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Abstract
Environmental conditions and availability of new cultivated areas of prickly pear cactus in Lebanon appeared lately to be 
favourable for the survival and development of D. opuntiae which has become highly noxious. To thwart use of random 
chemicals and broad spectrum pesticides by local farmers, efficacy of sulfoxaflor (Closer™ 240 SC, rate 0.179 kg a.i/ha) and 
diflubenzuron (Dimilin® 25 W, rate 0.329 kg a.i/ha) was compared. Individual insecticidal solutions of each applied alone 
or in mixing with mineral oil (spray oil 7E, rate 1.010 kg a.i/ha) on potted cladodes in laboratory conditions (T = 23 ± 4 °C, 
RH = 58–63%) showed a sharp decrease in the number of individuals within colonies 48 h after treatment especially 
among first- and second-instar larvae. Similarly, the same insecticidal solutions applied on separate plots in field condi-
tions (T = 20–35 °C, RH = 55–75%) according to the Good Agricultural Practices showed efficacious control of the pest 
development. D. opuntiae mortality mean percentage reached 80% and 72%, respectively, for sulfoxaflor and diflubenzu-
ron 96 h after treatment. The added mineral oil acted as a synergist and enhanced efficacy of both insecticides. Mortality 
mean percentages increased to 92% and 88%, respectively. Insecticides residues content over time in fruits and cladodes 
were afterwards monitored. Samples were harvested at 3 days interval and residues extracted by the QuEChERS method 
and quantified by LC–MS. Dissipation rates after 30 days of treatment attained 70.8% and 80.6% in fruits and 98.5% and 
74.0% in cladodes, respectively, for sulfoxaflor and diflubenzuron. Half-life time varied accordingly and was higher for 
fruits treated with sulfoxaflor (14.20 days) than for those treated with diflubenzuron (11.18 days). On contrary, for clad-
odes, half-life time of the former (4.18 days) was lower than that of the latter (15.47 days). The addition of mineral oil 
into the spray solution of the insecticides increased their persistency in the crop. Consequently, half-life times increased 
and dissipation rates decreased. Findings of this study should enlarge the spectrum of chemical means for D. opuntiae 
management and promote resilience of the crop. Analytical method applied for residues analysis should be useful for 
registration of the insecticides on the crop and MRLs setting.
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Abbreviations
DFB  Diflubenzuron
SFX  Sulfoxaflor
MO  Mineral oil
QuEChERS  Quick, easy, cheap, effective, rugged, and 

safe
LC–MS  Liquid chromatography coupled to mass 

spectrometry
MRLs  Maximum residues levels
ADI  Acceptable daily intake
ARfD  Acute reference dose

1 Introduction

Opuntia ficus-indica (L.) Mill. or prickly pear cactus as com-
monly known is a crop plant of the Cactaceae family [1], 
grown in Lebanon in coastal and internal areas where it 
is essentially intended for fruit production and forage for 
honeybees [2]. In recent years, cultivations in south of 
the country have been severely infested by Dactylopius 
opuntiae (Cockerell), a noxious pest belonging to the Dac-
tylopiidae family in the order Hemiptera that lives feed-
ing on the plant’s sap [3]. Natural predator Cryptolaemus 
montrouzieri Mulsant (Coleoptera, Coccinellidae) was 
found in conjunction with the colonies, yet its population 
was very sparse to control the invasive spread of the pest 
[4]. Nowadays, the increasing propagation of D. opuntiae 
enhanced by the changing weather conditions, the lack 
of small-scale farmers for the scientific knowledge of the 
biology, and behaviour of the pest, and the absence of 
control strategies has resulted in an alarming degenera-
tion of the crop. Fruit and forage production was lowered 
to more than 90% which has led to significant losses in the 
additional income source of local farmers. Thus, concerted 
action looking for an effective means of control options 
is crucial in order to maintain the crop’s socio-economic 
value.

Management of D. opuntiae development is docu-
mented to rely mostly on biological and chemical meth-
ods [3, 5]. Chemical control should be implemented if the 
infestation is spreading largely and is momentous particu-
larly when 30% of the plantations have more than ten col-
onies [5]. However, only a limited number of conventional 
insecticides are permitted on cactus plants [5]. Bacterial 
insecticides such as Bacillus thuringiensis, organic insecti-
cides such as pyrethrum, neem, insecticidal soaps, diato-
maceous earth, and mineral oil that yields between 93 and 
100% mortality especially among first- and second instars, 
paraffinic oils, vegetal oil, and neutral detergents are the 
most used [5]. These have shown to promote efficacious 
control of the pest with the benefit of preserving simulta-
neously lady beetles and syrphid flies in treated fields [3, 

5–7]. Likewise, several plant extracts have shown promis-
ing control of D. opuntiae in several countries such as Brazil 
[3], Morocco [7], and Ethiopia [8]. For instance, extracts of 
Mentha piperita L. (Lamiaceae) and Mentha spicata L. mixed 
with different emulsifiers induced body dehydration, 
obstruction of spiracles, and asphyxia on second instars 
[9]. Essential oils of Ocimum basilicum L. were effective 
against first instars [5]. Terpenoids such as eugenol and 
menthol successfully reduced the number of crawlers [5]. 
Orange oil provoked death of nymphs and adults within 
48 h after treatment [5]. And, d-limonene from citrus juice 
was mostly efficacious against adult females and second 
instars but had little adverse impact on natural predators 
[7] and caused chlorotic damage to cladodes [10]. None-
theless, for all of these, further researches are required on 
spraying coverage and impact speed of the droplets in 
order to optimize pest control on severely infested areas 
as is the case in Lebanon. Resolving several aspects related 
to efficacy, logistic and costs are additionally needed.

Concerning synthetic insecticides, results showed that 
Neonicotinoids (e.g. thiamethoxam, imidacloprid, thiaclo-
prid, acetamiprid) and Pyrethroids (e.g. lambda-cyhalothrin, 
bifenthrin) used in Brazil [3], Organophosphates (e.g. chlor-
pyrifos, malathion, parathion methyl, dimethoate) used in 
Mexico [11, 12], and Carbamates (e.g. carbaryl) and Pyre-
throids (cypermethrin) used in South Africa [13] have been 
also shown to produce satisfactory curative control against 
D. opuntiae. However, these are recommended in mixtures 
with neutral detergents for first application, which should 
be followed by weekly reapplications with alternative 
materials in case the pest remains present [3]. Moreover, 
organophosphate dimethoate among others with a control 
efficacy above 90% has shown to cause similar mortality 
on the natural enemies. In addition, thiamethoxam [14], 
bifenthrin [15], parathion methyl [16], dimethoate [17], and 
carbaryl [18] are not approved by the EC regulations, and 
dimethoate, carbaryl, and cypermethrin were recently for-
bidden in Lebanon [19]. Along with that, chemical control 
of the pest is hampered by the absence of insecticides 
registered for prickly pear cactus in the country, as was 
the case in Brazil until 2016 [3]. Besides, it is to be noted 
that to date, no pesticide has been registered on the crop 
by the European Commission or by Codex Alimentarius. 
Thus, no maximum residues levels (MRLs) were fixed for 
the commodity fruits [20, 21].

