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Introduction

Pesticide resistance is important not only as a model
of adaptive microevolution, but also as a strategy of
in situ biological monitoring of pesticide pollution
(because of its association with high pesticide use)
and as a financial and health concern in arthropod
pests because it compromises their control (Brattsten
et al. 1986; Knight and Norton 1989; Hopkin 1994;
Hemingway et al. 2002). This phenomenon is the
continuous subject of considerable attention, which
historically has relied heavily on acute lethal effects
of insecticides. Although the importance of such
effects is undeniable, lethal acute estimates necessar-
ily require the use of relatively high insecticide doses
in the bioassays limiting the understanding of the
potential impact of low (sublethal) doses of these

compounds.

The reliance on high doses of toxic compounds for
toxicity and environmental impact assessments has
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Abstract

Sublethal responses to insecticides are frequently neglected in studies of
insecticide resistance, although stimulatory effects associated with low
doses of compounds toxic at higher doses, such as insecticides, have
been recognized as a general toxicological phenomenon. Evidence for
this biphasic dose-response relationship, or hormesis, was recognized as
one of the potential causes underlying pest resurgence and secondary
pest outbreaks. Hormesis has also potentially important implications for
managing insecticide-resistant populations of insect-pest species, but
evidence of its occurrence in such context is lacking and fitness parame-
ters are seldom considered in these studies. Here, we reported the stimu-
latory effect of sublethal doses of the pyrethroid insecticide deltamethrin
sprayed on maize grains infested with a pyrethroid-resistant strain of the
maize weevil (Sitophilus zeamais) (Coleoptera: Curculionidae). The
parameters estimated from the fertility tables of resistant insects exposed
to deltamethrin indicated a peak in the net reproductive rate at
0.05 ppm consequently leading to a peak in the intrinsic rate of popula-
tion growth at this dose. The phenomenon is consistent with insecticide-
induced hormesis and its potential management implications are
discussed.

come under intense debate during the last decade
(Calabrese and Baldwin 2001, 2003). Stimulatory
effects associated with low doses of compounds that
are toxic at higher doses, such as pesticides, have
been widely reported lately and it is currently
becoming recognized as a general toxicological
phenomenon (Luckey 1968; Calabrese and Baldwin
2003; Calabrese 2004, 2008). Evidence of such
biphasic dose-response relationship for pesticides is
scant among insects and mites, but recognized as
one of the potential causes underlying pest resur-
gence and secondary pest outbreaks (Hardin et al.
1995; Morse 1998; Zanuncio etal. 2003; Cohen
2006; Cutler et al. 2009; Guedes et al. 2009). In
addition, fitness parameters and their implications
have been understudied, despite their importance
for a comprehensive understanding of the effects of
pesticides in pest populations (Forbes and Calow
1999; Stark and Banks 2003; Guedes et al. 2009).
Furthermore, insecticide-resistant populations of pest
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species have yet to be the target of attention regard-
ing the possible occurrence of insecticide-induced
hormesis and its implications.

Fertility tables were used here to test the potential
occurrence of insecticide-induced stimulatory fitness
response (i.e. insecticide-induced hormesis) in an
insecticide-resistant strain of an important insect-pest
species of stored cereal grains — the maize weevil
[Sitophilus zeamais Motschulsky (Coleoptera: Curculi-
onidae)]. We also tested the prediction by Forbes
(2000) that the overall fitness of an organism is unli-
kely to be enhanced by the hormetic effect because
life-history traits are not likely to simultaneously
exhibit hormesis because of the energetic trade-offs
among them.

Material and Methods

Insects and insecticide

A highly pyrethroid-resistant strain of S. zeamais was
used in the present investigation (>100X%, as periodi-
cally checked) (Guedes et al. 1994; Ribeiro et al.
2003; Aratjo et al. 2008). This resistant strain was
derived from insects collected in Jacarezinho County
(state of Parana, Brazil) in the late 1980s (Guedes
et al. 1994, 1995), and maintained in large numbers
(to minimize effects of genetic drift) and without
insecticide selection since then. It has always been
maintained in whole maize grains free of insecticides
under controlled temperature (25 + 2°C), relative
humidity (70 &+ 5%) and photoperiod (LD 12:
12 h). These were also the environmental conditions
of the life table experiments. This strain is resistant
to pyrethroids, but does not exhibit fitness cost
(reduced reproductive output) associated with insec-
ticide resistance (Guedes et al. 2006; Oliveira et al.
2007). The major pyrethroid resistance mechanism
present is altered target-site sensitivity (mutation
T929I in the sodium channel, following the housefly
numbering; R. A. Araujo, personal communication)
with secondary involvement of enhanced activity of
glutathione S-transferases (Guedes et al. 1995; Frag-
oso et al. 2003, 2007).

