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Abstract The negative impact of conventional pesticides on
the environment is already extensively discussed worldwide.
Although the use of chemical agents for controlling agricul-
tural pests remains as first-line strategy for pest control, novel
biorational active insecticides, such as spirotetramat, have ap-
peared in the pesticide market during recent years in
Argentina. The aim of this study was to assess the toxicity
of spirotetramat on two developmental stages of a
Neotropical strain of Eretmocerus mundus, with the conven-
tional insecticide cypermethrin as a positive control, and to
determine spirotetramat’s side effects on parasitoid demo-
graphic parameters. Lethal effects of both insecticides on pu-
pae and adults were evaluated by adult emergency and surviv-
al, respectively; whereas sublethal effects on both develop-
ment stages were assessed by adult longevity, reproduction
capacity, sex ratio, and longevity of the first progeny.
Spirotetramat proved less harmful than cypermethrin at both
developmental stages studied, corroborating once more the
high toxicity of this pyrethroid to natural enemies. Although
spirotetramat did not affect the emergence and reproductive
capacity of adults surviving pupal exposure, the longevity of
the first progeny was reduced as was adult survival and

longevity after exposure to residues. Spirotetramat also re-
duced all demographic parameters in the population evalua-
tion. This work is the first report of spirotetramat toxicity at
the population level and demonstrates the need to assess the
total effect of pesticides on natural enemies.

Keywords Parasitoid . Co-A enzyme inhibitor insecticides .

Pyrethroids . Lethal effects . Sublethal effects intrinsic rate of
increase . Net reproductive rate

Introduction

In recent years, an increase in the economic relevance of nat-
ural enemies in agriculture has prompted a decrease in the use
of chemical pesticides. Despite the advent of biological con-
trol methods, however, the use of chemical pesticides (insec-
ticides, fungicides, and herbicides) has nevertheless remained
the first-line strategy of pest control in the Neotropical region
in general, and in Argentina in particular (Wyckhuys et al.
2013).

During the last few decades, several new compounds that
are more selective than conventional pesticides have come on
to the market, with an aim at reducing the impact of chemical
pest control on human health and on the environment (Ishaaya
et al. 2007). Among other innovative pesticides, spirotetramat
appears to be a promising product in view of the compound’s
novel mode of action in inhibiting insect lipogenesis and mo-
bility in both plant phloem and xylem (Brück et al. 2009).
These properties make spirotetramat particularly effective
against the juvenile stages of sap-sucking pests (Nauen and
Konanz 2005; Nauen et al. 2008), and the product has been
classified as a reduced-risk pesticide (EPA 2010).

Although several new pesticides have been registered for
pest control in Argentina (CASAFE 2013/2015), the

Responsible editor: Philippe Garrigues

* Marcela Inés Schneider
mschneider@cepave.edu.ar

1 Laboratorio de Ecotoxicología: Plaguicidas y Control Biológico,
CEPAVE (CONICET La Plata-UNLP), Boulevard 120 Nº 1460,
1900 La Plata. Buenos Aires, Argentina

2 INRA (French National Institute for Agricultural Research),
Université Côte d’Azur, CNRS, UMR 1355-7254, Institut Sophia
Agrobiotech, 06903 Sophia Antipolis, France

3 Facultad de Ciencias Naturales y Museo, Universidad Nacional de la
Plata, La Plata-Bs As, Argentina

Environ Sci Pollut Res
DOI 10.1007/s11356-017-9400-z

Author's personal copy

http://orcid.org/0000-0001-5666-7742
mailto:mschneider@cepave.edu.ar
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-017-9400-z&domain=pdf


conventional agents such as pyrethroids are commonly used
on vegetable crops. Cypermethrin is one of pyrethroid insec-
ticides most widely employed for pest control in Argentina
(Rimoldi et al. 2012; Benamú et al. 2013), with that com-
pound having exhibited a high toxicity towards non-target
organisms such as the predators and parasitoids of agricultural
pests (Schneider et al. 2006; Rimoldi et al. 2007, 2008, 2012;
Benamú et al. 2013; Torres et al. 2013; Fogel et al. 2013,
2016; Francesena 2015) along with negative effects on the
ecosystem services provided by those natural enemies.

