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Vector surveillance of Plasmodium falciparum is critical for monitoring and reducing one of the most severe forms of malaria, which causes high morbidity and mortality in children under five and pregnant women. Here we developed a rapid and highly sensitive test for the detection of P. falciparum (Pf)-infected mosquitoes (Rapid Pf test), with high suitability for low-resource vector surveillance implementation. The Rapid Pf test had similar analytical sensitivity to laboratory-based tests, detecting down to 4 copies/μL of a 18S rRNA DNA standard. In addition, the Rapid Pf test could be completed in less than 30 minutes, and only required a liquid sample preparation reagent, pestle, tube, and 39°C heating block for operation, indicating amenability for low-resource implementation. Diagnostic testing was performed using Anopheles stephensi mosquitoes, either uninfected, or fed with P. falciparum gametocyte cultures. These P. falciparum fed mosquitoes were determined to have 79% infection prevalence based on parallel microscopy and qPCR testing on a subset of 19 mosquitoes. However, our Rapid Pf test determined a 90% positive test rate when testing individual infected mosquitoes (n=30), and did not detect 40 uninfected mosquitoes regardless of blood-fed status (n=40), suggesting the true prevalence of infection in the mosquitoes may have been higher than calculated by qPCR and microscopy. The Rapid Pf test was demonstrated to detect infection in individual mosquitoes (both fresh and frozen/thawed), as well as pools of 1 infected mosquito mixed with 19 known uninfected mosquitoes, and individual mosquitoes left in traps for up to 8 days. After testing on infected and uninfected mosquitoes (n=148) the Rapid Pf test was conservatively estimated to achieve 100% diagnostic sensitivity (95% confidence interval, CI: 91%-100%) and 97% diagnostic specificity (CI: 92%-99%) compared to the estimated prevalence from combined microscopy and qPCR results. These results indicate the Rapid Pf test could provide a highly effective tool for weekly surveillance of infected mosquitoes, to assist with P. falciparum monitoring and intervention studies.
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Introduction

Malaria is a mosquito-borne disease that causes significant morbidity and mortality, especially in sub-Saharan Africa (1, 2). Global malaria incidence decreased by 27% between 2000-2015, the result of measures funded by initiatives including Roll Back Malaria, 2000, the Global Fund, 2002, and the United States Presidents Initiative against Malaria, 2005 (3). Concerningly, global malaria incidence increased from 2020-2021, due in part to the disruption of malaria prevention and control strategies by the COVID-19 pandemic (2, 4). In 2021, there were an estimated 247 million cases of malaria, 619,000 deaths and with approximately 95% of these cases occurring in Africa (2).

The causative agents of malaria are protozoan parasites of the genus Plasmodium, which are transmitted by female Anopheles mosquitoes. Of the five species of protozoan parasites that cause human malaria, P. falciparum causes the most severe form of the disease with high morbidity and mortality, especially in children under five and pregnant women. Mosquitoes ingest gametocytes while blood feeding on an infected person. The sexual stage of the parasite life cycle is completed in the mosquito as the gametocytes develop through a series of intermediate stages into oocysts embedded in the walls of the mosquito stomach, or midgut. Sporozoites emerge 10-12 days later (5). Sporozoites migrate to the salivary gland of the mosquito and are transmitted to new host when the mosquito takes its next blood meal. Given the crucial role mosquitoes play in the transmission of malaria, vector control remains an important method in the quest to eradicate malaria (6). Indoor residual spraying (IRS), insecticide treated nets (ITNs), and larval source management are critical entomological tools to achieve this goal (7).

Monitoring the prevalence of Plasmodium infection in mosquito populations is a critical part of the management of malaria. Detection of Plasmodium prevalence in mosquitoes can be applied as a xenomonitoring tool for detecting the presence of human reservoirs of the parasite. Sensitive and non-invasive detection of reservoirs is becoming increasingly important as nations approach malaria elimination.

