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Abstract

Owing to the increased reports in Aedes-borne diseases in the Caribbean and Latin Amer-

ica, the United States Agency for International Development assisted the Jamaican Ministry

of Health and Wellness in conducting insecticide susceptibility tests on Aedes aegypti

populations.

Sentinel sites were established in seven parishes of Jamaica (St. Catherine, Kingston

and St. Andrew, St. Thomas, Portland, St. Mary and St. Ann) and Aedes aegypti eggs were

collected, reared to adults per collected population and their susceptibility to varying pyre-

throids and organophosphates were tested using the World Health Organization paper bio-

assays for these insecticides. The Centers for Disease Control and Prevention bottle

bioassay was used to assess susceptibility to the carbamate, bendiocarb. The voltage

gated sodium channel gene mutations V1016I and I1011V, normally associated with pyre-

throid resistance, were also analysed.

The results showed that Aedes aegypti collected from all parishes exhibited resistance to

pyrethroids at the following concentrations, permethrin 0.25–2.5%; deltamethrin 0.03–

0.15%; lambda-cyhalothrin 0.03–0.3%; and etofenprox 0.5–2.5%. The insecticide deltame-

thrin at concentration 0.3% was the only pyrethroid tested that resulted in high mortality,

94.9 ± 0.34% knockdown within 1 hour of exposure and 98.95 ± 0.01% mortality (p <0.01) at

24 hours post exposure. The frequency of the voltage gated sodium channel gene mutation

V1016I was high in the tested population, possibly accounting for the reduced sensitivity

to pyrethroids. Organophosphate resistance was also observed in all populations tested.

Mortality rates for 0.8% Malathion was 0.8 ± 0.70–60.68 ± 0.38% after 24 hour and 0.00–

47.10 ± 3.02%, for pirimiphos-methyl 0.21%. Bendiocarb applied as 12.5 μg/ bottle resulted

in mortality rates of 76.25 ± 4.30–100 ± 0.00% after 30 minutes of exposure.
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The results showed that Ae. aegypti from the seven parishes analysed demonstrated

resistance to the insecticides tested. Deltamethrin and bendiocarb at concentrations 0.3%

and 12.5μg respectively, were considered most effective, causing high mortality in the local

populations. Routine monitoring and evaluations of Ae. aegypti populations from the

included parishes are recommended. Additionally, the study results represent the most

comprehensive testing to date with local Aedes aegypti populations distributed across differ-

ent parishes of Jamaica and should be useful to guide national and sub national strategies

for vector control and surveillance.

Author summary

The recent outbreaks of chikungunya, Zika and dengue viruses in the Caribbean and

Latin America during 2013–2018, have motivated local health authorities in individual

countries to seek international assistance from multiple agencies and adjust their vector

management strategies in order to contain the transmission of Aedes-borne diseases.

Countries within the region rely mainly on the use of commercially available insecticides

to manage the mosquito populations and by extension, reduce the transmission of vector-

borne diseases. However, this practice is stymied by the ability of these insects to develop

resistance mechanisms to insecticides of frequent use. Many countries in the Caribbean

and Latin America regions lack the facilities and supplies to conduct routine insecticide

susceptibility testing. In an effort to ascertain knowledge on the presence of insecticide

resistance in Aedes aegypti populations, and to determine which insecticide is more effec-

tive to reduce vector populations of Jamaica, we conducted an array of bioassays with

three different types of insecticides (pyrethroid, organophosphate, carbamate) to use local

evidence and inform public health authorities on vector control status and alternatives.

Introduction

Each year, more than 284 million people are affected by dengue [1]. The main vector of the dis-

ease is Aedes aegypti, found ubiquitously throughout Jamaica and the wider Caribbean [2, 3].

The circulation of all four dengue serotypes in the region [4, 5], reports of increased dengue

cases [6, 7], the recent introduction of other Aedes-borne diseases, such as chikungunya and

Zika viruses [8], and the lack of specific treatments for the diseases have resulted in heightened

urgency to improve vector management throughout the region. Additionally, the World

Health Organization (WHO) [9] has been encouraging the health authorities in countries

where mosquito-borne diseases are endemic to assess the susceptibility of the vectors to vari-

ous insecticides and implement national insecticide resistance monitoring strategies. In

response to the Zika outbreak and to a recognized lack of current nationwide insecticide sus-

ceptibility analysis, the Ministry of Health and Wellness (MOHW) of Jamaica, partnered with

the United States Agency for International Development (USAID) under the Zika AIRS Proj-

ect (ZAP), to conduct island-wide interventions to monitor and control populations of the

mosquito vector Ae. aegypti. A key element of this collaboration was the assessment of the sus-

ceptibility status of this mosquito vector to commonly used insecticides.

