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Host feeding preferences of malaria 
vectors in an area of low malaria 
transmission
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Studying the behaviour and trophic preferences of mosquitoes is an important step in understanding 
the exposure of vertebrate hosts to vector-borne diseases. In the case of human malaria, transmission 
increases when mosquitoes feed more on humans than on other animals. Therefore, understanding 
the spatio-temporal dynamics of vectors and their feeding preferences is essential for improving 
vector control measures. In this study, we investigated the feeding behaviour of Anopheles 
mosquitoes at two sites in the Sudanian areas of Senegal where transmission is low following the 
implementation of vector control measures. Blood-fed mosquitoes were collected monthly from July 
to November 2022 by pyrethrum spray catches in sleeping rooms of almost all houses in Dielmo and 
Ndiop villages, and blood meals were identified as from human, bovine, ovine, equine and chicken 
by ELISA. Species from the An. gambiae complex were identified by PCR. The types and numbers of 
potential domestic animal hosts were recorded in each village. The Human Blood Index (HBI) and the 
Manly Selection Ratio (MSR) were calculated to determine whether hosts were selected in proportion 
to their abundance. Spatio-temporal variation in HBI was examined using the Moran’s index. A total of 
1251 endophilic Anopheles females were collected in 115 bedrooms, including 864 blood fed females 
of 6 species. An. arabiensis and An. funestus were predominant in Dielmo and Ndiop, respectively. Of 
the 864 blood meals tested, 853 gave a single host positive result mainly on bovine, equine, human, 
ovine and chicken in decreasing order in both villages. Overall, these hosts were not selected in 
proportion to their abundance. The human host was under-selected, highlighting a marked zoophily 
for the vectors. Over time and space, the HBI were low with no obvious trend, with higher and lower 
values observed in each of the five months at different points in each village. These results highlight 
the zoophilic and exophagic behaviour of malaria vectors. This behaviour is likely to be a consequence 
of the distribution and use of LLINs in both villages and may increase risk of residual outdoor 
transmission. This underlines the need to study the feeding host profile of outdoor resting populations 
and how domestic animals may influence malaria epidemiology in order to tailor effective malaria 
vector control strategies in the two villages.

To better understand the dynamics of malaria transmission, the identification of blood meal sources of Anopheles 
vectors is essential to assess the risk of human  exposure1. Of the 500 described Anopheles species, about 60 are 
responsible for the majority of malaria  cases2,3. In most regions where they occur, An. gambiae, An. arabiensis, 
An. coluzzii and An. funestus are the most prevalent and most involved in malaria transmission and are therefore, 
considered the main vectors of malaria in sub-Saharan  Africa4–6.

Considered for a long time as highly anthropophilic and endophilic species, several recent papers have high-
lighted a zoophilic tendency following the implementation of vector control  strategies7–9. Furthermore, known 
for their crepuscular and nocturnal biting activity, a switch in biting behaviour has been demonstrated at times 
and places where humans are not  protected10,11. Thus, determining the trophic preferences of vectors and their 
human blood index are important for understanding their biting behaviour, especially in areas where additional 
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strategies targeting residual transmission are needed to achieve pre-elimination and progress towards elimina-
tion, given the efforts and resources  deployed12.

Although bionomic and behavioral studies can support the development of interventions or strategies tar-
geting vectors that evade standard control  measures13, some parameters need to be considered. First, regardless 
of the vector, host selection is the result of the combined effects of intrinsic preferences modulated by extrinsic 
 factors14. So, even if a species has an intrinsic preference for a particular host species due to genetic factors, envi-
ronmental factors and the availability or accessibility of that host will cause the mosquito to adapt to  others15. 
Indeed, the blood meals of mosquito vectors such as An. gambiae s.l. and An. funestus are not  uniform10 and can 
vary between houses within the same village. The proportion of a mosquito population that feeds on humans 
can vary depending on factors such as the location/biotope where the bites occur, the human/animal ratio, the 
protective measures used by the population, the spraying status of the area, the homogeneity of the mosquito 
in host selection or the response to an  insecticide16,17. Secondly, if mosquito vectors are opportunistic, this may 
increase their proportion and therefore the frequency of feeding on animals and humans before the latter return 
to their  bedroom18. This can maintain a sufficient level of human-vector contact, one of the most important 
components of disease transmission used in planning and assessing the risk of vector-borne disease and the 
impact of vector control  measures16. In addition, studies have shown that the presence of domestic animals near 
human dwellings can reduce disease prevalence and be an effective means of limiting malaria  transmission19. 
In this context, it is essential to understand the key elements of vector feeding behaviour to ensure the success 
of strategies aimed at interrupting transmission. This will help to guide the current and future malaria preven-
tion and elimination initiatives planned in many contexts, given the interesting results obtained using strategies 
that have been shown to be  effective20. Unfortunately, the factors involved are largely unknown or insufficiently 
characterized. This is particularly true for the vectors involved and for environmental and demographic factors.

In Senegal, studies on trophic preferences have so far focused on the different hosts bitten, without taking 
into account host selection and the tendency of vectors to feed on one host species versus other available host 
species. Thus, all aspects related to the feeding habits of the vectors in relation to the available hosts, their relative 
abundance and their availability are never been taken into account.

