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a b s t r a c t

The bioactivity of an azadirachtin-based biopesticide (Azamax™ EC) was assessed on nymphs and adults
of the Asian citrus psyllid Diaphorina citri Kuwayama using different product application methods. Its
compatibility with the ectoparasitoid Tamarixia radiata (Waterston) was also assessed. Exposure of
D. citri nymphs to azadirachtin by direct contact þ residues, to dry residues or systemically led to
mortality in laboratory bioassays. For adult psyllids, the mortality was at most 67% after 120 h of
exposure to dry residues, even if using 16-fold more active ingredient than for nymphs. In the field, the
biopesticide exhibited high efficacy (~90%) in controlling nymphs, similar to that achieved with the
insecticide imidacloprid (Provado® 20 SC, at 40 mg a.i. L�1) used as positive control. Azadirachtin was
harmless to T. radiata larvae and pupae, but caused 77.8% adult mortality after 24 h of exposure. Despite
the high toxicity to adults, the biopesticide had a low duration of harmful activity (~3 days). Given the
high efficacy against D. citri nymphs, reduced effects on the immature stages of the ectoparasitoid
T. radiata and low duration of harmful activity, the biopesticide is an important alternative for D. citri
population management and can be used as a substitute or in rotation with current synthetic insecticides
in integrated pest management programs.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Huanglongbing (HLB), previously known as citrus greening, is
one of the most important and destructive diseases of citriculture
worldwide. In Brazil, the disease symptoms are associated with the
bacteria “Candidatus Liberibacter americanus” and “Candidatus
Liberibacter asiaticus”, whose vector is the Asian citrus psyllid,
Diaphorina citri Kuwayama (Hemiptera: Liviidae), considered one of
the most important crop pests in the country (Bov�e, 2006;
Belasque-Jr. et al., 2010a,b). Due to the high susceptibility of culti-
vated citrus species to bacteria and ineffectiveness of curative
methods biocontrol of the disease, HLB management has been
performed proactively by planting healthy seedlings and, later,
as e Agronomia e CEP 13418-
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with the elimination of infected plants (reduction of inoculum) and
insect vector control (Belasque-Jr. et al., 2010b).

Among the strategies for HLB management, application of syn-
thetic insecticides of broad spectrum activity (particularly organ-
ophosphates, pyrethroids and neonicotinoids) has been the main
tactic used by citrus growers to reduce population levels of the pest
and prevent spread of the disease. However, the heavy use of
pesticides can cause serious problems to human health and envi-
ronmental contamination (Ribas and Matsumura, 2009). Moreover,
overuse pesticide has caused the selection of resistant pests to the
main active ingredients (Tiwari et al., 2011), increasing outbreaks of
spider mites, scales and caterpillars (Cutler et al., 2009) due to
biological changes, also known as the hormesis effect (character-
ized by inversion of the biological response as the reduction in
development time, increase in fertility, longevity, etc.) caused by
continuous exposure to sublethal doses of pesticides (Guedes and
Cutler, 2014). Furthermore, the use of pesticides increases the
mortality of natural enemies responsible for the natural control of
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these pests (Yamamoto and Bassanezi, 2003), increasing produc-
tion costs and reducing the technique effectiveness and the envi-
ronmental sustainability of production systems (Ribeiro et al.,
2014).

Given these problems and the growing consumer demand for
healthier food produced in low-input systems, the use of biological
control agents, particularly the ectoparasitoid Tamarixia radiata
(Waterston) (Hymenoptera: Eulophidae), has been an important
alternative for D. citri population suppression, present in different
production systems (Paiva and Parra, 2012), especially in those
where the use of synthetic insecticide is not permitted (ecologi-
cally-based production system), and tactics for insect vector control
are even scarce. T. radiata preferentially develops on D. citri nymphs
from the third to fifth instar (�Etienne et al., 2001). In addition to
parasitism, adults can act as predators of eggs and nymphs of the
first and second instars (Hoy and Nguyen, 2001), increasing the
potential of this natural enemy as a biological control agent. Pre-
vious studies have revealed that the percentage of parasitism by
T. radiata, ranging from 27.5 to 80% (G�omez-Torres et al., 2006), has
reduced to a maximum of 25.7% with the increased use of in-
secticides to control the insect vector because of the progress of
HLB spreading to new producing regions (Paiva and Parra, 2012).
Therefore, the adoption of strategies that contribute to the pres-
ervation of T. radiata and other natural enemies in production areas
is very important to allow biological control and reduce the prob-
lems associated with HLB.