There are several methods for detection of Plasmodium parasites in mosquitoes. The traditional method and gold standard for detection is dissection and microscopic examination of mosquito midguts for the presence of oocysts (indicating infection of the mosquito) and salivary glands for the presence of sporozoites (indicating the potential for onward transmission of the parasite) (8). However, these methods are time consuming and require expert technical assistance. Circumsporozoite protein enzyme-linked immunosorbent assay (CS-ELISA) is another method which is used to detect circumsporozoite antigen, but there are issues with detection when parasites are in low abundance (9). A number of PCR assays have been developed for the detection of Plasmodium in mosquitoes. In particular, the nested PCR assay designed by Snounou et al. (10) is considered the gold standard among PCR assays for its sensitivity, however post PCR processing of samples is required and the assay requires hours to complete. Newer quantitative PCR (qPCR) assays provide sensitive detection and the ability to differentiate between the separate species of Plasmodium without any requirement for post PCR processing (11–14). These assays, however, require the use of expensive thermocyclers and are not suitable for use in resource poor settings. Several rapid diagnostic tests (RDTs) based on immuno-chromatography assays have been developed for the detection of human infection with Plasmodium, including tests targeting P. falciparum histidine rich protein 2 (HRP2) and Plasmodium lactate dehydrogenase (pLDH) (15–17). However, these tests have not been applied to test infections in mosquitoes and in some cases antigens may not be expressed during the mosquito life stages. A dipstick enzyme immunoassay based test was developed to detect sporozoite protein antigens from P. falciparum and two P. vivax strain infections in mosquitoes (18, 19). This was developed commercially as the VectorTest (formerly Vectest™) Malaria Antigen Panel (VecTOR Test Systems, Thousand Oaks, CA, USA). Rigorous testing demonstrated VecTest to have equivalent sensitivity with marginally lower sensitivity than CS-ELISA (20). However, sensitivity was substantially lower when compared to PCR (21). Novel diagnostic assays include isothermal nucleic acid-based tests that offer the sensitivity of PCR combined with portability and applicability to low-resource settings. These include tests based on Loop mediated isothermal amplification (LAMP) and Recombinase Polymerase Amplification (RPA) (22). These technologies have not been applied for the detection of Plasmodium in mosquitoes or applied in a limited capacity.

Here we report the development of a test for the detection of P. falciparum (Rapid Pf test) in mosquitoes that is suitable for low-resource implementation and offers equivalent sensitivity to PCR. The test uses a novel 10-minute sample preparation method that requires only tube, pestle, and a liquid reagent (23–28). Sensitive 10-minute isothermal amplification of the Plasmodium 18S rRNA gene is performed using recombinase polymerase amplification (RPA) followed by lateral flow detection, as described for other viruses and bacteria (23–34), thus requiring only a single temperature heating block for operation. In this study, we report analytical sensitivity of the test, and demonstrate detection of P. falciparum in experimentally infected Anopheles stephensi mosquitoes. Mosquito testing was performed both individually and in pools, using freshly-infected and frozen mosquitoes, as well as mosquitoes left in traps for up to 8 days in a simulated field environment.





Materials and methods




Mosquitoes

An. stephensi (Sind-Kasur strain) were obtained from the University of Nijmegen, The Netherlands, and maintained in colony at the QIMR Berghofer Medical Research Institute insectary at 27°C ± 1, 70-80% relative humidity and 12:12 hour day:night light cycle. Adult mosquitoes were fed on 8% sucrose with para-aminobenzoic acid (PABA) (14). Female mosquitoes were collected at 3-4 days old, starved for 15 hours, and 100 mosquitoes were placed into paper cups with gauze lids. For P. falciparum-exposed mosquitoes, a mosquito blood-meal (0.22% mature gametocytemia) was prepared by mixing 650 µL of Plasmodium gametocyte infected red blood cells obtained from a P. falciparum (NF54 strain) gametocyte culture with 650 µL of AB blood serum. Mosquitoes were allowed to feed on the blood-meal maintained at 37°C via an artificial membrane feeding apparatus for 30 minutes. After feeding, mosquitoes that were not engorged were discarded and 110 remaining mosquitoes were incubated in an environmental growth chamber (Panasonic MLR-352H-PE, Panasonic, Japan) set at 28 ± 1°C, 75% relative humidity and 12:12 hr light cycle for 10 days.

