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Abstract Fipronil is a highly active, broad spectrum
insecticide with increasing and wide use. The degrada-
tion of fipronil was studied in Brazilian soil under oxic
and anoxic conditions. Under oxic conditions, the half-
life of fipronil was 16.9 days, with fipronil sulfone as the

main metabolite, and no further degradation during 30
days of incubation. This degradation was accompanied
by an increase of bacterial and archaeal ammonia oxi-
dizers, as well as denitrifiers, and microorganisms relat-
ed to Sphingomonas. Under anoxic conditions, a half-
life of 15.7 days for fipronil was obtained, with fipronil
sulphide as the primary metabolite, and fipronil sulfone
at lower concentrations, with no further degradation of
these metabolites during 90 days of incubation. In these
conditions, complete degradation of fipronil was accom-
panied by an increase of denitrifiers, iron-reducers and
ammonia oxidizers and selection of microorganisms
that are related to unculturedClostridiales (family VIII).
Sulphate reducers and methanogens and most of the
microbial community were not affected by fipronil and
its metabolites. Toxicity evaluation, using in vitro
effect-based CALUX assays confirmed that the metab-
olites have a similar toxic potency as compared to the
parent compound fipronil. Therefore, the potential
(eco)toxicity of fipronil does not seem to decrease upon
microbial degradation.

Keywords Fipronil . Soil . Oxic and anoxic
biodegradation . Sphingomonas andClostridiales .
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1 Introduction

Brazil is the world’s largest producer of sugar cane, and
the increase in crop production is expected to reach
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3.1% by 2019/2020 harvest, with 343 thousand tonnes
of the product expected to be harvested in São Paulo
state alone (UNICA, 2020). The São Paulo state is
responsible for respectively 65% and 34% of ethanol
and sugar production (UNICA, 2020). Productivity of
sugarcane crops ismaintained by soil management, such
as addition of organic matter and nutrients, through the
use of vinasse and filter cake, maintenance of sugarcane
straw on the soil surface, crop rotation, development of
new cultivars and use of pesticides (Bordonal et al.,
2018). Due to restrictions of the use of organochlorine
and organophosphate insecticides, the application of
fipronil is increasing (Cappelini et al., 2018). This in-
secticide is applied in sugarcane plantation as Regent®
800 WG to control Lepidoptera and Orthoptera on crops
and Coleoptera larvae in soils. As a result, the environ-
mental fate of fipronil is becoming increasingly
important.

F i p r o n i l , 5 - a m i n o - 1 - [ 2 , 6 - d i c h l o r o -
4-(trifluoromethyl)phenyl]-4[(trifluoromethyl) sulfinyl]-
1H-pyrazole-3-carbonitrile, is a phenyl pyrazole insecti-
cide that reacts with the central nervous system of insects
via blockage of chloride channels, regulated by gamma-
aminobutyric acid (GABA) (Gunasekara et al., 2007).
Although fipronil is harmful to biodiversity, a third of the
world’s insecticide market is dominated by it due to its
broad spectrum and high activity (Gunasekara et al., 2007;
van der Sluijs et al., 2015).

Fipronil has four major degradation pathways, in-
cluding oxidation, reduction, photolysis and hydrolysis,
with formation of fipronil sulfone, fipronil sulphide,
fipronil desulfinyl and fipronil amide, respectively
(Gunasekara et al., 2007). Like fipronil, its metabolites
are biologically active and may pose a risk to non-target
organisms, such as pollinators (bees and bumblebees),
butterflies and moths and earthworms (Bonmatin et al.,
2015; Pisa et al., 2014). Although some metabolites are
more toxic than fipronil itself (Schlenk et al., 2001), they
can be further degraded by microorganisms (Masutti &
Mermut, 2007; Tan et al., 2008), with reported half-life
data of fipronil in soil ranging from 3 days to 7 months.

