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 18 

Abstract 19 

 20 

This work addresses the need for new chemical matter in product development for control 21 

of pest insects and vector-borne diseases. We present a barcoding strategy that enables 22 

phenotypic screens of blood-feeding insects against small molecules in microtiter plate-23 

based arrays and apply this to discovery of novel systemic insecticides and compounds that 24 

block malaria parasite development in the mosquito vector. Encoding of the bloodmeals 25 

was achieved through recombinant DNA-tagged Asaia bacteria that successfully colonized 26 

Aedes and Anopheles mosquitoes. An arrayed screen of a collection of pesticides showed 27 

that chemical classes of avermectins, phenylpyrazoles and neonicotinoids were enriched for 28 

compounds with systemic adulticide activity against Anopheles. Using a luminescent 29 

Plasmodium falciparum reporter strain, barcoded screens identified 48 drug-like 30 

transmission blocking compounds from a 400-compound antimicrobial library. The 31 
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approach significantly increases the throughput in phenotypic screening campaigns using 32 

adult insects, and identifies novel candidate small molecules for disease control. 33 

 34 

Introduction 35 

Parasites and viruses that are carried by mosquitoes cause diseases such as malaria, dengue 36 

or yellow fever. Malaria resulted in 229 million cases causing 409.000 deaths in 2019. (WHO 37 

World malaria report 2020). The use of insecticides has had large impact on control of 38 

malaria (1). Since World War II, the range of chemical scaffolds with insecticide activity has 39 

slowly expanded resulting in 55 chemically distinct classes of marketed insecticides available 40 

in 2019(2). Concurrently, resistance to these molecules has developed at a similar rate as a 41 

result of wide-spread use in crop protection, community and household spraying and 42 

impregnation of bed-nets (3). As a more targeted approach, the use of oral insecticides in 43 

drug-based vector control is considered (4). The endectocide ivermectin is used as an oral 44 

helminticide but also shows systemic adulticide activity against Anopheles mosquitoes (5). It 45 

has shown promise as a drug that, following repeat mass drug administration to a human 46 

population at risk, reduces malaria burden by directly blocking onward pathogen 47 

transmission through reduction of the life span of blood-feeding mosquitoes (6). Ivermectin 48 

is relatively rapidly eliminated from the blood circulation in humans, whereas modelling 49 

suggest that the duration of the mosquitocidal activity strongly drives impact of drug-based 50 

vector control (7). Therefore, long-acting drug substances and formulations are being 51 

pursued (8, 9).  52 

As an alternative to use of insecticides for control of vector-borne disease, strategies aimed 53 

at biological control of the pathogen stages that underlie spread of the disease are 54 

emerging. These approaches have the advantage of a low risk on development of resistance. 55 

Arboviruses like zika and dengue and protozoa such as Leishmania, Plasmodium and 56 

Trypanosoma face a population bottleneck in the insect vector(10, 11) with a low number of 57 

replication cycles and, hence, a low rate of accumulation of resistance mutations. In the 58 

context of malaria elimination, drug interventions targeting the transmission stages of the 59 

malaria parasite are explored (12). Such compounds may kill or sterilize sexual stage 60 

parasites that infect mosquitoes (13, 14). Historically, antimalarial compounds have been 61 

selected on their ability to clear asexual blood stage parasitaemia that underlies clinical 62 

disease, and many of these compounds do not block transmission. More recently, 63 
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compounds have emerged with a transmission-blocking component in their activity 64 

spectrum, although in many cases this activity is not as potent as their activity against 65 

asexual blood stages (15, 16). Therefore, there is a need for novel chemical starting points 66 

for development of malaria transmission-blocking drugs.  67 

The requirements for drug candidates that block malaria transmission by killing the 68 

mosquito vector or by targeting the sexual stage parasites are outlined in target candidate 69 

profiles (TCP) 5 and 6, as put forward by the Medicines for Malaria Venture (17). These TCPs 70 

are stimulating and guiding global drug discovery efforts (18). In the absence of a large array 71 

of validated molecular targets, these efforts rely on phenotypic screens that have a relative 72 

low throughput and, hence, generate low numbers of chemically diverse starting points (2, 73 

19, 20). In pesticide discovery, miniaturized assays in 96 wells assays containing larvae are 74 

used to predict systemic activity against adult insects (21, 22). Discovery of molecules that 75 

block transmission of malaria ultimately relies on laborious membrane-feeder experiments 76 

that use one container of mosquitoes for each test condition (23). An increase in throughput 77 

of these technologies would accelerate the development of novel malaria interventions.  78 

Here we present a technique that significantly improves the throughput of compound 79 

testing in phenotypic assays using adult mosquitoes. It allows screening of multiple 80 

molecules using barcoded bloodmeals in multi sample arrays. We used a genetically 81 

engineered prokaryotic symbiont, a-Proteobacteria of the genus Asaia, that stably associate 82 

with a number of sugar feeding insects(24). Upon ingestion with a glucose or a blood meal 83 

Asaia actively colonises the insect midgut within one or two days and spreads from there to 84 

most other organs(25, 26). We transformed Asaia strains with plasmids that carry individual 85 

short DNA barcodes. Following feeding of mosquitoes on arrays of bloodmeals with test 86 

compounds, these DNA-barcodes were recovered from the mosquito in order to 87 

deconvolute the feeding pattern and identify active compounds.. We used this technique to 88 

identify systemic insecticides and malaria transmission-blocking compounds from libraries 89 

of small molecules.  90 

 91 

Results 92 

Membrane-feeding mosquitoes with a barcoded bloodmeal 93 

We envisaged to use recombinant insect midgut bacteria as tag bloodmeals in 96 well plates 94 

presented to hematophagous insects, allowing deconvolution of the feeding pattern. A 95 
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previous study has shown the feasibility of feeding Anopheles mosquitoes on 96 well plates 96 

covered with Parafilm membrane (27). We developed a device to evenly stretch a Parafilm 97 

membrane in two directions (Fig. S1a). A hydraulic press was used to push the stretched 98 

membrane firmly down on a 96 well microtiter plate containing prewarmed bloodmeals 99 

