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Abstract

Ethiopia has shown a notable progress in reducing malaria burden over the past decade, mainly
due to the scaleup of vector control interventions such as long-lasting insecticidal nets (LLINS)
and indoor residual spraying (IRS). Based on the progress, the country has set goals to eliminate
malaria by 2030. However, residual malaria transmission due to early-evening and outdoor biting
vectors could pose a challenge to malaria elimination efforts. This study assessed vector behavior,
patterns of human exposure to vector bites and residual malaria transmission in southwestern
Ethiopia. Anopheles mosquitoes were collected monthly from January to December 2018 using
human landing catches (HLCs), human-baited double net traps, CDC light traps and pyrethrum
spray catches. Human behavior data were collected using questionnaire to estimate the magnitude
of exposure to mosquito bites occurring indoors and outdoors at various times of the night.
Enzyme-linked immunosorbent assay (ELISA) was used to determine mosquito blood meal
sources and sporozoite infections. A total of 2,038 female Anogpheles mosquitoes comprising
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Anopheles arabiensis (30.8%), An. pharoensis (40.5%), An. coustani (28.1%), An. squamosus
(0.3%) and An. funestus group (0.2%) were collected. Anopheles arabiensis and An. pharoensis
were 2.4 and 2.5 times more likely to seek hosts outdoors than indoors, respectively. However,
66% of human exposure to An. arabiensis and 39% of exposure to An. pharoensis bites occurred
indoors for LLIN non-users. For LLIN users, 75% of exposure to An. arabiensis bites occurred
outdoors while 23% occurred indoors before bed time. Likewise, 84% of exposure to An.
pharoensis bites occurred outdoors while 15% occurred indoors before people retired to bed.
Anopheles arabiensis and An. pharoensiswere 4.1 and 4.8 times more likely to feed on bovine
than human, respectively. Based on the HLC, an estimated indoor and outdoor EIR of An.
arabiensis was 6.2 and 1.4 infective bites/person/year, respectively, whereas An. pharoensis had
an estimated outdoor EIR of 3.0 infective bites/person/year. In conclusion, An. arabiensis and
An. pharoensis showed exophagic and zoophagic behavior. Human exposure to An. arabiensis
bites occurred mostly indoors for LLIN non-users, while most of the exposure to both An.
arabiensis and An. pharoensis bites occurred outdoors for LLIN users. Malaria transmission

by An. arabiensis occurred both indoors and outdoors, whereas An. pharoensis contributed
exclusively to outdoor transmission. Additional control tools targeting early-evening and outdoor
biting malaria vectors are required to complement the current control interventions to control
residual transmission and ultimately achieve malaria elimination.

Keywords

Malaria; vector behavior; human behavior; exposure; residual transmission; Ethiopia

Introduction

Malaria remains one of the most serious vector-borne diseases, affecting hundreds of
millions of people mainly in the sub-Saharan Africa including Ethiopia. Yet unprecedented
success has been achieved over the past two decades in reducing the disease burden,
averting an estimated 663 million malaria cases in Africa between 2001 and 2015 (Bhatt
et al., 2015; WHO, 2015). Vector control is one of the key elements in achieving the
remarkable reduction in malaria, with long-lasting insecticidal nets (LLINS) and indoor
residual spraying (IRS) estimated to have averted 68% and 10% of the cases, respectively
(Bhattarai et al., 2007; Otten et al., 2009; WHO, 2015).

Similarly, morbidity and mortality due to malaria has remarkably declined in Ethiopia over
the past decade as a result of large-scale distribution of LLINS and high coverage of IRS,
together with nationwide implementation of artemisinin-based combination therapy (ACT)
(FMoH, 2016; Otten et al., 2009; Shargie et al., 2010; Taffese et al., 2018). Based these
gains, the country has set goals to eliminate malaria by 2030 and the elimination program
is being implemented in 239 selected low malaria transmission districts encompassing six
different regions (PMI, 2020). More than 11 million LLINSs have been distributed through
mass campaigns in 2018 alone to further reduce malaria cases and accelerate the progress
towards elimination (PMlI, 2019; WHO, 2019).
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However, malaria transmission continues to occur and still remains a significant public
health problem in Ethiopia despite the progress made in scaling up of the control measures
(Abraham et al., 2017; Taffese et al., 2018). This transmission could be attributed to several
factors including the spread of insecticide resistance (Messenger et al., 2017; Yewhalaw
etal., 2011) and preference of malaria vectors to bite outdoors and in the early evening
when people are indoors but unprotected by existing tools (Kenea et al., 2016; Kibret and
Wilson, 2016; Yohannes and Boelee, 2012). The current indoor-based malaria vector control
interventions such as LLINSs offer protection from anthropophagic and endophagic vectors,
but have little impact on vector species predominantly feeding on animals and humans
outdoors (Durnez and Coosemans, 2013).

In Ethiopia, the primary vector of malaria is An. arabiensis. This vector species has a
peculiar feature in that it can readily feed on humans to sustain intense malaria transmission
(Abraham et al., 2017; Animut et al., 2013; Kibret et al., 2014; Massebo et al., 2013),

but often enough on animals to evade the effect of LLINs and IRS, and to maintain

residual malaria transmission (Killeen et al., 2017; Massebo et al., 2015). Such dual feeding
preference of An. arabiensis could pose another challenge to malaria control and elimination
efforts as malaria transmission may continue even with a high coverage of the current
vector control interventions (Durnez and Coosemans, 2013; Killeen et al., 2017). Moreover,
the feeding behavior of An. arabiensis could vary in different eco-epidemiological settings
depending on several factors including host availability (Fettene et al., 2004; Habtewold et
al., 2001) and the genetic structure of the vector itself (Lulu et al., 1998, 1991; Mekuria et
al., 1982).

In addition to the vector behavior, human habits and sleeping patterns could also be vital
determinants of malaria transmission since exposure to malaria vector bites occurs when
unprotected people and vector biting activities overlap in time and space (Edwards et al.,
2019; Finda et al., 2019; Monroe et al., 2019). Addressing the challenge of residual malaria
transmission on malaria elimination efforts requires better understanding of both the local
vector and human behavior. Moreover, quantifying the magnitude of human exposure to
infectious mosquito bites which occurs indoors and outdoors is crucial to evaluate the
likely success of the current vector control measures (Killeen et al., 2006). However, most
vector surveillance activities in Ethiopia focused mainly on vector behavior with less or no
attention to human behavior that also contributes to residual malaria transmission. The aim
of this study was to assess vector behavior, patterns of human exposure to mosquito bites
and residual malaria transmission in southwestern Ethiopia.

2. Materials and Methods

2.1. Study area

The study was carried out in Bulbul kebele (7.70285°N; 37.09592°E, altitude 1705 m asl),
which is located in Kersa district, Jimma Zone 320 km southwest of the capital, Addis
Ababa (Figure 1). The inhabitants mostly rely on subsistence farming, with maize and zeff
being the main cultivated crops in the area. Most houses are mud-walled with roofs made

of corrugated iron sheets. Malaria transmission is seasonal in Bulbul area. The transmission
peaks from September to October, following the major rains from June to September. Minor
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transmission occurs in April and May, following the short rains of February to March.
Plasmodium falciparum and Plasmodium vivax are the two predominant malaria parasite
species co-occurring in the area and are transmitted mainly by An. arabiensis (Yewhalaw et
al., 2009).

2.2. Mosquito sampling

Adult mosquito collections were carried out monthly from January to December 2018.
Host-seeking mosquitoes were collected both indoors and outdoors using human landing
catches (HLCs), Centers for Disease Control and Prevention (CDC) miniature light traps
and human-baited double net traps (HDNT). Indoor resting mosquitoes were collected using
pyrethrum spray catches (PSCs).