Many factors influence the degradation rate of
fipronil, such as temperature, moisture, formulation
and soil composition (Masutti & Mermut, 2007; Zhu
et al., 2004). Furthermore, the availability of electron
acceptors determines whether the insecticide is degrad-
ed under oxic and anoxic conditions. Moreover, the
presence of microorganisms capable of biodegradation
of the target compound fipronil and its metabolites is

important. Under oxic conditions, microorganisms such
as Burkholderia thailandensis, Paracoccus sp.,
Acinetobacter calcoaceticus, Acinetobacter oleivorans,
Stenotrophomonas acidaminiphila (Proteobacteria
phylum) and Bacillus thuringiensis (Firmicutes phy-
lum) were found to degrade fipronil and metabolites
(Abraham & Gajendiran, 2019; Cappelini et al., 2018;
Kumar et al., 2012; Uniyal et al., 2016a, b). Under
anoxic conditions, only a few reports describe the deg-
radation of fipronil, and no information exist about the
involved microorganisms (Brennan et al., 2009; Doran
et al., 2009). Fertirrigation of sugarcane plantation with
vinasse is a common practice, and literature shows that
long-term application of raw sugarcane vinasse to soils
can cause anoxic condition due to the excessive input of
organic matter to soils (Fuess et al., 2017, 2018). For
example, Fuess et al. (2018) showed that the applied
organic load (AOL) into the soils could reach over 2.0
ton-BOD ha−1 what is equivalent a pollution load for
population densities over 117 inhab ha−1. Hence, it is
important to identify the anoxic degradability of fipronil
and its metabolites.

In this research, oxic and anoxic biodegradation of
fipronil and its metabolites were assessed in micro-
cosms with soil from sugarcane plantation. Metabolites
formed were identified, and fipronil degradation rate
was determined. In order to assess the toxic potency
of fipronil and its degradation products, several
CALUX® reporter gene assays were performed. This
CALUX® reporter gene assay panel consisted of seven
human cell-based assays, each able to measure chemi-
cal interactions between a test compound and a specific
nuclear receptor or cell signalling pathway (van der
Burg et al., 2013). Finally, microorganisms were char-
acterized in the microcosms by qPCR and 16S rDNA
gene metagenomics.

2 Material and Methods

2.1 Chemicals

Fipronil (CAS 120068-37-3) and its metabolites
(fipronil sulphide (CAS 120067-83-6), fipronil sulfone
(CAS 120068-36-2), fipronil amide and fipronil
desulfinyl (CAS 205650-65-3)) were purchased from
AccuStandart® (100 μg mL−1 acetone). Stock solutions
of individual compounds of 1 and 10 μg mL−1 were
prepared in acetone (HPLC grade) and stored at −20°C.
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2.2 Soil Samples

Soil samples were collected in APTA (Agência Paulista
de Tecnologia Agropecuária – Região Centro Sul), in
Piracicaba City, São Paulo, Brazil according to proce-
dures previously described in Tomazini et al. (2020).
The sandy-clay soil was used with the following
granulometric characteristics: 55.74% of clay, 5.90%
of silt and 38.36% of sand, as previously described
(Tomazini et al., 2020).

2.3 Biodegradation of Fipronil

Biodegradation of fipronil was evaluated in batch bottles
under oxic and anoxic conditions in Duran flasks of 250
mL containing 100 g of sieved andmoisturized soil (set at
70% by adding sterile deionized water), to promote the
bioavailability of fipronil in soil (Masutti & Mermut,
2007; Tan et al., 2008). Prior to filling the bottles, they
were autoclaved at 121°C for 30 min. Filling of the
bottles was performed under aseptic conditions. Before
addition of fipronil, the soil was maintained for 30 min in
ambient temperature for moisture stabilization. Fipronil
was added to all flasks in a final measured concentration
of 1.42 μg g−1 of wet soil or 1.08 μg g−1 of wet soil for
respectively oxic and anoxic conditions and nitrate in
concentration of 4 g NO3

