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Abstract
Even though paraquat is considered to be one of the most toxic herbicides, it is one of the most used ones. Paraquat-based preparations are heavily used across many important agricultural countries and for a lot of types of crops such as soya. As soya is used in large quantities in the feed production, paraquat residues in soya products are a potential threat to livestock. The aim of this study was to investigate whether soya products intended for animal feed contain residues of paraquat. Therefore, an optimized Quick Polar Pesticides (QuPPe) Method was developed. In total, 174 samples were analyzed via LC-MS/MS using zwitterionic hydrophilic interaction liquid chromatography (ZIC-HILIC). The results showed that paraquat was detected in 66 % of the samples above 0.008 mg/kg. Residues were mainly present in soya bean meals that were imported from Brazil or the USA and cultivated using genetically modified soya. Around 5 % of the samples were not compliant with the European regulation on maximum residue levels of pesticides in or on food and feed. The results of this study support the view that paraquat residues play a significant role in soya products intended for animal feed and, thus, need to be controlled on a regular basis. However, for enforcement actions reliable processing factors for paraquat in soya products or maximum residue levels for processed soya products are urgently required.
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Abbreviations
	EU
	European Union

	GMO
	Genetically modified organism

	HILIC
	Hydrophilic interaction liquid chromatography

	LOQ
	Limit of quantification

	MRL
	Maximum residue level

	MRM
	Multiple reaction monitoring

	PEEK
	Polyether ether ketone

	QuPPe
	Quick Polar Pesticides Method

	ZIC-HILIC
	Zwitterionic hydrophilic interaction liquid chromatography





Introduction
Paraquat is widely considered to be one of the most toxic herbicides currently used. It has been shown that the presence of paraquat can cause harmful effects on terrestrial and aquatic ecosystems (Babatunde et al., 2001; Leboulanger et al., 2009; Muangphra et al., 2014) and human health (Wesseling et al., 2001; Tanner et al., 2011). For example, as paraquat tends to accumulate mainly in the lung, various pulmonary effects, such as wheeze and shortness of breath, have been associated with paraquat exposure of farmers (Hoppin et al., 2002; Schenker et al., 2004). Furthermore, it has been reported that chronic paraquat exposure might contribute to the development of Parkinson’s disease in humans (Dinis-Oliveira et al., 2006; Costello et al., 2009; Tanner et al., 2011). Nevertheless, it is still one of the best-selling herbicides worldwide used for a huge variety of crops, including maize, rice and soya beans (Syngenta Crop Protection AG, 2019).
Paraquat is known for its very effective and fast-acting behavior in killing weeds. It may also be used as a desiccant to hasten maturity of a crop to prepone the harvest date (Boudreaux and Griffin, 2011). However, when paraquat is applied shortly before harvest, residues may be leaved on plant and crop and, thus, may pose a threat to consumers. In the European Union (EU), the authorization of paraquat-based preparations is suspended since 2007. Thus, it is currently not allowed to sell and apply paraquat in the member states of the EU (EuG, 2007). However, paraquat is still authorized and extensively used across many important agricultural countries, including the USA and Brazil (Syngenta Crop Protection AG, 2019).
