS/MS system

248

249
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3.1.1. PLE

PLE experiments were performed on an Accelerated Solvent Extraction apparatus ASE Dionex 350 system
(Thermo Scientific) with 10 mL stainless-steel vessels. Diatomaceous earth (0.5 g) was first introduced into the
cell with a piece of cellulose paper in the bottom, then soil sample mixed with diatomaceous earth, and finally

0.5 g of diatomaceous earth. Extractions were carried out at 1.2x107 bars.

Several parameters of the PLE were assessed to improve the extraction of the targeted pesticides. It is established
that the extraction solvent is one of the most important parameters to be optimized in PLE, and that the
temperature has impacts on the equilibrium (solubility), mass transfer rate (diffusion coefficient), and the
stability of pesticides (Masié et al. 2015). Thus, different extraction solvents (MeOH, ACN, or a mix
MeOH/ACN 50:50 (% v/v)), temperatures (45, 50, or 80°C) and number of cycles (1 or 3) were tested. In order
to define the conditions for reaching the lowest detection limits, the LC-MS/MS response of each analyte was
considered for this comparison as it includes both the contribution of the extraction efficiency and the matrix

effect (Figure S1).

The temperature had a low impact on pesticide signal. Indeed, pesticides responses were quite similar when 1
cycle with ACN/MeOH 50:50 (% v/v) was applied at 45, 50, or 80°C, except for pyrethrinoids, which exhibited
higher signals at 80 °C. On the contrary, the number of cycles was important, as whole pesticide responses
increased when 3 cycles were used instead of 1 cycle for ACN/MeOH extraction. Solvent composition was also
an important parameter. MeOH led to the highest signals for 15 pesticides, especially for triazole,
chloroacetamide and neonicotinoid families. The use of ACN and ACN/MeOH 50:50 (% v/v) conducted to

highest responses of 7 and 8 compounds, respectively. The use of MeOH/ACN improved pyrethrinoids signals.

The best responses were obtained with 3-extraction cycles using methanol at 50 °C. Therefore, it was retained

for PLE technique, and compared to QUEChERS extraction technique.

3.1.2. QUEChERS

For preliminary QUEChERS extraction experiments, 6 mL of water were added to 5 g of soil in a 50-mL
polypropylene tube. Then, two successive extractions were carried out with 5 mL of ACN, in the presence of
citrate buffer (European method, EN 15662). The extract (8 mL) was then purified by dSPE with the PSA/C18
phase. After vortex and centrifugation, the supernatant (6 mL) was evaporated. Finally, the evaporated extract

was reconstituted in the injection solvent.

11
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The LC-MS/MS responses obtained with both extraction methods were compared in Figure S2. The highest
responses were obtained after the QUEChERS extraction, for whole targeted compounds. These preliminary

steps therefore lead us to pursue further developments on a QUEChERS-based method.

3.2.QUEChERS optimization

Several parameters (e.g., addition of a non-volatile solvent before evaporation, additives in extraction solvents,
mass of soils, etc.) were considered during improvement of the QUEChERS extraction. The extraction efficiency
(recovery percentages of the pesticides) was determined in fortified blank soils by quadruplicate trials (n=4) for

each test.

3.2.1. Addition of DMSO

The first parameter considered was the interest of the addition of DMSO before the evaporation step. The DMSO
is a solvent with low volatility and its addition could avoid the loss of volatile molecules during evaporation.
Hence, extraction recoveries were evaluated with and without the addition of DMSO before evaporation (Figure
S3). The results showed that the extraction yields of most pesticides are greater when DMSO was added before
the final evaporation step, except for prochloraz, fenpropidin, and to lesser extent for two neonicotinoids. It is
worth noting that some compounds were even completely lost during the evaporation step in the absence of

DMSO, like the pyrethroids. So, the addition of DMSO before evaporation was necessary.

The extraction recoveries ranged from 15 to 85%, which was not satisfactory enough for some compounds. In
particular, the pyrethroids and the herbicides pendimethalin and cloquintocet-mexyl were poorly extracted
(recovery<20%). These compounds have the highest log Kow values (Table S1) meaning that they remain

adsorbed onto the surface of organic matter present in soil (Wiest et al. 2018a).

3.2.2. Addition of EDTA or formic acid

In order to improve the extraction yields, we evaluated the effect of the addition of EDTA (0.1 M) in water, and

the addition of 200 pL of formic acid (FA) in the extraction solvent.

