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Abstract

Background The use of insecticide-treated nets for malaria control has been associated with shifts in mosquito
vector feeding behaviour including earlier and outdoor biting on humans. The relative contribution of phenotypic
plasticity and heritability to these behavioural shifts is unknown. Elucidation of the mechanisms behind these shifts
is crucial for anticipating impacts on vector control.

Methods A novel portable semi-field system (PSFS) was used to experimentally measure heritability of biting time

in the malaria vector Anopheles arabiensis in Tanzania. Wild An. arabiensis from hourly collections using the human
landing catch (HLC) method were grouped into one of 3 categories based on their time of capture: early (18:00—-
21:00), mid (22:00-04:00), and late (05:00-07:00) biting, and placed in separate holding cages. Mosquitoes were then
provided with a blood meal for egg production and formation of first filial generation (F1). The F1 generation of each
biting time phenotype category was reared separately, and blood fed at the same time as their mothers were cap-
tured host-seeking. The resultant eggs were used to generate the F2 generation for use in heritability assays. Heritabil-
ity was assessed by releasing F2 An. arabiensis into the PSFS, recording their biting time during a human landing catch
and comparing it to that of their FO grandmothers.

Results In PSFS assays, the biting time of F2 offspring (early: 18:00-21:00, mid: 22:00-04:00 or late: 05:00-07:00)

was significantly positively associated with that of their wild-caught FO grandmothers, corresponding to an esti-
mated heritability of 0.110 (95% Cl 0.003, 0.208). F2 from early-biting FO were more likely to bite early than F2

from mid or late-biting FO. Similarly, the probability of biting late was higher in F2 derived from mid and late-biting FO
than from early-biting FO.

Conclusions Despite modest heritability, our results suggest that some of the variation in biting time is attributable
to additive genetic variation. Selection can, therefore, act efficiently on mosquito biting times, highlighting the need
for control methods that target early and outdoor biting mosquitoes.
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Background

The most important current malaria control interven-
tions are insecticide-treated nets (ITNs) and indoor
residual spraying (IRS) [1, 2]. These tools have averted
more than 600 million clinical cases in Africa since
2000 [1]. The success of these interventions derives
from their ability to exploit key aspects of the biting
and resting behaviour of African mosquito vectors,
including their propensity to bite humans indoors dur-
ing sleeping hours and rest indoors after feeding [3, 4].
The most important malaria vector species in Africa,
the Amnopheles gambiae species complex [4, 5] and
Anopheles funestus [4, 5], typically exhibit these behav-
iours [6, 7]. Despite the success of ITNs and IRS, their
effectiveness is being undermined by mosquito adapta-
tions that allow resistance or evasion from such inter-
ventions. Most notable is the widespread emergence of
insecticide resistance [8]. Additionally, there is growing
evidence of changes in vector behaviour in Africa and
elsewhere [9-12] that allow vectors to reduce contact
with ITNs and IRS [7]. While the molecular and genetic
basis of insecticide resistance [13, 14] and its impact
on malaria transmission has been widely investigated
[8, 15], much less is known about the basis of mosquito
biting behaviour adaptations [16, 17] and their implica-
tions for vector control [3, 7].

Mosquito behavioural changes associated with ITNs
and IRS include early-exiting from sprayed houses [18],
increased outdoor biting at dawn or dusk when people
are not protected by ITNs [10, 19-21], and increased
feeding on livestock instead of people [22, 23]. The
capacity to mount such behavioural adaptations may
vary between vector species. For example, historically,
An. gambiae in East Africa has been reported to feed
almost exclusively on people [24], inside houses, and late
at night [4, 6], while its sibling species, Anopheles arabi-
ensis, feeds more flexibly on humans and cattle [25, 26],
indoors or outdoors, [20, 27], often in the early evening
and at dawn [20, 28]. With the wide-use of ITNs, the rela-
tive abundance of An. gambiae compared to An. arabi-
ensis has plummeted in several settings [29, 30] due to
high propensity of this species to feeding indoors and
late at night. The timing of this behaviour coincides with
when the majority of people are indoors and under ITNs,
thus increases the risk of An. gambiae having fatal con-
tact with insecticides. In west Africa, there are reports of
a change towards early evening or early morning biting,
and more outdoor biting in Anopheles coluzzii [31] and
An. funestus [11, 19]. Similarly, the proportion of “early”
(18:00-21:00 h) and outdoor biting by the malaria vector
Anopheles farauti in the southwest Pacific increased after
the implementation of IRS [10, 32]. There is also evidence
of shifts in host choice from humans to cattle in African
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malaria vectors following ITN and IRS implementation
(22, 23].

Prediction of the impact of mosquito behavioural
changes on vector control requires understanding of the
underlying mechanisms for the changes. It is unknown
whether behavioural shifts reflect evolutionary adapta-
tions in response to selection by I'TNs/IRS, or are mani-
festations of pre-existing phenotypic plasticity. These
possibilities have different implications for control. The
first hypothesis, referred to as true behavioural resist-
ance, is that behavioural traits are evolving in response
to selection from interventions. Behavioural resistance
traits could thus spread and become fixed in populations
[3]. The second hypothesis, referred to as behavioural
resilience [9], is that vector species were always capable of
expressing alternative biting phenotypes with this plastic-
ity only exhibited in response to environmental variation
that reduces human host availability. Here biting behav-
iour may rapidly revert to baseline phenotype when con-
trol interventions are lifted [16]. Behavioural resilience
may define the limits of immediate behavioural responses
to interventions [3], whereas behavioural resistance
implies that vectors can increasingly adapt their biting
phenotypes to avoid indoor interventions over time; thus
progressively eroding the proportion of exposure that can
be prevented by their use. This mechanism may pose a
larger problem than plasticity within a fixed range. While
it has been observed for many years that use of ITNs is
associated with shift in mosquito biting time behaviours,
there has been relatively limited investigation of the
genetic basis of host-seeking in mosquitoes.