(Fig. S1b). The plate was placed upside down on a cage of mosquitoes and warmed with a 100 

pre-heated aluminium heat block that was routed to exactly fit the base of the microtiter 101 

plate (Fig. S1c). Feeding efficiency depended on the temperature of the heat block. At 45 °C 102 

feeding performance was consistently above 90%, which was comparable or even better 103 

than a method using conventional glass feeders (Fig. 1a). Video analysis of feeding 104 

behaviour on a cage with ~300 mosquitoes suggested sampling of all wells across the plate 105 

(Suppl. Video1).  106 
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Figure 1. Tagging mosquitoes with a molecular barcode through feeding on microtiter 

plates. A) Comparison of feeding efficiency of Anopheles stephensi mosquitoes between 

glass feeders and microtiter plates. An aluminium block heated to 50 or 45 °C as indicated 

on the x-axis was placed on top of the plate. The figure shows the percentage of fed and 

unfed mosquitoes in the cage. B) Barcode signals in individual Aedes aegypti mosquitoes 

fed on a grid containing two different barcodes. The mosquitoes were analysed 2 days 

after feeding and the figure shows relative fluorescence intensities for the two barcodes 

in individual mosquito samples. C) Prevalence of barcode positive Ae. aegypti mosquitoes 
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8 days after feeding on a grid of 2 distinct barcodes. D) Prevalence of barcode positive An. 

stephensi mosquitoes 8 days after feeding on a grid of 2 distinct barcodes. E) Outline of 

screening strategy for identification of systemic insecticides. Mosquitoes were fed on 

microtiter plates containing barcoded bloodmeals supplemented with test compounds. 

Two days after blood feeding, mosquitoes were split into pools of live and dead 

mosquitoes, and Asaia bacteria were grown from homogenates of individual mosquitoes 

in 96 well liquid cultures under kanamycin selection pressure. Barcodes were then 

amplified by PCR using a fluorescently labelled primer pair that binds a common sequence 

flanking the DNA-barcode sequence. Following amplification, barcodes were quantified by 

multi analyte profiling using DNA oligos coupled to color-coded microspheres(28), which 

resulted in a fluorescence signal for each barcode depending on the quantity of the 

barcode in the PCR amplification product. Barcodes enriched in the dead mosquitoes 

identified compounds with systemic adulticidal activity, whereas detection of barcode 

signals from the live mosquitoes were used to verify sampling of barcodes that were 

missing in the pool of dead mosquitoes.  

 

 107 

For introduction of a molecular barcode into mosquitoes, we evaluated two potential 108 

bacterial carriers, the midgut symbionts Pantoe agglomerans and Asaia SF2.1 (26, 29). 109 

Pantoea showed a strong effect on transmission of Plasmodium falciparum malaria 110 

parasites to Anopheles stephensi mosquitoes (Fig. S2) and all subsequent experiments used 111 

Asaia SF2.1. We generated a collection of 50 bacterial stocks each with a unique DNA tag 112 

(Tables S1-S3). Pilot experiments with Aedes aegypti mosquitoes fed on a grid with two 113 

differently barcoded bloodmeals each placed in three different wells in a 96 well plate 114 

showed that 2 days after feeding, 100 percent of the fed mosquitoes was successfully 115 

tagged with a single barcode (Fig. 1b). Out of these, 74% contained barcode 1 and 26% 116 

contained barcode 2. This uneven distribution of barcodes may relate to the relatively small 117 

sample size. Analyses of a different cohort of mosquitoes 8 days after feeding showed a 118 

more even distribution, with equal proportions (36%) of mosquitoes having a single barcode 119 

(Fig. 1c). At this timepoint, 27% showed a signal for both barcodes. Cross-feeding was not 120 

observed for the cohort analysed 2 days post-feeding. Alternatively, cross-contamination 121 

may occur later on in the experiment, possibly through contact with mosquito diuresis 122 
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fluids, excrements or the cotton pad that was used for glucose feeding during the 123 

experiment. Pilot experiments with An. stephensi mosquitoes showed similar results, with 124 

roughly equal proportions of mosquitoes with a single barcode and 20% of mosquitoes with 125 

two barcodes (Fig. 1d). To prevent cross-contamination of barcodes in subsequent 126 

experiments, we limited exposure to glucose pads to two hours per day while changing pads 127 

daily. In addition, mosquitoes were transferred to new cages directly after feeding to reduce 128 

exposure to diuresis fluid on the cage floor.   129 

 130 

Phenotypic screen for systemic insecticide activity 131 

Based on these initial pilot experiments, we devised a strategy for multiplex detection of 132 

barcode signals in order to enable larger phenotypic screens (Fig. 1e). We explored 133 

suitability of this screening principle for phenotypic screening for systemic insecticides using 134 

fipronil as a reference compound.  An. stephensi mosquitoes were fed on a 96-well plate 135 

with 24 barcoded bloodmeals, half of them containing 10 µM fipronil and the other half 136 

0.1% DMSO as a vehicle control (0.1% DMSO). 48 hours after feeding, we retrieved all 137 

blood-fed mosquitoes from the cage. Of these, 70 of were alive and 77 were dead. Analyses 138 

of barcode presence in individual mosquitoes showed that 100% of the mosquitoes were 139 

successfully tagged with a barcode. Of these, 124 (84.3%) showed a single barcode, 21 140 

(14.3%) showed two barcodes, and two mosquitoes (1.4%) showed three barcodes (Fig. 2a).  141 
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Figure 2. Proof of principle for systemic insecticide screen. An. stephensi mosquitoes were 

fed on a grid of 12 individually barcoded vehicle control (0.1% DMSO) and 12 individually 

barcoded insecticide (10 µM fipronil) bloodmeals. Two days after feeding, phenotype 

(live/dead) and barcode presence was determined for individual mosquitoes. A) Barcode 

signals in the live (upper panel) and dead (lower panel) cohort of mosquitoes. The figure 
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shows the sum of barcode signals in individual mosquitoes. For mosquitoes showing 

multiple signals, barcode signals were grouped according to origin (DMSO or fipronil) and 

ranked on signal strength. DMSO #1, #2, #3 indicates the highest, second highest and 

third highest signal, respectively, originating from a DMSO well. There were no 

mosquitoes with more than three barcode signals above background. For the fipronil 

barcodes, we did not observe any mosquito with more than two barcodes originating 

from a fipronil-containing well. B) Deconvolution of feeding/cross-contamination pattern. 