The commercial formulation of the pyrethroid
insecticide deltamethrin recommended for control-
ling the maize weevil (K-Obiol® 25 CE; Bayer Crop-
Science Brasil, Sdo Paulo, Brazil) was sprayed in
batches of 1 kg of maize using manual sprayers with
their nozzles directed down towards the grains at
20 cm high. A volume of 1 ml was used to spray
each grain batch at 3 bar pressure. Different grain
batches were used for each replicate of the experi-
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ment and the sprayed grains were manually shaken
to ensure even coverage over the kernels (every
grain received insecticide, but not evenly because of
their position over the surface). The sprayed grains
were left to dry overnight before use and the
sprayed doses of deltamethrin ranged from 0 to
5 ppm. The deltamethrin doses used were within the
sublethal range for the insect strain, as determined
in preliminary tests (lowest observable adverse effect
concentration was 0.25 ppm), and no reproducing
females were obtained at 10.00 ppm.

Life table experiments and estimated parameters

Fitness parameters were estimated for each insect
cohort exposed to each dose of deltamethrin, in
addition to a control (water only). Adult females
from the stock strain were left to lay eggs in the
grain batches sprayed; at least 60 eggs were used to
establish each insect cohort (parental insects, P). The
presence of eggs within each grain was recognized
by the presence of egg plugs on the maize kernel
and only grains with low egg density (one or two
eggs per grain) were used to minimize the effect of
mortality by larval competition within the grain. The
experiment was replicated three times (i.e. three
independent insect cohorts were used for each insec-
ticide dose generating three life tables for each
dose).

Upon adult emergence, the individual parental
females [24-48 h old; sexed using rostrum patterns
of shape and texture (Tolpo and Morrison 1965)]
were transferred to individual jars containing a
(parental) male from the same cohort and 40 grains
sprayed with the suitable insecticide dose. The
infested grains were replaced every 10 days with
newly sprayed ones until (parental) female death.
These replicated grain batches were independently
sprayed following the same procedure as previously
described. The replaced grains were kept until prog-
eny (F1) emergence after recording (every 10 days)
the number of eggs laid per each parental female.
Cohorts of 10 individualized parental females each
were followed for each insecticide dose. The parental
females were daily observed throughout their lives
recording their survival, fecundity (eggs laid) and
fertility (emerged female offspring, F1) until even-
tual death.

The experiment was carried out following a
randomized blocks design (each block corresponding
to an insect cohort per insecticide dose) and the
fertility table parameters were calculated using the
approximate method described by Maia et al. (2000)
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and following Southwood (1978). The parameters
calculated with the fertility tables were the parental
female survival at each age interval (%), net repro-
ductive rate (female offspring production per paren-
tal female, Ro), generation time (days, G) and
intrinsic rate of population growth (daily female
offspring production per parental female, r,,) (South-
wood 1978; Maia et al. 2000). The predicted insect
population after 90 days of storage under deltameth-
rin exposure was also estimated using the estimated
rate of population growth and considering an expo-
nential population growth. The body mass of the
parental insects and their female progeny was also
individually recorded to use female size as an addi-
tional measure of female quality (Smith and Lessells
1985; Smith 1991).