The use of EDTA to improve the extraction of certain organic compounds from soil has already been proven.
EDTA and its salts are chelating agents that can interact more strongly than analytes with soil metals, and thus

exchange with analytes at active sites, or mask adsorption sites (Alcantara-Licudine et al. 1997). This property

12
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has been used for the extraction of acidic pesticides (David et al. 2000; Campbell and Li 2001; Gaston and

Locke 2001), but has rarely been used for multi-residue or multi-family analysis of pesticides.

On the other hand, the addition of a small amount of acid could promote the salting-out process and increase the
pesticide stability in ACN (Zaidon et al. 2019). Moreover, at acidic pH, some anionic sites of the soil and some
pesticides are protonated, leading to an electrostatic repulsion between them, increasing the extraction efficiency
for these pesticides. Additionally, different authors indicated that, when using the EN method, the extraction
efficiency of acetonitrile increased in acidic condition (EC 2015). The impacts of the different additives are

illustrated in Figure S4.

The addition of formic acid led to the highest extraction recoveries for 15 pesticides. Moreover, it really
improved the extraction of 12 pesticides, especially that of bifenthrin, pendimethalin, cloguintocet-mexyl,
prochloraz, and diflufenican. It slightly improved that of the three neonicotinoids and the four chloroacetamides.

However, when using formic acid the pyrethrinoids were no longer extracted.

The addition of EDTA increased extraction recoveries of 23 compounds compared to the QUEChERS extraction
using water/ACN. It significantly enhanced the extraction of whole pyrethroids, as well as that of pyraclostrobin,
pendimethalin, cloquintocet-mexyl, metrafenone, and diflufenican, corresponding to analytes the more difficult
to extract with the highest Koc values. Moreover, extraction recoveries were all higher than 60% when using
EDTA, except for pyroxsulam (56%), aclonifen (59%) and fenpropidin (36%), and were the highest ones for 14

pesticides.

Thus, for the final protocol, the addition of 0.1 M EDTA in water was retained unlike an addition of formic acid.

3.2.3. Addition of an ultrasonic step

Finally, as the use of high frequency can enhance the solvent extraction, the addition of an ultrasonic step (15
min at 30 °C) after the addition of EDTA in water and before the addition of ACN was evaluated (Figure S5).
Ultrasounds were performed on a Branson 5510 DTH Ultrasonic Cleaner, functioning at a frequency of 40 kHz.
The results showed an overall slight positive effect of the ultrasonic step on the recoveries prior to derived-
QUEChERS extraction. However, a significant enhancement was observed for aclonifen (from 59 to 82%) and

fenpropidin in a lesser extent (from 36 to 42 %).

In conclusion, an extraction protocol combining ultrasounds with a derived QUEChERS extraction (in the

presence of EDTA) was chosen, with DMSO addition before evaporation (Figure 2).
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Fig.2: Extraction yields (%) of the targeted pesticides according to different QUEChERS extraction protocols
(median in bold; mean in italics; max and min values underlined; first and third quartiles in regular writing).
Extraction of 5 g of soil using 6 mL of water, 10 mL of ACN and citrate salt (corresponding to water/ACN plot),
addition of 0.1 M EDTA in water (EDTA plot), addition of 200uL of formic acid in ACN (FA plot), or addition
of an ultrasonic step (ultrasound+EDTA plot)
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3.3.Ratio mass soil/extraction solvent optimisation

The extraction yields obtained after the derived-QUEChERS extraction of 2.5¢ soil/10 mL ACN and 5g soil/10
mL ACN were compared for the 31 pesticides (Figure S6). The best extraction yields were obtained with the
extraction of 2.5 g of soil. Decreasing the initial quantity of soil mainly enhanced the extraction of the
pyrethroids, and that of aclonifen, pendimethalin, or cloguintocet-mexyl of around 20%. The extraction
recoveries ranged from 55% (cycloxidim) to 118% (deltamethrin), and from 42 % (fenpropidin) to 82%

(aclonifen) for 2.5 and 5g, respectively.

Thus, the final extraction protocol was performed onto 2.5 g. With this protocol, all extraction recoveries were
equal to or higher than 65% except cycloxidim, pyroxsulam, and fenpropidin (55%, 56%, and 60%,

respectively).

3.4. Method performance

Validation parameters of the optimized analytical method, notified in the European Commission

SANTE/12682/2019 guidelines, are presented in Table 1.
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Most of the LOQs are less than 0.5 ng/g and three-quarters of the LODs are less than 0.1 ng/g. This allows the
detection of extremely low levels of pesticides, and should provide new and relevant environmental data. These
LOQ are often lower than reported in previous multi-residue studies for the few pesticides in common with our
work. For example, in their multi-residue method combining a QUEChERS extraction to a LC-MS/MS analysis,
Masia et al. (2015) obtained LOQ of 0.06, 3, and 10 ng/g for imidacloprid, prochloraz, and acetochlor,
respectively, while Hvézdova et al. (2018) found LOQ from 3 to 10 ng/g, including 15 pesticides in common
with our work. Similarly, Zaidon et al. (2019) obtained LOQ of 0.5 ng/g and of 0.8 ng/g for imidacloprid and

propiconazole, respectively.