Chemically seen, paraquat (1,1’-dimethyl-4,4’-bipyridinium) is a cation associated twice with chloride as anion. It belongs to the group of bipyridyl herbicides and quaternary ammonium salts. Paraquat is a very polar substance with a high solubility in water of 620 g/L (National Center for Biotechnology Information, 2020). Because of its ionic nature and high polarity, the analysis of paraquat has been reported in the literature as difficult and challenging. Numerous analytical methods and techniques have been suggested, including gas chromatography (Kawase et al., 1984), capillary electrophoresis (Mallat et al., 2001), immunoassay (Garcia-Febrero et al., 2014), voltammetry (Souza et al., 2006), and spectrophotometry (Shivhare and Gupta, 1991). Liquid chromatography coupled with mass spectrometry via electrospray ionization has become the most common approach, although several problems with the chromatographic (e.g. limited retention and poor peak shape) and mass spectrometric (e.g. various types of quasi-molecular ions and multiple reaction monitoring transitions) behavior of paraquat are described.
The soya bean is the most important oil plant worldwide, with a global oil plant cultivation area of 46 % in 2017 (Ovid, 2018). Soya is a key factor in animal feeding due to its high protein content and profitable cultivation. Soya beans and soya products intended for animal feed are mainly imported from non-EU countries into the EU. In 2017, for example, 14.4 million tons and 20.8 million tons soya beans and soya bean meal, respectively, were imported to the EU (Ovid, 2018). The majority of soya beans was imported from the USA and Brazil (> 70 %), whereas about 87 % of the soya bean meal originated from Brazil and Argentina (Ovid, 2018). In those countries, almost 100 % of the cultivation area is cultivated with genetically modified soya like glyphosate-resistant varieties (Ovid, 2018). However, the intensive use of glyphosate has led to the development of many glyphosate-resistant weeds over the past years (Powles, 2008; Perry et al., 2016; Syngenta Crop Protection AG, 2019). Because paraquat is an important alternative non-selective herbicide, it is very likely that paraquat-based formulations are used as harvest aids to soya beans in those countries. Consequently, imported crops can contain residues of paraquat that might be above permitted tolerances and also be a significant route to a prolonged exposure of both animals and humans to paraquat.
The purpose of this study was to investigate whether soya products intended for animal feed contain residues of paraquat. Furthermore, differences in concentration levels between the various soya products and regions of origin as well as genetically modified soya and non-genetically modified soya should be evaluated and discussed.
Materials and methods
Samples
Samples were chosen and collected by official feed control inspectors. All sampling sites were located in the German state Lower Saxony and covered a broad spectrum of facilities, including various manufacturers of compound feeding stuffs and the port of Brake on the Weser River, which is an important import cargo spot for feed stock in Europe. The aim was to take samples evenly balanced between various soya products, regions of origin and import countries, and between genetically modified and non-genetically modified material. A particular focus was set on soya bean meal because it is used most for the production of compound feeding stuffs. In total, 174 soya products were collected during the years 2018 and 2019 (Table 1).
Table 1Overview of the sample material


	 	No. of samples

	Soya producta

	  Soya bean meal (partly steam-heated or dehulled)
	144

	  Soya beans (untreated, steam-heated or toasted)
	11

	  Soya bean protein concentrate
	10

	  Soya bean expeller
	7

	  Soya bean hulls
	2

	Genetically modified soybeans

	  Genetically modified organism (GMO)
	94

	  Non-GMO
	68

	  Unknown
	12

	Region of origin

	  Brazil
	88

	  Argentina
	11

	  Russia
	11

	  India
	6

	  USA
	4

	  Ukraine
	2

	  PR China
	2

	  Austria
	2

	  Canada
	1

	  Lithuania
	1

	  North America
	1

	  Norway
	1

	  Unknownb
	44


aDetailed definitions of the various soya products are given in the official catalogue of feed materials (European Commission, 2017a)
bEspecially for samples from manufacturers of compound feeding stuffs, the region of origin and the point of entry into the EU had to be marked as “Unknown” because there is no obligation to label where feed materials were cultivated



