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Abstract
Background: Screening for Plasmodium spp. sporozoite infection in mosquitoes is routinely done using
ELISA (enzyme-linked immunosorbent assay). Near infrared spectroscopy (NIRS), a fast and non-
destructive method, has recently been shown to distinguish, with 95% accuracy, between uninfected and
sporozoite-infected mosquitoes using laboratory strains of Plasmodium falciparum (PfN54). The aim of
this present study was to further investigate the reproducibility of NIRS to identify sporozoite infection in
mosquitoes infected using �eld isolates of P. falciparum gametocytes from asymptomatic carriers.

Methods: Healthy individuals (aged 5 years and above) were screened for gametocytaemia by thick-
smear microscopy in an area of moderate transmission along the Coast of Kenya between May and
September 2018. Asymptomatic gametocyte carriers were recruited for mosquito feeding assays, direct
membrane feeding (DMFA) and direct skin feeding (DFA), using insectary-reared Anopheles gambiae s.s
(Kili� strain). Mosquitoes were kept for 14-days post feeding after which they were scanned using NIRS
and subsequently analysed for sporozoite infection using circumsporozoite-ELISA. Predictive models
were explored using partial least square regressions (PLS).

Results: Two hundred and ninety-nine (299) individuals were screened for malaria parasites, 74 (24.8%)
were found with circulating asexual parasites, and 16 (5.4%) with P. falciparum gametocyte stages.

Fourteen (14) asymptomatic gametocyte carriers were recruited to the study for mosquito feeding
assays. A total of 134 (7%, 134/1881) sporozoite-infected mosquitoes were obtained from 9 successful
experiments. Three different training datasets composed of infected and uninfected mosquitoes were
analysed. The PLS models were unable to distinguish between sporozoite-infected and uninfected
mosquitoes. A predictive model could not be generated.

Conclusions: The results of this study were not consistent with previous published research on NIRS for
detection of sporozoite infection in the same mosquito species and may re�ect differences between
laboratory and �eld conditions. The current �ndings indicate that methods for sporozoite detection
should be tested on �eld isolates at an early stage in their development and are informative for future
research seeking novel high-throughput methods for parasite detection in mosquitoes.

Introduction
The WHO’s Global Technical Strategy for Malaria which seeks to reduce malaria incidence and related
mortality by at least 90% and to eliminate the disease in a minimum of 35 countries by 2030 is off-track
[1]. New control tools are needed and surveillance must be implemented as a core intervention to better
inform malaria control programmes as well as the development of new control tools [2]. Human host
parameters, such as asymptomatic community parasite prevalence, are widely used to re�ect
transmission intensity, but malaria transmission is most directly estimated using entomological
parameters by measuring the proportion of sporozoite-infected Anopheline mosquitoes that attempt to
bite humans in space and time. Screening for sporozoite infection in mosquitoes is routinely done using
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ELISA (enzyme-linked immunosorbent assay) [3], but it is a time-consuming and laborious process, hence
our current reliance on indirect measures of transmission by monitoring infection in the host. New
spectral methods such as NIRS (near infrared spectroscopy) and MALDI-TOF MS (matrix-assisted laser
desorption/ionization time-of-�ight) are currently being researched as potential alternatives [4] as they
could provide high-throughput and lower cost per sample allowing surveillance and elimination
programmes to screen large numbers of mosquitoes and thus better estimate the EIR (entomological
inoculation rate), as will be required to assess progress towards malaria elimination [5].

