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a b s t r a c t 

Fipronil is an insecticide with low residual activity and high efficacy at low concentrations. 

Due to its widespread use and long half-life, fipronil can persist during wastewater treat- 

ment and is found even in surface waters. When released into the environment, it can accu- 

mulate over time and can lead to concentrations in soil and plant tissues that are harmful to 

both target and non-target organisms. As the reuse of treated wastewater and sewage sludge 

presents challenges and opportunities for farmers, this study investigates the effects of ir- 

rigation with environmentally relevant doses of fipronil on zucchini plants and their main 

insect pest, Aphis gossypii. Traces of fipronil were found in the zucchini leaves, but not in the 

flowers, after 35-days of cumulative exposure. A decrease in nymph-to-adult survival and 

a dose-dependent reduction in the fecundity of A. gossypii feeding on contaminated host 

plants was observed. Also, aphids feeding on contaminated host plants exhibited the same 

mortality rate as the control group when exposed to an acute dose of fipronil. However, 

when natural pyrethrins were used, there was a significant increase in resistance to this 

insecticide. Our results demonstrate the potential for fipronil to accumulate in plant tissues 

and highlight the risk of changes in insecticide susceptibility in insect pests. This suggests 

a need for a holistic approach to the complex dynamics of wastewater reuse in agriculture. 
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Sciences. Published by Elsevier B.V. 
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Introduction 

Fipronil is a phenyl pyrazole systemic insecticide developed
by Rhone Poulenc Ag Company (now Bayer Crop Science) be-
tween 1985 and 1987 ( Colliot et al., 1992 ). It is one of the
most persistent lipophilic and toxic insecticides with con-
tact and stomach action even at low field application rates.
Fipronil has a broad spectrum use, a long duration, and
low residual activity even at low concentrations and can be
used effectively against both chewing and piercing sucking
insects ( Colliot et al., 1992 ). Fipronil works by blocking the
gamma-aminobutyric acid receptor in insects ( Hainzl et al.,
1998 ; Ikeda et al., 2004 ; Mohapatra et al., 2010 ; Singh et al.,
2021 ). 

The fipronil degradation is highly dependent on soil type,
water content and the presence of microorganisms ( Ying and
Kookana, 2002 ; Pei et al., 2004 ; Gunasekara et al., 2007 ;
Bhatt et al., 2023 ). Metabolites can be formed, the most
important of which are fipronil desulfinyl, fipronil sulfone,
fipronil sulfide, and fipronil amide. These metabolites, ex-
cept for fipronil amide, have been reported to be more toxic
and persistent than the parent compound ( Tingle et al., 2003 ;
Gunasekara et al., 2007 ; Singh et al., 2021 ). 

Fipronil has been used to protect plants against a wide
range of insect pests, including Thrips tabaci, Diatraea saccha-
ralis, Migdolus fryanus, Atta capiguara , and Oryzophagus oryzae
( Ester et al., 1997 ; Cummings et al., 2006 ; Gonçalves et al.,
2022 ). Fipronil has been shown to be effective against Praty-
lenchus zeae , a root lesion nematode associated with sugar-
cane ( Kawanobe et al., 2019 ). This insecticide is also used
to control the abundance of termites ( Steinbauer and Pevel-
ing, 2011 ) and cockroaches ( Kaakeh et al., 1997 ). Fipronil is still
used for flea and tick control on domestic animals, provid-
ing ectoparasiticidal activity for about one month ( Case et al.,
2016 ), but it is banned in animals destined for human
consumption. 

As a result of its long persistence and high toxicity, a
wider range of non-target species are affected by fipronil
in different environments. Despite being strictly regulated
worldwide, fipronil affects pollinators, insect predators, par-
asitoids, and other non-pest insects ( Stork, 2018 ). The most
studied non-target organisms affected by fipronil are hon-
eybees ( Zaluski et al., 2015 ; Kairo et al., 2017 ; Holder et al.,
2018 ), aquatic invertebrates in surface waters, and various
species of stream invertebrates, such as Chironomus dilutus
and Hyalella azteca ( Weston and Lydy, 2014 ; Hapke et al., 2016 ).
Compared to its effect on aquatic organisms, fipronil has
been shown to be extremely toxic to honeybees and even
sub-lethal doses ingested throughout the foraging season
can adversely affect colony development and maintenance
( Zaluski et al., 2015 ; Kairo et al., 2017 ; Holder et al., 2018 ;
Carter et al., 2020 ). 

The European Commission published some restrictions on
the use of fipronil ( EUR-Lex, 2014 ) after the European Food
Safety Authority had identified a high acute risk to bees
( EFSA, 2013 ), and since 2014 fipronil has been banned on
maize and sunflowers in Europe. Even without direct agri-
cultural use, the levels of fipronil (and its main metabo-
lites) continue to increase in the environment due to veteri-
nary use, urban pest control, small area turf care, and in-
door cockroach traps ( Stork, 2018 ; Sadaria et al., 2019 ). Fipronil
has been found in various environmental media, including
wastewater ( Heidler and Halden, 2009 ), runoff ( Gan et al., 2012 ;
Sengupta et al., 2014 ), and surface water ( Stone et al., 2014 ).
For example, it was recently found in treated wastewater in
Korea at an approximately concentration 20 ng/L ( Kim and
Kim, 2024 ). As to surface water, fipronil was recently found at
high concentration (mean: 1.77 μg/L) in river waters from the
Amazon basin ( Cezarette et al., 2024 ) and at lower concentra-
tions (0.03 μg/L) in the Aquidauana river ( Finoto Viana et al.,
2023 ). 

