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Additional blood meals increase 
sporozoite infection in Anopheles 
mosquitoes but not Plasmodium 
falciparum genetic diversity
Lorenz M. Hofer  1,2,3*, Prisca A. Kweyamba 1,2,3, Rajabu M. Sayi 3, Mohamed S. Chabo 3, 
Rehema Mwanga 3, Sonali L. Maitra 1,2,3, Mariam M. Somboka 3, Annina Schnoz  1,2,  
Monica Golumbeanu  1,2, Pierre H. H. Schneeberger  1,2, Amanda Ross 1,2, 
Tibebu Habtewold 4, Christian Nsanzabana 1,2, Sarah J. Moore  1,2,3,5 & Mgeni M. Tambwe  3

The availability of nutrients from mosquito blood meals accelerates the development of Plasmodium 
falciparum laboratory strains in artificially infected Anopheles gambiae mosquitoes. The impact of 
multiple blood meals on the number of P. falciparum genotypes developing from polyclonal natural 
human malaria infections (field-isolates) remains unexplored. Here, we experimentally infect An. 
gambiae with P. falciparum field-isolates and measure the impact of an additional non-infectious blood 
meal on parasite development. We also assess parasite genetic diversity at the blood stage level of the 
parasite in the human host and of the sporozoites in the mosquito. Additional blood meals increase 
the sporozoite infection prevalence and intensity, but do not substantially affect the genetic diversity 
of sporozoites in the mosquito. The most abundant parasite genotypes in the human blood were 
transmitted to mosquitoes, suggesting that there was no preferential selection of specific genotypes. 
This study underlines the importance of additional mosquito blood meals for the development of 
parasite field-isolates in the mosquito host.

Keywords  Malaria, Plasmodium falciparum, Anopheles gambiae, Parasite development, Oocysts, Sporozoites, 
Nutritional stress, Genetic diversity, Multiplicity of infection

To complete their life cycle, malaria parasites are transmitted from humans to mosquitoes and from mosquitoes 
to humans. During this cycle, different forms of parasites are involved in the transmission and for survival inside 
the human host and mosquito vector. Gametocytes, the transmissible forms of the parasite are transmitted from 
human to mosquito during the blood meal of a female mosquito. In the mosquito, male and female gametocytes 
undergo sexual reproduction to produce ookinetes that will develop into oocysts, which in turn produce thou-
sands of sporozoites. The sporozoites migrate to the mosquitoes salivary glands to be transmitted to the human 
host during the next blood-meal1,2.

During its development in the mosquito, the parasites depend on nutrients from the mosquito’s blood 
meals, including lipids3 and free amino acids4,5, to support the massive proliferation of sporozoites in the oocyst. 
Therefore, the successful development of the parasite is reliant upon mosquito nutritional status6. Female mos-
quitoes undergo several reproductive cycles over their lifetime, with each necessitating a blood meal to provide 
nutrients for the production of eggs7,8. In infected mosquitoes, malaria parasites compete for the remaining avail-
able resources and the limitation of these resources exposes the developing oocysts to nutritional stress3. Con-
sequently, the parasite has developed strategies to cope with depleted resources. For example, oocysts respond 
to starvation and nutritional stress by becoming dormant9, a state in which they cease their development and 
growth9–11. However, multiple studies have shown that additional, non-infectious blood meals will replenish the 
availability of host-derived nutrients. Experimental mosquito infections with laboratory cultured P. falciparum 
strains have shown that in single fed Anopheles mosquitoes, oocyst maturation and growth are boosted with 
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post infection blood meals9,11. Sporozoite infection intensity in the mosquito is higher after an additional blood 
meal12, while the speed of sporozoites development is substantially accelerated10.

Although evidence is accumulating that parasite growth in the mosquito is substantially driven by nutrients 
from the mosquitoes’ blood meals, current knowledge is restricted to laboratory-cultured parasite strains. These 
are considerably different from experimental mosquito infections using P. falciparum field-isolates. The absence 
of environmental exposure and selection pressure to laboratory strains of malaria parasites induces genetic bottle-
necking and may have distanced these parasites from their naturally circulating relatives. Therefore, results from 
experimental mosquito infections using P. falciparum laboratory strains may not apply to field-isolates. While 
mosquito infections using laboratory-cultured gametocytes usually result in high-intensity infections13–15, the 
majority of infected mosquitoes contain below five oocysts per midgut15–18 under natural conditions19. Further-
more, experiments using laboratory parasite strains are usually monoclonal, while natural malaria infections are 
generally polyclonal20 with different parasite clones (henceforth called genotypes) circulating in the bloodstream 
of the infected human host. The impact of polyclonality on parasite infectiousness has yielded mixed findings, 
with some studies reporting a negative impact21 while others reported higher mosquito infection rates22.

