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• Pyriproxyfen sublethal concentrations in-
duced changes in reproductive parame-
ters.

• Pyriproxifen D. magna
multigeneration study

• Population recovery process after expo-
sure of mothers to insecticide

• Pyriproxifen induced morphological ab-
normality and appearance of males in
daphnid population.
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In the present study, an ecotoxicological approach to the evaluation of the insecticide Pyriproxifen in the crustacean
Daphnia magna was done. Acute toxicity tests (48 h), feeding behavior test (5 h) and chronic toxicity test (21 days)
were carried out on a parental daphnid generation (F0). Pyriproxifen D. magna EC50 value in our experimental condi-
tionswas 336.47 μg/L. Based on this result, sublethal test concentrationswere selected for the feeding study and the F0
chronic experiment. Filtration and ingestion rates of D. magna exposed animals did not show any significant difference
respect to control daphnids. However, daphnids from the parental F0 generation when exposed to the insecticide dur-
ing 21 days showed a decreased in all the reproductive parameters tested (mean total neonates per female, mean brood
size, time to first brood, and mean number of broods per female) as well as in the population statistic growth rate (r),
although survival was not affected. On the other hand, offspring from F0 females exposed to the highest Pyriproxifen
concentration (14.02 μg/L) were separated in two F1 generation experiments. One group was transferred during
21 days to a medium free of toxicant (F1 generation-TC group) while the other group was exposed during 21 days
to the same insecticide concentration as their mothers (14.02 μg/L) (F1 generation-TT group). Results from both ex-
periments determined a decreased in most of the reproductive parameters which was higher in the F1-TT group, al-
though some of them were recovered in the F1-TC group. On the other hand, the morphological analysis of the
daphnids showed that the coloration pattern was altered in the daphnids exposed to the insecticide, together with a
significant size decreased, and neonates from F0 progeny with the samemorphological abnormality. Finally, we deter-
mined that the insecticide caused the appearance of males among the offspring generated by the F0.
27 April 2023; Accepted 4 May 2
1. Introduction

Pyriproxyfen is an insecticide currently used by many countries to con-
trol pests in agricultural crops such as cotton, orange, almond, apple, and
023

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.164013&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2023.164013
mailto:beatriz.salesa@ucv.es
http://dx.doi.org/10.1016/j.scitotenv.2023.164013
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


B. Salesa et al. Science of the Total Environment 886 (2023) 164013
coffee, among others (Sullivan and Goh, 2008). It is also used indoors to
control domestic pests such as the German cockroach (Blattella germanica)
(Saltzmann et al., 2006) or the common fly (Musca domestica) (Biale
et al., 2017), and ismarketed for topical use in cats and dogs for the prophy-
lactic control offleas (Stanneck et al., 2002). However, one of itsmostwide-
spread uses is to control mosquito pests such as the species Anopheles
arabiensis (Lwetoijera et al., 2014), Anopheles gambiae (Jaffer et al., 2015),
Culex quinquefasciatus (Jambulingam et al., 2008), Aedes albopictus
(Suman et al., 2018) or Aedes aegypti (Tsunoda et al., 2013), insects that
through their bites transmit diseases such as malaria, filariasis, yellow
fever, dengue or chikungunya, respectively.

This compound is usedworldwide in public health programs as an alter-
native to organophosphate and pyrethroid pesticides. Due to their extensive
use, they have generated resistance in target insect populations in various
regions of the planet (Lima et al., 2011). It is also used to control multiple
pests both in drinking water sources and water bodies, at concentrations
of up to 10 and 100 μg/L, respectively (Lajmanovich et al., 2019). Numer-
ous studies show that this insecticide is present in many rivers (Campo
et al., 2013; Masiá et al., 2015; Ccanccapa et al., 2016a), reaching concen-
trations up to 37.74 ng/L detected in the Ebro River (Ccanccapa et al.,
2016b), and 99.59 ng/L (equivalent to 1 % with respect to the concentra-
tion determined as a safe concentration for drinkingwater by theWorld Or-
ganization of Health established at 10 μg/L, 2007) in the Júcar River
(Moura and Souza-Santos, 2020), both in Spain.

Pyriproxyfen is a juvenile hormone agonist, since its structural for-
mula is similar to it, although much more stable, so it actively competes
for its receptors (Sullivan and Goh, 2008). Under natural conditions, the
insect stops synthesizing this hormone to give way to the adult state
through metamorphosis. Nevertheless, in the presence of analogous,
as these continue to bind to the receptors of the juvenile hormone, it
prevents the interruption of the process making it impossible to pass
from the larval phase to the pupa, altering its natural development
and, therefore, making its metamorphosis to the adult stage impossible
(Dhadialla et al., 1998).

Therefore, the Pyriproxyfen effects on insects is very variable, among
others, its ability to prevent the hatching of eggs (Ohba et al., 2013), affect
larval development (Wang et al., 2013), or promote morphological aberra-
tions and reduce fertility in adults has been cited (Maoz et al., 2017). Thus it
has also been classified as an endocrine disruptor (Sullivan and Goh, 2008).

Its mode of action in other animal taxa is not known exactly, but there is
evidence of its effect on the development of aquatic vertebrates like Danio
rerio or Rhamdia quelen, causing an increase in mortality at low doses
(Dzieciolowska et al., 2017; Azevedo-Linhares et al., 2018), malformations,
and an enhancement of its effect when associated with microcystin, a toxin
produced by cyanobacteria in eutrophic aquatic environments (Azevedo-
Linhares et al., 2018). Numerous studies have shown that the effective con-
centrations used to control mosquito pests produce adverse effects on other
terrestrial organisms such as honey bees, or invertebrate aquatic organisms
(amphipods, crabs, daphnia), and vertebrates (zebrafish), both in embryos
and adults (Truong et al., 2016; Lawler, 2017; Azevedo-Linhares et al.,
2018; Maharajan et al., 2018, 2020). Furthermore, several studies have al-
ready shown that this compound induces the appearance of males in Daph-
nia broods exposed to this toxicant (Ginjupalli and Baldwin, 2013; Abe
et al., 2015; Watanabe et al., 2018).

One of the most widespread and standardized ways to assess the ad-
verse effects of a pesticide is to study the evolution of a daphnid cohort
using chronic tests. These kinds of tests allow us to determine their conse-
quences at different levels derived from their exposure, such as the effects
on reproduction, development, growth and survival. Complementarily, it
could be very useful a feeding behavior study in order to determine the ne-
onate pesticide effect on feeding uptake because it could determine a future
effect on reproduction as well as final growth.

In addition, we will get more information if we determine these effects
not only to a single daphnid generation but also on several generations.
Then, we could have more valuable information about the damage that
the pesticide would cause to a daphnid population.
2

Therefore, the objective of this study focuses on evaluating both the
pyriproxyfen chronic effects through the OECD standardized test (repro-
duction, survival, individual growth) in a parental daphnid generation
(F0) as well as in its progeny (F1), in order to evaluate the insecticide trans-
fer between generations.