Classical toxicology evaluates the impact of pesti-
cides on non-target organisms (mainly birds, fish, and
mammals) through measuring the acute mortality by
probit analysis and obtaining the LD50 (i.e., the dose
lethal to 50% of the exposed organisms; Stenersen
2004). Sublethal effects of pesticides, however, may im-
pair the physiology—e.g., the longevity, fecundity, and
sex ratio—of the natural enemies of pests (Desneux
et al. 2004a, b, 2007; Biondi et al. 2013). Moreover,
certain non-target species, though suffering high levels
of mortality, can recover quickly as a result of high
population growth rates, short generation times, and/or
an early onset of reproductive activity (Stark et al.
2004). By contrast, other species may become locally
extinct after exposure to a toxicant at a concentration
that does not kill all individuals because sublethal ef-
fects severely impair the reproductive capacity of sur-
viving individuals (Desneux et al. 2007; Schneider et al.
2009; Banks et al. 2011). More extensive evaluations of
toxicity (i.e., measuring reproduction and longevity) and the
use of multistage bioassays to assess the potential effects of
pesticides on the natural enemies of pests are therefore re-
quired to evaluate toxicity in a more comprehensive manner
(Desneux et al. 2006a, b, 2007; Biondi et al. 2013).
Furthermore, the International Organization for Biological
and Integrated Control (IOBC) promotes the assessment of
pesticide toxicity with bioassays on the natural enemies of
pests, through a sequential procedure comprising laboratory
and semi-field and field evaluations (Hassan 1994). The
IOBC guidelines are currently being discussed because the
main toxicity endpoints are mortality and only in some in-
stance the reproductive capacity of survivors. Moreover, ex-
posure to insecticide residues is chosen for the bioassays. The
total effect of pesticides on all biological, demographic, and
behavioral parameters of the natural enemies of pests is fur-
thermore not completely considered by the IOBC methodolo-
gy (Stark et al. 2007; Biondi et al. 2013).

At the present time, the impact of sublethal effects of pes-
ticides on the fitness and performance of the natural enemies
of pests has become more relevant than the lethal effects.
Sublethal effects become apparent through reductions in the
life span and disruptions in the developmental rate, reproduc-
tion (fecundity and fertility), sex ratio, and behavior of

organisms as well as through the demography of a species at
the population level (Stark and Banks 2003; Desneux et al.
2007; Schneider et al. 2009; Benamú et al. 2010, 2013; Fogel
et al. 2013; Francesena 2015; Drobnjaković et al. 2016).

Eretmocerus mundus Mercet is a solitary parasitoid of the
whitefly Bemisia tabaci Gennadius biotype complex that is a
relevant pest of several crops worldwide (Taggar and Gill
2016). Though native to the Mediterranean region,
E. mundus has been found in association with B. tabaci on
Argentine horticultural crops since 2002 (López and Evans
2008). One of the main problems for its establishment of that
hymenopteran in vegetable crops in Argentina is the high level
of pesticide contamination in these agro-ecosystems
(Defensor del Pueblo Prov. Bs As-UNLP 2015).

Within this context, the aim of the study reported here was
to evaluate under laboratory conditions the toxicity—in terms
of both the lethal and sublethal effects—of spirotetramat on
pupae and adults of E. mundus in comparison to the conven-
tional pesticide cypermethrin. In addition, we also studied the
potential effect of the spirotetramat on the demographic pa-
rameters of E. mundus—i.e., the intrinsic rate of increase r, the
net reproduction rate R0, and the generation time T.

Materials and methods

The insect rearing and all bioassays were carried out in growth
chambers with controlled environmental conditions
(25 ± 2 °C, 70 ± 5% HR and 16:8 h L/D).

Neotropical insects’ strains

Individuals of B. tabaci and E. mundus organisms were col-
lected from greenhouses in La Plata, Argentina (34°56′04″S
58°10′14″W) on organically grown vegetable crops. Samples
of whitefly nymphs found on leaves and whiteflies with
evidence of parasitism were collected in summer and
maintained in quarantine until the whiteflies and adult
parasitoids were recorded. The whiteflies and parasitoid
were observed by binocular stereomicroscopy to identify the
species through the use of the taxonomical keys of Viscarret
(2000) for B. tabaci and Rose and Zolnerowich (1997) for
E. mundus. The progeny of both insects were used to start
the respective laboratory colonies. The whiteflies were reared
on sweet pepper (Capsicum annuum L. cv Lamuyo) seedlings
without a history of pesticide treatment. Sweet pepper plants
were grown on fertile soil mixed with perlite (1:1 [v/v]). The
parasitoid colony was likewise maintained on sweet pepper
seedlings, but containing nymphal stages of B. tabaci (with
most being in the second nymphal instar). Both colonies were
maintained in ventilated cages (26-cm width, 40-cm length,
50-cm height). New plant material containing whiteflies was
added weekly in the parasitoid rearing to maintain the colony.
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Insecticides