Several studies that genotyped parasites before and after mosquito-feeding experiments reported that low-
intensity genotypes (minority clones) undetected in human blood appeared in the mosquitoes23,24. Successful 
transmission of minority clones seemingly maintains the genetic diversity of the parasite25 and could have 
implications in preserving drug resistant genotypes in absence of drug-pressure26. However, these studies only 
investigated genetic diversity at the oocyst stage of the parasite or did not measure the quantitative transmis-
sibility of distinct clones. To our knowledge, only one study has quantitatively explored the transmission of 
distinct Plasmodium genotypes with the conclusion that most genotypes detected from the human blood were 
transmitted to the mosquito27.

Here, we examined the impact of an additional non-infectious blood meal on the infection prevalence, inten-
sity, and genetic diversity of P. falciparum field-isolates in An. gambiae mosquitoes. Two independent series of 
direct membrane feeding assays (DMFAs) were conducted. In the first series, we investigated the development 
of parasites from oocyst to sporozoites and the genetic diversity of blood stage parasites and sporozoites, while 
the second series of DMFAs explored the time to development of sporozoites. We demonstrated that replenish-
ment of nutrients by an additional blood meal positively affects the sporogonic development of P. falciparum 
field-isolates in Anopheles mosquitoes. However, an additional blood meal did not affect the development of 
distinct parasite genotypes within the mosquito.

Results
Prevalence and intensity of infection in the first series of DMFAs
In the first series of DMFAs, we estimated the association between an additional blood meal and infection 
prevalence of oocysts and sporozoites as well as the intensity of infection at eight and 14 days post infection 
(DPI) respectively. Prevalence of infection per gametocyte carrier for the first series of DMFAs is displayed in 
supplementary figures S1. We dissected 959 mosquitoes for oocysts of which 560 obtained a single infectious 
blood meal and 399 received an additional non-infectious blood meal. Oocyst prevalence in the single blood 
meal group was 31% (174/560) and in the additional blood meal group 34% (135/399). Both groups had a 
median oocyst intensity of two oocysts, with a range of 1–94 oocysts per midgut in the single blood meal group 
and 1–71 oocysts in the additional blood meal group. There was no evidence of a difference in the group with 
an additional blood meal compared to the single feed group for oocyst infection prevalence (OR: 1.30; 95% CI 
0.93–1.80; p = 0.12; Fig. 1A) or intensity (RR: 1.15; CI 0.86–1.54; p = 0.34; Fig. 1B).

We analysed 714 individual mosquitoes for sporozoite infection at 14 DPI using qPCR. Of those, 429 obtained 
only a single infectious blood meal and 285 received an additional non-infectious blood meal. The sporozoite 
infection prevalence in the single blood meal group was 24% (102/429) with a median sporozoite infection 
intensity of 530 (1–35′390) sporozoites per infected mosquito. In the additional blood meal group, we found an 
infection prevalence of 42% (121/285) with median sporozoite infection intensity of 800 (1–79′296) per infected 
mosquito (Table 1). There was a significant increase with the additional blood meal in both sporozoite preva-
lence (OR 2.57; 95% CI 1.76–3.67; p < 0.0001; Fig. 1C) and intensity (RR: 2.45; CI 1.14–5.28; p = 0.02; Fig. 1D).

Prevalence and intensity of infection in the second series of DMFAs
In the second series of DMFAs, we estimated the association between an additional blood meal and sporozoite 
infection prevalence and intensity (Table 1) over three different time points. Prevalence of infection per gameto-
cyte carrier for the second series of DMFAs is displayed in supplementary figure S1. We included 750 individual 
mosquitoes of which 368 received a single infectious blood meal and 382 received an additional non-infectious 
blood meal. Across all time points, the average infection prevalence of sporozoites in the single blood meal 
group was 6% (21/368) with a median sporozoite infection intensity of 1363 (1–10′338) sporozoites per infected 
mosquito. In the additional blood meal group, the infection prevalence was 16% (60/382) with a median infec-
tion intensity of 1249 (1–37′109) sporozoites per infected mosquito. We found a positive, significant association 
between the additional blood meal and the prevalence (OR 4.73; 95% CI 2.63–8.52; p < 0.0001, Fig. 2A) and the 
intensity of infection of sporozoites (RR: 5.67; 95% CI 1.38–23.32; p = 0.02, Fig. 2B).