2. Materials and methods

2.1. Test organisms

The animals used in the present study belong to the species Daphnia
magna, clone K6 (Muyssen and Janssen, 2001), came from a colony
which is permanently maintained in our laboratory following the recom-
mendations of the OECD (2012). The animals were kept in 5-litre capacity
aquariumswith a density of 30 individuals per aquarium andwhose culture
medium was renewed weekly. Tap water from the municipal supply net-
work was used to keep the daphnid culture (total hardness 210 ±
10mg/LCaCO3; pH 7.9±0.2; alkalinity 4.1mmol/L; dissolved oxygen sat-
uration> 90%) itwas previously dechlorinated by aeration andwith an ox-
ygen saturation >90 %. Every two days the aquariums were filtered to
eliminate the neonates, keeping on only the reproductive females. Constant
conditions in the climate chamber were a temperature of 22± 1 °C, a light
intensity of 64 ft-c, and a photoperiod of 16:8 h light:dark.

The alga Nannochloris oculata was used as fresh food, and was supplied
to the daphnia colony three times a week at a concentration of 5 × 105

cells/mL (Allen et al., 1995; Taylor et al., 1998).
Daphnia magna colony is tested annually using potassium dichromate at

least once as the reference product, in order to assess its sensitivity (Kikuchi
et al., 2017). Therefore, we ensure that the individuals used in the experi-
ments keep a constant response to the selected toxicants.

2.2. Test chemical

Pyriproxyfen technical product was supplied by the company Plant Pro-
tection Company S.L (PROPLAN, Spain), number CAS 95737-68-1 (>97 %
purity). Chemical name is 4-phenoxyphenyl (RS)-2-(2-pyridyloxy) propyl
ether.

In order to prepare the different stock solutions to be used in the exper-
imental assays, Pyriproxyfen was dissolved in ethanol, with a maximum
final ethanol concentration of 0.28 μL/L. Previous experiments carried
out in the laboratory showed that this ethanol concentration was safe for
D. magna and no effect was observed in survival as well as reproduction
(Dom et al., 2012).

2.3. Acute toxicity test

To study Pyriproxyfen acute toxicity, immobilization tests were carried
out onD.magna, following the recommendations of theOECD (2004) “Guide-
line for Testing of Chemicals, Daphnia sp., Acute Immobilization Test”.

The objective of the test was to determine the insecticide concentration
necessary to produce 50% of the immobilization in the study daphnid pop-
ulation for 24 and 48 h which is called Effective Concentration 50 (EC50).
Insecticide test concentrations used were 50, 260, 440, 780, and
1000 μg/L for 24 h exposure; and 50, 150, 260, 440, and 780 μg/L for
the 48 h acute toxicity assay, plus a control group in each assay. Laboratory
conditions were the same as described in chapter 2.1.

10 neonates (<24 h old) from the same brood were placed in glass bea-
kers with 25 mL of each selected concentration plus a control group,
consisting in a triplicate per experimental condition. Animals were not
fed during the acute test. After 24 and 48 h of exposure, immobilized neo-
nates were recorded.

2.4. Feeding behavior experiments

Daphnia magna neonates (<24 h old) from the culture were exposed for
5 h to the insecticide Pyriproxyfen, using several sublethal concentrations
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which were based on the results obtained in the EC50 test at 48 h: 3.14,
4.74, 6.12, 8.41 and 14.02 μg/L. These tests were carried out following
the recommendations of Ferrando and Andreu-Moliner (1993).

For each test concentration plus a pesticide-free control group, 3 repli-
cates were made, placing 10 neonates in each 25 mL glass container. The
animals were fed with the algae Nannochloris oculata in a concentration of
5×105 cells/mL. All experiments were carried out in darkness for a 5 h pe-
riod at 22± 1 °C. After 5 h of testing, the final algae concentration was de-
termined by counting in a Neubauer blood cell counting chamber. With the
data obtained in the experiments the following parameters were calculated,
according to the equations of Gauld (1951).

F ¼ V
n
� ln C0 � ln Ctð Þ

t
� A

A ¼ ln C0 � ln C′
t

t

I ¼ F �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C0 � Ct

p

where F was filtration rate, I was ingestion rate, C0 initial algal concentra-
tion (cells/mL), Ct final algal concentration (cells/mL), t: duration of the ex-
periment (5 h), n number of individuals used, V volume of the medium in
μL and A was a corrected control factor.

2.5. Chronic toxicity test F0 generation

All chronic toxicity tests with D. magna were carried out following
the indications of the OECD 211 (2012). Neonatal individuals (<24 h)
from the colony were exposed to different sublethal concentrations:
3.14, 4.74, 6.12, 8.41 and 14.02 μg/L for 21 days. These insecticide con-
centrations were prepared just before carrying out the daily renewals of
the medium.

The experiment consisted of 15 daphnids individually disposed in glass
containers with 50mL of medium for each insecticide concentration and its
control. The medium and food (5 × 105 cells/mL Nannochloris oculata)
were renewed daily, transferring the daphnids to clean containers.

The following parameters were recorded throughout the 21-day
chronic assay: time to first clutch, total number of broods per female,
number of broods per female, and survival. Since the first clutch, daily
neonates were preserved in ethanol after being counted for its subse-
quent morphological analysis. At the end of the chronic experiment
(21-d), adult females were also measured under the stereoscopic micro-
scope. Sex determination in neonates was performed by the presence or
absence of the first elongated antennal pair, sexual dimorphism in this
species in individuals <24 hour old allows sex differentiation according
to OECD 211 (2012).

2.6. Chronic toxicity test F1 generation

Simultaneously with the F0 parental chronic test, a second chronic test
(F1) was carried out with daphnids belonging to the second brood of
mothers exposed to the highest concentration of insecticide (14.02 μg/L),
and from the control group. The purpose of this test was to evaluate the
ability to recover of those neonates exposed from their birth to the highest
concentration of pyriproxyfen (considered the most adverse condition).
The neonates from the mothers exposed to the insecticide were subdivided
into two groups, each one composed of 15 individuals. All neonates were
selected and placed randomly in the vessels in order to perform the exper-
iment for 21 days.

In the first experiment, the selected neonates were exposed to
14.02 μg/L of pyriproxyfen (the same concentration as their mothers),
this group was designated as TT group, while in a second experiment an-
other group of neonates (from the same exposed mothers) was placed in a
clean medium, designated as TC group.

Additionally, a control group was also included consisting of neonates
from control females recollected the same day as those from pesticide
3

exposed mothers. The same data as in the F0 parental chronic toxicity test
was evaluated during the experiments.

2.7. Statistical analysis

To determine the EC50 values (24 and 48 h) and their confidence limits
(95 %) in the acute toxicity tests, Probit regression analysis was performed.

ANOVA testswere applied to the feeding assay aswell as for chronic test
(F0 and F1 generations) in order to analyze their statistical relevance,
followed by Dunnett's Multiple Comparison posthoc test for feeding and
chronic test in F0 generation, and Bonferroni's Multiple Comparison
posthoc test for chronic test in F1 generation. Normal distribution and
equal variance were tested before ANOVA with Kolmogorov-Smirnov and
Levene's tests. A GraphPad Prism 6 software (GraphPad Software, USA)
was used to perform the different analyses, the significant level was set at
p < 0.05.

3. Results and discussion

3.1. Acute toxicity assays

Acute toxicity tests results showed that pyriproxyfen insecticide had a
higher toxic effect after 48 h of exposure compared to 24 h, since the
EC50 at 24 h was 479.80 μg/L (388.38–568.96) and was reduced by 30 %
at 48 h, 336.47 μg/L (262.69–416.51).