Linearity was evaluated using linear regressions and square correlation coefficients, R2. Good linearity was

obtained for whole compounds, with R2 greater than 0.992.

The precision of the method was assessed through the repeatability and reproducibility values. The calculated

RSD are mainly less than 20%, and even less than 10% in most cases.

The accuracy is between 80 and 120% of the expected value, which means that the internal standards correctly
compensate for partial extractions and matrix effects. However, for the two pyrethrinoids lambda-cyhalothrin
and tau-fluvalinate the accuracy is between 59 and 175%, probably due to matrix effects only partially
compensated by the internal standard. Cycloxydim, on the other hand, is difficult to quantify accurately, with a

calculated value of only 15% of the expected value.

The majority of the compounds experience signal suppression due to the residual matrix. Some high signal
enhancement effects are observed for lambda-cyhalothrin and tau-fluvalinate at the 2xLOQ spiking
concentration (matrix effect of +263 and +177%, respectively). However, for most of the compounds and

spiking levels, the matrix effects are below 40%.

3.5.Application of the method to actual soil samples

In order to evaluate the method under environmental screening conditions, a panel of 12 different soils collected

in agricultural areas, hedgerows, or grasslands of the ZAPVS were analysed with the optimized conditions.

The selective identification of the pesticides was ensured by chromatographic and mass spectrometric
characteristics. A method blank and a blank soil were systematically extracted and analyzed along with actual

samples.
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The method was successfully applied to soil samples, with 24 pesticides among the 31 selected compounds
detected at least once (Table 2). Only seven pesticides, namely the herbicides cycloxydim and acetochlor, the
fungicide fenpropidin and the pyrethroid insecticides cypermethrin, bifenthrin, lambda-cyhalothrin, and

deltamethrin were not detected in the samples. All the soil samples (100%) contained at least one pesticide.

Samples from grasslands, hedgerows, and cropped fields contained 1 to 4, 3 to 13, and 7 to 18 pesticides,
respectively (example of chromatograms from one soil is presented Figure 3). The highest concentrations were
measured in soils from cropped fields, with values up to 601 and 722 ng/g for boscalid and diflufenican,
respectively. The most frequently found pesticides were the herbicides diflufenican and napropamide, the
fungicides epoxyconazole and boscalid, and the insecticide imidacloprid, with 7 to 10 detections in the analysed
samples. The multi-family combination of herbicide, insecticide, and fungicide were observed in 9 samples. The
simultaneous presence of diflufenican, epoxyconazole, and imidacloprid was the most often observed
combination, in 7 samples, then that of napropamide, boscalid, and imidacloprid (6 samples), followed by
diflufenican or napropamide with boscalid, and imidacloprid in 5 samples. These results are in accordance with
data obtained by Riedo et al. (2021) who studied 46 pesticides in 100 soils. Among them 41 were found at least
once, and 3 to 32 pesticides were detected per field. They detected napropamide, epoxyconazole, and
imidacloprid in more than half of the studied soils, with concentrations up to 58, 150, and 24 ng/g, respectively.
In their work, Silva et al. (2019) evaluated 76 pesticide residues in 317 European agricultural topsoil samples.
Their study revealed that the presence of mixtures of pesticide residues in soils were the rule rather than the
exception, with 166 different pesticide combinations and up to 13 pesticides in a sample. They found that
boscalid and epoxiconazole were among the most frequently found pesticides (in 87 and 75% of the samples,
respectively) and those with the highest concentrations, up to 410 and 160 ng/g, respectively. Imidacloprid was

also found in 23% of the samples.