NIRS has been applied to analyse various entomological traits in malaria vectors including species [6, 7],
age [6, 7], and more recently Plasmodium spp. infection [4, 8]. Light in the visible and near infrared region
of the spectrum (wavelength 400–2500 nanometers) is passed through a mosquito’s cephalothorax and
an absorbance spectrum is collected instantly. The method is non-destructive and requires no
consumables. As the external and internal biochemical composition of a mosquito changes so does its
NIR absorbance spectrum. Consistent biochemical changes related to speci�c traits in mosquitoes can be
used to develop predictive models. We have recently/previously shown that NIRS accurately predicted
both oocyst and sporozoite infection in Anopheles gambiae s.s. mosquitoes that had been infected with
laboratory-cultured Plasmodium falciparum (PfN54) gametocytes [4]. However, mosquitoes infected in
the lab may be more alike and lack the natural variability present in mosquitoes infected in the wild
and/or locally adapted laboratory strains, in addition the concentration of gametocytes ingested during a
feed are considerably different between cultured and circulating gametocytes. For this reason, we
designed a study to evaluate if NIRS would be able to distinguish between uninfected mosquitoes, and
mosquitoes that had been infected after ingesting blood from asymptomatic malaria carriers.

Methods

Study design
The study aimed at testing the hypothesis that NIRS could distinguish between uninfected and
sporozoite-infected mosquitoes that had been infected with circulating P. falciparum strains. The target
number of gametocyte carriers was calculated considering the number of mosquitoes required to
generate and test a NIRS calibration. Based on other NIRS studies on insect traits [6], 100 sporozoite-
infected and 100 uninfected mosquitoes were decided as minimum needed for testing (50-training
dataset) and validating (50-test dataset) differences between the NIR spectra of the two categories,
sporozoite-infected and uninfected. It was expected that the proportion of successful experiments,
de�ned as at least one mosquito becoming infected after blood feeding would be around 40% [9], and
that only 10–15% of engorged mosquitoes would become infected and survive 14 days post blood
feeding [10]. Hence, it was concluded that a target number of 14 gametocyte carriers needed to be
recruited for mosquito feeding assays in order to obtain su�cient number of infected mosquitoes to test
and validate the NIRS method.

Participant screening, recruitment and parasite detection
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Asymptomatic gametocyte carriers, 5 years-old and above, were identi�ed through house-to-house visits
in various sub-locations of Kili� South along the Coast of Kenya (Fig. 1) between May and September
2018. Information on recent malaria cases from the surrounding health facilities were used to target
homesteads where a member had been recently treated for malaria. Participants were allowed ample
time to review the details of the study in the participant information sheet, upon which written informed
consent was obtained for screening of asymptomatic individuals residing in the study area. Parental
consent was obtained for all children (5–17 years old) and informed assent was additionally obtained
from children between 12 and 17 years old.

Screening for circulating gametocytes was done by �nger prick to prepare thick and thin blood smears in
the �eld which were transported the same day to KEMRI Wellcome Trust Research Programme (KWTRP)
in Kili� town. Screening was done three days a week and no more than 20 slides were taken per day to
KWTRP to be read by a trained microscopist. The thin blood �lms were �xed with 100% methanol and
stained with 3% Giemsa stain for 45 minutes. Thick �lms were air-dried before staining. Thick �lms were
�rst inspected, if there were more than 25 parasites per �eld on the thick �lm then the thin �lm was used
for counting, otherwise the thick �lm was used. Parasite densities per mcl (microliter) of blood were
calculated as the number of parasites per 200 white blood cells (WBCs) for thick �lms or per 500 red
blood cells (RBCs) for thin �lms. The �nal parasite density was estimated assuming a WBC count of 8 × 
10 9 per Litre. The presence, parasite species, and densities of asexual and sexual parasites were
recorded. A slide was considered negative for malaria infection after 100 �elds of a thick �lm were read
and no parasites were found. Parasite counts were determined by two independent microscopists and
when necessary resolved by a third. Participants found with circulating asexual parasites were contacted
by a �eld worker and referred to their local dispensary for treatment according to Kenyan national malaria
treatment guidelines [11].