Rapid urbanisation and water scarcity due to climate
change are driving the development of sustainable water and
fertiliser management in agriculture. Wastewater reuse and
sewage sludge application present both challenges and oppor-
tunities for farmers, society and communities ( Trotta et al.,
2024a ). Fipronil is persistent during conventional wastew-
ater treatment and can be released to the environment
through the recovery of treated wastewater and sewage sludge
( Weston and Lydy, 2014 ; McMahen et al., 2016 ; Supowit et al.,
2016 ; Sadaria et al., 2017 ). When present in irrigation water,
fipronil and some of its metabolites are taken up by the roots
and translocated to all parts of the plant ( van der Sluijs et al.,
2015 ). For example, 8 weeks old cabbage plants grown from
fipronil-coated seeds showed concentrations of fipronil and
its transformation products in their leaves less than or equal
to 1 μg/kg ( Gols et al., 2020 ). Pesticide residues can then con-
taminate consumed food, animal feed, soil, water and insects
that feed on the plant ( Assadpour et al., 2023 ; Trotta et al.,
2024a ). These chemicals accumulate in the environment and
enter the food chain, with adverse effects on human health
and on a wide range of non-target species. 

The massive use of chemical pesticides in agriculture to
increase yields is causing pests such as aphids to become re-
sistant to their effects. This problem, together with adverse
effects on non-target organisms, is mainly due to the indis-
criminate use of persistent pesticides. The development of
resistance is a major problem and the list of pesticides and
chemicals to which pests have developed resistance is incred-
ibly long ( Devine et al., 2001 ; Siddiqui et al., 2023 ). For ex-
ample, laboratory-induced resistance to fipronil has been re-
ported in several insect like Oxycarenus hyalinipennis, Musca do-
mestica, Plutella xylostella , and Sogatella furcifera ( Sayyed and
Wright, 2004 ; Tang et al., 2010 ; Abbas et al., 2014 ; Wazir and
Shad, 2020 , 2022 ). 

Typically, pesticide resistance is the result of prolonged and
persistent use of these substances, especially at high sub-
lethal doses. Insects can be exposed to various insecticides
at concentrations as low as parts per billion through the ir-
rigation of crops with wastewater or the application of sludge
to soil. Moreover, the use of fipronil-contaminated wastewater
for irrigation is a cause for concern also because fipronil accu-
mulates in the soil ( Margenat et al., 2019 ; Brienza and Garcia-
Segura, 2022 ; Trotta et al., 2024a ). If polluted water sources are
not adequately managed, prolonged environmental exposure
to this insecticide could lead to the development of pesticide
resistance ( Bras et al., 2022 ) and, more problematically, cross-
resistance to other insecticides used for pest control in agro-
ecosystems, such as pyrethrins. 
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Natural pyrethrins are common non-systemic insecticides 
idely used in organic farming against a wide range of in- 

ect pests ( Isman, 2006 ). Natural pyrethrins are the most 
ommercially used botanical insecticides that rapidly re- 
uce pest populations and have the longest history of effec- 
ive use. Pyrethrins have been shown to be effective against 

any species of aphids, including the cotton aphid Aphis 
ossypii Glover ( Kalaitzaki et al., 2015 ). Pyrethrins affect both 

he peripheral and central nervous systems of insects by 
nterfering with the function of sodium channels, similar 
o organochlorine insecticide and pyrethroids ( Davies et al.,
007 ). One reason for the success of this group of insecti- 
ides is that the range of products registered for organic use 
s relatively limited. Also, their adoption may be an environ- 

entally friendly practices to be integrated into a manage- 
ent program ( Calvin et al., 2021 ). Pyrethrins have low mam- 
alian toxicity and, unlike fipronil, are highly biodegradable 

n soil and water, do not leave toxic residues in plants and 

o not bioaccumulate in food chains ( Jeran et al., 2021 ). The 
orrect use of pyrethrins in a pest management program,
reventing the emergence of resistance, would support or- 
anic production and offer reduced risk production practices 
orldwide. 