The HLC was performed in four randomly selected houses per month by adult male
volunteers. For each house, two collectors (one indoor and the other outdoor) seated on
stools with their legs exposed from foot to knee to capture mosquitoes as soon as they

land on the exposed legs before they commence blood-feeding using a flashlight and mouth
aspirator (Service, 1977; WHO, 2013). There were two collection shifts: one team worked
from 18:00 to 24:00 hr during each collection night, followed by the second team from
24:00 to 06:00 hr. Each hour’s collection was kept separately in labeled paper cups. A
supervisor was assigned to coordinate the collection activities and watch volunteers not

to fall asleep during the collection nights. All collectors were provided with anti-malarial
prophylaxis to avoid a risk of contracting malaria during the collection period. Mosquitoes
were identified to species the next morning. The CDC light traps were set indoors beside
human-occupied bed nets in other four randomly selected houses monthly and paired with
outdoor HDNT. Details of the HDNT are described elsewhere (Degefa et al., 2020). Both
traps were set from 18:00 to 6:00 hr during each collection night. The PSC was conducted
monthly in twenty randomly selected houses from 06:00 to 09:00 hr following standard
protocol (WHO, 1995).

All collected mosquitoes were identified morphologically to species or species complexes
using a dichotomous key described by Gillies and De Meillon (Gillies and Coetzee, 1987).
Female Anopheles mosquitoes were further classified as unfed, freshly fed, half-gravid and
gravid. Each mosquito was kept individually in a labeled 1.5 ml Eppendorf tube containing
silica gel desiccant. Samples were stored at —20°C freezer at Jimma University Tropical and
Infectious Diseases Research Center (TIDRC) Laboratory until used for further processing.

2.3. Human behavior survey

Questionnaire survey was conducted in October 2018 in 140 randomly selected households
residing in the study area. The residents were asked about the time they went indoors,
when they retired to bed, when they woke up in the morning and when they left their
houses for outdoor activities. Moreover, data on the ownership and utilization of nets by
the households, and the numbers of potential vertebrate hosts available in the study area
including human, bovine, goat, dog and chicken were collected using the questionnaire
survey.
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2.4. Mosquito sample processing

Anopheles gambiae s.1. specimens were identified to sibling species by polymerase chain
reaction (PCR), following the protocol developed by Scott et a/ (Scott et al., 1993). Dried
head and thorax of the preserved Angpheles mosquito specimens were carefully separated
from the abdomen and tested for Plasmodium circumsporozoite protein (CSP) using sand-
witch enzyme-linked immunosorbent assay (ELISA) (Beier et al., 1987; Wirtz et al., 1987).
The blood meal sources of freshly fed Angpheles mosquitoes collected by PSCs and CDC
light traps were assayed by a direct ELISA using human, bovine, goat, chicken and dog
antibodies (Beier et al., 1988).

2.5. Data analysis

The mean density of host-seeking Angpheles mosquitoes was compared between indoor and
outdoor location using a generalized linear model based on negative binomial distribution.
Season of collection was treated as covariate in the model. Crude biting rate for each
anopheline species was determined as the mean number of Angpheles mosquitoes collected
by HLC per person per night.

Human exposure to malaria vector bites was calculated based on data from both human and
vector behavior. Behavior-adjusted human biting rate (aHBR) experienced by unprotected
individuals at each time of the night (t) was determined based on the proportion of people
reported to have stayed indoors (1) multiplied by indoor biting rate (Bi) plus the proportion
of people reported to have stayed outdoors (1-1) multiplied by the outdoor biting rate (Bo)
(Killeen et al., 2006). The aHBR per night was then calculated by summing hourly biting
rates:

12
aHBR = Z [B,-,tI,-i- B, (1 - II)] @
t=1

where t = 1 represents the time period from 6:00 to 7:00 pm, t = 2 from 7:00 to 8:00 pm, and
continue as such up to t = 12 for the time period from 05:0 to 6:00 am.

The mean biting rate experienced by protected individuals (aHBRp) per night was calculated
by adjusting the indoor biting rates for the sleeping fraction of the population taking into
account the personal protection (p) provided by LLINS:

12
aHBR,= Y B (S(1=p)+(I;= )+ B, (1 - I)] @

t=1

where S; represents the proportion of people who reported to have retired to bed for
sleeping. Personal protective efficacy of 98.3% (p = 0.983) was assumed for LLINSs
(DuraNet®) based on findings from experimental hut trials conducted elsewhere (Mahande
etal., 2018).

The proportion of human exposure to mosquito bites which occur indoors (rz)) for
unprotected individuals was calculated from the mean indoor (B;) and outdoor (B,) hourly
biting rates as follows (Killeen et al., 2006; Seyoum et al., 2012).
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12 12
T = Z [Bi,zft]/,Zl [Bi.i + By, (1 = 1))] @

t=1

The proportion of human exposure to mosquito bites which occurs during sleeping hours
(=) for unprotected individuals was determined in a similar way to equation 3, with a

numerator calculated as the sum of the products of the mean hourly indoor biting rate (B; 1)
and the proportion of humans reported to have retired to bed (S) for each hour of the night

®:

12 12
Ty = Z [B;, S|/ Z [Bi,I: + By, (1 = I)] Q)

r=1 t=1

The parameter z; is an indicator of the maximum possible personal protection provided by
any indoor interventions, whereas z, is an indicator of maximum personal protection an

intervention such as LLIN could provide during sleeping hours. The proportion of mosquito
bites directly prevented using LLIN (P*) was calculated as the product of =, and the

protective efficacy of LLINs (Killeen et al., 2006; Moiroux et al., 2014; Monroe et al.,
2019).

The proportion of residual human exposure to mosquito bites which occur indoors (z; ,) for
LLIN users was calculated by adjusting z; taking into account the personal protection (p)
provided by LLIN:

12 12

Tip= O [Bid Sl = p)+ (L= S|/ Y
t=1 t=1
[B;, (S«(1 —p)+(I; — Sp) + B, (1 — I)]

®)

Human blood index (HBI) was calculated as the proportion of Anopheles mosquitoes that
fed on human over the total Anopheles tested for blood meal origin (Garrett-Jones, 1964).
Bloodmeal indices of other non-human vertebrate hosts were also calculated in a similar
way. Host abundance was determined from questionnaire survey data as the number of a
particular host divided by the total number of all potential hosts (human, cattle, goat, dog
and chicken) multiplied by 100. The forage ratio (FR), a measure of host preference by
mosquitoes, was determined as the proportion of engorged Angpheles mosquitoes which fed
on a given host divided by the abundance (proportion) of that particular host in the study
area (Hess et al., 1968; Manly et al., 2007). A host was considered to have been preferred

if the lower 95% confidence limit for the FR estimate was greater than one and inferred to
have been avoided if the upper 95% confidence limit of the FR estimate was less than one. A
host for which the 95% confidence interval for its FR included one was considered to have
been fed by mosquitoes opportunistically.

The sporozoite rate was estimated as the proportion of mosquitoes positive for £ falciparum
and/or P, vivax CSP over the total number tested. Annual entomological inoculation rate

Acta Trop. Author manuscript; available in PMC 2022 April 01.
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(EIR) was determined separately for indoor and outdoor mosquito collections as aHBR x
sporozoite infection rate x 365 (WHO, 2013). The overall annual EIR was obtained by
summing the indoor and outdoor EIRs.

Data were analysed using SPSS version 20.0 (SPSS, Chicago, IL, USA) software package. p
< 0.05 was considered statistically significant during the analysis.

3. Results

3.1

3.2.