In this context, crude extracts, fractions or compounds isolated
from the secondary metabolism of plants have been explored as an
alternative to replace or reduce the dependence on conventional
synthetic insecticides for pest control in citrus groves (Weathersbee
and McKenzie, 2005). Despite the high efficacy, a very limited
number of biopesticides has been used in field conditions (Isman
and Grieneisen, 2014), due to the lack of quality, stability and
standardization of these compounds in the environment (Corrêa
and Salgado, 2011). The recent promulgation and implementation
of a specific legislation for the registration of products for use in
organic agriculture (Brasil, 2009) is enabling the registration of new
biopesticides based on the Brazilian flora (Zanardi et al., 2015).
However, before any recommendation, it is necessary to thoroughly
evaluate these products on the target species under different con-
ditions (laboratory, semi-field and field) and their interactions in
the different trophic levels of the distinct agroecosystems, guar-
anteeing the sustainability and credibility of the technology.

Among the bioactive plant compounds, azadirachtin, abun-
dantly found in Azadirachta indica A. Juss (Meliaceae) (a plant
commonly known as neem), has demonstrated high potential for
use against pests of agricultural importance in different production
systems due to its high insecticide and acaricide activities and rapid
degradation in the environment (Charbonneau et al., 2007; Grimalt
et al., 2011; Biondi et al., 2012). Azadirachtin, a limonoid with
different modes of action, acts mainly as a repellent, antifeedant
and insect growth inhibitor, and it interferes with the mating
behaviour, fecundity and fertility of female arthropod pests with
different eating habits (Weathersbee and McKenzie, 2005; Abedi
et al., 2014; S�anchez-Ramos et al., 2014). Besides activity against
arthropod pests, azadirachtin-based products may also cause
deleterious effects on natural enemies, especially parasitoids. Lyons
et al. (2003) found that the use of azadirachtin on eggs of Ephestia
kuehniella Zeller (Lepidoptera: Pyralidae) parasitized by Tricho-
gramma minutum Riley (Hymenoptera: Trichogrammatidae),
significantly reduced the females survival. Ruiu et al. (2008)
demonstrated that azadirachtin-based formulation (Oikos 25 Plus,
at 20 mg a.i. L�1) caused a slight reduction in their lifespan (25.1%
and 15.7%, males and females, respectively) and reproduction rate
(27.5%) of Muscidifurax raptor Girault (Hymenoptera:
Pteromalidae), whereas Abedi et al. (2014) found that the emer-
gence rate of Habrobracon hebetor Say (Hymenoptera: Braconidae)
was reduced to 39.0% when larvae were dipped in solutions of
azadirachtin-based biopesticides (NeemGuard and BioNeem, at
43.5 and 10.2 mg a.i. L�1). However, the lethal and sublethal effects
of azadirachtin-based biopesticides on the T. radiata ectoparasitoid
have not been investigated.

Currently, several azadirachtin-based commercial formulations
are commercially available for use in agriculture. In Brazil, the
biopesticide is available in an emulsifiable concentrate formulation
[Azamax™ EC, UPL e United Phosphorus do Brazil Ltda., Indian-
�apolis, S~ao Paulo, Brazil (http://www.uplbrasil.com.br/)], and it is
authorized for use in the control of arthropod pests in different
crops and production systems (Agrofit, 2014). Moreover, the bio-
pesticide is certified by the Biodynamic Institute (IBD) for use in
organic production systems without a withdrawal period, allowing
its application during fruit harvest, without the risk of leaving toxic
residues in the final product. Despite the large number of published
studies demonstrating the efficacy of azadirachtin-based bio-
pesticides on arthropod pests, few studies have demonstrated the
biopesticide action on D. citri nymphs and adults and its toxicity on
the ectoparasitoid T. radiata. Considering the potential association
of the biopesticide with T. radiata release for the management of
vector D. citri in citrus groves, the objective of this study was to
evaluate the toxicity of the azadirachtin-based formulation on
nymphs and adults of the Asian citrus psyllid and assess its
compatibility with the ectoparasitoid T. radiata.
2. Materials and methods

2.1. Insects

The insects used in the bioassays were from populations under
laboratory conditions [temperature of 26 ± 2 �C, relative humidity
(RH) of 70 ± 10% and 14 L: 10 D photoperiod]. For the rearing of
D. citri, seedlings of Murraya paniculata (L.) Jack of the Rutaceae
family and commonly known as orange Jasmine were used as the
substrate for feeding nymphs and adults and oviposition of the
females, as described by Nava et al. (2007). For multiplication of
T. radiata, orange Jasmine seedlings were used and were infested
with 4th and 5th instar nymphs of D. citri (host for the immature
stage development) and honey to feed the adults as described by
G�omez-Torres et al. (2012).
2.2. Biopesticide characterization