Therefore, the present research paper aimed to (1) 
enlarge the spectrum of chemical means for D. opuntiae 
spread management and (2) contribute in the establish-
ment of norms and MRLs on prickly pear cactus. Thus, the 
efficacy of sulfoxaflor, a systemic insecticide of the Sul-
foximines, and diflubenzuron, a contact insecticide of the 
Benzoylphenylureas, was evaluated and compared, and 
persistency of the insecticides residues in the crop was 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:118 | https://doi.org/10.1007/s42452-019-1910-5 Research Article

monitored and dissipation rates over time determined. 
Results obtained from a field trial conducted according 
to the Good Agricultural Practices in response to success-
ful experiments performed on infested cladode samples 
in laboratory conditions showed that both insecticides 
could be promising candidates for limiting the pest devel-
opment, especially when applied in mixture with mineral 
oil. In addition, their residues were successfully degraded 
to high rates in the succulent cladodes and fruits approxi-
mately 1 month after spraying. The assessment of the 
insecticides residues in the plant material represents the 
originality of the study and is useful in the determination 
of minimum intervals between application and harvest to 
keep residues levels as low as possible and ensure safe 
application of the insecticides. This should eventually 
lead to the registration of these phytosanitary products 
on prickly pear cactus by local authorities.

2  Materials and methods

2.1  Insecticides treatments assays

The insecticides used for both laboratory experiment and 
field study were the following: (1) sulfoxaflor (SFX, trade 
name Closer™ 240 SC) at a rate of 0.179 kg a.i/ha, (2) dif-
lubenzuron (DFB, trade name Dimilin® 25 W) at a rate of 
0.320 kg a.i/ha, and (3) mineral oil (MO, trade name Spray 
oil 7E) at a rate of 1.010 kg a.i/ha.

2.1.1  Laboratory experiment

2.1.1.1 Preparation of  prickly pear cactus cladode sam-
ples Healthy young non-infested cladodes of prickly pear 
cactus of the same age planted in plastic pots were placed 
into a closed controlled space and exposed to cladodes 
heavily infested with D. opuntiae. After 21 days of expo-
sure, successful natural infestation has occurred.

2.1.1.2 Insecticides application The infested cladodes 
previously obtained were sprayed fairly on the two sides 
with the appropriate insecticide solution using a knap-
sack sprayer of 2 L capacity. Five different treatments were 
performed on 20 cladodes. Each cladode represented a 
replicate, and each treatment was performed with four 
replications. Treatments consisted of (a) water, for con-
trol; (b) DFB; (c) DFB + MO; (d) SFX and (e) SFX + MO. The 
experiment was conducted during April–May 2018 and 
repeated twice under the same laboratory conditions 
(T = 23 ± 4 °C, RH = 58–63%).

2.1.2  Field study

2.1.2.1 Description of  the  study site location and  specifi-
cations The experimental cactus orchard of 12 years old 
used in the trial was bordering a wide hill planted with 
olive trees and located in Ebba, Governorate of Naba-
tieh—Southern Lebanon, at an altitude of 260  m above 
sea level, where, during prickly pear cactus growing sea-
son (late April–Early August), seasonal temperature var-
ied between 20 and 35 °C, and average relative humidity 
ranged from 55 to 75%. The orchard severely infested with 
D. opuntiae has not undergone any phytosanitary treat-
ment before the study. No rainfall was reported during 
the experiment period.

2.1.2.2 Insecticides application Before insecticides appli-
cation, severely infested plants were removed of the study 
site by pruning and later burned in order to reduce the 
movement of the pest. Only moderately infected prickly 
pear cactus were used in the trial. Insecticides application 
was done during spring 2018, according to the Good Agri-
cultural Practices (GAP) using a knapsack sprayer of 16 L 
capacity under normal field conditions. The experimental 
field consisted of 50 plants was divided into five blocks 
of ten plants each. Blocks 1, 2, 3, and 4 were sprayed with 
DFB, DFB + MO, SFX, and SFX + MO, respectively. Block 5 
was sprayed with water (control). Two sprays were per-
formed at 2  weeks interval starting at the beginning of 
crop growing season (late May) until the very early fruit 
ripening (Mid June). All plants were sprayed in the same 
way by the appropriate insecticide solution as to provide 
the correct dose of the active substance, as it is labelled 
on the commercial product. Three cladodes labelled a, b, 
and c were randomly selected on each plant of the ten 
plants of each block (30 cladodes per treatment) to assess 
D. opuntiae mortality.

2.1.3  D. opuntiae mortality counting

D. opuntiae population was recorded as an indicator to the 
efficacy of the insecticides. Number of colonies and indi-
viduals within colonies (female adults, larvae, and prepupa 
males if present) were initially counted before insecticides 
spraying for each cladode replicate in the experiments 
performed in the laboratory as in the field conditions. 
Dead individuals within colonies were next counted after 
12, 24, 36, and 48 h of spraying for the laboratory experi-
ment, and after every 24, 48, and 96 h from each spray for 
the field study. Numbers obtained were correlated with 
the damage levels and expressed as D. opuntiae mortality 
mean percentages. Individuals were considered dead if a 
change in their colour towards light brown was detected, 
and a detachment of the cladodes was observed, leaving 
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behind yellow to brown spots [8]. The reduction in the 
number of colonies and the potential newly established 
colonies was recorded on each cladode replicate in the 
field trial after 3 weeks from the second spray. Results were 
expressed as mean percentage of the number of present 
colonies.

2.1.4  Data analysis

Statistical analysis was performed using Statistical Pack-
age for the Social Science (SPSS19.0). Analysis procedure 
of variance was employed. Results were expressed as 
the mean ± standard error (m ± SE) and calculated using 
Descriptive. Multiple comparisons of means were made 
using one-way ANOVA. Post hoc tests were used to sepa-
rate the means and check the homogeneity of variances. 
P values were statistically considered significant at 5% 
(P < 0.05) level of significance.

2.2  Insecticides residues monitoring

At the end of the second spray of insecticides solutions 
(Mid June 2018), 500 g of fruits and 500 g of cladodes were 
randomly harvested from cactus plants from each block, 
after 1, 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30 days of treat-
ments. Samples taken in three replicates including water-
treated control were brought immediately to the labora-
tory in polythene bags along with control and processed 
on the same day. For each sampling date, insecticides 
residues of the samples collected from each of the blocks 
were extracted with the validated QuEChERS method 
and diluted to 1/10, and concentration was analysed by 
LC–MS. Thus, dissipation of insecticides residues through-
out time was monitored. Day 1 is considered time t0 where 
the content of insecticides residues represented 100% in 
comparison with the subsequently calculated values. Resi-
dues half-life times (t1/2) were further calculated by deter-
mining linear regression equation between ln(Insecticides 
residues in μg kg−1) and days after treatments. The days 
after treatments were taken on x-axis, and ln(Insecticides 
residues in μg kg−1) was taken on y-axis. The method of 
least squares was used to find out the slope (a) of x- and 
y-axis. The plots equations were calculated from the first-
order rate equation: ln

[

Ct

]

= −kt + ln
[

C0

]

 , where Ct repre-
sents the concentration of the insecticides residues at time 
t, C0 represents the initial concentration, and k is the rate 
constant in  days−1. The half-life time ( t1∕2 =

ln 2

k
 ) was deter-

mined from the k value for each insecticide treatment.