Statistical analysis

The parental female survival data were subjected to
survival analysis and log-rank Chi-square to test the
equality of the survival curves among doses of delta-
methrin (PROC LIFETEST; SAS Institute 2002). The
estimated mean survival time (days), net reproduc-
tive rate (Ro), generation time (G) and intrinsic rate
of population growth (r,,) estimated for the parental
females, the estimated population size after 90 days
of storage under deltamethrin exposure and the
body mass of female offspring (mg) were subjected
to regression analysis using dose of deltamethrin as
independent variable (TableCurve 2D; SPSS 2000).
The regression models were tested from the simplest
(linear and quadratic) to the alternative models of
increasing complexity (non-linear peak models), and
the model selection was based on simplicity, high
F-values (and mean squares) and steep increase of
adjusted-R* (adj.-R?) with model complexity.
Normality and residual distribution were also
checked for each analysis to ascertain of parametric
assumptions (TableCurve 2D; SPSS 2000). Correla-
tion analysis between the intrinsic rate of population
growth (r,) and mean survival time, net reproduc-
tive rate (Ro) and generation time (G) were also
carried out (PROC CORR; SAS 2002).

Results

Parental female survival

There were significant differences in daily survival of
insecticide-resistant (parental) females (log-rank
> =29.76, df. = 6, P < 0.0001). The mean survival
time of the insecticide-resistant females declined
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with insecticide dose from 108.67 £ 6.03 days to
69.00 £ 2.01 days (fig. 1).

Female body mass

There was no significant effect of deltamethrin expo-
sure on the body mass of the parental females
(2.90 + 0.04 mg; Fy ;75 = 2.30; P = 0.13), nor on the
body mass of the parental males (2.82 + 0.04 mg;
Fy 178 = 0.67; P = 0.41). However, there were signifi-
cant differences in body mass of female offspring
exposed to increasing doses of deltamethrin
(P =0.003). The body mass of the resistant female
offspring declined at deltamethrin doses above
0.50 ppm (fig. 2). Therefore, the quality of the
female offspring produced was affected only by high
doses of deltamethrin applied to the resistant strain.

Fitness (demographic) parameters of parental insects

Deltamethrin did not significantly affect the genera-
tion time for the insecticide-resistant strain of maize
weevil (74.38 + 1.74 days; Fy ;¢ = 1.45; P = 0.25). In
contrast, its respective net reproductive rates were
significantly affected by exposure to sub-lethal doses
of deltamethrin (P = 0.0003). The net reproductive
rates of the insecticide-resistant strain ranged from
103.15 £ 17.62 to 1.43 £ 0.76 female offspring
produced per parental female (at 0.05 and 5.00 ppm
deltamethrin, respectively) and exhibited a peak at
0.05 ppm deltamethrin (fig. 3a).

The intrinsic population growth rate (r,) was
significantly correlated with the net reproductive
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Fig. 1 Mean survival time (+SEM) of females from an insecticide-resis-
tant strain of maize weevil (Sitophilus zeamais) exposed to sublethal
doses of deltamethrin (n = 3).
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Fig. 2 Body mass (+SEM) of female offspring (F1) from an insecticide-
resistant strain of maize weevil (Sitophilus zeamais) exposed to
sublethal doses of deltamethrin (n = 3).

rate (n = 18, r = 0.87, P < 0.0001) and showed simi-
lar trend to this parameter (fig. 3b), without signifi-
cant contribution of generation time to such
variation (n =18, r=0.17, P =0.51). The rate of
population growth of the insecticide-resistant strain
exhibited a peak at 0.05 ppm deltamethrin. The
predicted population size after 90 days of storage
considering constant the exposure to deltamethrin
(i.e. without significant insecticide degradation) also
exhibited a peak at 0.05 ppm 5.4x higher than the
predicted population without insecticide exposure
(fig. 4).

Discussion

Hormesis is characterized by a low-dose stimulation
and a high-dose inhibition by a given compound
(Calabrese and Baldwin 2003; Calabrese 2008). Two
experimental conditions are necessary to recognize
hormesis — a range of sublethal doses of a toxic com-
pound and assessment parameters able to display
both stimulatory and inhibitory responses (Calabrese
and Baldwin 2003). The inhibitory response of the
maize weevil to high doses of deltamethrin is
demonstrated in our study by the negative rate of
population growth (and fertility) obtained with the
insecticide-resistant strain used in our experiments.
Such negative rates of population growth indicate a
reduction of insect population with time. In addi-
tion, the high doses of deltamethrin also led to a
reduction in longevity of parental females and body
mass (a surrogate estimate of quality) of insecticide-
resistant female offspring. A stimulatory response of
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Fig. 3 Net reproductive rate (£SEM) (a) and intrinsic rate of population
growth (+SEM) (b) of an insecticide-resistant strain of maize weevil
(Sitophilus zeamais) exposed to sublethal doses of deltamethrin (n = 3).

