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Abstract. Dactylopius opuntiae (Cockerell) (Hemiptera: Dactylopiidae) is a pest
of Opuntia ficus-indica (L.) Miller (Caryophyllales: Cactaceae) in many regions
around the world, and there are no formal insecticide toxicity assays. This study
aimed to evaluate the lethal toxicity of malathion, lambda-cyhalothrin,
spirotetramat, and potassium salts on D. opuntiae in laboratory and greenhouse
assays. In the laboratory, using a potter tower, lethal concentrations (LCso and
LCq0) were determined on adult females. Under greenhouse conditions, on O.
ficus-indica infested plants, the LCq of those three conventional insecticides
were evaluated, as well as the LCsp of potassium salts; mortality was evaluated
48 and 144 h after application in laboratory and greenhouse assays,
respectively. D. opuntiae was susceptible to all insecticides; malathion was the
most toxic product, LCso 120.4 mg L1, lambda-cyhalothrin (159.8 mg L) and
spirotetramat (756.3 mg L) followed. Using potassium salts, 8,970.1 mg L*
were needed to achieve 50% mortality. The highest percentage of mortality
(88.3%) in the greenhouse was obtained using the LCso (8,970.1 mg L?) of
potassium salts and the LCq of spirotetramat (11,567 mg L1). Mortality caused
by the LCyo of spirotetramat (77.3%) and malathion (66.8%) did not differ
statistically; while the LCqo of lambda-cyhalothrin (11,427 mg L) caused 45.4%
mortality, and it was the least toxic insecticide in the greenhouse assay. In this
work, the toxicity of insecticides to improve their use against D. opuntiae is
discussed.

Keywords: Prickly pear, nopal, Opuntia ficus-indica, cochineal, chemical
control.

Introduction

The "wild cochineal", Dactylopius opuntiae (Cockerell) (Hemiptera:
Dactylopiidae), is a key pest of Opuntia ficus-indica (L.) Miller (Caryophyllales:
Cactaceae) and other Opuntia species in Mexico and around the world (Mann,
1969; Vanegas-Rico et al., 2010; Mazzeo et al., 2019). This cactus plant is used
as forage, as fruit production for human consumption, vegetable, as
ornamental, and as a host for insects (D. coccus Costa) to produce natural dyes
(Hoffmann, 1995). It is also the cactus with the highest economic, ecological,
and functional value in agroecosystems with limited rainfall in regions of
America, Africa, and Asia (Le Houérou, 1996; Flores-Valdez and Olvera, 1995;
Kiesling, 1999; Nobel, 2011). Dactylopius opuntiae produces a protective wax
in the form of cotton fibers which covers its whole body, and carminic acid that
has been characterized as an antipredation mechanism (Eisner et al., 1980;
Barreto-Garcia et al., 2020).
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These insects grow in colonies throughout the plant and mainly on the cladodes and fruits causing
chlorosis; severe infestations (> 75% of cladode area covered) can cause fruit and young cladodes
to drop and even death (Mann, 1969; Vanegas-Rico et al., 2010). The species has worldwide
attention for two different situations. Firstly, to be used as a biological control agent for invasive
Opuntia spp. in Australia, South Africa, and some areas in other countries (Zimmermann and
Moran, 1991); secondly, because is an invasive pest in thousands of hectares in at least 12
countries in three continents (Lopes et al., 2009; Mazzeo et al., 2019; Mendel et al., 2020). In
Brazil, is an exotic pest that caused losses in 100,000 ha of forage cactus (Lopes et al., 2009;
Torres and Giorgi, 2018). In Morocco, between 2015 and 2020, causing damage and destruction
—to prevent the spread of the pest— in thousands of hectares of forage cactus (Bouharroud et al.,
2018; El Aalaoui et al., 2019). In the Mediterranean basin, particularly North Africa and the Middle
East, a pest invasion was recently recorded, and inestimable damage is expected (Mazzeo et al.,
2019; Mendel et al., 2020). In Mexico, where O. ficus-indica and D. opuntiae are native (Griffith,
2004; Chavez-Moreno et al., 2009), the insect is a key pest in commercial agroecosystems, but
not in natural areas (Vanegas-Rico et al., 2010, 2017; Barreto-Garcia et al., 2020).

