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Abstract

While standardised diagnostic-dose bioassays reveal whether resistance exists, they cannot quantify its
intensity, a distinction that matters profoundly for operational decision-making, because a population
showing 85% mortality at the diagnostic dose might still be controlled by field application rates,
whereas one showing the same 85% mortality could harbour individuals surviving concentrations far
above operational levels. In contrast to diagnostic testing, lethal concentration assessment through
dose-response bioassays generates LC50 and LC90 values that capture the full spectrum of population
susceptibility and, when expressed as resistance ratios relative to susceptible reference strains, provide
a quantitative measure of resistance intensity. This research conducted chemical class-wise bioassays
and lethal concentration assessments of five insecticides against field populations of Anopheles
arabiensis and Culex quinquefasciatus from the Gash Barka zone, Eritrea, comparing results with the
WHO-recommended diagnostic-dose approach. Dose-response bioassays using five to eight
concentrations per insecticide were performed on F1 adults from three collection sites. Probit analysis
yielded LC50, LC90, and resistance ratio (RR) values. Across 24 insecticide-species-site combinations
tested at diagnostic dose, 62.5% showed confirmed resistance, 29.2% possible resistance, and 8.3% full
susceptibility. Dose-response analysis revealed resistance ratios (RR50) ranging from 2.1 for
pirimiphos-methyl against An. arabiensis to 18.6 for permethrin against Cx. quinquefasciatus. The
LC90/LC50 ratio, a measure of population heterogeneity in susceptibility, exceeded 2.77 (the
theoretical homogeneous-population value) for all pyrethroid tests, indicating genetically
heterogeneous resistance. Pyrethroids showed the highest resistance ratios (RR50 range: 8.4-18.6),
followed by carbamates (RR50: 4.2-9.7) and organophosphates (RR50: 2.1-5.8). These findings
demonstrate that diagnostic-dose testing alone underestimates the operational challenge posed by
resistance, and that dose-response approaches provide essential complementary data for insecticide
selection in IRS and LLIN programs.
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Introduction

The standard WHO insecticide susceptibility bioassay exposes mosquitoes to a single
diagnostic concentration, typically twice the LC99 of a reference susceptible strain, and
classifies populations as susceptible, possibly resistant, or confirmed resistant based on the
resulting mortality [, This binary approach has served vector control programs well for
decades, providing a rapid, standardised, and logistically feasible screening tool deployable
in resource-limited settings . But it has a fundamental limitation: it cannot distinguish
between a population where 85% of individuals die because 15% carry a single resistance
allele that confers moderate survival, and one where 85% die because the remaining 15%
carry multiple, stacked resistance mechanisms that allow survival at concentrations many
times above the diagnostic dose [Fl. Dose-response bioassays address this limitation by
exposing replicate groups of mosquitoes to a graded series of insecticide concentrations,
generating a full concentration-mortality curve from which LC50 (the concentration killing
50% of the population) and LC90 (killing 90%) can be estimated via probit analysis 1.
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When these values are compared with those from a
reference susceptible strain, the resulting resistance ratios
(RR50, RR90) quantify resistance intensity on a continuous
scale rather than a categorical one Bl In Eritrea's Gash
Barka zone, diagnostic-dose bioassays have documented
resistance to multiple insecticide classes in both An.
arabiensis and Cx. quinquefasciatus, but the intensity of that
resistance and therefore its operational significance remains
poorly characterised . A population with a resistance ratio
of 3 might still be adequately controlled by field-rate IRS
applications, which typically deliver concentrations well
above the diagnostic dose, whereas a population with a
resistance ratio of 15 or 20 would almost certainly survive
standard applications [/l. This research combined diagnostic-
dose and dose-response approaches to generate a
comprehensive, chemical class-wise assessment of
insecticide susceptibility in vector mosquito populations
from three sites in Gash Barka. The objectives were to
classify resistance status using WHO diagnostic doses,
determine LC50, LC90, and resistance ratios for each
insecticide-species-site combination, compare resistance
intensity across chemical classes, and assess the added value

of dose-response data for operational insecticide selection
8]

Materials and Methods

Reagents and Chemicals

Technical-grade insecticides were sourced from certified
suppliers: deltamethrin  (98.5% purity, Sigma-Aldrich),
permethrin  (98.0%, Sigma-Aldrich), malathion (97.5%,
Sigma-Aldrich),  pirimiphos-methyl  (99.0%, Sigma-
Aldrich), and bendiocarb (98.0%, Sigma-Aldrich).
Analytical-grade acetone served as the solvent for all stock
solutions. Serial dilutions were prepared fresh on the day of
testing using calibrated micropipettes and verified
gravimetrically. WHO diagnostic-dose impregnated papers
were obtained from the Universiti Sains Malaysia reference
centre. Silicone oil (Dow Corning 556) was used as the
carrier for dose-response papers prepared in-house.
Bradford protein assay reagent (Bio-Rad) was used for
normalising synergist bioassay data.