After incubation, (1) 39 P. falciparum-exposed mosquitoes were dissected to observe oocysts in midguts, and of these, 19 were frozen and then tested by qPCR to determine the prevalence of Plasmodium infection; (2) Forty-eight P. falciparum-exposed mosquitoes were used to trial the RPA test: (i) 20 were tested immediately; (ii) 10 were frozen at –20°C for 7 days and then thawed before testing; (iii) 9 were used for testing pools of mosquitoes, and (iv) 9 were left in traps for 8 days in a chamber that simulated a tropical environment, as described in the next paragraph.

We tested the performance of the Rapid Pf test in a real-world scenario in which mosquitoes were tested only after a holding period in a mosquito trap under field conditions. We placed mosquito samples at 10 d after blood-feeding into gauze bags and placed the bags into a BG Sentinel mosquito trap (Biogents AG, Regensburg, Germany) positioned inside a second environmental growth chamber that was set to simulate tropical ambient conditions, including a daily cycling temperature profile varying between 23.5-31°C, 70% relative humidity and 12:12 hr day:night lighting.





RPA oligonucleotides

De-Cifer P. falciparum RPA primers and probe (BioCifer Pty Ltd, Brisbane, QLD) were used in the Rapid Pf test, which target the 18S rRNA gene. A 157bp DNA sequence from P. falciparum 18S rRNA gene (accession number KJ170099.1) cloned into the pBIC-A plasmid, was used as the 18S rRNA DNA standard. The concentration (18S gene copies per ml) of the resuspended plasmid was determined using the dsDNA HS Assay Kit (Life Technologies, Singapore).





Microscopy

Mosquitoes were dissected 10 d after feeding, cold-anaesthetized and dissected to remove midguts into PBS. The midguts were then stained using 0.5% mercurochrome in PBS and examined to determine the presence and quantity of oocysts using a brightfield compound microscope.





Quantitative PCR assay

Quantitative PCR was performed as described by Wang et al. (14) with some modifications. DNA was extracted from dissected midguts using the QIAGEN DNeasy blood and tissue DNA extraction kit (QIAGEN, Hilden, Germany). Samples were homogenized in 50 µl of QIAGEN ATL buffer using a micropestle and stored at -20°C. Samples were thawed, 130 µl of QIAGEN ATL buffer and 20 µL Proteinase K was added to each tube and samples were incubated at 56°C overnight. DNA was then extracted from samples according to the manufacturer’s instructions. Quantitative PCR was performed using the QIAGEN QuantiNova Probe qPCR kit. qPCR reactions consisted of 7.5 µl of QIAGEN QuantiNova 2x qPCR master mix, 1.5 µl of 1:1 dilution of DNA and QuantiNova yellow sample dilution buffer, 0.1 µM of each primer and 0.1 µM of a CY5-conjugated Taqman probe targeting a conserved region of the P. falciparum 18S gene (35) in a total volume of 15 µl. The qPCR assay was performed on a Corbett Rotorgene 6000 thermocycler (Corbett Research, Sydney, Australia) under the following conditions: 95°C for 2 min, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s.





Rapid P. falciparum test




Sample preparation

P. falciparum fed individual whole mosquitoes were crushed with a disposable blue polypropylene tube pestle (Sigma-Aldrich, Castle Hill, NSW, AU), in 50 μL of TNA-Cifer Reagent (BioCifer Pty Ltd, Brisbane, QLD), and mosquito pools (1 P. falciparum-exposed mosquito with 19 uninfected mosquitoes, or 20 uninfected mosquitoes) were crushed in 200 μL TNA-Cifer Reagent. Samples were incubated for 10 minutes at room temperature, and then 10 μL was added to 40 μL of RNAse and DNAse-free water and 1 μL immediately used for isothermal amplification.