Mosquito species composition and abundance

A total of 2,038 female anopheline mosquitoes comprising An. gambiae s.1. (30.8%), An.
pharoensis (40.5%), An. coustani (28.1%), An. squamosus (0.3%) and An. funestus group
(0.2%) were collected by all methods during the study period (Table 1). The majority
(73.1%) of the anopheline mosquitoes were collected outdoors. A total of 278 An. gambiae
s.1. specimens were analysed for molecular identification of sibling species. Of these, 252
(90.6%) specimens were successfully amplified by PCR and all were An. arabiensis.

Indoor and outdoor Anopheles mosquito density

Table 2 shows the results of a negative binomial regression model for the comparison of
host-seeking Anopheles mosquito density between indoor and outdoor location. Based on
the gold standard surveillance method (HLC), An. arabiensis was 2.41 (95% CI: 1.46-3.98)
times more likely to be captured outdoors than indoors, suggesting this species to display
exophagic behavior in the study area. Similarly, the density of An. arabiensis was 3.74 (95%
Cl: 2.07-6.76) times higher outdoors than indoors based on the alternative methods (HDNT
vs. CDC light trap). Likewise, the mean densities of An. pharoensis and An. coustani were
significantly higher outdoors than indoors based on both the gold standard and alternative
surveillance methods (Table 2).

3.3. Hourly biting activity of Anopheles mosquitoes

The crude biting rates of all Anogpheles species were higher outdoors than indoors
throughout the night (Figure 2). The mean indoor and outdoor biting rate of An. arabiensis
was 2.2 and 5.0 bites/person/night (b/p/night), respectively. The indoor and outdoor biting
rate of An. pharoensiswas 3.5 and 7.6 b/p/night, respectively, whereas the indoor and
outdoor biting rate of An. coustaniwas 1.9 and 7.5 b/p/night, respectively. The peak biting
activity of An. arabiensiswas recorded in the evening between 9:00 pm and 10:00 pm

and then started to decline when people were indoors. The peak biting activities of An.
pharoensis and An. coustani were observed in the early part of the evening between 7:00 pm
and 8:00 pm.

3.4. Human exposure to mosquito bites

For unprotected individuals (LLIN non-users), an estimated 66% and 56% of human
exposure to An. arabiensis bites occurred indoors and during sleeping hours, respectively
(Figure 3). About 39% of exposure to An. pharoensis bites and 27% of exposure to An.
coustani bites occurred indoors for LLIN non-users. Use of LLIN was estimated to prevent
55.2%, 27.8% and 16.8% of exposure from An. arabiensis, An. pharoensisand An. coustani

Acta Trop. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Degefa et al.

Page 8

bites, respectively, which otherwise would occur. For LLIN-users, most (75%) of residual
human exposure to An. arabiensis bites occurred outdoors while 23% occurred indoors
before people retire to bed. Likewise, most (84%) of residual exposure to An. pharoensis
bites occurred outdoors while 15% occurred indoors before bed time. Similarly, most of the
residual exposure to An. coustani occurred outdoors (Figure 3).

Results of questionnaire survey showed that 88.5% of the households had at least one LLIN.
Over 94% of the study participants reported to have stayed outdoors or between outdoors
and indoors until 8:00 pm. About 83% of the respondents reported going to bed by 9:00

pm. The main activities that kept people outdoors include household chore, praying, keeping
cattle and social gatherings.

3.5. Blood meal origins and feeding preferences

Table 3 shows the blood meal sources of An. arabiensis and other anopheline mosquito
species. The HBI and bovine blood index (BBI) and goat blood index (GBI) of An.
arabiensis were 19.2, 65.4 and 11.5%, respectively. An. pharoensishad HBI, BBI and GBI
of 16.7%, 66.7% and 5.5%, respectively. Very few fed An. coustaniwere caught and all were
positive for bovine. None of the tested anopheline specimens were positive for dog, whereas
1.9% of the tested An. arabiensis specimens were positive for chicken. Regardless of higher
proportion of humans in the study area compared to other vertebrate hosts, An. arabiensis
and An. pharoensis were 4.1 and 4.8 times more likely to feed on bovine than humans (Table
4).

3.6. Sporozoite rate and Entomological inoculation rate

A total of 2,036 anopheline mosquitoes were tested for Plasmodium CSP, of which 6
specimens (3 An. arabiensis, 2 An. pharoensisand 1 An. coustani) were positive (Table 5).
The sporozoite rate of An. arabiensis from indoor and outdoor HLC was 0.9% and 0.4%,
respectively, whereas the sporozoite rate of An. pharoensis from indoor and outdoor HLC
was 0 and 0.3%, respectively. The sporozoite rates of An. arabiensis and An. pharoensis
from HDNT were 0.6% and 0.4%, respectively. None of the An. arabiensis and An.
pharoensis tested from CDC light trap and PSC were positive. No Plasmodium CSP was
detected in An. squamosus and An. funestus group. Based on the HLC, an estimated indoor
and outdoor EIR of An. arabiensis was 6.2 and 1.4 infective bites/person/year (ib/p/year),
respectively, while An. pharoensis had an estimated outdoor EIR of 3.0 ib/p/year. HDNT-
based EIRs of An. arabiensis and An. pharoensis were 2.0 and 4.5 ib/p/year, respectively
(Table 5).

4. Discussion

This study indicated that An. pharoensiswas the most abundant anopheline species in

the study area followed by An. arabiensis and An. coustani. Previous studies reported

that An. arabiensiswas the predominant species in different malaria endemic settings of
southwestern Ethiopia (Degefa et al., 2015; Taye et al., 2016). The higher abundance

of An. pharoensis over An. arabiensis in this study could be attributed to difference in
mosquito breeding habitats. The present study area is located in the Omo-Gibe River Basin
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with abundant aquatic vegetations that might have favoured An. pharoensis. Anopheles
pharoensis prefers to breed in vegetated swamps unlike An. arabiensis which typically
breeds in small, sunlit temporary water pools (Kenea et al., 2011).

Anaopheles arabiensis exhibited exophagic behavior, seeking hosts mostly outdoors rather
than indoors. Similar findings were also reported from different parts of Ethiopia (Getachew
etal., 2019; Kenea et al., 2016; Kibret and Wilson, 2016; Taye et al., 2016). Anopheles
arabiensis was shown to be preponderantly exophagic even before the scaleup of indoor-
based vector control interventions in Ethiopia (Tirados et al., 2006; White, 1974), suggesting
that the exophagic behavior of this species might be genetically determined (White, 1974).
Moreover, the long-term use of the current vector control interventions (LLINs and IRS)
might have further enhanced the proportion of outdoor biting fraction of An. arabiensis as
observed elsewhere in Africa. For instance in western Kenya, An. arabiensis was more likely
to bite outdoors (Bayoh et al., 2014; Degefa et al., 2017) when compared with data collected
before the scale-up of LLINs (Githeko et al., 1996, 1994). Likewise, An. pharoensis showed
exophagic behavior in the study area. Similar findings were also reported for this species
from different parts of Ethiopia (Kenea et al., 2016; Kibret et al., 2014; Taye et al., 2006,
2016).

In the absence of personal protection by LLINS, human exposure to An. arabiensis bites
occurred mostly indoors (rz; = 66%) despite the outdoor host-seeking preference of this
species. This is due to coincidence of humans and the peak biting activities of An. arabiensis
since most people spend their time indoors when this species is mostly active (Figure

2). A similar phenomenon was documented for other malaria vector species in Africa
(Sherrard-Smith et al., 2019). For instance, An. funestus and An. quadriannulatus did not
show preference to bite indoors in Zambia, yet a substantial proportion of human contact
with both species was shown to occur indoors in the absence of LLIN use in the country
(Seyoum et al., 2012). This highlights the need to consider human behavior to determine
the actual magnitude of human exposure to mosquito bites which may occur indoors and/or
outdoors.