Individuals found with circulating gametocytes were also contacted by a �eld worker and asked to visit
the KWTRP the following morning for participation in mosquito feeding assays. Once at KWTRP,
participants were asked about recent medical history and medication, and axillary temperature was
measured. A thick and thin �lm was repeated to determine gametocytaemia on the day of the feeding
assays. Participants were excluded if they had taken anti-parasitic medication or antibiotics in the past
two weeks, had a temperature over 37.5 degrees Celsius, felt unwell, or were found to no longer have
circulating gametocytes.

Mosquito colony maintenance
Mosquitoes from a colony of An. gambiae (Kili� strain) were reared under standard insectary conditions
(26 ± 1 °C, 80% humidity, 12 hr light: 12 hr dark cycle) at the KWTRP. Larvae were fed on Tetramin tropical
�akes and pupae were transferred into cages for adult emergence. Adult mosquitoes were fed ad libitum
on 10% glucose solution. Feeding assays were done using 2–5 days old mosquitoes previously starved
of glucose and water for 8 h and which had never been given a blood meal (blood-naïve).

Mosquito feeding assays
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A trained phlebotomist withdrew 4 ml of venous blood through venipuncture for direct membrane feeding
assay (DMFA). Adult participants (18 years or older) were also asked if they would consent to directly
feeding 50 mosquitoes on their forearm for 20 minutes through direct feeding assay (DFA). Participants
could withdraw from either DMFA or DFA without need to provide justi�cation.

DMFA was done at the KWTRP insectary using a water-jacketed membrane feeding system heated with a
water bath kept between 38 degrees Celsius (C). The water-jacketed membrane feeding system was
composed of a series of 4 mouth-blown glass feeders which were covered with Para�lm membrane on
the bottom. The system was heated at least 30 minutes in advance of the DMFA to avoid temperature
�uctuations in the glass feeders. All material used for the blood draw, including, syringe, butter�y and
sample collection tube were kept at 38 degrees in a portable incubator and were only removed
immediately before use. After blood was drawn, precautions were taken to not shake the sample tube and
900 microliters of whole blood were transferred to each glass feeder using a warm sterile pipette. Serum
replacement was not done as it was the intention of the study to replicate as best as possible what
happens in the natural environment with mosquitoes feeding on whole blood with host serum. A total of
4 cups were used per DMFA, each containing approximately 50 to 75 starved, blood-naïve, female An.
gambiae s.s. mosquitoes amounting to between 200 and 300 mosquitoes per DMFA participant.

Participants older than 18, who volunteered to take part in the DFA, fed an additional 50 mosquitoes on
their arm for 20 minutes. During DFA there was no risk of disease transmission to the participant as all
mosquitoes were insectary-reared and blood-naïve.

After the mosquito feeding assays, the participants were referred to the Out-Patient Department of the
Kili� District Hospital (KOPD) where they were seen by a clinical o�cer and treated according to the
Kenyan national malaria treatment guidelines [11]. If the participant had agreed to the DFA they were also
prescribed an anti-histamine cream to relieve any pruritus caused by the mosquito bites.

NIRS spectra collection
Blood-engorged mosquitoes were maintained in an access-controlled insectary for 14 days post blood-
feeding to allow sporozoite development. After 14 days the mosquitoes were killed using chloroform
vapors. Noticeably desiccated mosquitoes which had died earlier than day 14 were discarded. A near
infrared (NIR) absorbance spectra was collected from each mosquito, without any further processing,
using a Labspec 4i NIR spectrometer with an internal 18.6 W light source (ASD Inc, Longmont, CO) and
ASD software RS3 and a 3.2 mm-diameter bifurcated �ber-optic probe which contained a single 600-
micron collection �ber surrounded by six 600 micron illumination �bers. The probe was placed exactly
2.4 mm from a spectralon plate onto which the mosquitoes were placed for scanning. All mosquitoes
were scanned on their cephalothorax and given a unique identi�er.

