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Abstract

Environmental contamination with neonicotinoid insecticides represents an issue of wide concern due to their negative effects
on pollinators. The goal of this work was to evaluate the potential use of biomixtures employed in biopurification systems
(BPS) to remove two neonicotinoid pesticides, imidacloprid and thiamethoxam, from wastewater of agricultural origin. The
removal was assayed by quantification of the parent compounds and the detection of putative transformation products of
imidacloprid by means of LC-MS/MS, and mineralization of radiolabeled imidacloprid. Two biomixtures (B1, B2) were
prepared using coconut fiber, compost and two soils pre-exposed to imidacloprid (volumetric composition 50:25:25). After
spiking of neonicotinoids and 228 days of treatment, the removal ranged from 22.3%-30.3% and 38.6%—43.7% for imida-
cloprid and thiamethoxam, respectively. Transformation products imidacloprid-urea, desnitro-imidacloprid and desnitro-
olefin-imidacloprid were detected in both biomixtures. The mineralization of *C-imidacloprid revealed DT50 (mineraliza-
tion half-lives) values of 3466 and 7702 days in the biomixtures B1 and B2, respectively, markedly lower than those in the
soil used in their preparation (8667 and 9902 days, respectively). As demonstrated by these findings, the high persistence
of these compounds in the BPS suggests that additional biological (or physicochemical) approaches should be explored in

order to decrease the impact of neonicotinoid-containing wastewater of agricultural origin.
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Environmental contamination with pesticides is an undesired
consequence of agricultural activities. Despite the develop-
ment of new insecticide molecules, neonicotinoids have
become the most widely used insecticides on the global mar-
ket, with registrations in more than 120 countries since their
introduction in the early 1990s (Casida and Durkin 2013;
Simon-Delso et al. 2015; Tomizawa and Casida 2011). This
type of pesticides is used to control insect pests in agricul-
tural, commercial, residential, and veterinary settings, with
activity attributed to the activation of post-synaptic nicotinic
acetylcholine receptors (nAChR) in insects (Casida and Dur-
kin 2013; Jeschke et al. 2010).

The specificity of neonicotinoids to insects, and their
poor capacity of penetration in the mammalian blood—brain
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barrier, contributes to human safety associated with com-
mercial uses (Tomizawa and Casida 2001, 2005); nonethe-
less, important risk exists for non-target insects exposed to
these compounds. Several neonicotinoid compounds have
shown high toxicity to bees in very small quantities, because
they can be translocated into pollen and nectar (Cresswell
2011; Iwasa et al. 2004). Exposure to sublethal doses of
these pesticides is known to play an important role in the
decline of honey bee populations and colony losses, caused
by the reduced learning, foraging and homing abilities (Fair-
brother et al. 2014; Krupke et al. 2012; Yang et al. 2008).
The concern for pollinators in the European Union has led
to an interruption in the use of three neonicotinoids (clo-
thianidin, thiamethoxam and imidacloprid), starting in 2013
for use on crops that are attractive to bees (corn, canola,
sunflower and cotton) (Regulation No 485/2013). Other
countries are now reviewing the registration status and
guidelines for the use of neonicotinoid insecticides (Hus-
sain et al. 2016).

@ Springer


http://orcid.org/0000-0001-6923-7258
http://crossmark.crossref.org/dialog/?doi=10.1007/s00128-018-2370-0&domain=pdf

138

Bulletin of Environmental Contamination and Toxicology (2018) 101:137-143

Neonicotinoids are also persistent; imidacloprid and
thiamethoxam offer long-term crop protection activity,
with long DTS50 values in aerobic soil conditions of around
3000 days (imidacloprid) and 353 days (thiamethoxam)
(Goulson 2013). Moreover, imidacloprid and thiameth-
oxam are able to accumulate in the food chain (Gibbons
et al. 2015; Morrissey et al. 2015) and contaminate ground
and surface waters (Starner and Goh 2012); for these rea-
sons, they also represent a significant risk to the biota these
ecosystems support. To reduce ecological problems related
to neonicotinoid residues, research has been focused on
their degradation by physicochemical approaches such as
adsorption on granular activated carbon, direct photolysis,
incineration, and advanced oxidation process (AOP) such
as heterogeneous photocatalysis by TiO,, and homogene-
ous photocatalysis by photo-Fenton, which have demon-
strated promising results (Ahmed et al. 2011; Andreozzi
et al. 1999; Kitsiou et al. 2009; Malato et al. 2001). How-
ever, these techniques are usually not a competitive option
due to high cost and the production of several toxic and
persistent subproducts (Ahmed et al. 2011). In contrast,
and likely due to their high persistence in soil, few reports
describe biological degradation of neonicotinoids (Bonma-
tin et al. 2005; Goulson 2013), and as of this moment, the
mineralization of imidacloprid has not been demonstrated
for a single microorganism. Therefore, the search for bio-
logical approaches for the elimination of neonicotinoids
is a topic of interest.