Some authors as Abe et al. (2015) recorded higher Pyriproxyfen tox-
icity in Daphnia magna after 48 h of exposure. They found a quite lower
EC50-48 h value of 185 μg/L. These findings could be due to the use of
different solvents to prepare insecticide stock solutions. They used
dimethylformamide instead of ethanol as a solvent, and they recorded
some mortality in the solvent group in long-term experiments whereas
non-mortality was registered in any of our long-term experiments.

Pyriproxifen acute toxicity studies in other crustaceans indicated a high
variability in the results obtained due mainly to the insecticide chemical
characteristics depending on the manufacturing company or the solvent
used in the study. Aaen and Horsberg (2016) determined a LC50 of
676.6 μg/L in the copepod Lepeophtheirus salmonis exposed to 24 h to the in-
secticide. Similar results were found by Alves et al. (2019) in the crustacean
Artemia salina, they calculated an EC50 value of 500 μg/L when exposed to
Pyriproxifen for 48 h.

However, lower acute toxicity results were found in other species ex-
posed to this pesticide as 73.24 μg/L in the copepod Eurytemora affinis
(Legrand et al., 2017) or 98 μg/L in the shrimp Leander tenuicornis (Brown
et al., 1996).

3.2. Feeding behavior experiments

No effects were observed on feeding behavior in neonates exposed to
the insecticide, compared to the results obtained in the control group,
since the rate of ingestion andfiltration did not show statistically significant
differences (p > 0.05) among the experimental groups.

Previous studies have shown how the effect on feeding behavior in the
first hours of life was clearly compromised in daphnids exposed to other in-
secticides. Fernández-Casalderrey et al. (1994) observed how the insecti-
cides endosulfan and diazinon caused a decrease in both parameters
when D. magna neonates were exposed to different concentrations of
these insecticides. Tests carried out with the insecticide tebuconazole on
D. magna also revealed this decrease in feeding behavior after only 5 h of
exposure to increasing concentrations of the toxicant (Sancho et al., 2009).

However, the alteration of these parameters can be determined by the
action of the compound itself, since the success in feeding filter feeders is
given by the individual's ability tomobilize the appendages and thus, byfil-
tering the algae (Day and Kaushik, 1987). If the toxicant alters the nervous
system and reduces coordination, or causes total or partial paralysis, inges-
tion and filtration rates will be reduced. Even certain compounds such as
the insecticides permethrin or fenvalerate can cause the adhesion of food



Table 1
D. magna (F0 generation) survival, fecundity, and body length after exposure to Pyriproxyfen for 21 days.

Brood size Number of broods per female Days to first brood Number of neonates per female Longevity (days) Body length (mm)

Control 23.52 ± 1.51 5.07 ± 0.13 7.80 ± 0.4 119.33 ± 9.49 21.00 ± 0.00 4.30 ± 0.13
3.14 μg/L 4.68 ± 0.30⁎ 3.40 ± 0.25⁎ 12.60 ± 0.44⁎ 15.87 ± 1.07⁎ 21.00 ± 0.00 3.57 ± 0.11⁎
4.74 μg/L 4.31 ± 1.07⁎ 3.07 ± 0.13⁎ 13.07 ± 0.39⁎ 13.20 ± 3.09⁎ 21.00 ± 0.00 3.54 ± 0.15⁎
6.12 μg/L 3.74 ± 0.24⁎ 3.07 ± 0.25⁎ 13.20 ± 0.54⁎ 11.60 ± 1.16⁎ 21.00 ± 0.00 3.55 ± 0.03⁎
8.41 μg/L 3.29 ± 0.18⁎ 2.67 ± 0.21⁎ 14.27 ± 0.65⁎ 8.86 ± 0.69⁎ 21.00 ± 0.00 3.52 ± 0.07⁎
14.02 μg/L 2.60 ± 0.15⁎ 2.73 ± 0.25⁎ 13.87 ± 0.78⁎ 7.20 ± 0.83⁎ 21.00 ± 0.00 3.37 ± 0.07⁎

⁎ p < 0.05.
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particles to the appendages, making their movement difficult (Christensen
et al., 2005; Reynaldi et al., 2006).

Daphnia feeding is a complex behavior, as it is regulated by the interac-
tion of physiological mechanisms, including both the coordination of intes-
tinal function with the filtering apparatus (Lampert, 1987; Hartman and
Kunkel, 1991). Low concentrations of metals such as cadmium or copper
are known to impair feeding in case of intestinal poisoning in daphnia
(Barata et al., 2005).

However, in others studies, the effect begins to be noticeable after 24 h
of exposure (Araujo et al., 2019), or using juveniles or adults instead of ne-
onates (Li et al., 2020). Therefore, it is possible that we did not find a
Fig. 1. D. magna chronic toxicity experiment in F0 generation exposed to Pyr

4

significant reduction in the feeding rates of Pyriproxifen exposed daphnids
because of a short 5 h exposure period.

3.3. Chronic toxicity test in F0 generation

During the chronic toxicity study, both survival and reproduction data
were recorded throughout the 21 days of the experiment. At the end of
the study, all the individuals were photographed in order to take measure-
ments of body length.

Table 1 and Fig. 1 show the results obtain in the chronic toxicity study
using F0 generation females. All of the test daphnids survived the 21 days
iproxyfen for 21 days. * p < 0.05 statistical differences vs control group.



Fig. 3. Malformed progeny from F0 generation parental females exposed to
Pyriproxyfen, caudal spine is not completely extended.

B. Salesa et al. Science of the Total Environment 886 (2023) 164013
period. The brood size was already reduced by 80 % at the lowest insecti-
cide concentration (3.14 μg/L), reaching almost 90 % at the highest
(14.02 μg/L). The number of broods was also altered in D. magna exposed
to all insecticide concentrations compared to the control group. Therefore,
the control group had an average of 5 broods, while in the lowest concen-
tration tested (3.14 μg/L) this parameter was reduced to 3–4 times (de-
crease of 33 %), reaching only 2–3 broods in the highest tested
concentration tested (14.02 μg/L), leading to a decrease of almost 50 %
on average compared to the control group.

On the other hand, the parameter time to thefirst broodwas also altered
on daphnids exposed to all the concentrations tested. The first clutch in the
control group took place on day 8, while at the lowest concentration of in-
secticide, 3.14 μg/L, it was delayed until day 12, reaching up to 14 days in
daphnids exposed to concentrations of 8.41 and 14.02 μg/L, which meant
an increase from 60% to 80% in the lowest concentration and highest con-
centration respectively.

The total number of neonates per female was the most sensitive param-
eter. A decrease of 87% in the case ofD. magna exposed to the lowest tested
concentration (3.14 μg/L) was observed. Those daphnids exposed to the
highest insecticide concentration reached a 94% of decrease in this param-
eter.

Regarding to body length, it was also altered in all the tested concentra-
tions, producing a reduction in D. magna size from 17 % in those daphnids
exposed to 3.14 μg/L of Pyriproxifen, to 23 % in the ones exposed to
14.02 μg/L.

The population statistic growth rate (r) was chosen as a parameter be-
cause it integrates survival as well as reproduction, and this parameter
takes in consideration the great importance of the early reproduction for
the population growth as was demonstrated by Daniels and Allan (1981).
On the other hand, several studies demonstrated that in D. magna the r
value at day 21 correlated in a 99 % to the r calculated for the entire life
table (Daniels and Allan, 1981; van Leeuwen et al., 1985).