Aphis gossypii is a recurrent polyphagous pest of many cul- 
ivated crops worldwide and is considered the most important 
est of cucurbits ( Blackman and Eastop, 2007 ). Its direct feed- 

ng on some plant species can cause severe damage to plant 
issues ( Ng and Perry, 2004 ), but its main damage is associated 

ith phytovirus transmission ( Ebert and Cartwright, 1997 ).
his aphid is still largely controlled by a wide range of insecti- 
ides, but it is now one of the most insecticide-resistant aphid 

pecies ( Mota-Sanchez and Wise, 2020 ). 
Although there are many detailed studies on the risks as- 

ociated with fipronil contamination in aquatic environments,
ittle is known about its potential effects in agricultural envi- 
onments. This study examined the impact of irrigating zuc- 
hini plants with environmentally relevant doses of fipronil 
n their main insect pest, A. gossypii . Zucchini ( Cucurbita pepo 
.) is the most economically important and widely cultivated 

pecies among the Cucurbitaceae family and it is one of the 
ost consumed vegetables worldwide ( Andolfo et al., 2017 ).

ucchini plants can be considered an optimal model sys- 
em for the study of resistance, as the most commonly used 

trategies to control aphid infestation have focused primar- 
ly on the use of pesticides ( Cao et al., 2008 ; Herron and Wil-
on, 2017 ). Although pesticides can effectively reduce aphid 

opulations, their use may increase the spread of viruses 
ransmitted by aphids. This is due to the dispersal effect of in- 
ected aphids that survive the pesticide treatment ( Yuan and 

llman, 1996 ; Desbiez and Lecoq, 1997 ). The research fo- 
used on fipronil levels in the plants, as well as the fitness 
osts and changes in insecticide susceptibility of A. gossypii 
hen reared on plants exposed to environmentally relevant 
oses of fipronil. As aphids feed on both zucchini flowers and 

eaves, the fipronil content was measured in these tissues.
he detection of fipronil in the zucchini flowers is of partic- 
lar interest because the flowers develop later in the plant’s 
rowth cycle (about a month after transplanting) and are 
dible. 
. Materials and methods 

.1. Chemicals 

he fipronil used in this study was obtained from the com- 
ercial product “Frontline® Spot On Gatti”, purchased from 

oehringer Ingelheim Animal Health Italia S.p.A. (Milan), with 

he excipients as non-reactive compounds. The pyrethrins 
ere obtained from a commercial product, “Piretro Com- 
o®Bio”, an insecticide for organic farming, purchased from 

OMPO GmbH (Münster), with the excipients as non-reactive 
ompounds. 

To simulate a real-world scenario where wastewater reuse 
nd sewage sludge are common agricultural practices, plants 
ere irrigated with the environmentally relevant concentra- 

ions of 100 ng/L (coded as F100) of fipronil, and with a 
igher concentration of 1000 ng/L (F1000) of fipronil. The F100 
nd F1000 concentrations were obtained by serial dilution of 
pronil stock solutions in distilled water. 

For the analysis of fipronil in the zucchini plants, analyt- 
cal standards of fipronil and the internal standard fipronil- 
3 C2 

15 N2 were purchased from Cymit Quimica S.L. (Spain).
tock solutions were prepared in acetonitrile for fipronil and 

n methanol for fipronil-13 C2 
15 N2 , with the fipronil stock solu- 

ion used to prepare calibration curves through serial dilution.

.2. Zucchini plant cultivation 

ucchini seedlings of the cultivar ‘San Pasquale’ were used in 

his study. The seeds were kept for germination on wet cotton 

isks in sterile Petri dishes at 20 ± 2 °C. After one week, the ger-
inated seeds were sown in pots (14 cm diameter) filled with 

ynthetic soil, consisting of a mixture of peat, perlite, sand 

nd clay ( Trotta et al., 2024b ). The pots were grown under con-
rolled conditions in a climate chamber at 22 ± 1 °C, 60 % ± 5 %
elative humidity (RH) and an 18:6 Light:Dark (L:D) photope- 
iod until the end of the experiments. The lights used for plant 
rowth consisted of 20 W, 130 lm/W white LED tubes (6500 K) 
oupled with 36 W, 100 lm/W full-spectrum LED tubes. The 
eedlings were subsequently watered with water plus 10 mL 
f 0.3 % NPK (7.5–3–6 + Fe and microelements) nutrient so- 

ution PIANTE VERDI (Compo®, Ravenna, Italia). These condi- 
ions were maintained throughout the entire duration of the 
xperiments, which lasted 35 days. 

.3. Insect rearing 

he A. gossypii strain used in this experiment was collected 

rom a zucchini field near Potenza, Italy (40 °34′ N, 15 °45′ E) in 

ugust 2022 ( Forlano et al., 2022 ) and reared in the labora-
ory on zucchini plants. No chemicals were used on this strain 

rom the time of collection until the start of the experiment.
phids were reared at room temperature under a 16:8 L:D 

hotoperiod for two years. A. gossypii can show a wide range 
f colour variation, from yellow to dark green, as a response 
o developmental temperature, crowding conditions and host 
lant. This aphid can also produce winged morphs in re- 
ponse to nutritional factors and crowding. Dark green apter- 
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ous parthenogenetic females of A. gossypii were used for the
following experiments. 

To eliminate maternal and grandmaternal effects from
aphids, 100 adult virginoparae females were isolated from the
aphid culture, placed on a fresh host plant and allowed to re-
produce for 24 h in a Binder KBF climatic chamber at 22 ± 1 °C,
75 % ± 5 % RH and an 18:6 L:D photoperiod. The adults were
then removed, and the cohort of new-born nymphs was reared
on the plant for 7 days, corresponding to the beginning of the
adult stage. This procedure was carried out for 2 generations
and repeated independently for 3 groups of aphids, resulting
in individuals from 3 independent replicates. 

