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ARTICLE INFO ABSTRACT
Keywords: Background: In south-eastern Tanzania where insecticide-treated nets have been widely used for
Anopheles funestus >20 years, malaria transmission has greatly reduced but remains highly heterogenous over small

Kilombero valley
Malaria transmission
Plasmodium

distances. This study investigated the seasonal prevalence of Plasmodium sporozoite infections in
the two main malaria vector species, Anopheles funestus and Anopheles arabiensis for 34 months,
s . starting January 2018 to November 2020.
porozoite prevalence

Ifakara health institute Methods: Adult mosquitoes were collected using CDC-light traps and Prokopack aspirators inside
Tanzania local houses in Igumbiro and Sululu villages, where earlier surveys had found very high densities
of An. funestus. Collected females were sorted by taxa, and the samples examined using ELISA
assays for detecting Plasmodium circumsporozoite protein in their salivary glands.

Results: Of 7859 An. funestus tested, 4.6% (n = 365) were positive for Pf sporozoites in the salivary
glands. On the contrary, only 0.4% (n = 9) of the 2382 An. arabiensis tested were positive. The
sporozoite prevalence did not vary significantly between the villages or seasons. Similarly, the
proportions of parous females of either species were not significantly different between the two
villages (p > 0.05) but was slightly higher in An. funestus (0.50) than in An. arabiensis (0.42).
Analysis of the 2020 data determined that An. funestus contributed 97.7% of all malaria trans-
mitted in households in these two villages.

Conclusions: In contexts where individual vector species mediate most of the pathogen trans-
mission, it may be most appropriate to pursue a species-focused approach to better understand
the ecology of the dominant vectors and target them with effective interventions to suppress
transmission. Despite the ongoing efforts on tackling malaria in the two study villages, there is
still persistently high Plasmodium infection prevalence in local populations of An. funestus, which
now carry ~97% of all malaria infections and mediates intense year-round transmission. Further
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reduction in malaria burden in these or other similar settings requires effective targeting of An.
funestus.

1. Introduction

Starting two decades ago when more than a million lives were being lost to malaria yearly (World Health Organization, 2000),
there have been significant gains, including ~60% reduction in deaths, despite doubling of Africa's population (World Health Or-
ganization, 2019). Insecticide-treated nets (ITNs), indoor residual spraying (IRS) and effective case management have contributed
greatly to these gains (Bhatt et al., 2015; Steketee and CCC., 2010). The persisting malaria transmission in most endemic settings is now
thought to be largely due to widespread insecticide resistance among major malaria vectors (Matowo et al., 2017; Kaindoa et al., 2017;
Casimiro et al., 2006; Cuamba et al., 2010), behavioral adaptation of malaria vectors to indoor interventions (Russell et al., 2011;
Sougoufara et al., 2014; Moiroux et al., 2012), parasite resistance to anti-malarial drugs (Ashley et al., 2014; Dondorp et al., 2010),
certain human behaviors and activities (Matowo et al., 2013; Finda et al., 2019; Monroe et al., 2020) and asymptomatic infections in
older age groups such as school-aged children (Andolina et al., 2021). Other factors such as inadequate environmental sanitation, poor
housing conditions and low household incomes may also be perpetuating risk in many endemic villages (Kaindoa et al., 2018; Liu et al.,
2014), despite more than two decades of widespread ITN use.

In rural south-eastern Tanzanian villages, where ITNs have been widely used for >20 years, malaria transmission intensities have
greatly reduced, in some cases from highs of >300 infectious bites per person per year (ib/p/y) in early 2000s to new averages below
30 ib./p/y (Okumu and Finda, 2021). These gains have been mostly attributed to widespread use of ITNs and effective case man-
agement (Okumu and Finda, 2021; Finda et al., 2018). Today, malaria transmission remains highly varied over small distances
(Okumu and Finda, 2021; Russell et al., 2010), and recent parasite surveys have demonstrated ranges of <1% prevalence in urban
centers of Ifakara town (<150 m above sea level) to highs of >40% in some higher altitude villages (~300 m above sea level) just 30
km away (Swai et al., unpublished).