The commercial formulated insecticides tested were
Movento® (20% [w/v] spirotetramat; Bayer Crop Science,
Germany) and Glextrin® 25 (25% [w/v] cypermethrin;
Gleba S.A., Argentina). Each insecticide was tested at 100%
(20 and 25 mg active ingredient per liter [a.i.L−1]) and 50%
(10 and 12.5 mg a.i.L−1) of their respective maximum field
recommended concentration (MFRC), as registered in
Argentina (CASAFE 2013/2015). In the adult treatment by
residual exposure to residues, concentrations from 0.007 to
0.017 mg a.i.L−1 were applied per tube (cf. below toxicity
bioassays on E. mundus adults for more details). Insecticide
test solutions were prepared with distilled water for pupal
exposure or analytical grade acetone (analytical grade) for
adult exposure as solvents. Cypermethrin was used a positive
control owing to the high toxicity obtained in previous studies
with pests’ natural enemies. The negative controls were treat-
ed with solvent alone.

Toxicity bioassays on E. mundus pupae

Pupae of E. mundus that had developed within fourth instar
B. tabaci nymphae (N4) were glued on a piece of double-sided
tape (1-cmwidth and 1-cm length) after the method developed
byM. I. Schneider (unpublished data), then dipped into insec-
ticide solutions for 10 s and dried under a fume hood for
30 min. Thereafter, the treated insects were kept in plastic
Petri dishes (6-cm diameter, 1-cm depth) and checked daily
until the emergence of E. mundus adults. Five replicates of six
pupae per insecticide and concentration were used. A reduc-
tion in adult emergence was regarded as evidence of lethality,
whereas a decrease in the longevity of emerging adults was
considered as a sublethal effect.

Because of the high insect mortality recorded at the
MFRCs used, the E. mundus survivors that emerged
from B. tabaci treated with half of the MFRC of each
insecticide were followed to evaluate subsequent suble-
thal effects. Male and female parasitoid survivors were
paired for 24 h to insure successful mating. The females
were then placed individually in plastic cylinders (6.5-
cm diameter, 8.5-cm height) containing a pepper plant
(C. annuum) leaf along with B. tabaci host nymphs
(mainly second instars), and a 5-mL plastic vial with
tap water to prevent leaf dehydration. The females were
exposed to the host (25–30 nymphs) for 24 h, then
removed and placed in a further cylinder containing
another leaf prepared in the same way. This procedure
was repeated for 5 consecutive days. The sublethal end-
points analyzed were the effective parasitism (number of
nymphs showing signs of parasitism), the offspring size
(number of adults emerging from parasitized nymphs),
the sex ratio ([number of females]/[number of females +

number of males]) after the first day of host exposure,
and the cumulative parameters after 5 consecutive days
of host exposure. The transgenerational effect of the
insecticides was estimated through the longevity of the
F2 progeny.

Toxicity bioassays on E. mundus adults

Parasitoid adults (1–3 days old) were treated with insecticides
through exposure to insecticide residues, according to
Desneux et al. (2004c). Both insecticides were evaluated at
the MFRC and half the MFRC. Fresh acetone solutions of
cypermethrin and spirotetramat were prepared before the bio-
assays and then applied (0.7 μL solution/tube, 0.016 μL/cm2)
to the surface of glass tubes (1-cm diameter, 7-cm length,
43.96-cm2 internal surface). On the basis of the surface area
of the glass tube, the amount applied per tube corresponded to
0.014 and 0.007 mg a.i.L−1 for spirotetramat and 0.017 and
0.008 mg a.i.L−1 for cypermethrin at twice the MFRC or the
half of MFRC of either insecticide, respectively. The glass
tubes were next rotated to insure an equal deposit of the res-
idues and then dried for 45 min in a fume hood for complete
solvent evaporation. Finally, adults of E. mundus were ex-
posed to insecticide residues (at one adult per tube per repli-
cate) for 1 h before transfer to an untreated tube, where a trace
of pure organic bee honey was added as food. Thereafter, the
tube was maintained in a rearing chamber. The adults were
inspected daily until the time of death. The experiment was
replicated 30 times per insecticide treatment. Individual sur-
vival was assessed as the lethal endpoint, whereas the adult
longevity and reproductive capacity (the effective parasitism
and offspring size and sex ratio) of females were considered as
sublethal effects.

On the basis of the survival results obtained in these tests,
the MFRC for spirotetramat and a half MFRC for
cypermethrin (because of the high adult mortality observed
at MFRC for this last insecticide) were chosen to evaluate
the sublethal effects on reproductive capacity in adult survi-
vors following the same methodology as explained for pupal
bioassays.