Sporozoite ELISA
After scanning, each mosquito carcass was stored individually at -80 °C until circumsporozoite enzyme
linked immunosorbent assay (CSP-ELISA) was done for detection of Plasmodium falciparum
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circumsporozoite protein (CSP) in each individual mosquito. Standard ELISA protocol was followed [12]
using P. falciparum Sporozoite ELISA Reagent Kit, MRA-890, containing lyophilized monoclonal antibody,
were obtained through BEI Resources, National Institute of Allergy and Infectious Diseases (NIAID) and
National Institutes of Health (NIH). Three negative controls and three positive controls were included per
assay. Positive controls were provided with the kit, whilst the cephalothorax of male mosquitoes (A.
gambiae s.s. from the same insectary) were used as negative controls.

Data analysis
The results from the sporozoite ELISA were used to identify which individual mosquitoes had developed
sporozoite infection. This information was speci�ed to each respective NIR absorbance spectrum and
added as a constituent to the predictive model. An equal number of spectra from uninfected and infected
mosquitoes were randomly selected to explore differences in the NIR spectra between infected and
uninfected mosquitoes. Leave-one-out cross validations (LOOCV) using partial least square (PLS)
regressions in GRAMS Plus/IQ software (Thermo Galactic, Salem, NH) were used to analyze the two
groups of spectra, and evaluate the predictive performance of the model.

LOOCV is a k-fold cross validation, with k equal to the total number (n) of spectra in a training dataset.
That means that n separate times, the function approximator is trained on all the spectra except for one
spectrum which is left-out. The algorithm then predicts the left-out spectra with the remaining spectra (k-
1), which, in combination, become the training sample. The out-of-sample predictive accuracy of the
model is assessed by estimating the predicted residual sum of squares (PRESS) and the number of latent
factors needed to explain the variation between spectra groups. R2 and predicted R2 are evaluated as
measures of in-sample explanatory power. If a model performs well at self-prediction, a training dataset is
then used to develop a calibration �le to test the predictive ability of the model on an independent set of
spectra (test dataset).

Results

Parasitological survey
A total of 179 adults (18 years or above) and 120 children (5–17 years old) were screened from various
sublocations of Kili� South in Kili� County (Fig. 1). The highest number of parasite infected individuals
were found in Junju, Kolewa and Mapawa sub-locations (Table 1). From the 299 screened participants,
seventy-four (74, 24.8%) were found with circulating asexual parasites, and 16 (5.4%) with P. falciparum
gametocyte stages (Fig. 2). In eleven individuals (3.7%) both asexual and sexual parasites were found in
circulation, of which ten were positive for P. falciparum and 1 for Plasmodium ovale.

Parasite prevalence decreased with age (Fig. 3) (Table 2). Older adults (40-49-year-old) were the least
likely to be found with circulating parasites, only 5% (2/44) had asexual stage parasites and 2% (1/44)
sexual stage parasite in circulation. The highest parasite prevalence was found in children 5–9 years old;
36% (16/45) of the children screened were positive for asexual stage parasites, and 11% (5/45) were
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positive for gametocytes. Older children and adolescents (10–19 years old) had only slightly lower
parasite prevalence than the younger age group, 32% (28/87) of the children were found with asexual
parasites and 6% (5/87) with circulating gametocytes. Young (20–29 years old) and middle-aged adults
(30–39 years old) had comparable parasite prevalence with respectively 24% (16/66) and 21% (12/57)
found with asexual parasite stages, and 6% (4/66) and 4% (2/57) found with sexual parasite stages.

Asexual parasite densities per mcl was highest in the children 5–9 years old [Median = 600; IQR= (160–
1640], with highest parasite densities recorded in an 8-year-old child (31’040 parasites/mcl). Older
children and young adults had lower median parasite densities compared to the younger children, whilst
older adults (40–49 years old) had lowest parasite densities (Median = 200; IQR= (120–280)].