In this study, heritability in the biting time of the
major African malaria vector An. arabiensis was experi-
mentally investigated using a novel portable semi-field
system (PSFES), in Tanzania. Biting time phenotypes of
wild-caught mothers (FO) were compared to phenotypes
of their offspring (second generation) under controlled
conditions.

Methods

Study site

All experiments were conducted in Lupiro village (—8.38
S, 36.67 E) within the Kilombero Valley, an area of mod-
erate to high endemic malaria transmission in south-
eastern Tanzania [33]. Currently, An. arabiensis is the
most abundant malaria vector species in this area [34].
Biting activity in this An. arabiensis population can
start as early as dusk, with a peak around midnight and
smaller peak toward morning [27]. Most residents spend
their time outdoors until~10 pm when they go inside
homes to sleep; with most reporting use of ITNs [27]. All
mosquito behavioural assays were conducted within a
bespoke semi-field system, here referred to as a portable



Govella et al. Malaria Journal (2023) 22:238

semi-field system (PSES) installed temporarily in Lupiro
Village (details in Additional file 1). The PSES was located
in the same village where wild mosquitoes (parental gen-
eration) were collected to generate offspring for use in
experiments.

Assays for heritability in biting time

In Lupiro village, host-seeking female An. arabiensis were
collected at different times of the night using human
landing catches (HLC). With HLC, a volunteer sat on a
chair while exposing his legs and aspirating mosquitoes
that attempted to feed on them. The collections were
conducted in the peridomestic area around four houses
(Additional file 2). In brief, volunteers collected mosqui-
toes hourly between 18:00 and 07:00 h. Collections were
made for 45 min of each hour leaving 15 min breaks for
refreshment and rest for two consecutive nights (14th
and 15th of July 2015). Mosquitoes collected each hour
were placed in separate paper cups. Mosquitoes were vis-
ually identified as belonging to Anopheles gambiae sensu
lato (s.l.) [4, 5] from the hourly collection in the morning
after each experimental night, and grouped into one of 3
categories based on their time of capture: early (18:00—
21:00), mid (22:00-04:00), and late (05:00—07:00) biting,
and placed in separate holding cages. Biting activity was
classified into these three discrete categories of unequal
length to correspond with times when people are likely
to be either indoors and protected by ITNs (mid), or out-
doors and unprotected (early and late). Of the 245 female
An. gambiae s.l. obtained, 218 survived the transition
into cages (71, 98, and 49 from early, mid, and late bit-
ing groups respectively). These FO females were provided
with a blood meal for egg production as described in
Additional file 2. Only eggs from 121 individual mothers
(43, 51, and 27 from early, mid and late respectively) were
confirmed by PCR to be An. arabiensis, and these were
used to produce the F1 generation (Additional file 2).
These HLC wild caught PCR confirmed An. arabiensis
females individuals formed the FO parental generation.
The eggs from each confirmed An. arabiensis mothers
were reared separately, transitioning to larvae, and conse-
quently to pupae stage. Pupae reared from each female’s
egg clutch were pooled into one of three holding cages
according to their mothers’ biting time phenotype. Vari-
ation in egg-pupa development rates resulted in the set
up of nine F1 cages, three of each biting time phenotype.
The F1 generation of each biting time phenotype cat-
egory were reared separately, and were blood fed in the
same time period (early, mid or late) that their mothers
were collected in to produce an F2 generation for use in
assays within the PSFS (Additional file 2). Due to varia-
tions in egg-pupa development rates from FO to F1, this
implies that not all F2 were obtained on the same day, but
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variable depending on the emergence rates. The F2 were
maintained under ambient conditions within the PSFS
and on glucose as source of meal until the day of release.
Experiments were conducted on the F2 rather than F1
generation to maximize the number of mosquitoes avail-
able for experiments.

Heritability was assessed by releasing F2 An. arabiensis
into the PSFS, recording their biting time during a human
landing catch and comparing it to that of their FO grand-
mothers. On each night of the experiment, 300 F2 An.
arabiensis (100 from early, mid, and late FO phenotype)
were released simultaneously into the PSFS at 17:00 h in
the evening, with exception of one trial in which only 50
F2 from each of three phenotypes were available (Addi-
tional file 2, and Statistical analysis methods below). The
age of released mosquitoes ranged from 4 to 10 days old
representing a mixture of young and old mosquitoes [35].
Two hours prior to release, F2 female mosquitoes were
selected from the cages, placed into the paper cups and
marked with either red, yellow, or blue fluorescent dust
colors according to their grandmothers’ biting time phe-
notype (18:00-21:00, 22:00-04:00, and 05:00-07:00). The
selection and marking were conducted at 15:00 h on each
day of experiment. Mosquitoes were released into the
PSES at 17:00 h. Before recapturing by HLC begun, mos-
quitoes were left to orient themselves within the PSFS for
at least one hour before host entry. A volunteer entered
the PSFS at 18:00 h, sat on a chair and commenced HLC
(Additional file 2) between 18:00 to 07:00 h. Recapturing
was conducted for 45 min in each hour, leaving 15 min
break for the volunteer. At the end of each overnight
behavioural assay with HLC, the floor, roof and walls
within the PSFS were thoroughly searched with a torch
to collect any remaining mosquitoes (not caught by HLC)
using a Back-pack aspirator. This was to ensure that all
mosquitoes used in one experimental night assay were
removed before the starting of another experiment.
Assays were conducted over 20 nights from 13th August
to 1st October 2015. The nightly temperature was meas-
ured and collected using a weather station (Additional
file 2). Additional HLC collections were conducted at two
local houses adjacent to the PSES (within ~40 m) on the
same nights as experimental assays to confirm whether
the temporal pattern of biting activity observed in the
PSFS was consistent with that of the wild population.
Wild mosquitoes were collected from inside and outside
local houses starting at 18:00 in the evening and end at
07:00 the next morning.