Isothermal amplification

Sample (1 μL) was mixed with 8 μL recombinase polymerase amplification (RPA) mixture, followed by addition of 1 μL 140 mM Magnesium acetate to start the reactions, and incubation at 39°C for 10 mins. The final concentration of reactants in each tube was: 420 nM Forward and Reverse primers, 120 nM probe, 1x Rehydration buffer & pellet mixture, and 14 mM Magnesium acetate.





Lateral flow detection

Immediately following incubation, 2 μL of the amplicons were transferred to the sample pad of a HybriDetect lateral flow strip (Milenia Biotec GmbH, Gießen, Germany), which detects DNA dual labelled with Biotin/fluorescein. Strips had been pre-prepared by the addition of 8 μL blocking buffer (0.4% casein, 0.1% Tween in PBS, pH 9) to the sample pads of the strips (32). Strips were subsequently placed into tubes with the sample pads immersed in 100 μL of borate buffer (100 mM H3BO3, 100 mM Na2B4O7, 1% BSA, 0.05% Tween 20, pH 8.8), and left to wick along the strips for 5 minutes before appearance of test bands was observed by eye and imaged.






Data analysis

Strips were imaged using the MultiDoc-It™ Digital Imaging System (Upland, CA, USA) or a flatbed scanner (Hewlett-Packard) and analyzed using ImageJ software (National Institutes of Health, MD, USA). Greyscale-converted images were used to determine band-intensity, by measuring the mean grey value (limit to threshold), using a fixed area measurement, and subtracting from the maximum threshold value. For each test band, an average of the neighboring white space of all LF strips in that experiment was subtracted from the band intensity to normalize the results. To define a sample as positive the test band values were standardized by subtracting a cutoff value (three standard deviations above the average of the negative control test band intensities). A standardized value of greater than 0 was a positive result.

Comparative analysis of tests was performed using a diagnostic sensitivity and specificity calculator with exact Clopper-Pearson 95% confidence intervals (36).






Results




A recombinase polymerase amplification-lateral flow test for P. falciparum

To develop a rapid and sensitive test for P. falciparum, we chose recombinase polymerase amplification (RPA) followed by lateral flow detection (LFD) (29–34), which enables sensitive and rapid amplification, but requires only a simple heating block for operation. Analytical sensitivity of our Pf RPA-LFD test (Figure 1) using a quantified DNA standard indicated strips producing clearly visible test lines at all concentrations tested (Figure 1A). Analytical sensitivity analysis, as determined both by eye (Figure 1A) and by image analysis of pixel density (Figures 1B-D), indicated a limit of detection of 4 copies/μL (the lowest concentration evaluated).




Figure 1 | Analytical sensitivity of the Pf RPA-LFD test was 4 copies/µL. Ten-fold dilutions of plasmid containing a portion of the P. falciparum 18S rDNA target gene, or a water no template control (NTC), were tested with the Pf RPA-LFD test. Representative photographs of resultant lateral flow strips (A) show position of control and test lines alongside plasmid concentration (copies/µL) from which standardized black value (B) was determined by ImageJ analysis of test line. The number of times a positive result was obtained per total number of replicate experiments (C) was used to determine percentage positive tests (D).







Estimated infection prevalence in mosquitoes fed on P. falciparum gametocyte culture

To evaluate our developed test for detection of infected mosquitoes, we first had to determine the infection prevalence of P. falciparum in a batch of P. falciparum-exposed An. stephensi mosquitoes, which had fed on P. falciparum gametocyte cultures and harvested 10 days post blood-meal. Microscopy was performed on 39 An. stephensi mosquitoes fed on P. falciparum gametocyte cultures. A total of 24 mosquitoes were observed to have oocysts in their midgut (oocysts range 1 – 19, mean 4), indicating a microscopy positive prevalence rate of 62% (24/39; Table 1). While microscopy is considered the gold standard of detection of Plasmodium in mosquitoes, there is the possibility of failing to identify oocysts that have not stained well, or are not clearly visible, especially when present at low numbers. Therefore, DNA was extracted from the midguts of 19 of the mosquitoes already examined by microscopy and evaluated using qPCR, resulting in 14 mosquitoes testing positive by qPCR (Table 2) and indicating a qPCR-positive prevalence rate of 73% (14/19). Two additional microscopy negative mosquitoes were detected as positive by qPCR, and one qPCR negative result contained the largest oocyst number by microscopy, indicating this sample was also positive. By combining results, we determined four mosquitoes were negative by both tests, suggesting an estimated “true” infection prevalence of 79% (15 positives out of 19 mosquitoes; Table 2).