Genetic diversity and multiplicity of infection
Seven human blood samples from different gametocyte carriers and 62 mosquito samples, qPCR positive for 
sporozoites on day 14 DPI were genotyped. Thirty-one mosquitoes from each group with median sporozoite 
infection intensity of 2055 (85–35′390) sporozoites in the single blood meal group and 1808 (433–79′269) sporo-
zoites in the additional blood meal group were included in the analysis. The samples were genotyped in triplicates 



3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:17467  | https://doi.org/10.1038/s41598-024-67990-y

www.nature.com/scientificreports/

and sequencing data from all three replicates was merged for analysis. After merging the replicates, we obtained a 
total number of 12 million reads for all samples and a mean number of 175′850 reads per sample. Four different 
markers were used for targeted sequencing. From these four markers, the conserved Plasmodium membrane 
protein (cpmp)28 was found to be the best performing marker with the highest diversity (Supplementary files 
1, Fig. S2). Using cpmp, we found 17 unique parasite genotypes in both human and mosquito samples (Fig. 3). 
Fourteen of those were detected in both the mosquito and human samples, one only in the human samples 
(cpmp-26) and two only in the mosquito samples (cpmp-40 and cpmp-56). The multiplicity of infection (MOI) 
in human samples ranged from one to six different genotypes (mean MOI: 2.71) and in mosquito samples from 
one to three (mean MOI: 1.55). The estimated mean MOI in mosquitoes from the single blood meal group was 
1.61 and 1.55 from the additional blood meal group. MOIs of individual participants are displayed in Table 2. 
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Figure 1.   Results of DMFAs 8 DPI by oocyst dissection and 14 DPI by sporozoite detection and quantification 
by qPCR. (A) The proportion of oocyst infected mosquitoes receiving a single infectious blood meal (31%) or 
an additional non-infectious blood meal (34%). There was no evidence of a difference for the single blood meal 
group compared to the additional blood meal group (OR 1.30; CI 0.93–1.80; p = 0.12). (B) Intensity of infection 
as number of oocysts per individual infected mosquito. There was no evidence of a difference in the median 
oocyst intensity between single and additional blood meal group (RR: 1.15; CI 0.86–1.54: p = 0.34). (C) The 
proportion of sporozoite infected mosquitoes receiving a single infectious blood meal (24%) or an additional 
non-infectious blood meal (42%), with evidence of an increase in prevalence for the additional blood meal 
group (OR 2.57; CI 1.76–3.67; p < 0.0001). (D) Intensity of infection as number of sporozoites from individual 
infected mosquitoes with median sporozoite infection intensity in the single blood meal group (2438) and the 
additional blood meal group (3108) (RR: 2.45; CI 1.14–5.28; p = 0.02).
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Overall 19 genotypes were detected in the human blood samples from which two (cpmp-10 and cpmp-15) 
were detected in two participants and cpmp-7 was detected in the blood of three different participants. From 
these 19 genotypes detected in the human blood 79% (15/19, Fig. 4) were transmitted to mosquitoes. We observed 
that all genotypes with the highest proportions of reads in the human blood samples were transmitted to the 
mosquitoes. The different genotypes and their proportions varied among individual participants and in infected 
mosquitoes (Fig. 4).

Discussion
In this study, we compared infection prevalence and intensity of oocysts and sporozoites in groups of mosquitoes 
that received a single infectious blood meal and mosquitoes that received an additional blood meal after being 
infected with P. falciparum field-isolates. We did not observe an impact of an additional blood meal on oocyst 
prevalence nor intensity and this finding was expected as described by others previously9. It has been shown that 
an additional blood meal does not affect the prevalence of oocysts in mosquitoes in general but rather affects 
the speed of their development being larger in size when the mosquitoes receive an additional blood meal10.

To investigate the impact of an additional blood meal on sporogonic development, we have analysed preva-
lence and intensity of sporozoite infection on four different time points. We found that both prevalence and 
intensity were higher in the group of mosquitoes that received an additional blood meal compared to single fed 
mosquitoes. Our results indicate that sporozoites appear earlier in mosquitoes that received an additional blood 
meal. In this group, the first sporozoites were detected on day 10, whereas no infection was observed in mosqui-
toes fed only once. A substantial increase in sporozoite-infected mosquitoes was noted between days 13 and 16 
in the single blood meal group. In contrast, a significant rise in the prevalence of sporozoite infection occurred 
earlier, between days 10 and 13, in mosquitoes given an additional blood meal. This suggests that the observed 
difference in sporozoite infection prevalence is due to the slower development of oocysts in single-fed mosquitoes 
compared to those receiving an additional blood meal. Indeed, Nutrients limitation affects the general growth of 
oocysts and consequently the increased availability of nutrients from an additional blood meal accelerates the 
appearance of sporozoites in the mosquito salivary glands29. The nutrients from additional blood meals reduce 
the parasite extrinsic incubation period (EIP) rendering infected mosquitoes infectious sooner and therefore 
increasing the parasite’s potential of being transmitted30.