Toxicity of spirotetramat on the demography ofE. mundus
after adult exposure to insecticide residues

In this bioassay, the toxicity evaluation was done at the pop-
ulation rather than individual level.

The adult stage of the parasitoid was selected for this bio-
assay since that stage finds the host for parasitizing and in
general would be more extensively exposed to pesticides.
Cypermethrin was not added to these bioassays because of
its high toxicity at the MFRC.

Two cohorts of about 50-s instar nymphs of B. tabaci each,
previously exposed to parasitoid for 24 h and with visible
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signs of parasitism, were randomly selected from the colony
and used for the bioassays. The survival and developmental
times of the parasitoids were recorded from the larval
(developed inside of B. tabaci) to the adult stage. The
spirotetramat cohort was exposed to the insecticide (at
an MFRC of 20 mg a.i.L−1) with the control cohort
being treated with solvent alone (acetone), both in the
adult stage. The exposure was performed as detailed
above (in the adult treatment). Age-stage specific sur-
vival rates (Sxj)—the probability that a newly laid egg
will survive to age x and stage j—and age-stage specific
fecundity (Fxj)—the number of hatched eggs produced
by a female at age x and stage j—were recorded daily
until the death of all individuals. Male and female
adults of the two cohorts were paired (15 pairs) for
24 h for mating in glass tubes (1-cm diameter, 7-cm
length) with gauze in the mouth for ventilation and with
a drop of organic bee honey for food. After mating, the
females were exposed to the host (B. tabaci second
instar nymphs) for the rest of their lifespan. Age-stage,
two-sex life tables were constructed (Chi and Liu 1985;
Chi 1988) and the demographic parameters recorded.
The sex ratio was calculated as: females/(females +
males).

Statistical analysis

The statistical evaluation of the data of insecticide tox-
icity on pupae and adults was performed through the
one-way analysis of variance (ANOVA), and the differ-
ences between the means were determined by an LSD
multiple range test (P ≤ 0.05).

If the assumptions of ANOVAwere not met—i.e., the data
did not fall into a normal distribution—either the raw datasets
were transformed to [log (x + 1) or arcsine√x] or a non-
parametric test was performed for the data analysis
(Kruskal–Wallis test). The statistical analyses were calculated
by the Statgraphic V4.0 program (STSC 1987).

The adult survival was estimated by the Kaplan–Meier
method along with the log-rank test for treatment compari-
sons, while the Bonferroni correction was used for paired
comparisons between treatment methods. The XLStat pro-
gram (Addinsoft XLstat for Excel, Paris, France.2009.http://
xlstat.softonic.com) was used for the analyses.

The extent of reduction in each endpoint selected to mea-
sure the lethal and sublethal effects of spirotetramat and
cypermethrin on pupae and adults ofE. munduswas estimated
by the following formula:

% of reduction = [(C − T) ÷C] × 100;
where C is the mean endpoint for control and T is the mean

endpoint for each treatment.
The following population parameters of each cohort were

estimated:

& Net reproductive rate (R0)

R0 ¼ ∑
∞

x¼0
lxmx ð1Þ

& Intrinsic rate of increase (r)

1 ¼ ∑
∞

x¼0
e−r xþ1ð Þlxmx ð2Þ

& Mean generation time (T)

T ¼ lnR0

r
ð3Þ

The intrinsic rate of increase was estimated by using the
iterative bisection method from the Euler-Lotka equation
(Eq. 2) with age indexed from 0 (Goodman 1982). The
TWOSEX-MS Chart computer program was used to estimate
the demographic parameters (Chi 2008). This program in-
cludes a procedure for the estimation of standard error of pop-
ulation parameters through the Bootstrap technique
(explained in Yu et al. 2013). Survival, fecundity, and
reproductive-value curves were constructed. Differences in
life history traits and demographic parameters between
E. mundus exposed and unexposed to spirotetramat at
MFRC were compared with t or the Kolmogorov-Smirnov
tests (Zar 1996).