Data analysis

Before testing for heritability and association in biting
time between FO and F2, the nightly biting profile of F2
offspring on the PSFS and that of wild An. arabiensis
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host-seeking on the same nights as the experiments
were compared. This comparison enabled assessment of
whether the biting profile of mosquitoes inside the PSES
was representative of natural biting activity. The pro-
portions of mosquitoes caught biting during each time
period (early, mid and late) and its’ 95% confidence inter-
val were estimated separately in each location (indoor,
outdoor, and semi-field) by fitting logit-binomial gener-
alized linear mixed-effects models (GLMMs) using the
glmer function of the /me4 R package [36], where bit-
ing time was modelled as a binomial response (early vs
mid +late; mid vs early+late; late vs early+mid) and
experimental night (20 nights of replicates) was fitted
as an observation-level random effect. Bias in predicted
proportions and 95% Cls due to Jensen’s inequality was
corrected using the approximation of McCulloch et al
[37].

Narrow sense heritability (which describes a fraction of
phenotypic variance that can be attributed to variation in
the additive effects of genes) of biting time, /47, was esti-
mated as h?=2ty, ;, where t,z is the correlation
between grand-offspring (F2) biting time and grandpar-
ental (FO) biting time (see Additional files 3 and 4) for
detailed methods and R code for estimation of /#?). Owing
to an unknown degree of assortative mating within the
F1 generation, this #? estimate is expected to be posi-
tively biased, but we show that this bias is likely to be
moderate to low (< 17% relative bias) for #° values below
0.5 and negligible (<4%) for #? values below 0.3 (Supple-
mentary Information 3). The correlation coefficient ¢, p,
was estimated by modelling FO and F2 biting time as an
ordered categorical response (early<mid<late) in a
mixed-effects ordinal probit GLMM using the MCM-
Cglmm package [38]. This approach of modelling a dis-
crete trait as the manifestation of an underlying
continuous “liability” (here the tendency towards biting
at a specific time) and estimating heritability on the lia-
bility scale is standard in quantitative genetics [39]. Ran-
dom intercepts were included to model inter-batch
variation and inter-generational variation within batches,
with variances V), and V,,, respectively. The correlation
between F2 and FO was estimated as tpy_fg = Vh++j;b+1
To adjust for potential variation in mean biting time by
generation (FO and F2), temperature, between two HLC
volunteers, or over time, the GLMM included fixed
effects of generation, temperature (separately for each
generation), volunteer, and a natural cubic spline with
three degrees of freedom for day of the experiment. Con-
tinuous variables (temperature and day) were scaled to
have zero mean and unit variance. MCMC was run for
400,000 iterations. MCMC convergence was checked for
each parameter by inspection of the trace plots and by
requiring that the effective number of samples be greater
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than 1000. Parameter estimates and 95% credible inter-
vals (CI) were calculated as the mean and 2.5% and 97.5%
centiles of the posterior MCMC sample.

In addition to estimating the heritability of biting time,
whether individual F2 biting time phenotypes were asso-
ciated with FO biting time phenotype was tested. Each
F2 biting time phenotype was modelled as a binary
response (early vs mid+late; mid vs early +late; late vs
early+mid) in a logit-binomial GLMM using the glmer
function of the lme4 R package [36]. FO biting time was
fitted as a categorical fixed effect, and the random effects
fitted were date and an observation-level random effect.
For each binomial F2 response the null hypothesis of no
association with FO biting time was tested using a like-
lihood ratio test. Pairwise differences in F2 biting time
proportion between FO biting times were tested using
Wald tests. Predicted F2 biting time proportions with
95% confidence intervals (CI) were calculated from the
fitted GLMMs. Bias in predicted proportions and 95%
ClIs due to Jensen’s inequality [40] was corrected using
the approximation of McCulloch et al. [37].

Results

Over 20 nights of sampling, 24,503 wild mosquitoes from
local houses adjacent to the PSES were collected. Of these
28% (n=6883) were An. gambiae s.l. Of the 80% An.
gambiae s.l. specimens that were successfully amplified
by PCR, all were confirmed to be An. arabiensis. Of the
5850 F2 An. arabiensis (originated from 121 FO parental
An. arabiensis) that were released in the PSES for assay of
biting time, 82% were recaptured (52—-98% across experi-
mental nights).