The use of chemical insecticides for community spraying is the main method to control the

adult Ae. aegypti populations. However, this method is limited by the ability of insects to

develop resistance to the chemicals of frequent use [10]. Many countries have reported
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resistance in mosquitoes to common classes of insecticide, pyrethroids, organophosphates or

carbamates, while others have reported cross-resistance to one or more pesticides [11–13].

The vector control programme of Jamaica has utilized organophosphates [2] and most recently

pyrethroids [14] to reduce Ae. aegypti densities. Organophosphates and carbamates are acetyl-

cholinesterase inhibitors, toxins that trigger prolonged neurological synapses in mosquitoes,

eventually resulting in paralysis, while pyrethroids on the other hand, are fast-acting neurotox-

ins. Unlike organophosphates and carbamates, their mode of action prevents the closure of

protein-voltage-gated sodium channels (vgsc) on neurons, causing excess excitation, and even-

tually paralysis. Alterations in the specific binding site of a neurotoxin in mosquitoes can con-

fer resistance to the insecticide [14–16]. Mosquitoes may display one or more of these modes

of resistance, making them less susceptible to insecticides [12]. The level and type of resistance

developed by mosquito populations are usually discerned through bioassays and biomolecular

tests [17]. Depending on the level of resistance, bombarding the target site with copious

amounts of the toxic chemical can restore susceptibility by ensuring that enough chemical is

delivered to the site prior to total chemical decomposition [18], which may have long term

implication in successful vector management.

Resistance may vary across different geolocations despite proximity [19]. Effective environ-

mental management of the vector, which is often complementary to the use of chemical insec-

ticides, can be thwarted by unplanned urbanization, inconsistent water supply to human

dwellings, water storage practices, improper waste disposal, and the lack of community

engagement in developing countries [20]. Though multiple studies exist on insecticide resis-

tance throughout Latin America [21–23] and the French Caribbean [24], only a few studies

investigating resistance in Ae. aegypti populations from one or two parishes of Jamaica are

available [3, 14, 25] Studies focused on the molecular basis of insecticide resistance in vector

populations of several countries in the Americas, have showed that resistance to an insecticide,

within a given population, may vary depending on the presence and prevalence of genes asso-

ciated with this characteristic, as well as the presence of selective stressors for resistance in the

environment [14, 19, 22, 26–29].

The aims of this study were to determine the susceptibility of Ae. aegypti populations from

Jamaica to various adulticides and provide evidence on the status of mosquito vector suscepti-

bility to the three commercially available insecticides (pyrethroids, organophosphates and car-

bamates). The overall goal was to support the local health authorities and foster evidence-

based decisions for Aedes management strategies.

Methods and materials

Study Site

This study was developed in Jamaica, in the eastern parishes of the island: St. Catherine,

Kingston & St. Andrew (KSA), St. Thomas, Portland, St. Mary, and St. Ann. The specific loca-

tions were selected in agreement with the MOHW mainly based on the epidemiological rec-

ords of 2015 and 2016. Parishes with the highest incidence of Zika cases and classified as the

most populated and accessible in the eastern territory were included in the study [30]. Specific

locations in the eastern parishes, here designated as sentinel sites, were selected for entomolog-

ical surveillance and sampling of biological material: Jacks River and Gueddes Town in the

parish of St. Mary; Moneague in the parish of St. Ann; Jericho and Orangefield in the parish of

St. Catherine; Harbour View in Kingston; South Haven and Poor Man’s Corner in the parish

of St. Thomas. In the parish of Portland, the field collection took place in the municipality of

Port Antonio (Fig 1).
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Materials

WHO susceptibility test kit tubes, with impregnated papers, pyrethroid (PY) control in Sili-

cone oil; permethrin 0.25%, 1.25%, 2.5%; deltamethrin 0.03%, 0.15%, 0.3%; lambda-cyhalo-

thrin 0.03%, 0.15%, 0.3%; etofenprox 0.5%, 2.5%; organophosphates (OP)/ carbamate (Carb)

control in olive oil; malathion 0.8%; pirimiphos-methyl 0.21% were purchased from Universiti

Sains Malaysia (USM), Vector Control Research Unit, Infotech (Pinang, Malaysia), which is

the only entity approved by the World Health Organization (WHO) to supply insecticide kits

(mosquito diagnostic test kit WHO/VBC/81.806) and materials for regular entomological sur-

veillance in public health. Analytical grade bendiocarb (> 95%; Sigma, Aldrich, Ca. USA), and

(99.7%; Sigma, Aldrich, Ca. USA) acetone were also employed. Black plastic cups and pellon

paper, which were used as ovitraps (described below) and egg papers respectively, were locally

sourced in Kingston, Jamaica.