Fifteen gametocyte carriers, eight adults and seven children, were recruited and invited to participate in
mosquito feeding assays. One child withdrew before sample could be collected due to fear of needles,
and one adult participant consented to the blood draw for DMFA but withdrew from participating in the
direct feeding assay because of beliefs in witchcraft. DMFA was performed with blood of all 14
participants, and DFA was performed on 7 of the adult participants (Table 2).

Table 1
– Number of participants screened and found to have circulating Plasmodium spp parasites in

sublocations of Kili� South, Kili� County, Kenya.
Village Asexual parasites, n/N (%) Gametocytes, n/N (%) Total screened

Gongoni 8/61 (13.1%) 2/61 (3.3%) 61

Junju 16/66 (24.2%) 4/66 (6.1%) 66

Kolewa1 21/58 (36.2%) 3/58 (5.2%) 58

Mapawa 24/88 (27.3%) 5/88 (5.7%) 88

Mwembe Tsungu 4/17 (23.5%) 3/17 (17.6%) 17

Sirini 0/7 (0%) 0/7 (0%) 7

Forozani 0/1 (0%) 0/1 (0%) 1

Vipingo 1/1 (100%) 0/1 (0%) 1

Total 74/299 (24.8%) 17/299 (5.7%) 299

1 Village where one participant was found with circulating Plasmodium ovale parasites. Shown in
parenthesis are percent positive per village.
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Table 2
– Number of participants by age group screened for asexual (A) and sexual stage (B) Plasmodium spp.

parasites. Median parasitemia per mcl and interquartile range (based on number of parasites counted per
200 WBC assuming 8000 WBC/mcl), minimum and maximum parasites per mcl and number of

participants recruited for direct membrane feeding assay (DMFA) and direct feeding assay (DFA).
A – Asexual
parasites

           

Age No.
participants1

Asexual
parasite
prevalence

Median
parasites /
mcl (IQR)

Min -
Max /
mcl

     

5–9 16/45 0.36 600 (160–
1’640)

80–
31’040

     

10–
19

28/87 0.32 280 (120–
940)

80–
26’560

     

20–
29

16/66 0.24 280 (140–
1’140)

40–
9’160

     

30–
39

12/57 0.21 220 (140–
700)

80–
5’760

     

40–
49

2/44 0.05 200 (120–
280)

120–
280

     

B – Gametocytes            

Age No.
participants

Gametocyte
prevalence

Median
parasites /
mcl (IQR)

Min -
Max /
mcl

No.
participants
recruited

DMFA DFA

5–9 5/45 0.11 280 (160–
280)

40–
1’240

22,3,4 2 0

10–
19

5/87 0.06 80 (80–80) 40–80 4 4 15

20–
29

4/66 0.06 300 (240–
360)

200–
400

4 4 4

1 Number of participants found with circulating parasites/total participants screened

2 One individual withdrew participation out of fear of needles.

3 One gametocyte-positive individual had a Plasmodium. ovale infection and so did not meet the
study’s inclusion criteria.

4 One individual was randomly excluded because the target number of 14 participants had been
reached.

5 DFA was performed on a 19-year old volunteer.
6 One of the adult participants consented to DMFA but not to DFA for fear of witchcraft.
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A – Asexual
parasites

           

30–
39

2/57 0.04 520 (80–960) 80–960 2 2 16

40–
49

1/44 0.02 160 (160–
160)

160–
160

1 1 1

1 Number of participants found with circulating parasites/total participants screened

2 One individual withdrew participation out of fear of needles.

3 One gametocyte-positive individual had a Plasmodium. ovale infection and so did not meet the
study’s inclusion criteria.

4 One individual was randomly excluded because the target number of 14 participants had been
reached.

5 DFA was performed on a 19-year old volunteer.
6 One of the adult participants consented to DMFA but not to DFA for fear of witchcraft.