Many pesticide values were below 0.5 ng/g and lower than most of the LOQ previously reported. Indeed, the
lower LOQ obtained in our study compared to that obtained in the study of Zaidon et al. (2019), allowed in our
soil samples one more determination of imidacloprid. In the same manner, our lower LOQ compared to that
obtained by Masia et al. (2015) allowed the determination of prochloraz in 4 more samples. Moreover, compared
to the LOQ values obtained, for 15 compounds common with our study, by Hvézdova et al. (2018), our lower
LOQs enabled the quantification of metazachlor, dimethachlor, thiacloprid, clomazone, cyproconazole,
propiconazole, and S-metolachlor in the soil samples, whereas with their LOQ values these compounds would

not have been detected. The detection frequencies of other pesticides like metconazole, diflufenican,
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414  pendimethalin, boscalid, prochloraz, and epoxiconazole were also enhanced thanks to our lower LOQs, with 1 to
415 6 more quantifications. In the same manner, in comparison with the study of Silva et al. (2019), the lower LOQs
416 obtained here allow to quantify boscalid, epoxiconazole, imidacloprid, propiconazole, cyproconazole and

417 prochloraz in respectively 6, 4, 3, 1, 4 and 4 more samples that would not have been detected with their LOQs.
418  The very high sensitivity of our method therefore makes it possible to extend toxicity, risk assessment, sublethal

419  effect studies, etc. to even lower concentration levels than those currently considered.

420

421 Fig.3: Example of chromatograms resulting from the analysis of the soil “Culture 4”
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Table 1: Validation parameters for the multi-residue LC-MS/MS method for the determination of 31 pesticides in soils, using internal calibration (H=herbicide, I=insecticide,

F=fungicide)
Linearity
RT I\S'eilda“‘)” Sensitivity LOG- )’jccurac 5epeatab"t Reproductibility e'\;'faetcrt'x
100xLOQ
Family min LOD (ng/g) I(_n(gl(g) R? (%) (%0RSD) (%0RSD) ?SI/OERSD)
2xL0Q 109.1 21.0 17.7 -19
Boscalid Carboxamid 50 20xLOQ 0.01 0.06 > 0.9959 99.6 14.7 11.5 -11
100xLOQ 102.3 3.8 5.1 -19
2xL0Q 80.0 15.8 17.6 -29
Diflufenican Carboxamid 58 20xLOQ 0.02 0.06 > 0.9996 98.8 2.8 35 -51
100xLOQ 111.7 0.5 3.2 -21
2xL0Q 99.5 13.8 17.9 -13
Fluoxastrobin Strobilurine 55 20xLOQ 0.02 0.06 > 0.9938 117.8 6.8 7.6 -12
100xLOQ 111.3 1.6 4.4 -2
2xL0Q 86.1 12.3 13.1 -20
Pyraclostrobin Strobilurine 58 20xLOQ 0.01 0.03 > 0.9953 99.7 6.6 6.5 -49
100xLOQ 100.7 2.2 3.3 -26
2xL0Q 88.8 5.1 7.9 -31
Imidacloprid Neonicotinoid 26 20xLOQ 0.02 0.41 > 0.9994 96.7 1.7 3.5 -14
100xLOQ 98.0 1.3 2.7 -11
Thiacloprid Neonicotinoid 3.2 2xLOQ 0.01 0.01 > 0.9986 86.0 29.2 18.8 -28
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Thiamethoxam

Acetochlor

Dimethachlor

Metazachlor

S-Metolachlor

Napropamide

Cyproconazole

Neonicotinoid

Chloroacetamide

Chloroacetamide

Chloroacetamide

Chloroacetamide

Amide

Triazole

2.1

5.1

4.4

4.4

5.1

5.2

4.8

20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xL0OQ
2xL0Q

0.01

0.53

0.02

0.01

0.02

0.02

0.05

0.02

0.53

0.08

0.07

0.12

0.05

0.05

>0.9990

>0.9977

>0.9989

> 0.9994

>0.9951

>0.9977

> 0.9985

91.3
1155
103.7
99.8
115.1
104.4
101.8
94.6
89.2
93.0
94.1
91.3
118.0
110.2
100.1
108.1
99.0
80.0
105.0
107.7

83.3

4.9
1.7
6.3
1.4
3.4
6.8
4.1
2.5
4.9
2.1
2.9
1.7
1.9
2.0
4.4
2.8
2.4
2.4
3.4
1.2

12.9

8.5
6.7
9.4
3.3
3.9
16.3
6.5
16.7
8.0
4.5
3.2
15.5
7.9
5.7
16.3
6.6
9.3
15.9
45
4.6

17.6

-16
-24
-28

-24
-25

-19

-10
-15
-24
-24
27

21
-15

23



Epoxiconazole

Metconazole

Propiconazole

Prochloraz

Pyroxsulam

Bifenthrin

Cypermethrin

Triazole

Triazole

Triazole

Imidazole

Triazolopyrimidine

Pyrethroid

Pyrethroid

5.4

5.5

5.7

3.9

6.8

6.6

20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xL0Q
100xLOQ
2xL0Q
20xLOQ
100xL0OQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q