For LLIN non-users, 56% of human exposure to An. arabiensis bites occurred at times when
using LLINs is feasible, indicating that the maximum possible personal protection that could
be provided by LLIN is 56%. This implies that with only the current indoor-based vector
intervention (LLINS), malaria elimination may not be achieved since the remaining exposure
to An. arabiensis bites could still occur outdoors and/or indoors before people retire to

bed. A study conducted in Tanzania also showed that less than half (46%) of all human
exposure to An. arabiensis bites occurred at times when using insecticide-treated nets (ITNs)
was feasible (Govella et al., 2010). Only 28% of human exposure to An. pharoensis bites
occurred at times when LLINs would be in use if they were available, indicating that the
majority of exposure to An. pharoensis also occurs outdoors and before sleeping hours.

For LLIN users, most (75%) of residual human exposure to An. arabiensis bites occurred
outdoors while 23% occurred indoors before people retire to bed. Similarly, most (84%)
of the residual exposure to An. pharoesnsis bites occurred outdoors, while 15% occurred
indoors before sleeping time. The findings suggest that additional control measures which
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can protect against outdoor exposure or which target immature stages of vectors are required
to complement the current indoor-based vector control interventions (LLINs and IRS) to
interrupt transmission due to exposure to vector bites occurring outdoors and in the early
evening hours.

Anopheles arabiensis showed a preference to feed on bovine to humans. The findings

of previous studies conducted in different parts Ethiopia showed that the feeding

behavior of An. arabiensis varied across different geographical locations. The species
exhibited zoophagic behavior in some settings (Hadis et al., 1997; Massebo et al., 2015),
anthropophagic in other places (Kibret et al., 2017; Tirados et al., 2006; Yohannes et al.,
2005) and anthropozoophilic (opportunistic) tendency in some areas (Getachew et al., 2019;
Habtewold et al., 2001). Such interpopulation variations in feeding behavior might be due
to difference in host availability between different settings (Habtewold et al., 2001; Killeen
et al., 2001). Interpopulation genetic variation in An. arabiensis might have also contributed
to the variation in its feeding behavior between different localities. Subpopulation of An.
arabiensis with preference to feed on cattle have been shown to correlate with arrangement
of 3Ra chromosomal inversion (Lulu et al., 1998; Main et al., 2016). Such phenomenon
could increase the proportion of zoophagic fraction of An. arabiensis in settings where the
3Ra inversion is documented (Lulu et al., 1998, 1991). Similarly, An. pharoensis showed
zoophagic behavior, preferring to feed on bovine to other potential hosts available in the
study area.

The zoophagic behavior of An. arabiensisand An. pharoensis can be considered as an
opportunity to introduce complementary vector control intervention such as zooprophylaxis
to divert host-seeking mosquitoes from humans (Habtewold et al., 2001; Iwashita et al.,
2014). Anthropophilic and endophagic malaria vectors can be controlled by LLINs and

IRS, whereas those species predominantly feeding on cattle outdoors could sustain residual
malaria transmission despite high coverage of indoor-based vector control interventions.
Hence, targeting zoophagic vectors is crucial to achieve malaria elimination. Zooprophylaxis
can reduce malaria transmission by pulling mosquitoes toward dead-end hosts and by
reducing vector density if cattle are treated with insecticides (Bulterys et al., 2009; Chaccour
etal., 2018).

The estimated indoor and outdoor EIRs for An. arabiensis were 6.2 and 1.4 ib/p/year,
respectively, indicating the contribution of An. arabiensis to both indoor and outdoor malaria
transmission. The occurrence of indoor malaria transmission despite high LLIN coverage

in the study area might be attributed to the exposure of people to vector bites in the

evening before sleeping hours. Resistance of malaria vectors to insecticides (Messenger et
al., 2017; Yewhalaw et al., 2011) might have also contributed to the indoor EIR. In addition,
An. pharoensis had an estimated outdoor EIR of 3.0 ib/p/year, indicating the contribution

of this species to outdoor transmission. Although An. pharoensis has been considered as

a secondary vector in Ethiopia, a recent study revealed similar tends of susceptibility of

this species to Plasmodium parasite infection as An. arabiensis (Abduselam et al., 2016),
indicating that An. pharoensis could also play a major role in outdoor malaria transmission.
Other recent studies have also documented an increasing role of An. pharoensis in malaria
transmission in the country (Abraham et al., 2017; Kibret et al., 2014).
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On the other hand, the EIRs of An. arabiensis reported in this study are lower compared to
the EIRs of An. arabiensis previously reported from different parts of Ethiopia (Abraham et
al., 2017; Animut et al., 2013; Degefa et al., 2015; Kibret et al., 2017; Massebo et al., 2013)
and elsewhere in Africa (Degefa et al., 2017; Himeidan et al., 2011). This could be attributed
to a relatively higher coverage of LLINSs in the study area.

The strength of this study is that both vector and human behavior were considered in the
calculation of human biting rates and EIRs to better understand where and when exposure
to mosquito bites and residual malaria transmission occur. Moreover, this study employed
both gold standard method i.e. HLC and alternative methods (CDC light traps and HDNT)
for vector surveillance to determine vector density, human biting rates and sporozoite rates.
The findings of this study suggest that CDC light trap can be paired with HDNT for routine
indoor and outdoor malaria vector surveillance as an alternative tool to HLC. The limitation
of the study was that the sporozoite infection rates reported in this study were based on
ELISA and the positive specimens were not confirmed by PCR. The proportions of human
exposure to mosquito bites were estimated assuming no seasonal changes in sleeping habits
of people in the study area, hence night to night differences in sleeping time were not
tracked in this study.

5. Conclusion

Populations of An. arabiensis and An. pharoensis showed exophagic and zoophagic
behavior. The majority of human exposure to An. arabiensis bites occurred indoors for

LLIN non-users, while most of the residual exposure to both An. arabiensis and An.
pharoensis bites occurred outdoors for LLIN users. Malaria transmission by An. arabiensis
occurred both indoors and outdoors, while An. pharoensis contributed exclusively to outdoor
transmission. Additional control tools targeting outdoor and early evening biting vectors are
required to complement the current control interventions to control residual transmission and
ultimately achieve malaria elimination. Further studies are required to comprehend the role
of An. coustaniin malaria transmission in Ethiopia.

Acknowledgments

The authors would like to acknowledge all entomology technicians of Jimma University TIDRC for their support
in the field mosquito collection and laboratory analysis. We thank the community of Bulbul Kebele for their
willingness to participate in the study.

Funding

This work was supported by grants from the National Institutes of Health (R0O1 Al1050243, U19 Al129326 and D43
TW001505).