Recent studies in Ulanga and Kilombero districts, have demonstrated that Anopheles funestus alone now contributes nearly nine in
every ten new infections, even in villages where it is outnumbered by Anopheles arabiensis (Kaindoa et al., 2017; Lwetoijera et al.,
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Fig. 1. Map showing villages in the Kilombero valley, south-eastern Tanzania where adult Anopheles funestus and Anopheles arabiensis mosquitoes
were collected.
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2014). The species is also strongly resistant to pyrethroids used in the ITNs (Pinda et al., 2020), survives much longer than its
counterparts (Kaindoa et al., 2017; Ngowo et al., 2021) and is strongly adapted to primarily bite humans over other vertebrates
(Takken and Verhulst, 2013). Historically, Anopheles gambiae sensu stricto dominated transmission in Ulanga and Kilombero districts,
with the An. funestus being another important vector during the dry season (Charlwood et al., 2000). However, An. gambiae s.s
population and contribution to the malaria transmission in these districts started to decline following introduction of the ITNs (Russell
etal., 2010; Lwetoijera et al., 2014), and reached undetectable level by 2012 (Lwetoijera et al., 2014). Recent studies have confirmed
absence of the An. gambiae s.s in these districts, leaving the sibling species An. arabiensis at large (Kaindoa et al., 2017; Kaindoa et al.,
2018; Ngowo et al., 2017; Limwagu et al., 2019). While no detailed analysis has been conducted, it is hypothesized that villages
currently having the greatest malaria prevalence are those with highest densities of An. funestus. Moreover, given its preference for
permanent and semi-permanent aquatic habitats which last far longer than the rainy season (Nambunga et al., 2020), this species is
thought to be important for year-long transmission of malaria.

This current analysis was conducted in two villages, previously identified as having high densities of An. funestus (Kaindoa et al.,
2019), and coincidentally having very high malaria prevalence estimates (Swai et al., unpublished). The aim was to analyze and
compare seasonal prevalence of Plasmodium sporozoite infections in the main malaria vectors, An. funestus and An. arabiensis following
nearly two decades of widespread ITN use.

2. Methods
2.1. Study area

The study was done in Ulanga and Kilombero districts, in the Kilombero valley in south-eastern Tanzania (Fig. 1). Mosquitoes were
collected from two villages namely Sululu in Kilombero district (8.00324°S, 36.83118°E) and Igumbiro in Ulanga district (8.35021°S,
36.67299°E). Average annual rainfall was 1200-1600 mm and mean annual temperatures were 20-32 °C (Ngowo et al., 2017). Most
residents here are subsistence farmers, cultivating mainly rice but also other crops such as maize, beans and sweet potatoes (Swai et al.,
2016). According to 2012 national population census, Igumbiro and Sululu villages are within wards with the population of 16,329
and 9048 respectively (National Bureau of Statistics, 2013). Sululu village sits on higher altitude above sea level compared to Igumbiro
village (Fig. 1).

2.2. Mosquito collection and processing

Mosquitoes were routinely collected from January 2018 to December 2020. In each village, sampling was done in 10-20 houses for
five nights each week from January 2018 to January 2020, as part of the ongoing project that focused mainly on An. funestus
mosquitoes. However, from March 2020 only three households were sampled nightly for four nights each week to December 2020, as
part of another project focused on both An. funestus and An. arabiensis mosquitoes. Herein, data from both aforementioned projects
were combined and analysed. All collections were done indoors, CDC light traps (Mboera et al., 1998) and Prokopack aspirators (Maia
et al., 2011) were used to sample host-seeking and resting mosquitoes respectively. Female mosquitoes were identified and sorted by
taxa and physiological state (Gillies and De Meillon, 1968), after which An. arabiensis and An. funestus were packed in batches of ten
mosquitoes in 1.5 ml microcentrifuge tubes for circumsporozoite enzyme-linked immunosorbent assays (ELISA) (Beier et al., 1990), of
which only a pool of heads and thoraces were used. Equal numbers of An. arabiensis and An. funestus mosquitoes collected from March
2020 to December 2020 (i.e. recent project) were subjected to ELISA, whilst the additional ELISA results were retrieved from the
previous project (i.e. January 2018-January 2020) that only screened An. funestus. The ELISA lysates were boiled for 10 min at 100 °C
to eliminate heat-labile non Plasmodium protozoan antigens that will render false positivity (Durnez et al., 2011). A sub-sample of the
mosquitoes collected from March 2020 to December 2020 were subjected to dissection to assess parity status as described by Kaindoa
et al (Kaindoa et al., 2017). Recent studies in the area had determined that indoor collections of An. gambiae s.1. consisted only of An.
arabiensis (100%), and those of An. funestus group were mainly An. funestus s.s (Kaindoa et al., 2017; Ngowo et al., 2017).