Biopurification systems (BPS) represent a biotechnologi-
cal tool used to minimize point-source contamination with
pesticides from on-farm practices such as handling of formu-
lations (during preparation of application solutions), and dis-
posal of residues from field application (Castillo et al. 2008).
The active core of a BPS is the biomixture, a matrix where
pesticide-containing wastewaters are disposed for fast deg-
radation (Karanasios et al. 2012). The biomixture contains a
lignocellulosic substrate, a humic rich component and soil
at a typical volumetric proportion of 50:25:25 (Karanasios
et al. 2013). The composition of the biomixtures depends on
the availability of agricultural wastes, for this reason their
components should be adapted to local availability; in par-
ticular, the use of soil pre-exposed to the target pesticide is
desired to promote the establishment of microbial degrading
communities. In the case of neonicotinoids, scarce reports
describe their disposal in BPS, usually with unsuccessful
results (Diaz et al. 2016; Huete-Soto et al. 2017).

The aim of this work was to evaluate the removal of imi-
dacloprid and thiamethoxam in two different biomixtures
prepared with tropical agroindustrial wastes and pre-exposed
soils. In order to determine the ability of the matrices to
completely oxidize imidacloprid, the mineralization of
14C-imidacloprid was assayed in the biomixtures and com-
pared with its behavior in soil.
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Materials and Methods

Analytical standards imidacloprid [(E)-1-(6-chloro-
3-pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine]
(99.5% purity), thiamethoxam [(EZ)-3-(2-chloro-1,3-
thiazol-5-ylmethyl)-5-methyl-1,3,5-oxadiazinan-4-
ylidene(nitro)amine] (99.5%), and 6-chloronicotinic
acid (6-chloropyridine-3-carboxylic acid) (99.2%)
were obtained from Chem Service Inc. (West Ches-
ter, Pennsylvania, USA). Radiolabeled imidacloprid,
(imidazolinona-2-'4C-imidacloprid) (4.312 MBq mg™;
radiochemical purity 100%; chemical purity 100%) was
obtained from Izotop (Institute of Isotopes Co., Buda-
pest, Hungary). Commercial imidacloprid (Manager®,
35% w/v) and thiamethoxam (Engeo®, 24.7% w/v) were
purchased from a local market. Carbofuran-d; (surrogate
standard, 98.0%) and linuron-dg (internal standard, 98.5%)
were purchased from Dr. Ehrenstorfer. Acetonitrile and
methanol of HPLC grade, formic acid (purity 98%—-100%),
glacial acetic acid (purity >99.7%), and potassium hydrox-
ide analytical grade were obtained from Merck (Darm-
stadt, Germany). Ultima Gold cocktail Liquid Scintillation
Counting was purchased from Perkin Elmer (Waltham,
Massachusetts, USA).

Soil was collected from the upper soil layer (0-20 cm)
of two different watermelon fields with history of imida-
cloprid application (soil S1 and S2), in San Mateo, Ala-
juela, Costa Rica, and then air-dried and sieved (2 mm).
Garden compost (used as the humic rich component) was
collected from a composting station located at Universidad
de Costa Rica and sieved (2 mm); coconut fiber (lignocel-
lulosic substrate) was acquired at a local market. Biomix-
tures were prepared by mixing coconut fiber, compost and
pre-exposed soil at a 50:25:25 volumetric ratio (Castillo
et al. 2008; Karanasios et al. 2013); two matrices were
prepared, each containing soil from one of the two fields
(biomixtures B1 and B2, containing soil S1 or S2, respec-
tively). The biomixtures were moistened to approximately
75% of maximum water-holding capacity and stored (aged)
at 25°C during 1 month prior to use.