Blue and red shading indicates wells that contained a DMSO or a fipronil bloodmeal, 

respectively. Dots indicate mosquitoes found positive for a barcode originating from that 

well, with blue dots indicating the mosquito was alive whereas red dots indicate dead 

mosquitoes. Lines indicate mosquitoes that were found positive for more than one 

barcode. C) Analyses of pooled samples. Asaia rescued from the mosquito midguts were 

binned according to the mosquito phenotype (live or dead) and barcodes were amplified 

from the pooled samples. The graphs show the proportion of barcode signal originating 

from live or dead mosquitoes for DMSO (upper panel) or fipronil barcoded bloodmeals. 

Barcodes indicated on the x-axis are listed in Table S3. 

 

 142 

The barcodes associated with DMSO and fipronil segregated with a live and death 143 

phenotype, respectively. In the live cohort, two mosquitoes were positive for both DMSO 144 

and fipronil associated barcodes (Fig. 2a). This may be explained by intake of a sublethal 145 

quantity of fipronil, or cross-contamination of barcodes post feeding. In the dead cohort, all 146 

mosquitoes except for one were found positive with a fipronil-associated barcode. 147 

Deconvolution of the feeding pattern showed that wells were sampled on average by 7 148 

mosquitoes, with a range of 3 to 17 mosquitoes (Fig. 2b). Cross-contamination of barcodes, 149 

either by uptake of multiple bloodmeals or post-feeding contact with barcode-containing 150 

material, was low across the plate. Since every well was sampled by multiple mosquitoes, 151 

the contaminating signal may only make up a small contribution to the summed signals 152 

from that well. For each barcode, we calculated the total signal from all mosquitoes positive 153 

a particular barcode in live or dead mosquitoes. The results show a clear compound and 154 

phenotype-dependent enrichment of barcodes (Fig. S3) and suggest that analyses of pooled 155 

samples may correctly annotate activity of a test compound in a barcoded bloodmeal. To 156 
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test this experimentally, we created pools of Asaia bacteria rescued from live and dead 157 

mosquitoes, respectively, and analysed barcode intensities per pool in a single multiplex 158 

reaction. Barcodes in DMSO control meals were predominantly found in live mosquitoes, 159 

whereas barcodes in fipronil-containing bloodmeals were associated with the dead 160 

phenotype (Fig. 2c). The highest contaminated signal was observed with barcode 27 that 161 

was associated with a DMSO containing bloodmeal but showed 28% of the total signal 162 

originating from dead mosquitoes (Fig. 2c). This barcode was located in well A9, and was 163 

retrieved from a total of seven mosquitoes, of which 1 mosquito was dead at the time of 164 

sampling (Fig. 2b). The combined data highlight the feasibility of multiplex barcode 165 

detection in pools of mosquitoes binned according to the phenotype of interest. 166 

 167 

Screening pesticides against Anopheles stephensi mosquitoes 168 

The above experiments demonstrated the feasibility of multiplex barcode detection in pools 169 

of mosquitoes binned according to the phenotype of interest. Using this strategy, we 170 

screened a collection of 83 chemically diverse pesticides to identify novel candidates for 171 

drug-based vector control approaches. Compounds were initially tested at 1 µM in duplicate 172 

with up to 48 samples per plate (Fig. S4). For each phenotype (live or dead mosquitoes), the 173 

Asaia cultures were pooled and DNA-barcodes from each pool were amplified and 174 

quantified. All compounds with ≥50% of the barcode signal in the dead mosquitoes were 175 

subsequently tested at 100 nM, whereas all inactive compounds (<50%) were tested at 10 176 

µM concentration. From a total of 189 experimental conditions in 4 feeding experiments a 177 

total of 2727 mosquitoes was analysed. Of these, 952 were dead 48 hours after feeding. 4 178 

wells were not sampled. One of these contained DMSO whereas other DMSO-containing 179 

wells were sampled normally. Compounds MMV03891 and MMV1577456 were not 180 

sampled in the initial run when tested at 1 µM but showed a barcode signal when tested at 181 

the same concentration in a repeat experiment, suggesting the initial lack of sampling was 182 

not due to interference, e.g. through a gustatory effect preventing bloodfeeding or 183 

antimicrobial action against the barcoded Asaia. Compound MMV1633827 was sampled 184 

when tested at 1 µM but not at 10 µM. The latter concentration was not repeated and we 185 

cannot exclude that this compound interfered at some point in the process. Fig. 3a shows 186 

the barcode signals for the negative (DMSO) and positive (deltamethrin and fipronil) control 187 

wells. The data indicate a clear treatment-dependent distribution of barcode signals over 188 
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the two phenotypes, with an average of 100% of the signal in the dead mosquitoes for 189 

barcodes associated with either one of the insecticides, and 0% for barcodes associated 190 

with the DMSO control wells. The barcode distribution for all 189 experimental conditions 191 

showed a similar pattern, with a subpopulation around 0% and another around 100% 192 

associated with the death phenotype (Fig. 3b). Fig. 3c and Table S4 show the data for 193 

individual compounds. For four compounds we tested two different chemical batches, listed 194 

under separate MMV batch codes. Of these, methomyl (MM003972-04 & MM003972-05), 195 

nitempyram (MMV673126-3 & MMV673126-4) and amitraz (MMV002471-05 & 196 

MMV002471-06) showed consistent results between the two batches. For rotenone, batch 197 

MMV002519-09 did show activity at 10 µM whereas batch MMV002519-11 did not. 198 

Compounds from the class of avermectins appeared to be among the most active 199 

compounds with more than 90% of the barcode signal associated with the death phenotype 200 

at test concentrations of 100 nM and 1 µM (Fig. 3c, S5). Likewise, phenypyrazoles fipronil 201 

and vaniliprole and the isoxazoline fluralaner showed potent killing activity. Other 202 

phenylpyrazoles showed less potent activity, with more than 95% of the signal in the dead 203 

pool of mosquitoes when tested at 1 µM but not at 100 nM. The class of neonicotinoids was 204 

also enriched among the set of active compounds, with 70-100% of the barcode signal 205 

associated with the death phenotype when tested at either 1 or 10 µM. To validate the 206 

results from the barcoded screen we tested a number of compounds in traditional glass 207 

feeder membrane feeding experiments. These experiments confirmed systemic insecticide 208 

activity for all compounds tested (fipronil, deltamethrin, chlorfenapyr, abamectin, 209 

fluralaner, vaniliprole. spinetoram), with IC50 values ranging from 3 nM for abamectin to 210 