2.3. Statistical analysis

R statistical software version 3.6.0 (R Development Core Team R, 2019) was used to execute a simple generalized linear model
(GLM) with binomial distributions to examine odds of sporozoite-infected Anopheles and also parous mosquitoes. Generalized linear
mixed models (GLMM) were used to model the abundance of different mosquito species. Here the number of mosquitoes caught were
modelled as a response variable using a negative binomial variate to account for the over-dispersion in the number of catches.
Sampling location and season were included as the fixed terms. To account for the unexplained variation between sampling days,
sampling dates nested within a month of the collection was included as random term. Relative risk and their corresponding 95% CI
were reported. Entomological inoculation rate (EIR) was estimated as a function of a biting rate and a proportion of mosquitoes tested
positive with Plasmodium sporozoite. The annual EIR is estimated by multiplying a daily EIR with 365 (Annual EIR = daily biting rate X
sporozoite rate X 365). The adjusted annual EIR was estimated by the same function except that, the corrected biting rate was used in
the place of daily biting rate as described by Kaindoa et al (Kaindoa et al., 2017). Herein, the dry season comprises of months from
January to May, and from June to December for the rainy season.
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3. Results

A total of 306,589 mosquitoes were collected with 53.8% (n = 165,058) being An. funestus mosquitoes. A sub-sample of the
collected mosquitoes (n = 10,241) were analysed for Plasmodium sporozoite infections, of which 23.3% (n = 2382) were An. arabiensis
and 76.7% (n = 7859), An. funestus. Of 7859 An. funestus tested, 4.6% (n = 365) were positive for Plasmodium sporozoites in the
salivary glands. On the contrary, only 0.4% (n = 9) of the 2382 An. arabiensis tested were positive. Though the sporozoite prevalence
during rainy season appeared slightly higher for both vectors (Table 1), this analysis showed no statistically significant difference in
the sporozoite prevalence for An. funestus between villages or seasons (p > 0.05). Both An. arabiensis and An. funestus mosquitoes had
higher sporozoite prevalence in Sululu than in Igumbiro village (Table 1).

The parity dissections determined that 50.3% of the An. funestus (n/N = 80/159) and 41.8% of the An. arabiensis females (n/N = 66/
158) were parous (Table 2). There was no statistical difference in parity between villages for either species (Table 2). Proportion of An.
funestus positive for Pf sporozoite was high in both seasons (Table 1), and both villages recorded high densities of both vector species
throughout the year (Table 3). Analysis of the year-to-year data showed that in 2020, 97.7% of all malaria transmission events were
mediated by An. funestus, and that An. arabiensis played only a minor role (Table 4). (See Table 5.)

4. Discussion

Recent evidence has shown that An. funestus now mediates most of the ongoing malaria transmission in many countries in East and
Southern Africa (Kaindoa et al., 2017; Burke et al., 2019; McCann et al., 2014). In rural south-eastern Tanzania, this species carries
>85% of all malaria infections even in villages where it occurs at lower frequencies than An. arabiensis (Kaindoa et al., 2017; Finda
et al., 2018; Swai et al., 2019). Malaria transmission has declined significantly in the Kilombero valley since 2000, mostly due to the
wide coverage of ITNs and effective case management (Okumu and Finda, 2021; Russell et al., 2010).

This short report presents an analysis of mosquitoes collected between 2018 and 2020 in two villages previously identified as
having very high densities of An. funestus. It had been hypothesized that the proven dominance of An. funestus in the valley, coupled
with the high densities of this vector species, as well as its strong pyrethroid-resistance status and greater survival in nature may lead to
high residual transmission burden in the relevant villages, and that this situation may make malaria transmission control much more
difficult than elsewhere. This analysis confirms the high parity rates but further presents two surprising findings. First is the extremely
high Plasmodium infection prevalence in the An. funestus mosquitoes over the three years of sampling, averaging 4.6% despite high ITN
use in the areas. Given the nightly mosquito catches by CDC light traps, this translates to 447.8 infectious bites/person/year, which is
considerably higher than most recent estimates (Kaindoa et al., 2017; Finda et al., 2018). The second finding was that the high
infection prevalence rates were consistent throughout dry and rainy season for the entire duration of the study. This suggests that An.
funestus not only plays an important role in transmission but also that it mediates transmission throughout the whole year. There were
months with very high transmission and months with very low transmission, but when data was aggregated by season, there was no
significant difference in transmission intensities. Additional studies will be necessary to understand the dry season ecology of An.
funestus and the factors driving transmission at different times of the year, so as to design effective tools towards reducing malaria
transmission. Additionally, the higher sporozoite prevalence observed in An. arabiensis in one of the villages (i.e. Sululu) corroborate
recent finding (Swai et al., unpublished) that indicate geographical heterogeneity in transmission over small distances. Thus, un-
derstanding local vectors' ecology is crucial for control measures. Polymerase chain reaction (PCR) may have greater sensitivity in
detection of Plasmodium sporozoite, however, these improvements are marginal and practically irrelevant in areas with moderate to
high transmission such as south-eastern Tanzanian districts of Ulanga and Kilombero.