This study aims to understand the feeding behaviour and trophic preferences of Anopheles vectors in two 
villages located in the Sudanian zone of Senegal, where decrease in malaria transmission has been observed.

Materials and methods
Study area
The study was carried out in two localities located in the Sudanian zone of Senegal (Fig. 1): Dielmo and 
Ndiop, where longitudinal studies on the determinants of malaria have been carried out since 1990 and 1993, 
 respectively21,22. Since then, the epidemiology of malaria has changed to the point where elimination of the 
disease is  envisaged23,24. Unfortunately, progress has been hampered by the resurgence of malaria attacks in 
both  villages25,26. Indeed, data collected during four cross-sectional surveys conducted in the two villages prior 
to the malaria transmission season in June/July 2013, 2014, 2015 and 2016 identified asymptomatic infections 
with average parasite carriage rates of 7.7% and 9.5% in Dielmo and Ndiop,  respectively24,26. Such infections may 

Figure 1.  Geographical representation of the map of Senegal (A), the region of Fatick (B) and the two study 
villages (C). The Capital city of Senegal and The Gambia are shown.
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act as silent reservoirs of parasites capable of sustaining low levels of residual transmission and the resurgence 
of clinical episodes of malaria in populations. In the villages of Dielmo and Ndiop, transmission is ensured by 
species of the An. gambiae s.l. complex and An. funestus27,28. Around the village of Dielmo, the presence of a 
small river (Nema) that flows throughout the year almost ensures the permanent presence of  vectors27. In Ndiop, 
transmission is seasonal because the vectors breeding sites depend on  rainfall28. The main economic activity 
in both villages is agriculture, dominated by the production of groundnuts, the sale of cashew nuts, mangoes 
and horticulture. These two villages are mainly inhabited by the Serere and Wolof ethnic groups in Dielmo and 
Ndiop, respectively. The houses are of two types: traditional, with banco walls and thatched roofs, or modern, 
with cement brick walls and zinc roofs, with the latter being more prevalent.

Sampling of the endophilic mosquito population and census of domestic vertebrate hosts
From July to November 2022, 115 households were systematically visited each month (69 in Dielmo and 46 
in Ndiop) in the two villages for mosquito sampling. In each visited household, one bedroom was selected for 
sampling. In addition, geographic coordinates, household number, presence or absence of domestic animals, 
type of support (banco or cement walls) and number of occupants in the sampled room were recorded during 
a one-time interview with all household heads. A census of domestic animals was conducted by interviewing 
household heads during mosquito sampling in July 2022 at the beginning of the study. Mosquitoes were collected 
in bedrooms using the pyrethrum spray catch method between 7 and 10 am with four teams, each consisting of 
three individuals, for each of the two villages. Collections were made in rooms where one or more people have 
spent the night, using sheets spread on the floor, after spraying with pyrethroids. After each collection session, 
all Anopheles mosquitoes were identified morphologically using the identification key of  Coetzee29 and then 
classified by sex and physiological status. The collected females were then individually preserved in Eppendorf 
tubes containing silica gel and cotton, returned to the laboratory and stored at − 20 °C for further analysis.

Molecular identification of the An. gambiae s.l. species complex
Genomic DNAs from An. gambiae s.l. specimens were extracted from the legs or wings using the CTAB 2% 
 method30. Species identification was then carried out using the techniques of Scott et al.31 and Fanello et al.32.

Determination of the origin of blood meals
The origin of the blood meals ingested by the females was determined in the laboratory using the enzyme-linked 
immunosorbent assay (ELISA) technique described by Beier et al.33. The principle is to react on the blood ingested 
by the mosquito with antibodies specific for potential hosts. These antibodies are labelled by a peroxidase and, 
in the presence of its substrate, a coloured reaction allows the identification of the host bitten. The choice of 
antibodies was based on the main potential hosts present in the villages. Five different host antibodies were 
used: human, bovine, ovine, equine, and chicken. All blood meal sources were identified simultaneously with 
the five antibodies used.

Data analysis
For each village, data related to household number, geographic coordinates, presence or absence of domestic 
animals, type of support (banco or cement walls) and number of occupants in the sampled room were entered 
into an Excel workbook, and statistical analyses were performed using R software version 4.2.0. The proportions 
of blood meals taken on each of the five vertebrate hosts tested were estimated by the percentage of the number 
of blood meals taken on each host out of the total number of blood meals identified. The human blood index 
(HBI) was calculated from the proportion of mosquitoes feeding on humans out of all identified blood meals. 
Analysis of the spatio-temporal variation of the human blood meals was performed using Moran’s  index34 to 
determine autocorrelation by measuring the correlation between the households to identify the degree of cluster-
ing based on the assessed HBI (clustered, scattered, or random). Households with low or high human blood meal 
rates, were identified using the Getis-Ord Gi statistic*35. Clustered sites with high and low HBI were identified 
with Z scores > 1.96 and Z scores < 1.96 respectively. The selection ratio of Manly et al.36 was used to determine 
whether vectors selected human and other hosts in proportion to their relative abundance. It is estimated as the 
proportion of a given host among other hosts divided by the proportion of available hosts among all selectable 
hosts in each village. A ratio of 1 indicates that the host selection is proportional to its availability, greater than 1 
if a host is selected above its proportional availability, and less than 1 if a host is selected below its proportional 
availability. Estimates of the selection ratio and its 95% confidence interval were calculated using the adehabitat 
package available in the R statistical software.