Infectivity to mosquitoes
Of the fourteen asymptomatic gametocyte carriers that were recruited for mosquito feeding assays, 9
resulted in successful sporozoite infections con�rmed by CSP ELISA (Table 3). High gametocyte
densities did not necessarily result in high sporozoite positivity rate (Fig. 4). For instance, the highest
mosquito infection rate (47.0% infection by DFA and 17.6% by DMFA) resulted from a participant with low
gametocyte densities (80 gametocytes/mcl). Concurrent DMFA and DFA were performed on 7 adult
participants, of which 4 participants were able to infect mosquitoes. Unfortunately, mosquitoes fed by
DFA from one participant escaped and had to be killed before reaching 14-days post feeding to maintain
biosecurity. Overall mosquito infection rate by DMFA was 4.9%. Concurrent DMFA and DFA, performed on
the same participant, resulted in 11.5% and 23.7% infection rates, respectively.
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Table 3
– Infectivity of individual participants based on feeding assay and positivity by CSP-ELISA

Participant Age Gametocytes per
mcl

DMFA1

% (n/N)

DFA1

% (n/N)

Total1

% (n/N)

Adult 1 42 160 0.0% (0/80) 12.5% (3/24) 2.9% (3/104)

Adult 2 23 200 1.4% (1/74) 7.1% (2/28) 2.9% (3/102)

Adult 3 19 80 17.6% (15/85) 47.0% (8/17) 22.6% (23/102)

Adult 42 20 400 26.9% (66/245) 28.0% (7/25) 27% (73/270)

Adult 53 31 960 17.0% (26/153) - 17.0% (26/153)

Adult 6 33 80 0.7% (1/141) - 0.7% (1/141)

Adult 7 22 320 0% (0/61) 0% (0/15) 0% (0/76)

Adult 8 20 280 0% (0/137) 0% (0/33) 0% (0/170)

Child 1 10 80 2.1% (2/94) - 2.1% (2/94)

Child 2 5 40 0.5% (1/199) - 0.5% (1/199)

Child 3 17 40 2.6% (2/77) - 2.6% (2/77)

Child 4 7 160 0% (0/240) - 0% (0/240)

Child 5 15 80 0% (0/66) - 0% (0/66)

Child 6 12 80 0% (0/87) - 0% (0/87)

Total     4.9%
(114/1739)

15.8%
(20/142)

7.1% (134/1881)

1 Percent positive of mosquitoes by CSP-ELISA based on mosquito feeding assay

2All mosquitoes fed by DFA on this participant were killed before reaching 14 days-old to maintain
bio-security.

3 Withdrew participation from DFA over fear of witchcraft.Leave-one-out cross validations (LOOCV)

Overall, 1,881 individual NIR absorbance spectra (500–2400 nm) from potential sporozoite-infected
mosquitoes were taken, of which 1739 mosquitoes had been fed via DMFA and 142 via DFA. A total of
134 NIRS absorbance spectra corresponding to sporozoite-infected mosquitoes were obtained. Three
training datasets were analyzed using PLS through LOOCV on Grams Plus/ IQ software for the
development of a predictive model to distinguish between sporozoite-infected and uninfected
mosquitoes.
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In the �rst analysis, a pool of 134 spectra from sporozoite-infected mosquitoes were randomly divided in
two, half of the spectra were assigned to a training dataset (67) and the other half to a test dataset (67)
to be used for validating the model if it showed good self-predictive ability. Each spectrum from a
sporozoite-infected mosquito was matched with a spectrum corresponding to an uninfected mosquito
from the same experimental feed. Matching was done to reduce confounding effects such as parasite
load and participant immunity as the assays were done with whole blood. Thus, a total of 67 spectra
corresponding to sporozoite-infected mosquitoes were matched with 67 spectra from uninfected
mosquitoes (134 spectra: 67 uninfected/67 sporozoite-infected). The LOOCV showed poor model
predictive ability, (R2 = 0.029). the variation between sporozoite-infected spectra and uninfected spectra
could not be explained by the mosquito’s infectious status (see Analysis 1 in supplementary �le).