Chemicals
Acetonitrile and methanol (both HPLC gradient grade; ≥ 99.9 %) were purchased from Honeywell (Seelze, Germany). Formic acid (ACS/Reag. Ph. Eur.; 98–100 %), ammonium formate (for LC-MS; ≥ 99.0 %), and hydrochloric acid fuming 37 % (for analysis) were purchased from Merck (Darmstadt, Germany). Ultra-pure water of type 1 grade (American Society for Testing and Materials, ASTM) was supplied by a Sartorius arium system (Göttingen, Germany). Reference standards of paraquat dichloride (CAS-No. 1910-42-5; purity 97.5 % ± 1.0 %) and paraquat diiodide-d6 (purity 96.5 %) were purchased from LGC Standards (Wesel, Germany). Standard stock solutions of paraquat dichloride and paraquat diiodide-d6 were prepared at approx. 1 mg/mL in methanol and were stored in a freezer at -20 °C. Before use, they were placed in an ultrasonic bath for 10 min to obtain complete dissolution and they were allowed to reach room temperature afterwards. From the standard stock solutions, working standard solutions with concentrations of approx. 10 µg/mL, respectively, were prepared and handled according to the standard stock solutions. The working standard solutions were used to prepare fresh daily spiking and calibration solutions with concentrations of approx. 0.4 µg/mL and 0.08 µg/mL in methanol.
Sample preparation
Samples were extracted following the Quick Polar Pesticides (QuPPe) Method developed by the EU Reference Laboratory for Single Residue Methods (Anastassiades et al., 2016). However, modifications were made to the QuPPe-Method and are discussed in detail in the Results and Discussion section.
Samples were quartered and milled to a final particle size of 0.5 mm using an ultra-centrifugal mill. 5 g ± 0.05 g were weighed into a 50 mL polypropylene tube, spiked with 25 µL of the paraquat diiodide-d6 working standard solution (10 µg/mL) and blended. 25 mL of the extraction solvent (methanol/0.5 M hydrochloric acid, 60/40, v/v) were added, blended using a Vortex mixer, and extracted for 15 min using a horizontal shaker. The extract was then centrifuged at 4369 x g and 10 °C for 15 min. Approx. 1 mL of the supernatant was filtrated through a 0.2 μm regenerated cellulose membrane syringe filter (CHROMAFIL® Xtra RC-20/13, Macherey-Nagel) and diluted 1:2 with a mixture of methanol and ultra-pure water (60/40, v/v). 5 µL of this solution was injected into the LC-MS/MS system.
Instrumental analysis
Samples were analyzed according to the QuPPe-Method (Anastassiades et al., 2016), but likewise with modifications (cf. section Results and Discussion). All samples were analyzed through an LC-MS/MS system using a 1260 Infinity system coupled to a 6470-mass spectrometer (both Agilent Technologies). Analysis was performed using positive electrospray ionization, with unit resolution in Q1 and Q3, and in multiple reaction monitoring (MRM) mode. MRM transitions were 186 > 174 m/z (quantification) and 186 > 77 m/z (confirmation) for paraquat and 192 > 174 m/z for paraquat-d6. High performance liquid chromatography was performed using a SeQuant ZIC®-HILIC column (2.1 × 150 mm, 5 μm, 200 Å; Merck) combined with an Opti-Lynx Guard column (2.1 × 15 mm; Optimize Technologies). The mobile phase consisted of (A) ultra-pure water, added with ammonium formate (0.02 mol/L) and adjusted to pH 3 with formic acid, and (B) acetonitrile. The gradient profile was achieved at a flow rate of 200 µL/min and initiated with an equilibration phase of 20 % A for 7 min, which was increased to 80 % A within 4 min and hold for 10 min. The column was heated constantly at 40 °C.
Quality assurance and quality control