The biopesticide assessed was available as an emulsifiable
concentrate formulation (Azamax™ EC, 11.4 g a.i. L�1) containing
limonoids, azadirachtin (main component) and 3-
tigloylazadirachtol, at concentrations of 8.9 and 2.5 g L�1, respec-
tively. The content of these compounds was previously measured
by liquid chromatography and mass spectroscopy analyses using
the method described by Forim et al. (2010). The concentrations
tested in different bioassays were defined based on the total
composition of biopesticide (Azamax™ EC, at 11.4 g a.i. L�1).
2.3. Bioassays

All of the laboratory bioassays were conducted under controlled
conditions (temperature of 26 ± 2 �C, RH 70 ± 10% and 14 L: 10 D h
photoperiod). The field bioassays (efficacy on D. citri nymphs and
persistence on T. radiata adults) were conducted in a commercial
orchard.

http://www.uplbrasil.com.br/
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2.3.1. Systemic action of the biopesticide on D. citri nymphs and
adults

The systemic toxicity of the biopesticide was evaluated on 3rd

instar nymphs and adults of D. citri at 5e10 days of age. To this,
seedlings of Rangpur lime [Citrus reticulata Blanco � Citrus sinensis
(L.) Osbeck (Rutaceae)] grown in 150 mL plastic containers, con-
tainingMultiplant Citrus® [Terra do Paraíso: Substrato para Plantas,
Holambra, SP (http://agroserra-rs.com.br/substratos-terra-do-
paraiso.html)] substrate, were previously pruned at 5 cm to stim-
ulate growth. After the emergence of sprouts (2e3 cm length), the
seedlings were kept for 24 h without irrigation. Thereafter, a sys-
temic application (drench) was performed with 15 mL of the so-
lution at different treatment levels. The biopesticide concentrations
tested were: 2.9, 5.7, 11.4, 22.9 and 45.8 mg a.i. L�1 for nymphs and
45.8, 91.5, 183, 366 and 732 mg a.i. L�1 for adults, both defined
based on previous tests. Deionized water used to solubilize the
biopesticide was considered the control.

After application of the treatments, the seedlings were taken to
the greenhouse and irrigated daily with 5mL of deionizedwater for
120 h. After this period, each seedling was infested with 10 D. citri
nymphs or adults. Twelve replicates were used for nymphs
(n ¼ 120) and six replicates for adults (n ¼ 60) at each treatment
level. Thereafter, the seedlings were placed in cages (experimental
units) made with 2 L transparent polyethylene terephthalate (PET)
bottles with a front opening of approximately 100 cm2, coated with
voile tissue to allow gas exchange and prevent excess moisture.
These bottles were mounted on plastic containers containing a
polystyrene disc at the top with a central orifice (where the plastic
container containing the seedling was attached to) and deionized
water (200 mL) to maintain the plant turgor. The mortality of the
nymphs and adults in each experimental unit was assessed after 72
and 120 h of infestation. The nymphs and adults that showed no
reaction to the touch of a fine brush were considered dead. Based
on the mortality data of nymphs and adults of D. citri obtained in
the different treatment levels, the systemic acute toxicity of the
biopesticide was estimated. The estimated of the LC50 and LC90
(concentrations required to kill 50% and 90% of the population)
were used as a criterion to determine the systemic acute toxicity on
D. citri nymphs. However, due to the lowmortality of D. citri adults,
it was not possible to estimate LC50 and LC90 values for this
development stage of the insect. In this case, for acute toxicity of
the azadirachtin-based biopesticide the corrected mortality was
calculated based on the number of dead insects at different con-
centrations of product and in the control (deionized water) using
the Abbott (1925) formula.

2.3.2. Residual contact action of the biopesticide on D. citri nymphs
and adults

To evaluate the residual toxicity of the biopesticide on D. citri 3rd

instar nymphs and adults at 5e10 days of age, Rangpur lime
seedlings were grown in tubes (50 mL), containing Multiplant
Citrus® [Terra do Paraíso: Substrato para Plantas, Holambra, SP
(http://agroserra-rs.com.br/substratos-terra-do-paraiso.html)]
substrate and used as experimental unit. Initially, the seedlings
were pruned at 5 cm to stimulate growth. Upon the emergence of
sprouts (2e3 cm in length), the seedlings were subjected to 2 mL of
spray solution using amicroatomizer coupled to a pneumatic pump
adjusted to provide a pressure of 0.7 kg cm�2. The biopesticide was
solubilized in deionized water at concentrations of 2.9, 5.7, 11.4,
22.9 and 45.8 mg a.i. L�1 for nymphs and 45.8, 91.5, 183, 366 and
732 mg a.i. L�1 for adults; a control treatment (deionized water)
was also used.