We hypothesized that competition is higher in high-intensity infections with many co-existing oocysts in a 
single mosquito4 as they often occur in mosquito infections from monoclonal laboratory infections. However, our 
results show that resource limitation also affects the sporogonic development of parasites in mosquito infections 
at lower densities as they occur when using field-isolates in DMFAs15,31. While the dependency of monoclonal 
laboratory strains of P. falciparum on essential resources from blood meals ingested by its vector for sporogonic 
development is well documented9–12, the need of field isolates of P. falciparum for additional resources to develop 
into sporozoites was similarly striking in the present study.

The numbers of sporozoites as quantified in the present study are rather an estimation than an exact number, 
as the use of plasmids and conversion of copy numbers to parasites is of limited precision32. Better quantita-
tive, molecular diagnostic assays to accurately measure sporozoite numbers from mosquito salivary glands or 
heads and thoraxes of mosquitoes would be desirable33,34. Also, our results are limited as we only quantify total 
sporozoites from the head and thorax and not salivary gland sporozoites only.

Our findings support efforts to better study parasite growth in mosquitoes and associated nutrients and path-
ways as potential targets for control interventions4. In addition, the association between additional blood meals, 
oocyst growth and sporozoite development indicates that additional blood meals should be incorporated into 
standard laboratory infection assays for the evaluation of transmission blocking interventions35. Furthermore, 
this study indicates that interventions designed to reduce mosquito blood feeding on human hosts will reduce 
vectorial capacity by acting on the mosquito through reducing man-vector contact but also acting on the parasite 
by reducing the probability of the parasite completing its extrinsic incubation period. For example, long lasting 

Table 1.   The infection prevalence and intensity of oocysts and sporozoites by time point. Lowest and highest 
parasite counts are in brackets. BM Blood meal.

Day Parasite stage

Prevalence of infection Median intensity of infection

Single BM (%) Additional BM (%) Single BM Additional BM

1st series of DMFAs

  8 Oocysts 31 34 2 (1–94) 2 (1–74)

  14 Sporozoites 24 42 530
(1 -35′390)

800
(1–79′296)

2nd series of DMFAs

  10 Sporozoites 0 5 0 362
(2–5′577)

  13 Sporozoites 5 20 1′732
(328–2′364)

999
(1–7′898)

  16 Sporozoites 12 23 1364
(5–10′338)

4852
(4–37′109)
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insecticide nets that continue to operate as physical barriers even under reduced insecticide bioavailability could 
be important, as every blood meal can serve as a booster for the development of sporozoites.

We hypothesized that selective pressure in single fed mosquitoes would favour the development of most 
competitive genotypes by increasing their frequency or by reducing the overall number of genotypes in single 
fed mosquitoes when compared to mosquitoes receiving an additional blood meal. Our results do not support 
this hypothesis, as MOI and the frequencies of detected parasite genotypes in both the single and additional 
blood meal group were similar. While the frequencies of the three most transmitted genotypes in both groups 
of mosquitoes were nearly identical, other genotypes showed considerable differences such as genotype cpmp-
13, which was detected at a threefold higher frequency in the additional blood meal group. Overall we have not 
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Figure 2.   Results of DMFAs at three different time points: 10-, 13- and 16-days post infection by sporozoite 
detection and quantification by qPCR. (A) The proportion of sporozoite infected mosquitoes at different time 
points as observed in this study. A consistently higher prevalence of sporozoites infected mosquitoes was 
observed at each time-point in the additional blood meal group compared to single fed mosquitoes. Taking the 
timepoints together a significant difference was observed (OR 4.73; 95% CI 2.63–8.52; p < 0.0001). (B) Intensity 
of infection as number of sporozoites from individual infected mosquitoes with median sporozoite infection 
intensity in the single blood meal group (1363) and the additional blood meal group (1249) (RR: 5.67; 95% CI 
1.38–23.32; p = 0.02).
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Multiplicity of infection and frequency of genotypes: human samples
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Figure 3.   Multiplicity of infection (MOI) and frequency of genotypes in different sample groups (A) Human 
samples; (B) Mosquito samples from the single blood meal group; (C) Mosquito samples from the additional 
blood meal group. The number of samples refers to the total number of individuals (human or mosquito) for 
each specific MOI. Genotype frequency was calculated as the proportion of reads of a specific genotype from all 
reads from the specific sample group of all genotypes.
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detected a striking difference in both the MOI and the frequencies of the distinct genotypes between the two 
groups of mosquitoes.