3173 nM for chlorfenapyr (Fig. 3d).  211 
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Figure 3. Screening of a collection of pesticides/insecticides. A) Assay controls. The figure 

shows the percentage of the total barcode signal that associated with the death 

phenotype for barcodes in control wells containing vehicle (0.1% DMSO), 10 µM 

deltamethrin or 10 µM fipronil. B) Distribution of barcode enrichment for all test 

conditions and barcodes. The figure shows a histogram of the proportion of the signal 

that was retrieved from dead mosquitoes relative to the total signal (dead plus live 

mosquitoes) for a particular barcode. C) Heatmap of barcode enrichment in dead 

mosquitoes for the compounds and test concentrations indicated. Compounds were 

initially tested at 1 µM. Inactive compounds were then tested at 10 µM whereas active 

compounds were tested at 100 nM. The color shading indicates the percentage of 

barcode enrichment in the dead mosquitoes. Grey colors indicate conditions that were 
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Trivial name Chemical class
MMV1794214 2 B Vaniliprole Phenylpyrazoles MMV003975 1 A Bendiocarb Carbamates
MMV083774 2 B Fipronil Phenylpyrazoles MMV637136 1 A Carbaryl Carbamates
MMV1633829 6 Eprinomectin Avermectins MMV1577453 1 A Pirimicarb Carbamates
MMV1633828 6 Moxidectin Avermectins MMV1577459 1 B Chlorpyrifos-methyl Organophosphates
MMV002231 6 Selamectin Avermectins MMV003891 1 B Malathion Organophosphates
MMV1577454 6 Abamectin Avermectins MMV1634507 3 A Flumethrin Pyrethroids
MMV1633823 6 Doramectin Avermectins MMV1578924 6 Milbemectin Avermectins
MMV689586 NA Fluralaner Isoxazoline MMV002371 7 A Methoprene Other

MMV1633824 7 C Pyriproxyfen Pyriproxyfen
MMV1577465 2 B Ethiprole Phenylpyrazoles MMV637085 8 D Boric Acid Borates
MMV1794207 2 B Acetoprole Phenylpyrazoles MMV689404 15 Triflumuron Benzoylureas
MMV1794215 2 B Pyriprole Phenylpyrazoles MMV078538 15 Diflubenzuron Benzoylureas
MMV000076 3 A Deltamethrin Pyrethroids MMV1633825 15 Fluazuron Benzoylureas
MMV1577462 3 A Cyfluthrin Pyrethroids MMV002471-05 19 Amitraz Amitraz
MMV1577456 3 A Bifenthrin Pyrethroids MMV002471-06 19 Amitraz Amitraz
MMV1577472 4 A Imidacloprid Neonicotinoids MMV1577467 21 A Fenpyroximate METI acaricides and insecticides
MMV1577460 4 A Clothianidin Neonicotinoids MMV688934 21 A Tolfenpyrad METI acaricides and insecticides
MMV1577457 4 A Thiamethoxam Neonicotinoids MMV002519-09 21 B Rotenone Other
MMV673126-04 4 A Nitempyram Neonicotinoids MMV689416 28 Chlorantraniliprole Diamides
MMV1577889 5 Spinetoram Spinosyns MMV1577468 29 Flonicamid Flonicamid
MMV1577474 22 B Metaflumizone Semicarbazones MMV004017 NA Azadirachtin Limonoid
MMV1794206 NA Flufenerim pyrimidinamine MMV1577452 NA [Bis(trifluoroacetoxy)iodo]benzene Other

MMV1633827 NA 3-Tropanecarbonitrile Other
MMV003977 1 A Propoxur Carbamates MMV1634083 NA Benclothiaz Other
MMV003972-05 1 A Methomyl Carbamates MMV1577470 NA Chlorindan Other
MMV003972-04 1 A Methomyl Carbamates MMV1634079 NA Chlormethiuron Other
MMV003872 1 B Diazinon Organophosphates MMV1634080 NA Dayoutong Other
MMV003958 1 B Chlorpyrifos Organophosphates MMV1633826 NA Dicyclanil Other
MMV1577455 1 B Pirimiphos-methyl Organophosphates MMV1794209 NA Dunniol Other
MMV1577471 2 A Hydramethylnon  trifluoromethyl aminohydrazone MMV027339 NA Flucofuron Other
MMV1634506 3 A Cyphenothrin Pyrethroids MMV003974 NA Lavifos Other
MMV637769 3 A Permethrin Pyrethroids MMV1634082 NA Methoquin-butyl Other
MMV1577466 3 A Etofenprox Pyrethroids MMV1794216 NA NC 196 NA
MMV1501398 3 A Tetramethrin Pyrethroids MMV1794213 NA NA NA
MMV1577464 4 A Dinotefuran Neonicotinoids MMV1794208 NA NA NA
MMV673126-03 4 A Nitempyram Neonicotinoids MMV1794205 NA NA NA
MMV1577890 4 C Sulfoxaflor Sulfoximines MMV1794212 NA NA NA
MMV1577469 4 D Flupyradifurone Butenolide MMV1794210 NA NA NA
MMV1577463 12 A Diafenthiuron Thiourea MMV1794204 NA NA NA
MMV1577458 13 Chlorfenapyr Pyrroles
MMV002519-11 21 B Rotenone Rotenone
MMV1577473 22 A Indoxacarb Oxadiazines 100% 0%
MMV1577461 28 Cyantraniliprole Diamides
MMV1634081 NA Fenoxacrim Other % of barcode signal in dead mosquitoes
MMV1794217 NA NA NA
MMV1794211 NA NA NA

IRAC Class IRAC Class
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not tested/sampled. D) Confirmation of systemic insecticide activity through traditional 

membrane feeding experiments using glass feeders. The compounds indicated in the 

legend were tested at multiple concentrations in duplicate. Error bars indicate standard 

deviations. IC50 estimates (in nM) from non-linear regression analysis are indicated in the 

lower right corners of the panels depicting the compound structures. 