After application of the treatments, the seedlings were kept
under controlled conditions (temperature of 26 ± 2 �C, RH
70 ± 10%) for 2 h to dry the residues. After this period, 10 psyllid
nymphs or adults were transferred from the breeding cage to each
seedling. Twelve replicates were used for nymphs (n ¼ 120) and six
replicates for adults (n ¼ 60) for each treatment level. After infes-
tation, the seedlings were kept under controlled conditions and
mortality of nymphs and adults were evaluated 72 and 120 h after
the infestation using the same procedure and criteria described in
item 2.3.1. Based on the mortality data obtained in the different
treatment levels, the lethal concentrations (CL50 and CL90) for
nymphs and the corrected mortality to D. citri adults exposed to
residual of biopesticide were estimated as described in item 2.3.1.

2.3.3. Direct þ residual contact action of the biopesticide on D. citri
nymphs

The directþ residual toxicity of the biopesticidewas assessed on
D. citri nymphs. To achieve this, Rangpur lime seedlings containing
2- to 3-cm-length sprouts were previously infested with 10 3rd

instar nymphs of the psyllid and were used as the experimental
unit. Twenty-four hours after infestation, the experimental units
(seedlings containing the nymphs) were sprayed with 2 mL of so-
lution at the same concentrations of the biopesticide and control
described in item 2.3.2.

The other procedures and number of replicates were the same
as described in item 2.3.1. Based on the mortality data obtained in
the different treatment levels, the lethal concentrations (CL50 and
CL90) for nymphs and the corrected mortality to D. citri adults
exposed to residual of biopesticide were estimated as described in
item 2.3.1.

2.3.4. Biopesticide efficacy on D. citri nymphs in the field
Biopesticide efficacy was assessed in a commercial groves of

Pera-Rio sweet orange [C. sinensis (L.) Osbeck (Rutaceae)], grafted
on Rangpur lime, at four years of age in the municipality of Mogi
Mirim (latitude 22�3204100 S; longitude 43�0704400 W), S~ao Paulo,
Brazil, with natural infestation of D. citri.

Prior to the application of treatments, branches infested with
D. citri nymphs were marked and the insects of each branch were
counted to assess the initial infestation level of the pest. Next, the
plants were sprayed with a biopesticide concentration of 2.9 mg a.i.
L�1 with a Jacto® backpack sprayer equipped with a full cone nozzle
(FL-5VS) to the run off point. The activity of the biopesticide was
compared with a negative (deionized water) and a positive control
[imidacloprid insecticide (Provado® 20 SC, at 40mg a.i. L�1)e Bayer
CropScience Ltda., S~ao Paulo, SP]. This insecticide is registered with
the Ministry of Agriculture, Livestock and Supply (MAPA) and has
been widely used for D. citri management in Brazilian citrus groves
(Agrofit, 2014). Four replicates (50 plants replicate�1) were used for
each treatment.

The evaluation was performed 72 h after application of the
treatments, counting the live nymphs on each branch. The efficacy
of the biopesticide was calculated based on the average number of
nymphs recorded in the pre-sampling (time 0) and after 72 h of the
application of the treatments using the formula of Henderson and
Tilton (1955). The instantaneous rate of population growth (ri)
was calculated using the following formula: ri ¼ lnðNf =NoÞ=Dt
where: Nf ¼ final number of live nymphs in the final assessment
(72 h), No ¼ initial number of live nymphs in the pre-sampling
(time 0), and Dt ¼ time (h) between the pre-sampling and final
assessment (Stark and Banks, 2003). Positive and negative ri values
indicate an increase and a decrease in the population, respectively,
whereas ri ¼ 0 values indicate that the population has remained
stable during the assessment period.

2.3.5. Biopesticide toxicity against T. radiata larvae and pupae
For this assessment, orange Jasmine branches infested with 4th

and 5th instar nymphs of D. citri from the rearing kept in the
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laboratory were placed on shoots of seedlings of this plant and
were grown in plastic containers (50 mL) for spontaneous migra-
tion of nymphs. After 24 h, the branches were removed, and the
nymphs were counted on each seedling. Subsequently, each seed-
ling with nymphs was put in a cage (experimental unit), and a fe-
male T. radiata were released for each 10 D. citri nymph. The
parasitoid females remained in contact with the D. citri nymphs for
48 h for parasitism. After this period, the parasitoid females were
removed, and the nymphs were kept in their cages. After four (ef-
fect on larvae) and nine (effect on pupae) days from the removal of
the parasitoid females, the parasitized (mummified)D. citri nymphs
were counted and submitted to the biopesticide spray at a con-
centration of 2.9 mg a.i. L�1 (corresponding to the LC90 estimated to
D. citri nymphs in item 2.3.3). The biopesticide toxicity was
compared with the same controls mentioned in item 2.3.4. Treat-
ments were applied as per item 2.3.2. Each treatment was repeated
10 times. The assessment was performed after 10 (effect on larvae)
and 5 (effect on pupae) days following the treatments, counting the
emerged parasitoids in each experimental unit. The toxicity of the
products on larvae and pupae was calculated based on the number
of parasitoids emerged in the treatments and negative control
(deionized water) using the formula of Henderson and Tilton
(1955).