Table 1 | Performance of Microscopy, qPCR and Rapid Pf test for estimation of infection prevalence.




Table 2 | Estimation of Infection prevalence for P. falciparum-exposed An. stephensi, determined by microscopy and qPCR on a subset of 19 mosquitoes.







Low-resource sample preparation enables a Rapid Pf test for detecting infected mosquitoes

To construct our low-resource Rapid Pf test for detection of infected mosquitoes, our Pf RPA-LFD was combined with a novel TNA-Cifer Reagent (BioCifer Pty Ltd, Brisbane, QLD), which enables low-resource sample preparation for molecular testing (23–28). Thirty P. falciparum-exposed mosquitoes, from the same batch assessed previously by qPCR and microscopy, were tested (20 tested fresh, and 10 frozen and subsequently thawed for testing; Figure 2). Of the P. falciparum-exposed mosquitoes, 27 were positive using the Rapid Pf test, indicating a 90% prevalence of P. falciparum in the blood-fed mosquitoes (Table 1). We also tested 40 known uninfected mosquitoes (20 fed on uninfected blood cultures, and 20 not blood-fed; Supplementary Figure S1), which produced a clear negative result for all uninfected mosquitoes tested, demonstrating 100% diagnostic specificity (95% Confidence interval, CI: 91% - 100%; n=40). These results indicated that the crushed blood-fed mosquito background did not affect test specificity, and that any observable band, regardless of intensity, was indicative of a mosquito that had been fed on P. falciparum. A comparison of microscopy, qPCR and our Rapid Pf test for determination of infection prevalence in the mosquitoes is shown in Table 1. Comparing our Rapid Pf test results to the “gold standard” combined microscopy and qPCR determined infection rate of 79%, our Rapid Pf test would be determined have a diagnostic sensitivity of 100% (95% confidence interval, CI: 86-100%) and 93% specificity (CI:82%-99%). However, as our testing showed improved sensitivity compared to the estimated prevalence from microscopy and qPCR, and did not have false positives when detecting known uninfected mosquitoes, our test is likely more accurate compared to the observed microscopy and qPCR results, with 100% diagnostic sensitivity (CI: 87% to 100%) and 100% diagnostic specificity (CI: 92% to 100%).




Figure 2 | Rapid Pf test applied to detection of P. falciparum-exposed or uninfected An. stephensi mosquitoes. Fresh or frozen P. falciparum-exposed mosquitoes were tested in batches as indicated, alongside uninfected mosquitoes (pictures of all uninfected mosquitoes strips provided in Supplementary Figure S1). Photographs of resultant lateral flow strips (A) show position of control and test lines alongside mosquito sample groups from which standardized black value (B) was determined by ImageJ analysis of test line. The number of times a positive result was obtained per total number of samples tested (C) was used to determine percentage positive (D).







Detection of P. falciparum in mosquito pools and mosquitoes left in traps

Parasite detection in wild caught mosquitoes is usually performed from pools of mosquitoes, due to the large number collected for examination in the field. We therefore tested if our Rapid Pf test could detect parasites when a single P. falciparum-exposed mosquito was pooled with 19 known uninfected mosquitoes. Because of the larger sample mass, pools were homogenized in 200 μL TNA-Cifer Reagent. Eight of 9 pools were determined to be positive (Figure 3, top panel), indicating an 89% positive rate, which was consistent with the individual mosquito testing estimates. All three pools containing only uninfected mosquitoes were negative, confirming the specificity of the Rapid Pf test. We also sought to determine if the rapid P. falciparum test could detect infected mosquitoes left in traps for up to a week, to simulate a weekly testing regime. Individual P. falciparum-exposed mosquitoes were left in traps for 8 days in a chamber that simulated a tropical environment. Six of 9 individual P. falciparum-exposed mosquitoes tested using the rapid P. falciparum test were positive after being held in these conditions (Figure 3, bottom panel). This 67% positive rate is lower than the positive rate obtained from individual and fresh pool testing, but within the range of the standard error, indicating the rapid P. falciparum test could be informative for weekly trap testing regimes. A summary of results from all mosquito trials and the resultant positive rate is provided in Table 3. Using the results from all Rapid Pf trials combined, and comparing our test results to the observed combined microscopy and qPCR determined infection rate of 79%, our test is conservatively calculated to have a diagnostic sensitivity of 100% (CI: 91-100%) and 97% specificity (CI:92%-99%).