The Dactylopius opuntiae is difficult to kill, its waxy fibers protect it most of its life as a resistant
barrier to adverse weather conditions and chemical control (Longo and Rapisarda, 1995; Brito et
al., 2008; Torres and Giorgi, 2018). The management strategy to control D. opuntiae should include
cultural and mechanical control; the use of vegetable oils, entomopathogenic fungi, and detergents
(Palacios-Mendoza et al., 2004; Vigueras et al., 2009; de Santos et al., 2011; Borges et al., 2013;
El Aalaoui et al., 2019). There is also a proposal for biological control by conservation in Mexico,
or a classic biological control program in Israel (Vanegas-Rico et al., 2010, 2016, 2017; Mendel et
al., 2020). It is also known that there are selection programs of forage varieties of O. ficus-indica
resistant to D. opuntiae in Brazil (Torres and Giorgi, 2018) and Morocco (Akroud et al., 2021).
Despite all this, chemical control has a relevant role in the integrated pest management (IPM) of
D. opuntiae, particularly as a quick method to counteract the reproductive biology of the pest, and
its ability to increase rapidly at high temperatures and low rainfall (Vanegas-Rico et al., 2010;
Palafox-Luna et al., 2018; Torres and Giorgi, 2018).

The chemical control history against D. opuntiae includes the use of organophosphates and
pyrethroids in South Africa (Pretorius and Van Ark, 1992); and neonicotinoids (thiamethoxam,
imidacloprid) and pyrethroids (lambda-cyhalothrin and bifenthrin) in Brazil (Cavalcanti et al., 2001,
Torres and Giorgi, 2018). The organophosphates (malathion y chlorpyrifos), pyrethroids (alpha-
cypermethrin), and pyridines (pyriproxyfen) in Morocco (El Aalaoui et al., 2019) and carbamates
(sevin) in the United States of America (Aldama-Aguilera, 2008). In Mexico, organophosphates,
some detergents, and potassium salts of fatty acids are commonly used (Badii and Flores, 2001;
Luna-Vazquez et al., 2012; SENASICA, 2014). Nevertheless, there are no authorized insecticides
for this pest in Mexico (CICOPLAFES, 2020; COFEPRIS, 2020).

The insecticide scientific papers on D. opuntiae established assays of biological effectiveness with
slight variations, but lethal concentrations were not established (Palacios-Mendoza et al., 2004;
Vigueras et al., 2009; de Santos et al., 2011; Borges et al., 2013; El Aalaoui et al., 2019). Therefore,
to provide information that serves as a basis for improving the chemical control tactic of D. opuntiae,
the aim of this work was to evaluate the toxicity of four insecticides against D. opuntiae under
laboratory and greenhouse conditions.
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Material and Methods
Insect rearing

The Dactylopius opuntiae colony was established with insects collected in commercial plots of O.
ficus indica from Tlalnepantla, Morelos, Mexico (19°00°28” N; 98°59°'51” W). The cladodes used
for the rearing were around ten months old (30-40 cm long and 4-6 cm thick). For the prevention
of the incidence of fungi or bacteria, particularly at the base of cladodes, the cladodes were
immersed in 0.2% ANIBAC® quaternary salts, allowed to dry, and then used for insect infestation.
The D. opuntiae rearing was carried out following the “cladode cut” methodology (Palacios-
Mendoza et al., 2004), and it was kept at 20 + 2 °C, 64 = 3% relative humidity (RH), and 14:10 L:
D. In addition, the D. opuntiae colony was enriched every two weeks with field material from the
same region. The insects came from fields that have used chemical control as one of the main
control methods in the last 30 years (GIIN, 2007).

Insecticides

The formulations evaluated were four commercial insecticides and the criteria were different
toxicological groups, commonly used in O. ficus-indica crops (Luna-Vazquez et al., 2012;
SENASICA, 2014; El Aalaoui et al., 2021); in addition to commercial accessibility, and the inclusion
of two products with the least impact cited on beneficial insects (Luna-Cruz et al., 2015; Juarez-
Maya et al., 2021) (Table 1). The dilutions of insecticides were made with fresh water to obtain a
stock concentration from which subsequent dilutions were made, including 0.1% Inex® adherent.
The evaluation of the toxicity of insecticides was done through two independent experiments, one
in the laboratory and the other in the greenhouse.