2.3.6. Acute toxicity of the biopesticide on T. radiata adults
The acute toxicity of the biopesticide on T. radiata adults was

assessed using the residual contact bioassay. To that end, 3.5-cm-
diameter discs of Pera-Rio sweet orange leaves were sprayed with
2 mL of each treatment solution in a Potter tower (Burkard Scien-
tific Co., Uxbridge, UK), adjusted at the pressure of 0.7 kg cm�2, to
obtain a spray deposition of 1.8 ± 0.1 mg cm�2 according to the
criteria established by Pesticides and Beneficial Organisms working
group of the International Organization for Biological Control of
Noxious Animals and Plants, West Palaearctic Regional Section
(IOBC/WPRS) for toxicity studies of pesticides on natural enemies
(Hassan et al., 1994). The biopesticide was applied at a concentra-
tion of 2.9 mg a.i. L�1 and compared with the same controls
mentioned in item 2.3.4. After application of the treatments, the
discs weremaintained under controlled temperature conditions for
2 h to dry the residues and thenwere placed in Petri dishes (3.5-cm
diameter) containing a non-gelified layer of agar (2.5% w/v in wa-
ter). After gelification, 10 parasitoid adults up to 48 h of age were
transferred from rearing to each dish (experimental unit). The
dishes were sealed with voile fabric to allow gas exchange and
avoid excess moisture. A droplet of honey (~1 mm3) was placed on
the voile that served as food to the parasitoids during the assay
period. Each treatment was repeated 10 times (n ¼ 100).

Mortality of T. radiata adults in each experimental unit was
assessed 24 h after infestation, and insects that had no reaction to
the touch of a fine brush were considered dead. Based on the
mortality data, the acute toxicity was estimated for each treatment
using the Abbott (1925) formula.

2.3.7. Duration of the harmful activity of biopesticide on T. radiata
adults

Due to the high acute toxicity of the biopesticide on T. radiata
adults in the laboratory, the duration of the harmful activity of the
product was assessed in a greenhouse, as recommended by the
IOBC/WPRS (Van de Veire et al., 2002). For this,10 seedlings of Pera-
Rio sweet orange trees, grown in pots (10 L), were sprayed to the
run off point with the biopesticide at a concentration of 2.9 mg a.i.
L�1. The duration of the harmful activity was compared with the
same controls mentioned in item 2.3.4. After 1, 3, 7, 10, 17, 24 and 31
days of treatment application (residual time), a treated leaf of each
seedling was randomly removed, brought to the laboratory and
sectioned in 3.5-cm diameter discs (experimental units), as
described in item 2.3.6. Each experimental unit was infested with
10 parasitoid adults up to 48 h of age. Ten replicates (n ¼ 100) were
used for each treatment and residual time. Mortality of adults in
each experimental unit was assessed after 24 h. The mortality data
obtained in each treatment (azadirachtin-based and imidacloprid)
and residual timeswere corrected for the negative control using the
Abbott (1925) formula.

2.3.8. Data analysis
The experimental design used in all of the bioassays was

completely randomized. Generalized linear models (Nelder and
Wedderburn, 1972) using the quasi-binomial, quasi-Poisson and
Gaussian distributions were used for data analysis of the mortality
rate of the insect vector D. citri and parasitoid T. radiata, counting of
D. citri nymphs (field test) and the instantaneous rate of population
growth, respectively. The verification of the adjustment quality was
performed using the normal-probability chart with a simulation
envelope (Hinde and Dem�etrio, 1998). When significant differences
were found between treatments, multiple comparisons (Tukey test,
p < 0.05) were performed using the “glht” function of the “mult-
comp” package with adjustment of p values for treatments with
qualitative levels, while linear and nonlinear regressions were used
to compare treatments with quantitative levels, subsequently, by
assessing the adjustment quality. All of these analyses were per-
formed using “R” statistical software, version 2.15.1 (R
Development Core Team, 2012).

The acute toxicity of the biopesticide on D. citri nymphs in the
different bioassays and exposure times were determined based on
the estimate of LC50 and LC90 of product. For this, a binomial model
was used to complement the logelog link function (gompit model)
using the Probit Procedure of the SAS software, version 9.2 (SAS
Institute, 2011).