List of abbreviations

aHBR behavior-adjusted human biting rate
BBI bovine blood index
CDC Centers for Disease Control and Prevention

Acta Trop. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Degefa et al. Page 12
Cl confidence interval
CSP circumsporozoite protein
EIR entomological inoculation rate
ELISA enzyme-linked immunosorbent assay
FR forage ratio
GBI goat blood index
HBI human blood index
HDNT human-baited double net trap
HLC human landing catch
ITN insecticide treated net
LLIN long-lasting insecticidal net
OR odds ratio
PCR polymerase chain reaction
PSC pyrethrum spray catch
References

Abduselam N, Zeynudin A, Berens-Riha N, Seyoum D, Pritsch M, Tibebu H, Eba K, Hoelscher
M, Wieser A, Yewhalaw D, 2016. Similar trends of susceptibility in Angpheles arabiensis and
Anopheles pharoensis to Plasmodium vivax infection in Ethiopia. Parasit. Vectors 2, 552. 10.1186/
s13071-016-1839-0

Abraham M, Massebo F, Lindtjern B, 2017. High entomological inoculation rate of malaria
vectors in area of high coverage of interventions in southwest Ethiopia: Implication for residual
malaria transmission. Parasite Epidemiol. Control. 2, 61-9. 10.1016/j.parepi.2017.04.003 [PubMed:
29774282]

Animut A, Balkew M, Gebre-Michael T, Lindtjgrn B, 2013. Blood meal sources and entomological
inoculation rates of anophelines along a highland altitudinal transect in south-central Ethiopia.
Malar. J. 12, 76. 10.1186/1475-2875-12-76 [PubMed: 23433348]

Asale A, Getachew Y, Hailesilassie W, Speybroeck N, Duchateau L, Yewhalaw D, 2014. Evaluation of
the efficacy of DDT indoor residual spraying and long-lasting insecticidal nets against insecticide
resistant populations of Anopheles arabiensis Patton (Diptera: Culicidae) from Ethiopia using
experimental huts. Parasit. Vectors 7, 131. 10.1186/1756-3305-7-131 [PubMed: 24678605]

Bayoh MN, Walker ED, Kosgei J, Ombok M, Olang GB, Githeko AK, Killeen GF, Otieno P, Desai
M, Lobo NF, Vulule JM, Hamel MJ, Kariuki S, Gimnig JE, 2014. Persistently high estimates of late
night, indoor exposure to malaria vectors despite high coverage of insecticide treated nets. Parasit.
Vectors 7, 380. 10.1186/1756-3305-7-380 [PubMed: 25141761]

Beier JC, Perkins PV, Wirtz RA, Koros J, Diggs D, Gargan TP, Koech DK, 1988. Bloodmeal
identification by direct enzyme-linked immunosorbent assay (ELISA), tested on Anopheles
(Diptera: Culicidae) in Kenya. J. Med. Entomol. 25, 9-16. 10.1093/jmedent/25.1.9 [PubMed:
3357176]

Beier JC, Perkins PV, Wirtz RA, Whitmire RE, Mugambi M, Hockmeyer WT, 1987. Field evaluation
of an enzyme-linked immunosorbent assay (ELISA) for Plasmodium falciparum sporozoite

Acta Trop. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Degefa et al.

Page 13

detection in anopheline mosquitoes from Kenya. Am. J. Trop. Med. Hyg. 36, 459-68. 10.4269/
ajtmh.1987.36.459 [PubMed: 3555134]

Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, Battle KE, Moyes CL, Henry
A, Eckhoff PA, Wenger EA, Briét O, Penny MA, Smith TA, Bennett A, Yukich J, Eisele TP, Griffin
JT, Fergus CA, Lynch M, Lindgren F, Cohen JM, Murray CLJ, Smith DL, Hay SI, Cibulskis RE,
Gething PW, 2015. The effect of malaria control on Plasmodium falciparum in Africa between 2000
and 2015. Nature 526, 207-211. 10.1038/nature15535 [PubMed: 26375008]

Bhattarai A, Ali AS, Kachur SP, Martensson A, Abbas AK, Khatib R, Al-mafazy AW, Ramsan M,
Rotllant G, Gerstenmaier JF, Molteni F, Abdulla S, Montgomery SM, Kaneko A, Bjérkman A,
2007. Impact of artemisinin-based combination therapy and insecticide-treated nets on malaria
burden in Zanzibar. PLoS Med. 4, e309. 10.1371/journal.pmed.0040309 [PubMed: 17988171]

Bulterys PL, Mharakurwa S, Thuma PE, 2009. Cattle, other domestic animal ownership,
and distance between dwelling structures are associated with reduced risk of recurrent
Plasmodium falciparum infection in southern Zambia. Trop. Med. Int. Health 14, 522-8. 10.1111/
J.1365-3156.2009.02270.x [PubMed: 19389038]

Chaccour CJ, Ngha’Bi K, Abizanda G, Irigoyen Barrio A, Aldaz A, Okumu F, Slater H, Del Pozo
JL, Killeen G, 2018. Targeting cattle for malaria elimination: Marked reduction of Anopheles
arabiensis survival for over six months using a slow-release ivermectin implant formulation.
Parasit. Vectors 11, 287. 10.1186/s13071-018-2872-y [PubMed: 29728135]

Degefa T, Yewhalaw D, Zhou G, Atieli H, Githeko AK, Yan G, 2020. Evaluation of human-baited
double net trap and human-odour-baited CDC light trap for outdoor host-seeking malaria vector
surveillance in Kenya and Ethiopia. Malar. J. 19, 174. 10.1186/512936-020-03244-2 [PubMed:
32381009]

Degefa T, Yewhalaw D, Zhou G, Lee MC, Atieli H, Githeko AK, Yan G, 2017. Indoor and outdoor
malaria vector surveillance in western Kenya: Implications for better understanding of residual
transmission. Malar. J. 16, 443. 10.1186/s12936-017-2098-z [PubMed: 29110670]

Degefa T, Zeynudin A, Godesso A, Michael YH, Eba K, Zemene E, Emana D, Birlie B, Tushune K,
Yewhalaw D, 2015. Malaria incidence and assessment of entomological indices among resettled
communities in Ethiopia: A longitudinal study. Malar. J. 14, 24. 10.1186/s12936-014-0532-z
[PubMed: 25626598]

Durnez L, Coosemans M, 2013. Residual Transmission of Malaria: An Old Issue for New Approaches.
Anopheles mosquitoes - New insights into Malar. vectors. 671-704. 10.5772/55925

Edwards HM, Sriwichai P, Kirabittir K, Prachumsri J, Chavez IF, Hii J, 2019. Transmission risk
beyond the village: Entomological and human factors contributing to residual malaria transmission
in an area approaching malaria elimination on the Thailand-Myanmar border. Malar. J. 18, 221.
10.1186/512936-019-2852-5 [PubMed: 31262309]

Fettene M, Hunt RH, Coetzee M, Tessema F, 2004. Behaviour of Anopheles arabiensis and An.
quadriannulatus sp. B mosquitoes and malaria transmission in southwestern Ethiopia. African
Entomol. 12, 83-7.

Finda MF, Moshi IR, Monroe A, Limwagu AJ, Nyoni AP, Swai JK, Ngowo HS, Minja EG, Toe LP,
Kaindoa EW, Coetzee M, Manderson L, Okumu FO, 2019. Linking human behaviours and malaria
vector biting risk in south-eastern Tanzania. PLoS One. 18, 221. 10.1371/journal.pone.0217414

FMoH, 2016. Ethiopia National Malaria Indicator Survey 2015.

Garrett-Jones C, 1964. the Human Blood Index of Malaria Vectors in Relation To Epidemiological
Assessment. Bull. World Health Organ. 30, 241-261. [PubMed: 14153413]

Getachew D, Gebre-Michael T, Balkew M, Tekie H, 2019. Species composition, blood meal hosts
and Plasmodium infection rates of Anopheles mosquitoes in Ghibe River Basin, southwestern
Ethiopia. Parasit. Vectors 12, 257. 10.1186/s13071-019-3499-3 [PubMed: 31122286]

Gillies M, Coetzee M, 1987. A Supplement to the Anophelinae of Africa South of the Sahara. Publ.
South African Inst. Med. Res. 55, 63. 10.1046/j.1365-294X.1997.00177.x

Githeko AK, Adungo NI, Karanja DM, Hawley WA, Vulule JM, Seroney IK, Ofulla AVO, Atieli FK,
Ondijo SO, Genga 10, Odada PK, Situbi PA, Oloo JA, 1996. Some observations on the biting
behavior of Anopheles gambiae s.s., Anopheles arabiensis, and Anopheles funestus and their

Acta Trop. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Degefa et al.