Fig 1. Map showing the collection areas in Jamaica. The above map of Jamaica was generated by using QGIS (version 3.10). The areas highlighted show where sentinel

sites were established in St. Catherine, Kingston and St. Andrew (KSA), St. Thomas, Portland, St. Mary and St. Ann.

https://doi.org/10.1371/journal.pntd.0008490.g001
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Ovitraps & field collection

The biological material employed in this study was obtained through a continuous entomolog-

ical monitoring system, deployed by ZAP in collaboration with the MOHW of Jamaica. ZAP’s

support to the MOHW included teams of field workers distributed in different parishes of

Jamaica, consistently implementing households visits and data collection on Aedes aegypti
populations. The surveillance system established by ZAP selected a number of sentinel sites for

frequent visits and deployment of ovitraps to collect Ae. aegypti eggs. Sentinel sites were estab-

lished in 100 homes in each of the parishes on the eastern half of the island: St. Catherine,

Kingston & St. Andrew (KSA), St. Thomas, Portland, St. Mary, and St. Ann. Field activities in

the parishes of Kingston and St. Andrew were regularly managed under one umbrella within

the MOHW vector program in Jamaica. Therefore, to maintain the zoning, monitoring and

evaluation surveillance of the MOHW, ovitraps set throughout the parishes of Kingston and

St. Andrew were described as being derived from KSA. The ovitrap surveillance was conducted

weekly, and once the field teams visited the homes selected for this process, all pellon papers

containing mosquito eggs were transported to a laboratory for analysis. All laboratory activities

were conducted at the Mosquito Control and Research Unit (MCRU) Insectary, funded by

ZAP and The University of the West Indies (UWI).

Prior to the operational activities, local communities within each parish were engaged by

ZAP and the local health authorities. The community members were informed about the

intended activities planned by the project. All householders who participated in the study

approved the operational activities of ZAP and granted permission to their property on a weekly

basis between September 17 to December 14, 2018, to collect samples and record information.

Black oviposition cups (450 ml capacity x 14.5 cm tall) lined with pellon paper (7 cm wide)

and filled with 50 ml water containing 5 g of instant yeast (Lesaffre, France) were set up

through the period of September 17th 2018 to December 7th 2018. Yeast was used as a mos-

quito attractant. The traps were replaced weekly and papers were collected from each parish

and brought to the MCRU insectary. Once egg papers received at the insectary, these were air

dried and assessed for the presence of Ae. aegypti eggs; a sample of papers was periodically set

to hatch for susceptibility bioassays.

Mosquito rearing

The egg papers (25 per parish) were submerged in acrylic containers (37.5 × 25 × 15 cm) with

3 L of water with 0.1 g of instant yeast (Lesaffre, France). To increase egg hatching, we repli-

cated the media and methods described by Zheng et al [31]. Tap water was collected, allowed

to stand for a minimum of 48 hours, boiled, covered and allowed to acclimate to room temper-

ature for 24 hours prior to adding the yeast and egg papers. The containers with the egg papers

were then covered until larvae emergence was observed. The larvae were maintained under

standard rearing conditions at 25 ± 2 0C temperature, 75 ± 5% relative humidity and 12:12 h

light: dark photoperiod. The larvae were fed on a diet of ground cat food (Friskies). Pupae

were placed in emerging chambers (Bioquip, Ca., USA) until the eclosion to adults and then

transferred to 30 x 30 x 30 cm acrylic cages (Bug Dorms, Bioquip, Ca., USA).

Rockefeller laboratory strain (Ae. aegypti) eggs were initially donated from the ZAP Domin-

ican Republic project (originally donated by the Centers for Disease Control and Prevention

(CDC), Atlanta). This strain was used as the insecticide-susceptible reference strain for mortal-

ity comparison with the Jamaican wild populations. The strain was reared in isolation at the

MCRU insectary, Jamaica, under the local insectary conditions described above.

Bioassays were conducted using 2–5 day old female mosquitoes that were briefly anaesthe-

tized on ice and identified to species level prior to testing.
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WHO bioassays

Using the WHO method [9], the susceptibility of adult mosquitoes from the eastern parishes

of Jamaica to the following insecticides and concentrations were examined: pyrethroids–per-

methrin 0.25%; deltamethrin 0.03%; lambda-cyhalothrin 0.03%; etofenprox 0.5%; and organo-

phosphates–malathion 0.8% and pirimiphos-methyl 0.21%. Each kit had two specially marked

tubes: one designated for the treatment paper (the exposure tube), the other designated for

holding/ observation. Tubes marked with red dots were designated for the insecticide treated

paper, while those with yellow dots were designated for the control paper (pyrethroid control

paper impregnated with silicone oil, and organophosphate control paper impregnated with

olive oil); all holding tubes had green dots.