 

 212 

 213 

Compound screen for transmission-blockade of Plasmodium falciparum  214 

We developed a method for screening for inhibition of pathogen transmission, using the 215 

human malaria parasite as a model organism. In the procedure, outlined in Fig. S6, a 216 

transgenic Plasmodium falciparum reporter strain was used to infect An. stephensi 217 

mosquitoes by feeding on arrays of barcoded bloodmeals containing test compounds. This 218 

reporter produces a clear luminescence signal in infected mosquitoes eight days after 219 

feeding, when mature oocysts appear in the mosquito midgut (30, 31). At this time, 220 

mosquito infection status was assessed by luminescence measurement and Asaia bacteria 221 

were then rescued from individual mosquitoes and pooled into separate bins for infected 222 

and uninfected mosquitoes. Enrichment of barcode signals in the pool of uninfected 223 

mosquitoes identified wells containing a transmission-blocking test specimen. We screened 224 

the open access Pathogen Box, a collection of 400 chemically diverse and drug-like 225 

molecules selected for their potential action against a variety of pathogens underlying 226 

tropical infectious diseases (Fig. S7)(32). The total experiment involved 441 barcoded 227 

samples that were processed in 9 batches involving analyses of 4545 mosquitoes. Of these, 228 

1794 showed a luminescence signal within 5 standard deviations of average background 229 

signal from unfed control mosquitoes and were considered uninfected (Fig. 4a). All barcodes 230 

were successfully detected in either uninfected, infected or both mosquito pools. For 231 

barcodes associated with atovaquone, on average 96% of the barcode signal was retrieved 232 

from the uninfected pool of mosquitoes (Fig. 4b). For the DMSO controls wells, the 233 

percentages of the barcode signals in the uninfected mosquitoes relative to the total 234 

barcode signals averaged at 18%. This is in line with (23)the experimental variation in 235 

mosquito infection success rates (33). Subsequently, we arbitrarily set the threshold for 236 

transmission-reducing activity at 80% of the barcode signal in the uninfected pool of 237 
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mosquitoes, which separates the atovaquone from the DMSO vehicle controls with one 238 

exception (Fig. 4b). From the collection of 400 Pathogen Box compounds, 48 compounds 239 

met this criterion (Fig. 4c & Table S5). To verify this result, we selected 21 chemically diverse 240 

compounds for which barcodes were enriched in uninfected mosquitoes and tested these in 241 

individual membrane feeding experiments using regular glass feeders. Of these, 19 242 

compounds reduced oocyst intensities by 80% or more in the glass feeder experiments, 243 

indicating a low false positive rate in the barcoded assay (Fig. 3d and S8).  244 

 

Figure 4. Identification of malaria transmission-blocking compounds. The open source 

MMV Pathogen Box was screened in a barcoded assay for P. falciparum transmission 
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using a luminescent reporter parasite. Stage V gametocytes were pre-incubated with test 

compound at 10 or 20 µM as indicated in Table S5 and fed to An. stephensi mosquitoes 

through an Asaia barcoded bloodmeal. Eight days after feeding infection status was 

determined by a luminescence assay. Barcodes were retrieved from infected (luciferase 

positive) and uninfected (luciferase negative) mosquitoes and quantified. A) Oocyst 

intensities in mosquitoes from 9 experimental runs that were used to screen a collection 

of 400 compounds. The figure shows luminescence activities in individual mosquitoes. 

The red dotted line indicates the threshold (average background + 5σ) that was used to 

discriminate infected from uninfected mosquitoes. B) Assay controls. The figure shows 

the percentage of the total barcode signal that associated with the uninfected phenotype 

for barcodes in control wells containing vehicle (0.1% DMSO) or 10 µM atovaquone. C) 

Proportion of barcode in the uninfected mosquitoes for all compounds tested. Colors 

indicate the origin of the compound sets that compose the Pathogen Box. The red dotted 

line indicates the threshold for selection of active compounds (≥80% of the total barcode 

signal derived from uninfected mosquitoes). D) Compounds selected for confirmation 

experiments. The lower left corner of each panel indicates the proportion of barcode 

signal that was retrieved from uninfected mosquitoes. The lower right corner indicates 

the percentage reduction in oocyst intensity that was observed in a Standard Membrane 

Feeding Assay (SMFA). All compounds except for two compounds indicated with a red dot 

showed transmission blocking activity in the SMFA. Compounds identified by a blue dot 

were selected for full dose response analysis. E) Dose-response analysis in SMFA for 

selected compounds. All test concentrations were analysed in duplicate in replicate 

feeders. For each feeder, infection status for 24 mosquitoes was analysed through 

luminescence analysis. The figure shows oocyst intensities expressed as relative light units 

for individual mosquitoes. The solid lines indicate the fitted dose response curves.  

 

 245 

To gain further insight in the transmission-blocking potency of a selected set of compounds, 246 

we tested 5 compounds in full dose response in glass feeder experiments. Compounds 247 

MMV1088520, MMV667494 and MMV022029 originate from the malaria compound set 248 

and the last two compounds were previously annotated as gametocytocidal (Table S6). In 249 

the dose response analyses IC50s were determined at 1078, 18 and 56 nM, respectively (Fig. 250 
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3e). MMV688122 originates from a Mycobacterium screen and blocked transmission with 251 

an IC50 of 1 µM whereas MMV675968 is part of the Cryptosporidium collection of the 252 

pathogen box and showed an IC50 of 406 nM. The combined results indicate that the 253 

barcoding technology significantly increases throughput in membrane feeding assays, and 254 

leads to identification of novel chemical starting points for control of malaria. 255 