In the present study, the intrinsic growth rate (Fig. 1) was reduced in the
daphnids Pyriproxifen treated groups up to a maximum of 0.11 in the
highest concentration used, compared to the values obtained in the control
group (0.32), assuming a maximum reduction of 65 %.

Daphnids constant exposure during 21 days to Pyriproxifen was enough
to alter their offspring production and growth from the lowest to the
highest concentration. A high depletion in all the reproductive parameters
was observed specially in the number of neonates per female and brood size
which could be considered as a good indication of the strong impact that
Pyriproxifen had on D. magna population.

Our results agree with those found by Jordao Jordão et al. (2016) who
observed that a concentration of 6.01 μg/L of Pyriproxifen affected the de-
velopment of D. magna, decreased reproduction rate, inhibiting moult and
increasedmale offspring production. This result reflects the high sensitivity
of D. magna at low concentrations of this toxic agent.

Similar results were found by Kim et al. (2008) and Friberg-Jensen et al.
(2010) when exposed D. magna to another insecticide as cypermethrin for
21 days and observed similar sublethal reproduction effects, such as a
Fig. 2.Optical microscope photography of a control female (left side) with a typical phen
to 14.02 μg/L Pyriproxyfen (right side).
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reduced total brood number, reduced brood size, increased time to first
brood, and a high decreased in the total number of neonates produced.
And several authors (Naddy et al., 2000; Zalizniak and Nugegoda, 2006)
observed that insecticides such as chlorpyrifos induced a reduction in re-
productive parameters when Daphnia magna were exposed to concentra-
tions between 0.005 and 0.5 μg/L of the insecticide.

Therefore, we can say from our results that while daphnids were able to
survive for 21 days, exposure to the insecticide Pyriproxifen seriously af-
fectedD.magna reproductive parameters, which could be a serious problem
for the population equilibrium as derivated from the reduction in the pop-
ulation growth rate (r) found in the present study.

Themorphological analysis of the daphnids (Fig. 2) showed that the col-
oration pattern was altered in the daphnids exposed to the insecticide,
going from the typical brown color in the control group (left side) to an
orange-pink pattern (right side) in the daphnids exposed to the highest in-
secticide concentration (14.02 μg/L) on day 21. The different coloration de-
tected in exposed daphnids was also correlated with the significant size
decreased observed (Table 1 and Fig. 2).

On the other hand, when we looked at the F0 progeny, we detected that
all the neonates analyzed presented the same morphological abnormality
(Fig. 3), with an incomplete extension of their caudal spine, and also, re-
garding to the sex ratio, >90 % of the offspring were male, although it
did not follow a proportional increase to the exposure concentration
(Table 2).

Palma et al. (2009), tested the effect of the insecticide chlorpyrifos on
D. magna at concentrations of 0.01 and 0.03 μg/L and did not observe
otype of a normal individual at 21 days of age, and a female exposed during 21 days



Table 2
D. magna F0 progeny analyzed in the third brood onwards (percentage of males and
females in each experimental group).

Total neonates analyzed Females (%) Males (%)

Control 200 100 0
3.14 μg/L 39 5 95
4.74 μg/L 45 3 97
6.12 μg/L 33 3 97
8.41 μg/L 22 0 100
14.02 μg/L 13 15 85
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any reduction in the reproduction of the exposed daphnids, however they
found an increased in neonates malformations which were similar to
those found in the present study.

Our results are similar as those found by other authors like Ginjupalli
and Baldwin (2013) when exposed D. magna neonates (3–10 days old) to
Pyriproxifen. As a consequence of the insecticide exposure a high amount
of males were observed in the parental daphnids offspring together with a
reduction in the broods size, and they found only few females in the off-
spring as in the present study. However, other authors as Matsumoto
et al. (2008) and Abe et al. (2015) confirmed a 100 % of males prevalence
inD. magna offspring after exposure to 0.1 μg/L and 1 μg/L of Pyriproxifen,
respectively.

Different alterations in the offspring sex ratio females/males after
D. magna exposure to Pyriproxifen were found by other authors as
Olmstead and LeBlanc (2006) or Watanabe et al. (2018).

3.4. Chronic toxicity test in F1 generation

Results from the chronic toxicity test carried out with daphnids from F1
generation, coming from F0 insecticide exposed (14.02 μg/L) mothers were
shown in Table 3 and Fig. 4. As we can see in Table 3, all the control F1
daphnids as well as F1 daphnids from exposed mothers (TC and TT groups)
survived 21 days.

F1 generation daphnids in free pesticide medium during 21 days (TC
group) showed a significant (p < 0.05) alterations in some reproductive pa-
rameters compared to control values. The number of broods per female de-
creased in a 19 % and time to first reproduction increased from 7.4 days in
the controls to 10.67 days, however no changes were observed in the num-
ber of neonates per female, brood size or body length (Table 3 and Fig. 4),
which indicated that F1 generation daphnids from a parental F0 generation
exposed to Pyriproxifen showed a good recover in most of the studied pa-
rameters when the daphnids are transferred to clean water free of toxicant
during 21 days.

On the other hand, F1 generation daphnids transferred to a medium
with Pyriproxifen (14.02 μg/L) (TT group) showed a significant
(p < 0.05) alteration in all the reproductive parameters as well as in body
length. A highest decreased was observed in both brood size (87 %) and
number of neonates per female (94 %) respect to the controls. The number
of broods per female also decreased in a 55 % respect to the control value
and a high increased was observed in the time to first reproduction which
changed from 7.4 days in the control group to 14.25 days in the exposed
F1 daphnids (Table 3 and Fig. 4). Relative to the body length of F1 daphnids
at day 21, females fromTT group showed a decrease of 23%with respect to
the control group.
Table 3
D. magna (F1 generation) survival, fecundity and body length after exposure to Pyriproxy
trol group.

Brood size Number of broods per female Time to first brood (d

Control 20.06 ± 4.10 4.93 ± 0.26 7.40 ± 0.51
TC group 22.17 ± 3.88 4.00 ± 0.00⁎ 10.67 ± 0.58⁎
TT group 2.71 ± 0.35⁎,$ 2.25 ± 0.50⁎,$ 14.25 ± 1.50⁎,$

⁎ p < 0.05 statistical differences vs control group.
$ p < 0.05 statistical differences between both groups (TT and TC).
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Aswe can see in Fig. 4, the intrinsic rate of natural growth (r) decreased
significantly (p < 0.05) in both TC and TT groups with respect to control
values, however, this decreased was quite higher in those F1 daphnids ex-
posed to 14.02 μg/L (TT group) due to the highest effect of Pyriproxifen
in the reproductive parameters even survival was not affected.

On the other hand, when we compared the sex ratio of the offsprings in
D. magna for both F1 generation groups, those belonging to TC group were
entirely females, while in the TT group we found also males. Therefore, F1
females transferred to an insecticide free medium (TC group) but coming
from parental females previously exposed to Pyriproxifen had only females
in their broods, so it could be said that there wasn't a multigenerational ef-
fect on the sex determination induced by the pesticide.