− g−1 of soil. The application
of fipronil was chosen according to Regent®W800 label
recommendation, 160–400 g.a.i ha−1, which corresponds
to a final concentration of fipronil of 0.32–0.80 μg g−1

soil, just after application at 0–5 cm depth. The bottles
were closed with air-permeable, sterile cellulose plugs for
oxic condition. For anoxic condition, flasks were flushed
with nitrogen for 5 min, sealed with rubber stoppers and
closed with butyl covers under a N2 atmosphere. Abiotic
control, for oxic and anoxic incubations, containing
fipronil and autoclaved soil was taken along and for oxic
and anoxic conditions. The soil was autoclaved for three
consecutive days at 121°C under 15 psi chamber pressure
for 30 min. All conditions, including the abiotic control,
were performed in triplicate and incubated in a climate
chamber at 37 ± 1°C in the dark. Samples for analyses
were collected at day 0, 3, 6, 15, 20 and 30 days for the
oxic incubations and at day 0, 10, 20, 30, 45, 60 and 90
for the anoxic incubations. In the abiotic control at oxic
and anoxic conditions, fipronil at day 0 was measured in
parallel series. Per sampling day, an amount of 2.7 g of
soil was collected from the flasks and used for quantifi-
cation of fipronil and metabolites, and 40 g was

transferred to sterile Falcon flasks of 50 mL and stored
at −20°C for molecular assays.

2.4 Extraction Procedure

Prior to quantification with gas chromatography,
fipronil and metabolites were extracted from soil by 3
mL acetone and 3 mL hexane, following the procedures
previously described in Tomazini et al. (2020). The
recovery values of the method were between 81 and
108 %, with relative standard deviation (RSD) lower
than 6%, with no effect of the used matrix. Limits of
detection (LOD) from 0.002 to 0.006 μg g−1 and limits
of quantification (LOQ) from 0.006 to 0.020 μg g−1

were reached for all analytes (Tomazini et al., 2020).
In order to correct a matrix effect, the recovery test was
done for each batch disassembled. Additionally, for
each sampling round, a new calibration curve was done.

For the CALUX reporter gene bioassay analysis, the
following extraction procedure was used. Soil samples
were freeze-dried, and 10 g of each sample was extracted
using accelerated solvent extraction (ASE) with acetone/
hexane 1:1 (v/v). As a first clean-up step to remove any
residual water, columns were filled with 15 g alumina
with 0.5 cm of Na2SO4-anhydrous on top. The columns
were equilibrated with 10 mL hexane. Then, the samples
were loaded on the column and subsequently eluted with
3×50mL hexane. The hexane was evaporated to dryness,
and the extracts were dissolved in 600 μL dichlorometh-
ane. As a second clean-up step, gel permeation chroma-
tography (GPC) was performed using two Styragel col-
umns coupled in series (2×Waters Styragel Column, HR
0.5, 5 μm, 7.8 mm × 300 mm, THF), which were fitted
with a guard column (Waters Styragel Guard Column, 20
μm, 4.6 mm × 30 mm, THF). The dicloromethane flow
was set at 1mL/min. Samples were injected as 3 × 200
μL. The fraction used for CALUX analyses was collected
in the 4.5–10 min time interval; this fraction contains
components of MW 200–400. Dichloromethane was
evaporated to dryness, and the extracts were dissolved
in 150 μL DMSO.

2.5 Kinetics Analysis

First-order degradation rates for fipronil were obtained
by fitting fipronil degradation data from each experi-
ment to a first-order kinetic equation according to Mar-
tins and Mermoud (1998), and the corresponding half-
lives (t1/2) were calculated.
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2.6 Chemical Analyses

The GC-ECD used to detect fipronil and metabolites
was a Shimadzu GC-2010 (Japan) chromatograph
equipped with an autosampler. Chromatographic condi-
tions are described in Tomazini et al. (2020).