The human-to-mosquito transmission of distinct P. falciparum genotypes remains largely unexplored. We 
could only identify one study using targeted amplicon deep sequencing to track individual parasite genotypes 
from gametocytes in the human blood to sporozoites in the mosquito. This study reported an efficient trans-
mission of genotypes27, which is in line with our findings showing efficient transmission of distinct genotypes 
from human to mosquito. As most genotypes detected in the human blood were also detected as sporozoites, we 
conclude that the vast majority of circulating genotypes in asymptomatic malaria infections produce transmis-
sible gametocytes36.

We found that the most abundant genotypes in the human blood were all transmitted to at least one mosquito, 
confirming an effect of genotype density on transmission efficiency, and that highly abundant genotypes had 
all produced gametocytes. Four genotypes in different DMFAs were not transmitted to mosquitoes, this might 
be due to the fact that these genotypes were not present as gametocytes but only as asexual stages. The sequenc-
ing of parasite DNA, does not allow discrimination between sexual and asexual stages of the parasite, which is 
clearly a limitation of our study.

Finally, we also detected genotypes in the mosquito that were not detected in the human blood samples. These 
emerging genotypes could be present in the human blood as minority clones occurring at very low densities and 
thus not be detected by amplicon deep sequencing. Other studies have also reported the emergence of minority 
clones in the mosquito24,26, arguing that the passage through the mosquito increases the MOI in mosquitoes and 
promotes transmission of minority clones.

Our data suggest that the abundance of a clone in the human blood is mostly translated to its final abundance 
in the mosquito as sporozoites. Newly emerged genotypes not abundant in the blood were predominantly present 
at low proportions in the mosquito, indicating that only a small proportion of all sporozoites belonged to those 
genotypes. However, the transmission dynamics of minority clone P. falciparum genotypes in infections with 
higher MOI should be investigated with larger sample sizes from mosquitoes and humans, ideally with a targeted 
sequencing approach on human-blood samples purified for gametocytes and separated from non-transmissible 
asexual blood-stages, or directly targeting gametocyte specific targets for sequencing. Finally, our study is limited 
by the relatively small number of sequenced mosquitoes. Further studies should investigate genotype specific 
human-to-mosquito transmission including higher numbers of sporozoite infected mosquitoes. Since mosquito 
infections from field-isolates are often not very efficient, gametocytes could be enriched prior to mosquito feeding 
to increase infection success in DMFAs37.

The results presented in this study underline the importance of nutrients derived from the mosquito vectors’ 
blood meal on P. falciparum sporogonic development and the length of the parasite extrinsic incubation period 
critical to malaria transmission dynamics. Better knowledge of involved nutrients and pathways might lead to 
novel targets for interventions to control malaria. Finally, our study provides detailed insights into the relative 
transmission of distinct parasite genotypes, which to date remains a poorly explored field in malaria research.

Methods
Study population and design
This study was conducted in Bagamoyo, a coastal town located 80 km north of Dar es Salaam in Tanzania. 
Malaria transmission intensity is moderate and peaks after the long rains from March to June and short rains 
from October to November38. Two cross sectional-studies were conducted from November 2020 to January 2021 
and May to July 2021 to recruit study participants. Gametocytemic participants from the two cross-sectional 
studies were enrolled into two series of DMFAs (Fig. 5), each series representing an independent experiment.

Ethical considerations
The study received ethical clearance from the ethical commission of Northwestern Switzerland (EKNZ, Req-
2018–01019), the Institutional Review Board (IRB) of IHI (IHI/IRB/No: 11 -2019) and by the National Institute 
for Medical Research (NIMR), Tanzania (NIMR/HQ/R.8a/Vol. IX/3069). From all participants enrolled in this 
study, written informed consent from parent or guardians was obtained. All children gave oral assent prior to 
initiate study procedures. All research was performed in accordance to relevant guidelines and regulations.

Table 2.   Multiplicity of infection per participant for human and mosquito sample groups. Numbers of 
samples used for calculating mean MOI in brackets.