The biting time pattern of F2 An. arabiensis within
the PSFS was similar to that observed in the wild pop-
ulation on the same nights (Fig. 1, Table 1); confirming
that representative biting behaviours were maintained
in the PSFS. In all mosquito collections (made indoors,
outdoors or in the PSFS), approximately one third of bit-
ing occurred in the early period of the night, two third
occurring in the mid period and only one-tenth in the
late period.

A weak positive correlation of 0.055 was estimated
between the biting time phenotypes of F2 and FO (¢, p,
[95% CI]=0.055 [0.001, 0.104]). Using the relationship
W?=2tp, r, this correlation translates to an estimated
biting time heritability of 0.110 [0.003, 0.208]. This herit-
ability estimate is sufficiently low that the relative positive
bias in the estimate due to assortative mating is likely to
be less than 5% (Additional file 3), and therefore should
not affect the conclusion that approximately one-tenth of
variation in An. arabiensis biting time is due to additive
genetic variation.
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Fig. 1 Proportion of Anopheles arabiensis biting at different periods
of the night (early: 18:00-21:00; mid: 22:00-04:00, late: 05:00-07:00).
Colors of the bars. Error bars are 95 Cl from fitted model
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Table 1 Raw data comparison of Anopheles arabiensis caught
biting at different periods of the night

Biting time  Source of collection Number caught % Collected
18:00-21:00  PSFS 1564 325
Indoor 576 310
Outdoor 1183 315
22:00-04:.00  PSFS 2428 504
Indoor 1046 56.0
Outdoor 2200 59.0
05:00-07:00  PSFS 821 17.1
Indoor 252 134
Outdoor 370 10.0

There was a significant positive association between
F2 biting time (defined as a binary response), and FO
biting time in each of the binomial GLMMs (Table 2).
The biting time of early and late biting F2 was positively
associated with that of their FO grandmothers (Fig. 2,
Table 2). F2 from early-biting FO were more likely to
bite early than F2 of mid-biting FO (P<0.001). F2 from
mid-biting FO were also more likely to bite early than F2
from late-biting FO (P=0.018) (Fig. 2, Table 2). A simi-
lar positive association was observed for the probabil-
ity of biting late, with F2 from both mid (P=0.029) and
late-biting (P=0.001) FO more likely to bite late than F2
from early-biting FO. However, offspring of mid-biting
and late-biting FO did not differ in their probability of bit-
ing late (P =0.29). Most F2 biting activity occurred in the
‘mid period’ (Fig. 2). The probability of biting in the mid
period did not differ between F2 from early and mid FO
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(P=0.066), and F2 from mid and late FO (P=0.19). How-
ever, F2 of late-biting FO were more likely to bite in the
mid period than those of early-biting FO (P =0.002, Fig. 2,
Table 2).

Discussion

This study, experimentally investigated the heritable
genetic basis of biting time tendencies in African malaria
vector An. arabiensis by comparing phenotypes in a
wild FO population and their F2 offspring under realistic
semi-field conditions. The heritability estimate of 0.11
provides evidence that a portion—albeit a minority—of
natural variation in biting time is due to additive genetic
variation. Heritability estimates in Drosophila, the genus
where most insect studies of heritability have been per-
formed, range from 0 to 60% [41]. In this context, the
estimate of 11% obtained here is relatively low. How-
ever, when compared with other behavioural traits alone
(as opposed to morphological traits, which tend to have
higher heritabilities), this estimate is in the centre of the
observed range of 0-20%. Specifically, F2 offspring from
early biting FO grandmothers were more likely to bite ear-
lier than offspring from mid or late biting FO. Similarly,
F2 offspring from late biting FO were more likely to bite
later than offspring from early biting FO. In contrast, the
offspring of mid and late biting FO were observed to bite
in these two periods with similar frequency. Thus, the
likelihood of an F2 feeding within either extreme of the
biting activity range (either before 10 pm or after 5am)
was associated with their parental phenotype. In general,
despite relatively low estimated heritability (11%), this
suggests that selection can, therefore, act on biting time
of wild African malaria vectors.

This evidence of a genetic association between
“extreme” biting time phenotypes (e.g. either early:
18:00-21:00 h, or late 05:00—0.7:00) in offspring and
grandparents suggests that the use of ITNs during typi-
cal sleeping hours (22:00-05:00 h) could select for shifted
biting times in An. arabiensis to periods when most peo-
ple are unprotected. Here deliberately chose to categorize
mosquito biting times into periods of unequal length;
early (4 h), mid (6 h) and late (3 h), to focus analysis on
heritability of behaviours that are specifically problem-
atic for ITNs programmes. The extended length of the
‘mid’ period may account for why most An. arabiensis
were observed biting during this time regardless of their
grandparental biting time phenotype. Finer-scale shifts
in mosquito biting time within the mid period may have
little epidemiological consequence if people consistently
use ITNs while sleeping; which typically occurs between
(22:00-04:00) in African communities [27, 42]. In con-
trast, a shift in mosquito biting to either before people
go indoors to sleep (before 10 pm) or after wake up in
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Table 2 Proportions and 95% confidence intervals (95% Cl) of F2 mosquitoes biting at early, mid and late periods of the night,

estimated separately by the biting time of their FO grandmothers

F2 biting time proportion FO biting time F2 predicted biting time  Null hypothesis (H,) tests
proportion (95% Cl)
Global HO: Pairwise Hg:
early=mid =late
early=mid early=Ilate mid=late
Early/(early + mid +late) Early 0.41(0.34,049) P <0.0001 P=0.00061 P <0.0001 P=0.018
Mid 0.31(0.25,0.38)
Late 0.24(0.19,0.31)
Mid / (early + mid + late) Early 0.45(0.37,0.54) P=0.012 P=0.066 P=0.0017 P=0.19
Mid 0.51(0.43,0.59)
Late 0.55(0.47,0.63)
Late/(early + mid +late) Early 0.14(0.11,0.17) P=0011 P=0.029 P=0.0014 P=0.29
Mid 0.18(0.14,0.22)
Late 0.20(0.16,0.24)