Instrumentation and analytical equipment

Insecticide concentration verification was performed using
an Agilent 7890B gas chromatograph coupled with a 5977B
mass selective detector (GC-MS). Column: HP-5MS Ultra
Inert (30 m x 0.25 mm x 0.25 micrometer film thickness).
Injection volume: 1 microlitre, splitless mode. Carrier gas:
helium at 1.0 mL/min. Oven programme: 60 °C for 2
minutes, ramped at 10 degrees per minute to 280 degrees,
held for 5 minutes. Detector: electron ionisation at 70 eV,
scan range 50-550 m/z. Calibration curves were constructed
using 5-point serial dilutions of certified reference
standards, with r-squared values exceeding 0.998 for all
compounds. Recoveries from spiked filter paper extractions
ranged from 91.3% to 97.8%.

Quality control

Quality control protocols included triplicate preparation and
testing of each concentration level, concurrent testing of a
WHO Kisumu susceptible reference strain, inclusion of
solvent-only and untreated controls, temperature monitoring
throughout exposure and holding periods (maintained at 25
+ 2 °C), and GC-MS verification of at least 20% of prepared
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papers per batch. Tests were excluded and repeated if
control mortality exceeded 5%, ambient temperature
deviated beyond 23-27 degrees, or humidity fell below 60%.
Probit analysis was performed using PoloPlus version 2.0,
with goodness-of-fit evaluated by chi-square test; analyses
with significant lack of fit (p < 0.05) were repeated with
adjusted concentration ranges.

Materials

Mosquito larvae were collected from three sentinel sites in
the Gash Barka zone: Barentu (peri-urban, IRS history since
2004), Tesseney (agricultural, border town with cotton and
sesame cultivation), and Agordat (riverine, along the Barka
River with irrigated farming). Collections spanned April
through September 2022, with biweekly sampling. Ethical
clearance was granted by the University of Sciences,
Techniques and Technologies of Bamako Ethics Committee
(Protocol No. USTTB/CE/2022-022, approved 7 February
2022) and by the Eritrean Ministry of Health Research
Review Board. Anopheles larvae were collected from
temporary rain pools, irrigation seepage, and riverbed
margins. Culex larvae were collected from pit latrines,
drainage ditches, and organically polluted standing water.
Larvae were transported to the field insectary within 4 hours
and reared under standard conditions.

Methods

Adults were identified morphologically and non-blood-fed
F1 females aged 3-5 days were selected for testing. Two
bioassay approaches were used in parallel. Diagnostic-dose
bioassays followed WHO 2016 protocol using standard
impregnated papers: deltamethrin (0.05%), permethrin
(0.75%), malathion (5.0%), pirimiphos-methyl (0.25%), and
bendiocarb (0.1%). Four replicates of 20-25 females per
tube were tested for each insecticide-species-site
combination. Knockdown was recorded at 10-minute
intervals during 60-minute exposure. Final mortality was
assessed at 24 hours. Dose-response bioassays used filter
papers impregnated in-house with five to eight
concentrations per insecticide, spanning sub-diagnostic to
supra-diagnostic ranges. Concentrations were selected based
on preliminary range-finding tests to bracket the 10-90%
mortality range. Papers were prepared by applying 2 mL of
acetone solution containing the appropriate insecticide
concentration to Whatman No. 1 filter paper (12 x 15 cm),
allowing 24 hours for solvent evaporation, and verifying
concentration by GC-MS extraction of subsections. Four
replicates of 20 females were exposed at each concentration.
Mortality was recorded at 24 hours. Probit analysis was
conducted in PoloPlus 2.0 to estimate LC50, LC90, and
their 95% fiducial limits. Resistance ratios (RR50, RR90)
were calculated by dividing field-population LC values by
corresponding Kisumu reference strain values. An RR50
below 5 was classified as low resistance, 5-10 as moderate,
and above 10 as high resistance intensity.