Participant Nr MOI Human blood
MOI Mosquito single 
blood meal

MOI Mosquito additional 
blood meal

Participant 01 2 1.9 (N = 7) 1.4 (N = 7)

Participant 02 2 1.3 (N = 3) 1.7 (N = 3)

Participant 03 3 1.5 (N = 2) 1.5 (N = 2)

Participant 04 3 2 (N = 2) 1 (N = 2)

Participant 05 1 1.1 (N = 9) 1.2 (N = 9)

Participant 06 6 2 (N = 3) 2.5 (N = 4)

Participant 07 2 2 (N = 5) 1.8 (N = 4)
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Screening for asymptomatic gametocyte carriers
School-aged children were screened for malaria infection in primary schools in Bagamoyo District, Tanzania. 
Only children between 6 and 14 years old with no clinical symptoms of malaria were eligible for enrolment.

Thick smears were prepared for all participants, stained with 10% Giemsa and examined by a certified micros-
copist under a light-microscope (OLYMPUS, Japan). Gametocytes were counted per 500 white-blood cells 
(WBC). All children screened positive for infection with asexual or sexual blood stages of Plasmodium were 
treated with Artemether-Lumefantrine (ALU, Artefan, Ajanta Pharma Limited, India) within 24 h of diagnosis 
according to Tanzania national guidelines39. Participants with P. falciparum infections and with gametocyte 
density ≥ 16 gametocytes/ µL were enrolled for blood-drawing to feed mosquitoes in DMFAs.
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Figure 4.   Human-to-mosquito transmission of individual genotypes as detected in human blood samples and 
mosquito heads and thoraxes. Squares represent parasites detected from human samples while circles represent 
mosquito samples. Crosses indicate failure of detection either in the human blood samples (left panel) or 
mosquitoes (right panel). Y-axis represents the frequencies of different genotypes detected as percentage from 0 
to 1.0 while 1.0 represents 100%. Each individual genotype is represented by a different colour. AB: Additional 
blood meal; SB: Single blood meal; HB: Human blood.
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Mosquito rearing
We used the Anopheles gambiae sensu stricto (Ifakara strain) colony, reared at IHI, Bagamoyo Branch Insectary in 
Kingani. The colony is maintained at an ambient 12:12 h dark:light cycle, 70 ± 20% relative humidity and 27 ± 2 °C 
under strict hygiene measures. Mosquito eggs are bleached with 1% bleach solution for 60 s prior to floating. 
Larvae are fed on TetraMin® fish flakes (Tetra Ltd., UK) and reared at a intensity of 200 larvae (from L2 larval 
stage) per 1 L of deionized water (ELGA, Purelab, Option R, UK). Approximately 1000 adult mosquitoes are 
kept in 30 × 30 × 30 cm cages and exclusively membrane-fed using parafilm (Parafilm®, France) on non-infectious 
human blood 40 (National Blood Transfusion Service, Tanzania). Mosquitoes have access to 10% sucrose solution 
ad libitum. The solution is autoclaved (121 °C:15 min) to ensure its sterility. Adult mosquitoes are biannually 
checked for microsporidia infections41,42, and cages with microsporidia infected mosquitoes are discarded.

Figure 5.   Study procedures and experimental set-up. A 1st series of DMFAs B 2nd series of DMFAs (created 
with BioRender.com).
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Direct membrane feeding assays (DMFAs)
Blood for DMFAs was drawn in Lithium-Heparin coated vacutainers (Vacuette®, Greiner, Austria) from P. fal-
ciparum positive asymptomatic gametocyte carriers. Autologous serum was replaced with preheated (37 °C) 
malaria-naïve AB serum43. DMFAs were conducted in the arthropod containment Level 2 (ACL2) transmission 
facility at IHI Bagamoyo Branch under appropriate biosafety measures44.

Two series of DMFAs were conducted for mosquito infections (Fig. 1). In each DMFA, approximately 240–400 
mosquitoes (3–5 days old) in eight batches of 30–50 female mosquitoes were fed with gametocytemic blood. 
Each batch of mosquitoes was fed on 200 µL of gametocytemic blood via a membrane feeding system with 
water-jacketed glass feeder covered with Parafilm membrane maintained at 37 °C by a circulating water-bath45. 
Blood-fed mosquitoes were kept in a paper cup with filter paper covering the bottom of the cup for egg laying. 
The morning after DMFA, unfed mosquitoes were removed using a mouth aspirator, the remaining ones were 
provided with 10% sugar solution. Thereafter, cups with mosquitoes were kept in plastic cages (30 × 30 × 30 cm) 
at 75 ± 2% humidity and 27 ± 1 °C at 12:12 h dark:light cycle, in a climatic chamber (AraLab, Portugal) upon 
parasite detection.