P-values for four null hypothesis tests (HO) are presented: the global null hypothesis that F2 biting time does not vary by FO biting time, and the three pairwise null
hypotheses of equal F2 biting time between early, mid and late FO biting times. Biting time proportions and p-values were estimated using logit-binomial generalized

linear mixed effects models (GLMM,; see text for details)

B FO: 18:00-21:00
O FO0: 22:00-04:00
O FO0: 05:00-07:00

0.4

F2 proportion
0.3

0.1

0.0

18:00-21:00 22:00-04:00

F2 biting period

05:00-07:00

Fig. 2 Predicted proportions of F2 biting at different times of the
night relative to the biting time of their FO grandmothers (early:
18:00-21:00 h), mid: 22:00-04:00 h, late: 05:00-07:00 h). Colors of bars
denote the biting time of FO grandmothers. Error bars are 95% Cl
from the fitted model

the morning (5 a.m) would attenuate the impact of ITNs
[7]. For example, recent evidence from west Africa found
An. funmestus biting during morning hours (7 a.m-11
a.m) when people are outside in response to widespread
use of ITNs [11, 19]. This study show that the tendency
of An. arabiensis to bite during either of these extreme
ranges does have a genetic component; raising concerns
that malaria vectors may increasingly adapt their bit-
ing times under selection from ITNs or other sources.
Such behavioural adaptability represents another poten-
tial mechanism of resistance against interventions in

malaria vectors in addition to the much more extensively
documented physiological insecticides resistance traits.
Behavioural resistance through selection of biting times
may also contribute to both residual [7] and rebounding
of transmission [3].

One previous study also reported evidence of genetic
structure between early and late biting Nyssorhyn-
chus (Anopheles) darlingi in the western Amazon [43].
However, a previous investigation of genetic variation
between early and late biting An. arabiensis in this study
area found no evidence of substructuring within a range
of candidate circadian genes and single nucleotide poly-
morphisms [44]. Those authors acknowledged the study
had low power to detect genetic variation for biting time
due to limitations in sample size and the number of SNPs
analyzed [44]; and that a more robust association map-
ping analysis would be required to be conclusive. The
finding of low, but non-zero, heritability and significant
association in the biting times between FO and F2 of
An. arabiensis suggests that recently observed shifts in
malaria vector biting time in response to ITNs [12, 45]
may well result from extended evolutionary processes in
addition to near-instantaneous phenotypic plasticity.

The study may have some limitations, which could have
biased and potentially underestimated heritability. An
initial concern was that mosquito biting times observed
under semi-field conditions may not be reflective of nat-
ural phenotypes. However, this stud confirmed that the
nightly pattern of biting activity in the PSFS was simi-
lar to that observed in the local wild population on the
same nights. Second, ability to detect heritability in biting
time may have been reduced because instead of compar-
ing mother—offspring pairs; analysis was based on pooled
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offspring generated from a cohort of FO biting in each
time period. This design was necessitated in order to pro-
duce large enough sample sizes of behavioural bioassays,
but prevented identification of variation between individ-
ual mosquito mother—offspring pairs to be controlled in
the analysis. Thus F2 biting time phenotypes represent an
average phenotype from a group of grandmothers, and
may mask stronger associations between specific parent—
offspring pairs. Third, while a sample size of only 121 FO
may be questionable, it was fairly, sufficient in this study.
Despite low heritability estimate, FO-F2 correlation was
reliable, based on low P values as described in supple-
mentary information (SI 3). Of concern, biting time was
recorded as three categories and not as continuous vari-
able. These could have limited the precision and power of
estimate. Fourth, blood feeding F1 at a time correspond-
ing to the capture time of their mothers could have con-
ditioned the mosquitoes, thus generating non-genetic
maternal effects [46]. While the existence of mater-
nal effects cannot be ruled out, no evidence of mater-
nal effects was found in related pilot work on mosquito
host preference phenotypes An. arabiensis (Govella et al.
unpublished), nor are aware of any other evidence sug-
gesting maternal effects influence mosquito biting times.
Fifth, the age of released mosquitoes ranged between 4 to
10 days over the 20 nights of experimentation. It is possi-
ble that some variability could have been introduced due
to age-related shifts in biting. However, a previous study
of the same species did not detect any variation in biting
time with age [47]. Finally, the study was conducted in a
single village and single An. arabiensis population popu-
lation, thus limiting generalization of results. Despite
these limitations, strong evidence for trans-generational
correlation in biting time was detected. It is expected
that further investigation under conditions where these
potential limitations in design can be addressed would
generate a more precise estimate of heritability. In par-
ticular, this study highlight the value of crossing experi-
ments between populations of mosquitoes with different
biting time phenotypes to determine whether the out-
come supports Mendelian pattern of genetic inheritance.
This would provide evidence of genetic inheritance of bit-
ing time phenotype despite the low heritability obtained
in this study.