Table 1. Insecticides used in laboratory toxicity assays on Dactylopius opuntiae.

Active Commercial Toxicological [a.i.] Mode of action
ingredient (a.i.) name (maker) group (IRAC) (%)
Malathion Malathion 1000 Organophosphates 83.6 Affects synaptic transmission by
(Dragén) (1B) inhibiting acetylcholinesterase
Lambda- Karate Zeon 5 Pyrethroid (3A) 5.15 Modulates sodium channels; acts on
cyhalothrin (Syngenta) the nervous system

Spirotetramat Movento 150 Tetronic acid (23) 15.3 Inhibits lipid biosynthesis; regulates
(Bayer) grow

Potassium salts Impide (Gowan) Unknown (UN) 49 Unknown
of fatty acid

Laboratory bioassays

The toxicity assays were performed on 40-50-day old adult females of D. opuntiae collected from
the rearing. The females were separated into groups of 10 individuals inside Petri dishes (& 5.5
cm), containing a previously moistened filter paper base. The insecticides were applied using a
Potter spray tower (60 x 60 x 120 cm), with a pneumatic solid cone spray nozzle (Cat. 1/ 4J-SS +
SU1A-SS, Spraying Systems, Wheaton, IL, USA), connected to a constant pressure air source.
The system was calibrated to apply 2 mg cm of insecticide by introducing 10 mL of solution at 20
PSI pressure. The experimental units were placed 100 cm away from the spray source. The
experimental units were closed after the application of each treatment and kept inside a bioclimatic
chamber (20 £ 2°C, 64 + 3% RH, 14:10 h L: D). The mortality was recorded 48 h after application.
The insects that did not react to being stimulated with the bristles of an entomological brush, or
exhibited obvious signs of hardening, size reduction, and poor wax production were considered
dead.
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The biological response for each insecticide was first estimated. In this stage, the application of six
serial concentrations of insecticide (1.0 - 1 x 10° %), in each case a control and two replications
were developed to identify those that caused between 10 and 100% mortality at 48 h.
Subsequently, the bioassay was performed with at least seven doses; the bioassay design was
completely random. The combination of each insecticide concentration was considered a
replication, in which 10 individuals were used and four replications were performed. The control
insects were treated with 10 mL of fresh water with 0.1% Inex®. The maximum acceptable mortality
level in the control was 12%; if this happened, then, the mortality of the treatments was adjusted
with the Abbott equation (Abbott, 1925).

Greenhouse insecticide evaluation

The O. ficus-indica plants were established in 15 L pots with compost as substrate and irrigated
every three days. A continuous pruning was carried out to maintain two cladodes in each base
cladode (mother plant). After 10 months of establishment, two cladodes (30-40 cm long and 3-5
cm thick) were infested with D. opuntiae. The infestation was carried out individually using the
Vanegas-Rico et al. (2016) methodology. Briefly, a 9 cm? glassine paper bag with 30 D. opuntiae
adult females was fixed in each cladode, the first instar nymphs colonized the cladodes for 72 h.
After that, females and bags were removed from each cladode, and the plants were kept in the
greenhouse at 24 + 10°C, 54 + 11% R.H., and the natural Spring photoperiod for Texcoco, Estado
de Mexico (19°30°20” N; 98°52’55”W). After six weeks O. ficus-indica plants had 20 to 30 colonies
of D. opuntiae per cladode with adult females around 40 days old.

The experiment consisted of determining the effectiveness of the baselines of each insecticide
estimated in the lab assay. The LCqos of spirotetramat (11,567 mg L), malathion (3,209.4 mg L}),
and lambda-cyhalothrin (11,427 mg L) were evaluated. The LCs (8,970.1 mg L) was evaluated
for potassium salts, because the LCq resulted in a viscous solution that made it difficult to apply
with the spraying equipment. The two infested cladodes of each mother plant were considered as
the experimental unit, there were at least 20 D. opuntiae colonies in each cladode. The
experimental units were sprayed to runoff with the corresponding insecticide concentration using
a 1/4 full cone stainless steel nozzle, and constant pressure of 30 PSI. For each treatment, eight
replications were carried out, and for each one a control was included to which only fresh water
and 0.1% Inex® were applied. The plants were randomly arranged inside the greenhouse; the
mortality was recorded 144 h after insecticide application. As in the laboratory assays, insects that
did not react when stimulated with the bristles of an entomological brush or that showed signs of
hardening, reduction in size, and poor wax production, were considered dead.