3. Results

Different levels of biopesticide toxicity occurred for D. citri
nymphs depending on the form of application, concentration and
exposure time of the insects. The highest mortality rates were
found in nymphs that were sprayed and maintained on residues
(direct þ residual contact) of the biopesticide, followed by those
exposed only to residual contact and systemic application (drench)
(Table 1). Considering the relative toxicity (RT) of the biopesticide
azadirachtin-based, our results showed that the D. citri nymphs
treated directly with the product and kept on the dry residues of
product (direct contact þ residual) were more susceptible than
those who were exposed only to contact with the residues (contact
residual) or kept on plants treated systemically with the biopesti-
cide (Table 1). Moreover, the product showed greater toxicity to
D. citri nymphs than to adults. The 16-fold increase in the biopes-
ticide concentrations caused a maximum 10% mortality of adults
and was similar to that for control treatment (data not shown).

In a test conducted in commercial sweet orange groves with
natural pest infestation, the biopesticide caused a significant
reduction in the population of nymphs, 72 h after application of the
product, demonstrating similar efficacy to that of the positive
control [imidacloprid (Provado® 20 SC, at 40 mg a.i. L�1)] (Table 2).

Despite the high toxicity observed on D. citri nymphs in labo-
ratory studies and proven efficacy in field conditions, the biopes-
ticide was considered harmless for larvae and pupae of the
ectoparasitoid T. radiata compared with the positive control
(Table 3). Furthermore, our results revealed that the biopesticide
did not significantly affect the rate of emergence of the parasitoid
even with the death of the host (D. citri nymphs). Conversely,
exposure of T. radiata adults to the product residues caused high



Table 1
Estimate of LC50 and LC90 (in mg a.i. L�1) along with confidence interval of an azadirachtin-based biopesticide for Diaphorina citri nymphs under different forms of application
and exposure times.

Application Exposure time (h) Na Slope ± SE (p value) LC50 (CI)b LC90 (CI)b c2c (d.f. ¼ 3) hd RTe

Systemic (drench) 72 720 6.12 ± 1.25 (p < 0.0001) 5.4 (4.8e6.8) 8.5 (6.8e14.0) 2.274 0.758 0.18
120 720 5.39 ± 1.49 (p ¼ 0.0003) 4.9 (3.6e16.1) 7.4 (3.5e24.6) 7.495 2.498 0.16

Residual contact 72 720 1.66 ± 0.22 (p < 0.0001) 2.0 (1.6e2.6) 10.7 (7.3e19.3) 2.595 0.865 0.50
120 720 1.21 ± 0.15 (p < 0.0001) 0.9 (0.6e1.3) 9.3 (6.1e18.3) 6.196 2.066 0.89

Direct contact þ residual 72 720 2.62 ± 0.34 (p < 0.0001) 1.0 (0.6e1.4) 2.9 (2.0e5.5) 3.014 1.004 1.00
120 720 2.79 ± 0.42 (p < 0.0001) 0.8 (0.4e1.2) 2.3 (1.6e4.7) 7.044 2.348 1.00

a N: number of insects tested.
b CI: confidence interval at 95% of probability of error.
c c2: Pearson’ chi-squared value.
d h: heterogeneity factor.
e RT: relative toxicity [LC50 (systemic or residual contact)/LC50 (direct contact þ residual)].

Table 2
Efficacy of azadirachtin-based biopesticide and imidaclopridin control of D. citri nymphs in commercial sweet orange orchards.

Treatment Concentration (mg a.i. L�1) EC (%)a Instantaneous population growth rate (ri)b

Azadirachtin-based biopesticide 2.9 89.7 ± 6.63 a �2.50 ± 0.73 b
Imidacloprid (Provado® 20 SC) 40.0 92.6 ± 5.42 a �1.96 ± 0.65 b
Control (deionized water) e 4.3 ± 1.79 b �0.47 ± 0.22 a
F 28.579 66.080
d.f. 2, 9 2, 9
p value <0.0001 <0.0001

a Efficacy of control calculated using the Henderson and Tilton formula (1955).
b Means followed by the same letter in the column do not differ significantly (GLM with Gaussian distribution, followed by post hoc Tukey test, p < 0.05).

Table 3
Mortality of larvae, pupae and adults of Tamarixia radiata treated with insecticides.