Results
Specific composition and abdominal status of female Anopheles mosquitoes
A total of 1251 female Anopheles mosquitoes were collected in the two villages (474 in Dielmo and 777 in Ndiop) 
between July and November 2022 (Table 1). Four morphological species were collected in Dielmo: An. gambiae 
s.l., An. funestus, An. coustani and An. rufipes. An. coustani was not found in Ndiop. The relative abundances of the 
species differed (Fisher’s exact test, p < 0.05 for each village). An. funestus was predominant in Dielmo, whereas 
An. gambiae s.l. was the most abundant species in Ndiop. Among the species present, An. rufipes was the least 
represented. Molecular analysis of the 688 specimens of An. gambiae s.l. (76 and 612 from Dielmo and Ndiop, 
respectively) showed that the majority of the complex consisted of An. arabiensis with proportions of 69.7% and 
67.8% respectively. In addition to An. arabiensis, An. gambiae, An. coluzzii and hybrids An. gambiae/An. coluzzii 
were collected in the two villages. The relative frequencies of the species in Dielmo were 19.7%, 5.3% and 5.3% 
for An. coluzzii, hybrids and An. gambiae respectively. In Ndiop the frequencies obtained were 26.6% for An. 
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coluzzii, 3.9% for An. gambiae and 1.6% for hybrids. Most Anopheles, especially An. funestus, An. arabiensis and 
An. coluzzii, were collected in blood fed stage in both villages (Table 1). The feeding rates were statistically dif-
ferent between the two villages (χ2 = 10.9, ddl = 1, p = 0.001).

Composition and representativeness of potential vertebrate hosts
A total of 2807 animals were recorded in the two villages (1469 in Dielmo and 1338 in Ndiop). In Dielmo, 16 
potential hosts were listed, compared to 12 in Ndiop, including humans. In both villages, chickens were the most 
common hosts, followed by caprine and human hosts. The other most common hosts were ovine in Dielmo 
and bovine in Ndiop. When considering the most representative hosts (bovine, ovine, chicken and equine), a 
significant difference was observed between the proportions of chickens (p < 0.001) compared to all other hosts 
in both villages (Fig. 2). Analysis of the average number of hosts per house showed that, irrespective of the site, 
the average number of chickens per house was much higher than the other hosts. While the average number of 
humans was comparable to the other hosts in Ndiop, it was different in Dielmo, except for ovine.

Table 1.  Abdominal status of Anopheles species collected in Dielmo and Ndiop from July to November 2022. 
N: number.

Sites Species

Fed Gravid
Half 
gravid Unfed

TotalN % N % N % N %

Dielmo

An. coustani 1 50 1 50 0 0 0 0 2

An. funestus 240 61.2 103 26.3 5 1.3 44 11.2 392

An. arabiensis 37 69.8 11 20.8 2 3.8 3 5.6 53

An. coluzzii 12 80 2 13.3 0 0 1 6.7 15

An. gambiae 1 25 2 50 1 25 0 0 4

An. rufipes 1 25 2 50 0 0 1 25 4

Hybrids 3 75 1 25 0 0 0 0 4

Ndiop

An. coustani 0 0 0 0 0 0 0 0 0

An. funestus 97 76.4 25 19.7 3 2.4 2 1.6 127

An. arabiensis 298 71.8 96 23.1 7 1.7 14 3.4 415

An. coluzzii 125 76.7 21 12.9 3 1.8 14 8.6 163

An. gambiae 17 70.8 6 25 0 0 1 4.2 24

An. rufipes 27 71.1 3 7.9 0 0 8 21.1 38

Hybrids 5 50 4 40 1 10 0 0 10

Figure 2.  Variations in the relative abundance of the main hosts in Dielmo and Ndiop. For the five hosts, means 
with different letters are significantly different.
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Due to the predominance of humans, bovine, ovine, equine and chickens, the following analyses are carried 
out on these five vertebrate hosts.

Trophic preferences of vectors
A total of 864 blood meals were tested by ELISA for host identification, with 295 from Dielmo and 569 from 
Ndiop. Out of these blood meals, 853 were successfully identified. Most of the blood meals were taken from 
only one of the five vertebrate hosts tested (human or animal). The percentage of unidentified meals was 1% in 
Dielmo and 1.4% in Ndiop. In contrast, 2% of blood meals in Dielmo and 14.3% in Ndiop were taken from two 
vertebrate host species. Mixed blood meals were only observed for An. funestus in Dielmo, but were more com-
mon in Ndiop, primarily involving animal/animal combinations for An. funestus, An. arabiensis, An. coluzzii, 
An. gambiae and An. rufipes. No blood meal was taken from chicken in Ndiop, while only one meal was taken by 
An. funestus in Dielmo. For An. gambiae, no feeding on humans was observed in both villages. Only one blood 
meal from a horse was observed in Dielmo. Blood meals on all other hosts were identified in An. arabiensis and 
An. coluzzii in both villages. As with An. arabiensis and An. coluzzii in both villages and An. gambiae in Ndiop, 
blood meals were preferably taken from bovine. Among the eight An. gambiae/An. coluzzii hybrids observed 
in the two villages, they fed on humans, bovine and equine hosts (Table 2). An. rufipes and An. coustani did not 
feed on humans. In Dielmo, An. rufipes primarily fed on bovine hosts, while An. coustani fed on ovine hosts. In 
Ndiop, An. rufipes mainly fed on bovine and equine hosts (Table 2).