Conclusions

This study provides the first experimental confirmation of
the existence and magnitude of heritability in the biting
time of a major African malaria vector. These results lay
a foundation for further investigation of the genetic basis
of this phenotype and other mosquito feeding behaviours
(host preference and location of biting) whose evolution
in response to interventions could undermine malaria
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elimination efforts in Africa. These results suggest that
although An. arabiensis biting time may be primarily
driven by non-genetic factors, this behavioural pheno-
type may also be partly heritable. Therefore, the observed
changes in biting time in field populations might be influ-
enced by longer-term selection arising from intervention
in addition to the likely larger role of non-genetic pheno-
typic plasticity. Regardless of the relative contribution of
each of these processes, the increasing evidence of shifts
in biting times in malaria vector populations highlight
the urgent need for complementary interventions that
can target mosquitoes in outdoor environments and out-
side of typical sleeping hours.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512936-023-04671-7.

Additional file 1. Portable semi-field system.

Additional file 2. Protocol and experimental design for assays of herit-
ability in biting time.

Additional file 3. Statistical methods for estimating the heritability of
biting time.

Additional file 4. R-codes showing how assortative mating influence the
phenotypic correlation among F1 mates and consequent expected bias in
estimation of heritability.

Acknowledgements

We thank the local leaders and residents of Lupiro Village for their coopera-
tion throughout the study and to the volunteers for their commitment to this
work. Special thanks go to Amos Thomas Miwale, a technician for his tireless
effort that ensured proper data collection from both field and semi-field
experiments.

Author contributions

Conceptualization: NJG, GFK, HMF. Data curation: NJG. Formal analysis: NJG,
PCJ. Funding acquisition: NJG. Investigation: NJG. Methodology: NJG, GFK,
HMF, PCJ. Project administration: NJG. Resources: NJG. Writing-original Draft
preparation: NJG. Writing-Review & Editing: NJG, PCJ, GFK, HMF.

Funding

This work was supported by the Wellcome Trust (Research Training Fellow-
ship for Public Health and Tropical Medicine grant number 102368/2/13/2)
awarded to NJG. UKRI-Medical Research Council (under the African Research
Leaders Award number MR/T008873/1 awarded to NJG and HMF) and the
UK Foreign, Commonwealth & Development office (FCDO) under the MRC/
FCDO concordant agreement which is also part of the EDCTP2 programme
supported by the European Union supported analysis, and writing of the
manuscript. GFKis supported by an AXA Research Chair award provided by
the AXA Research Fund.

Data availability
Access and use of data supporting this article are available in publicly reposi-
tory (https://doi.org/10.5061/dryad.Ovt4b8gzv).

Declarations

Ethics approval and consent to participate

Prior to research commencing, approval for the study was obtained from the
Institutional Review Board of Ifakara Health Institute in Tanzania (IHI/IRB/No.
16-2014), and Medical Research Coordination Committee of the National Insti-
tute of Medical Research in Tanzania (NIMR/HQ/R.8a/Vol.IX/1925). Meetings


https://doi.org/10.1186/s12936-023-04671-7
https://doi.org/10.1186/s12936-023-04671-7
https://doi.org/10.5061/dryad.0vt4b8gzv

Govella et al. Malaria Journal (2023) 22:238

were held with local leaders in the village where the study was based, heads
of households where mosquitoes were collected, and volunteers involved in

collections, to explain the aims, advantages and potential risks of participating.

Written informed consent was obtained from heads of households and volun-
teers participating in mosquito collections by HLC. All volunteers conducting
HLCs were provided with malaria prophylaxis (Malarone®) during participation
[48], and screened for malaria parasites by rapid diagnostic test) before and
after participation. Participants involved in arm feeding of mosquitoes were
first screened to ensure they were malaria parasite free and then received
malaria prophylaxis (Malarone®) during experiments to protect them from
infection and/or infecting mosquitoes [48]. The study site was located close to
a health clinic to facilitate rapid reporting and treatment of any malaria-related
or other adverse events. No participants tested positive for malaria or reported
any adverse effects from prophylaxis or any other procedure. Approval for
publication was obtained from the Medical Research Coordination Committee
of the National Institute of Medical Research in Tanzania.

Competing interests
The authors declare that no competing interests exist.

Author details

"Environmental Health and Ecological Sciences Department, Ifakara Health
Institute, Dar es Salaam, Tanzania. “Institute of Biodiversity, Animal Health

and Comparative Medicine, University of Glasgow, Glasgow G12 8QQ, UK.
3School of Life Sciences and Bioengineering, Nelson Mandela African Institu-
tion of Science and Technology, Arusha, Tanzania. “Department of Vector Biol-
ogy, Liverpool School of Tropical Medicine, Pembroke Place, Liverpool L3 50A,
UK. >School of Biological, Earth & Environmental Sciences and Environmental
Research Institute, University College Cork, Cork T23 N73K, Republic of Ireland.

Received: 20 December 2022 Accepted: 7 August 2023
Published online: 16 August 2023

References

1. Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al.
The effect of malaria control on Plasmodium falciparum in Africa between
2000 and 2015. Nature. 2015;526:207-11.

2. WHO. World Malaria Report. Geneva: World Health Organization; 2019.

3. Killeen GF. Characterizing, controlling and eliminating residual malaria
transmission. Malar J. 2014;13:330.

4. Gillies MT, DeMeillon B. The Anophelinae of Africa south of the Sahara
(Ethiopian zoogeographical region). Johannesburg: South African Insti-
tute for Medical Research; 1968.