A second analysis was performed to ascertain that the two NIR spectra categories were not distinct by
increasing the number of spectra in the training dataset. A second training dataset included all the
spectra from sporozoite-infected mosquitoes (134) and was matched with respective uninfected
mosquitoes (134 sporozoite-infected/134 uninfected). A second LOOCV was performed using the larger
training dataset (268 spectra: 134 uninfected/134 sporozoite-infected). The model was not improved (R2 
= 0.00000009) and remained unable to differentiate the spectra from the two mosquito groups (see
analysis 2 in supplementary �le).

Uninfected mosquitoes in the �rst and second analysis had been matched to infected ones from the
same experimental feed, consequently it was possible that the uninfected mosquitoes had been exposed
to infectious gametocytes but had not developed sporozoite infection. Hence, a third analysis was
performed to rule out the possibility that an arthropod immune response had affected the NIR spectra
pro�les of the uninfected mosquitoes. A third training dataset was composed of 99 sporozoite-infected
mosquitoes from the three participants with highest experimental infection rates (Adult 1, 3, 4), and 99
uninfected mosquitoes from three unsuccessful experiments (i.e. mosquito feeding experiments that did
not lead to at least one infected mosquito). An LOOCV was performed to give information on the
prediction ability of the model using a training dataset composed of 198 spectra (99 sporozoite-
infected/99 uninfected from unsuccessful experiments). Yet again, the PLS model was unable to
distinguish between the two spectra groups (R2 = 0.049). (see Analysis 3 in supplementary �le).

A calibration could not be generated based on any of the training datasets as the variation between the
two groups of spectra (sporozoite-infected mosquitoes Vs uninfected mosquitoes) could not be explained
by any of the models using PLS.

Discussion
The present study shows that mosquito transmission studies using DMFA and DFA can be readily
conducted in Kili� by targeting an area known as a malaria hotspot. Screening was targeted to areas
where malaria cases had recently been reported at the health care facility which may have overestimated
the prevalence of malaria in the area compared to other published studies from the same area [13]. The
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targeted screening approach proved to be a successful strategy for identifying gametocyte carriers in the
community.

The study achieved 9 out of 14 successful experiments, de�ned as at least one mosquito becoming
infected after blood feeding based on the detection of sporozoites in each individual mosquito by ELISA.
The highest infection rate resulted from a participant who had relatively low gametocytemia (Table 3). It
is known that mosquito infectivity to gametocytes is dependent of multiple factors asides from
gametocyte density, including the adequate ratio of male to female parasites, their level of maturity as
well as mosquito microbiome and immunity [14]. In the present experiment, mosquitoes were all from the
same strain and reared in the same insectary conditions therefore had plausible similar microbiome and
immunity.

DFA consistently produced higher infection rates. This is in line with other studies which have compared
the two methods [9, 10]. Gametocytes are known to sequester in the microvasculature, thus venous blood
used for DMFA may have contained fewer parasites compared to capillary blood. It is also possible that
DFA was more successful because unlike DMFA the method does not require blood handling during
venipuncture which may lead to ex�agellation of the male gametocytes and loss of infectiousness.

The three training datasets used to investigate if a PLS predictive model could be generated to predict
sporozoite infections status in mosquitoes demonstrated poor out-of-sample predictive accuracy. The
models were unable to satisfactorily predict the left-out spectra (k-1). The PRESS showed no latent factor
could be identi�ed to explain the variation between spectra groups (sporozoite-infected mosquitoes Vs
uninfected mosquitoes) (see supplementary �le). R2 and predicted R2 values for three models evaluated
were very low indicating its inadequacy to explain the variation between the constituents. Given the poor
self-explanatory ability of the three PLS models, the present study was unable to generate a calibration
for distinguishing sporozoite infection status of A. gambiae s.s. mosquitoes.