Spatio-temporal variations of HBI
The spatio-temporal analysis of the overall HBI (all species) using spatial autocorrelation showed a negative 
spatial autocorrelation of the HBI in Dielmo for all months (Fig. 3, Table 3). The Z scores resulting from the 
hotspot analysis indicate the presence of 5, 4, 2, 6, and 2 households with significantly different Z scores from 
the other households in July, August, September, October and November, respectively. It’s worth noting that 
the majority of these households had significantly low Z scores (Fig. 3). Among these households, only one was 
of the traditional type, while the others were of modern type. Similarly, a negative spatial autocorrelation of 
the HBI was observed in Ndiop (Fig. 4, Table 3). The Z score analysis showed that in November, 7 households 
had significantly different values. In the other months, 4, 2, 2 and 1 households were observed in July, August, 
September and October, respectively.

Host selection ratio
The Manly selection ratio analysis showed a similar host selection profile between An. arabiensis and An. funestus, 
which are the the predominant species in Ndiop village. These two species were significantly under-selected for 
humans and ovine hosts, in contrast to bovine and equine hosts, which were over-selected (Fig. 5). An. coluzzii 
exhibited a similar profile, except that the over-selection for equine hosts was not statistically significant. In the 
case of An. gambiae, human and bovine were significantly under- and over-selected respectively, while ovine 
and equine were under-selected, but not significantly. In Dielmo, An. arabiensis and An. funestus significantly 
under-selected human and ovine hosts, while over-selecting bovine and equine hosts. However, it is important 
to note that the over-selection of equine hosts by An. arabiensis was not statistically significant. An. coluzzii 
exhibited under-selection for human, ovine and equine hosts, with only bovine hosts not showing a statistically 
significant over-selection (Fig. 6). As for An. gambiae, only one blood meal was recorded from equine hosts.

Table 2.  Origin of Anopheles blood meals in Dielmo and Ndiop from July to November 2022.

Sites Species Tested

Single blood meals Mixed blood meals

NegativeHuman Bovine Ovine Chicken Equine AA HA

Dielmo

An. funestus 240 48 (20) 87 (36.3) 25 (10.4) 1 (0.4) 71 (29.6) 4 (1.7) 2 (0.8) 2 (0.8)

An. arabiensis 37 8 (21.6) 14 (37.9) 3 (8.1) 0 (0) 11 (29.7) 0 (0) 0 (0) 1 (2.7)

An. coluzzii 12 4 (33.4) 6 (50) 1 (8.3) 0 (0) 1 (8.3) 0 (0) 0 (0) 0 (0)

An. gambiae 1 0 (0) 0 (0) 0 (0) 0 (0) 1 (100) 0 (0) 0 (0) 0 (0)

An. rufipes 1 0 (0) 1 (100) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

An. coustani 1 0 (0) 0 (0) 1 (100) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Hybrids 3 1 (33.3) 1 (33.3) 0 (0) 0 (0) 1 (33.3) 0 (0) 0 (0) 0 (0)

Ndiop

An. funestus 97 8 (8.2) 47 (48.5) 5 (5.2) 0 (0) 27 (27.8) 3 (3.1) 6 (6.2) 1 (1)

An. arabiensis 298 15 (5) 141 (47.3) 7 (2.3) 0 (0) 84 (28.2) 43 (14.5) 6 (2) 2 (0.7)

An. coluzzii 125 10 (8) 65 (52) 4 (3.2) 0 (0) 25 (20) 18 (14.4) 1 (0.8) 2 (1.6)

An. gambiae 17 0 (0) 11 (64.7) 2 (11.8) 0 (0) 2 (11.8) 0 (0) 1 (5.9) 1 (5.9)

An. rufipes 27 0 (0) 19 (70.4) 1 (3.7) 0 (0) 3 (11.1) 2 (7.4) 0 (0) 2 (7.4)

An. coustani 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Hybrids 5 1(20) 3(60) 0 (0) 0 (0) 1(20) 0 (0) 0 (0) 0 (0)
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Discussion
The identification of blood meal sources of Anopheles vectors is important in epidemiological studies of malaria 
since, for instance to understand changes in mosquito behaviour in response to long-term control  efforts37. Seven 
Anopheles species were collected in this study, with An. funestus and An. arabiensis being the most abundant, 
consistent with previous findings in the area by Doucoure et al.10, Thiaw et al.38 in Dielmo and by Sokhna et al.39 
in Ndiop.