A sample of 20–25 Ae. aegypti female mosquitoes per population were placed in the holding

tubes where they were allowed to recover for five minutes prior to transferring them to the

affixed exposure tubes. Each test was conducted along with a control. During testing, mosqui-

toes were observed up to one hour and knockdown was recorded. After the time had elapsed,

the mosquitoes were returned to the holding tube and the exposure-tube removed. The mos-

quitoes remained in the holding tube for a further period of 24 hours and fed 10% sugar solu-

tion and final mortality was recorded. All bioassays were conducted in quadruplets, 70–111

females per population.

WHO intensity bioassays

The WHO intensity assays employed in this study corresponded to higher concentrations of

pyrethroids. The following intensity concentrations were used: pyrethroids at 5x and 10x –per-

methrin 1.25%, 2.5%; deltamethrin 0.15%, 0.3%; lambda-cyhalothrin 0.15%, 0.3% and etofen-

prox 2.5% papers were conducted [9]. Groups of 22–25 Ae. aegypti females per population

were placed in the holding tubes where they were allowed to recover for 5 minutes prior to

transferring them to the affixed exposure tubes. Each test was conducted along with a control.

During testing, mosquitoes were observed up to one hour and knockdown was recorded. After

the time had elapsed, the mosquitoes were returned to the holding tube and the exposure-tube

removed. The mosquitoes remained in the holding tube for a further period of 24 hours and

fed 10% sugar solution and final mortality was recorded. All bioassays were conducted in

quadruplets.

CDC bottle bioassays

In order to assess the susceptibility Ae. aegypti populations from the eastern parishes of

Jamaica, to the carbamate bendiocarb, the method developed by the CDC [12] was used. Sam-

ples of 18–27 female mosquitoes were introduced into 250 ml Wheaton bottles previously

coated with 12.5μg/bottle bendiocarb or acetone for the control. Mortality was recorded every

15 minutes up to 2 hours and then at 24 hours. All bioassays along with their control were con-

ducted in quadruplets–a total of 75–100 female mosquitoes per population per assay. Ae.
aegypti females were sorted and allowed to recover in a 50 ml falcon tube, where the opening

was fitted with a cotton ball, prior to adding mosquitoes to the Wheaton bottles. All mosqui-

toes were active prior to their transfer to the treatment bottles.

DNA isolation and SNP genotyping

The pyrethroid WHO susceptibility assays with permethrin 0.25%; deltamethrin 0.03%; and

lambda-cyhalothrin 0.03% were repeated on Ae. aegypti (n = 75 per susceptibility assay) col-

lected from St. Catherine, Jamaica. Mosquitoes from the tests were placed in 15 ml Eppendorf
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tubes per test (n = 20–25 Ae. aegypti), tubes were labelled with the test compound as well as

either dead or alive to denote the status of the mosquitoes after the completion of the bioassays.

Each tube was previously packed with silica gel beads and cotton prior to adding mosquitoes.

The samples were shipped to the Lobo Lab, University of Notre Dame, Notre Dame, IN 46556

for genetic analysis.

All extractions were completed using Rapid Alkaline DNA Extraction protocol [32]. DNA

was suspended in final volumes of 1,000 μL containing 0.2 N NaOH and 1 M Tris-HCl, pH

8.0. Single nucleotide polymorphism (SNP) identification for replacements in the voltage-

dependent sodium channel gene (Val1016, and Ile1011, from here on referred to as V1016I
and I1011V respectively) [10, 33] in Ae. aegypti were assessed. Control mosquitoes with and

without insecticide resistant alleles, used for V1016I diagnosis were the New Orleans and the

Liverpool strains of Ae. aegypti respectively. Amplification was performed in 25 μl volumes in

96-well PCR plates (Dot Scientific) in a Mastercycler Gradient thermocycler (Eppendorf).

Each reaction contained 1X Taq buffer (50 mM KCl, 10 mM Tris pH 9.0, 0.1% Triton X), 1.5

mM MgCl2, 200 μM dNTPs, 5 pmoles of each primer (Table 1), 1 unit of Taq DNA polymer-

ase, and 3 μl of genomic DNA. PCR products were size fractionated by electrophoresis in 4%

agarose gels stained with SybrSafe (Invitrogen) and visualized under UV light. Assays per-

formed by Dr. Neil Lobo at the Department of Biological Sciences, Eck Institute for Global

Health, University of Notre Dame, Notre Dame, IN, United States.

Data analysis

The data are presented as mean ± 95% confidence interval (95% CI) per population. Abbott’s

formula [35] was used to correct the mortality rate in each treated group when necessary.