0.05

0.06

0.01

0.01

0.01

0.86

0.66

0.14

0.12

0.01

0.03

0.01

0.86

0.66

>0.9967

>0.9977

>0.9947

> 0.9925

> 0.9986

>0.9951

> 0.9966

92.6

102.5
82.1

112.2
106.9
99.2

113.6
109.3
83.0

114.4
119.8
101.8
112.4
111.7
118.3
100.7
101.8
107.2
102.7
82.6

97.4

4.1
0.9
2.9
55
6.5
8.3
9.9
4.9
21.2
8.6
5.5
11.5
11.9
2.9
16.7
3.4
2.1
12.8
7.8
11.8

14.7

5.8
3.5
10.8
8.3
8.7
8.7
9.3
6.1
31.7
18.4
6.9
12.4
13.6
19.8
14.1
8.8
6.3
12.6
22.4
22.2
13.6

-19
-24
21
23
22

11
-13
-69

41
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Deltamethrin

A-cyhalothrin

t-fluvalinate

Pirimicarb

Clomazone

Aclonifen

Pendimethalin

Pyrethroid

Pyrethroid

Pyrethroid

Carbamate

Isoxazolidinone

Diphenyl-ether

Dinitroaniline

6.7

6.5

6.8

4.1

4.5

6.2

20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xL0OQ
2xL0Q

0.42

3.0

0.03

0.01

0.02

0.77

0.86

2.7

3.0

0.43

0.01

0.02

2.49

55

>0.9973

> 0.9945

> 0.9956

> 0.9984

> 0.9997

>0.9885

>0.9918

98.3
107.9
110.9
103.0
120.1
175.2
110.3
131.5
136.0
66.5
58.8
100.0
82.0
88.8
105.0
80.0
90.4
102.8
89.8
97.9

114.5

7.1
3.5
13.6
6.2
3.6
7.7
6.8
1.4
3.6
11.6
10.3
19.4
7.4
4.8
11.5
51
53
14.8
22.3
14.2

0.5

11.9
7.8
14.5
6.9
5.2
12.4
11.8
10.0
5.9
19.2
22.5
23.3
19.0
8.1
13.7
9.0
8.2
17.5
27.5
20.5

13.4

-55
-26
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Fenpropidin

Cycloxydim

Metrafenone

Cloquintocet-
mexyl

Piperidine

Cyclohexanedione

Benzophenone

Quinoleine

5.8

5.8

20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xLOQ
100xLOQ
2xL0Q
20xL0Q
100xLOQ

0.08

0.12

0.02

0.02

0.36

0.15

0.12

0.03

> 0.9906

>0.9971

>0.9997

>0.9993

113.6
111.4
124.6
117.3
120.3
35.0
19.2
30.9
100.4
98.2
107.9
911
86.4
116.3

9.4
4.2
7.4
6.2
2.1
15.6
11.1
11.4
4.8
2.6
3.5
8.1
4.0
1.4

14.4
9.9
75
15.8
19.8
383
29.9
17.7
9.3
6.1
43
9.6
10.4
10.2

-21

74
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Table 2: Concentrations (ng/g) of the 31-targeted pesticides measured in a panel of 12 soils with different surrounding landscape

Grassland1l Grassland2 Grassland3 Grassland4 Hedgerowsl Hedgerows2 Hedgerows3 Hedgerows4 Culturel Culture2 Culture3 Culture4

Boscalid <LOQ 0.61 nd nd 8.6 9.1 1.4 2.2 284 nd 600 4.8
Diflufenican nd 0.70 nd 0.34 1.6 0.67 0.20 nd 66.7 35 12.7 722
Fluoxastrobin nd nd nd nd nd 0.63 nd nd nd nd nd nd
Pyraclostrobin nd nd nd nd 15 nd 0.19 nd 0.36 0.18 nd nd
Imidacloprid nd nd nd 0.43 0.70 6.3 nd <LOQ 54.3 57.2 56.1 15.2
Thiacloprid nd nd nd nd nd 0.10 nd nd 0.07 nd nd nd
Thiamethoxam nd 0.10 0.20 nd nd nd nd nd nd nd nd 0.19
Acetochlor nd nd nd nd nd nd nd nd nd nd nd nd
Dimethachlor nd nd nd nd 15 nd nd nd 0.46 nd 0.38 nd
Metazachlor nd nd nd nd nd nd nd nd 2.4 nd 0.87 0.42
S-Metolachlor nd nd nd nd nd nd 0.15 nd <LOQ nd 0.40 nd
Napropamide nd 0.32 nd nd 4.6 1.7 nd 0.30 1.8 nd 1.8 0.48
Cyproconazole 2.3 nd nd nd 2.1 nd nd nd 0.59 nd 0.73 nd
Epoxiconazole nd nd nd 7.4 8.7 1.3 1.5 nd 151 119 58.1 117
Metconazole nd nd nd nd 0.97 nd nd nd 3.6 75.2 0.84 nd
Propiconazole 2.0 nd nd nd <LOQ nd nd nd nd nd nd nd
Prochloraz nd nd nd nd 0.39 nd nd nd 19.1 0.23 1.7 0.50
Pyroxsulam nd nd nd nd nd nd nd nd nd 0.19 nd nd
Bifenthrin nd nd nd nd nd nd nd nd nd nd nd nd
Cypermethrin nd nd nd nd nd nd nd nd nd nd nd nd
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Deltamethrin
A-cyhalothrin
t-fluvalinate
Pirimicarb
Clomazone
Aclonifen
Pendimethalin
Fenpropidin
Cycloxydim
Metrafenone