2.2.1  Insecticides residues extraction protocol

The normalized approach QuEChERS (AOAC International 
Official  MethodSM 2007.01) for pesticides residues extrac-
tion and sample preparation [22] was performed on the 
collected samples of cactus fruits and cladodes. It com-
bined the extraction/isolation process of the insecticides 
residues from the commodity matrices. Samples were 
finely homogenized, and 10 g sample of each was accu-
rately weighed and transferred to a polypropylene centri-
fuge tube with screw cap. Ten microlitres of acetonitrile, 
4 g of  MgSO4, and 1 g of NaCl were added to the tube and 
the mixture shaken vigorously for 2 min and then centri-
fuged at 4 °C for 15 min at 2500 rpm. An aliquot of 6 mL 
of the acetonitrile phase was transferred into a dispersive 
solid-phase extraction (d-SPE) tube containing 900 mg 
 MgSO4 for the removal of water from the organic phase; 
150 mg primary secondary amine (PSA) for the removal 
of various polar organic acids, polar pigments, some sug-
ars, and fatty acids; and 50 mg graphitised carbon black 
(GCB) for the removal of sterols and pigments. Then, the 
tube was closed and shaken vigorously for 1 min and cen-
trifuged for 3 min at 2500 rpm. The extract obtained was 
isolated immediately, put in a new polypropylene centri-
fuge tube and left in a refrigerator overnight, then filtered 
through a 0.2 μm nylon membrane (Whatman), and trans-
ferred into a glass vial to be analysed by LC–MS.

2.2.2  Instrumentation and LC–MS analysis conditions

Chromatographic quantification of insecticides residues 
was performed on a Thermo Scientific™ High Resolution 
Accurate Mass (HRAM) Liquid Chromatography coupled 
to a Mass Spectrometry Instrument (LC–MS).

2.2.2.1 LC analysis The chromatographic system con-
sisted of an auto-sampler, a LC-20AD binary solvent man-
ager, a degasser, and an automatic thermostatic column 
compartment. The column, equipped with a guard col-
umn, was a Thermo Scientific™ Hypersil GOLD packed with 
an octadecylsilane  C18 reverse phase (100 mm × 2.1 mm, 
1.9 μm particle size). The mobile phase consisting of 0.1% 
(v/v) formic acid and 10 mM ammonium formate in water 
(solvent A) and 0.1% (v/v) formic acid and 10 mM ammo-
nium formate in methanol (solvent B) was degassed, fil-
tered, and then pumped at a flow rate of 300  μL  min−1. 
The gradient elution program started with 98% (A) and 
2% (B) reaching 70% (A) and 30% (B) at 0.25 min, 100% (B) 
at 10–12.5 min and then followed by return to the initial 
conditions at 13–18  min. The column oven temperature 
was maintained at 40 °C, and the temperature in the sam-
ple manager was set at 5 °C. The sample volume injected 
was 5 μL.
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2.2.2.2 MS conditions A Thermo Scientific™ Q Exactive 
Hybrid Quadrupole–Orbitrap Mass Spectrometer (MS) 
was used. MS detection was performed in positive ioniza-
tion mode, and the monitoring conditions were optimized 
for DFB and SFX residues detection. The collision energy 
(CE), the declustering potential (DP), the entrance poten-
tial (EP), and the collision cell exit potential (CXP) were 
optimized for each target analyte-insecticide analysed. 
Nitrogen above 99.9% purity was used as a nebulizer gas 
to help the evaporation of the solvent; the gas pressure 
was 520 kPa (75 psi). The capillary ion spray voltage and 
the cone voltage were set at 5.0 kV and 23 V, respectively. 
The source and desolvation temperatures were held at 
120 °C and 350 °C, respectively. The cone and desolvation 
gas flows were 50 and 600 L h−1, respectively. Data acqui-
sition was performed in multiple reaction monitoring 
(MRM) scan mode for target screening and quantification. 
The MS data were simultaneously acquired for selected 
precursor ion. The collision-induced decomposition and 
MS experiments were performed using helium as the col-
lision gas, with a collision energy of 25–40 eV. Insecticides 
were characterized based on their mass spectra, using 
the precursor ion, fragment ions, and comparison of the 
fragmentation patterns with analytical standards. Quan-
tification was established based on spectra of the analyti-
cal standard solutions showing the precursor ion and the 
calibration curves constructed.

2.2.2.3 Standard solutions preparation Individual stand-
ards solutions of DFB and SFX were used for the quantifica-
tion of insecticides residues. Stock solutions at 1000 ppm 
in acetonitrile were first prepared. Working standard 
solutions were next prepared from the stock solutions by 
serial dilution to build standard curves with concentration 
levels of 5 ppb, 10 ppb, 20 ppb, 30 ppb, 50 ppb, 70 ppb, 
and 100 ppb. In the same way, matrix-matched standard 
solutions were prepared by adding DFB and SFX stand-
ards to blank samples of fruits and cladodes of prickly 
pear cactus previously prepared. Linear regression of all 
analytical curves obtained and studied in seven concen-
trations ranging from 5 to 100 μg/L presented values of 
the correlation coefficient (R2) greater than 0.998. All solu-
tions were protected against light with aluminium foil and 
stored at − 20 °C until use.

2.2.3  Recovery tests

Recovery studies were carried out to investigate the 
method accuracy and precision. Three replicates of spiked 
samples were prepared on three different days. One hun-
dred grams of individual untreated blank samples of 
chopped fruits and cladodes was spiked separately with 
10 ppb, 20 ppb, 50 ppb, and 100 ppb of the insecticides 

working standard solutions and kept for 24 h to distribute 
insecticides evenly and give them time to interact with the 
matrices. Afterwards, spiked samples were homogenized 
and extracted as a normal sample as described above for 
the insecticides residues extraction protocol and residues 
analysed by LC–MS to obtain recovery rates.

2.3  Chemicals and reagents

All reagents and solvents were of analytical grade quality. 
Acetonitrile, formic acid, ammonium formate, and meth-
anol were purchased from Fluka-Aldrich. Purified water 
was prepared by using the Milli-Q (Millipore, USA) water 
purification system. QuEChERS materials (NaCl, anhydrous 
 MgSO4, PSA, and GCB) were purchased from Agilent Tech-
nologies. Insecticides standards (purity ranging between 
96 and 99.5%) were purchased from Sigma-Aldrich/Chem 
service. Diflubenzuron and sulfoxaflor are registered in the 
Ministry of Agriculture of Lebanon and approved accord-
ing to EC regulations Reg. (EC) No 1107/2009 (repealing 
Directive 91/414/EEC) [23, 24].