Analysis of data

For the laboratory bioassays insecticide concentrations, expressed in mg L, and D. opuntiae
mortality were processed to estimate the LCso and LCyo Of each product and to perform a mean
range test adjusted by Kruskal-Wallis (a = 0.05). The fiducial limits (FL) at 95% reliability were also
estimated, as well as the slope of the regression line with its associated standard error (b + ee),
and the chi-square value (x?) for the fit test to the Probit model (Yu, 2015; Robertson et al., 2017).
The mortality of D. opuntiae in the greenhouse was subjected to an analysis of variance (ANOVA),
and a Tukey mean separation test (a = 0.05). The data analysis was done with the statistical
software R version 4.0.5.
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Results and discussion
Laboratory bioassays

The D. opuntiae adult females were susceptible to all evaluated insecticides; these caused
differential mortality in the laboratory (LCso, K= 12.72, df= 3, p <0.005; LCq, K= 8.66, df= 3, p
<0.03). The toxicity depended on the insecticide and the applied concentration. The total mortality
(100%) was obtained with 6,000 mg L™ of spirotetramat; malathion and lambda-cyhalothrin caused
90 and 92.5% mortality at 10,000 mg L2, respectively. Using potassium salts, 100,000 mg L was
needed to achieve 75% mortality, even at high doses affected the precise estimation of lethal
concentrations in the product (Table 2).

Table 2. Mortality (%) of Dactylopius opuntiae adult females 48 h after insecticide application.

Concentration Mortality (%)

(mg L?) Malathion  Lambda-cyhalothrin  Spirotetramat Potassium salts of fatty acid
100,000 - - - 75 a
35,000 - - - 70 a
10,000 90 a* 925a 100 a 575b
6,000 - - 100 a 40 c
3,500 - 85 ab - -
2,000 - - 55b 27.5d
1,000 82.5 ab 80 b 47.5 bc 22.5d
600 72.5 bc 575c 42.5 cd -

200 62.5c 50 cd 35d -

100 45d 425d 20e 17.5d
35 30e - - -

10 15f 25e 75f -
Control 75f 10f 25f 5e

*Means within columns with different letters are significantly different according to the Kruskal-Wallis test (P <0.05).
-Concentration that was not assessed.

The insecticide toxicity had the same trend at LCso and LCgyo. The malathion was the most toxic
product for D. opuntiae (LCso=120.4 mg L; LCgo= 3,209.4 mg L 1), followed by lambda-cyhalothrin
(LCs0=159.8 mg L!; LCgo= 11,427 mg L) and spirotetramat (LCso= 756.3 mg L%; LCg0=11,567
mg L?). The potassium salts showed less toxicity (LCso= 8,970.1 mg L; LCoo= 688,576 mg L?);
the low toxicity of the product on D. opuntiae did not allow for establishing a precise estimation.
The value of the slope ranged between 0.61 and 1.72, which indicated heterogeneity of the
population in its response to potassium salts and homogeneity for spirotetramat, respectively. The
¥? values indicated that there was no difference between the observed and expected values (Table
3).

Table 3. The insecticide toxicity on Dactylopius opuntiae 48 h after application.

Variable Malathion Lambda- Spirotetramat Potassium salts of
cyhalothrin fatty acid

Number of insects (n) 40 40 40 40

Slope + standard 0.8 +0.07 0.72+0.07 1.72 +0.43 0.61 +0.08

error (b + ee)

1 LCso (mg L?) 120.4 159.8 756.3 8,970.1

Fiducial limits 95% 94.5-146.2 99.8-219.8 530.2-982.3 6,106-11,834

t LCoo(mg L) 3,209.4 11,427 11,567 688,576

Fiducial limits 95% 1,382.5-5,036 1,819-21,035 42,92-18,842 -38,019-141,517

X° 0.011 0.017 0.33 0.024

1 LC = Lethal concentration
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Greenhouse insecticide evaluation

The four insecticides were toxic to D. opuntiae at variable levels, depending on the product and
their concentration; this mortality was different and slightly lower than in the laboratory. The highest
percentages of mortality under greenhouse conditions (88.3% and 77.3%) were achieved using
8,970.1 mg L of potassium salts and 11,567 mg L of spirotetramat, respectively, while malathion
at 3,209.4 mg L caused 66.8% mortality. The lambda-cyhalothrin was the least toxic insecticide,
since the evaluated concentration (11,427 mg L1) only caused 45.4% mortality (Table 4).