Cloquintocet-mexyl

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
0.21
<LOQ
nd
nd
nd
nd
nd

nd
nd
nd
nd
0.11

nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
1.6
0.15
0.25
nd
115
nd
nd
35.1
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
0.09
0.17
17.1
127
nd
nd
nd
nd

nd
nd
nd
0.27
nd
nd
94
nd
nd
18.9
0.13

nd : not detected
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Table S1: List and physico-chemical properties of the target pesticides (Herb. = herbicide, Inset. = insecticide, Fung. = fungicide)

Pesticide Class Family CAS (g.':‘/ln\({)vl'l) log Kow | Koc (L/Kg)
Acetochlor Herb. Chloroacetamide 34256-82-1 269.77 4.14 211
Aclonifen Herb. Diphenyl-ether 74070-46-5 264.66 4.37 7126
Bifenthrin Insect. Pyrethroid 82657-04-3 422.87 | >6.00 35712
Boscalid Fung. Carboxamid 188425-85-6 | 343.21 2.96 772
Clomazone Herb. Isoxazolidinone 81777-89-1 239.70 2.54 203
Cloquintocet-mexyl | Herb. Quinoleine 99607-70-2 335.82 5.12 13257
Cycloxydim Herb. Cyclohexanedione | 101205-02-1 | 325.47 3.23 59
Cypermethrin Insect. Pyrethroid 52315-07-8 | 416.30 6.30 85572
Cyproconazole Fung. Triazole 94361-06-5 291.78 291 364
Deltamethrin Insect. Pyrethroid 52918-63-5 505.20 5.43 1024000
Diflufenican Herb. Carboxamid 83164-33-4 394.29 2.50 1996
Dimethachlor Herb. Chloroacetamide 50563-36-5 | 255.74 2.33 69
Epoxiconazole Fung. Triazole 133855-98-8 | 329.76 3.33 1073
Fenpropidin Fung. Pipéridine 67306-00-7 | 273.46 2.90 3808
Fluoxastrobin Fung. Strobilurine 361377-29-9 | 458.83 2.86 1003
Imidacloprid Insect. Neonicotinoid 138261-41-3 | 255.66 0.57 225
0-Cyhalothrin Insect. Pyrethroid 91465-08-6 449.85 7.00 157000
Metazachlor Herb. Chloroacetamide 67129-08-2 277.75 2.49 66
Metconazole Fung. Triazole 125116-23-6 | 319.83 3.85 1166
Metrafenone Fung. Benzophenone 220899-03-6 | 409.27 4.30 3105
Napropamide Herb. Amide 15299-99-7 271.35 3.36 300
Pendimethalin Herb. Dinitroaniline 40487-42-1 281.31 5.18 16637
Pirimicarb Insect. Carbamate 23103-98-2 238.29 1.70 800
Prochloraz Fung. Imidazole 67747-09-5 376.66 4.10 849
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https://tools.wmflabs.org/magnustools/cas.php?cas=82657-04-3&language=fr&title=Bifenthrine
http://www.sigmaaldrich.com/catalog/search?term=188425-85-6&interface=CAS%20No.&lang=en&region=US&focus=product
https://tools.wmflabs.org/magnustools/cas.php?cas=81777-89-1&language=fr&title=Clomazone
https://tools.wmflabs.org/magnustools/cas.php?cas=52315-07-8&language=fr&title=Cyperm.C3.A9thrine
https://tools.wmflabs.org/magnustools/cas.php?cas=94361-06-5&language=fr&title=Cyproconazole
https://tools.wmflabs.org/magnustools/cas.php?cas=52918-63-5&language=fr&title=Deltam.C3.A9thrine
http://www.sigmaaldrich.com/catalog/search?term=83164-33-4&interface=CAS%20No.&lang=en&region=US&focus=product
https://tools.wmflabs.org/magnustools/cas.php?cas=50563-36-5&language=fr&title=Dim.C3.A9thachlore
https://tools.wmflabs.org/magnustools/cas.php?cas=133855-98-8&language=fr&title=.C3.89poxiconazole
http://www.sigmaaldrich.com/catalog/search?term=361377-29-9&interface=CAS%20No.&lang=en&region=US&focus=product
https://tools.wmflabs.org/magnustools/cas.php?cas=105827-78-9&language=fr&title=Imidaclopride
http://www.sigmaaldrich.com/catalog/search?term=67129-08-2&interface=CAS%20No.&lang=en&region=US&focus=product
http://www.sigmaaldrich.com/catalog/search?term=125116-23-6&interface=CAS%20No.&lang=en&region=US&focus=product
http://www.sigmaaldrich.com/catalog/search?term=220899-03-6&interface=CAS%20No.&lang=en&region=US&focus=product
https://tools.wmflabs.org/magnustools/cas.php?cas=23103-98-2&language=fr&title=Pirimicarbe
http://www.sigmaaldrich.com/catalog/search?term=67747-09-5&interface=CAS%20No.&lang=en&region=US&focus=product