Results

Toxicity bioassays on E. mundus pupae

The emergence of adults of E. mundus from parasitized hosts
exposed to insecticides was significantly disrupted by
cypermethrin at the MFRC (25.0 mg a.i.L−1, K = 16.75,
P = 0.002; Fig. 1a). After this treatment, only 7% of the individ-
uals emerged from the treated hosts, resulting in a reduction of
92%with respect to the control. In addition, although adult emer-
gence after pupal exposure to spirotetramat at both concentra-
tions evaluated (20 and 10 mg a.i.L−1) and to cypermethrin at
12.5 mg a.i.L−1 was not statistically different from that of the
controls, the adult emergence was nevertheless reduced by 28–
64% by the two treatments in comparison to the control.
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The longevity of emerged adults after treatment with either
insecticide at all the concentrations tested was significantly
lower than that obtained in the control (F = 69.35, df = 4,
61, P = 0.0001; Fig. 1b). Cypermethrin caused the greatest
level of toxicity at the highest concentration evaluated (25 mg
a.i.L−1), reducing adult longevity by 78% with respect to the
control. In contrast, the reduction in adult longevity caused by
spirotetramat at 10 mg a.i.L−1—half of the MFRC—was only
14%. The adults emerging from cypermethrin at the highest
concentration lived for only 1 day, whereas the control adults
lived for 7 days. By comparison, adults emerging after expo-
sure to the lower and higher spirotetramat treatments lived
between 6 and 4.8 days, respectively.

Table 1 summarizes the sublethal effects of spirotetramat
and cypermethrin on the reproductive capacity of E. mundus
female survivors emerging from treated pupae plus the
transgenerational effects on their progeny. The sublethal ef-
fects of cypermethrin and spirotetramat at the higher concen-
trations could not be measured because of the extremely low
adult emergence recorded after those treatments. After the first

day of host exposure, neither of the two insecticides evaluated
reduced the reproductive capacity of females (effective para-
sitism, offspring size, and sex ratio). However, when cumula-
tive parameters were evaluated, the effective parasitism of
adults emerged from cypermethrin at 12.5 mg a.i.L−1 was
about 18% thus exhibiting a drastic reduction of about 53%
compared to the control values. Nevertheless, the cumulative
values for the offspring size and the sex ratio were not affected
by this insecticide. Spirotetramat at 10 mg a.i.L−1 had no ad-
verse effects on the reproductive capacity of the female survi-
vors. Both insecticides, however, reduced the longevity of the
progeny—10 mg a.i L−1 spirotetramat by about 8% and
12.5 mg a.i L−1 cypermethrin by about 26%—in comparison
to control value, with cypermethrin thus exerting the stronger
adverse effect.

Toxicity bioassays on E. mundus adults

The probability of survival of E. mundus adults was
significantly affected by both insecticides at the two

Fig. 1 Effects of insecticides on
pupae of Eretmocerus mundus. a
Emergence of parasitoid adults
exposed to insecticides during the
pupal stage inside the host
Bemisia tabaci. Kruskal–Wallis
test (K = 16.75; P = 0.002). b
Adult longevity of adult
parasitoid survivors emerged
from pupae treated by contact
exposure through the dipping
method. ANOVA test (F = 69.35;
df = 4, 61; P = 0.0001). In the
figures, the percent adult
emergence (a) or the adult
longevity in days (b) is plotted on
the ordinate after pupal exposure
to spirotetramat or cypermethrin
at the concentrations in
milligrams of active ingredient
per liter indicated on the abscissa.
In both panels, different letters
indicate statistically different
ordinate values
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concentrations evaluated (log rank = 93.053, df = 4, P
˂ 0. 0001; Fig. 2a). The survival curve of 20 mg a.i.L−1

spirotetramat was similar to those of both spirotetramat
at 10 mg a.i.L−1 (P = 0.118) and cypermethrin at
12.5 mg a.i.L−1 (P = 0.225). Cypermethrin at 25 mg
a.i.L−1 reduced adult survival drastically, where only a
45% probability was recorded after 2 days of residual
exposure, in contrast to the values higher than 80%
observed at both concentrations of spirotetramat and at
12.5 mg a.i.L−1 cypermethrin after the same time peri-
od. At 5 days posttreatment, the survival probability of
the parasitoids treated with cypermethrin 25 mg a.i.L−1

decreased to 20% whereas at both concentrations of
spirotetramat and at 12.5 mg a.i.L−1 cypermethrin, the
survival patterns reached values between 40 and 50%.

The two insecticides at both concentrations reduced the
longevity of adults significantly in comparison to the control
(K = 87.46, P < 0.0001; Fig. 2b). The adults exposed to
cypermethrin residues applied at both concentrations lived
between 2 and 4 days, thus reducing this parameter by 80–
90% compared to the 10 days of the control. Spirotetramat at
both concentrations reduced longevity less than cypermethrin
did, as the adult survivors of spirotetramat treatment lived for
about 6 days.

Table 2 summarizes the sublethal effects of
spirotetramat and cypermethrin on the reproductive ca-
pacity of E. mundus female survivors and the
transgenerational effects on their progeny. Since at the
MFRC cypermethrin reduced the survival of treated fe-
males excessively, the sublethal effects of that com-
pound on reproduction could not be evaluated.
Moreover, even at half of the MFRC, that insecticide re-
duced offspring size by about 69% after the first day of
host exposure and resulted in skewed sex ratio in the
progeny (after five cumulative days of host exposure)
producing predominantly males (with only 8% of the off-
spring being females). In addition, the progeny lived for
about 5 days, with their survival therefore being reduced
by about 26% relative to the control value.