Similar results were found by Sánchez et al. (1999) when exposed sev-
eral D. magna generations to the insecticide diazinon. Reproduction was
still reduced in F1 generation daphnids from parentals (F0) exposed to diaz-
inon. Other authors as Villarroel et al. (2000) exposedD. magna to the acar-
icide tetradifon in amultigenerational study and their results indicated that
reproduction was still reduced in F1 generation daphnids from parentals
(F0) exposed tetradifon even after 21 days in clean water. However, sur-
vival was not different in those F1 offsprings from parentals pre-exposed
to the acaricide.

On the other hand, some authors as Martins and Guilhermino (2018),
studied the recovery ability of several D. magna generations after exposure
to some microplastics. They found a recovery of several parameters when
the daphnids were transferred to toxicant free medium (survival, number
of broods per female and time to first brood) while others (brood size or
number of neonates per female) needed several generations to complete re-
covery. Similar results were found by Völker et al. (2013), when studied the
recovery of several Daphnia generations previously exposed to different sil-
ver nanoparticles. D. magna needed 4 consecutive generations in free toxi-
cant medium to recover all the reproductive studied parameters.

Fig. 5 shows D. magna adult photographs from F1 generation (females
and males) at the end of the experiment (21 days). The determination of
males was made based on the size of the adult individual at the end of
the test, the elongation of thefirst antennal pair, and the shape of the valves
(in females, the valves are symmetrical and rounded, while in the male, the
upper part forms almost a 90° angle).

Several studies associated changes in the coloration of daphnids mainly
as a consequence of exposure to hypoxic environments, going from a pale to
pinkish and even reddish hue, due to the increase in haemoglobin in ani-
mals to counteract the low content of dissolved oxygen in the medium
(Fox et al., 1951; Pirow et al., 2001). The structural formula of Pyriproxyfen
does not present any group that justifies that result, so a possible explana-
tion would be that the insecticide presence into the medium put the
daphnids in a stress situation so they couldn't take enough oxygen from
the water, causing them a deficit of oxygen and a consequent color change
by increasing the haemoglobin content.

Our results agree with those found by Rider et al. (2005) who described
how certain compounds as Pyriproxifen (23–64 ng/L) orMethyl farnesoate,
induced a stress response in the crustaceans D. magna and D. pulex and as a
consequence of that they found an increase in the haemoglobin content to-
gether with changes to pink color and a highest male production in the off-
spring.

On the other hand, the synthesis of haemoglobin induced by the insec-
ticide Pyriproxyfen would act as a defensive mechanism against the toxic
fen for 21 days (TT group), or in a free insecticide medium (TC group), and the con-

ays) Number of neonates per female Longevity (days) Body length (mm)

98.93 ± 20.93 21.00 ± 0.00 4.30 ± 0.27
88.67 ± 15.50 21.00 ± 0.00 4.23 ± 0.10
6.00 ± 0.82⁎,$ 21.00 ± 0.00 3.30 ± 0.05⁎,$



Fig. 4.D. magna F1 generation chronic toxicity experiment for 21 days. (TT)means F1 daphnids exposed to Pyriproxifen, (TC)means F1 daphnids in free insecticide medium.
*p < 0.05 statistical differences vs control group. $ p < 0.05 statistical differences between both groups (TT and TC).
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stress as Eytcheson and LeBlanc (2018) hypothesized when they demon-
strated that exposure to low concentrations of this insecticide (96 ng/L)
for 48 h reduced the toxicity of sodium nitrite present in the medium as a
consequence of the activation of haemoglobin synthesis in D. magna, thus
acting as a defence mechanism against environmental contamination.

4. Conclusions

It is very important to study long-term effects of insecticides on aquatic
organisms since they are present in the environment at very low concentra-
tions. Constant exposure of sublethal Pyriproxifen concentrations on
D. magna will impact these populations as indicated by the reproduction
results.

On the other hand, the results found in the multigeneration study indi-
cated that an F1 generation daphnid from parental females exposed to
Pyriproxifen would be able to recover in most of the reproduction parame-
ters after 21 days in free toxicant medium while those F1 daphnids trans-
ferred to a medium with the same insecticide concentration as their
7

mothers would be very affected. The fact that the offspring are mostly
males should not be overlooked, so even if the females do recover, the net
reproductive capacity of the population would be affected.

More studies are needed regarding the environmental fate of
Pyriproxifen in aquatic organisms, especially on the effects of sublethal con-
centrations. The information obtained in the present study will be useful to
predict Pyriproxifen toxic effects in the aquatic ecosystems, although the
environmental levels of this insecticide were very low to induce the direct
mortality.
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D. magna male from TC group. D: D. magna female from TT group. E: D. magna male from TT group.

B. Salesa et al. Science of the Total Environment 886 (2023) 164013
Data availability

No data was used for the research described in the article.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper. The authors would like to express their grati-
tude to the Fundación Universidad Católica de Valencia San Vicente Mártir
and the University of Valencia for their support.

References

Aaen, S.M., Horsberg, T.E., 2016. A screening of multiple classes of pharmaceutical com-
pounds for effect on preadult salmon lice Lepeophtheirus salmonis. J. Fish Dis. 39 (10),
1213–1223. https://doi.org/10.1111/jfd.12463.

Abe, R., Watanabe, H., Yamamuro, M., Iguchi, T., Tatarazako, N., 2015. Establishment of a
short-term, in vivo screening method for detecting chemicals with juvenile hormone ac-
tivity using adult Daphnia magna: in vivo screening method for detecting juvenile hor-
mone activity. J. Appl. Toxicol. 35 (1), 75–82 (https://doi.org/f6tmrh).

Allen, Y., Calow, P., Baird, D.J., 1995. A mechanistic model of contaminant-induced feeding
inhibition in Daphnia magna. Environ. Toxicol. Chem. 14 (9), 1625–1630 (https://doi.
org/cfkfvq).
8

Alves, P.E.S., Oliveira, M.D.D.A., Marcos de Almeida, P., Martins, F.A., Carvalho Melo, A., de
Jesus Aguiar Dos Santos Andrade, T., Feitosa, C.M., Rai, M., Campinho Dos Reis, A.,
Soares da Costa Júnior, J., 2019. Determination by chromatography and cytotoxotoxic
and oxidative effects of pyriproxyfen and pyridalyl. Chemosphere 224, 398–406.
https://doi.org/10.1016/j.chemosphere.2019.02.037.

Araujo, G.S., Pinheiro, C., Pestana, J.L.T., Soares, A.M.V.M., Abessa, D.M.S., Loureiro, S.,
2019. Toxicity of lead and mancozeb differs in two monophyletic Daphnia species.
Ecotox. Environ. Saf. 178, 230–238 (https://doi.org/gc2m).

Azevedo-Linhares, M., Souza, A.T.C., Lenz, C.A., Leite, N.F., Brito, I.A., Folle, N.M.T., Oliveira
Ribeiro, C.A., 2018. Microcystin and pyriproxyfen are toxic to early stages of develop-
ment in Rhamdia quelen: an experimental and modelling study. Ecotox. Environ. Saf.
166, 311–319 (https://doi.org/gc2n).

Barata, C., Varo, I., Navarro, J.C., Arun, S., Porte, C., 2005. Antioxidant enzyme activi-
ties and lipid peroxidation in the freshwater cladoceran Daphnia magna exposed to
redox cycling compounds. Comp. Biochem. Physiol. 140 (2), 175–186 (https://
doi.org/bqk5gt).