Calibration solutions were injected at the start and end of every sample sequence and bracketing calibration was used for quantification. All calibration graphs were linear and non-weighed. The calibration levels usually ranged from 0 ng/mL to approx. 12 ng/mL ( ≙ 0,060 mg/kg) (4-point calibration). When higher concentrations were quantified, samples were re-analyzed including one higher calibration point. Concentrations were quantified using solvent based calibration curves obtaining the relative response of the target analyte to the amount of the mass-labeled internal standard. Sample concentrations were calculated on a basis of the paraquat dication, so a conversion factor of 0.598 was used to take into consideration that the reference standard was sold as a salt and with remaining water content. The analytical method was fully validated according to the Analytical quality control and method validation procedures for pesticide residues analysis in food and feed (European Commission, 2015; European Commission, 2017b). During the method validation, blank samples were spiked with paraquat at concentrations of 38 µg/kg, 15.2 µg/kg, and 7.6 µg/kg (n = 5–10). For these spiked levels, precision values of 6.5 %, 4.1 %, and 5.1 % and trueness values of 100 %, 94 %, and 89 % were yielded, respectively. The limit of quantification (LOQ) was defined as the lowest spiked level that meets the method performance acceptability criteria (i.e. precision ≤ 20 % and trueness between 70 and 120 %). Accordingly, the LOQ was set to 0.008 mg/kg. As paraquat tends to interact with glass-surfaces, polypropylene tubes and vials were used at all stages of the sample preparation and analysis. Instrumental blanks could be reduced by using capillaries made of stainless steel instead of polyether ether ketone (PEEK). During a sample sequence, numerous blank injections were made to minimize the carryover of calibration injections. One procedural blank sample was extracted with every sample batch. In general, procedural blank contaminations were low (Ø 0.001 mg/kg) and originated most probably from instrumental contamination. They were not taken into consideration when calculating sample concentrations. The modified method has been successfully tested (z-score = 0.0) in a ring trial between eight laboratories. The ring trial material was used afterwards as reference material in every sample batch to check trueness and precision (precision = 12 %; trueness = 87 %; n = 33). In addition, various spiked matrices (sunflower seed meal, rape seed meal, barley) were analyzed in every sample batch (precision = 15 %; trueness = 89 %; n = 34).
Results and discussion
Modifications to the QuPPe-Method
As mentioned in the section Materials and Methods, modifications were made to the QuPPe-Method because process efficiencies and matrix interferences varied considerably and unsystematically between various soya bean meal samples when using the standard method protocol. A similar observation was also made for the analysis of paraquat and diquat in cowpea samples (Pizzutti et al., 2016). First of all, water has not been added to the sample homogenate (10 mL of water is typically given to 5 g of sample) because, for some tested soya bean meals, the extraction efficiencies turned out to be up to 55 % lower when water was added. This finding may be in contrast to the assumption, that the addition of water assists the wetting process of dry samples to make pesticides better available for the extraction (Pizzutti et al., 2012). Moreover, it turned out that the soaking time of the water also seems to be not negligible because the process efficiency (defined according to Buhrman et al., 1996 - includes extraction efficiency and matrix interferences) was shown to be up to 30 % lower when soaking time was 60 min instead of no soaking time, concluding that (1) extraction efficiencies were lower, (2) matrix interferences were higher or (3) a combination of both occurred. Following the standard method protocol for extraction (10 mL of 1 % formic acid in methanol as extraction solution; 15 min extraction at 80 °C), process efficiencies were not satisfying and even around 0 % for some test materials. Low recoveries using the standard method protocol were also shown for the analysis of paraquat in other matrices like wheat and chia seeds (Bauer et al., 2018). Optimal extraction conditions were evaluated using various extraction parameters (Table 2).
Table 2Parameters tested for the extraction of paraquat from soya bean meal. Parameters that were finally used for the extraction of the samples are indicated in bold