3  Results and discussion

3.1  Rearing of D. opuntiae

Rearing of D. opuntiae under laboratory conditions was 
successful due to the high rate of the insect’s reproduc-
tion. Young healthy prickly pear cactus cladodes were 
infested almost after 3 weeks (21 days) of exposure to 
heavily infested cladodes. Colonization of the healthy 
cladodes depended on the first-instar larvae females that 
were present on the infested cladodes. These are known 
as “crawlers” as they possess functional legs, thus being 
the main responsible of spreading infestations [25, 26]. 
Female nymphs of purple-red colouration that have devel-
oped long waxy dorsal filaments were observed crawling 
away from old colonies to set up new colonies on the 
healthy cladodes by walking towards the upper border 
of a cladode [27]. Under the cottony wax newly formed, 
female adults later produced approximately 200 nymphs. 
This was consistent with the literature, since, on average, 
one female lays about 131 eggs (the range is 62-617) [28]. 
First white-winged males were observed at 30 days after 
reproduction began. However, first mobile larvae were 
observed at 50 days, and massive outbreak of larvae took 
place 10 days later. Thus, at 25 °C and 60% relative humid-
ity, the new generation of D. opuntiae larvae occurred at 
50 days approximately. Female nymphs entering second 
instar and referred as settler became motionless. After 
they started to feed, these nymphs tended not to move 
due to difficulty of inserting the long stylet into the host 
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plant [9]. Progressively, chlorotic yellowish spots and 
necrosis appeared and prickly pear cactus cladodes began 
to wither to later show signs of decay. Consequently, they 
became depressed and began to degenerate. Approxi-
mately, 4 months later, for the second generation, total 
collapse and death of the cladodes were observed. All 
observations noted while rearing the pest under labora-
tory conditions such as feeding behaviour, reproduction 
mode, and life cycle and metamorphosis were coalesced 
with the literature [3, 5].

3.2  Insecticides efficacy

3.2.1  Laboratory assay

Figure 1 represents the efficacy of the insecticides treat-
ments under laboratory conditions, where temperatures 
were recorded optimal for D. opuntiae development, and 
thus not considered as an influencing factor to the out-
come of the experiment (average temperature of 23 °C 
with day/night fluctuation of ± 4  °C, relative humidity 
58–63%).

At first, 3 to 4 days after insecticides spraying, all adult 
male insects were observed dead for all the treatments, 
including control. Indeed, males are short lived [25]. On 
the other hand, while the mean percentage of dead indi-
viduals on cladodes treated with water (control) was rela-
tively low and did not exceed 3% after 48 h of treatment, 
cladodes treated with DFB and SFX showed promising 
results. D. opuntiae mortality mean percentages recorded 
were significantly different among all the performed treat-
ments (Fig. 1). For DFB, D. opuntiae mortality mean per-
centage reached 49% after 48 h of treatment. Treatments 
with SFX were observed to be more efficacious; D. opuntiae 

mortality mean started at 10% after 12 h of treatment and 
increased to 81% after 48 h. Furthermore, results showed 
that adding MO to DFB and SFX improved their respec-
tive efficacy, thus enhancing D. opuntiae mortality mean 
to reach values of 95% and 98%, respectively (Fig. 1). In 
this case, the MO added seemed to act as a synergist with 
the insecticides.

Among all treatments, best mortality records and fast-
est activity were recorded on SFX + MO treatment. How-
ever, it is to be noted that El Aalaoui et al. [7] showed that 
treatments of infested cactus plants with only mineral 
oil (780 g/L) at 2400 cc/hL induce 98–100% D. opuntiae 
mortality 24  h after treatment especially among first- 
and second-instar nymphs, and 50% mortality among 
adult females. Mineral oil interferes with the respiratory 
system of the insect causing it to die from asphyxiation, 
dissolves the external cottony waxy layer enfolding its 
body and protecting it from dehydration, disrupts its diet 
and discourages it from laying eggs (repellent effect) [9], 
causes death of newly hatched individuals, and creates an 
oily layer on eggs which stops the gases exchange and 
interrupts hatching. Besides, the deposit of a thin layer 
of MO on the crop’s surface prevents settlement of newly 
hatched individuals [29, 30].

Difference observed between the efficacy of the two 
insecticides used as shown in Fig.  1 was presumably 
related to their different modes of action. For DFB, the con-
tact insecticide’s active substance acts by interference with 
the synthesis of chitin where it inhibits its deposition in the 
insect’s cuticle [31]. Demand for chitin synthesis is greatest 
at the moult between growth stages; hence, insects are 
killed due to the disruption of their moulting process [31]. 
In this experiment, the fatal effect was seemingly occur-
ring by the inability of the treated D. opuntiae individuals 

Fig. 1  Efficacy of the insecti-
cides treatments under labora-
tory conditions. D. opuntiae 
mortality mean (% ± SE) after 
12, 24, 36, and 48 h of insecti-
cides treatments. Results were 
obtained of two independ-
ent experiments, and each 
performed with four replicates. 
Values differ significantly 
among all treatments in each 
experiment at P ≤ 0.05 (post 
hoc test, one-way ANOVA)
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to moult properly due to incomplete development of 
chitin with subsequent collapse of the exoskeleton. This 
was mostly noticeable among first- and second-instar 
female larvae as they needed most production of chitin 
to continue development. Regarding SFX, the systemic 
properties of the insecticide usually ensure high potency 
against sap-feeding insects [32–34]. The insecticidal activ-
ity mainly originates from an agonist effect at the nicotinic 
acetylcholine receptor (nAChR) important in the media-
tion of last excitatory synaptic transmission in the insect’s 
central nervous system [35]. In the present case, SFX was 
palpably active on female adults and nymphs entering the 
second instar as these are the only ones with ability to suck 
sap from cladodes and fruits, thus causing the severest 
damage by their feeding behaviour [27]. Male adults never 
feed [27]. However, action of SFX has probably occurred 
here by a translaminar activity since prickly pear cactus is 
a CAM (Crassulacean Acid Metabolism) plant with thick 
succulent vegetative organs that closes their stomata 
during the day in order to increase water use efficiency 
for adaptation purposes to drought stress in arid environ-
ments [36]. The insecticide seemed to have penetrated the 
cladodes tissues and formed a reservoir of the active ingre-
dient within the pad which has provided residual activity 
against D. opuntiae.

As a result, for both insecticides, first- and second-instar 
larvae as well as female adults are the most susceptible 
and the easiest target for efficacious management plans 
[3]. However, to date, no comparative studies were avail-
able to discuss efficacy and mode of action of the insecti-
cides used on D. opuntiae.

3.2.2  Field trial

At field conditions, the same treatments were conducted 
as shown in Fig. 2. The efficacy of the selected insecticides 
was likewise evaluated through mortality counting.