2.7 Microbial

2.7.1 DNA Extraction

DNA from the soil that was used as inoculum and from
biodegradation batches was extracted using PowerSoil®
DNA Isolation Kit (Mobio) according to manufacturer’s
instructions. Absorbance measurements (230, 260 and
280 nm) of the DNA solution were performed using
ND-2000 spectrophotometer (Nanodrop Inc., Wilming-
ton, DE) for quantification and determination of purity.
DNA was extracted from the inoculum at t=0 day, from
the biodegradation experiments at 6, 15 and 30 days of
incubation under oxic condition and at 10, 20 and 60
days of incubation under anoxic condition.

2.7.2 qPCR Analyses

Samples were analysed by qPCR using specific primers
for 16S rDNA gene (total bacteria, total archaea), nirK
gene (denitrification), Geobacter 16S rDNA gene (iron-
reducers), drsA gene (sulphate reducers) mcrA gene
(methanogens), bacterial Amoa and archaeal Amoa
genes. Thus, total bacteria, total archaea, denitrifying
bacteria, iron-reducing bacteria, sulphate-reducing bac-
teria and the methanogenic archaea communities were
quantified. All qPCR analyses were performed on an
IQ5 real-time PCR system (Bio-Rad) using different
temperature programmes dependent on the used proto-
col. The temperature programme for denitrifying bacte-
ria was 95°C for 3 min, 46 cycles 95°C for 15 s, 63°C
for 30 s, 72°C for 30 s, 72°C for 5 min, 95°C for 1 min,
56°C for 1 min and 75 cycles 58°C for 10 s. The total
bacteria, total archaea, methanogens, sulphate-reducing
bacteria and iron-reducing bacteria weremeasured using
the following temperature programme: 94°C for 3 min,
35 cycles 94°C for 30 s, 58°C for 30 s, 72°C for 30 s,
72°C for 5 min, 95°C for 1 min, 58°C for 1 min, 75
cycles 58°C for 10 s and a final hold of 12°C. For the
detection of the microbial groups, different forward and
reverse primers in a final concentration of 0.6 pmol
μL−1 were used (Table 1).

The protocols used for qPCR in this research exper-
iment contained the fluorescent dye SYBR® Green I.
For every reaction 22 μL of SYBR®, Green I mix was
used, and 3 μL of DNA was added on the plate.

2.7.3 Microbial Metagenomic and Sequence Data
Analyses

For metagenomic analysis, the 16S rDNA genes were
amplified using the primer set described in Klindworth
et al. (2013) containing adapter overhangs, according to
manufacturer’s recommendations (Illumina manual).
Amplicon sequencing was performed using an Illumina
MiSeq platform, following the manufacturer’s guide-
lines, for paired end samples, using the MiSeq v3 kits.

Raw reads were subjected to quality control using
SolexaQA++ dynamic trim (Cox et al., 2010) and a
homemade Perl script (available upon request) to re-
move short reads (less than 50bp). Paired ends needed
reorganization using PAIRFQ (open license) and were
joined with PANDASEQ (Masella et al., 2012), using
standard configuration. Singlets which passed quality
control were added to the joined pairs and processed
alongside. Chimeric sequences were checked with
Uchime (Edgar et al., 2011) in the de novomode within
CATCh (Mysara et al., 2015). To ease computing, exact
replicates were joined with grep in command line, and
operational taxonomic units (OTUs) were clustered with
SWARM (Mahé et al., 2014). Finally, OTUs were an-
notated in Mothur 1.36 (Schloss et al., 2009) with
classifiy.seqs, against Silva SSU database (v1.32)
(Quast et al., 2013).

Table 1 Forward and reverse primers for different microbial
groups

Microbial group Forward primer Reverse primer

Total bacteria 519F1 907R2

Total archaea Arch0025F3 Arch344R3

Denitrifying bacteria NirK876_F4 NirK1040_R4

Iron-reducing bacteria GEO564F5 GEO840R5

Sulphate-reducing bacteria DsrA1F6 DsrA500R7

Methanogenic archaea ME1F8 ME3R8

Ammonia-oxidizing archaea Arch-amoAF9 Arch-amoAR9

Ammonia-oxidizing bacteria amoAF10 amoAR10

1 Lane, 1991, 2Muyzer & Ramsing, 1995, 3Vetriani et al., 1999,
4 Henry et al., 2004, 5 Holmes et al., 2002, 6Wagner et al., 1998,
7 Dhillon et al., 2003, 8 Hales et al., 1996, 9 Francis et al., 2005,
10 Okano et al., 2004
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2.7.4 CALUX Reporter Gene Assays