Table 4. Dactylopius opuntiae female adult mortality, 144 h after insecticide application inside a
greenhouse.

Treatments Doses (mg L?) Mortality (%)
Potassium salts of fatty acid 8,970.1 88.34 ar
Spirotetramat 11,567 77.34 ab
Malathion 3,209.4 66.79 b
Lambda cyhalothrin 11,427 45.42 o

*Means within columns with different letters are significantly different according to the Tukey test (P <0.05).

The wax that covers the body of D. opuntiae female adults is abundant and provides a protector
barrier from adverse environmental conditions, including chemical control (Brito et al., 2008;
Vanegas-Rico et al., 2010; Torres and Giorgi, 2018). Even so, the evaluated insecticides caused
mortalities up to 100% in the laboratory, and from 45 to 88% in the greenhouse.

The malathion and lambda-cyhalothrin registered the highest toxicity on D. opuntiae in the
laboratory, LCso of 120.4 mg L'* and 159.8 mg L%, respectively. The previously mentioned products
must have contact with the insect body to be effective. The information about malathion
translaminar properties is unknown, due to the barrier represented by the thick cuticle of the
cladodes of O. ficus-indica (Nobel 2011). Although it has already been indicated that there are no
assays that establish LCso in D. opuntiae, there are some biological effectiveness field assays. For
example, methyl parathion and dimethoate caused 90% mortality of D. opuntiae, and chlorpyrifos
82%, all in Brazil (Brito et al., 2008; Lopes et al., 2018). El Aalaoui et al. (2019) recorded more than
75% mortality after 96 h of malathion application at semi-field conditions (2 mL L1).

In this study, lambda-cyhalothrin was toxic in laboratory (LCso= 159.8 mgL™) but was ineffective in
the greenhouse (45% mortality). This differed from field results reported by Lopes et al. (2018) in
Brazil, who found 62 to 99% female mortality at 0.75 and 0.5 mL L™* of the product, respectively.
However, is not possible to compare those results because the lethal concentration was not
established in the study, and the D. opuntiae colonies of Brazil and Mexico have been subjected
to different insecticide pressure. Nevertheless, in Mexico, there are technical recommendations
that do not approve pyrethroids against D. opuntiae because those insecticides are considered
ineffective (Luna-Vazquez et al., 2012; SENASICA, 2014). This situation and the 45% mortality
achieved in greenhouse conditions, lead us to suppose that pyrethroids are not suitable candidates
for the control of D. opuntiae populations in the study region; in addition to the fact that there are
reports of null selectivity and low compatibility with natural enemies (El Aalaoui et al., 2019, 2021;
Juarez-Maya et al., 2021).

Based on the laboratory results on D. opuntiae, spirotetramat (LCso = 756.3 mg L) could be
classified as a toxicity intermediate. This product acts mainly by ingestion on some hemipteroid
insects, and targets lipids and fatty acids, which are important constituents of the cuticle (Elizondo
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and Murguido, 2010; Abdel-Fatah et al., 2019). The spirotetramat is considered to inhibit lipid and
fatty acid synthesis; then, the decrease of these can affect metabolic processes such as the
constitution of the cuticle of insects, or in the biosynthesis of pheromones, waxes, and eicosanoids
(lipid molecules); also, some energy sources and structural components of membranes and
defensive secretions may be missing (Yu, 2015). The substantial differences in the LCso of D.
opuntiae and other mealybug species to this product may be due to changes in the wax
composition and structure of each species, and their role in protecting against insecticides. For
example, spirotetramat had an LCsoof 159.8 mg L™ on Maconellicoccus hirsutus Green (Hemiptera:
Pseudococcidae) (Juarez-Maya et al., 2021), and took only 1.2 mL L and three weeks to cause
95% mortality on Planococcus citri Risso (Hemiptera: Pseudococcidae) (Mansour et al., 2010). The
extra time to manifest effectiveness in the last mealybug species is important because, in this study,
the contact effect was only evaluated at 48 h in the laboratory, and 144 h in the greenhouse, so is
suggested to evaluate the effect at a longer exposure time to allow the product acting first on the
waxy secretions, which later can lead to cuticle rupture and body deformation (Abdel-Fatah et al.,
2019).