Page 14

implications for malaria control. Exp. Parasitol. 82, 306—15. 10.1006/expr.1996.0038 [PubMed:
8631382]

Githeko AK, Service MW, Mbogo CM, Atieli FA, Juma FO, 1994. Sampling Anopheles arabiensis,

A. gambiae sensu lato and A. funestus (Diptera: Culicidae) with CDC light-traps near a rice
irrigation area and a sugarcane belt in western Kenya. Bull. Entomol. Res. 84, 319-24. 10.1017/
S0007485300032430

Govella NJ, Okumu FO, Killeen GF, 2010. Short report: Insecticide-treated nets can reduce malaria
transmission by mosquitoes which feed outdoors. Am. J. Trop. Med. Hyg. 82, 415-19. 10.4269/
ajtmh.2010.09-0579 [PubMed: 20207866]

Habtewold T, Walker AR, Curtis CF, Osir EO, Thapa N, 2001. The feeding behaviour and
Plasmodium infection of Anopheles mosquitoes in southern Ethiopia in relation to use of
insecticide-treated livestock for malaria control. Trans. R. Soc. Trop. Med. Hyg. 95, 584-6.
10.1016/S0035-9203(01)90086-0 [PubMed: 11816425]

Hadis M, Lulu M, Makonnen Y, Asfaw T, 1997. Host choice by indoor-resting Anopheles arabiensis in
Ethiopia. Trans. R. Soc. Trop. Med. Hyg. 91, 376-8. 10.1016/S0035-9203(97)90245-5 [PubMed:
9373624]

Hess A, Hayes R, Tempelis C, 1968. The use of the forage ratio technique in mosquito host preference
studies. Mosg. News 28, 386-9.

Himeidan YE, Elzaki MM, Kweka EJ, Ibrahim M, Elhassan IM, 2011. Pattern of malaria transmission
along the Rahad River basin, Eastern Sudan. Parasit. Vectors 4, 109. 10.1186/1756-3305-4-109
[PubMed: 21679459]

Ilwashita H, Dida GO, Sonye GO, Sunahara T, Futami K, Njenga SM, Chaves LF, Minakawa N, 2014.
Push by a net, pull by a cow: Can zooprophylaxis enhance the impact of insecticide treated bed
nets on malaria control? Parasit. Vectors 7, 52. 10.1186/1756-3305-7-52 [PubMed: 24472517]

Kenea O, Balkew M, Gebre-Michael T, 2011. Environmental factors associated with larval habitats of
anopheline mosquitoes (diptera: Culicidae) in irrigation and major drainage areas in the middle
course of the rift valley, central ethiopia. J. Vector Borne Dis. 48, 85. [PubMed: 21715730]

Kenea O, Balkew M, Tekie H, Gebre-Michael T, Deressa W, Loha E, Lindtjgrn B, Overgaard HJ,
2016. Human-biting activities of Anopheles species in south-central Ethiopia. Parasit. Vectors 9,
527.10.1186/s13071-016-1813-x [PubMed: 27716416]

Kibret S, Wilson GG, 2016. Increased outdoor biting tendency of Angpheles arabiensis and
its challenge for malaria control in Central Ethiopia. Public Health 141, 143-5. 10.1016/
j.puhe.2016.09.012 [PubMed: 27931990]

Kibret S, Wilson GG, Ryder D, Tekie H, Petros B, 2017. Malaria impact of large dams at different
eco-epidemiological settings in Ethiopia. Trop. Med. Health. 45, 4. 10.1186/s41182-017-0044-y
[PubMed: 28250711]

Kibret S, Wilson GG, Tekie H, Petros B, 2014. Increased malaria transmission around irrigation
schemes in Ethiopia and the potential of canal water management for malaria vector control.
Malar. J. 13, 360. 10.1186/1475-2875-13-360 [PubMed: 25218697]

Killeen GF, Kihonda J, Lyimo E, Oketch FR, Kotas ME, Mathenge E, Schellenberg JA, Lengeler
C, Smith TA, Drakeley CJ, 2006. Quantifying behavioural interactions between humans and
mosquitoes: Evaluating the protective efficacy of insecticidal nets against malaria transmission in
rural Tanzania. BMC Infect. Dis. 6, 161. 10.1186/1471-2334-6-161 [PubMed: 17096840]

Killeen GF, Kiware SS, Okumu FO, Sinka ME, Moyes CL, Claire Massey N, Gething PW, Marshall
JM, Chaccour CJ, Tusting LS, 2017. Going beyond personal protection against mosquito bites to
eliminate malaria transmission: Population suppression of malaria vectors that exploit both human
and animal blood. BMJ Glob. Health 2. 10.1136/bmjgh-2016-000198

Killeen GF, McKenzie FE, Foy BD, Bggh C, Beier JC, 2001. The availability of potential
hosts as a determinant of feeding behaviours and malaria transmission by African mosquito
populations. Trans. R. Soc. Trop. Med. Hyg. 95, 469-76. 10.1016/S0035-9203(01)90005-7
[PubMed: 11706651]

Lulu M, Hadis M, Makonnen Y, Asfaw T, 1998. Chromosomal inversion polymorphisms in Anopheles
arabiensis from some localities in Ethiopia in relation to host feeding choice. Ethiop. J. Heal. Dev.
12.

Acta Trop. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Degefa et al.

Page 15

Lulu M, Nigatu W, Gezahegn T, Tilahun D, 1991. Inversion polymorphisms in Anopheles arabiensis
(Patton) in five selected localities from east, south and southwest Ethiopia. Int. J. Trop. Insect Sci.
12, 375-8. 10.1017/s1742758400011231

Mahande AM, Msangi S, Lyaruu LJ, Kweka EJ, 2018. Bio-efficacy of DuraNet® long-lasting
insecticidal nets against wild populations of Anopheles arabiensis in experimental huts. Trop.
Med. Health 46, 36. 10.1186/s41182-018-0118-5 [PubMed: 30410416]

Main BJ, Lee Y, Ferguson HM, Kreppel KS, Kihonda A, Govella NJ, Collier TC, Cornel AJ, Eskin
E, Kang EY, Nieman CC, Weakley AM, Lanzaro GC, 2016. The Genetic Basis of Host Preference
and Resting Behavior in the Major African Malaria Vector, Anopheles arabiensis. PLoS Genet. 15,
12. 10.1371/journal.pgen.1006303

Manly B, McDonald L, Thomas D, McDonald T, Erickson W, 2007. Resource selection by animals:
statistical design and analysis for field studies. Springer Sci. Bus. Media.