% Corrected Mortality = ((T–C)/ (100 –C)) x 100; whereby T is equal to the total percent

mortality in the treated group, and C is equal to the percent mortality in the control group,

providing that the control mortality was� 20%. The mortality in the control group for all bio-

assays per parish was less than 20%.

All statistical analyses were completed using SPSS for Windows (version 17.0). One-way

analysis of variance (ANOVA) and Posthoc Tukey test were used to analyze significant differ-

ences (p<0.05) in susceptibility to insecticide between the Rockefeller strain and tested Jamai-

can populations, where possible. R (version 3.6.2) was used to calculate confidence intervals.

Results

This study was undertaken with the aim of examining the susceptibility status of Ae. aegypti
mosquito populations in seven parishes of Jamaica. The results showed evidence of high levels

Table 1. List of Primer sequences used in detecting allele specific kdr mutations. F and R denote the forward and reverse primers respectively, while wt and mut signify

wild-type and mutant sequence respectively.

kdr mutations Primer Sequences Fragment Size (bp) References

V1016I Isol016 F mut: GCGGGCACAAATTGTTTCCCACCCGCACTGA 82 [33]

Isol016 R: GGATGAACCGAAATTGGACAAAAGC

Vall016 F wt: GCGGGCAGGGCGGCGGGGGCGGGGCCACAAATTGTTTCCCACCCGCACCGG

102

I1011V Isol011R wt: GCGGGCTACTTACTACTAGATTTCCAAT 84 [34]

Vall011F: ATTGTATGCTTGTGGGTGACG

Vall011R mut: GCGGGCAGGGCGGCGGGGGCGGGGCCTACTTACTACTAGATTTCCGAC

104

https://doi.org/10.1371/journal.pntd.0008490.t001
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of resistance against six commonly used insecticides. In comparison to the Rockefeller strain,

all populations from Jamaica sampled in this study demonstrated resistance to the pyrethroids,

permethrin, deltamethrin, lambda-cyhalothrin and etofenprox, as well as the organophos-

phates, malathion and pirimiphos-methyl with the highest mortality displayed at 68.17 ±
3.26% over 24-hours exposure. However, the tested populations appeared responsive to the

carbamate, bendiocarb. The differences in the levels of resistance for each insecticide tested

were further compared between the populations.

Impact by pyrethroids

Fig 2 depicts the impact (after one hour and 24 hours) of each tested pesticide on the levels of

mortality by adult Ae. aegypti mosquitoes from the seven parishes under study. As can be seen

in Fig 2A, one hour exposure was ineffective in eliciting any significant mortality in all popula-

tions, with the highest rate being observed at 39.8 ± 4.06% in the St. Catherine population by

lambda cyhalothrin. When observed at 24 hours post exposure, mortality was below a maxi-

mum of 70%.

The percent mortality after 24 hour post-exposure to 0.25% permethrin ranged between

5.24 ± 0.59–36.19 ± 3.51% in Ae. aegypti F0 females for all populations, where the St. Ann pop-

ulation (p< 0.01) was the least affected by the pesticide. However, 24 hours post-exposure to

0.03% deltamethrin resulted in mortality ranging from 1.63 ± 1.14–68.17 ± 3.26%, with the

St. Ann population being the most affected (p< 0.01). The results at 24 hours post-exposure

to 0.03% lambda-cyhalothrin were not effective either, with mortality ranging from

15.43 ± 3.68–38.61 ± 1.32%. Similarly, post-exposure to 0.5% etofenprox caused 0.00 ± 0.89–

42.14 ± 2.10% mortality with the insecticide having negligible effect on St. Catherine

(0.98 ± 4.4%), KSA (0.00 ± 0.89%), St. Thomas (5.5 ± 1.81%) and Portland (0.00 ± 4.34%) pop-

ulations (p< 0.01).

There were no significant differences between the pyrethroids tested and mortality rates

amongst the populations, with the exception of St. Ann. As such, one population,

St. Catherine, was selected for the WHO resistance intensity assays as well as for kdr mutation

assays. The results of the WHO resistance intensity assays on the St. Catherine population are

summarized in Fig 3. As can be seen in Fig 3, a concentration dependent effectivity was

observed for the pesticides tested with highest effectivity rendered by 0.3% deltamethrin.

The effects of the pyrethroids, permethrin, deltamethrin, lambda-cyhalothrin and etofen-

prox at 5x or 10x concentration were assessed on samples collected from St. Catherine and the

results compared to that of their 1x concentration. Exposure to 0.3% deltamethrin, appeared

most effective, resulting in mortality greater than 98% at 24 hours post exposure. Exposure to

either 1.25% or 2.5% permethrin resulted in 4.14 ± 0.03 and 65.93 ± 0.05% mortality, respec-

tively after 24 hours post exposure. Exposure to lambda-cyhalothrin caused less than 85% mor-

tality, even at its 10x (0.3%) concentration after 24 hours post exposure. Only the 5x (0.5%)

etofenprox was used in this study, 24 hours post exposure resulted in only 65.93 ± 0.05% mor-

tality of Ae. aegypti.