1.4. Experimental design of zucchini irrigation with 

fipronil 

In the control treatment (Co), zucchini plants were watered
with tap water. The two experimental treatments involved
adding 100 ng/L of fipronil (F100) and 1000 ng/L of fipronil
(F1000) to the tap water. These concentrations were selected
to reflect environmentally relevant levels ( Sadaria et al., 2017 ,
2019 ; Zhang et al., 2023 ; Kim and Kim, 2024 ), with the higher
concentration used to explore potential degradation path-
ways. Experimental watering began one week after trans-
planting the seedlings into pots. At each watering, a single
plant was watered with 150 mL of the respective water solu-
tion. To ensure consistent soil moisture between 30 % and 90 %
of water-holding capacity, nine watering sessions were con-
ducted over the 35-day period. Each plant received a total of
1350 mL of experimental water by the end of the experiment.
This resulted in a cumulative exposure of 135 ng of fipronil
for plants in the F100 treatment and 1350 ng for those in the
F1000 treatment, while control plants received no fipronil. 

The experiments were conducted in three separate peri-
ods, spaced 7 days apart, resulting in three independent repli-
cates of 7 plants each (21 plants in total per treatment group).

1.5. Aphid survival and fecundity 

For each treatment, two adult female aphids of the same
age (8–9 days old) were independently placed on 21 zucchini
plants (7 plants per replicate) in the climatic chamber de-
scribed above. After a few minutes, the two aphids were en-
closed inside a clip cage (2 cm of diameter). The clip cages
were placed on the adaxial side of the youngest fully devel-
oped leaf of each plant. After 24 h, adults and excess new-
born nymphs were removed with a wet paintbrush, leaving
only three nymphs per clip cage. 

For the survival measures, these three nymphs were mon-
itored to adulthood, with aphid mortality assessed on day 7.
The offspring of the experimental adults was then assessed
by daily counting and removal of new-born nymphs for 7
days (the same number of days as the pre-reproductive pe-
riod). Aphid fecundity was estimated as the mean number of
nymphs per aphid per day. 

1.6. Acute toxicity bioassays 

We assessed the susceptibility of A. gossypii to the insecticides
fipronil and pyrethrins at sub-lethal doses. Adult aphids that
had completed two generations on control (Co) and on plants
treated with the F100 and F1000 doses of fipronil were used.
The nymphs produced on days 6 and 7 by the experimental
adults used for the fecundity experiment were removed from
the clip cages and allowed to become adults on another leaf
of the same plant. They were then used for the experiments.
The tests were performed according to the leaf dip method de-
scribed in the Insecticide Resistance Action Committee Sus-
ceptibility Test Method No 019 ( IRAC, 2024 ), with some modi-
fications. The solutions used were 1 mg/L of fipronil (F-acute),
1 mg/L of pyrethrins (P-acute), and a control (tap water, TW).
The doses of fipronil and pyrethrins were chosen based on
previously determined acute lethal doses for A. gossypii (data
not shown). The two insecticides and the tap water were ap-
plied to untreated zucchini disc leaves (3 cm of diameter) by
dipping them in the test suspensions for 5 s with gentle agita-
tion. Treated disc leaves were placed with their dorsal side on
four layers of wet (saturated with distilled water) filter paper
in a Petri dish, and 15 adult female aphids were placed on the
surface of each treated leaf. Test and control discs leaves were
maintained at 22 °C in the thermostatic chamber described
above. 

For the insecticide susceptibility, nine experimental treat-
ments were generated by combining high-dose insecticide
treatments (TW, F-acute and P-acute) and the water treatment
applied to the plants where the aphids developed (Co, F100
and F1000). Mortality was estimated after 48 h as the number
of live individuals relative to the initial number of aphids. An
aphid was considered alive if it could walk or at least move
when gently touched with a soft brush. This experiment used
three replicates per treatment, with each replicate consisting
of at least 3 disc leaves containing 10–15 individuals. This gives
a total of at least 100 individuals per treatment. 

1.7. Plant sample collection, fipronil extraction 

As aphids can feed on both zucchini flowers and leaves, plant
sampling included collection of leaves and flowers. At the end
of the experiment (35 days after transplanting), leaf and flower
samples were collected from three separate plants of each ex-
perimental treatment, weighed and lyophilised. The extrac-
tion of fipronil from the zucchini’s leaves and flowers was per-
formed in triplicates, via QuEChERS extraction and dSPE PSA-
C18 clean-up protocol (adapted protocol, Montemurro et al.,
2020 ). In short, 1 g of freeze-dried and milled leaves or flow-
ers was placed in a 50 mL falcon tube and hydrated with 9 mL
high-performance liquid chromatography (HPLC) water. The
tubes were vortexed for 10 s, shaken for 2 min at 2500 r/min
and left to hydrate for 1 h. The 10 mL of acetonitrile and
50 μL of formic acid were added in the tubes, vortexing was
repeated and the extraction salts (1 g NaCl and 4 g MgSO4 )
were added in the tubes. The mixture was instantly shaken
to prevent the formation of crystalline agglomerates. Tubes
were vortexed for 10 s, shaken for 2 min at 2500 r/min and
centrifuged at 4 °C for 10 min at 4000 r/min. The supernatant,
containing the organic phase, was transferred into glass tubes,
and left overnight at −20 °C for the precipitation of fatty acids
and waxes. The following day, the clean-up step involved the
transfer of 6 mL of the supernatant into the primary sec-
ondary amine (PSA) tubes (150 mg PSA, 150 mg C18, 900 mg