Although spirotetramat at the MFRC did not affect any
reproductive parameter tested, the compound did, however,
exert a slight but significant effect on the longevity of the
progeny, producing a reduction in that parameter by 8% com-
pared to the control value.

Demographic parameters of E. mundus adults
after exposure to residues

Spirotetramat at the MFRC disrupted the age-stage sur-
vival rate curves of E. mundus after adult exposure to
insecticide residues (Fig. 3). The mortality of E. mundus
adults exposed to spirotetramat residues was around
20% at the adult stage whereas no mortality wasT
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observed in the controls. As a consequence, lower sur-
vival curves were obtained in the adult stage. The neg-
ative effect of spirotetramat was observed in both males
and females, but it was more notable in young females.
In addition, the age-stage specific fecundity (Fxj) de-
creased in females treated with spirotetramat (Fig. 4)
with the insecticide causing a biased sex ratio in favor
of males: a sex ratio of 0.39 was obtained in the off-
spring of the treated females as opposed to one of 0.51
in the control group (K = 8.88, P = 0.05). A pro-
nounced negative impact of spirotetramat on the age-
stage survival rate and age stage-specific fecundity of
this parasitoid was observed in a drastic reduction of

main demographic parameters (Table 3). The intrinsic
rate of increase (r), net reproductive rate (R0), and mean
generation time (T) of E. mundus populations were
disrupted but with an especially marked reduction of
greater higher than 50% in the R0 in comparison to
control values.

Discussion

An evaluation of the selective toxicity of pesticides involves
knowledge of their lethal (short-term) and sublethal effects
(long-term) on the natural enemies of pests. In the present

Fig. 2 Effects of insecticides on adult of Eretmocerus mundus adults. a
Effects of insecticides on survival of adults. In the figure, the fractional
probability of adult survival is plotted on the ordinate as a function of
time in days after exposure to the insecticide concentrations indicated
after the different curves—i.e., black, controls; green, 12.5 mg
a.i.L−1cypermethrin; yellow, 25.0 mg a.i.L−1 cypermethrin; red, 10.0 mg
a.i.L−1 spirotetramat; and violet, 20.0 mg a.i.L−1 spirotetramat. Different
letters at the end of survival curves indicate significant differences

between treatments by Bonferroni method (P < 0.05). b After exposure
to insecticide residues as described in the BMaterials and methods^
section, adult longevity was evaluated by the Kruskal–Wallis test
(K = 87.46; P < 0.0001). In the figure, the adult posttreatment
longevity in days is plotted on the ordinate after pupal exposure to
spirotetramat or cypermethrin at the concentrations in milligrams of
active ingredient per liter indicated on the abscissa
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study, we observed a slight and moderate toxicity of
spirotetramat to pupae and adults of E. mundus, respectively,
although that insecticide was notably less toxic than
cypermethrin. Nevertheless, the unquestionable toxicity of
this pyrethroid on the natural enemy of a pest has once more
been corroborated.

Effect of insecticides on pupae of E. mundus

Little is known about the side effects of spirotetramat on im-
mature stages (pupae) of parasitoids. Nevertheless, our results
agree with those obtained by Fernández et al. (2015), who
observed a decrease of about 30% in the emergence of a
Palearctic strain of E. mundus pupae by direct spraying of
the host with the insecticide. That effect, however, was never-
theless categorized as harmless to the parasitoid, by the criteria
of the IOBC guidelines. Similarly, in other parasitoids—e.g.,
Anagyrus sp. nr pseudococci (Girault), Tamarixia triozae
(Burks), and Microplitis mediator (Haliday)—spirotetramat
did not reduce the adult emergence from pupae within the host
that had been exposed to the insecticide (Mansour et al. 2011;
Liu et al. 2012; Moens et al. 2012).

Cypermethrin was toxic to the pupae of E. mundus even at
half of the MFRC. The present results agree with previous
studies carried out with other pyrethroids. Accordingly,
Jones et al. (1998) reported that bifenthrin significantly re-
duced the emergence of E. tejanus (Rose and Zolnerowich)
and of a Nearctic strain of E. mundus when applied at the
pupal stage. Nevertheless, Fernández et al. (2010) reported
that exposure to residues of deltamethrin did not reduce the
emergence of a Palearctic strain of E. mundus. Likewise,
Sugiyama et al. (2011) reported non-detrimental effects of
permethrin on E. mundus and E. eremicus (Rose and
Zolnerowich). The differences of our results from those could
be attributed to the pyrethroid insecticides used, the strain
studied, and the means of exposure to the insecticides.