Figure 3 | Rapid Pf test applied to detection of P. falciparum-exposed An. stephensi mosquitoes in pools (top), or when left in traps for up to 8 days (bottom). Top panel shows test results for P. falciparum-exposed pools that each contained one An. stephensi mosquito fed from P. falciparum gametocyte blood cultures, mixed with 19 known uninfected mosquitoes (or 20 known uninfected mosquitoes; Uninfected pools). Bottom panel shows results from testing individual P. falciparum-exposed An. stephensi mosquitoes (fed with P. falciparum infected blood cultures), that were subsequently left in environmental chambers simulating a tropical environment for 8 days, prior to testing. Photographs of resultant lateral flow strips (A) show position of control and test lines alongside mosquito sample groups from which standardized black value (B) was determined by ImageJ analysis of test line. The number of times a positive result was obtained per total number of samples tested (C) was used to determine percentage positive (D).




Table 3 | Positive test rate of the Rapid Pf test when applied to the different trials performed in this study.








Discussion

Elimination of malaria is an expressly stated goal in both the WHO Millennium Development Goals (MDG) and the current Sustainable Development Goals (SDG; Target 3.3) (37). To achieve these goals, improved vector surveillance and monitoring/evaluation of interventions aimed at vector control is critical. We sought to improve vector surveillance capabilities by developing a rapid test for detecting mosquitoes infected with P. falciparum, which causes the most severe form of malaria, causing high morbidity and mortality in children under five and pregnant women. Here we report a rapid P. falciparum test (Rapid Pf test) with specifications equivalent to laboratory-based tests, but with potential to be implemented in low-resource settings and be effective under the rigors of standard vector screening protocols, such as testing of mosquitoes collected in traps and left for up to one week, or processing large numbers of mosquito pools.

Our Rapid Pf test is a molecular test, yet suitable for implementation in low-resource settings. The test employs a novel TNA-Cifer Reagent that prepares the mosquito sample for molecular testing in as little as 10 minutes, using only a liquid reagent, tube, and pestle. This reagent has previously been demonstrated useful for detection of viruses (23–28), and here we report, for the first time, the utility of the reagent for detection of a parasitic infection. After sample preparation, a simple dilution step reduces inhibitory amounts of reagent and mosquito debris, allowing an isothermal amplification protocol that requires incubation for only 10 minutes using a simple 39˚ C heating block. Detection is performed using a lateral flow strip, such that the appearance of a test band indicates presence of P. falciparum. The simplicity of the test is exemplified when considering what equipment is not required for testing, including standard DNA extraction and testing equipment: centrifuges, silica membrane spin-columns, magnetic beads, and thermocycling machines. In addition, the entire test, from sample to result, can be performed in less than 30 minutes.