ERα CALUX, AR CALUX (Sonneveld et al., 2005)
and the PXR CALUX (van der Burg et al., 2013) were
used, which are all human U2-OS cell lines stably
transfected with an expression construct for the human
oestrogen (ER), androgen (AR) or pregnane X receptor
(PXR) and a reporter construct consisting of
multimerized responsive elements for the cognate re-
ceptor coupled to a minimal promoter element (TATA)
and a luciferase gene. Furthermore, three U2-OS-based
singly transfected lines expressing only a reporter gene
were used. They were designed to selectively measure
activation of the endoplasmic reticulum stress pathway
(ESRE), the tumour suppressor protein p53 pathway or
the oxidative stress Nrf2 pathway, respectively (van der
Burg et al., 2013; van der Linden et al., 2014). The
Cytotox CALUX was used as a control line for non-
specific effects and consists of human U2-OS cells
stably transfected with an expression construct constitu-
tively expressing the luciferase gene (van der Linden
et al., 2014).

Cells were maintained as described previously
(Sonneveld et al., 2005). The automated CALUX assays
were carried out on a Hamilton STARlet as described
earlier (van der Burg et al., 2015).

GraphPad Prism was used to fit a sigmoidal curve
through the data (sigmoidal dose response). The EC10
concentration was defined as the concentration where
the response elicited by the test compound equals 10%
of the maximum response of the reference compound.
For antagonist experiments, EC20 values were deter-
mined instead, which was defined as the concentration
where the test compound causes 20% inhibition of the
basal signal elicited by the receptor agonist which was
set to 100% (van Vugt-Lussenburg et al., 2018).

Results are expressed in PC10 (Log[(M)]). PC10
being the concentration where the signal elicited by
the compound equals 10% of the maximum signal elic-
ited by the reference compound.

3 Results and Discussion

3.1 Fipronil Biodegradation

Fipronil concentrations decreased under both oxic and
anoxic conditions (Fig. 1, Supplement Material
Tables S3 and S4), whereas our abiotic controls showed

only a limited decrease (< 19 %) in fipronil concentra-
tion (Supplement Material; Tables S1, S2). These data
show that microbial biodegradation was the main re-
moval mechanism of fipronil.

At oxic conditions, fipronil was degraded with a lag
phase of 6 days, and 0.83 μg g−1 was degraded during
the first 15 days, corresponding to 58% fipronil remov-
al. The removal followed first-order kinetics with t1/2 of
16.9 days (Table 2). After 15 days, fipronil showed only
a small further decrease (Fig. 1a). The main metabolite
was fipronil sulfone, indicating the oxidative degrada-
tion pathway. Fipronil sulfone was produced in the
batches, and its net production was more than its degra-
dation. Furthermore, fipronil sulphide was detected at
0.12 μg g−1 at day 30. Another known intermediate,
fipronil desulfinyl, was not detected in these batches.
Similar results were observed by Tan et al. (2008) where
both fipronil sulfone and fipronil sulphide were detected
as intermediates. In contrast, only 16% removal of 1 μg
g−1 fipronil in soil after 30 days was shown in another
study. Fipronil sulfone was detected as main metabolite,
followed by fipronil sulphide, and both were further
degraded (Masutti & Mermut, 2007).

Under anoxic conditions, 1.08 μg g−1 of fipronil was
added to soil samples and completely degraded within
60 days, without a lag phase, with 70% of removal
during the first 20 days (Fig. 1b). The removal followed
first-order kinetics with a half-life of 15.7 days
(Table 2). Fipronil sulphide was the main metabolite,
followed by fipronil sulfone, which was detected at
lower concentrations (Fig.1b), indicating reductive deg-
radation of fipronil. These metabolites were produced
during the first 20 days and not further degraded during
the 90 days incubation, as observed by others (Doran
et al., 2009; Tan et al., 2008). For example, Tan et al.
(2008) observed degradation of 1.8 μg g−1 of fipronil
within 60 days via a reductive pathway with formation
of fipronil sulphide that was not further degraded.