	Parameter
	Variation

	Particle size
	1 mm; 0.5 mm

	Water addition
	Yes (10 mL); None

	Soaking time of water
	0 min; 15 min; 30 min; 45 min; 60 min

	Extraction apparatus
	Horizontal shaker; orbital shaker; ultrasonic bath

	Extraction solvent
	1 % formic acid in MeOH

	 	5 % formic acid in MeOH

	 	5 % formic acid in MeOH/H2O (45/50, v/v)

	 	MeOH/0.1 M HCl (50/50, v/v)

	 	MeOH/0.5 M HCl (50/50, v/v)

	 	MeOH/0.1 M HCl (60/40, v/v)

	 	MeOH/0.5 M HCl (60/40, v/v)

	 	MeOH/0.75 M HCl (60/40, v/v)

	 	MeOH/1 M HCl (60/40, v/v)

	Extraction volume
	10 mL; 25 mL

	Extraction temperature
	Room temperature; 80 °C

	Extraction time
	15 min; 30 min; 60 min; 90 min; 120 min

	Soaking time of extraction solvent
	None; 15 min; 30 min; 45 min; 60 min

	Dilution of extract solution
	Undiluted; 1:10; 1:5; 1:2

	Clean-up
	Solid phase extraction using Strata® WCX; Oasis® HLB; None




There was a slight trend that samples from Argentina and India yielded worse process efficiencies than those from Brazil. Variations in process efficiencies could be attributed to different protein and carbohydrate contents and compositions or different varieties of soya beans and were not investigated in detail.
In addition to the extraction procedure, the chromatographic analysis was also optimized. Paraquat has, in general, a limited retention and poor peak shape on reversed phase columns, which are commonly used in multi-analyte LC-MS/MS analysis, because of its low hydrophobicity and basic properties. The QuPPe-method provides an alternative approach using the Obelisc R™ column (SIELC Technologies) to achieve an optimum retention and peak shape for paraquat. The Obelisc R column consists of a traditional long hydrophobic chain and negatively charged groups so that Paraquat can be retained by a cation-exchange mechanism (SIELC Technologies, 2015). However, bad chromatograms were partly yielded with the Obelisc R column depending on the sample material (Fig. 1). Most probably, matrix components could not be separated accurately and, thus, interfered with the analyte and suppressed the analyte signal. In conclusion, it was not possible to use the Obelisc R column for the analysis of paraquat in soya bean meal samples. As paraquat is very polar and ionic, another approach for its analysis is hydrophilic interaction liquid chromatography (HILIC) (Hao et al., 2013). With HILIC, paraquat was analyzed in the past in, for example, human urine, cabbage, lake water, palm oil, cereals, and fruits (Whitehead et al., 2010; Robb and Eitzer, 2011; Zou et al., 2014; Francesquett et al., 2019; Halim et al., 2019; Oulkar et al., 2019). For the analysis of paraquat in soya products, there is, to the best of my knowledge, no single residue method published elsewhere. However, based on information and experiences given in the literature, a zwitterionic stationary phase (SeQuant ZIC®-HILIC, Merck) was tested and showed a good retention, electrospray ionization efficiency, and reproducibility (Fig. 1). Consequently, all samples were analyzed using the SeQuant ZIC®-HILIC column.
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Fig. 1Chromatogram for paraquat (186 > 171 m/z) analyzed in soya bean meal using an Obelisc R™ column (top) and a SeQuant ZIC®-HILIC column (bottom)


Monitoring results
Figure 2 presents an overview of the findings of paraquat residues, highlighting the significant differences between the various regions of origin and soya products and between GMO and Non-GMO material. Paraquat was detected in 66 % of the samples above the LOQ of 0.008 mg/kg. The majority of the samples that contained residues came from Brazil with 69 %, followed by Argentina with 4 %, and the USA and Russia with 3 %, respectively. In Brazil, Argentina, and the USA, more than 94 % of the cultivation area is cultivated with genetically modified soya (Ovid, 2018). Given this situation, it is hardly surprising that paraquat residues were almost entirely found in samples from those countries because it is well-known that paraquat-based formulations can still be effectively used when, for example, glyphosate-resistant weeds have developed (Syngenta Crop Protection AG, 2019). A considerable proportion of 18 % of the found paraquat residues could not be assigned to a region of origin so that these data is, unfortunately, rather difficult to interpret. The samples from Austria, Canada, India, Lithuania, PR China, and Ukraine were below the LOQ of 0.008 mg/kg. Those samples were mainly declared as Non-GMO material (except the sample from Canada) and, moreover, the use of paraquat has not been authorized in at least Austria and Lithuania as being members of the EU. Furthermore, 60 % of the samples with paraquat residues were cultivated using genetically modified soybeans, whereas 32 % where cultivated using Non-GMO material. These results agree with the findings of the different regions of origin. Also, the Non-GMO material containing paraquat residues came mainly from Brazil (76 %), followed by Russia (11 %), and Norway (3 %). Figure 2 also reveals that of the different soya products, 88 % of paraquat residues were found in soya bean meal and 9 % in soya bean protein concentrate. Soya beans and soya bean hulls had the lowest proportion of paraquat residues at 2 %, respectively, followed by soya bean expeller with 0 %.
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Fig. 2Overview of the findings of paraquat residues split into (1) ≥ 0.008 mg/kg (LOQ) vs. < 0.008 mg/kg (LOQ), (2) soya products, (3) (non-)genetically modified material, and (4) regions of origin. For a better visualization, values were rounded to the nearest integer so that in sum 100 % may be exceeded