 256 

Discussion 257 

Conventional testing of the effectiveness of substances on longevity or vector capacity of 258 

live insects is labour intense and mostly allows only for a small number of molecules to be 259 

tested simultaneously. We have developed a technique that improves the throughput of 260 

compound testing in order to fuel pipelines for discovery of pesticides and disease 261 

transmission blocking drugs. To do this we had to overcome three distinct technical 262 

challenges: feeding mosquitoes on multiwell plates, tagging blood-fed mosquitoes with a 263 

unique well identification code, and multiplex detection of these identification codes. We 264 

used a custom designed parafilm membrane stretcher in combination with a hydraulic press 265 

to firmly seal 96 well plates filled with blood meals. The plate feeding method proved just as 266 

effective as conventional glass feeders. In order to tag mosquitoes stably throughout the 267 

course of the experiment, we used the insect midgut symbiont Asaia strain SF2.1, 268 

transformed with DNA-barcoded plasmids. In line with published data(24, 34) we observed 269 

efficient colonisation of Anopheles and Aedes mosquitoes when Asaia bacteria were 270 

included with the bloodmeal. Previously, Killeen et al. introduced a phenotypic screening 271 

concept based on phagemid encoded multisample arrays (27). This approach led to 95% of 272 

successfully tagged mosquitoes with the marker lasting for three days only. In contrast, 273 

Asaia symbionts stay with the mosquito for life and thereby makes long-term applications 274 

possible (26).  275 

Our screen of a collection of pesticides exemplifies the application of the barcoding 276 

technology for discovery of novel systemic insecticides. Compounds like fluralaner and 277 

nitempyram are used as oral drugs for tick and flea control in veterinary medicine(35, 36) 278 

and led to enrichment of barcodes in the dead population of mosquitoes. In addition, a 279 

number of phenylpyrazoles emerged as hits with blood-borne mosquitocidal activity against 280 

Anopheles. Fipronil shows a very long half-life in mammalian circulation(37) and was shown 281 

to have potent and long-lasting mosquitocidal effects when administered to cattle(38). For 282 
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other compounds from the phenylpyrazole class the systemic insecticide activity in a 283 

bloodmeal is less well documented, but our data show that these molecules show promise 284 

for drug-based vector control, provided they show an excellent safety profile in human. 285 

Based on the reported mammalian long in vivo half-life of fluralaner(39) this compound was 286 

selected as a promising candidate for drug-based vector control and analysed in further 287 

detail. The results, which are described elsewhere (9), showed potent killing activity against 288 

a wide range of vector species at concentrations that are in line with drug levels predicted 289 

to circulate for several months following a single human oral dose. 290 

In order to exemplify a screen for vector-borne pathogen transmission, we used the 291 

barcoding technology to identify compounds that block Plasmodium development in 292 

Anopheles mosquitoes. Using the Pathogen Box collection and a selection criterion of ≥80% 293 

barcode enrichment in uninfected mosquitoes, we observed an overall hit rate of 12%. This 294 

relatively high hit rate may be explained by a biased composition of the pathogen box 295 

towards pharmacologically active compounds. A subset of 125 compounds from this 296 

collection is annotated as malaria hit compounds, as they showed IC50s of 2.1 µM or better 297 

against P. falciparum Dd2 asexual bloodstage parasites (https://www.mmv.org/mmv-298 

open/pathogen-box). Out of these 125, 23 (18%) appear to block transmission in the 299 

barcoded screen, which is a higher number than the one predicted on basis of gametocyte 300 

viability assays(40). This is conceivable, as the in vivo transmission assay captures a wide 301 

range of potential mode of actions, including ones that incapacitate gametocytes by non-302 

lethal ways, e.g. by prevention of gamete formation or sterilization of resulting gametes(41). 303 

Hit rates were 9 and 10% for compounds originating from tuberculosis and kinetoplastid hit 304 

collections that were well represented in the Pathogen Box with 116 and 70 compounds, 305 

respectively. This illustrates the strength of cross-screening bioactive molecules against a 306 

large panel of pathogen species. This notion is in line with previous observations that 307 

libraries of small molecules preselected for activity against one protozoan parasite showed 308 

high hit rates against a wider variety of pathogens(42–44). MMV675968 identified here as a 309 

P. falciparum transmission-blocking molecule belongs to a class of dihydrofolate reductase 310 

inhibitors with activity against a range of protozoa and was recently shown to block growth 311 

of Acinetobacter baumannii(45, 46). In theory, such cross-reactivity may affect the Asaia 312 

bacteria used in our barcoded screening strategy. As our method comprehensively monitors 313 

barcode presence in all blood-fed mosquitoes, this would lead to a total absence of the 314 
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barcode in either phenotype. For the 483 compounds in the combined screens presented 315 

here we observed successful retrieval of barcode in 482 instances, indicating a relatively low 316 

hit rate against the barcode-bearing Asaia bacteria.  317 

The transmission-blocking hits described here are attractive starting points for further 318 

optimisation as they obey to rule-of-five principles(47). In addition, all compounds have in 319 

vitro and in vivo pharmacokinetic data available (https://www.mmv.org/mmv-320 

open/pathogen-box). For example, in rat pharmacokinetic studies, hit compound 321 

MMV687248 showed 38% absorption and clearance of 12.4 ml/min/kg, which is a 322 

reasonable starting point for further pharmacological evaluation. 323 

Historically, phenotypic screening has driven drug R&D pipelines for infectious diseases and 324 

it has been to a larger or lesser extent been in vogue in other therapeutic areas(48). It is 325 

attractive as it captures complex biology in the absence of a priori knowledge of molecular 326 

mechanisms of disease. Recent advances in cell biological, imaging and data analyses 327 

techniques have brought it back in the spotlight(49). The methods described here expand 328 

the possibilities for phenotypic live insect screens. In line with published data, we observed 329 

stable colonisation of An. stephensi and Ae. Aegypti mosquitoes by Asaia bacteria (24, 50). 330 

Asaia has been found to associate with other sugar-feeding, phylogenetically distant genera 331 

of insects, for example the leafhopper Scaphoideus titanus, the vector for Flavescence 332 

Dorée, a grapevine disease (51). This host flexibility makes Asaia an attractive tool for 333 

tagging a large variety of pest insects, for the purpose of the discovery of novel pesticides 334 

and disease transmission-blocking molecules. 335 

 336 

 337 

 338 

  339 
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Materials and methods  340 

Barcode Construction and transformation of Asaia SF2.1 341 

Plasmid pMV170 for transformation of Asaia was derived by amplification of a multiple 342 

cloning site from pMV-FLPe(52) with primer pair MWV 371 and MWV 374 (Table S1) and 343 

introducing it into the NcoI/AatII sites of vector pBBR122 (Mobitec, Goettingen, Germany). 344 

Barcode sequences, compatible with detection using MAGPlex-TAG microspheres (Luminex 345 