E. mundus develops inside of the fourth nymphal instar of
B. tabaci and consumes the entire host hemocoel content be-
fore pupation, leaving only the host cuticle remaining (Gerling
and Blackburn 2013). From the results of our studies, we
could hypothesize that both insecticides were able to penetrate
the host cuticle and affect the parasitoid pupae; but, depending
on the mode of action of each one, the toxicity was different.

Effect of insecticides on adults of E. mundus

Spirotetramat and cypermethrin both had an impact on
E. mundus adults, but a higher toxicity was observed with
cypermethrin, with spirotetramat causing a slight decrease in
the adult survival at both concentrations evaluated. The find-
ings in this work are in accord with those of previous studies
(Frewin et al. 2012; Liu et al. 2012; Garcerá et al. 2013;
Vanaclocha et al. 2013; Fernández et al. 2015) indicating aT
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low toxicity and a high survival rate in several hymenopteran
parasitoids (of the genera Aphelinus, Tamarixia, Aphytis) after
adult exposure to spirotetramat. Cypermethrin severely re-
duced the survival of E. mundus adults during the first days
after treatment. Likewise, our results agree with those reported
by Suh et al. (2000), who also observed a high mortality of
adult of parasitoids of Trichogramma exiguum (Pinto and
Platner) by 24 h after treatment with cypermethrin.
Likewise, Prabhaker et al. (2007) reported a lethal effect that
reduced the overall survival of E. eremicus, Encarsia formosa
(Gahan), and A. melinus (De Bach) after exposure to the py-
rethroids bifenthrin, cyfluthrin, and fenpropathrin.

Sublethal effects of insecticides on E. mundus survivors

The sublethal effect of spirotetramat and cypermethrin was
assessed on E. mundus survivors. The results demonstrated
that the application of spirotetramat at the pupal stage pro-
duced no detrimental effects on the reproductive capacity of
surviving females, but the longevity of the first progeny (i.e.,
the transgenerational effect) became reduced by this insecti-
cide. When the parasitoid adults were exposed to
spirotetramat, similar results were observed on the reproduc-
tive capacity of the female survivors and the longevity of the
progeny. Moreover, the sex ratio of the progeny was not

Fig. 3 Survival-rate curves (Sxj)
for the progeny of Eretmocerus
mundus controls (without
pesticide) or after exposure to
20 mg a.i.L−1 spirotetramat
residues in the adult stage. In the
upper and lower figures, the
survival rate (Sxj) is plotted on the
ordinates as a function of time in
days for the controls (upper
figure) and after spirotetramat
treatment (lower figure) on the
abscissas. Key to curves: dots,
eggs; broken lines with dots,
larvae; broken lines, pupae;
triangles, adult females; solid
lines, adult males

Fig. 4 Age-specific cohort
fecundity (Fxj) of Eretmocerus
mundus control females (without
pesticide) and those exposed to
20 mg a.i.L−1 spirotetramat
during the adult stage. In the
figure, the age-specific fecundity
(Fxj) is plotted on the ordinate as
a function of age in days on the
abscissa. Key to symbols:
squares, control females;
triangles, spirotetramat-treated
females
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disrupted. Lipids have been found to be relevant nutrients for
the growth and reproduction of insects, with most metaboliz-
ing carbohydrates into lipids for storage in fat depots (Nation
2001). Consequently, the block in lipid synthesis through
spirotetramat’s inhibition of CoA carboxylase could contrib-
ute to a disruption of the lipogenesis pathways in any individ-
ual thus exposed and mainly during the immature stages.

Although the literature on the sublethal effects of
spirotetramat on hymenopteran parasitoids is still scanty,
laboratory studies agreeing with our observations indi-
cated that this insecticide has no effect on the parasitism
rate and sex ratio of offspring of A. nr pseudococci sp.
and M. mediator (Mansour et al. 2011; Moens et al.
2012). Similar results were reported by Fernández
et al. 2015 with a Palearctic strain of E. mundus after
exposure to residues of this pesticide. Liu et al. (2012),
however, reported that spirotetramat reduced the parasit-
ism in T. triozae, although in this instance, the mode of
exposure way was by ingestion.