Treatment Concentration (mg a.i. L�1) Mortality (%)a

Larvae Pupae Adults

Azadirachtin-based biopesticide 2.9 0.9 ± 0.37 b 4.6 ± 2.10 b 77.8 ± 4.51 a
Imidacloprid (Provado® 20 SC) 40 93.3 ± 3.79 a 62.9 ± 4.12 a 88.9 ± 5.67 a
Control (deionized water) e 1.0 ± 0.22 b 3.3 ± 0.68 b 4.2 ± 0.98 b
F 9.087 6.336 67.245
d.f. 2, 27 2, 27 2, 27
p value 0.0011 0.0043 <0.0001

a Means followed by the same letter in the columns do not differ significantly (GLM with quasi-binomial distribution, followed by post hoc Tukey test, p < 0.05).
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mortality (77.8%) similar to that observed with imidacloprid
(Table 3). Despite its high toxicity, the biopesticide showed a rapid
decrease in insecticidal activity over time (Fig. 1).
4. Discussion

In the laboratory, our results showed that the insecticidal ac-
tivity of the biopesticide was more pronounced for D. citri nymphs
than for adults, which can be assigned to the action mode/mech-
anism of the biopesticide. Azadirachtin-based products act by
inhibiting the production of juvenile hormones and ecdysone,
which is responsible for the growth of insects, causing high mor-
tality rates when applied to immature ones (Coelho et al., 2006;
Ghazawy et al., 2010). Despite the lower activity observed in
D. citri adults in this study, azadirachtin-based products act as
sterilizing, repellents, antifeedants and oviposition deterrents
(Weathersbee and McKenzie, 2005; Isman, 2006), which can assist
in reducing population levels of the pest, as well as reduce the
dissemination of the disease in the next generations. However,
sublethal effects of azadirachtin-based biopesticides on D. citri
adults should be investigated with higher accuracy before being is
recommended in the field.

Among the biopesticide application strategies, the highest
values of mortality were obtained in insects exposed to
direct þ residual contact and residual contact of the product.
Similarly, Tom�e et al. (2013) while assessing the bioactivity of an
azadirachtin-based formulation (Azamax™ 1.2 EC, at 6.0 mg a.i.
L�1) on 2nd instar larvae of Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae), found that the mortality was higher than 75% when
insects were exposed to residual contact of the biopesticide. A high
mortality of 2nd instar nymphs of Toxoptera citricida (Kirkaldy)
(Hemiptera: Aphididae) was also reported by Tang et al. (2002) in
insects exposed to residual contact of the other azadirachtin-based
formulation (Neemix® 4.5 EC, at 250 mg a.i. L�1). Mortality rates
from 76.6 to 100% were observed in Liriomyza sativae (Blanchard)
(Diptera: Agromyzidae) larvae exposed to direct þ residual contact
of azadirachtin (NeemAzal®-T/S 1 EC, at 50 and 100 mg a.i. L�1,
respectively) (Hossain and Poehling, 2009). Therefore, our results
indicate that the efficiency of biopesticide is associated with the
insect exposure mode to the active ingredients of the product. In
this context, the higher insecticidal activity of biopesticide is ob-
tained when the product is sprayed on D. citri nymphs.

The systemic action of the biopesticide against D. citri nymphs
was also observed, demonstrating that bioactive compounds of the
product were absorbed and transferred to the tissues of the plant
canopy. The systemic action of azadirachtin-based biopesticides
has already been demonstrated for several insect pests such as
Bemisia tabaci (Gennadius) biotype B (Hemiptera: Aleyrodidae),



Fig. 1. Mortality of Tamarixia radiata adults after 24 h of exposure to azadirachtin-
based biopesticide (2.9 mg a.i. L�1) (A) and imidacloprid (Provado® 20 SC, at 40 mg
a.i. L�1) (B) with different residual times. For each treatment ten replicates were used
with 10 adults of T. radiata of up to 48 h of age (n ¼ 100). In the control treatment,
mortality was less than 6%.
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Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae) and
Aphis craccivora Koch (Hemiptera: Aphididae) (Souza and
Vendramim, 2005; Thoeming et al., 2006; Costa et al., 2010). Bio-
pesticides that have systemic action are important for pest man-
agement programs as they provide greater protection time of the
plants, due to the lower action of environmental factors (mainly
ultraviolet radiation and temperature) that act in the degradation
of the active components of biopesticides (Turek and Stintzing,
2013), and reduce the effects on non-target organisms
(Yamamoto and Bassanezi, 2003). Therefore, this strategy may be
an important alternative for D. citri management in the seedling
production system and installation of new groves.

In the field, the biopesticide was highly effective against D. citri
nymphs (efficacy ~ 90%), being equivalent to the positive control
[imidacloprid (Provado® 20 SC, at 40 mg a.i. L�1)]. The efficacy of an
azadirachtin-based formulation (NeemAzal®-T/S 1 EC, at 100mg a.i.
L�1) comparable to triazophos phosphorus insecticide was
observed by Ulrichs et al. (2001) in A. craccivora exposed to
direct þ residual contact of the product. Likewise, Dhingra et al.
(2008), while assessing the efficacy of the other azadirachtin-
based formulation (NeemAzal® T/S 1 EC, at 20 mg a.i. L�1) on
several okra key pests [Abelmoschus esculentus (L.) Moench (Mal-
vaceae)], found that the biopesticide was similar to organochlorine
endosulfan (Thiodan® 35 EC, at 500 mg a.i. L�1). These results
demonstrate that the biopesticide is effective and can be used as an
alternative to synthetic insecticides for the management of D. citri
nymphs in different production systems.