3.2 Microbial Quantitation by qPCR

qPCR analyses were performed on the DNA extracted
from the inoculum (time 0) and oxic and anoxic soil
samples to gain insight in the microbial community
present, functional genes and their development in time.
Total archaea increased linearly throughout the incuba-
tion period, while total bacteria numbers increased
mainly during the first 15 and 20 days for oxic and
anoxic incubations, respectively (Fig. 2).
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Our data were analysed for the presence of specific
functional groups, such as denitrifiers, iron reducers, sul-
phate reducers, methanogens and ammonia oxidizers.
Bacterial and archaeal ammonia oxidizers were identified
in oxic incubations, as well as denitrifiers (Fig. 2a). This
shows that neither fipronil nor fipronil sulfone affected the
presence of these functional guilds. In the anoxic incuba-
tions, a sequential follow-up of denitrifiers, iron-reducers
and ammonia oxidizer was detected at the beginning of the
incubation period until the 20th day of incubation. This
coincides with the degradation of fipronil, followed by an
increase of sulphate reducers and methanogens at the end
of incubation period (Fig. 2b). These results indicate that
denitrifiers, iron-reducers and/or ammonia oxidizers could
have been involved in fipronil degradation. Furthermore,
the formed metabolite fipronil sulphide did not affect
sulphate reducers and methanogens that were selected by
the anoxic environment and organic matter present in soil.

3.3 Characterization of the Microbial Community

To get insight into the taxonomic groups that were
present in the inoculum and the incubations with

fipronil, 16S rDNA genes were accessed through
metagenomic analysis. Amplicon sequencing provided
5,164,454 raw reads, counting both ends sequenced. A
few short sequences were removed in the reverse end in
each sample. We formed 2,531,226 joined reads after
quality control and kept 42,321 high-quality singlets to
the analysis in total. Altogether 2,125,485 reads were
annotated as OTUs, although part of it is unknown. The
inoculum comprised 246,641 reads, the oxic condition
added up to 986,369 reads (average 328,790±42,607)
and the anoxic condition summed 892,475 reads (aver-
age 297,492±48,901). The Bacteria domain was pre-
dominant in the inoculum (97.51%) and oxic (97.44
±0.28%) and anoxic (96.63±0.56%) incubations.

At higher taxonomic levels (phylum/class), a diverse
composition was shown in the soil used as inoculum for
the biodegradation of fipronil, as shown in Fig. 3a. The
major phyla Proteobacteria, Actinobacteria and
Chloroflexi observed in our study were reported to
comprise 38%, 30% and 4.3% of global soil bacteria
(Delgado-Baquerizo et al., 2018). Proteobacteria and
Actinobacteria were also reported in contaminated soils
with representatives capable of degrading other pesti-
cides (Alvarez et al., 2017; Kaur et al., 2015).

The overall structure of the inoculum microbes was
maintained throughout the incubation period in the soil
spiked with fipronil and incubated under oxic condition
(Fig. 3a). However, the presence of fipronil seemingly
selected some of these groups, such as Alpha- and
Gammaproteobacteria. In our study, the most abundant
alphaproteobacterial genus after fipronil exposure was
Sphingomonas (2.73±0.57%, Fig. 3b), with the highest

Fig. 1 Concentration profile of fipronil and its intermediates under (a) oxic and (b) anoxic conditions. Values represent the averages of the
triplicates (Supplementary Material, Tables S3, S4)

Table 2 First-order rate constant (k), half-life time (t1/2) and
coefficient of determination (R2) for the degradation of fipronil
under oxic and anoxic conditions

Experiment k (day−1) t1/2 (days) R2 Experiment

Oxic 0.041 16.9 0.89 Oxic

Anoxic 0.044 15.7 0.99 Anoxic
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relative abundance (3.35%) detected after 15 days of
incubation, corresponding to the complete degradation
of fipronil (Fig. 1a). Sphingomonas strains have the
capability to degrade herbicides (Adkins, 1999), insec-
ticides (Yu et al., 2013) and heavy metals (Chien et al.,
2008). Our results suggest that this genus is also in-
volved in the degradation of fipronil.