602 journal of environmental sciences 158 (2025) 598–609 

M
t  

a
t
s
t
(
c
(

p
(
t
(
e
I
t
a
p
p
e
fl
l  

6  

d
t
a
e
q
r
t
f
q
c
a

1

D
i
e
t
t

r
t
t
t
w
a
s
p
w

n
p
s
l  

2

T
r
s
m
r
r
a
g
t
m

2

T  

w
o
a
0
q
i
o
i
1
i
a
t  
gSO4 ) and the mixture was vortexed and shaken, then cen- 
rifuged at 4 °C for 5 min at 4000 r/min. On the day of the
nalysis, 1 mL of the supernatant was spiked with the in- 
ernal standard mixture at a concentration of 20 μg/L. The 
ample was evaporated until dryness under nitrogen at room 

emperature, reconstituted with 1 mL of methanol:water (2:8 
 V / V )) solution, and injected for ultra-high performance liquid 

hromatography-tandem mass spectrometry (UHPLC-MS/MS) 
Waters Corporation, MA, USA) analysis. 

The analysis of fipronil in the zucchini extracts was 
erformed using ultraperformance liquid chromatography 

UPLC), using a Waters Acquity Binary Solvent Manager sys- 
em (Waters Corporation, MA, USA) coupled to a 5500 QTRAP 
Applied Biosystems, Foster City, CA, USA), a quadrupole lin- 
ar ion trap tandem mass spectrometer (QqLIT) with a Turbo 
on Spray source. Fipronil was analysed in negative ioniza- 
ion mode (method from Castaño-Trias et al., 2023 ) using 
n Acquity BEH C18 column (50 mm × 2.1 mm i.d., 1.7 μm 

article size) for chromatographic separation. The mobile 
hase consisted of (A) ACN and (B) 5 mmol/L ammonium ac- 
tate/ammonia (pH = 8). The total run was 3.7 min with a 
ow rate was 0.6 mL/min. The elution gradient was as fol- 

ows: initial condition 95 % B; 0–1.5 min 5 %–60 % A, 1.5–2 min
0 %−100 % A, 2–3 min 100 % A, 3–3.2 min return to initial con-
itions, 3.2–3.7 min equilibration of the column. The column 

emperature was set at 30 °C and an injection volume was set 
t 5 μL. The quantification of fipronil analytes in zucchini flow- 
rs and leaves, as well as the detection (without possibility for 
uantification) of its metabolites, were performed by selective 
eaction monitoring by monitoring two mass transitions be- 
ween the precursor ion and the most abundant fragment ions 
or each compound. The one at higher intensity was used for 
uantification purposes, while the second one was used for 
onfirmation of the compound identification. Data acquisition 

nd processing was performed with Analyst 1.5.1 software. 

.8. Statistical analysis 

ata on nymph-to-adult survival and on the acute toxic- 
ty bioassays were analysed using generalized linear mixed- 
ffects models with binomial error (logit link function). For 
he nymph-to-adult survival model, “water treatment” was 
he main factor and “replicate nested in treatment” was the 
Table 1 – Spectrometry parameters used for the detection of fip

Compound Retention time (min) Q1–Q3 tra

Fipronil 2.06 435.126 / 3
435.126 / 2

Fipronil sulfone 2.13 450.868 / 4
450.868 / 2

Fipronil sulfide 2.13 418.900 / 3
418.900 / 2

Fipronil desulfinyl 2.08 452.884 / 3
452.884 / 3

Fipronil-13 C2 
15 N2 (I.S.) 2.05 438.906 / 3

438.906 / 2

Q1-Q3: precursor and fragment ions in the first and third quadrupole resp
sion cell exit potential. 
andom effect. For the acute toxicity bioassay model, “water 
reatment” and “insecticide treatment” were the fixed factors 
ogether with their interactions, and “replicate” nested within 

he fixed factors was the random effect. The Shapiro-Wilk test 
as used to test the normality of the fecundity data and then 

nalysed using a linear mixed-effects model fitted with re- 
tricted maximum likelihood, with “water treatment” and “re- 
roductive interval” as a fixed factors and “replicate” nested 

ithin the fixed factors as random effect. 
A backward procedure was used to sequentially remove 

on-significant effects, allowing the identification of the most 
arsimonious model. All insect data were analysed using the 
tatistical software R ( R Core Team, 2024 ) with the packages 
me4 ( Bates et al., 2015 ) and lmerTest ( Kuznetsova et al., 2017 ).

. Results and discussion 

he results of this study highlight the critical issue of envi- 
onmental persistence of fipronil, particularly in agricultural 
ystems where wastewater reuse is, or may become, com- 
on practice. While extensive research has documented the 

isks associated with fipronil contamination in aquatic envi- 
onments, much less is known about its potential effects in 

gricultural ecosystems. This study addresses this knowledge 
ap by investigating the impact of irrigation with environmen- 
ally relevant doses of fipronil on zucchini plants and their pri- 

ary insect pest, A. gossypii . 