Massebo F, Balkew M, Gebre-Michael T, Lindtjorn B, 2013. Entomologic inoculation rates of
Anopheles arabiensis in southwestern ethiopia. Am. J. Trop. Med. Hyg. 89, 466-73. 10.4269/
ajtmh.12-0745 [PubMed: 23878184]

Massebo F, Balkew M, Gebre-Michael T, Lindtjern B, 2015. Zoophagic behaviour of anopheline
mosquitoes in southwest Ethiopia: Opportunity for malaria vector control. Parasit. Vectors 8, 645.
10.1186/s13071-015-1264-9 [PubMed: 26684464]

Mekuria Y, Petrarca V, Tesfamariam T, 1982. Cytogenetic studies on the malaria vector mosquito
Anopheles arabiensis Patton in the Awash Valley, Ethiopia. Parassitologia. 24, 237-43. [PubMed:
6926941]

Messenger LA, Shililu J, Irish SR, Anshebo GY, Tesfaye AG, Ye-Ebiyo Y, Chibsa S, Dengela D,
Dissanayake G, Kebede E, Zemene E, Asale A, Yohannes M, Taffese HS, George K, Fornadel
C, Seyoum A, Wirtz RA, Yewhalaw D, 2017. Insecticide resistance in Anopheles arabiensis from
Ethiopia (2012-2016): A nationwide study for insecticide resistance monitoring. Malar. J. 16, 469.
10.1186/s12936-017-2115-2 [PubMed: 29151024]

Moiroux N, Damien GB, Egrot M, Djenontin A, Chandre F, Corbel V, Killeen GF, Pennetier C, 2014.
Human exposure to early morning Anopheles funestus biting behavior and personal protection
provided by long-lasting insecticidal nets. PLoS One. 12, 9. 10.1371/journal.pone.0104967

Monroe A, Mihayo K, Okumu F, Finda M, Moore S, Koenker H, Lynch M, Haji K, Abbas F, Ali
A, Greer G, Harvey S, 2019. Human behaviour and residual malaria transmission in Zanzibar:
Findings from in-depth interviews and direct observation of community events. Malar. J. 18, 220.
10.1186/512936-019-2855-2 [PubMed: 31262306]

Otten M, Aregawi M, Were W, Karema C, Medin A, Bekele W, Jima D, Gausi K, Komatsu R,
Korenromp E, Low-Beer D, Grabowsky M, 2009. Initial evidence of reduction of malaria cases
and deaths in Rwanda and Ethiopia due to rapid scale-up of malaria prevention and treatment.
Malar. J. 8, 14. 10.1186/1475-2875-8-14 [PubMed: 19144183]

PMI, 2020. Ethiopia Malaria Operational Plan FY 2020. Addis Ababa.

PMI, 2019. Ethiopia Malaria Operational Plan FY 2019. Addis Ababa.

Scott JA, Brogdon WG, Collins FH, 1993. Identification of single specimens of the Angpheles
gambiae complex by the polymerase chain reaction. Am. J. Trop. Med. Hyg. 49, 520-9. 10.4269/
ajtmh.1993.49.520 [PubMed: 8214283]

Service MW, 1977. A critical review of procedures for sampling populations of adult mosquitoes. Bull.
Entomol. Res. 67, 343-382. 10.1017/S0007485300011184

Seyoum A, Sikaala CH, Chanda J, Chinula D, Ntamatungiro AJ, Hawela M, Miller JM, Russell TL,
Brit OJT, Killeen GF, 2012. Human exposure to anopheline mosquitoes occurs primarily indoors,
even for users of insecticide-treated nets in Luangwa Valley, South-east Zambia. Parasit. Vectors 5,
1010. 10.1186/1756-3305-5-101

Shargie EB, Ngondi J, Graves PM, Getachew A, Hwang J, Gebre T, Mosher AW, Ceccato P, Endeshaw
T, Jima D, Tadesse Z, Tenaw E, Reithinger R, Emerson PM, Richards FO, Ghebreyesus TA, 2010.
Rapid increase in ownership and use of long-lasting insecticidal nets and decrease in prevalence of
malaria in three regional states of Ethiopia (2006—2007). J. Trop. Med. 10.1155/2010/750978

Sherrard-Smith E, Skarp JE, Beale AD, Fornadel C, Norris LC, Moore SJ, Mihreteab S, Charlwood
JD, Bhatt S, Winskill P, Griffin JT, Churcher TS, 2019. Mosquito feeding behavior and how

Acta Trop. Author manuscript; available in PMC 2022 April 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Degefa et al.

Page 16

it influences residual malaria transmission across Africa. PNAS. 116, 15086-15095. 10.1073/
pnas.1820646116 [PubMed: 31285346]

Taffese HS, Hemming-Schroeder E, Koepfli C, Tesfaye G, Lee MC, Kazura J, Yan GY, Zhou GF,
2018. Malaria epidemiology and interventions in Ethiopia from 2001 to 2016. Infect. Dis. Poverty
5, 103. 10.1186/s40249-018-0487-3

Taye A, Hadis M, Adugna N, Tilahun D, Wirtz RA, 2006. Biting behavior and Plasmodium
infection rates of Anopheles arabiensis from Sille, Ethiopia. Acta Trop. 97, 50-4. 10.1016/
j.actatropica.2005.08.002 [PubMed: 16171769]

Taye B, Lelisa K, Emana D, Asale A, Yewhalaw D, 2016. Seasonal dynamics, longevity, and biting
activity of anopheline mosquitoes in southwestern Ethiopia. J. Insect Sci. 16, 6. 10.1093/jisesa/
iev150 [PubMed: 26798142]

Tirados I, Costantini C, Gibson G, Torr SJ, 2006. Blood-feeding behaviour of the malarial mosquito
Anopheles arabiensis. Implications for vector control. Med. Vet. Entomol. 20, 425-37. 10.1111/
J.1365-2915.2006.652.x [PubMed: 17199754]

White GB, 1974. Biological effects of intraspecific chromosomal polymorphism in malaria vector
populations. Bull. World Health Organ. 50, 299-306. [PubMed: 4548394]

WHO, 2019. World malaria report 2019. Geneva, WHO Regional Office for Africa.

WHO, 2015. World Malaria Report, 2015, Http://Apps.Who.Int/Iris/Bitstream/
10665/200018/1/9789241565158 Eng.Pdf.

WHO, 2013. Malaria entomology and vector control. World Health Organization. Geneva.

WHO, 1995. Manual on practical entomology in malaria. World Health Organization, Geneva.

Wirtz RA, Burkot TR, Graves PM, Andre RG, 1987. Field evaluation of enzyme-linked immuosorbent
assays for Plasmodium falciparum and Plasmodium vivax sporozoites in mosquitoes (Diptera:
Culicidae) from Papua New Guinea. J. Med. 24, 433-7. Entomol. 10.1093/jmedent/24.4.433

Yewhalaw D, Legesse W, Van Bortel W, Gebre-Selassie S, Kloos H, Duchateau L, Speybroeck N,
2009. Malaria and water resource development: The case of Gilgel-Gibe hydroelectric dam in
Ethiopia. Malar. J. 8, 21. 10.1186/1475-2875-8-21 [PubMed: 19178727]

Yewhalaw D, Wassie F, Steurbaut W, Spanoghe P, van Bortel W, Denis L, Tessema DA, Getachew
Y, Coosemans M, Duchateau L, Speybroeck N, 2011. Multiple Insecticide Resistance: An
Impediment to Insecticide-Based Malaria Vector Control Program. PLoS One 12, 6. 10.1371/
journal.pone.0016066

Yohannes M, Boelee E, 2012. Early biting rhythm in the afro-tropical vector of malaria, Anopheles
arabiensis, and challenges for its control in Ethiopia. Med. Vet. Entomol. 26, 103-5. 10.1111/
j.1365-2915.2011.00955.x [PubMed: 21410494]

Yohannes M, Haile M, Ghebreyesus TA, Witten KH, Getachew A, Byass P, Lindsay SW, 2005. Can
source reduction of mosquito larval habitat reduce malaria transmission in Tigray, Ethiopia? Trop.
Med. Int. Health 10, 1274-85. 10.1111/j.1365-3156.2005.01512.x [PubMed: 16359409]

Acta Trop. Author manuscript; available in PMC 2022 April 01.


http://Http://Apps.Who.Int/Iris/Bitstream/10665/200018/1/9789241565158_Eng.Pdf
http://Http://Apps.Who.Int/Iris/Bitstream/10665/200018/1/9789241565158_Eng.Pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Degefa et al.