For the anoxic incubation, a selection of Firmicutes
(from 2.17 to 39.6±6.42%) was observed, mainlyClostrid-
ia (from 0.34 to 30.48±6.77%; Fig. 2a). Uncultured
Clostridiales (family XVIII) which averaged 11.54

±7.15% peaked at the 20th day of incubation (18.07%;
Fig. 3b), corresponding to the largest reduction of fipronil
(Fig. 1b). These results suggest that microorganisms of this
genus could be involved in fipronil degradation anaerobi-
cally. Although there is no report about the capability of
Clostridiales to degrade fipronil, different Clostridium sp.
was reported in hydrocarbon contaminated soil (Bastida
et al., 2010). Strains of Clostridium are also capable of
degrading 2,4,6-trinitrotoluene under anaerobic condition
(Ederer et al., 1997); Lewis et al., 1997) and both
Fenpropathrin (Zhang et al., 2011) and Dinoseb via co-

Fig. 2 Copy numbers of different genes from the inoculum (soil, t=0) and incubations with fipronil at 6, 15 and 30 days for oxic condition
(a) and at 10, 20 and 6 days for anoxic condition (b)
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metabol ism (Hammil l & Crawford , 1996) .
Ktedonobacteria, Alphaproteobacteria and Actinobacteria
were the classes most impacted by the presence of fipronil
in the anoxic condition (Fig. 3a). Ktedonobacteria com-
prises aerobic microorganisms (Cavaletti et al., 2006) that
were slightly affected by fipronil under aerobic condition
(Fig. 3a); therefore, their reduction was most likely related
to anoxic condition or to the presence of metabolites (i.e.
fipronil sulphide) instead of fipronil itself. The same can be
inferred about the decay of both Alphaproteobacteria and
Actinobacteria, despite the existence of aerobic and anaer-
obic representatives of these classes (Alvarez et al., 2017;
Kaur et al., 2015).

3.4 Toxicity of Fipronil and the Spiked Soil Extracts

In order to assess the biological activity of fipronil and
its transformation products, an effect profile was gener-
ated using a panel of seven CALUX reporter gene
assays, covering different toxicological endpoints, each
in the absence and presence of a metabolic fraction
mimicking hepatic metabolism. The panel was also used
to analyse extracts of the spiked soil samples.

Fipronil and the transformation products showed
similar activities; they were cytotoxic at concentrations
above 10–30 μM, and they were all active as oestrogen
receptor agonists, androgen receptor antagonists and

Fig. 3 Taxonomic affiliation at level of phyla (a) and genera (b)
of the sequences from the inoculum (soil) and from the flasks with
fipronil at 6, 15 and 30 days of incubation time for oxic condition

and at 10, 20 and 6 days of incubation time for anoxic condition.
Note the break between 40 and 50%, to improve visualization of
the less frequent groups. Cut-off value of 1.5%
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agonists on the xenobiotic sensing receptor PXR in the
lower μM range (Table 3). For fipronil and fipronil
sulfone, oxidative stress (Nrf2 CALUX) was observed
at 30 μM. Interestingly, the compounds were only ac-
tive on the oestrogen receptor assay ERαCALUX in the
presence of S9; this indicates that the compounds re-
quire bioactivation before they can activate the receptor.
For the other assays, the addition of rat liver S9 did not
have a significant effect on the activity, occasionally

even abolished the activity instead. For fipronil, activa-
tion of the PXR receptor (Lemaire et al., 2006) as well as
androgen antagonist activity (Ait-Aissa et al., 2010) has
been described before. Its activity as an oestrogen re-
ceptor agonist and androgen receptor antagonist could
be linked to previously observed reproductive toxicity
in vivo (Ohi et al., 2004). Also oxidative stress has been
observed before, in vitro as well as in vivo (Mossa et al.,
2015; Slotkin & Seidler, 2010).