In both villages, the relatively higher number of resting blood fed females collected from human dwellings 
could be related to their endophilic behaviour. These findings support studies by Fornadel and  Norris40, which 
also demonstrated endophilic behaviour of Anopheles malaria vectors. Recent studies by Mbewe et al.41 in Malawi 
also similarly demonstrated the endophilic behaviour of An. gambiae s.l. and An. funestus. Our analysis of the 
blood meal sources showed that single blood meals from either humans or animals were more common than 
mixed blood meals from two different vertebrate hosts. Similar results were obtained by Ngom et al.1 in other 
sites in Senegal, while the results of a study conducted by Konate et al.42 in Dielmo showed the predominance of 
mixed blood meals. The majority of the identified blood meals were of animal origin, with only 11.2% originat-
ing from humans. Among the identified potential animal hosts, bovine was the most frequently bitten host (16 
in Dielmo and 12 in Ndiop). Our findings are consistent with those of Massebo et al.43 in Ethiopia and Finney 

Figure 3.  Spatial and temporal distribution of HBI of malaria vectors in Dielmo. Significance levels are 
analysed using Getis-Ord Gi* statistics. Z scores < 0 indicate a clustering tendency of low HBI and Z scores > 0 
indicate a clustering tendency of high HBI. Significant Z scores (p < 0.05) are shown in red.

Table 3.  Moran’s I spatial autocorrelation indices for the HBI in Dielmo and Ndiop from July to November 
2022.

Sites Months Moran’s I Z scores P value

Dielmo

July − 0.026 1.016 0.99

August − 0.030 1.939 0.60

September − 0.029 2.084 0.59

October − 0.005 3.479 0.44

November − 0.066 3.617 0.76

Ndiop

July − 0.026 1.646 0.66

August − 0.047 2.779 0.62

September − 0.035 3.209 0.55

October − 0.073 2.844 0.70

November − 0.035 1.913 0.93
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et al.44 in Madagascar, both of which demonstrated zoophagic feeding behaviour in Anopheles mosquitoes. These 
observations suggest that the majority of Anopheles collected indoors during the present study took their blood 
meal outdoors and then entrered the rooms to complete their trophogonic cycle. This exophagic and endophilic 
behaviour of Anopheles mosquitoes observed during our study, has been previously described by Sougoufara 
et al.45 in Dielmo. Thus, among the other types of blood meals identified, including those from humans, a large 
proportion was likely taken outdoors. This outdoor biting behaviour therefore poses a significant threat to 
elimination efforts, as it can sustain malaria transmission even in areas with high control coverage  measures46. 
In both villages, the zoophagic behaviour of the vectors could be attributed to the good coverage and use of bed 
nets and other protective measures. This zoophagic behaviour contrasts with the findings of Konate et al.47, who 
showed that the majority of blood meals of An. gambiae and An. funestus were from humans, indicating a highly 
anthropophilic nature of these species. However, the current behaviour of these species has changed consider-
ably as a result of the implementation of the many control  strategies48. Indeed, the studies by Wotodjo et al.25,49 

Figure 4.  Spatial and temporal distribution of HBI of malaria vectors in Ndiop. Significance levels are analysed 
using Getis-Ord Gi* statistics. Z scores < 0 indicate a clustering tendency of low HBI and Z scores > 0 indicate a 
clustering tendency of high HBI. Significant Z scores (p < 0.05) are shown in red.

Figure 5.  Graphs showing the Manly host selection ratio with 95% confidence interval bars for human, bovine, 
ovine and equine in Ndiop from July to November 2022. The dashed horizontal line marks the Manly ratio value 
of 1. The red asterisks indicate Manly ratios significantly greater than 1 (host species over-selection) or less than 
1 (under-selection).
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and Doucoure et al.10 showed that the number of malaria cases decreased after the introduction of long-lasting 
insecticidal-treated nets (LLINs). The results obtained by Sougoufara et al.45 also showed that the use of LLINs 
correlated with a significant reduction in mosquito biting rates, thereby reducing disease transmission.

Due to the inaccessibility of humans, vectors have become opportunistic and feed mainly on  animals50. This 
phenomenon is interesting because in both villages, human hosts are not more prevalent than other animal hosts 
(especially bovine, ovine, equine and chicken). This is confirmed by the results of the selection ratio study, which 
showed variations between different species within the same village. Regardless of location and species, bovine 
was significantly over-selected. An. arabiensis, An. coluzzii and An. funestus can be considered opportunistic, 
as they over-selected bovine and, to a lesser extent, equine hosts. A number of factors and processes influence 
mosquito host selection, such as host availability, density and  accessibility18. Therefore, keeping people and 
animals together in the same house can be considered as an effective strategy for malaria control. Indeed, when 
mosquitoes cannot access humans, they may resort to animals to ensure their  survival41. In addition, studies 
have shown that a high density of cattle around a household still provides some protection to humans, especially 
against mosquitoes that enter houses to  feed51.

No human blood meals were observed in An. rufipes and An. coustani. This strictly zoophilic behaviour 
of An. rufipes observed in our study was previously reported by Konate et al.42 despite the presence of human 
hosts. These results suggest that in Senegal, An. rufipes may not be involved in malaria transmission, in contrast 
to studies conducted in Cameroon by Tabue et al.52, and a more recent study in southeastern Zambia by Saili 
et al.46, both of which reported the involvement of this species as a vector of human Plasmodium. For mixed 
blood meals, the most common combination was bovine and equine.