Effects by organophosphates

The effects of the organophosphates 0.8% Malathion or 0.21% pirimiphos-methyl after

1-hour exposure were considered negligible (See S1 Table). The mortality from 0.8% mala-

thion after 24 hours post-exposure (Fig 4) ranged between 0.8–60.68%, with mosquitoes from

St. Catherine (9.00 ± 1.32%) and St. Ann (0.8 ± 0.7%) being the least affected (p< 0.01). Simi-

larly, 0.21% pirimiphos-methyl at 24 hours post-exposure was negligible, failing to cause mor-

tality greater than 50% in the test populations, in comparison to the Rockefeller control, where
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Malathion or pirimiphos-methyl at the given concentrations, resulted in 95–100% mortality

within 1 hr and 100% mortality at 24 hrs.

Effect of carbamates

Bendiocarb at 12.5μg resulted in mortality of 84.81 ± 2.82 for St. Catherine, 79.96 ± 1.36% for

KSA, 98.00 ± 0.87 for St. Thomas, 76.25 ± 4.30% for Portland, 80.03 ± 4.70 for St. Mary, and

100 ± 0.00 for St. Ann, with no significant differences in mortality between the treated popula-

tions and the susceptible Rockefeller p = 0.10 (Fig 5). For the Rockefeller population,

100 ± 0.00% mortality was observed at 30 mins exposure.

Mechanistic studies

The genotype mutation frequencies typically associated with knockdown resistance in the volt-

age gated sodium channel gene were examined to gauge mechanisms underlying the observed

tolerance to pyrethroids in these adult populations. Results displayed in Table 2 reveal high fre-

quencies for V1016I mutations, confirming kdr pathway as a means for the developed resis-

tance to permethrin.

Pyrethroid susceptibility assays were conducted on populations collected from

St. Catherine Jamaica. The results shown are from mosquitoes that survived after the WHO

screening with either 0.25% permethrin, 0.03% deltamethrin or 0.03% lambda cyhalothrin (all

mosquitoes survived during this set of screening, as such results were only obtained for live

mosquitoes). DNA was extracted from a total, N = 69 mosquitoes (n = 25 live Ae. aegypti for

permethrin, n = 20 deltamethrin and n = 24 lambda-cyhalothrin) were assessed for V1016I
and I1011V. All samples tested had the wild-type allele for I1011 (see S2 Table). The 4% aga-

rose gel was visualized by UV light after staining with SybrSafe.

Discussion

The current study presents an updated and comprehensive profile on the state of insecticide

susceptibility in Jamaican Ae. aegypti populations to common adulticides used in vector abate-

ment programs. While previous studies on insecticide resistance in Jamaica focused on one or

two classes of pesticide, selecting samples from one parish, this study examined the susceptibil-

ity of adult populations of Ae. aegypti from seven parishes (St. Catherine, Kingston and

St. Andrew (KSA), St. Thomas, Portland, St. Mary, and St. Ann).

From the study, the Jamaican populations tested demonstrated resistance to pyrethroids

and organophosphates. Deltamethrin was the only pyrethroid that caused high mean mortality

in one of the six established populations. The highest mortality observed for deltamethrin

0.03% was 68.17 ± 3.26% in the St. Ann population. Surprisingly, this was the highest mortality

(p<0.01) range for all pyrethroids tested at the 1x concentrations (see Fig 2B). This is in stark

contrast to the laboratory susceptible Rockefeller population, where all pyrethroids tested at

the 1x diagnostic concentrations resulted in 100% mortality within one hour of exposure (Fig

2A). According to the WHO guidelines [36], resistance is determined when mortality at the

recommended dosage and time results in less than 90% mortality. The poor knockdown effect

and the overall low toxicity caused by the pyrethroids tested on all the Ae. aegypti populations

from Jamaica is evidence of strong resistance to these insecticides. Pyrethroids are fast acting

Fig 2. Percentage mortality of Ae. Aegypti exposed to baseline concentrations of several pyrethroids. The effect of the pyrethroids at

baseline concentration (0.25% permethrin; 0.03% deltamethrin; 0.03% lambda-cyhalothrin and 0.5%, etofenprox) at (A)1–hour and (B) 24

hours on 2–5 day old Ae. aegypti F0 females from the eastern parishes of Jamaica, compared to Rockefeller, laboratory susceptible strain. The

data are summarized as mean ± 95% CI.