Biale, H., Geden, C.J., Chiel, E., 2017. Effects of pyriproxyfen on wild populations of the
housefly, Musca domestica, and compatibility with its principal parasitoids. Pest Manag.
Sci. 73 (12), 2456–2464 (https://doi.org/gc2p).

Brown, M.D., Thomas, D., Watson, K., Greenwood, J.G., Kay, B.H., 1996. Acute toxicity of se-
lected pesticides to the estuarine shrimp Leander tenuicornis (Decapoda:Palaemonidae).
J. Am. Mosq. Control Assoc. 12 (4), 721–724 (PMID: 9046481).

Campo, J., Masiá, A., Blasco, C., Picó, Y., 2013. Occurrence and removal efficiency of pesti-
cides in sewage treatment plants of four Mediterranean River Basins. J. Hazard. Mater.
263, 146–157 (https://doi.org/f5rjqk).

Ccanccapa, A., Masiá, A., Andreu, V., Picó, Y., 2016a. Spatio-temporal patterns of pesticide
residues in the Turia and Júcar Rivers (Spain). Sci. Total Environ. 540, 200–210
(https://doi.org/gc2s).

https://doi.org/10.1111/jfd.12463
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0010
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0010
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0010
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0010
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0015
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0015
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0015
https://doi.org/10.1016/j.chemosphere.2019.02.037
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0025
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0025
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0030
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0030
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0030
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf2005
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf2005
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf2005
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf2005
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0035
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0035
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0035
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0040
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0040
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0040
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0045
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0045
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0045
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0050
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0050
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0050


B. Salesa et al. Science of the Total Environment 886 (2023) 164013
Ccanccapa, A., Masiá, A., Navarro-Ortega, A., Picó, Y., Barceló, D., 2016b. Pesticides in the
Ebro River basin: occurrence and risk assessment. Environ. Pollut. 211, 414–424
(https://doi.org/f8p9s8).

Christensen, B.T., Lauridsen, T.L., Ravn, H.W., Bayley, M., 2005. A comparison of feeding ef-
ficiency and swimming ability of Daphnia magna exposed to cypermethrin. Aquat.
Toxicol. 73 (2), 210–220. https://doi.org/10.1016/j.aquatox.2005.03.011.

Daniels, R.E., Allan, J.D., 1981. Life table evaluation of chronic exposure to a pesticide. Can.
J. Fish. Aquat. 38, 485–494 (doi: N/A).

Day, K., Kaushik, N.K., 1987. Short-term exposure of zooplankton to the synthetic pyretroid,
fenvalerate, and its effects on rates of filtration and assimilation of the algae
Chlamydomonas reinhardii. Arch. Environ. Contam. Toxicol. 16, 423–432. https://doi.
org/10.1007/BF01055263.

Dhadialla, T.S., Carlson, G.R., Le, D.P., 1998. New insecticides with ecdysteroidal and juvenile
hormone activity. Annu. Rev. Entomol. 43 (1), 545–569 (https://doi.org/c2m52n).

Dom, N., Penninck, M., Knapen, D., Blust, R., 2012. Discrepancies in the acute versus chronic
toxicity of compounds with a designated narcotic mechanism. Chemosphere 87 (7),
742–749. https://doi.org/10.1016/j.chemosphere.2011.12.069.

Dzieciolowska, S., Larroque, A.L., Kranjec, E.A., Drapeau, P., Samarut, E., 2017. The larvicide
pyriproxyfen blamed during the Zika virus outbreak does not cause microcephaly in
zebrafish embryos. Sci. Rep. 7 (1), 40067 (https://doi.org/gc2x).

Eytcheson, S.A., LeBlanc, G.A., 2018. Hemoglobin levels modulate nitrite toxicity to Daphnia
magna. Sci. Rep. 8 (1), 1–8 (https://doi.org/gdjn9z).

Fernández-Casalderrey, A., Ferrando, M.D., Andreu-Moliner, E., 1994. Effect of sublethal con-
centrations of pesticides on the feeding behavior of Daphnia magna. Ecotox. Environ. Saf.
27 (1), 82–89 (https://doi.org/dtnnwn).

Ferrando, M.D., Andreu-Moliner, E., 1993. Feeding behavior as an index of copper stress in
Daphnia magna and Brachionus calyciflorus. Comp. Biochem. Physiol. C Toxicol.
Pharmacol. 106 (2), 327–331. https://doi.org/10.1016/0742-8413(93)90141-7.

Fox, H.M., Gilchrist, B.M., Phear, E.A., 1951. Functions of haemoglobin in Daphnia. Proc. Biol.
Sci. 138 (893), 514–528 (https://doi.org/c36xgz).

Friberg-Jensen, U., Nachman, G., Christoffersen, K.S., 2010. Early signs of lethal effects in
Daphnia magna (Branchiopoda, Cladocera) exposed to the insecticide cypermethrin and
the fungicide azoxystrobin. Environ. Toxicol. Chem. 29 (10), 2371–2378. https://doi.
org/10.1002/etc.290.

Gauld, D.T., 1951. The grazing rate of planktonic copepods. J. Mar. Biol. Ass. 29 (3), 695–706
(https://doi.org/frvqkk).

Ginjupalli, G.K., Baldwin, W.S., 2013. The time- and age-dependent effects of the juvenile hor-
mone analog pesticide, pyriproxyfen on Daphnia magna reproduction. Chemosphere 92
(9), 1260–1266 (https://doi.org/f46vjj).

Hartman, H.J., Kunkel, D.D., 1991. Mechanisms of food selection in Daphnia. Hydrobiologia
225, 129–154. https://doi.org/10.1007/BF00028392.

Jaffer, A., Protopopoff, N., Mosha, F.W., Malone, D., Rowland, M.W., Oxborough, R.M., 2015.
Evaluating the sterilizing effect of pyriproxyfen treated mosquito nets against Anopheles
gambiae at different blood-feeding intervals. Acta Trop. 150, 131–135 (https://doi.org/
f7vh9s).

Jambulingam, P., Sadanandane, C., Boopathi Doss, P.S., Subramanian, S., Zaim, M., 2008.
Field evaluation of an insect growth regulator, pyriproxyfen 0.5% GR against Culex
quinquefasciatus, the vector of Bancroftian filariasis in Pondicherry, India. Acta Trop. 107
(1), 20–24 (https://doi.org/dcqvjh).

Jordão, R., Garreta, E., Campos, B., Lemos, M.F., Soares, A.M., Tauler, R., Barata, C., 2016.
Compounds altering fat storage in Daphnia magna. Sci. Total Environ. 1 (545-546),
127–136. https://doi.org/10.1016/j.scitotenv.2015.12.097.

Kikuchi, M., Syudo, A., Hukumori, M., Naito, C., Sawai, J., 2017. Changes in aquatic toxicity
of potassium dichromate as a function of water quality parameters. Chemosphere 170,
113–117. https://doi.org/10.1016/j.chemosphere.2016.11.158.

Kim, Y., Jung, J., Oh, S., Choi, K., 2008. Aquatic toxicity of cartap and cypermethrin to differ-
ent life stages of Daphnia magna and Oryzias latipes. J. Environ. Sci. Health B 43 (1),
56–64. https://doi.org/10.1080/03601230701735029.