In the first series of DMFAs (cross-sectional survey November 2020 to January 2021), blood from eleven 
participants was used to infect mosquitoes. One third of the fed mosquitoes from each cup of each of the eleven 
DMFAs were dissected (N = 959 individual mosquitoes) for oocysts on day eight post infection (DPI). Eight of 
the eleven DMFAs had an oocyst prevalence over 10% in all dissected mosquitoes, and were selected for detec-
tion of sporozoites by qPCR at 14 DPI mosquitoes. In the second series of DMFAs (cross-sectional survey May 
to July 2021), mosquitoes were infected with blood from seven participants and analysed for sporozoites using 
qPCR on 10 DPI, 13 DPI and 16 DPI.

Additional blood meals and egg laying
In the evening of the third day after the infectious DMFA (3 DPI, ~ 72 h), filter papers on the bottom of the cups 
were wetted with 3 mL of deionized water. This allowed mosquitoes to lay eggs on the moist filter papers over-
night. In the evening (4 DPI, ~ 96 h), four cups (containing between 120 and 200 mosquitoes) were randomly 
selected for the additional uninfectious blood meal using freshly drawn blood of a male voluntary blood donor, 
tested negative for malaria infection by malaria rapid diagnostic test. Mosquitoes were allowed to feed for 60 min 
on water-jacketed glass feeders as described before. Finally, at seven DPI (~ 168 h), filter papers of all cups were 
wetted again to allow mosquitoes to lay their eggs from oogenesis induced by the additional blood meal.

Dissection of mosquitoes and oocyst detection
On eight DPI, one third of the surviving mosquitoes from each cup were separated and killed by spraying 
ethanol (70%). The remaining mosquitoes were kept for sporozoite development and transferred to a fresh cup. 
Midguts were dissected under a stereoscope at 10× magnification and stained for 10 min using 1% mercuro-
chrome solution (Merck, Switzerland) before examination under a compound microscope (OLYMPUS, Japan) 
at 40× magnification for presence of oocysts.

DNA extraction
DNA was extracted from heads and thoraxes of mosquitos in 200 µL DNAzol reagent (Molecular Research 
Center, AlfaAesar, Germany). Mosquito tissue was ground and incubated at 55 °C for 20 min in a heating block. 
This was followed by centrifugation at 18′000 relative centrifugal force (rcf) for ten minutes. DNA was precipi-
tated in cold ethanol ( − 20 °C, 100%) and pelleted by centrifugation at 15′000 rcf for eight minutes and washed 
with 75% ethanol followed by a last centrifugation step at 15′000 rcf for five minutes. Finally, the DNA pellet was 
air-dried in a heating-block for 15 min at 45 °C and eluted in 50ul of DNAse/RNAse free water.

qPCR for detection and relative quantification of sporozoites
Plasmodium falciparum infection was detected using a multiplex TaqMan based qPCR assay targeting the P. falci-
parum specific acidic terminal sequence of the var genes (PfvarATS) and the Pan Plasmodium 18S rRNA sequence 
(Pspp18S) as described previously32,46. We added an Anopheles specific pair of primers and probe targeting the 
mosquito 28S rRNA sequence as an internal control for DNA extraction (Supplementary Fig. 1). We used the 
Pspp18S target for detection and quantification of sporozoites. The PfvarATS target was used as confirmatory 
target for P. falciparum infection. Only mosquitoes positive for both targets were counted as parasite infected.

Sporozoites were quantified using a plasmid containing the 18S rRNA gene (GenBank: AF145334) from 
P. falciparum (BEI Resources, NIAID, MRA-177). Plasmid copy numbers per µL were calculated as described 
elsewhere47 and standard curves were prepared by serial dilutions over eight magnitudes assuming an average 
of six copies of the 18S rRNA gene sequence per parasite genome48, from one million parasites per µL (6′000′000 
plasmid copies per µL) to 0.1 parasites per µL (0.6 copies/ µL). Each concentration from the serial dilution 
(standards) was run in triplicate to determine qPCR efficiency, limit of detection, the slope and y-intercept for 
relative quantification of Plasmodium DNA in positive mosquito samples.

Samples were run as single qPCR reactions and repeated if the internal qPCR control did not meet the 
internally defined cut-off for quality control (CT ≥ 21.99). In case of negative repetition of the internal control 
target, the sample was excluded from analysis. Samples were considered positive if both Plasmodium targets gave 
positive results below the qPCR cut-off of 40 cycles of amplification.
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Molecular detection of Plasmodium species other than P. falciparum from gametocyte carriers 
(qPCR)
All gametocyte positive children enrolled for blood-drawing were also tested for the presence of P. malariae49 
and P. ovale38 that are also found in the study area. This was done to avoid co-infections and interspecific parasite 
competition when transmitted to mosquitoes.