5. Coetzee M. Key to the females of Afrotropical Anopheles mosquitoes
(Diptera: Culicidae). Malar J. 2020;19:70.

6. Huho B, Briet OJT, Seyoum A, Sikala C, Bayoh N, Gimnig JE, et al. Consist-
ently high estimates for proportion of human exposure to malaria
vector populations occurring indoors in rural Africa. Int J Epidemiol.
2013;42:235-47.

7. Sherrard-Smith E, Skarp JE, Beale AE, Fornadel CM, Norris LC, Moore SJ,
et al. Mosquito feeding behavior and how it influences residual malaria
transmission across Africa. Proc Natl Acad Sci USA. 2019;116:15086-95.

8. Ranson H, Lissenden N. Insecticide resistance in African Anopheles
mosquitoes: a worsening situation that needs urgent action to maintain
malaria control. Trends Parasitol. 2016;32:187-96.

9. Govella NJ, Chaki PP, Killeen GF. Entomological surveillance of behavioural
resilience and resistance in residual malaria vector populations. Malar J.
2013;12:124.

10. Russell TL, Beebe NW, Cooper RD, Lobo NF, Burkot TR. Successful malaria
elimination strategies require interventions that target changing vector
behaviours. Malar J. 2013;12:56.

11. Moiroux N, Gomez MB, Pennetier C, Elanga E, Djenontin A, Chandre F,
et al. Changes in Anopheles funestus biting behavior following uni-
versal coverage of long-lasting insecticidal nets in Benin. J Infect Dis.
2012;206:1622-9.

12. Thomsen EK, Koimbu G, Pulford J, Jamea-Maiasa S, Ura Y, Keven
JB, et al. Mosquito behavior change after distribution of bednets
results in decreased protection against malaria exposure. J Infect Dis.
2017;215:790-7.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 8 of 9

. Weedall GD, Mugenzi LMJ, Menze BD, Tchouakui M, Ibrahim SS,

Amvongo-Adjia N, et al. A cytochrome P450 allele confers pyrethroid
resistance on a major African malaria vector, reducing insecticide-treated
bednet efficacy. Sci Transl Med. 2019;11: eaat7386.

. Elanga-Ndille E, Nouage L, Binyang A, Assatse T, Tene-Fossog B, Tchouakui

M, et al. Overexpression of two members of D7 salivary genes family
is associated with pyrethroid resistance in the malaria vector Anoph-
eles funestus s.s. but not in Anopheles gambiae in Cameroon. Genes.
2019;10:211.

. WHO. Framework for a national plan for monitoring and management

of insecticide resistance in malaria. Geneva: World Health Organization;
2017.

. Prussing C, Moreno M, Saavedra MP, Bickersmith SA, Gamboa D, Alava

F, et al. Decreasing proportion of Anopheles darlingi biting outdoors
between long-lasting insecticidal net distributions in peri-lquitos, Amazo-
nian Peru. Malar J. 2018;17.86.

. Main BJ, Lee Y, Ferguson HM, Kreppel SK, Kihonda A, Govella NJ, et al. The

genetic basis of host preference and resting behavior in the major African
malaria vector Anopheles arabiensis. PLoS Genet. 2016;12: 1006303.

. Kitau J, Oxborough RM, Tungu PK, Matowo J, Malima RC, Magessa SM,

et al. Species shift in Anopheles gambiae Complex: Do LLINs successful
control Anopheles arabiensis? PLoS ONE. 2012;7: €31481.

. Sougoufara S, Diedhiou SM, Doucoure S, Diagne N, Sembene PM, Harry

M, et al. Biting by Anopheles funestus in broad daytime after use of
long-lasting insecticidal nets: a new challenge to malaria control. Malar J.
2014;13:125.

Govella NJ, Okumu FO, Killeen GF. Insecticide-treated nets can reduce
malaria transmission by mosquitoes which feed outdoors. Am J Trop Med
Hyg. 2010;82:415-9.

Durnez L, Mao S, Denis L, Roelants P, Sochantha T, Coosemans M.
Outdoor malaria transmission in forested villages of Cambodia. Malar J.
2013;12:329.

Kreppel K, Viana M, Main BJ, Johnson PCD, Govella NJ, Lee Y, et al. Emer-
gence of behavioural avoidance strategies of malaria vectors in areas of
high LLIN coverage in Tanzania. Sci Rep. 2020;10:14527.

Lefevre T, Gouagna LC, Dabire KR, Elguero E, Fontenille D, Renaud F,

et al. Beyond nature and nurture: phenotypic plasticity in blood-feeding
behavior of Anopheles gambiae s.s. when humans are not readily acces-
sible. Am JTrop Med Hyg. 2009;81:1023-9.

Kiszewski A, Mellinger A, Spielman A, Malaney P, Sachs SE, Sachs J. A
global index representing the stability of malaria transmission. Am J Trop
Med Hyg. 2004;70:486-98.

Mayagaya VS, Nkwengulila G, Lyimo |, Kihonda J, Mtambala H. The impact
of livestock on the abundance, resting behaviour and sporozoite rate of
malaria vectors in southern Tanzania. Malar J. 2015;14:17.

Torr SJ, Torre A, Calzetta M, Costantin C, Vale GA. Towards a fuller under-
standing of mosquito behaviour: use of electrocuting grids to compare
the odour-oriented responses of Anopheles arabiensis and An. quadrian-
nulatus in the field Med. Vet Entomol. 2008;22:93-108.