Twenty-four hours after the first insecticides spray, D. 
opuntiae mortality mean percentage was less than 40% 
for all the insecticidal solutions applied (Fig. 2a). Yet, values 
differed significantly among all treatments. In the count-
ing at 48 and 96 h after spray, mortality mean percentage 
recorded a slight increase especially for SFX + MO treat-
ment for which values attained 41%, 46%, and 52% at 24, 
48, and 96 h, respectively (Fig. 2a). Cactus plants treated 
with DFB + MO also showed a decrease in the number of 
insects; mortality mean percentage reached values of 41%, 
44%, and 48%, respectively, at 24, 48, and 96 h of treat-
ment. Treatments with SFX and DFB showed relatively 
lower mortality mean percentages 96 h after treatment; 
values were of 46% and 35%, respectively (Fig. 2a). After 
the second spray, results also showed statistically signifi-
cant difference between treatments. SFX + MO treatment 

had the greatest impact on D. opuntiae mortality that 
was highly and progressively recorded at 24, 48, and 96 h 
count, followed by DFB + MO treatment (Fig. 2b). At 96 h 
after treatments, mortality mean percentage reached 72%, 
80%, 88%, and 92% for DFB, SFX, DFB + MO, and SFX + MO, 
respectively (Fig. 2b). The number of dead individuals was 
seemingly reduced more when each of the insecticides 
was mixed with MO that had clearly improved adherence 
and retention of the active ingredients on the crop surface.

At the end of the experiment, all treatments showed 
a remarkable reduction in the number of insects as com-
pared to control. D. opuntiae population has significantly 
decreased to less than 8% when cactus plants were treated 
with SFX + MO. A decrease to 12%, 20%, and 28% were, 
respectively, observed for the treatments with DFB + MO, 
SFX, and DFB. Additionally, a significant decrease in the 
number of colonies was recorded 3 weeks after the sec-
ond spray. Less than 7% colony presence was observed 
for the SFX + MO treatment, followed, respectively, by 
9%, 10%, and 12% for DFB + MO, SFX, and DFB treatments 
(Fig. 3). Control samples, however, showed an increase 
in the mean number of colonies up to 136%, where with 
each consequent date of observation, new colonies were 
reported to form.

As a conclusion, results obtained in field conditions 
were of similar trends with those previously obtained on 
cladodes treated in laboratory conditions. The number of 
insects was reducing for the two sprays performed in all 
the counting time series made for all the applied treat-
ments. SFX had the highest activity and was more effica-
cious than DFB that has taken longer time to be active. 
Moreover, for all of the counts, activity of the insecticides 
when mixed with MO was more pronounced than when 
the insecticides were applied alone without the synergist. 
Overall findings of this trial resulted in substantial insec-
ticidal control of D. opuntiae under field conditions with 
no evidence of phytotoxic effect. This could be promising 
enough in giving a relief to the farmers’ community at the 
study area and beyond to tackle further spread and man-
age eventually.

On the other side, regarding side effects of the insec-
ticides on non-target organisms, SFX could be toxic to 
some beneficial insects such as honeybees but only when 
exposed to direct spray (oral DL50 of 0.146 μg/bee) or wet 
spray deposit. On contrary, it does not interfere with the 
activity of the bees once the spray deposit has dried. Con-
cerning DFB, exposure of honeybees is negligible follow-
ing the proposed use. However, DFB could prevent young 
larvae of natural enemy C. montrouzieri from being able to 
moult and develop into adults thus causing their death. 
Unfortunately, the insect population in the field plots stud-
ied was very sparse even nonexistent to be able to evalu-
ate mortality rates after the performed sprays.



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:118 | https://doi.org/10.1007/s42452-019-1910-5

3.3  Identification and quantification 
of the insecticides residues

To overcome potential interferences of matrix effect that 
could affect detection of the target insecticides, matrix-
matched standards of individual solutions of DFB and SFX 
were used for both fruits and cladodes insecticides resi-
dues analysis. Calibration curves were constructed using 
blank extracts of fruits and cladodes. The least squares 
method applied for analysis in the studied concentrations 
range (5–100μg/L) showed linear regression that provided 
accurate correlation for both insecticides. The correlation 
coefficients were in all cases higher than 0.998. On the 
other side, and under the analysis conditions, no inter-
ference peaks were observed on LC–MS chromatograms. 

Retention times (RT) of DFB and SFX were 10.98  min 
and 7.43 min, respectively. An example of the analysis of 
prickly pear fruits by LC–MS is represented in Fig. 4. Chro-
matograms of individual matrix-matched standard solu-
tions of both insecticides, a sample spiked at 50 μg kg−1, 
an untreated control sample, and residues on the first day 
after insecticides application are represented. Peaks cor-
responding to the analysed insecticides are shown.

MS data collected under a multi-reaction monitoring 
scan mode (MRM) in positive ionization conditions using 
a Hybrid Quadrupole–Orbitrap Mass Spectrometer for 
detection are featured in Table 1. For DFB, the precursor 
ion [M + H+] was observed at m/z 311. Two major intense 
fragment ions at m/z 158 and 313 were also observed in 
the molecule ion spectra and used for DBZ analysis. For 

Fig. 2  Efficacy of the insecti-
cides treatments under field 
conditions. D. opuntiae mortal-
ity mean (% ± SE) recorded 
after 24, 48, and 96 h of insec-
ticides treatments for each of 
the two sprays performed (a 
Spray 1; b Spray 2). Five differ-
ent treatments (water, for con-
trol; DFB; DFB + MO; SFX; and 
SFX + MO) were performed. For 
each treatment, results were 
obtained from 30 cladodes 
of ten plants. Percentages 
recorded after each spray are 
expressed according to the 
initial number of individuals 
recorded before the first spray 
and considered the 100% 
value. Values differ signifi-
cantly among all treatments at 
P ≤ 0.05 (post hoc test, one-way 
ANOVA)

(a)

(b)
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SFX, m/z 278 was the precursor ion and its major intense 
fragment ions used for identification and quantitative 
analysis were m/z 174, 154, and 105.