Kaindoa et al. (Kaindoa et al., 2017) reported An. funestus mosquitoes carrying 86% of malaria infections in Kilombero valley.
Lwetoijera et al. also demonstrated significant role of An. funestus following the decline of An. gambiae, formerly the most important
vector in the valley (Lwetoijera et al., 2014). Since then, several other studies have confirmed the dominance of An. funestus in this area
(Okumu and Finda, 2021). In addition, reports of higher entomological inoculation rates by An. funestus have also been documented
elsewhere (Cohuet et al., 2004; Trape et al., 2014; Antonio-Nkondjio et al., 2002), however, the rates were not as high. Other studies
have also shown the strong pyrethroid resistance, and that while its aquatic ecology is still poorly understood, it occupies perennial
habitats which remain water-filled most of the year (Nambunga et al., 2020). This ecological characteristic may explain its dominance

Table 1
Results of the multivariate analysis of Plasmodium falciparum sporozoites infectivity in Anopheles funestus and Anopheles arabiensis mosquitoes by
village and season.

Species Village season Total (N) Sporozoite prevalence n (%) OR (95% LC-UC) p-value
. Dry 2568 114 (4.3) 1
Anopheles funestus Tgumbiro Rainy 1346 61 (4.5) 1.02 (0.74-1.40) 0.89
P Sululu Dry 1857 85 (4.6) 1 051
Rainy 2088 105 (5.0) 1.10 (0.82-1.45) :
. Dry 1724 3(0.2) 1
. Igumbiro Rainy 127 1(0.8) 4.55 (0.47-44.09) 0.19
Anopheles arabiensis
Sululu Dry 448 5(1.1) 1 0.33
Rainy 83 0 (0.0) 0.99 (0.97-1.01) :

*Percentage sporozoite-prevalence = Sporozoite positive (n)/Total number of mosquitoes analysed (N).
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Table 2
Results of the multivariate analysis of parity in Anopheles funestus and Anopheles arabiensis mosquitoes by village.
Species Village Total (N) Parous n (%) OR (95% LC-UC) p-value
Igumbiro 79 39 (49.4) 1
Anopheles funestus Sululu 80 41 (51.3) 1.08 (0.58-2.01) 081
L Igumbiro 78 35 (44.9) 1
Anopheles arabiensis Sululu 80 31 (38.8) 0.78 (0.41-1.46) 0.44
*Percentage parous = parous (n)/Total number of mosquitoes examined (N).
Table 3
Results of the multivariate analysis of biting densities of Anopheles funestus and Anopheles arabiensis mosquitoes by village and season.
Species Village Season Total Mean + 2SE RR (95% LC-UC) p-value
. Dry 35,496 11.4+ 0.5 1
Anopheles fumestus lgumbiro Rainy 20,121 112+ 0.4 1.16 (0.74-1.81) 0.51
P Sululu Dry 47,979 10.1+ 0.4 1 0.08
Rainy 53,603 20.1 £ 1.0 1.68 (0.94-3.0) .
. Dry 57,336 18.5+ 0.8 1
I b: .
Anooheles arabionsis sumbIro Rainy 30,813 17.2+ 0.6 1.12 (0.63-1.98) 0.70
P sululu Dry 17,483 37403 1 0001
Rainy 33,517 12.6 + 0.6 3.83 (2.35-6.24) ’
Table 4
Infectious status of Anopheles funestus and Anopheles arabiensis mosquitoes collected from 2018 to 2020.
Anopheles funestus Anopheles arabiensis
2018 2019 2020 2020
Total number of mosquitoes collected by CDC light trap 73,237 72,661 9795 12,772
Total number of trap nights 6206 4287 476 476
Biting rate per night 11.8 16.95 20.58 3.08
Relative efficiency (CDC-LT) relative to HLC (derived from Okumu et al (Okumu et al., 2008)) 0.68 0.68 0.68 0.3
Corrected biting rate 17.35 24.93 30.26 10.27
Total number of mosquitoes analysed for Plasmodium falciparum circumsporozoite protein (CSP) - (S) 3641 1604 1228 1466
Total number of sporozoite positive mosquitoes (s) 178 64 77 6
Sporozoite prevalence (s/S) 0.05 0.04 0.06 0.0041
Annual EIR (adjusted) 316.63 363.98 662.69 15.37
% EIR contribution for the year 2020 (adjusted) 97.7% 2.3%

*Annual EIR (adjusted) = Corrected biting rate X Sporozoite rate X 365.
*The data presented here excluded samples collected by Prokopack aspirators.

in densities and transmission activity throughout the year. It is clear therefore that efforts to further reduce malaria transmission by
this vector must consider specific measures targeting An. funestus so as to strongly diminish its potential.