Page 17

Highlights
Anopheles arabiensis and An. pharoensis showed exophagic and zoophagic

behavior

Most (66%) of human exposure to An. arabiensis bites occurred indoors for
unprotected individuals (LLIN non-users)

For LLIN users, most (75%) of the exposure to An. arabiensis bites occurred
outdoors

Human exposure to An. pharoensis bites occurred mainly outdoors for both
LLIN users and non-user

Anaopheles arabiensis contributed to both indoor and outdoor malaria
transmission while An. pharoensis contributed exclusively to outdoor
transmission
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Figure 1:
Map of the study area
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Figure 2:

Indoor and outdoor crude biting rates of Angpheles mosquitoes with the proportion of
people outdoors, indoors and awake, and indoors and asleep throughout the night in Bulbul,
southwestern Ethiopia

Acta Trop. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Degefa et al.

Behaviour-adjusted bites/person/hour

m Outdoor ®Indoor while awake = Indoor while asleep

An. arabiensis

An. pharoensis

1S
&
~
%)

7-8 pm

8-9 pm
9-10 pm

Figure 3:

10-11 pm

E E
o ()
.
T g
Y aQ
N
Time (hour)

1-2 am

2-3am

3-4 am

4-5 am

5-6 am

Page 20

m Qutdoor ®Indoor while awake = Indoor while asleep

An. coustani

25
2.0
1.5

1.0

0.5

0.0

All anophelines

5.0
4.0
3.0
2.0
1.0
0.0
E E E€E € € € € E € E £ €
a o o o o o @ @ @ ®© @© ©
NN 0O O O «~ N «~ N o ¥ uvu o
© N 0 T T T g <+ & o T
o o <« 5
‘-‘—ﬁ
Time (hour)

Behavior-adjusted estimates of human exposure to Angpheles mosquitoes occurring indoors

and outdoors in Bulbul, southwestern Ethiopia
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Summary of female Anopheles mosquitoes collected from indoor and outdoor in Bulbul, southwestern

Table 1:
Ethiopia
Species Indoor Outdoor Total
HLC Lighttrap PSC HLC HDNT

An. arabiensis 106 72 42 240 168 628
An. pharoensis 170 34 13 366 243 826
An. coustani 89 20 1 362 101 573
An. squamosus 1 0 0 4 2 7
An. funestusgroup 1 0 0 2 1 4
Total 367 126 56 974 515 2,038

Note: PSC: pyrethrum spray catch, HLC: human landing catch, HDNT: human-baited double net trap
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Table 2:

Estimates of a negative binomial regression for the comparison of host-seeking anopheline density between
indoor and outdoor location in Bulbul, southwest Ethiopia
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Species Traps Location EMM (95% CI) OR (95% CI) p value

Standard method

An. arabiensis HLC Outdoor ~ 3.47 (2.48-4.48) 2.41(1.46-3.98)  0.001*
HLC Indoor 1.44 (0.98-2.12) 1 Oa

An. pharoensis HLC Outdoor  5.05 (3.65-7.00)  2.48 (1.53-4.00) <0.0001*
HLC Indoor 2.04 (1.42-2.95) 107

An. coustani HLC Outdoor 2.0 (1.12-3.60) 3.71(2.13-6.45)  <0.0001*
HLC Indoor 0.54 (0.28-1.04) 102

Alternative methods

An. arabiensis HDNT Outdoor  2.34 (1.61-3.40) 3.74 (2.07-6.76) <0.0001*
Lighttrap  Indoor 0.62 (0.39-1.01) 102

An. pharoensis HDNT Outdoor ~ 3.30 (2.32-4.67)  6.61 (3.71-11.77)  <0.0001*
Lighttrap  Indoor 0.51 (0.31-0.84) 102

An. coustani HDNT Outdoor ~ 0.96 (0.53-1.74)  8.74 (3.97-19.21)  <0.0001*
Lighttrap  Indoor 0.11 (0.47-0.26) 107

Note: HLC: human landing catch, HDNT: human-baited double net trap, EMM: estimated marginal mean density, OR: odds ratio

a . . Lo . I
Reference value. EMM was determined using a negative binomial regression model by adjusting for season
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Table 3.

Blood meal sources of Anopheles mosquitoes collected from indoor in Bulbul, southwestern Ethiopia

Blood meal indice An. arabiensis An. pharoensis An. coustani
Lighttrap PSC Total Lighttrap PSC Total Light trap

No. tested 24 28 52 10 8 18 4

Human 4(16.7) 4(143) 8(154) 1(10.0) 1(125) 2(111) 0

Bovine 17 (70.8)  17(60.7) 34 (65.4) 7(70.0) 5(62.5) 12(66.7) 4(100.0)
Goat 2(8.3) 2(7.1) 4(7.7) 0 0 0 0

Chicken 0 1(36) 1(19) 0 0 0 0

Dog 0 0 0 0 0 0 0
Human+Goat 1(4.2) 1(3.6) 2(3.8) 1(10.0) 0 1(5.5) 0

Unknown 0 3(10.7)  3(58)  1(10.0) 2(250) 3(167) O

Note: PSC: pyrethrum spray catch
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Table 4:

Host preference of An. arabiensis and An. pharoensis in Bulbul, southwestern Ethiopia

Species Parameters  Human Bovine Goat Chicken
Host abundance in the area (%) 39.0 322 6.8 22.0
An. arabiensis ~ Blood index  19.2 65.4 11.5 1.9
FR (95% Cl)  0.49(0.22-0.77)  2.03 (1.63-2.43) *1.69 (0.42-3.0) 0.09 (0.0-0.26)
An. pharoensis  Blood index  16.7 66.7 55 0

FR (95% CI)

0.43 (0.0—0.87) 2.07 (1.39-2.75) *

0.81 (-0.74-2.37)

0

Note: FR: forage ratio; Cl: confidence interval

*
indicates the preferred host
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Indoor and outdoor human biting rates, sporozoite rates and annual entomological inoculation rates (EIRS) of
Anaopheles mosquitoes in Bulbul, southwestern Ethiopia

Anophelesspecies  Parameters Indoor Outdoor Total
HLC Lighttrap HLC HDNT HLC ALT
An. arabiensis No tested 106 70 240 168 346 238
aHBR 18 1.8 0.9 0.9 2.7 2.7
Pf+ve (%)  1(0.9) 0 1(04) 1(0.6) 2(06) 1(0.4)
PfEIR 6.2 0 14 2.0 7.6 2.0
PV +ve (%) 0 0 0 0 0 0
Pv EIR 0 0 0 0 0 0
An. pharoensis No tested 170 34 366 243 536 277
aHBR 2.0 2.0 3.0 3.0 5.0 5.0
Pf +ve (%) 0 0 0 0 0 0
PfEIR 0 0 0 0 0 0
PV +ve (%) 0 0 1(03) 1(04) 1(02) 1(0.4)
Pv EIR 0 0 3.0 4.5 3.0 4.5
An. coustani No tested 89 20 362 101 451 121
aHBR 1.2 1.2 3.0 3.0 4.2 4.2
Pf +ve (%) 0 0 0 0 0 0
PfEIR 0 0 0 0 0 0
PV +ve (%) 0 0 1(0.3) 0 1(02) 0
Pv EIR 0 0 3.0 0 3.0 0

Note: HLC: human landing catch, HDNT: human-baited double net trap, ALT: alternative methods, aHBR-behavior-adjusted human biting rate; Pf-

P, falciparum, Pf: P. vivax; EIR. annual entomological inoculation rates
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