Propiconazole Fung. Triazole 60207-90-1 | 342.22 3.72 1564
Pyraclostrobin Fung. Strobilurine 175013-18-0 | 387.82 3.99 11000
Pyroxsulam Herb. Triazolopyrimidine | 422556-08-9 | 434.35 1.08 6000
S-metolachlor Herb. Chloroacetamide 87392-12-9 283.79 2.90 226
O-fluvalinate Insect. Pyrethroid 102851-06-9 | 502.91 4.26 504123
Thiacloprid Insect. Neonicotinoid 111988-49-9 | 252.72 1.26 615
Thiamethoxam Insect. Neonicotinoid 153719-23-4 | 291.72 -1.16 68
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https://tools.wmflabs.org/magnustools/cas.php?cas=60207-90-1&language=fr&title=Propiconazole
http://www.sigmaaldrich.com/catalog/search?term=175013-18-0&interface=CAS%20No.&lang=en&region=US&focus=product
https://tools.wmflabs.org/magnustools/cas.php?cas=111988-49-9&language=fr&title=Thiaclopride
https://tools.wmflabs.org/magnustools/cas.php?cas=153719-23-4&language=fr&title=Thiam.C3.A9thoxame

Table S2: List of internal standards used for quantification and MS parameters

RT Cone Collision _ N
Internal standard (1S) (min) | voltage (V) MRM 1 E?ee\;?y Corresponding analysed pesticide
Thiamethoxam-d3 2.1 14 2949 — 183.9 23 Thiamethoxam
Imidacloprid-d4 2.6 11 260.3 — 213.2 15 Thiacloprid; Imidacloprid
Pirimicarb-d6 4.1 2 245.2 — 78.0 22 Pirimicarb; Pyroxsulam ; Fenpropidin
Metazachlor-d6 9.8 4 279.1 — 105.0 12 Clomazone; Diméthachlore; Metazachlor
Cyproconazol-(methyl-d3) 4.8 40 294.9 — 69.9 17 Cyproconazole
Napropamide-d10 5.2 10 | 28221711 20 Acetochlor; Napg’g:‘g:?;; $-Metolachlor,
Aclonifen-d5 54 32 272.2 — 186.9 24 Aclonifen
Propiconazole-(phenyl-d3) 55 16 347.2 — 69.1 18 Metconazole; Epoxiconazole; Propiconazole
Prochloraz-(ethylene-d4) 9.8 94 380.6 — 312.9 11 Prochloraz
Metrafenone-(jé?;A-trimethoxy- 5.8 32 4182 — 218.1 12 Cycloxydim; Metrafenone ; Pendimethalin
Pyraclostrobin-(N-methoxy-d3) 5.8 34 391.2 - 163.0 24 Pyraclostrobin; Fluoxastrobin
Diflufenican-d3 5.8 2 397.9 — 185.1 50 Cloquintocet-mexyl; Diflufenican
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Deltamethrin-phenoxy-d5 ‘ 9.8 ‘ 40 ‘ 269.9 — 104.9 ‘ 15 ‘

Cypermethrin; Bifenthrin; [1-cyhalothrin;
CI-fluvalinate; Deltamethrin
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Table S3: MS parameters for the target pesticides