Cypermethrin also reduced the effective parasitism
and longevity of the progeny when parasitoids were
exposed to the compound as pupae. Similar results have
been reported for other pyrethroids—for example, the
studies by Fernández et al. (2010) on females of
E. mundus emerged from pupae that had been treated
with deltamethrin. In contrast, Hsieh and Allen (1986)
cited no effects of permethrin on the fecundity of
Diaeretiella rapae (M’Intosh) females that had emerged
from treated pupae. The differences from our studies
there could be attributable to the use of a different py-
rethroid insecticide or to the nature of the parasitoid
used: that species, in particular, develops inside the
aphid body, whose covering could act as a protective
shell to shield against the penetration of insecticide.
The sex ratio of the offspring did not differ significantly
from that of the control group. Our results agree with
Saber et al. (2005) who reported similar findings in the
progeny of Trissolcus grandis (Thompson) females
emerged from pupae treated with deltamethrin. Since
neurotoxicant insecticides such as pyrethroids affect the
central nervous system (CNS), a disruption would be
expected in the normal activity of the neurohormones
that stimulate the main systems involved in insect

development, growth, and reproduction in insects (i.e.,
the corpora allata, corpora cardiac, and prothoracic
glands) (Nation 2001).

The treatment of adults with this insecticide at its
lower concentration affected the offspring size, sex ra-
tio, and longevity of the first progeny. Bayram et al.
(2010), however, reported no effects on the emergence
from parasitized eggs or on the sex ratio of the off-
spring of parasitoid females of Telenomus busseolae
(Gahan) exposed to deltamethrin and cyfluthrin, though
in this instance, the bioassays were done with the LC25
of both those insecticides.

Effect on demographic parameters in adults of E. mundus

Pesticides potentially affect the life-history traits (e.g., mortal-
ity, fecundity, fertility, lifespan) of arthropod pests and induce
stress at the population level (Guedes et al. 2016). Although
the chemical control of such pests with pesticides is necessary
to avoid losses in crop production, those chemical compounds
can also negatively affect arthropods that are beneficial and
that play a relevant role as biocontrol regulators of the pests in
agro-ecosystems. Accordingly, the effects of pesticides on the
life-history traits of the natural enemies of pests become rele-
vant since any disruption of the survival and reproductive
parameters of those arthropods directly impacts their demog-
raphy (i.e., with respect to the intrinsic rate of population
growth and net reproductive rate), thus reducing or eliminat-
ing the given species from the local environment (Stark and
Bank 2003).

In the work reported here, spirotetramat affected all the life-
history traits of E. mundus causing a significant disruption of
the demographic parameters (r, R0, and T). These studies are
novel and constitute the first report on the toxicity of this
insecticide with respect to the life history of E. mundus.
Unfortunately, demographic or life-history traits have not
been extensively used to evaluate the totality of the effects—
i.e., both lethal and sublethal—of pesticides on the natural
enemies of pests (Stark et al. 2007). Schneider et al. (2009)
found that the herbicide glyphosate proved harmless to the
predator Chrysoperla externa Hagen (Neuroptera:
Chrysopidae) when mortality was used as the main endpoint
evaluated at the individual level, but the toxicological profile

Table 3 Effects of spirotetramat
on the demographic parameters of
Eretmocerus mundus females
exposed at the adult stage

Population parameter Control (0 mg
a.i.L−1)

Spirotetramat (MFRC 20 mg a.i.
L-1)

Statistical
analysis

Intrinsic rate of increase
(r)

0.18 (±0.01)a 0.15 (±0.01)b P < 0.0001

Net reproductive rate (R0) 31.76 (±6.05)a 15.11 (±3.07)b P < 0.0001

Mean generation time (T) 19.08 (±0.12)a 17.39 (±0.27)b P < 0.0001

The data correspond to the means ± the standard error. Data are means ±SE obtained by the Bootstrap method.
Means within same row file followed by a different letter are significantly different by the Student t test (P ≤ 0.05)
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of this herbicide changed when the evaluation was done at
population level, where a pronounced disruption in the life-
history traits and demography of that pest predator were
observed.

In view of all the results obtained in the present work, the
biorational pesticide spirotetramat was found to manifest a
lower toxicity against parasitoids than did the conventional
insecticide cypermethrin. These results provide significant ev-
idence that should be considered before the recommendation
of this latter insecticide for Integrated-Pest Management pro-
grams. Nevertheless, further studies on other developmental
stages and modes of exposure as well as under different ex-
perimental circumstances (i.e., semi-field and field studies)
should be addressed to complete spirotetramat’s toxicological
profile before classifying its selectivity.

In conclusion, spirotetramat was not innocuous to
E. mundus at either the individual or the population level, as
the pesticide was found to reduce adult emergence, the lon-
gevity of survivors, and the insect’s demography, though
E. mundus was still able to reproduce and parasitize to
B. tabaci hosts.
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