Testing of detection parameters in this study demonstrated excellent analytical sensitivity, down to 4 copies/μL of a P. falciparum 18S rRNA DNA standard. Diagnostic testing of P. falciparum-exposed or known uninfected individual mosquitoes indicated the Rapid Pf test detected more positives than would have been estimated by microscopy and qPCR, resulting in 100% diagnostic sensitivity (CI: 86%-100%), but lowering the diagnostic specificity (93%; CI: 82-99%). Further pool testing, however, continued to demonstrate excellent diagnostic specificity when testing known uninfected mosquitoes. Combining all testing results together (n=148), the diagnostic sensitivity was conservatively calculated to be 100% (CI: 91-100%), and diagnostic specificity was 97% (CI: 92%-99%). Testing mosquito pools demonstrated the Rapid Pf test could detect a single P. falciparum-exposed mosquito when mixed with 19 uninfected mosquitoes, giving the same diagnostic sensitivity and specificity of testing compared to individual mosquito testing. In addition, we demonstrated the Rapid Pf test could detect mosquitoes left in tropical humidity conditions for up to 8 days with similar positive rates to microscopy, qPCR, and fresh or frozen/thawed Rapid Pf test results. These results indicate our Rapid Pf test is highly suitable for low-resource implementation, and could enable effective weekly surveillance of P. falciparum prevalence in hot-spot areas.

The diagnostic specificity and sensitivity of our Rapid Pf test is class-leading for rapid assays detecting Plasmodium in mosquitoes. The only commercial rapid assay specifically designed for detection of Plasmodium in mosquitoes is the Vectortest Malaria Sporozoite Antigen Assay. A large multicenter trial found the assay had an overall diagnostic sensitivity of 92% and specificity of 98.1% when compared against the circumsporozoite (CS) ELISA assay (19). However, sensitivities dropped to below 18% when compared against PCR as the gold standard (21). Our experiments were designed to overcome inherent difficulties in determining the “true” positives for the purpose of determined the diagnostic sensitivity and specificity of our assay. We calculated “true” prevalence from a combination of positive determined by microscopy (which can underestimate prevalence) and qPCR (which may detect residual non-oocyst DNA and can be affected by intracellular inhibitors). Like qPCR and other molecular assays, our Rapid Pf test may also detect P. falciparum residual DNA from mosquito feeding but previous research indicates this is unlikely (14). However, our observation that a single midgut containing a large number of oocysts was qPCR negative was unexpected, which could be due to a sample processing error or PCR inhibition from mercurochrome. Regardless, testing with our Rapid Pf test showed higher positive rates compared to both microscopy and qPCR combined, and did not show false-positive results when testing uninfected mosquitoes, regardless of blood-fed status. These results highlight the difficulty in determining diagnostic sensitivity and specificity when a new test shows improved results compared to the gold standard, which could result in potentially true positives being labelled as false positives.

To the best of our knowledge, our Rapid Pf test is the first assay to apply RPA and LF to the detection of Plasmodium infection in mosquitoes. As an indirect means of comparison, the diagnostic specificity of our Rapid Pf test was equivalent to an 18S P. falciparum RPA and LF assay developed for clinical application (38). Specificity to P. falciparum was 100% among genomic DNA samples obtained from a range of prokaryotic and eukaryotic organisms and sensitivity was 100 fg of gDNA. Similarly, an 18S RPA-LF assay against Plasmodium knowlesi achieved 100% specificity and sensitivity of 10 parasites per µl (39). As with other RDTs targeting Plasmodium 18S, the Rapid Pf test will detect all P. falciparum life stages present in mosquitoes and will not be limited to the detection of sporozoites. Without specific quantification of sporozoites, it is not possible to directly calculate the entomological inoculation rate for specific epidemiological studies (9). However, targeting P. falciparum 18S as a ubiquitous marker of infection provides increased sensitivity (39). Detection of 18S provides a sensitive assay for the detection of parasite reservoirs and a high-throughput means of determining infectivity. Strong agreement between 18S and CS ELISA detections from the same mosquitoes provides a rationale for testing 18S as a high throughput proxy measure for transmission (40). Oocyst infection intensities from our experimentally infected mosquitos were lower than that observed from a study of Plasmodium infection intensities in wild-caught mosquitoes (41). The arithmetic mean number of oocysts for our infected mosquitoes was 4.72 oocysts per midgut, whereas the mean number of oocytes that developed in wild-collected mosquitoes ranged from 10.3 to 14.7. Thus, while additional studies testing more Anopheles spp., including mosquitoes naturally infected with P. falciparum, are required to confirm test diagnostic sensitivity, our results suggest that our test will also perform well with field-caught infected mosquitoes.