In addition to the promising insecticidal action against D. citri
nymphs, the biopesticide was considered harmless (<25% reduc-
tion in survival rate) to T. radiata larvae and pupae, according to the
criteria established by the IOBC/WPRS (Van de Veire et al., 2002).
Similarly, Luna-Cruz et al. (2011) found that, when the pupae of the
ectoparasitoid Tamarixia triozae (Burks) (Hymenoptera: Eulophi-
dae) was exposed to azadirachtin (PHC Neem® 3.2 EC) at different
concentrations (156, 234 and 312mg a.i. L�1), therewas no effect on
the emergence of insects. Likewise, Aggarwal and Brar (2006)
found that direct application of azadirachtin solutions (NeemA-
zal®-T/S 1 EC), at concentrations of 200 and 400 mg a.i. L�1, on
larvae of Encarsia sophia Girault & Dodd (Hymenoptera: Aphe-
linidae), did not affect the rate of emergence of the parasitoid.
Although T. radiata is considered an ectoparasitoid, which could
increase the susceptibility of immature stages to the pesticides
used in pest management, the females lay their eggs at the bottom
of the host body, whose integument serves as a physical barrier of
protection for larvae and pupae of the parasitoid.

On the other hand, the exposure of T. radiata adults to dry res-
idues of azadirachtin-based biopesticide indicated that the product
was highly harmful (>75%mortality, IOBC/WPRS) to ectoparasitoid,
being similar to the insecticide imidacloprid used as a positive
control. Likewise, Stara et al. (2011) reported 100% mortality after
48 h in adults of Aphidius colemani Viereck (Hymenoptera: Aphi-
diidae) exposed to azadirachtin residues (NeemAzal®-T/S, at 10 mg
a.i. L�1). However, Luna-Cruz et al. (2011) found that azadirachtin
did not change the survival rate of T. triozae adults after 24 h of
exposure to Bactericera cockerelli nymphs (Sulc.) (Hemiptera: Tri-
ozidae) and plants treated with different PHC Neem 3.2 EC con-
centrations (156, 234 and 312 mg a.i. L�1). The different toxicity
levels of azadirachtin-based biopesticides are associated with ge-
netic differences, dosage, time and form of exposure of the insects
to residues andmainly to the formulation used in bioassays (Cosme
et al., 2009). Despite the high toxicity observed inT. radiata adults in
the present study, the duration of the harmful activity of the bio-
pesticide was rapidly reduced (~3 days) being considered short-
lived (<5 days), according to the IOBC/WPRS. The rapid degrada-
tion of azadirachtin-based biopesticides was demonstrated by
Sundaram and Curry (1994), when they found that the half-life
values of azadirachtin in seedlings of Quercus rubra L. (Fagaceae)
and Abies balsamea (L.) Mill. (Pinaceae) were 12 and 22 h, respec-
tively. The low persistence of azadirachtin-based products is
assigned to the sensitivity of the active principles to ultraviolet and
visible radiation and temperature, which are considered the main
factors of degradation of natural products (Turek and Stintzing,
2013).

Although the low residual effect is considered a disadvantage by
the need for more frequent re-application of the biopesticide for
pest control, this characteristic allows its use in pre-harvest, a sit-
uation where there is a need to use products with a reduced
withdrawal period. Furthermore, this characteristic reduces the
potential selection of insect populations resistant to the biopesti-
cide (Georghiou and Taylor, 1977). Moreover, the low duration of
harmful activity of the formulation reduces the impact on biological
control agents present in the production areas due to the shorter
action period of the active ingredients of the product, allowing the
recolonization and establishment of ecological balance of agro-
ecosystems. The low duration of harmful activity of the product
allows the mass release of biological control agents, particularly
T. radiata, in a short period of time after its use. Given the high
efficacy of the biopesticide on D. citri nymphs (~90%), the reduced
effects on the immature stages (�4.6% of reduction in the survival
of larvae and pupae) of ectoparasitoid T. radiata and low duration of



M.S. Santos et al. / Crop Protection 74 (2015) 116e123122
harmful activity of the product (causing ~ 30% of adult mortality, 3
days after application), the biopesticide Azamax™ EC (azadir-
achtin- and 3-tigloylazadirachtol-based), assessed in this study, is
an important alternative for D. citri population management and
can be used as a substitute or in rotation with current synthetic
insecticides in integrated pest management programs.
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