Lajmanovich, R.C., Peltzer, P.M., Martinuzzi, C.S., Attademo, A.M., Bassó, A., Colussi, C.L.,
2019. Insecticide pyriproxyfen (Dragón®) damage biotransformation, thyroid hormones,
heart rate, and swimming performance of Odontophrynus americanus tadpoles.
Chemosphere 220, 714–722 (https://doi.org/gc9z).

Lampert, W., 1987. Feeding and nutrition inDaphnia. Mem. Ist. Ital. Idrol. Consiglio Nazionale
delle Richerche. Instituto Italiano di Idrobiologia, Verbania Palanza, Italy, pp. 143–192
(doi: N/A).

Lawler, S.P., 2017. Environmental safety review of methoprene and bacterially-derived pesti-
cides commonly used for sustained mosquito control. Ecotox. Environ. Saf. 139, 335–343
(https://doi.org/f9z93j).

van Leeuwen, C.J., Luttmer, W.J., Griffioen, P.S., 1985. The use of cohorts and populations in
chronic toxicity studies with Daphnia magna: a cadmium example. Ecotox. Environ. Saf. 9
(1), 26–39 (https://doi.org/bx3mck).

Legrand, E., Boulangé-Lecomte, C., Restoux, G., Trémolet, G., Duflot, A., Forget-Leray, J.,
2017. Individual and mixture acute toxicity of model pesticides chlordecone and
pyriproxyfen in the estuarine copepod Eurytemora affinis. Environ. Sci. Pollut. Res. Int.
24 (6), 5976–5984. https://doi.org/10.1007/s11356-016-8294-5.

Li, Y., Ma, Y., Yang, L., Duan, S., Zhou, F., Chen, J., Zhang, B., 2020. Effects of
azithromycin on feeding behavior and nutrition accumulation of Daphnia magna under
the different exposure pathways. Ecotox. Environ. Saf. 197 (110573), 110573 (https://
doi.org/gc93).

Lima, E.P., Paiva, M.H.S., de Araújo, A.P., da Silva, E.V.G., da Silva, U.M., de Oliveira, L.N., de
Melo Santos, M.A.V., 2011. Insecticide resistance inAedes aegypti populations from Ceará,
Brazil. Parasit. Vectors 4 (1), 5 (https://doi.org/crxnws).

Lwetoijera, D., Harris, C., Kiware, S., Dongus, S., Devine, G.J., McCall, P.J., Majambere, S.,
2014. Effective autodissemination of pyriproxyfen to breeding sites by the exophilic ma-
laria vector Anopheles arabiensis in semi-field settings in Tanzania. Malar. J. 13 (1), 161
(https://doi.org/f545h2).
9

Maharajan, K., Muthulakshmi, S., Nataraj, B., Ramesh, M., Kadirvelu, K., 2018. Toxicity as-
sessment of pyriproxyfen in vertebrate model zebrafish embryos (Danio rerio): a multi
biomarker study. Aquat. Toxicol. 196, 132–145 (https://doi.org/gc5z78).

Maharajan, K., Muthulakshmi, S., Karthik, C., Nataraj, B., Nambirajan, K., Hemalatha, D.,
Ramesh, M., 2020. Pyriproxyfen induced impairment of reproductive endocrine homeo-
stasis and gonadal histopathology in zebrafish (Danio rerio) by altered expression of
hypothalamus-pituitary-gonadal (HPG) axis genes. Sci. Total Environ. 735, 139496
(https://doi.org/gdbb).

Maoz, D., Ward, T., Samuel, M., Müller, P., Runge-Ranzinger, S., Toledo, J., Horstick, O.,
2017. Community effectiveness of pyriproxyfen as a dengue vector control method: a sys-
tematic review. PLoS Negl. Trop. Dis. 11 (7), 1–20 (https://doi.org/gbm73j).

Martins, A., Guilhermino, L., 2018. Transgenerational effects and recovery of microplastics ex-
posure in model populations of the freshwater cladoceran Daphnia magna Straus. Sci.
Total Environ. 631–632, 421–428 (https://doi.org/gdbc).

Masiá, A., Campo, J., Navarro-Ortega, A., Barceló, D., Picó, Y., 2015. Pesticide monitoring in
the basin of Llobregat River (Catalonia, Spain) and comparison with historical data. Sci.
Total Environ. 503–504, 58–68 (https://doi.org/gdbd).

Matsumoto, T., Ikuno, E., Itoi, S., Sugita, H., 2008. Chemical sensitivity of the male daphnid,
Daphnia magna, induced by exposure to juvenile hormone and its analogs. Chemosphere
72 (3), 451–456. https://doi.org/10.1016/j.chemosphere.2008.02.016.

Moura, J.A.S., Souza-Santos, L.P., 2020. Environmental risk assessment (ERA) of pyriproxyfen
in non-target aquatic organisms. Aquat. Toxicol. 222 (105448), 105448 (https://doi.org/
gdbf).

Muyssen, B.T., Janssen, C.R., 2001. Multigeneration zinc acclimation and tolerance in Daph-
nia magna: implications for water-quality guidelines and ecological risk assessment. Envi-
ron. Toxicol. Chem. 20 (9), 2053–2060 (https://doi.org/bfcvmg).

Naddy, R.B., Johnson, K.A., Klaine, S.J., 2000. Response of Daphnia magna to pulsed expo-
sures of chlorpyrifos. Environ. Toxicol. Chem. 19 (2), 423–431 (https://doi.org/dzfqbx).

Ohba, S.-Y., Ohashi, K., Pujiyati, E., Higa, Y., Kawada, H., Mito, N., Takagi, M., 2013. The ef-
fect of pyriproxyfen as a “population growth regulator” against Aedes albopictus under
semi-field conditions. PLoS One 8 (7), e67045 (https://doi.org/f48qcd).

Olmstead, A.W., LeBlanc, G.A., 2006. The environmental-endocrine basis of gynandromor-
phism (intersex) in a crustacean. Int. J. Biol. Sci. 3 (2), 77–84 (https://doi.org/fzjmxq).

Organization for Economic Co-operation and Development (OECD), 2004. Test no. 202: Daph-
nia sp. acute immobilisation test and reproduction test. OECD Guidelines for Testing
Chemicals, Section, Paris, France. vol. 2.

Organization for Economic Co-operation and Development (OECD), 2012. Test no. 211:Daph-
nia magna reproduction test. OECD Guidelines for Testing of Chemicals, Section, Paris,
France. vol. 2.

Palma, P., Palma, V.L., Fernandes, R.M., Bohn, A., Soares, A.M.V.M., Barbosa, I.R., 2009.
Embryo-toxic effects of environmental concentrations of chlorpyrifos on the crusta-
cean Daphnia magna. Ecotox. Environ. Saf. 72 (6), 1714–1718 (https://doi.org/
c8nm42).

Pirow, R., Bäumer, C., Paul, R.J., 2001. Benefits of haemoglobin in the cladoceran crustacean
Daphnia magna. J. Exp. Biol. 204 (20), 3425–3441 (https://doi.org/gdbr).

Reynaldi, S., Duquesne, S., Jung, K., Liess, M., 2006. Linking feeding activity and maturation
of Daphnia magna following short-term exposure to fenvalerate. Environ. Toxicol. Chem.
25, 1826–1830. https://doi.org/10.1897/05-469r.1.

Rider, C.V., Gorr, T.A., Olmstead, A.W., Wasilak, B.A., LeBlanc, G.A., 2005. Stress signaling:
coregulation of hemoglobin and male sex determination through a terpenoid signaling
pathway in a crustacean. J. Exp. Biol. 208 (1), 15–23 (https://doi.org/fj5chj).