.1. Fipronil content in zucchini flowers and leaves 

wo types of zucchini samples, the leaves and the flowers,
ere analysed for fipronil. For the detection and quantification 

f fipronil, matrix-match calibration curves for both the leaves 
nd flowers were used, exhibiting very good linearity ( R2 > 

.9997), in the range 1–100 μg/L. The limits of detection and 

uantification for fipronil were 29 and 9 ng/g dw (dry weight) 
n leaves and 15 and 5 ng/g dw in flowers. Average recoveries 
f fipronil and standard deviations from the triplicate samples 

n the two matrices were calculated as 102.4 % ± 3.7 % and 

05.4 % ± 5.0 % in leaves and flowers, respectively. The analyt- 
cal method permitted for the detection of fipronil metabolites 
s well, and the spectrometry parameters used for the detec- 
ion of all compounds in zucchini samples are given in Table 1 .
ronil and its metabolites in zucchini samples. 

nsitions DP (V) CE (V) CXP (V) 

30.000 −50.000 −22.000 −15.000 
49.800 −50.000 −38.000 −29.000 
14.900 −125 −24 −23 
81.900 −125 −36 −17 
82.900 −130 −20 −19 
61.900 −130 −34 −11 
47.800 −90 −16 −17 
03.800 −90 −44 −11 
33.900 −75 −22 −15 
51.900 −75 −36 −11 

ectively; DP: declustering potential; CE: collision energy; CXP: colli- 
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Fig. 1 – Chromatographic peaks of fipronil in the: (a) zucchini leaves control sample (i.e., no spiking); (b) zucchini leaves 
0.1 μg/L calibration curve point (lowest curve point); and samples of zucchini irrigated with water spiked with fipronil at (c) 
100 ng/L and (d) 1000 ng/L, for zucchini leaves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Even though fipronil peaks were visible in the chro-
matograms of the zucchini leaves samples, they were below
the detection limit based on the applied calibration curve.
Nevertheless, both fragments of the parent ion and the main
fragment were identified in those samples. For the leaves, the
areas of the peaks in the samples irrigated with the spiked
waters were on average 1.3–2 × larger compared to the lowest
calibration curve point (0.1 μg/L), suggesting some presence of
fipronil in the former, albeit in trace amounts. The areas of the
samples spiked at 1000 ng/L and at 100 ng/L did not differ, sug-
gesting that at such low levels it would be difficult to differen-
tiate between the two concentrations ( Fig. 1 ). For the flowers,
the peaks were either lower than the controls or absent, there-
fore fipronil was not present in the flower parts of the plant.
The method for the detection of fipronil allows for the detec-
tion of three of its metabolites as well (fipronil sulfone, fipronil
sulfinyl and fipronil desulfinyl), and peaks only for fipronil sul-
fone (the primary metabolite of fipronil) were detected in the
zucchini leaves for both spiked concentrations ( Fig. 2 ); same as
with fipronil, both fragments were present, verifying the pres-
ence of this metabolite. The area of the fipronil sulfone peak
for the sample spiked at 1000 ng/L was on average 1.2 × larger
than the area of the sample spiked at 100 ng/L. 

Fipronil is recognized for its long half-life in soil and water,
leading to its accumulation over time and potentially reach-
ing concentrations in soil and plant tissues that may harm
both target and non-target organisms ( Bhatt et al., 2023 ). The
potential detection of fipronil in zucchini flowers, which de-
velop later in the plant’s growth cycle, should further empha-
size the widespread contamination and potential risks asso-
ciated with its use. This aligns with the broader environmen-
tal concerns highlighted by the Worldwide Integrated Assess-
ment (WIA) on systemic insecticides, which stress the persis-
tent and pervasive contamination of ecosystems with neon-
icotinoids and fipronil ( van der Sluijs et al., 2015 ). Accord-
ing to the WIA, these compounds, due to their systemic na-
ture, are absorbed by plants and can persist in the environ-
ment for extended periods, leading to chronic exposure of
non-target organisms across various ecosystems, including
agricultural lands ( Pisa et al., 2014 ). During the experiments,
the total volume of water received by the plants was 1.35 L,
resulting in a cumulative exposure over 35 days of 135 and
1350 ng fipronil for plants in the F100 and F1000 treatments,
respectively. Traces of fipronil were detected in the zucchini
leaves, but none were found in the flowers. Moreover, none
of the fipronil transformation products included in the ana-
lytical protocol (fipronil sulfone, fipronil sulfinyl, and fipronil
desulfinyl) was detected in either the leaves or the flowers. It
is possible that the total water received by the plants during
this short irrigation period was not sufficient for fipronil to ac-
cumulate to quantifiable levels in the plant tissues. Prolonged
irrigation, which is common in field or greenhouse cultivation,
could have resulted in higher levels. It should be remembered
that the water uptake of zucchini plants grown under open
field conditions is about 250 L/m2 ( Rouphael et al., 2005 ), de-
pending on the length of the growing cycle (3–5 months). As
for the flowers, this experiment cannot determine whether
the absence of peaks was due to low levels of fipronil in the
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Fig. 2 – Chromatographic peaks of fipronil sulfone in the: (a) zucchini leaves control sample (i.e., no spiking); (b) zucchini 
leaves 0.1 μg/L calibration curve point (lowest curve point); and samples of zucchini irrigated with water spiked with 

fipronil at (c) 100 ng/L and (d) 1000 ng/L, for zucchini leaves. 
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rrigation water or other parts of the plant, or whether it is a 
echanistic issue where fipronil is retained only in the leaves 

nd not in the zucchini flowers. 