3.4  Performance of the insecticides residues 
determination method

The criteria of the Codex Committee on Methods of 
Analysis and Sampling [37] were followed to determine 
the performance of the residues extraction method and 
the followed analysis of the residues by LC–MS. Precision 
and accuracy expressed in terms of recoveries of insec-
ticides residues from prickly pear cactus samples were 
studied by analysing spiked samples at four different lev-
els of concentration in triplicate measurements at three 
different days. Table 2 represents results obtained with 
fruits and cladodes matrices. For the fruits, the average 
recoveries calculated using matrix-matched calibration 
curves, ranged from 82.4 to 98.7% and from 86.3 to 94.3% 
for DFB and SFX, respectively, at the spiking levels stud-
ied. For the cladodes, recovery means were between 92.3 
and 101.9% for DFB and between 97.5 and 99.9% for SFX. 
All results were in accordance with the requirements of 
SANCO/12495/2011 (70% < R < 120%) [38]. Repeatability 
measured by comparing relative standard deviation (RSD) 
of recovery mean percentages of spiked samples ran on 
the same day, ranged from 3.1 to 11.6% for DFB and from 
2.9 to 12.6% for SFX in the fruits. The cladodes revealed 
repeatability values that ranged between 2.7 and 10.1% 
for DFB and between 2.9 and 12.6% for SFX. Reproduc-
ibility, expressed as the relative standard deviation (RSD) 
and determined by analysing spiked samples for three dif-
ferent days, ranged from 3.5 to 19.6% for DFB and from 5.9 

to 13.2% for SFX in the fruits, and from 7.6 to 9.2% for DFB 
and from 4.7 to 9.6% for SFX in the cladodes. All values 
were < 20% and in accordance with recommendations. 
Correspondingly, the method adopted for the extrac-
tion of DFB and SFX residues implied good precision and 
appeared to be satisfactory. LC–MS qualitative and quan-
titative analysis revealing consistency of the results was 
accordingly valid for the study of dissipation patterns of 
the insecticides residues.

3.5  Dissipation rates of the insecticides residues

The plot of the concentration of the insecticides residues 
in μg kg−1 against time was used to determine the dis-
sipation patterns of DFB and SFX in prickly pear cactus 
fruits and cladodes. The equations of best fit curves were 
determined from the maximum squares of correlation 
coefficients found. For the two insecticides studied in the 
experimental field conditions, exponential relationships 
were found to apply, corresponding to a first-order rate 
equation (Fig. 5). The linearity of the plots of ln(Insecticides 
residues in μg kg−1) against time in days was further used 
to graphically confirm the first-order kinetics. R2 values 
ranged between 0.96 and 0.98 for DFB and between 0.93 
and 0.96 for SFX (Table 3).

For DFB, the initial concentrations of the insecti-
cide in prickly pear fruits after 24 h of treatment were 
767.93 μg kg−1 when sprayed alone and 383.11 μg kg−1 
when sprayed mixed to MO (Fig. 5a). At day 3 after treat-
ment, these concentrations started a steady decrease. 
Residues content was reduced to 19.41% and 27.31% of 
the initial concentrations after 30 days of spray, respec-
tively, for the treatments with DFB and DFB + MO. High 

Fig. 3  Efficacy of the insec-
ticides treatments under 
field conditions. Mean of the 
number of colonies (% ± SE) 
recorded after the second 
insecticides spray. For each 
treatment, results were 
obtained from 30 cladodes of 
ten plants. The initial number 
of colonies recorded before the 
first spray was considered the 
100% value used to calcu-
late the subsequent values 
obtained after 3 weeks of 
treatment. Values differ signifi-
cantly among all treatments at 
P ≤ 0.05 (post hoc test, one-way 
ANOVA)

c d

a

b cd
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Fig. 4  Chromatogram of I SFX and II DFB a matrix-matched standard solutions, b a fruit sample spiked at 50 μg kg−1, c the blank (control) 
sample, d residues in fruits on the first day after insecticides application

Table 1  Molecular formula and 
molecular weight of DFB and 
SFX and quantification data 
collected by MS in positive 
ionization mode under MRM 
scan mode

Molecular formula Molecular weight 
(g mol−1)

Mass fragment (m/z) of the 
precursor ion [M + H+]

Major intense 
fragment ions 
(m/z)

DFB C14H9ClF2N2O2 310.68 311 158, 313
SFX C10H10F3N3OS 277.27 278 174, 154, 105
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rates of dissipation were fairly reached. Values calculated 
were 80.59% and 72.69%, respectively (Table 3). The curves 
shape was pretty similar for the two treatments, yet dissi-
pation of the insecticide residues was more pronounced 
and 1.11% higher for the treatment with DFB alone than 
for the treatment when MO was added to the active ingre-
dient. Meanwhile, in cladodes, following application of the 
insecticide, the initial deposits after 1 day of application 
were 2694.95 and 1685.69 μg kg−1 for the treatments with 

DFB and DFB + MO, respectively (Fig. 5b). Afterwards, DFB 
residues dissipated sharply with time to reach, respec-
tively, 25.40% and 28.55% of their initial concentrations at 
30 days after treatment. High rates of dissipation were also 
calculated: 74.60% for the former treatment and 71.45% 
for the latter (Table 3). The dissipation rate was higher by 
1.04% in the case of the treatment with DFB alone. Half-life 
times (t1/2) of DFB residues calculated from the experimen-
tal data are summarized in Table 3. Their values ranged 

Table 2  Average recovery 
of DFB and SFX from spiked 
samples of prickly pear cactus 
fruits and cladodes and their 
respective relative standard 
deviations (RSD)

Level of spik-
ing (μg kg−1)

DFB SFX

Recovery 
mean (%)

Repeat-
ability 
(RSD%)

Repro-
ducibility 
(RSD%)

Recovery 
mean (%)

Repeat-
ability 
(RSD%)

Repro-
ducibility 
(RSD%)

Fruits 10 82.4 13.4 19.6 86.3 11.2 13.2
Cladodes 92.3 10.1 7.6 97.5 9.6 5.4
Fruits 20 86.0 11.6 12.2 89.9 12.6 5.9
Cladodes 97.2 2.7 7.8 99.9 11.2 9.6
Fruits 50 91.2 7.9 3.5 91.5 6.6 7.8
Cladodes 101.9 4.3 9.2 98.5 2.9 4.7
Fruits 100 98.7 3.1 5.1 94.3 3.9 9.8
Cladodes 97.9 6.3 8.1 98.9 8.2 7.9

Fig. 5  Dissipation patterns of the insecticides residues in prickly 
pear cactus under field conditions. DFB residues in a fruits and b 
cladodes, and SFX residues in c fruits and d cladodes. Values are 

represented as mean concentration (μg  kg−1 ± SE) obtained from 
triplicates harvested randomly from the ten plants treated in each 
block
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from 11.18 to 15.71 days following last insecticides appli-
cation and differed among fruits and cladodes. Values also 
differed among treatments and were higher by 1.30% for 
the fruits and by 1.02% for the cladodes, when DFB was 
mixed with MO.

From the forgoing, at 30 days after insecticides spray-
ing, for both fruits and cladodes, calculated dissipation 
rates were lower when DFB was mixed to MO (Table 3). 
These findings were probably related to the lipophilic 
character of the active molecule expressed by the octanol/
water partition coefficient log(Kow) that is 3.89 (at 22 °C, 
pH 3) [31]. In effect, DFB if exposed to summer sunlight 
for a month approximately is known to lost 38–40% of the 
initial active molecule by volatilization taking into account 
that it is classified as liposoluble according to its log(Kow) 
[31]. Therefore, the added MO probably protected DFB res-
idues against volatilization and/or photodegradation. Con-
sequently, the insecticides residues became more stable 
and, thus, dissipated less while inducing higher efficacy 
and mortality on D. opuntiae in this case (Fig. 2). The higher 
dissipation rates of the residues when DFB was applied 
alone were related to the characteristic stability of the 
molecule lost by part by volatilization and resulting thus 
in lower D. opuntiae mortality counting this time (Fig. 2).