Although chickens were the most common potential domestic hosts in both villages, no blood meals were 
taken from this host in Ndiop, and only one blood meal was recorded from An. funestus in Dielmo. These results 
suggest that the vectors did not feed on chickens, despite their high density in both villages. Such observations 
have been made previously in this area by Konate et al.48. The wider distribution of bovine blood meals can be 
attributed to the abundance of these hosts. In fact, in nearly all the households visited, bovines are kept inside 
the houses. Thus, due to their number, size and behaviour, bovine can be considered as the most accessible hosts 
for mosquitoes. The results of the spatio-temporal analysis of the HBI using spatial autocorrelation revealed 
that regardless of the month, there was a negative spatial autocorrelation in the HBI observed in both villages. 
However, some households exhibited significantly higher Z scores, indicating higher frequencies of the HBI 
than others. This highlights the unequal vulnerability of individuals to malaria mosquito bites, despite control 
 measures41. Factors that may explain this situation include the tendency of some people to spend more time out-
doors or use bed nets  irregularly26. This could be considered a risk factor for malaria  transmission46. Additionally, 
the protective effect of LLINs can be reduced when individuals receive mosquito bites outside their bedrooms.

Conclusions
Determining the blood sources of female Anopheles mosquitoes is essential for guiding the design of new vector 
control strategies. This study demonstrated the exophagic, zoophagic and opportunistic behaviors of the main 
malaria vectors An. gambiae s.l. and An. funestus, as well as the strictly zoophagic behaviour of An. rufipes, despite 
the presence of human hosts. The detection of human blood in both vector species suggests the potential for 
malaria transmission in these two communities. Furthermore, the study indicated that the presence of domes-
tic animals near human settlements, combined with the use of LLINs, could be integrated into malaria vector 
control strategies. Nevertheless, further additional research is required to investigate the relationship between 
the observed zoophagy and potential infection of vectors by Plasmodium parasites. This will provide a more 
comprehensive understanding of residual transmission. Furthermore, investigating the feeding host profile of 
outdoor resting populations and studying how the presence of domestic animals may influence malaria epide-
miology is necessary to tailor effective malaria control strategies.

Figure 6.  Graphs showing the Manly host selection ratio with 95% confidence interval bars for human, bovine, 
ovine and equine in Dielmo from July to November 2022. The dashed horizontal line marks the Manly ratio 
value of 1. The red asterisks Manly ratios significantly greater than 1 (host species over-selection) or less than 1 
(under-selection).



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:16410  | https://doi.org/10.1038/s41598-023-43761-z

www.nature.com/scientificreports/

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 28 June 2023; Accepted: 28 September 2023

References
 1. Ngom, E. H. M. et al. Spatio-temporal analysis of host preferences and feeding patterns of malaria vectors in the sylvo-pastoral 

area of Senegal: Impact of landscape classes. Parasit. Vectors 6, 1–8 (2013).
 2. Fontenille, D. et al. Vecteurs de paludisme: Du terrain à la génétique moléculaire recherches en Afrique. Rev. Epidemiol. Sante 

Publ. 53, 283–290 (2005).
 3. Mouchet, J. et al. Biodiversité du Paludisme Dans le Monde (John Libbey Eurotext, 2004).
 4. Niang, E. H. A., Konate, L., Faye, O., Diallo, M. & Dia, I. Vector bionomics and malaria transmission in an area of sympatry of An. 

arabiensis, An. coluzzii and An. gambiae. Acta Trop. 189, 129–136 (2019).
 5. Ogola, E. O., Odero, J. O., Mwangangi, J. M., Masiga, D. K. & Tchouassi, D. P. Population genetics of Anopheles funestus, the african 

malaria vector, Kenya. Parasit. Vectors 12, 1–9 (2019).
 6. Sinka, M. E. et al. Modelling the relative abundance of the primary african vectors of malaria before and after the implementation 

of indoor, insecticide-based vector control. Malar. J. 15, 1 (2016).
 7. Degefa, T. et al. Indoor and outdoor malaria vector surveillance in western Kenya: Implications for better understanding of residual 

transmission. Malar. J. 16, 1 (2017).
 8. Kahamba, N. F. et al. Using ecological observations to improve malaria control in areas where Anopheles funestus is the dominant 

vector. Malar. J. 21, 1 (2022).
 9. Kreppel, K. S. et al. Emergence of behavioural avoidance strategies of malaria vectors in areas of high LLIN coverage in Tanzania. 