In general, the concentrations ranged from 0.008 to 0.070 mg/kg. As shown in Fig. 3, the concentrations for most of the samples were below 0.04 mg/kg. Only 7 % of the quantified samples were above 0.04 mg/kg and, thus, above the European maximum residue level for soya beans (cf. section Conclusions). The highest paraquat concentration of 0.070 mg/kg was found in one sample GMO-soya bean meal from Brazil. In general, the samples with concentrations above 0.04 mg/kg were mainly soya bean meals that were cultivated (1) in Brazil or the USA and (2) using genetically modified soya. A higher concentration of 0.06 mg/kg was also registered for one sample of soya bean hulls.
[image: ../images/40550_2021_84_Fig3_HTML.png]
Fig. 3Frequency of the paraquat concentrations [mg/kg] observed above the limit of quantification of 0.008 mg/kg


Conclusions
For all agricultural products for food and animal feed, pesticide maximum residue levels are set by the European Commission and, thus, harmonized throughout the EU via the Regulation (EC) No 396/2005 (European Commission, 2005). A maximum residue level (MRL) is the highest level of a pesticide residue that is legally tolerated in or on food or feed. According to Article 19 of Regulation (EC) No 396/2005, agricultural products that exceed MRLs must not be processed and/or mixed for dilution purposes with a view to placing them on the market as food or feed or feeding them to animals. MRLs apply to fresh products, but also to processed products, considering that the processing may cause a dilution or concentration of the pesticide. When assessing whether a sample contains a residue which exceeds the MRL, a default expanded measurement uncertainty of ± 50 % has to be applied. For soya beans, an MRL of 0.02 mg/kg is set, which means that results above 0.04 mg/kg are not compliant with the MRL. For processed soya products like soya bean meal, the enforcement of the MRL is limited. Therefore, so-called processing factors must be considered when checking for compliance. For some pesticide-matrix combinations, processing factors are available via databases, for example via the European database of processing factors for pesticides in food (Scholz et al., 2018). Those processing factors are not legally binding. Nevertheless, they are a useful tool for the assessment of pesticide residues in food and feed. For paraquat in soya products, reliable processing factors are not available, which complicates considerably the enforcement of the MRL according to Regulation (EC) No 396/2005. Our results clearly show that paraquat residues in soya products might exceed the MRL for soya beans of 0.02 mg/kg or 0.04 mg/kg taking into account the default expanded measurement uncertainty. Around 5 % of our samples were not compliant with the MRL and, thus, required national enforcement actions. However,
The lack of processing factors, especially for soya bean meal as the most important soya product in the feed industry, is problematic and complicates the legal enforcement of the MRL. For the future, it is desirable to establish (1) reliable processing factors for paraquat in soya products or (2) MRLs for processed products to strenghten the national authorities in the EU in controlling and enforcing the Regulation (EC) No 396/2005.
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