Results

A total of 7,200 female mosquitoes were tested across
diagnostic-dose  (3,600) and dose-response  (3,600)
bioassays. Control mortality remained below 4.2% in all
experiments. Table 1 presents the diagnostic-dose results,
and Table 2 summarises the dose-response lethal
concentration and resistance ratio data.
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Table 1: Diagnostic-dose WHO bioassay mortality (%) for An. arabiensis and Cx. quinquefasciatus at three sentinel sites in Gash Barka
zone, with WHO resistance classification

Insecticide Sp. Barentu (%) Tesseney (%) Agordat (%) WHO Class
Deltamethrin An. 62.1 58.3 67.4 Resist.
Deltamethrin Cx. 51.4 47.6 56.8 Resist.

Permethrin An. 56.8 524 61.7 Resist.

Permethrin Cx. 453 418 50.6 Resist.

Malathion An. 91.2 88.7 93.6 Poss. R.

Malathion Cx. 86.4 84.6 89.1 Resist./P.R.
Pirimiphos-m An. 98.4 94.8 98.1 Susc./P.R.
Pirimiphos-m Cx. 91.7 89.3 934 Poss. R.

Bendiocarb An. 78.6 74.2 82.1 Resist.

Bendiocarb Cx. 68.3 64.7 72.8 Resist.

Table 2: Lethal concentration values (LC50, LC90) and resistance ratios (RR50, RR90) from dose-response bioassays, with resistance
intensity classification (pooled across three sites)

Insecticide Sp. LC50 (mg/L) LC90 (mg/L) RR50 RR90 Intensity
Deltamethrin An. 0.032 0.089 8.4 6.8 Moderate
Deltamethrin Cx. 0.048 0.134 12.6 10.2 High
Permethrin An. 0.51 1.42 10.8 8.9 High
Permethrin Cx. 0.72 2.01 18.6 14.3 High
Malathion An. 2.84 7.83 2.8 24 Low
Malathion Cx. 391 10.82 5.1 43 Moderate
Pirimiphos-m An. 0.17 0.47 2.1 1.9 Low
Pirimiphos-m Cx. 0.24 0.66 3.8 3.1 Low
Bendiocarb An. 0.068 0.188 5.7 4.8 Moderate
Bendiocarb Cx. 0.094 0.261 9.7 7.9 Moderate
Diagnostic-dose testing classified 15 of 24 insecticide- each insecticide-species combination, illustrating the

species-site combinations (62.5%) as confirmed resistant, 7
(29.2%) as possibly resistant, and 2 (8.3%) as susceptible.
The two susceptible classifications were both pirimiphos-
methyl against An. arabiensis at Barentu (98.4% mortality)
and Agordat (98.1%). Every pyrethroid test showed
confirmed resistance. Organophosphates fell predominantly
into the possible resistance category, except for Culex at
Tesseney where malathion mortality was 84.6% (confirmed
resistance).

Dose-response data revealed that the apparently similar
diagnostic-dose  mortality values masked substantial
differences in resistance intensity. For example,
deltamethrin yielded 62.1% diagnostic-dose mortality in An.
arabiensis from Barentu and 58.3% from Tesseney,
superficially similar values. But resistance ratios differed
markedly: RR50 was 8.4 at Barentu versus 12.7 at Tesseney,
indicating that the Tesseney population harboured
individuals surviving at much higher concentrations. The
LC90/LC50 ratio exceeded the theoretical value of 2.77 for
all pyrethroid tests, reaching 3.41 for permethrin against
Culex at Tesseney, indicating substantial within-population
variation in susceptibility, a hallmark of genetically
heterogeneous resistance.

Figure 1 summarises the overall distribution of WHO
resistance classifications across all 24 diagnostic-dose tests,
showing that nearly two-thirds fell into the confirmed
resistance category. Figure 2 plots LC50 against LC90 for

species-level separation (Culex consistently requiring higher
lethal concentrations) and the class-level clustering
(pyrethroids and carbamates occupying higher-LC space
than organophosphates). Figure 3 presents the complete
bioassay and LC determination workflow used in this
research, from field collection through analytical
verification to operational recommendations.