DNA was extracted from 180 µL whole blood drawn into EDTA tubes (Vacuette®, Greiner, Austria) and pre-
served in 540 µL 1× DNA/RNA Shield™ (Zymo Research, Irvine, USA). The Quick-DNA™ Miniprep kit (Zymo 
Research, Irvine, USA) was used for DNA extraction according to the manufacturer’s instructions. DNA was 
eluted in 50 µL elution buffer and stored at − 20 °C until use.

We used a qPCR assay described by Schindler et al.50 targeting relevant human Plasmodium species differ-
ent to P. falciparum in the Bagamoyo district (supplementary table 1). All qPCR assays were run in duplicates 
with appropriate positive controls (PC) for the different Plasmodium species and non-template controls (NTC). 
Participants positive for Plasmodium species other than P. falciparum were excluded from the study.

Amplicon deep sequencing
Sporozoite infected mosquitoes from the single and additional blood meal group with similar sporozoite num-
bers were selected for sequencing to avoid an eventual bias of sequencing data due to the number of sporozoites 
sequenced. Targeted amplicon deep sequencing was performed using four different markers (supplementary 
Fig. 1). DNA of individual samples was amplified with primary and nested PCR in triplicates. Amplification 
was confirmed on an automated capillary electrophoresis system (QIAxcel, Qiagen). Then nPCR products were 
purified as previously described28. Finally, sequence libraries were generated in a final round of PCR adding 
Illumina sequencing adaptors and sample specific molecular indexes. Final sequencing libraries were quantified, 
normalised, pooled together, purified and DNA concentration was quantified using a Qubit dsDNA kit (Ther-
mofisher Scientific) to adjust for final sequencing concentration. Library pools were sequenced in triplicates on 
an Illumina MiSeq platform in paired-end mode (600 cycles; 2× 300 bp v3), with 15% Enterobacteria phage PhiX 
control (Illumina, PhiX Control v3)51.

Sequence read analysis and haplotype calling
Sequencing reads were analysed using the HaplotypR pipeline (version 0.3.1). Samples yielding fewer than 25 
reads were excluded from analysis. Trimmed sequences were compared to the reference sequence P. falciparum 
strain 3D7 (PlasmoDB) and cut-offs were defined as described elsewhere52.

Code availability
The code of the pipeline used to process the data sequenced here is available under https://​github.​com/​lerch-a/​
Haplo​typR and published by Lerch et al.28.

Statistical analysis
In the first series of DMFAs, we estimated the impact of an additional blood meal on the prevalence and intensity 
of oocyst infection at 8 DPI and sporozoite infection at 14 DPI. Logistic regression was performed including 
the infection status of mosquitoes with oocysts or sporozoites as the binary outcome variable, the number of 
blood meals as a categorical fixed effect and participants donating gametocytemic blood (participant ID) as a 
random effect to account for multiple mosquitoes being fed on the same participant’s blood. The adjusted odds 
ratios (aOR) for the odds of infection in the additional blood meal group compared to the odds of infection in 
the single blood meal group were estimated and presented with 95% confidence intervals (CI).

To estimate the association between the additional blood meal and the intensity of oocyst or sporozoite infec-
tion in the mosquitoes, negative binomial regressions were performed. The number of oocysts or sporozoites was 
incorporated as the outcome variable, the number of blood meals as a categorical variable, and the participants 
that donated gametocytemic blood (participant ID) were incorporated as a random effect into the regression 
model. Rate ratios (RR) comparing the number of parasites in the additional blood meal group to the single 
blood meal group were estimated with 95% CI.

In the second series of DMFAs, we estimated the association between having an additional blood meal and 
the prevalence of sporozoites infection over the three time points (10, 13 and 16 DPI) using logistic regression. 
We used logistic regression for prevalence and negative binomial regression for the intensity of sporozoite 
infections with a random effect for participant. To control for differences between the time points, we included 
day (of qPCR detection for sporozoite infection) into the model as a fixed effect. We investigated whether the 
association between infection and blood meal differed by time points using an interaction test. The analysis of 
sporozoite intensity was not adjusted for day of infection due to the overall small number of sporozoite-infected 
mosquitoes (Supplementary information).

All data were entered into Excel (Microsoft, 2016) and analysed with the statistical software R (version 4.1.3) 
and the R studio interface (Version 1.3.1093) using the “lme4” package.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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