Saltzmann, K.A., Saltzmann, K.D., Neal, J.J., Scharf, M.E., Bennett, G.W., 2006. Effects of the
juvenile hormone analog pyriproxyfen on German cockroach, Blattella germanica (L.), ter-
gal gland development and production of tergal gland secretion proteins. Arch. Insect
Biochem. Physiol. 63 (1), 15–23 (https://doi.org/fv4jfc).

Sánchez, M., Ferrando, M.D., Sancho, E., Andreu, E., 1999. Assessment of the toxicity of a pes-
ticide with a two-generation reproduction test using Daphnia magna. Comp. Biochem.
Physiol. C 124 (3), 247–252. https://doi.org/10.1016/S0742-8413(99)00071-7.

Sancho, E., Villarroel, M.J., Andreu, E., Ferrando, M.D., 2009. Disturbances in energy metab-
olism of Daphnia magna after exposure to tebuconazole. Chemosphere 74 (9), 1171–1178
(https://doi.org/cv55pj).

Stanneck, D., Larsen, K.S., Mencke, N., 2002. An evaluation of the effects of pyriproxyfen on
eggs and adults of the cat flea, Ctenocephalides felis felis (Siphonaptera: Pulicidae). Irish
Vet. J. 55, 383–387 (doi: N/D).

Sullivan, J.J., Goh, K.S., 2008. Environmental fate and properties of pyriproxyfen. J. Pestic.
Sci. 33 (4), 339–350 (https://doi.org/b6hv3j).

Suman, D.S., Wang, Y., Faraji, A., Williams, G.M., Williges, E., Gaugler, R., 2018. Seasonal
field efficacy of pyriproxyfen autodissemination stations against container-inhabiting
mosquito Aedes albopictus under different habitat conditions. Pest Manag. Sci. 74 (4),
885–895 (https://doi.org/gdb6).

Taylor, G., Baird, D.J., Soares, A.M.V.M., 1998. Surface binding of contaminants by algae:
consequences for lethal toxicity and feeding to Daphnia magna Straus. Environ. Toxicol.
Chem. 17 (3), 412–419 (https://doi.org/cj98qm).

Truong, L., Gonnerman, G., Simonich, M.T., Tanguay, R.L., 2016. Assessment of the develop-
mental and neurotoxicity of the mosquito control larvicide, pyriproxyfen, using embry-
onic zebrafish. Environ. Pollut. 218, 1089–1093 (https://doi.org/ghb2dw).

Tsunoda, T., Kawada, H., Huynh, T.T.T., Luu, L.L., Le, S.H., Tran, H.N., Takagi, M., 2013. Field
trial on a novel control method for the dengue vector, Aedes aegypti by the systematic use
of Olyset® Net and pyriproxyfen in Southern Vietnam. Parasit. Vectors 6 (1), 6 (https://
doi.org/f44fsh).

Villarroel, M.J., Ferrando, M.D., Sancho, E., Andreu, E., 2000. Population dynamics in Daph-
nia magna as modified by chronic tetradifon stress. J. Environ. Sci. Health B 35 (2),
211–227.

Völker, C., Boedicker, C., Daubenthaler, J., Oetken, M., Oehlmann, J., 2013. Comparative tox-
icity assessment of nanosilver on three Daphnia species in acute, chronic and multi-
generation experiments. PLoS One 8 (10), e75026 (https://doi.org/gdfj).

http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0055
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0055
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0055
https://doi.org/10.1016/j.aquatox.2005.03.011
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0065
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0065
https://doi.org/10.1007/BF01055263
https://doi.org/10.1007/BF01055263
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0075
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0075
https://doi.org/10.1016/j.chemosphere.2011.12.069
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0085
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0085
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0085
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0090
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0090
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0095
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0095
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0095
https://doi.org/10.1016/0742-8413(93)90141-7
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0105
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0105
https://doi.org/10.1002/etc.290
https://doi.org/10.1002/etc.290
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0115
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0115
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0120
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0120
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0120
https://doi.org/10.1007/BF00028392
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0135
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0135
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0135
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0140
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0140
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0140
https://doi.org/10.1016/j.scitotenv.2015.12.097
https://doi.org/10.1016/j.chemosphere.2016.11.158
https://doi.org/10.1080/03601230701735029
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0160
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0160
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0160
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0165
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0165
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0165
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0170
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0170
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0170
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0175
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0175
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0175
https://doi.org/10.1007/s11356-016-8294-5
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0185
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0185
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0185
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0185
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0190
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0190
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0195
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0195
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0195
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0200
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0200
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0200
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0205
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0205
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0205
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0205
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0210
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0210
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0215
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0215
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0215
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0220
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0220
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0220
https://doi.org/10.1016/j.chemosphere.2008.02.016
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0230
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0230
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0230
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0235
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0235
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0235
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0240
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0240
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0245
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0245
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0245
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0250
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0250
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0255
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0255
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0255
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0260
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0260
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0260
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0265
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0265
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0265
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0270
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0270
https://doi.org/10.1897/05-469r.1
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0280
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0280
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0280
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0285
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0285
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0285
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0285
https://doi.org/10.1016/S0742-8413(99)00071-7
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0295
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0295
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0295
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0300
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0300
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0300
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0305
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0305
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0310
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0310
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0310
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0310
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0315
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0315
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0315
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0320
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0320
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0320
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0325
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0325
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0325
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0325
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0330
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0330
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0330
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0335
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0335
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0335


B. Salesa et al. Science of the Total Environment 886 (2023) 164013
Wang, C.Y., Teng, H.J., Lee, S.J., Lin, C., Wu, J.W., Wu, H.S., 2013. Efficacy of various larvi-
cides against Aedes aegypti immatures in the laboratory. Jpn. J. Infect. Dis. 66 (4),
341–344 (https://doi.org/gdfk).

Watanabe, H., Oda, S., Abe, R., Tanaka, Y., Tatarazako, N., 2018. Comparison of the effects of
constant and pulsed exposure with equivalent time-weighted average concentrations of
10
the juvenile hormone analog pyriproxyfen on the reproduction of Daphnia magna.
Chemosphere 195, 810–816 (https://doi.org/gc2q29).

Zalizniak, L., Nugegoda, D., 2006. Effect of sublethal concentrations of chlorpyrifos on three
successive generations of Daphnia carinata. Ecotox. Environ. Saf. 64 (2), 207–214
(https://doi.org/cn9tbp).

http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0340
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0340
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0340
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0345
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0345
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0345
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0345
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0350
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0350
http://refhub.elsevier.com/S0048-9697(23)02634-7/rf0350

	Multigenerational effects of the insecticide Pyriproxyfen and recovery in Daphnia magna
	1. Introduction
	2. Materials and methods
	2.1. Test organisms
	2.2. Test chemical
	2.3. Acute toxicity test
	2.4. Feeding behavior experiments
	2.5. Chronic toxicity test F0 generation
	2.6. Chronic toxicity test F1 generation
	2.7. Statistical analysis

	3. Results and discussion
	3.1. Acute toxicity assays
	3.2. Feeding behavior experiments
	3.3. Chronic toxicity test in F0 generation
	3.4. Chronic toxicity test in F1 generation

	4. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	References