Removal assays were prepared by weighing 5 g of the
biomixture into 12 polypropylene tubes (50 mL); the
procedure was repeated for each biomixture. Each tube
was spiked with commercial imidacloprid (7 mg kg™
and thiamethoxam (5 mg kg~!), manually homogenized
and incubated in the dark at (25 + 1)°C during 228 days.
The concentration of spiking was selected considering
the recommended application indications in the pesti-
cide formulations, the volume of wastewater usually dis-
carded on the biomixture, and the mass of the biomixture
in a cylindrical container (200 L). Water content losses
were frequently adjusted according to the determination
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of the weight of each system. Pesticide concentrations
were determined by sacrificing triplicate systems at times
0, 28, 192 and 228 days for analysis. Extraction of imi-
dacloprid, thiamethoxam and transformation products
from the biomixtures was carried out following a method
described by Ruiz-Hidalgo et al. (2014). Carbofuran-d,
and linuron-dg were added as surrogate and internal stand-
ard, respectively. Analyses were performed by LC-MS/
MS using ultra high performance liquid chromatography
(UPLC-1290 Infinity LC, Agilent Technologies, CA)
coupled to a triple quadrupole mass spectrometer (model
6460). Chromatographic separation was done at 40 °C by
injecting 6 pL samples in a Poroshell 120 EC-C18 col-
umn (100 mm X 2.1 mm i.d., particle size 2.7 um), and
using acidified water (formic acid 0.1% v/v, A) and acidi-
fied methanol (formic acid 0.1% v/v, B) as mobile phases.
The mobile phase flow was 0.3 mL min~! at the following
conditions: 30% B for 3 min, followed by a 15 min linear
gradient to 100% B, 4 min at 100% B and 0.1 min gradi-
ent back to 30% B, followed by 4 min at initial conditions.
Selected transitions, limits of detection (LOD) and limits
of quantification (LOQ) for imidacloprid, thiamethoxam
and the transformation product 6-chloronicotinic acid are
shown in Table 1; recoveries were: imidacloprid 96%; thi-
amethoxam 103%. Conditions of the mass spectrometry
detector are described in Chin-Pampillo et al. (2015b).
Detection of transformation products from imidacloprid
(olefin-imidacloprid; 5-hydroxy-imidacloprid; imidaclo-
prid urea; desnitro-imidacloprid HCI; desnitro-olefin-
imidacloprid) was done using the ion transitions reported
by Kamel (2010).

The mineralization of '*C-imidacloprid was determined
through *CO, production in biometer flasks containing
14C0, traps with 10 mL KOH (0.1 M) (Ruiz-Hidalgo et al.
2014). Fifty grams of either pre-exposed soil or biomixture

were weighed into each biometer flask and spiked with com-
mercial imidacloprid (50 mg kg™!) and *C-imidacloprid
(4.312 MBq mg™!); pre-exposed soil alone was used as a
control to compare the mineralization in biomixtures. The
systems were incubated in the dark at 25 + 1°C for a period
of 203 days. The KOH solution in the flasks was withdrawn
at selected times and replaced with the same amount of fresh
solution. Activity of '*C from the '*CO, produced due to
14C-imidacloprid mineralization was analyzed in the KOH
samples: scintillant liquid (8 mL) was added to 2 mL ali-
quots from samples and the '*C activity from the trapped
14CO2 was measured using a liquid scintillation counter
(LS6000SC, Beckman Instruments Inc., USA). The total
cumulative 14CO2 activity evolved from the pesticide and the
initially added activity of '*C-imidacloprid were used to cal-
culate the percentage of mineralized '“C-pesticide. Pesticide
mineralization was fitted according to a first order model.

Results and Discussion

The removal profile of the neonicotinoid insecticides in the
biomixtures is shown in Fig. 1. The biomixture B1 showed
higher efficiency after 228 days of treatment, removing
30.3% imidacloprid and 43.7% thiamethoxam, compared
to the biomixture B2, in which the elimination was 22.3%
and 38.6% for imidacloprid and thiamethoxam, respectively.
It is remarkable that most of the elimination took place in
the first month of operation, time after which the removal
became quite slow (as particularly observed for the biomix-
ture B2). This can be partly explained due to the aging of the
insecticides in the biomixture, a reason used to describe the
difficult process of biodegradation of aged imidacloprid in
soil (Anhalt et al. 2007), and to the sorption of imidacloprid
to lignin (Diaz et al. 2016), which represents an important

Table 1 Selected transitions and other parameters used in the detection of neonicotinoid pesticides in the biomixtures, using the dynamic multi-

ple reaction monitoring (AMRM) method

Compound Transition Fragmentor (V) Collision Type of LOD (ug kg™ LOQ (ug kg™
) ; energy (V) transition
Precursor ion Product ion