Limitations of this study include the inability to use the same panel of mosquitoes for both PCR and rapid testing, as to demonstrate the simplicity of the TNA-Cifer Reagent sample preparation, an entire mosquito was used; testing if TNA-Cifer Reagent prepared samples could be used for parallel PCR testing would also be valuable, as this could assist with standard diagnostic sensitivity testing. Testing more replicates and pools for mosquitoes stored for 1 week, as well as frozen mosquitoes, would also be valuable; while our study showed some drop in the number of positives, however, these differences were not statistically significant due to the sample size tested, and were still equivalent to the infection rate of our mosquito population when estimated by PCR and microscopy. In addition, analytical specificity should be confirmed by testing mosquitoes infected with other Plasmodium species and other pathogens. Further replicate studies (n=>20 at each DNA concentration) should be performed to confirm the true limit of detection as well as repeatability and reproducibility. In addition, a simple lateral flow strip reader would assist with low-resource interpretation of results. We also note that a low-resource test should also remain low cost, noting that cost is often country-dependent, and calculation of cost is outside the scope of this publication.

In conclusion, in this study we report a Rapid Pf test with similar analytical sensitivity to laboratory-based molecular testing; detecting down to 4 copies/µL of a 18S rRNA DNA standard. The Rapid Pf test was superior to microscopy and equivalent to qPCR, yet the entire Rapid Pf test could be completed in less than 30 minutes, and only required a liquid sample preparation reagent, pestle, tube, and 39°C heating block for operation, indicating suitability for low-resource implementation. Testing demonstrated excellent diagnostics sensitivity (100%, CI: 91-100%) and specificity (97%, CI: 92-99%) (n=148). The test successfully detected infection in individual mosquitoes both fresh and frozen/thawed, as well as pools of 1 P. falciparum-exposed mosquito mixed with 19 known uninfected mosquitoes. This, combined with detection of individual mosquitoes left in traps for up to 8 days, indicates our Rapid Pf test could provide a highly effective tool for weekly surveillance of P. falciparum levels in infected mosquitoes, to assist with elimination of malaria. Having demonstrated highly sensitive and robust detection of total P. falciparum life stages in mosquitoes, further developments will include detection of sporozoites to determine sporozoite rates.
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An. stephensi mosquito testing result®

Mosquito Positive
trial Mosquito exposure status Total number mosquitoes or Positive Negative test rate
pools tested result result
Individual P. falciparum-exposed 30 27 3 90%
Uninfected 40 0 40 0
Pools P. falciparum-exposed pools 9 8 1 89%
(#E + #U)° (8E+152U)  (1E+19U)
Uninfected pools 3 0 3 0
(#E + #U)° (0E +60 U) (0E +60U)
8 days old P. falciparum-exposed 9 6 3 67%
All mosquito P. falciparum-exposed 48 41 7 85%
trials combined
Uninfected® 100 0 100 0

(a) Test results obtained when testing An. stephensi mosquitoes fed on P. falciparum-infected blood cultures (P. falciparum-exposed, E) or known uninfected mosquitos (Uninfected, U); noting
gPCR and microscopy estimated prevalence of P. falciparum in this batch of infected mosquitoes was 79% (see Table 2). (b) P. falciparum-exposed pools contained 1 P. falciparum-exposed (E)
mosquito and 19 uninfected (U) mosquitoes; uninfected pools contained 20 uninfected mosquitoes; (c) total number of uninfected includes the sum of all individual uninfected mosquitoes tested

in uninfected pools.
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Mosquito exposure status Total Positive Negative
number tested result result

Microscopy P. falciparum-exposed 39 24 15 62%
qPCR P. falciparum-exposed 19 14 5 74%
Microscopy P. falciparum-exposed 19 15 4 79%
+qPCR
Rapid Pftest  P. falciparum-exposed 30 27 3 90%

Uninfected 40 0 40 0%

(a) Test results obtained when testing An. stephensi mosquitoes fed on P. falciparum-gametocyte cultures (P. falciparum-exposed) or known uninfected mosquitoes (Uninfected).