Corporation, ‘s Hertogenbosch, the Netherlands) were generated by hybridization of 346 

complementary primer pairs (Table S2) and cloned into pMV170 using SpeI/AflII restriction 347 

digestion and ligation. Resulting plasmids were introduced into E.coli DH5α competent cells 348 

(ThermoFisher, Breda, the Netherlands) by heat shock transformation, yielding a collection 349 

of 50 barcoded plasmids (Table S3). Barcoded plasmids were next extracted 350 

from E.coli using the PureYield Plasmid Miniprep System (Promega, Leiden, the 351 

Netherlands) and subsequently introduced into Asaia sp. SF2.1 described previously(26). For 352 

transformation, Asaia cells were cultured in GLY medium (25 g/liter glycerol, 10 g/liter yeast 353 

extract, pH 5) and competent cells were prepared as previously described(26). Next 65 µl of 354 

the competent cells were mixed with 1 µl (~50 ng/µl) plasmid and electroporated using a 355 

BTX electroporation system at 2.0 kV and 186 ohm in a pre-chilled 1 mm cuvette. 356 

935 µl pre-chilled GLY medium was added and bacteria were incubated at 30°C for 4 hours 357 

without antibiotic before plating on GLY agarose plates containing 100 µg/ml kanamycin. 358 

Plates were incubated at 30 ℃ for 48 hours and single colonies were picked and sequence 359 

verified. 360 

 361 

Preparation of barcoded bloodmeals and plate feeding 362 

Barcoded Asaia bacteria were grown overnight at 30℃ to early log phase (OD600 0.5-0.8) in a 363 

deep-well plate (Sarstedt, Nümbrecht, Germany) in 300 µl GLY medium supplemented with 364 

100 µg/ml kanamycin per well. Bacteria were next diluted in heat inactivated human serum 365 

(type A) and combined with human red blood cells (type O) to achieve a final density of 106 366 

cfu/ml and a haematocrit of 50%. Microtiter plates were filled with 160 µl of bloodmeal per 367 

well and sealed with a membrane (Parafilm M, PM999, VWR, Amsterdam, the Netherlands) 368 

that was stretched to about 250% its original dimensions in both directions using a custom 369 
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build device (Figure S1A) and applied using a lever press (Figure S1B).  The plates were kept 370 

warm (37 °C) and placed upside down on top of a mosquito container sealed with mosquito 371 

netting. An aluminium block routed to fit the base of the microtiter plate and pre-heated to 372 

45°C was put on top to warm the plate (Figure S1C). Experiments were performed with 3-5 373 

day old females of Anopheles stephensi mosquitoes (Sind-Kasur Nijmegen strain) reared at 374 

the insectary of the Radboud University Medical Center(53), or Aedes aegypti (Rockefeller 375 

strain, obtained from Bayer AG, Monheim, Germany) reared at Wageningen University(54). 376 

For a plate containing 48 barcoded bloodmeals we used approximately 300 mosquitoes per 377 

container and for experiments with other sample sizes the number of mosquitoes was 378 

adjusted proportionally. Mosquitoes were allowed to feed for 20 minutes after which the 379 

mosquitoes were maintained at 26°C and 70-80% humidity.  380 

Recovery and detection of barcode sequences 381 

Mosquitoes were washed in 70% ethanol followed by 3 washes in PBS (137 mM NaCl, 2.7 382 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 8.0). Individual mosquitoes were transferred 383 

to wells in shallow 96 well plates, combined with Zirconium beads and homogenized in 60 µl 384 

PBS using a Mini-Beadbeater-96 (Biospec, Bartlesville, OK, United States). 15 µl of each of 385 

the mosquito homogenates was subsequently transferred to a deep-well plate containing 386 

300 µl GLY medium supplemented with 100 µg/ml kanamycin and 2 µg/ml amphotericin B. 387 

The plates were sealed with a gas permeable breathing seal (Greiner Bio-One, Alphen aan 388 

de Rijn, the Netherlands) and Asaia bacteria were grown to the stationary phase by 389 

incubation at 30 °C with continuous shaking (220 rpm) for at least 72 hours. In initial 390 

experiments, barcodes were amplified from individual Asaia cultures by PCR. In later 391 

phenotypic screening experiments, Asaia cultures from mosquitoes with the phenotype of 392 

interest were pooled. For comparative analyses (e.g. live versus dead mosquitoes), mock 393 

cultures with an unrelated barcode were added to make up for differences in sample sizes 394 

between the two pools. Barcodes were amplified using forward primer MWV 486 and a 5’-395 

biotinylated reverse primer MWV 358 (Table S1) using standard PCR conditions with Gotaq 396 

G2 flexi DNA polymerase (Promega, Leiden, the Netherlands). The biotinylated PCR products 397 

were then hybridised to a pool of MagPlex-TAG microspheres (Table S3) according to 398 

manufacturer’s instructions (Luminex Corporation, ‘s Hertogenbosch, the Netherlands) with 399 
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some adaptations. Briefly, 33 µl of microsphere mixture was prepared in 1.5 X  TMAC 400 

hybridization solution ( 1x TMAC = 3M Tetramethyl ammonium chloride, 50mM Tris, 1mM 401 

EDTA and 0.1% SDS at pH 8.0) with about 1000 beads per barcode for all 50 barcode 402 

sequences. This was then mixed with 2 µl from the barcode amplification reactions and 15 403 

µl TE buffer (10 mM Tris/1 mM EDTA, pH 8) and incubated for 15 at 52°C. Next 35 µl of 404 

reporter mix was added, containing 14.3 ug/ml SAPE (Streptavidin, R-Phycoerythrin 405 

Conjugate) and 0.24% Bovine Serum Albumin in TMAC buffer, resulting in a final 406 

concentration of 5.9 ug/ml SAPE and 0.1% BSA per reaction. After a second incubation at 407 

52°C for 15 minutes, 50 µl was analysed on a MAGPIX instrument (Luminex Corporation, ‘s 408 

Hertogenbosch, the Netherlands).  409 

 410 

Screening of a collection of pesticides 411 

A collection of pesticides was obtained through the Innovative Vector Control Consortium 412 

(Liverpool, United Kingdom) and the Medicines for Malaria Venture (Geneva, Switzerland). 413 