the insecticide-resistant strain of maize weevil was
also observed in our study by the peak in the rate of
population growth (and fertility) observed at
0.05 ppm deltamethrin, without compromise of
female quality (indicated by lack of effect on body
mass of the female offspring). Such conditions satisty
the hormesis criteria, which was evident at
0.05 ppm. Evidence of a hormesis-like stimulatory
response (referred to as hormoligosis) of a diamond-
back moth strain [Plutella xylostella (Lepidoptera:
Yponomeutidae)] selected for insecticide resistance
was also reported in Japan (Sota etal. 1998),
although with a confounding effect of insect mortal-
ity, which was prevented in our study.

Although providing evidence of insecticide-
induced hormesis in an insecticide-resistant strain of
maize weevil, we are unable to discern how general
is the occurrence of hormesis in the maize weevil
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Fig. 4 Predicted population size (+SEM) of an insecticide-resistant
strain of maize weevil (Sitophilus zeamais) exposed to sublethal doses
of deltamethrin (n = 3) during 90 days of storage.

since only a single strain was used in this study. The
expansion of this investigation to different insecti-
cide-resistant and insecticide-susceptible strains with
differing genetic make-up will allow the recognition
of the generality of such phenomenon, which was
also earlier reported in the related species Sitophilus
granarius by Kuenen (1958). This effort will also
allow a better assessment of its potential impact in
resistance management programs. However, simpli-
fied surrogate determinations of fitness will be
necessary because the large number of fertility table
studies required for such long-living insects
(>5 months) makes the effort disheartening for this
particular species (i.e. the maize weevil S. zeamais).
The detection of hormesis in the rate of popula-
tion growth (and fertility) of insecticide-resistant
insects reported here does not provide support for
Forbes” prediction that the overall fitness of an
organism is unlikely to be enhanced by hormesis
because of their independent occurrence in life-
history traits, which are constrained by energetic
trade-offs among them (Forbes 2000). Although
Forbes’ prediction is consistent with the survey car-
ried out at the time, such prediction was subjected
to a single empirical test so far, which provided
borderline results not allowing a definite conclu-
sion (Guedes et al. 2009). It seems conceivable fol-
lowing the principle of resource allocation (Sibly
and Calow 1986), that under lower doses of delta-
methrin the exposed female diverts its energy
resources to offspring production rather than to its
maintenance, unlikely what would take place
under exposure to higher doses of deltamethrin.
However, the balance of such alternative paths of
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resource allocation has yet to be object of atten-
tion. Furthermore, we tested only a single insect
strain under highly controlled conditions and addi-
tional testing of Forbes’s predictions (Forbes 2000)
is therefore necessary.

Hormesis may be a beneficial response when
natural enemies of pest species are favoured by sub-
lethal doses of an insecticide used for managing its
host species, as recently reported for the predator
Podisus distinctus (Heteroptera: Pentatomidae) (Gue-
des et al. 2009). In contrast, hormesis is a disadvan-
tageous response when favouring the population
increase of pest species potentially leading to pest
resurgence and/or secondary pest outbreaks (Hardin
etal. 1995, Morse 1998; Cutler etal. 2009),
although such possibilities have yet to be empirically
tested. Hormesis should also be recognized as a
potential problem for managing pesticide-resistant
populations of insect-pests since field doses of the
insecticide will not control the resistant insects and
may actually boost their population increase and
frequency increase of the resistance alleles. They
may also ultimately lead to problems of pest resur-
gence and/or secondary pest outbreaks depending
on the system considered. As the label rate for
deltamethrin control of the maize weevil is 0.5 ppm,
the resistant insects are able to maintain population
growth under this exposure and insecticide degrada-
tion will eventually boost its reproduction quickly
increasing the frequency of resistant insects in the
population. If deltamethrin exposure is considered
constant during a 90-days storage period (i.e. with-
out significant degradation), a 5.4x increase in pop-
ulation is expected under 0.05 ppm deltamethrin
compared with the expected population without
insecticide exposure. Therefore, pesticide-induced
hormesis is a potentially important phenomenon for
the evolution of pesticide resistance and the design
of resistance management programs, which has been
neglected so far.
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