Imidacloprid 256 209 72 13 Q 69 133
175 17 q

Thiamethoxam 292 211 82 9 Q 38 76
181 21 q

6-Chloronicotinic acid 158 122 110 15 Q 4.8 10
78 25 q

Linuron-dg (i.s.) 255 160 92 17 Q - -
185 13 q

Carbofuran-d, (s.s.) 225 165 86 9 Q - -
123 21 q

Q quantification transition, ¢ qualifier transition, i.s. internal standard, s.s. surrogate standard, LOD limit of detection, LOQ limit of quantifica-

tion
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Fig. 1 Removal profiles of imidacloprid (filled circles) and thiameth-
oxam (open circles) in biomixtures containing soil pre-exposed to
imidacloprid, B1 (a) and B2 (b), during a period of 228 days. Values
plotted are means + SD for triplicate systems

fraction of the biomixture. Moreover, the formation of
pseudo-anaerobic microenvironments within the biomixture
may have exerted a negative influence in the late elimination
of the insecticides, as aerobic transformation of pollutants
tends to be faster in most cases, except for multi-halogenated
compounds (Bunge and Lechner 2009; Haritash and Kau-
shik 2009).

The efficiency of BPS for the removal of pesticides relies
on biomixture composition; soil, which should be prefer-
entially pre-exposed to the target pesticide provides most
of the degrading microbiota of the system (Chin-Pampillo
et al. 2015a); in addition, the lignocellulosic substrate (coco-
nut fiber in this case), promotes the growth and activity of
lignocellulosic fungi, which exhibit the capacity to trans-
form diverse organic pollutants (Asgher et al. 2008), and
consequently the release of additional C-sources for other
microbial communities. Therefore, the synergic effect of
these populations theoretically translates into faster pesti-
cide removal than using the soil alone. In a work by Diaz
et al. (2016), biomixtures using vermicompost were not able
to significantly remove imidacloprid (<20% after 30 days
in every case), even using bioaugmentation of the matrices

@ Springer

with autochthonous microorganisms. Another study failed
to demonstrate neonicotinoid elimination (imidacloprid and
thiamethoxam) in compost-based biomixtures (Huete-Soto
et al. 2017), nonetheless, that work used a matrix with a
different composition and lasted only 120 days, in contrast
to the 228 days in this work; moreover, the biomixture
employed in those reports did not use soil pre-exposed to the
neonicotinoids, a highly critical aspect to consider in order
to attain an adapted degrading population in the biomixture
(Sniegowski et al. 2011; Sniegowski and Springael 2015).
Despite achieving some removal of both compounds, the use
of pre-exposed soil (to imidacloprid in this case), did not
warrant a complete or fast removal. Interestingly, the effi-
ciency showed in biomixtures did not necessarily improve
natural attenuation described in soil, in which DT50 values
ranged from 28 to 1230 days and 7-353 days for imida-
cloprid and thiamethoxam, respectively (Goulson 2013),
depending on the soil. Nonetheless, taking into account the
highest DT50 values reported, it is clear that these com-
pounds tend to be extremely persistent in the environment.

Several transformation products from imidacloprid
were analyzed in the biomixture samples. Remarkably,
neither imidacloprid-olefin, a relevant metabolite found
in soil, nor 6-chloronicotinic acid, also described in soil
(Lewis et al. 2016), were detected during the treatment
process. 6-Chloronicotinic acid has been described as the
major metabolite produced in the transformation of imida-
cloprid by a degrading strain of Mycobacterium in liquid
media (Kandil et al. 2015). Similarly, 5-hydroxy-imida-
cloprid and olefin-imidacloprid, two of the most common
metabolites described by bacterial transformation were not
detected; in particular, the olefin metabolite is considered
as a much more toxic compound to insects than the par-
ent imidacloprid (Dai et al. 2006), reason why its absence
from the biomixtures is highly desirable. Instead, three
transformation products were detected as shown in Fig. 2,
imidacloprid-urea, desnitro-imidacloprid (imidacloprid-
guanidine) and desnitro-olefin-imidacloprid. Imidaclo-
prid-urea has been reported in soil (Anhalt et al. 2008),
and in the transformation by strains of Leifsonia sp. and
Enterobacter sp. (Sharma et al. 2014). Desnitro-imida-
cloprid has been reported as the main metabolite found in
tomato leaves developed in soil contaminated with imida-
cloprid (Alsayeda et al. 2008), in imidacloprid transforma-
tion in soil (Liu et al. 2011), and also in the transformation
pathway of imidacloprid by degrading strains of Klebsiella
pneumonia (Phugare et al. 2013) and Leifsonia sp. (Anhalt
et al. 2007). Kandil et al. (2015) reported both compounds
as minor metabolites from transformation by Mycobacte-
rium. Two routes are known to produce desnitro-imida-
cloprid in soil: first, reduction of the nitro group to form
the nitroso metabolite and subsequent loss of this group;
and second, the direct denitration of the nitro group (Liu
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Fig.2 Time-course detection of transformation products from imida-
cloprid in the biomixtures B1 (filled circles) and B2 (open circles).
Results are expressed as relative areas with respect to the largest area
detected per metabolite. Transformation products: imidacloprid-urea
(a), desnitro-imidacloprid (b), and desnitro-olefin-imidacloprid (c).
Values plotted are means + SD for triplicate systems