Finda MF, Moshi IR, Monroe A, Limwagu AJ, Nyoni AP, Swai JK, et al. Link-
ing human behaviours and malaria vector biting risk in south-eastern
Tanzania. PLoS ONE. 2019;14: €0217414.

Yohannes M, Boelee E. Early biting rhythm in the Afro-tropical vector of
malaria, Anopheles arabiensis and challenges for its control in Ethiopia.
Med Vet Entomol. 2012,26:103-5.

Bayoh MN, Mathias DK, Odiere MR, Mutuku FM, Kamau L, Gimnig JE, et al.
Anopheles gambiae: historical population decline associated with regional
distribution of insecticide-treated bed nets in Western Nyanza Province,
Kenya. Malar J. 2010;9:62.

Derua YA, Alifrangis M, Hosea KM, Meyrowitsch DW, Magessa SM,
Pedersen EM, et al. Change in composition of Anopheles gambiae
complex and its possible implications for the transmission of malaria and
lymphatic filariasis in north-eastern Tanzania. Malar J. 2012;11:188.

Sharp BL, Ridl FC, Govender D, Kuklinski J, Kleinschmidt I. Malaria vector
control by indoor residual insecticide spraying on the tropical island of
Bioko, Equatorial Guinea. Malar J. 2007;6:52.

Taylor B. Changes in feeding behaviour on malaria vector, Anopheles
farauti Lav., following use of DDT a residual spray in houses in the British
Solomon Island Protectorate. Trans R Entomol Soc. 1975;127:277-92.



Govella et al. Malaria Journal

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2023) 22:238

Chacky F, Runge M, Rumisha SF, Machafuko P, Chaki PP, Massaga JJ, et al.
Nationwide school malaria parasitaemia survey in public primary schools,
the United Republic of Tanzania. Malar J. 2018;17:452.

Kaindoa EW, Matowo NS, Ngowo HS, Mkandawile G, Mmbando A, Finda
M, et al. Interventions that effectively target Anopheles funestus mosqui-
toes could significantly improve control of persistent malaria transmis-
sion in south eastern Tanzania. PLoS ONE. 2017;12: e0177807.

Milali MP, Sikulu-Lord MT, Kiware SS, Dowell FE, Corliss GF, Povinelli RJ. Age
grading An. gambiae and An. arabiensis using near infrared spectra and
artificial neural networks. PLoS ONE. 2019;14: e0209451.

Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects mod-
els using Ime4. J Stat Softw. 2015;67:1-48.

Mcculloch CE, Searle SR, Neuhaus JM. Generalized, linear, and mixed
models. 2nd ed. Hoboken: Wiley; 2008.

Hadfield JD. MCMC methods for multi-response generalized linear mixed
models: the MCMCglmm R package. J Stat Softw. 2010;33:1-22.

de Villemereuil P, Schielzeth H, Nakagawa S, Morrissey M. General meth-
ods for evolutionary quantitative genetic inference from generalized
mixed models. Genetics. 2016;204:1281-94.

Nakagawa S, Johnson PCD, Schielzeth H. The coefficient of deter-
mination R2 and intra-class correlation coefficient from generalized
linear mixed-effects models revisited and expanded. J R Soc Interface.
2017;14:20170213.

Roff DA, Mousseau TA. Quantitative genetics and fitness: lessons from
Drosophila. Heredity. 1987,58:103-18.

Monroe A, Moore S, Okumu F, Kiware SS, Lobo NF, Koenker H, et al. Meth-
ods and indicators for measuring patterns of human exposure to malaria
vectors. Malar J. 2020;19:207.

Campos M, Alonso DP, Conn JE, Vinetz JM, Emerson KJ, Ribolla PEM.
Genetic diversity of Nyssorhynchus (Anopheles) darlingi related to biting
behavior in western Amazon. Parasit Vectors. 2019;12:242.

Maliti DF, Marsden CD, Main BJ, Govella NJ, Yamasaki Y, Collier TC, et al.
Investigating associations between biting time in the malaria vector
Anopheles arabiensis Patton and single nucleotide polymorphisms in
circadian clock genes: support for sub-structure among An. arabiensis in
the Kilombero Valley of Tanzania. Parasit Vectors. 2016,9:109.

Moiroux N, Damien GB, Egrot M, Djenontin A, Chandre F, Corbel V, et al.
Human exposure to early morning Anopheles funestus biting behavior
and personal protection provided by long-lasting insecticidal nets. PLoS
ONE. 2014;9: €104967.

Reinfold K. Maternal effects and the evolution of behavioral and mor-
phological characters: a literature review indicates the importance of
extended maternal care. J Heredity. 2002;93:400-5.

Milali MP, Sikulu-Lord MT, Govella NJ. Bites before and after bedtime can
carry a high risk of human malaria infection. Malar J. 2017;16:91.

Gimnig JE, Walker ED, Otieno P, Kosgei J, Olang G, Omboki M, et al. Inci-
dence of malaria among mosquito collectors conducting human landing
catches in western Kenya. Am J Trop Med Hyg. 2013;88:301-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Heritability of biting time behaviours in the major African malaria vector Anopheles arabiensis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study site
	Assays for heritability in biting time
	Data analysis

	Results
	Discussion
	Conclusions
	Anchor 15
	Acknowledgements
	References