Compounds were first diluted in DMSO and then in human serum type A to a concentration 414 

4 times above the final test concentration.  Bloodmeals were prepared by mixing 40 µl of 415 

diluted compound with 40 µl of 4.106 CFU/ml barcoded Asaia and 80 µl human type O red 416 

blood cells. Controls included vehicle (0.1% DMSO) and positive controls fipronil and 417 

deltamethrin, both at 10 µM. Bloodmeals were prepared in duplicate for each compound 418 

and transferred to 96 well plates in two different layouts (Figure S2). An. stephensi 419 

mosquitoes were allowed to feed for 20 minutes and maintained at 26°C and 70-80% 420 

humidity. 48 hours after feeding, live and dead mosquitoes were processed in separate 421 

pools as described above.  422 

 423 

Screening for malaria transmission-blocking compounds 424 

Infectious P. falciparum gametocytes of parasite line NF54-HGL, expressing a GFP-luciferase 425 

fusion protein under control of the hsp70 promoter, were cultured in RPMI 1640 medium 426 

supplemented with 367 µM hypoxanthine, 25 mM HEPES, 25 mM sodium bicarbonate and 427 

10% human type A serum in a semi-automated system as previously described(20, 55). 72 µl 428 

aliquots of cultures containing mature stage V gametocytes were transferred to 96 well v-429 

bottom plates (Corning Life Sciences, Amsterdam, the Netherlands) in duplicate in two 430 
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different layouts (Figure S2). Test compounds from the Pathogen Box (Medicines for Malaria 431 

Venture, Geneva, Switzerland) were diluted in DMSO and then in RPMI 1640 medium 432 

supplemented with 10% human serum type A and 8 µl of diluted compound was added to 433 

the gametocytes in the plate to achieve a final compound concentration of 10 or 20 µM and 434 

a final DMSO concentration of 0.2%.  Positive and negative controls included 10 µM and 435 

0.2% DMSO, respectively. Plates were incubated at 37°C, 4% CO2 and 3% O2 for 24 hours. 436 

Subsequently, plates were centrifuged briefly (750xg, 5’)  and 70 µl supernatant was 437 

removed and replaced with 42.7 µl of heat inactivated human type A serum, 48 µl human 438 

type O red blood cells and 5.3 µl of barcoded Asaia bacteria to a final density of 105 CFU/ml. 439 

All procedures were performed at 37 ℃. Plates were then sealed and used for feeding to 440 

An. stephensi mosquitoes as described above. Following feeding, mosquitoes were 441 

maintained at 26°C and 70-80% humidity and starved for 2 days. From day 3 onwards, the 442 

mosquitoes were presented with cotton pads wetted in a 5% glucose solution 443 

supplemented with 100 µg/ml kanamycin twice a day for a duration of two hours each to 444 

minimize barcode cross-contamination through the glucose pads. Eight days after feeding, 445 

mosquitoes were harvested and homogenized in 96 well plates as described above. 446 

Infection status of individual mosquitoes was analyzed by determining luciferase activity in 447 

45 µl of the mosquito homogenate as described previously(56). Background luminescence 448 

was determined by analyzing 10 uninfected (unfed) mosquitoes. Mosquitoes were 449 

considered infected when the luminescence signal was greater than the mean + 5xσ of the 450 

signal in the negative control mosquitoes as described previously(20). Asaia cultures were 451 

subsequently cherry picked and pooled according to infection status of the cognate 452 

mosquitoes. 453 

Standard Membrane Feeding Assays using glass feeders 454 

Results from barcoded experiments were validated through Standard Membrane Feeding 455 

Assays using traditional glass feeders(20). For testing for systemic insecticide activity, 456 

compounds were serially diluted in DMSO and then in DMEM medium and combined with 457 

human type A serum and type O red blood cells to achieve a final DMSO concentration of 458 

0.1% in 40% haematocrit in a volume of 300 µl. Bloodmeals were placed in glass feeders 459 

warmed at 37℃  and An. stephensi mosquitoes were allowed to feed for 15 minutes. 460 

Following feeding, non-fed mosquitoes were removed and the blood-fed mosquitoes were 461 
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maintained at 26°C and 70-80% humidity for 48 hours. Subsequently, the number of live and 462 

dead mosquitoes was determined for each test condition. Testing for compound effects on 463 

transmission of P. falciparum gametocytes to An. stephensi mosquitoes was performed as 464 

described previously(20).  465 

Replicates and data analyses 466 

To obtain sufficient numbers of fed mosquitoes, all test compounds were presented in 467 

replicate bloodmeals (Figure S2).  An average of 6 mosquitoes per bloodmeal was used in 468 

barcoded feeding experiments. With a 90% feeding efficiency, this resulted in ~10 fed 469 

mosquitoes per test condition. Mosquitoes were processed individually and rescued 470 

barcoded Asaia bacteria were pooled according to phenotype. Here, the Asaia from the 471 

replicate plates were combined for each phenotype. For each pool, barcode fragments were 472 

amplified and analysed in triplicate. Fluorescence intensity was determined by analyses of at 473 

least 40 microspheres per barcode and expressed as relative median fluorescence intensity 474 

(MFI).  MFI values were averaged from the triplicates observations for each pool and 475 

corrected for average background signals from negative control (GLY-medium without 476 

barcoded Asaia) samples. Barcodes were considered as sampled when the signal was above 477 

the mean + 3σ of the negative control samples. In comparative phenotypic analyses, data 478 

were expressed as the relative proportion of the barcode signal in the phenotype of 479 

interest. In Standard Membrane Feeding Experiments using glass feeders, all conditions 480 

were tested in two replicate feeders, and at least 24 mosquitoes were analysed per feeder. 481 

Data were analysed and visualised using the GraphPad Prism software package. IC50 values 482 

for systemic insecticides were determined by fitting a four parameter logistic regression 483 

model using least squares to find the best fit. IC50 values in Plasmodium transmission 484 

blocking experiments were determined by assuming a beta binomial distribution and logistic 485 

regression using maximum likelihood to find the best fit as described previously(57). Effects 486 

of Pantoea or Asaia on P. falciparum were analysed by ANOVA using a Kruskall-Wallis test 487 

and Dunn’s multiple comparison test. 488 

 489 
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