Sci. Rep. 10, 89 (2020).
 10. Doucoure, S. et al. Anopheles arabiensis and Anopheles funestus biting patterns in Dielmo, an area of low level exposure to malaria 

vectors. Malar. J. 19, 1 (2020).
 11. Sangbakembi-Ngounou, C. et al. Diurnal biting of malaria mosquitoes in the Central African Republic indicates residual transmis-

sion may be out of control. Proc. Natl. Acad. Sci. 119, 859 (2022).
 12. Niare, S. et al. MALDI-TOF MS identification of Anopheles gambiae Giles blood meal crushed on whatman filter papers. Plos One 

12, e0183238 (2017).
 13. Massebo, F., Balkew, M., Gebre-Michael, T. & Lindtjørn, B. Blood meal origins and insecticide susceptibility of Anopheles arabiensis 

from Chano in south-west Ethiopia. Parasit. Vectors 6, 74 (2013).
 14. Lyimo, I. N. & Ferguson, H. M. Ecological and evolutionary determinants of host species choice in mosquito vectors. Trends 

Parasitol. 25, 189–196 (2009).
 15. Batista, E. P. A. et al. Field evaluation of the BG-malaria trap for monitoring malaria vectors in rural tanzanian villages. Plos One 

13, e0205358 (2018).
 16. Garrett-Jones, C., Boreham, P. F. L. & Pant, C. P. Feeding habits of anophelines (Diptera: Culicidae) in 1971–78, with reference to 

the human blood index: a review. Bull. Ent. Res. 70, 165–185 (1980).
 17. Zimmerman, R. H., Galardo, A. K. R., Lounibos, L. P., Arruda, M. & Wirtz, R. Bloodmeal hosts of Anopheles species (Diptera: 

Culicidae) in a malaria-endemic area of the brazilian amazon. J. Med. Entomol. 43, 947–956 (2006).
 18. Keven, J. B. et al. Plasticity of host selection by malaria vectors of Papua New Guinea. Parasit. Vectors 10, 712 (2017).
 19. Mahande, A., Mosha, F., Mahande, J. & Kweka, E. Feeding and resting behaviour of malaria vector, Anopheles arabiensis with 

reference to zooprophylaxis. Malar. J. 6, 1 (2007).
 20. Robert, V. Brève histoire des moustiquaires imprégnées d’insecticide dans la lutte contre le paludisme : Un témoignage sur la 

cruciale décennie 1980. Bull. Soc. Path. Ex. 113, 88–103 (2020).
 21. Rogier, C. et al. Plasmodium falciparum clinical malaria: Lessons from longitudinal studies in Senegal. Parassitologia 41, 255–260 

(1999).
 22. Trape, J.-F. et al. The rise and fall of malaria in a west African rural community, Dielmo, Senegal, from 1990 to 2012: A 22-year 

longitudinal study. Lancet Infect. Dis. 14, 476–488 (2014).
 23. Wotodjo, A. N. et al. Malaria in Dielmo, a Senegal village: Is its elimination possible after seven years of implementation of long-

lasting insecticide-treated nets?. Plos One 12, e0179528 (2017).
 24. Niang, M. et al. Fine-scale spatiotemporal mapping of asymptomatic and clinical Plasmodium falciparum infections: Epidemiologi-

cal evidence for targeted malaria elimination interventions. Clin. Infect. Dis. 73, 2175–2183 (2021).
 25. Wotodjo, A. N. et al. Another challenge in malaria elimination efforts: The increase of malaria among adults after the implementa-

tion of long-lasting insecticide-treated nets (LLINs) in Dielmo. Senegal. Malar. J. 2018, 17 (2018).
 26. Niang, M. et al. Substantial asymptomatic submicroscopic Plasmodium carriage during dry season in low transmission areas in 

Senegal: Implications for malaria control and elimination. Plos One 12, e0182189 (2017).
 27. Fontenille, D. et al. High annual and seasonal variations in malaria transmission by anophelines and vector species composition 

in Dielmo, a holoendemic area in Senegal. Am. J. Trop. Med. Hyg. 56, 247–253 (1997).
 28. Fontenille, D. et al. Four years entomological study of the transmission of seasonal malaria in senegal and the bionomics of 

Anopheles gambiae and An. arabiensis. Trans. R. Soc. Trop. Med. Hyg. 91, 647–652 (1997).
 29. Coetzee, M. Key to the females of afrotropical Anopheles mosquitoes (Diptera: Culicidae). Malar. J. 19, 1 (2020).
 30. Morlais, I., Ponçon, N., Simard, F., Cohuet, A. & Fontenille, D. Intraspecific nucleotide variation in Anopheles gambiae: New insights 

into the biology of malaria vectors. Am. J. Trop. Med. Hyg. 71, 795–880 (2004).
 31. Scott, J. A., Brogdon, W. G. & Collins, F. H. Identification of single specimens of the Anopheles gambiae complex by the polymerase 

chain reaction. Am. J. Trop. Med. Hyg. 49(4), 520–529 (1993).
 32. Fanello, C., Santolamazza, F. & della Torre, A. Simultaneous identification of species and molecular forms of the Anopheles gambiae 

complex by PCR-RFLP. Med. Vet. Entomol. 16(4), 461–464 (2002).
 33. Beier, J. C. et al. Bloodmeal identification by direct enzyme-linked immunosorbent assay (Elisa), tested on Anopheles (Diptera: 