On the other hand, dissipation rates were slightly higher 
for fruits than for cladodes (Table 3). In fact, DFB is mainly 
degraded by photodegradation and hydrolysis [39]. Sev-
eral factors such as pH and temperature affect its efficacy 
and persistency. In diluted media, the molecule is not sta-
ble and stability is least when both pH and temperature 
are relatively high [31]. Thus, it seemed that the relatively 
high pH that the relatively high pH (5.3–7.1) of prickly pear 
fruits classified as low acid foods (pH ≥ 3.5) [40]; the sum-
mer temperature at the time of the experiment (20–35 °C) 
and; the high water content of prickly pear cactus [41] per-
mitted further decrease in the stability of the insecticide 
and promoted its degradation especially, when used alone 
without the MO in the case of fruits. At the time of the 

experiment, no comparable studies were available on deg-
radation patterns of DFB in prickly pear cactus. However, 
half-life time of 3 days at pH 10 in highly diluted media was 
reported in several studies against a half-life time of 1.5 to 
2 weeks at pH between 8 and 8.5 [39]. This was consistent 
with the values of calculated half-lives of DFB in prickly 
pear cactus that ranged between 11.18 and 15.71 days 
according to the performed treatments (Table 3).

For initial DFB residues concentrations at day one after 
application, concentrations were higher when the insecti-
cide was used alone in comparison with when used mixed 
to MO (Fig. 5). In fact, during the insecticide spraying, the 
droplets volume obviously contained different amounts of 
the active substance in the two cases since the treatment 
with DFB alone consisted only of the active substance, and 
the treatment with DFB + MO contained the insecticide’s 
active ingredient in association with the added MO. On 
the other hand, for the two treatments, the concentra-
tions of the insecticide residues in cladodes were at all 
times higher than those in fruits (Fig. 5a, b). In fact, DFB is 
a contact insecticide; thus, great adsorption of the active 
molecule has probably occurred on the larger surface of 
the succulent ovoid-elongated shape of the cladodes. 
The smaller berry-like oval-shaped fruits resulted in a less 
insecticide adsorption during spraying.

Concerning SFX, the insecticide residues concentra-
tion also declined with time (Fig. 5). Decrease was sharper 
and more pronounced in cladode samples within the first 
18 days and became slower after the day 21. On contrary, 
a continuous decrease for fruits was observed through-
out the 30 days after treatment (Fig. 5c, d). The initial 
concentration of SFX in cactus fruits was 8824.77 μg kg−1 
when treatment with SFX alone was performed and 
7884.57 μg kg−1 for the treatment with SFX + MO (Fig. 5c). 
Residues content reached 29.21% and 41.08% of the ini-
tial concentrations, respectively, after 30 days of applica-
tion. Rates of dissipation were 70.79% for SFX and 58.92% 
for SFX + MO (Table 3). In the cladodes case, after 24 h of 

Table 3  Dissipation rates and 
half-life times of DFB and SFX 
in prickly pear cactus fruits 
and cladodes according to 
performed treatment

a Insecticides residues half-life times (t1/2) were calculated by determining linear regression equation 
between ln(Insecticides residues in μg kg−1) and days after treatments. The method of least squares was 
used to find out the apparent rate constant (K). t

1∕2 =
ln 2

K

Treatment Dissipation 
rate (%)

Regression equation Correlation coef-
ficient (R2)

Half-life time 
(t1/2)a in days

Fruits DFB 80.59 y = 6.7169 − 0.062x 0.96828 11.18
DFB + MO 72.69 y = 6.0274 − 0.0484x 0.97652 14.32
SFX 70.79 y = 9.1089 − 0.0488x 0.94237 14.20
SFX + MO 58.92 y = 9.0812 − 0.0352x 0.96864 19.70

Cladodes DFB 74.60 y = 7.6504 − 0.0448x 0.98334 15.47
DFB + MO 71.45 y = 7.3961 − 0.0441x 0.97381 15.71
SFX 98.53 y = 9.2055 − 0.1656x 0.95337 4.18
SFX + MO 91.70 y = 8.874 − 0.0983x 0.93221 7.05
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treatment, 8132.43 μg kg−1 was quantified for the treat-
ment with SFX and 7065.15 μg kg−1 for the treatment 
with SFX + MO (Fig. 5d). SFX has dissipated to 1.47% and 
8.30% residues content, respectively, by the 30th day after 
application. Dissipation rates were 98.53% and 91.70% 
for SFX and SFX + MO, respectively (Table 3). Dissipation 
rates were higher by 1.20% and 1.07%, respectively, for 
fruits and cladodes in the case of the treatment with SFX 
in comparison with the treatment with SFX + MO. Con-
sequently, it seemed that the lower dissipation rates of 
SFX residues when applied simultaneously with MO have 
probably led to its high efficacy against D. opuntiae (Fig. 2). 
On the other hand, for SFX treatment, dissipation rate 
was higher by 1.39% for cladodes than for fruits, while 
for SFX + MO treatment, dissipation rate was higher by 
1.55% for cladodes than for fruits (Fig. 5c, d). Calculated 
half-lives for the systemic insecticide ranged between 4.18 
and 19.70 days and differed seemingly among fruits and 
cladodes as well as among treatments (Table 3). In general, 
it was observed that half-life time value was the highest 
in fruits (19.70 days) treated with SFX + MO; value which 
was significantly higher than that in cladodes (7.05 days) 
treated in the same way. The lowest half-life time value was 
observed in cladodes (4.18 days) treated with SFX, while 
the same treatment gave a relatively higher value in fruits 
(14.20 days) (Table 3). Thus, half-life times were lower for 
both fruits and cladodes when SFX was applied alone and 
always lower for cladodes in comparison with fruits. Find-
ings correlated well with the dissipation patterns of the 
insecticide (Fig. 5c, d). As a result, it seemed that at the 
same application rates and after 30 days of treatment, SFX 
persisted more in prickly pear cactus fruits. However, it has 
dissipated further and faster in cladodes (Table 3). Indeed, 
the literature specifically mentioned effects of plant shape 
and crop morphology on pesticides retention and residues 
degradation patterns [42, 43]. Cladodes and fruits are 
physiologically and morphologically different. Cladodes 
hold high water mass in their thick tissue as compared to 
fruits [41, 44]. Hence, they expectedly offered more dilu-
tion effect to the insecticide molecules permitting thus 
their relatively rapid hydrolysis and resulting in lower final 
residues concentrations (Fig. 5d). This was coherent with 
the value of the octanol/water partition coefficient of SFX 
(log(Kow)) which is 0.802 (at 20 °C), reflecting its hydrophilic 
character, and this played a critical role in the understand-
ing of the degradation kinetics of the molecule. No studies 
were available in the literature for confirmation or com-
parison of the results. However, some studies mentioned 
that biological half-life time of SFX in cucumber (96% 
water content) is in the range of 1.6–2.9 days [43, 45]; this 
was slightly comparable to the pretty close consistency 
of cladodes (91% water content) [46] that gave a half-life 
time of 4.18 days for SFX in our case. For fruits, containing 

a lower water amount (85%), a half-life time of 14.20 days 
was obtained, indicating lower degradation activity of the 
insecticide residues (Table 3).