.2. Aphid survival and fecundity 

he occurrence of fipronil in plant tissues has direct im- 
lications for A. gossypii . Aphids engage in a feeding pro- 
ess that involves several short intracellular punctures into 

arenchyma cells before reaching the phloem. During these 
unctures, they ingest small amounts of cytoplasm, which 

ontributes to their diet ( Alvarez and Griffing, 2023 ). It is plau- 
ible that aphids pick up fipronil through phloematic feeding 
nd also during these brief punctures, which may accumu- 
ate in the cytoplasm of the plant cells. This uptake of fipronil 
resent in the host plant, even at low doses, affects the life 
istory traits of A. gossypii developed on it. 

Nymph-to-adult survival was significantly affected by wa- 
er treatment ( χ2 = 10.01, d.f. = 2, P < 0.01), with F100 and
1000 decreasing aphid survival if compared to the control 
reatment ( Fig. 3 ). 

As expected, the age of the aphids had a significant ef- 
ect on their fecundity ( Fig. 4 ), with very low values on the
rst day, peaking around the third day and then gradually de- 
reasing from the fourth day (F6 278 = 13.14, P < 0.001). Similar 
o survival, aphids developed on plants treated with the F100 
nd F1000 environmental doses of fipronil had a significantly 
ower fecundity than the control (F2 278 = 4.67, P < 0.05). The 
nteraction between the two factors was not significant. The 
umulative values fecundity over 7 days of the F1000 treat- 
ent (21.8 ± 0.42 nymphs/individual) was lower than that of 
he F100 (25.8 ± 0.43) and control (27.38 ± 0.44) groups. 

In this assay, aphids take up fipronil from the plants wa- 
ered with environmental doses of the pesticide during their 
re-reproductive period (7 days) until the end of the fecun- 
ity experiment. Unlike other insecticides such as imidaclo- 
rid, fipronil has been shown to cause time-reinforced toxic- 

ty in honey bees at trace levels (2.9 ng/bee), resulting in mass 
ortality of adult individuals ( Holder et al., 2018 ). Fipronil in- 

ested by a honey bee in a single meal was also still present 6
ays later ( Holder et al., 2018 ), highlighting the issue of bioac-
umulation in living organisms, which can lead to lethal and 

ub-lethal effects ( Zaluski et al., 2015 ). Our results in aphids 
re consistent with those found in honeybees and provide 
vidence of the potentially serious impact of dietary fipronil 
ioaccumulation on insect life history traits and pest man- 
gement. Fipronil uptake reduced the fitness of aphids feed- 
ng on contaminated host plants, measured as a reduction 

n nymph-to-adult survival and a dose-dependent reduction 

n their fecundity. The lowest aphid fecundity observed at 
he highest dose of fipronil in the irrigation water (1000 ng/L) 
trongly suggests that the presence and bioaccumulation of 
he active substance in the mothers diverts resources away 
rom nymph production towards cellular detoxification mech- 
nisms, so that the fecundity of these individuals declines 
ver time. However, this apparent beneficial effect of fipronil 
t environmental doses for pest control raises the question of 
dverse effects on human health, the environment, and non- 
arget beneficial organisms, particularly predators and para- 
itoids commonly used for pest control. 
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Fig. 3 – Mean percentage of nymph-to adult survival ( ± standard errors) of A. gossypii reared on zucchini plants irrigated 

with tap water (Co) and with two experimental water treatments obtained by adding 100 ng/L of Fipronil (F100) and 

1000 ng/L of Fipronil (F1000) to the irrigation water. 

Fig. 4 – Mean percentage of the number of nymphs per aphid per day ( ± standard errors) of A. gossypii reared on zucchini 
plants irrigated with tap water (Co) and with two experimental water treatments obtained by adding 100 ng/L of Fipronil 
(F100) and 1000 ng/L of Fipronil (F1000) to the irrigation water. 

 

 

 

 

 

 

 

 

 

 

 

2.3. Acute toxicity bioassays 

The environmental persistence of fipronil could potentially
lead to the development of resistance in pest populations
at realistically low doses of the chemical. The acute toxicity
bioassays ( Fig. 5 ) showed that mortality at 48 h of A. gossypii
was strongly influenced by fipronil and pyrethrins at the con-
centration of 1 mg/L ( χ2 = 298, d.f. = 2, P < 0.001). Fipronil
was more effective than pyrethrins against aphids at the same
concentration, independently of the water treatment applied
to the plants where the aphids developed. 