Fig. 3 (continued)

Table 3 CALUX reporter gene assay results in PC10 (Log[(M)]) for fipronil and three of its transformation products

Cytotox 

CALUX

ERα 

CALUX

AR CALUX

(anti)

PXR 

CALUX

ESRE 

CALUX

Nrf2

CALUX

p53 

GENTOX 

CALUX

Compound - S9 + S9 - S9 + S9 - S9 + S9 - S9 + S9 - S9 + S9 - S9 + S9 - S9 + S9

Fipronil -4.5 -4.5 >-4.5 -5.6 -5.6 -5.9 -5.5 -5.0 >-4.5 >-4.5 -4.5 >-4.5 >-3.5 >-3.5

Fipronil desulfinyl -4.9 -5.0 >-4.5 -6.0 -5.8 -5.9 -6.0 -6.1 >-4.5 >-4.5 >-4.5 >-4.5 >-3.5 >-3.5

Fipronil sulfide -4.9 -5.0 >-4.5 -6.2 -5.9 -6.0 -5.7 -5.7 -4.7 >-4.5 >-4.5 >-4.5 >-3.5 >-3.5

Fipronil sulfone -5.0 -4.9 >-4.5 -5.6 -5.5 -5.5 -5.4 -5.3 >-4.5 >-4.5 -4.5 >-4.5 >-3.5 >-3.5

White: no activity; light grey: activity observed in 10-100μM range; dark grey: activity observed at <10μM;>[conc] no activity detected at
the highest concentration tested
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The spiked soil extracts (oxic incubation only) were
also analysed using the CALUX assays. This time, only
the ERα CALUX and p53 GENTOX CALUX were
performed in the presence of metabolic enzymes. No
significant difference was observed between the differ-
ent time points, which was expected since the fipronil
transformation products had shown a similar activity on
the bioassays as the parent compound fipronil (Table 3).

While the pure compounds were exposed on the bio-
assays with concentrations up to 1E-4M, the extracts
could be exposed only to a concentration of 1E-6M
(Cytotox, ESRE, Nrf2) or 1E-5M (ERα, AR-anti, PXR,
p53 GENTOX) for technical reasons. As a consequence,
the cytotoxicity and ESRE- and Nrf2-activation observed
at higher concentrations for the pure compounds
(Table 3) could not be observed for the extracts
(Table 4). ERα CALUX activation was observed in the
absence of metabolic enzymes at two time points. Fur-
thermore, the oestrogenic activity of all four samples was
greatly enhanced in the presence of metabolic enzymes as
was also observed for the pure compounds. Anti-
androgenic activity could not be detected for the extracts,
but PXR activation was observed at all four time points.
This shows that the activity profile of the spiked soil
sample extracts matches that of the pure compounds.

4 Conclusions

To conclude, we have shown that fipronil degradation in
the soil takes place under both oxic and anoxic condi-
tions. Different metabolites were produced in each

condition, since fipronil sulfone was the main metabo-
lite under oxic condition, whereas fipronil sulphide was
formed under anoxic condition. Neither intermediates
affected functional microbial groups present in soil
though, such as nitrate or sulphate reducers. Neverthe-
less, fipronil and its metabolites produced under these
conditions presented similar toxic potency. Therefore,
the potency of fipronil does not necessarily decrease
upon microbial degradation.

Finally, since Sphingomonaswas seemingly selected
in aerobic condition, whereas Clostridialeswas selected
in anoxic condition, the degradation of fipronil in con-
taminated soil should be stimulated by bioaugmentation
with either type of bacteria, depending on the aeration
conditions of the soil.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11270-
021-05071-w.
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