https://doi.org/10.1371/journal.pntd.0008490.g002
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[37] and are generally found in household insecticides [38, 39] as well as in products that

guard against ectoparasites in domestic animals [40]. Pyrethroids were recently introduced as

a vector management tool against mosquitoes by the MOHW, Jamaica (pers comm. Huntley-

Fig 3. Percentage mortality of St. Catherine Ae. aegypti population exposed to 1x, 5x or 10x Concentrations of Several Pyrethroids. The

effect of 0.25%, 1.25% and 2.5% permethrin; 0.03%, 0.15%; 0.3% deltamethrin; 0.03%, 0.15% and 0.3% lambda-cyhalothrin; and 0.5% and 2.5%

etofenprox at (A) 1 hour and (B) 24 hours on 2–5 day old Ae. aegypti F0 females from St. Catherine. The data are summarized as mean ± 95%

CI.

https://doi.org/10.1371/journal.pntd.0008490.g003
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Jones, MOHW). As such, Ae. aegypti resistance to pyrethroids in eastern Jamaica can possibly

be attributed to the unregulated overuse of household or animal-care products considering

that these mosquitoes are usually found in close proximity to human dwellings or possibly

from agricultural spraying.

Reduced susceptibility to pyrethroid in Aedes mosquitoes is widespread and has been

reported in multiple countries [34], inclusive of Jamaica [14]. As part of the WHO global plan

for insecticide resistance management in mosquitoes, stakeholders are being urged to improve

their knowledge of insecticide resistance in mosquitoes by conducting routine surveillance,

utilizing multiple entomological tools to determine prevalence and changes in the levels of

insecticide resistance and to ensure that the tools available for vector management remain

effective for current and future use [29]. Owing to the low impact of the pyrethroids tested at

the baseline concentrations on the Ae. aegypti populations from eastern Jamaica, higher con-

centrations designated by WHO as intensity assays were also assessed. Of the four pyrethroids

tested at varying (5x and 10x) concentrations, deltamethrin at 10x concentration (0.3%) was

toxic to the St. Catherine population that resulted in> 90% (94.90 ± 0.34%) knockdown

within 1 hour of exposure and 98.95 ± 0.01% mortality (p<0.01) at 24 hours post exposure

(Fig 3). The increase in deltamethrin from 0.03 to 0.3% resulted in a seven-fold increase in sus-

ceptibility, from 13.46 ± 3.55 at 1-hour exposure (Fig 3). The population exposed to the 10x

concentration was susceptible with 98% mortality, well within the parameter recommended by

the WHO guidelines [9] for vector management of Ae. aegypti.

Fig 4. Percentage Mortality of Ae. aegypti Exposed to Baseline Concentrations of 0.8% Malathion or 0.21% Pirimiphos After 24-Hour

Exposure. The effect of 0.8% malathion or 0.21% pirimiphos at 24 hours on 2–5 day old Aedes aegypti females reared from eggs collected from

the eastern parishes of Jamaica. The data are summarized as mean ± 95% CI.

https://doi.org/10.1371/journal.pntd.0008490.g004
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Fig 5. Bendiocarb susceptibility. The effect of bendiocarb on Ae. aegypti females from the eastern parishes of Jamaica using the CDC diagnostic dose of

12.5μg/bottle. Demarcation lines on the graph show the effect of bendiocarb at the CDC diagnostic time of 30 minutes, at 60 minutes, and at 120 minutes.

The data are summarized as mean 95% CI.

https://doi.org/10.1371/journal.pntd.0008490.g005

Table 2. Kdr Genotype Frequencies in Live Field Adult F0 Ae. aegypti Collected from St. Catherine, Jamaica.

Mutation Genotype N

Val/Val Val/Ile Ile/Ile

Total V1016I 10 32 27 69

Permethrin 1 8 16

Deltamethrin 3 12 5

Lambda cyhalothrin 6 12 6

https://doi.org/10.1371/journal.pntd.0008490.t002
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The impact of organophosphates tested on the mosquitoes from eastern Jamaica was mini-

mal (Fig 4). The study showed that mosquitoes from eastern Jamaica were very tolerant to the

organophosphates Malathion and pirimiphos. The results are not surprising considering the

long documented use of organophosphates for vector control [3] and agricultural practices

[41] on the island, for more than forty-five years. The development of resistance to Malathion

in Ae. aegypti collected from St. Andrew, Jamaica had been reported as early as 1995 [2], and

its use, though sporadic, was continued [3].