Mortality was not affected by the water treatments
( χ2 = 2.4, d.f. = 2, P = 0.29) but, more interestingly, there was
a significant interaction between the water treatment and in-
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Fig. 5 – Mean percentage of mortality after 48 h ( ± standard errors) of A. gossypii exposed to tap water (TW), to 1 mg/L of 
fipronil (F-acute), and to 1 mg/L of pyrethrins (P-acute). The two insecticides and the tap water were applied to untreated 

zucchini disc leaves. Aphids were reared on zucchini plants irrigated with tap water (Co) and with two experimental water 
treatments obtained by adding 100 ng/L of fipronil (F100) and 1000 ng/L of fipronil (F1000) to the irrigation water. 
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ecticide ( χ2 = 12.34, d.f. = 4, P < 0.05), indicating the occur- 
ence of differential susceptibility to a particular insecticide as 
 function of the presence of fipronil in the plants. Aphids de- 
eloped on plants irrigated with the F100 or the F1000 doses 
ad the same mortality as the control when exposed to the 
cute dose of fipronil. When the aphids were exposed to the 
cute dose of pyrethrins, the mortality of the individuals that 
eveloped on the F1000 plants was statistically lower than the 
ontrol and similar to the F100 (although a decreasing mortal- 
ty trend was observed). 

Laboratory studies of fipronil resistance have been reported 

n a wide range of insects ( Sayyed and Wright, 2004 ; Tang et al.,
010 ; Abbas et al., 2014 ; Wazir and Shad, 2020 ), suggesting 
hat this insecticide should be applied at high doses where 
efuges of the insects are located, using chemicals rotation 

nd environmentally friendly cultural practices to delay the 
evelopment of resistance and prolong its efficacy ( Wazir and 

had, 2020 , 2022 ). In the present study, contact acute toxi- 
ity bioassays showed no change in aphids mortality when 

xposed to a sublethal dose of fipronil (1 mg/L), regardless 
f whether they developed on plants irrigated with environ- 
entally relevant doses of fipronil or on control plants. This 

esult is not surprising, as pesticide resistance is the result 
f prolonged and persistent use of these substances at sub- 

ethal doses and longer experiments might be needed. Aphids 
hat ingest fipronil by feeding on contaminated host plants 

ay activate biomolecular mechanisms that allow them to 
artially overcome the stress caused by fipronil at sub-lethal 
oses, as with other abiotic stresses ( Hoffmann et al., 2003 ).
owever, under our experimental conditions, this effect could 

ave been masked by the high efficacy of fipronil against A.
ossypii at a concentration of 1 mg/L. When natural pyrethrins 
ere used in the contact acute toxicity bioassays, a sig- 
ificant increase in resistance to pyrethrins was observed 
n aphids that developed on plants irrigated with fipronil.
ur study highlights that if fipronil is not adequately re- 
oved from non-conventional irrigation water, prolonged 

nvironmental exposure to this insecticide could lead to 
he development of pesticide resistance and cross-resistance 
 Bras et al., 2022 ). 

The observed increased resistance to pyrethrins was most 
ikely due to epigenetic mechanisms, as the aphids had only 
pent two generations on the treated plants, making it un- 
ikely that these changes were due to gene mutation. The 
apid development of insecticide resistance in other species,
uch as the Colorado potato beetle ( Leptinotarsa decemlineata ),
hich has evolved resistance to over 50 insecticides, illus- 

rates the potential for sublethal insecticide exposure to cause 
eritable changes due to decreased global DNA methylation 

 Brevik et al., 2018 , 2021 ). It has been hypothesized that the
phid Acyrthosiphon pisum may respond to selective pressure 
hrough a transgenerational epigenetic adaptive mechanism 

hat confers plasticity mediated by transposition ( De Fabrizio 
t al., 2024 ). A similar response has been observed in Myzus 
ersicae , where exposure to the insecticide imidacloprid in- 
uced reproductive hormesis, accompanied by intermittent 
hanges in the expression of detoxification and stress-coping 
enes, enabling the insects to better handle subsequent stress 
 Rix et al., 2016 ). 

. Conclusions 

he current study investigated the persistence and effects of 
pronil in an agricultural setting, when using environmentally 
riendly practices such as unconventional water reuse and a 
atural, non-persistent insecticide. Our results demonstrate 

hat fipronil had the potential to accumulate in plant tissues,
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posing risks to non-target organisms. Additionally, the study
highlights the risk of fipronil contributing to the development
of pesticide resistance and cross-resistance in insect pests like
A. gossypii . Understanding the ecological impact of fipronil in
agro-ecosystems, particularly its role in the emergence of pes-
ticide resistance, shifts in pollinators population dynamics,
and effects on other non-target organisms, is crucial. These in-
sights are vital for guiding the implementation of sustainable
agricultural practices that minimize environmental contam-
ination and protect biodiversity. However, it is important to
highlight the need for detailed biochemical studies to further
explore the mechanisms underlying the observed insecticide
interactions, as well as the wider ecological implications of
the environmental persistence of fipronil. The findings of this
study advocate for a more cautious and informed approach
to fipronil use in agriculture and emphasize the importance
of ongoing monitoring and research to safeguard both ecosys-
tem health and agricultural productivity. 
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