Opportunities for improved control of An. funestus in the area may include new generation ITNs with synergists or multiple actives
(Gleave et al., 2018; Protopopoff et al., 2018; Pennetier et al., 2013; Corbel et al., 2010), or use of larval source management, which
would be effective even against the pyrethroid-resistant populations. Fortunately, the current National Malaria Strategic Plan (NMSP)
of Tanzania encourage implementation of larviciding in rural settings (Ministry of Health and Social Welfare, 2022). Coupled with
recent findings of Nambunga et al. (Nambunga et al., 2020) which indicate that aquatic habitats of An. funestus mosquitoes in Kilo-
mbero valley falls within few, fixed and findable criterion of World Health Organization (World Health Organization, 2013). Thus,
provide possibilities of a cost-effective and plausible species-specific intervention to significantly reduce malaria transmission in this
valley. Additionally, susceptibility of An. funestus towards organophosphate notably pirimiphos methyl poses a potential opportunity
for control. Pirimiphos methyl is already approved and used for IRS in Tanzania (Mashauri et al., 2017; Haji et al., 2015), thus there is a
need to design cost-effective tools that may exploit the possibility of using pirimiphos methyl.

5. Conclusion

This study demonstrates that despite the widespread use and overall impact of ITNs, there is still persistently high Plasmodium
infection prevalence in the dominant malaria vector, An. funestus, causing intense year-round malaria transmission in the study vil-
lages. Further reduction in malaria burden in this and similar settings thus requires effective targeting of An. funestus. The study also
demonstrates that in certain contexts such as these, where one species is mediating most of the pathogen transmission, there could be
significant potential in pursuing a species-specific approach for vector control by investigating and targeting the dominant vector
species to suppress transmission.
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Table 5

Plasmodium sporozoite infectivity by village, mosquito species and month.
Month Sululu Igumbiro

An. funestus An. arabiensis An. funestus An. arabiensis

Jan-18%(N) - 0% (1) -
Feb-18%(N) - 0% (15) -
Mar-18%(N) 15.1% (126) - 6.7% (150) -
Apr-18%(N) 11.1% (144) 5.7% (159) -
May-18%(N) 3.5% (666) 1.6% (569) -
Jun-18%(N) 5.8% (365) - 5.2% (250) -
Jul-18%(N) 1.6% (131) 0% (16) -
Aug-18%(N) 5.4% (184) 4.2% (120) -
Sep-18%(N) 7% (172) - 4.2% (262) -
Oct-18%(N) 22.2% (9) - 13% (23) -
Nov-18%(N) 0% (40) 3.7% (82) -
Dec-18%(N) 5.7% (88) 6.8% (44) -
Jan-19%(N) 6% (332) - 0% (22) -
Feb-19%(N) 2.3% (129) 7.1% (85) -
Mar-19%(N) 3.9% (127) 6.7% (15) -
Apr-19%(N) 4% (125) - 33.3% (6) -
May-19%(N) 2.6% (389) - 4.7% (106) -
Jun-19%(N) 2.2% (46) 10% (10) -
Jul-19%(N) 0% (2) - -
Aug-19%(N) 0% (1) - 0% (50) -
Sep-19%(N) 0% (3) 0% (19) -
Oct-19%(N) 4.9% (61) 0% (23) -
Nov-19%(N) 7.7% (26) - - -
Dec-19%(N) 4.8% (42) 0% (10) -
Jan-20%(N) - 0% (1) -
Mar-20%(N) 8% (50) 0% (83) 8.8% (217) 0.8% (127)
Jun-20%(N) 8.8% (170) 0% (11) 8.2% (403) 0.5% (397)
Jul-20%(N) 0% (126) 0% (107) 4.5% (313) 0% (315)
Aug-20%(N) 6.6% (76) 1.7% (59) 0% (140) 0% (280)
Sep-20%(N) 0% (204) 0.9% (106) 0% (413) 0% (281)
Oct-20%(N) 5.9% (85) 4.2% (72) 5.9% (153) 0% (276)
Nov-20%(N) 0% (25) 0% (88) 8% (237) 0.6% (174)
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