- CE CE | MRM1/MRM
Pesticide DP (V) MRM 1 V) MRM 2 V) 2

Acetochlor 22 269.9>2240| 10 |269.9>148.1| 18 2.3
Aclonifen 20 264.8>182.1| 28 | 2648>799 | 32 2.4
Bifenthrin 32 440.3>181.2| 14 |440.3>166.0| 44 2.5
Boscalid 30 343.2>307.2| 20 |[343.2>140.1| 20 2.8
Clomazone 23 240.0>125.0| 18 | 240.0>89.0 | 46 18.9
Cloquintocet-mexyl 30 336.2>238.0| 18 |[336.1>1920| 35 2.4
Cycloxydim 23 326.0>180.0| 16 |326.0>280.0| 22 1.1
Cypermethrin 20 433.3>191.1| 12 |433.3>416.2| 8 1.9
Cyproconazole 27 2922>70.2 | 18 [2922>1251| 24 1.9
Deltamethrin 10 523.2>281.0| 14 |523.2>506.1 8 1.6
Diflufenican 30 3949>266.0| 28 |3949>246.0| 32 3.8
Dimethachlor 20 256.2>2242 | 15 |256.2>148.2| 25 2.4
Epoxiconazole 30 330.0>121.0| 23 |330.0>1230| 20 3.4
Fenpropidin 47 274.2>1471| 28 | 274.2>86.1 | 28 2.0
Fluoxastrobin 27 450.0>4270| 18 |459.0>188.0| 36 2.9
Imidacloprid 11 256.2>175.2| 15 |256.2>209.2| 17 11
0-Cyhalothrin 6 467.3>2251| 12 |467.3>1411| 46 3.3
Metazachlor 15 278.0>134.1| 22 |278.0>210.0| 10 1.4
Metconazole 29 320.1>70.0 22 |320.1>125.0| 36 6.0
Metrafenone 19 409.0>209.1| 14 |[409.0>2269| 16 2.0
Napropamide 21 272.1>1291| 16 |2721>171.1| 18 1.2
Pendimethalin 12 282.2>2122| 10 | 2742>86.1 | 17 2.6
Pirimicarb 30 239.1>72.0 18 |239.1>182.1| 18 1.8
Prochloraz 27 376.2>308.1| 11 | 376.2>70.0 | 23 2.4
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Propiconazole 37 342.0>159.0| 34 | 342.0>69.0 | 22 3.9
Pyraclostrobin 20 388.1>1939| 12 |388.1>1630| 25 11
Pyroxsulam 16 4349>195.0| 26 |434.9>1239| 46 7.5
S-metolachlor 2 283.9>2520| 14 |283.9>176.1| 26 3.8
O-fluvalinate 15 503.0>181.1| 30 |503.0>208.1| 12 1.2
Thiacloprid 20 253.0>126.0| 20 |253.2>186.1| 12 15.9
Thiamethoxam 7 292.2>2111| 11 |2922>181.1| 19 18
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Fig.S1: Normalized responses of the targeted pesticides obtained after different PLE extraction conditions onto 5¢g of soil

080° ACN/MeOH (50:50) v/v 1 cycle
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m 45° ACN/MeOH (50:50) v/v 1 cycle
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Fig.S2: Normalized responses obtained for the extraction of the 31-targeted pesticides in 5g of soil using PLE (using 3 extraction cycles with methanol at
100

50°C) or QUEChERS (using 6 mL of water, 10 mL of acetonitrile and citrate salt) extraction methods (n
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Fig.S3: Extraction recoveries of the selected pesticides after QUEChERS extractions of 5 g of soil using 6 mL of water, 10 mL of acetonitrile and citrate salt,

with and without addition of DMSO before the final evaporation step
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Fig.S4: Extraction recoveries (%) of the 31-targeted pesticides using QUEChERS extractions of 5g of soil using water (6 mL), acetonitrile (10 mL), citrate

salt, and 100 pL of DMSO before the final evaporation step, compared with those obtained after addition of 0.1 M EDTA in water, or of 200 pL of acid
formic in acetonitrile
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Fig.S5: Extraction recoveries (%) of the 31 targeted pesticides after QUEChERS extraction of 5g of soil, using 6 mL of water containing 0.1M EDTA, 10 mL

of acetonitrile, citrate salt, and 100 pL of DMSO before the final evaporation step, compared with or without additional ultrasound step (15 min at 30 °C)

before acetonitrile addition
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Fig.S6: Extraction yields of the 31-targeted pesticides after derived-QUEChERS extraction of 2.5g and 5g of soil using 6 mL of water containing 0.1M EDTA,
ultrasounds (15 min), 10 mL of acetonitrile, citrate salt, and 100 uL of DMSO before the final evaporation step

02, -
120 m5g 25¢

100

80

60

40

20

0
]

Extractionrecovery (%)

41