The estimated LCso of potassium salts in the laboratory (8,970.1 mg L) indicates that they have
lower toxicity on D. opuntiae. The most accepted mode of action of potassium salts and detergents
is that they destroy the waxy layer (sometimes lacerate integument) that protects scale insects,
which favors drying out due to solar radiation (Vavrina et al., 1995; Toorani et al., 2017). This is
often the interpretation that was provided to explain its insecticidal effect on D. opuntiae (Palacios-
Mendoza et al., 2004; Brito et al., 2008; El Aalaoui et al., 2019).

The greenhouse assays provided additional information on the response of D. opuntiae to
insecticides. The LCs of potassium salts caused a numerically different mortality (83.3%), but was
statistically similar to the LCg of spirotetramat (77.3%). Furthermore, provided higher mortality than
the CLgo of malathion and lambda-cyhalothrin (66.7 and 45.4%, respectively). The potassium salts'
effect on D. opuntiae wax, or its integument, was evidenced in the greenhouse because there was
natural radiation and more probability of dehydration. If mortality limits for biological field tests of
the Mexican regulates are considered, NOM-032-SAG/FITO 2014 (Anonymous, 2015), then
potassium salts were effective in controlling D. opuntiae (they produced 88% mortality), but none
of the conventional insecticides caused more than 85% mortality; therefore, they could be
considered ineffective for controlling the pest.

During the greenhouse assay adult females were naturally grouped in compact colonies with
abundant wax and were fixed and feeding on the cladodes. This condition probably allowed
achieving mortalities close to what will happen in the field and could contribute to explaining
differences in mortality from the artificial condition (laboratory test). In previous essays, insecticide
evaluations were carried out including nymphs (first and second instar), and D. opuntiae adult
females (Palacios-Mendoza et al., 2004; El Aalaoui et al., 2019; Rambdani et al., 2020). The
nymphs have less wax, and they are more susceptible to insecticides (Franco et al., 2004), but in
a natural condition can also remain under the body of adult females, or very close to them in
compact colonies (Brito et al., 2008; Vanegas-Rico et al., 2010; Torres and Giorgi, 2018). This way,
the influence of adult wax, and its protection under natural conditions can interfere with the precise
determination of mortality. This condition, besides the high mortality of second-instar nymphs (12-
16%) in less than 72 h, when were removed of cladodes, makes adult females recommended as
the most convenient stage of development for insecticide evaluations.
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The D. opuntiae is the main pest in O. ficus-indica agroecosystems around the world, and
insecticides will be a control method within the IPM strategy. However, its misuse will lead to known
problems in the environment, and damage to insects and non-target organisms (Pretorius and Van
Ark, 1992; Pourseyed et al., 2010; Vanegas-Rico et al., 2010). Establishing insecticide toxicity
(LCso and LCq) is important to demonstrate the effectiveness of products, and to start proposals
on how to better use them. This control method applied in the opportune moments, in harmony
with other control methods, the natural control, and monitoring population dynamics will provide
better results for the management of D. opuntiae.

Conclusion
The lethal concentrations (LCso and LCg) of three conventional insecticides, and the LCso of

potassium salts, were determined in adult females of D. opuntiae for the first time; so, this study
could be a base for future development in the evaluation of insecticides on the pest. The D.
opuntiae was susceptible to all insecticides in laboratory assays. The malathion was the most toxic
product (LCso = 120.4 mg L?) followed by lambda-cyhalothrin (159.8 mg L?) and spirotetramat
(756.3 mg L?), and 8,970.1 mg L of potassium salts were needed to achieve its LCso. The highest
percentages of D. opuntiae mortality under greenhouse conditions (88.3% and 77.3%) were
obtained using the LCso of potassium salts and LCqy Of spirotetramat, respectively. The malathion
mortality (66.8%) did not differ from spirotetramat, while lambda-cyhalothrin was the least toxic
insecticide (45% mortality).
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