Culicidae) in Kenya. J. Med. Entomol. 25, 9–16 (1988).
 34. Moran, P. A. P. The interpretation of statistical maps. J. R. Stat. Soc. Ser. B Stat. Methodol. 10, 243–251 (1948).
 35. Getis, A. & Ord, J. K. The analysis of spatial association by use of distance statistics. Geogr. Anal. 24, 189–206 (1992).
 36. Manly, B. F., McDonald, L. L., Thomas, D. L., McDonald, T. L. & Erickson, W. P. Resource Selection by Animals: Statistical Design 

and Analysis for Field Studies (Kluwer Academic Publishers, 2002).
 37. Escobar, D. et al. Blood meal sources of Anopheles spp. in malaria endemic areas of Honduras. Insects 11, 450 (2020).
 38. Thiaw, O. et al. Investigating insecticide resistance and knock-down resistance (kdr) mutation in Dielmo, Senegal, an area under 

long lasting insecticidal-treated nets universal coverage for 10 years. Malar. J. 17, 1 (2018).
 39. Sokhna, C. S. et al. Evaluation comparée par ELISA et par dissection de l’infection plasmodiale des anophèles: Conséquences sur 

l’estimation de la transmission du paludisme en 1995 à Ndiop, Senegal. Parasite 5, 273–279 (1998).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:16410  | https://doi.org/10.1038/s41598-023-43761-z

www.nature.com/scientificreports/

 40. Fornadel, C. M. & Norris, D. E. Increased endophily by the malaria vector Anopheles arabiensis in southern Zambia and identi-
fication of digested blood meals. Am. J. Trop. Med. Hyg. 79(6), 876–880 (2008).

 41. Mbewe, R. B. et al. Blood-feeding patterns of Anopheles vectors of human malaria in malawi: Implications for malaria transmission 
and effectiveness of LLIN interventions. Malar. J. 21, 1 (2022).

 42. Konate, L. et al. Zoophagie et hôtes alternatifs des vecteurs du paludisme au Senegal. Parasite 6, 259–267 (1999).
 43. Massebo, F., Balkew, M., Gebre-Michael, T. & Lindtjorn, B. Zoophagic behaviour of anopheline mosquitoes in southwest Ethiopia: 

Opportunity for malaria vector control. Parasit. Vectors 8, 859 (2015).
 44. Finney, M. et al. Widespread zoophagy and detection of Plasmodium spp. in Anopheles mosquitoes in southeastern Madagascar. 

Malar. J. 20(1), 25 (2021).
 45. Sougoufara, S. et al. The impact of periodic distribution campaigns of long-lasting insecticidal-treated bed nets on malaria vector 

dynamics and human exposure in Dielmo, Senegal. Am. J. Trop. Med. Hyg. 98, 1343–1352 (2018).
 46. Saili, K. et al. Anopheles rufipes implicated in malaria transmission both indoors and outdoors alongside Anopheles funestus and 

Anopheles arabiensis in rural south-east zambia. Malar. J. 22, 1 (2023).
 47. Konate, L. et al. Biologie des vecteurs et transmission de Plasmodium falciparum, P. malariae et P. ovale dans un village de savane 

d’Afrique de l’Ouest (Dielmo, Senegal). Parasite 1, 325–333 (1994).
 48. Carrasco, D. et al. Behavioural adaptations of mosquito vectors to insecticide control. Curr. Opin. Insect Sci. 34, 48–54 (2019).
 49. Wotodjo, A. N. et al. The impact of renewing long-lasting insecticide-treated nets in the event of malaria resurgence: Lessons from 

10 years of net use in Dielmo, Senegal. Am. J. Trop. Med. Hyg. 104, 255–262 (2021).
 50. Asale, A., Duchateau, L., Devleesschauwer, B., Huisman, G. & Yewhalaw, D. Zooprophylaxis as a control strategy for malaria caused 

by the vector Anopheles arabiensis (Diptera: Culicidae): A systematic review. Infect. Dis. Poverty 6(1), 160 (2017).
 51. Chan, K., Cano, J., Massebo, F. & Messenger, L. A. Cattle-related risk factors for malaria in southwest Ethiopia: A cross-sectional 

study. Malar. J. 21, 1 (2022).
 52. Tabue, R. N. et al. Role of Anopheles (Cellia) rufipes (Gough, 1910) and other local anophelines in human malaria transmission in 

the northern savannah of Cameroon: A cross-sectional survey. Parasit. Vectors 10, 8 (2017).

Author contributions
I.D., A.G., E.M.N. and M.D. conceived and designed the study; I.D., A.G., E.M.N.,  B.B.N., M.L.D. collected the 
samples with the help of M.N., A.D. and B.S.S.; I.D., A.G., E.M.N. performed the laboratory analyses; I.D. and 
A.G. analyzed the data, wrote the manuscript with contributions from M.N., C.S. and M.D. All authors read and 
approved the final manuscript.

Funding
This work was funded by European and Developing Countries Clinical Trials Partnership (Grant no. 
TMA2018SF-2468).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Host feeding preferences of malaria vectors in an area of low malaria transmission
	Materials and methods
	Study area
	Sampling of the endophilic mosquito population and census of domestic vertebrate hosts
	Molecular identification of the An. gambiae s.l. species complex
	Determination of the origin of blood meals
	Data analysis

	Results
	Specific composition and abdominal status of female Anopheles mosquitoes
	Composition and representativeness of potential vertebrate hosts
	Trophic preferences of vectors
	Spatio-temporal variations of HBI
	Host selection ratio

	Discussion
	Conclusions
	References