The present �ndings are at variance with a previous study which showed that PLS models based on the
NIR absorbance spectra pro�le, could accurately predict both oocyst and sporozoite infection status of A.
gambiae s.s. mosquitoes infected with laboratory-cultured P. falciparum (PfN54) parasites [4].
Differences between the two studies may explain the con�icting results.

In the previous study, mosquitoes were infected with lab-reared gametocytes through standard membrane
feeding assays (SMFA) using higher parasite concentrations than what is usually found in a human
gametocyte carrier. It is likely that mosquitoes in the present study were, in comparison, exposed to a
much smaller number of parasites which more closely represents natural infections in nature Findings
from the previous study also concluded that the prediction accuracy of the model dropped when
mosquitoes had reduced infection loads (measured as number of parasite genomes). A limitation of the
current study is that parasite quanti�cation in the mosquito was not performed through qPCR
(quantitative polymerase chain reaction). ELISA was chosen as reference test as it is the assay of choice
for �eld entomologists to identify sporozoite-infected mosquitoes and measure sporozoite rates.
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The training datasets of Analysis 1 and 2 included spectra of uninfected mosquitoes that had been
matched with spectra of sporozoite-infected mosquitoes fed on the same infectious blood meal. These
uninfected mosquitoes were exposed to an infectious blood meal but had not developed sporozoites. It is
possible that during feeding these mosquitoes did not pick-up a male and female gametocyte for
subsequent differentiation into gametes and mating inside the mosquito gut, or alternatively they may
have blocked infection through an immune response. In comparison, the predictive model of the previous
study [4] was characterized by uninfected mosquitoes that had been fed neutralized gametocytes, which
are unlikely to trigger an immune response in the arthropod vector. To evaluate if the mosquito’s immune
response had affected the NIR pro�le of the uninfected mosquitoes Analysis 3 was done whereby spectra
were no longer matched by experimental feed. In Analysis 3, spectra from sporozoite-infected mosquitoes
were compared to spectra from uninfected mosquitoes fed during unsuccessful experiments (i.e. an
experimental feed where none of the fed mosquitoes developed sporozoite infection). Yet again, the
predictive ability of the model remained poor and it is unlikely that arthropod immune response
signi�cantly affected the NIR spectra pro�le of the mosquitoes.

PLS regression is the most widely used approach for developing predictive models to distinguish between
entomological parameters such as mosquito age, species as well as Wolbachia infection [6, 7, 15]. Other
machine learning methods, such as arti�cial neural networks have been recently suggested as alternative
analytical approaches [16, 17] and it is possible that these may improve the prediction ability of models
to distinguish between NIR spectra of infected and uninfected mosquitoes.

Conclusions
While the �ndings presented here were unable to reproduce and replicate previous �nding [4],thes results
are important as the will inform future studies seeking novel high-throughput methods for parasite
detection in mosquitoes. The results of this study were not consistent with previous published research
on NIRS for detection of sporozoite infection in the same mosquito species thought different strains, and
this may be explained by the context of the experiments. Further research may clarify the discrepancy in
the �ndings. It is essential that new technologies for identifying infections in mosquitoes are assessed
and developed in the �eld setting at an early stage as this is their primary application.
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Figure 1

Map of the study area showing the location of the villages where participants were screened for malaria
parasites between 28th May and 18th September 2018.
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Figure 2

Flow chart showing number of adult and child participants that were screened, and recruited for direct
membrane feeding assay (DMFA) and direct feeding assay (DFA).
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Figure 3

Log transformed asexual (left y axis) and sexual parasites (right y axis) per mcl by age group (x axis)
from the parasitological survey done in Kili� South, Kenya between 28th May and 18th September 2018.



Page 21/21

Figure 4

Log transformed gametocytes per mcl (x axis) and percentage of mosquitoes that became sporozoite
positive (positivity rate) (y axis) after DMFA and DFA. Fitted predicted positivity rate and 95% con�dence
interval (CI).
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