Bendiocarb, on the other hand, appeared to be an effective toxin against mosquitoes from

most eastern parishes of Jamaica. The test for susceptibility to bendiocarb was conducted

using the CDC bottle bioassays at the diagnostic concentration and exposure time (Fig 5). It

was noticed that some of the tested mosquitoes from KSA, St. Catherine and St. Mary were

larger, weighing on average� 1.1 mg and took longer than the CDC recommended time of 30

minutes [12] to die. Studies have suggested that weight difference in Aedes spp. can account

for toxicity differences [42, 43]. Although there were no significant differences in mortality at

12.5μg bendiocarb for the exposure time of 30 minutes amongst the population, there was an

observable difference in time to death and body size in some of the populations. The dosage of

bendiocarb may need adjusting to accommodate for size difference to be considered an overall

effective toxin for the populations from Eastern Jamaica. Mechanistic resistance to carbamates

utilizes the same pathway to that used for organophosphate resistance [12, 15, 16]. Although

there is no history of use of bendiocarb in Jamaica’s vector control [2, 3], it may also be specu-

lated that the slow time to death observed in some populations, especially KSA, may also be

owed to the prevention of bendiocarb binding to its target site in the mosquitoes, because of a

pre-established mechanism of resistance to organophosphates. In a previous study on Ae.
aegypti collected from St. Andrew, Jamaica, elevated alpha, beta and p-nitro phenyl acetate

esterase were observed in the populations [14]. Further analysis needs to be carried out to con-

firm the reason for the slow responsive time to death observed for bendiocarb.

The presence of mutations in vgsc were assessed to characterize possible mechanism for

pyrethroid resistance. The frequency of resistant Ile1016 allele was high (62%; see Table 2) in

the St. Catherine population. High frequency of V1016I mutation in the vgsc has been shown

to be associated with reduced pyrethroid sensitivity [21], an observance that is not novel to

Jamaica [14] or the Americas [24, 33, 44, 45]. From the study, it is possible that this mutation

could also be present in the other populations established, owing to the observed similarities in

behavioural response to pyrethroid throughout all populations tested. Mutations for kdr1011,

also associated with pyrethroid resistance [46], and detected at low frequencies in some areas

of Latin America [33, 46] was not observed in the St. Catherine population.

The present study shows that Ae. aegypti from the eastern parishes of Jamaica exhibit toler-

ance to type I, type II and non-ester pyrethroids and the organophosphates malathion and pir-

imiphos-methyl, but appear susceptible to the carbamate bendiocarb. Evaluation of the level of

resistance to pyrethroids in the St. Catherine population showed strong resistance, whereby

only the exposure to deltamethrin at concentration 10x, effectively resulted in death > 98% at

24 hours. The mechanism of pyrethroid resistance in this population may be contributed to

the presence of the kdr mutation V1016I. Based on other studies in St. Andrew, Jamaica [14],

the reduced response to pyrethroid may also be associated with elevation of oxidases known to

metabolise pyrethroids. The regained susceptibility using 0.3% deltamethrin has operational

significance considering that insecticides used for field application are more concentrated.

However, unregulated and frequent use of pyrethroids have been shown to select for resistant

genes that reduces the efficacy of field application [46]. Management of these insecticides as

well as field efficacy evaluations of the insecticides are therefore necessary to reduce resistant-

selective pressures and to achieve successful vector control campaigns in the field.
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Conclusion

Nationwide strategies to reduce Aedes population and, by extension, mitigate the spread of

their diseases are limited by the availability of tools used in vector abatement programs. Most

programs are heavily dependent on the use of chemical insecticides to reduce populations.

From the study, it is safe to say that mosquitoes from the eastern parishes of Jamaica are

strongly resistant to pyrethroids and, as such, pyrethroids used in the Aedes management strat-

egies should be limited or even restricted, including the possibility of regulations being

enforced to minimize the use of pyrethroid-containing products, considering that pyrethroid

use for mosquito management strategies in Jamaica is relatively new. It is advised that while

enforcing strict pyrethroid regulations, continued pyrethroid susceptibility tests should be

conducted in the Aedes mosquito populations in eastern Jamaica to assess possible reversal in

resistance. The results of the current study, particularly the intensity assays, should be used as

a baseline to denote either increase in- or reversal of- resistance to inform field operational

efficacy of insecticides. It is also recommended that other tools, such as community engage-

ment in mosquito reduction strategies, larvicide campaigns, and the use of other chemicals,

such as bendiocarb, be incorporated as innovative tools in the routine vector management

strategies in the eastern sections of Jamaica. Furthermore, manufacture guidelines should be

adhered to when using chemical toxins in Aedes control strategies in an effort to prevent

observance of resistance to other chemical toxins.

Our findings clearly highlight the need for continuous and widespread insecticide-suscepti-

bility monitoring in Aedes vectors using standard and internationally accepted procedures.
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