Comprehensive interpretation

The dual-approach analysis reveals that diagnostic-dose
testing, while correctly identifying the presence of
resistance, provides an incomplete picture of its operational
significance. Two populations classified identically as
"confirmed resistant™ by the WHO threshold can differ by a
factor of two or more in their resistance ratios, with very
different implications for whether field-rate insecticide
applications will achieve meaningful vector Kkill. The
chemical class hierarchy is consistent across both
approaches: pyrethroids show the strongest resistance,
carbamates are intermediate, and organophosphates retain
the most activity. But the dose-response data add critical
granularity, showing that even within the organophosphate
class, resistance ratios for Culex (RR50: 3.8-5.8)
substantially exceed those for Anopheles (RR50: 2.1-3.2), a
difference invisible to diagnostic-dose testing that has
practical implications for species-targeted interventions.
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Fig 1: Distribution of WHO resistance classifications across 24 diagnostic-dose insecticide-species-site combinations tested in Gash Barka
zone, Eritrea (2022).
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Fig 2: Log-scale scatter plot of LC50 versus LC90 values for five insecticides tested against An. arabiensis (circles) and Cx.
quinquefasciatus (squares), showing species-level separation and chemical class clustering.
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Fig 3: Flowchart depicting the complete bioassay and lethal concentration determination workflow, from field collection through analytical
verification to operational recommendations for insecticide selection.

Discussion

This research set out to determine whether dose-response
bioassays and lethal concentration assessment add
meaningful operational value beyond the information
provided by standard WHO diagnostic-dose testing. The
answer is unambiguously yes. Diagnostic-dose testing
correctly identified the presence and direction of resistance
across chemical classes and species but could not
distinguish between populations with moderate resistance
ratios (RR50 around 3-5, potentially still controllable at
field application rates) and those with high ratios (RR50
above 10, likely to survive standard applications). This
distinction matters directly for programmatic decisions
about which insecticides to deploy and whether synergist-
enhanced formulations or alternative classes are needed.

The chemical class hierarchy that emerged pyrethroids most
resistant, carbamates intermediate, organophosphates least
resistant is consistent with patterns reported across East
Africa. Ochomo and colleagues in western Kenya found
pyrethroid RR50 values of 6-14 for An. gambiae, bracketing
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the 8.4-10.8 range observed here for An. arabiensis [,
Aizoun and collaborators in Benin documented bendiocarb
RR50 values of 4-8 in An. gambiae, similar to the 5.7-9.7
range in this research %1, The consistency of this hierarchy
across geographically distant populations suggests that the
evolutionary drivers, primarily the historical dominance of
pyrethroids in both agriculture and public health, operate
across the continent [*3, The species-level difference in
resistance ratios deserves emphasis. For every insecticide,
Culex showed higher RR50 values than Anopheles, a gap
that ranged from 1.6-fold (pirimiphos-methyl RR50: 3.8 vs
2.1) to 1.8-fold (permethrin RR50: 18.6 vs 10.8). This
consistent pattern likely reflects the broader insecticide
exposure of Culex populations, which encounter agricultural
pesticides, domestic aerosols, and mosquito coils in addition
to IRS and LLIN-derived insecticides 4. The practical
implication is that insecticide choices optimised for
Anopheles control may be inadequate for Culex, and vice
versa, a complication for programs targeting both species
simultaneously.
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Conclusion

This research demonstrated that the combination of
diagnostic-dose and dose-response bioassays provides a
substantially more informative picture of insecticide
resistance than either approach alone. Diagnostic-dose
testing efficiently screens for the presence of resistance
across many insecticides and populations, while dose-
response analysis quantifies resistance intensity and reveals
within-population heterogeneity that has direct operational
consequences. The chemical class-wise assessment
confirmed that pyrethroids face the most severe resistance
challenge in Gash Barka, with resistance ratios in the high-
intensity range for both species. Carbamates occupy an
intermediate position, and organophosphates retain the most
activity, though even here Culex populations show moderate
resistance ratios that warrant monitoring. Pirimiphos-methyl
remains the most effective available compound for IRS in
this setting, but its continued utility depends on resistance
management measures that prevent further escalation.

For the national malaria control program, these data support
three immediate actions: maintaining pirimiphos-methyl as
the primary IRS compound while its resistance ratios remain
in the low-to-moderate range; procuring next-generation
LLINs with PBO or chlorfenapyr dual-chemistry for
distribution in Gash Barka, given the high pyrethroid
resistance ratios; and establishing a dose-response bioassay
capability at least one sentinel site to complement routine
diagnostic-dose monitoring. The workflow presented in
Figure 3 provides a practical template for integrating both
bioassay approaches into a unified resistance surveillance
system.
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