et al. 2011). Interestingly, this product is considered as a
detoxification metabolite for insects (Nauen et al. 1998),
and might suggest in the present case, that detoxification is
taking place in the biomixtures. The oxidation of desnitro-
imidacloprid is known to produce imidacloprid-urea in
soil (Liu et al. 2011); moreover, this reaction has been

2.5 Vv
v

Vv

"*C-imidacloprid mineralized (%)
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Fig. 3 Mineralization of “C-imidacloprid represented as % '4CO,
evolved from the biomixture (or soil) over a period of 203 days. Bio-
mixtures B1 (filled inverted triangles) and B2 (open diamonds); soil
S1 (filled circles) and S2 (filled squares).Values plotted are means for
triplicate systems; SD were < 10% in every case

also suggested in the transformation by a strain of Pseu-
domonas sp. in liquid medium (Pandey et al. 2009). Analo-
gous desnitro- and urea- metabolites have been described
during the transformation of thiamethoxam (Hussain et al.
2016; Pandey et al. 2009).

The results of '*C-imidacloprid mineralization over a
period of 203 days are shown in Fig. 3. Overall, minerali-
zation values were low, reaching 1.34% (S1), 1.35% (S2),
1.81% (B2) and a maximum of 2.56% in the biomixture B1.
Estimation of mineralization DT50 revealed values of 8664
and 9902 days in soils. The mineralization was in both cases
higher in the biomixture than in the soils used in their prepa-
ration, resulting in DT50 values of 3466 days for B1 and
7702 days in B2. Both mineralization and removal of imi-
dacloprid were achieved at higher extent in biomixture B1;
accordingly, soil S1 exhibited a lower mineralization DT50
value than S2. Mineralization DT50 values are expected to
be longer than removal half-lives, given that the former pro-
cess involves a more complex series of reactions to achieve
the complete oxidation of the pesticide to 14C02, while the
removal only requires a minimal transformation of the parent
compound to detect a decrese in its concentration.

Reports of imidacloprid mineralization in biological
matrices are scarce in specialized literature; in a previous
work by Anhalt et al. (2007), the authors reported no miner-
alization of “C-imidacloprid in liquid medium after 21 days
by a bacterial strain capable to transform the insecticide into
products such as desnitro-imidacloprid, imidacloprid-urea
and several unidentified metabolites. On the other hand, Diaz
et al. (2017) achieved mineralization values ranging from 7%
to 10% after 90 days in soils amended with vermicompost
(higher than non-amended soils); such finding suggests that
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the addition of vermicompost could be an interesting way to
enhance the performance of biomixtures.

Summarizing, two biomixtures prepared with soil
pre-exposed to imidacloprid were capable to remove
22.3%-30.3% imidacloprid and 38.6%—43.7% thiameth-
oxam after 228 days (Fig. 1). The most toxic transforma-
tion products from imidacloprid were not detected; instead,
the metabolites imidacloprid-urea, desnitro-imidacloprid
and desnitro-olefin-imidacloprid were detected in both bio-
mixtures. Additional ecotoxicological test would provide a
more accurate estimation of the detoxification in the matrix.
Consistently, the most efficient biomixture in terms of
removal and mineralization of neonicotinoids was the same.
Although biomixtures proved to achieve faster mineraliza-
tion than the respective soils, elimination in these system
remains quite slow and the search for alternate biological
approaches to treat neonicotinoid-containing wastewater is
highly recommended.
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