On the other side, the residues concentrations of SFX 
at the first day of the study were almost homogeneous 
and of the same order (between 7.1 and 8.8 mg kg−1) for 
all treatments for both fruits and cladodes (Fig. 5c, d). This 
was probably due to the systemic properties of SFX that 
has been seemingly acting with a translaminar activity in 
this case of the prickly pear cactus since it is a CAM plant. 
Moreover, initial residues concentrations were higher for 
the treatment with SFX alone in comparison with those 
for the treatment with SFX + MO. In fact, in the latter case, 
the insecticide solution is a mixture of the two ingredients 
which subsequently decreased the amount of SFX mol-
ecules in the droplets volume.

SFX and DFB were assessed in the framework of the 
EU pesticides peer review under regulation Reg. (EC) No 
1107/2009 and reviewed by the European Commission 
under Directive 91/414/EEC [23, 24]. For SFX, data were 
sufficient to derive an acceptable daily intake (ADI) of 
0.04 mg/kg bw/day and an acute reference dose (ARfD) of 
0.25 mg/kg bw/day (Reg. (EU) 2015/1295) [24]. For DFB, an 
ADI of 0.1 mg/kg bw/day was set; ARfD is not applicable 
(Reg. (EU) 2017/885) [23]. Basing on the insecticides ADI 
values, the contact insecticide seemed to be the residue of 
interest for dietary risk assessment and the safest for use. 
Yet, these insecticides are not registered for utilization on 
Opuntia species; therefore, no maximum residues levels 
(MRLs) in cactus fruits and cladodes were set to date. Con-
sequently, the common and default MRL of 0.01 mg kg−1 
established by the EU at the lower limit of analytical deter-
mination should be used for results discussion and data 
assessment (“A general default MRL of 0.01 mg/kg applies 
where a pesticide is not specifically mentioned”, EU leg-
islation on MRLs) [47]. For all the treatments performed 
and for both insecticides, residual levels in fruits as well 
as in cladodes were above the default MRL throughout 
the days of the study. Concentrations in mg kg−1 of the 
insecticides residues at 30 days after application of the 
treatments were the following: DFB (fruits: 0.149; clad-
odes: 0.531), DFB + MO (fruits: 0.105; cladodes: 0.481), SFX 
(fruits: 2.578; cladodes: 0.120), and SFX + MO (fruits: 3.239; 
cladodes: 0.586). As a result, it seemed that the crop has to 
be harvested far after 30 days to reach the limits of detec-
tion mentioned by the EU in this case. SFX was the most 
persistent, and its residues concentrations in fruits were 
the higher, exceeding by large the default MRL. Besides, 
even though SFX residues half-life time for cladodes was 
lower than DFB residues half-life time, final concentra-
tions of the systemic insecticide remained largely above 
the MRL value.
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Naturally, dissipation patterns of this study could be 
useful to determine specific MRLs for the insecticides in 
prickly pear cactus. Nevertheless, in order to complete 
the present findings and minimize the insecticides resi-
dues content, further studies are needed to determine the 
major metabolites resulting from the respective degrada-
tion behaviour of the insecticides under field conditions. 
On the other hand, more studies on the mode of action 
of the insecticides are also needed in order to define the 
best moment of intervention. Meantime, differences on D. 
opuntiae survival according to weather conditions in the 
infested areas studied were observed between the years of 
2018 and 2019. In 2018, a low rainfall amount (88.18 mm; 
78 days) was recorded on fall, winter, and spring seasons 
(November 2017–April 2018) and relatively higher tem-
peratures (10–18  °C) than the seasonal averages have 
occurred. Increase in D. opuntiae population was thus 
observed in the infested areas surveyed during summer 
2018 (June 2018–September 2018). Indeed, damages are 
known to be predominant during low precipitation peri-
ods and could become more severe as drought advances 
[27]. Contrariwise, field surveys during spring and sum-
mer of 2019 (April 2019–August 2019) showed a real 
decline in the population due to the heavy precipitations 
(391.04 mm; 140 days) and low temperatures (5–16 °C) 
that have occurred this year during the whole fall, win-
ter, and spring seasons (November 2018–April 2019). In 
all of the plots surveyed in southern Lebanon, > 99% mor-
tality was observed. Indeed, some studies reported that 
temperatures below 20 °C and above 30 °C have negative 
effects on the productivity of D. opuntiae [48]. Other stud-
ies reported that the lower temperature threshold for the 
development of D. opuntiae is 14.4 ± 0.9 °C; however, it can 
survive on cut cladodes for several weeks, while tolerating 
dry climates and high temperature reaching up to 40 °C 
[49]. Heavy rain is also known to harm the population and 
reduces its development as it removes the protective wax 
of the colonies that increases its vulnerability to natural 
enemies, and it can also remove nymphs from the clad-
odes [49].

4  Conclusion

In recent years, southern prickly pear cactus cultivations 
in Lebanon were aggressively infested by D. opuntiae. 
With no official effective management to date, the pur-
pose of this paper was to evaluate and compare the effi-
cacy of two insecticides (sulfoxaflor and diflubenzuron) 
in controlling its spread. Results revealed that the two 
could be promising candidates. Sulfoxaflor has highly 
and effectively reduced D. opuntiae population at the 

two sprays performed in the time intervals indicated and 
was scarcely more efficacious than diflubenzuron. Sepa-
rate addition of mineral oil synergist to the insecticides 
ameliorated their respective activity. Findings are inter-
esting in broadening the spectrum of chemical alterna-
tives for the pest management and reducing random 
pesticides applications by local farmers. Concerning 
dissipation rates of the insecticides residues over time, 
sulfoxaflor residues were more persistent in prickly pear 
fruits than diflubenzuron residues. On contrary, sulfoxa-
flor residues dissipated further in cladodes. The added 
mineral oil decreased dissipation rates for both and 
increased respective half-lives. These observations were 
related to morphological differences between fruits and 
cladodes and to the chemical molecular structure and 
properties of the insecticides. The extraction, identifica-
tion, and quantification methods used for residues anal-
ysis showed satisfactory validation parameters in terms 
of linearity, accuracy, and precision. Therefore, it could 
be used for registration of the insecticides on prickly 
pear cactus and setting respective MRLs. Moreover, 
dissipation rates equations could be used to compute 
residues at any point time to ensure safe application of 
the insecticides and to set minimum intervals between 
application and harvest. However, kinetics of dissipation 
patterns of the metabolites which could be derived from 
the respective active molecules of the insecticides still 
need to be better elucidated and require further analysis.
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