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Abstract

Background Members of the Anopheles gambiae complex, such as Anopheles gambiae sensu stricto (An. gambiae s.s.),
Anopheles coluzzii and Anopheles arabiensis, are among the key malaria vectors in sub-Saharan Africa. These species

are often abundant in areas of intense rice and maize farming with temporary water pools reflecting the dependence
of their larvae on the pollen shed in such pools as food. In this study we explored the oviposition preference of wild-
caught gravid An. arabiensis in response to maize and rice pollen in artificial aquatic habitats in a semi-field system.

Methods Twelve experimental breeding habitats were established in each of the two large compartments

of a semi-field system. Rice or maize pollen was added into eight randomly selected habitats in eachcompartment;
the remaining four habitats of each compartment were used as control habitats without pollens. In the first experi-
ment, 40 gravid An. arabiensis were released in each compartment and left overnight to choose egg-laying habitats,
following which the eggs were sampled and counted. The second experiment differed from the first experiment
only in that the counted eggs were returned to the respective habitat where the development of the resultant larvae
was monitored and recorded until pupation.

Results Pollen types strongly affected the oviposition behaviour of gravid An. arabiensis. Females preferred to lay
eggs in habitats with rice pollen on the water surface over those with maize pollen, and in habitats with maize pol-
len on the water surface over pollen-less controls. The development of larvae was significantly affected by the type
of pollen in the habitats. The highest total number of An. arabiensis offspring were produced in habitats with rice
pollen compared to those with maize pollen and no pollen. However, larval development success was comparatively
lower in habitats containing rice pollen than those with maize pollen and no pollen, suggesting that the habitats
with rice pollen were overcrowded.

Conclusion This study demonstrates that pollen types on the surface of aquatic habitats influence the oviposi-
tion site selection behaviour of gravid An. arabiensis and has carry-over effect on the developmental success of their
offspring.
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Background

Species of the Anopheles gambiae sensu lato (An. gambiae
s.l.) complex, such as An. gambiae sensu stricto (An. gam-
biae s.s.), Anopheles coluzzii and Anopheles arabiensis, are
among the main malaria vectors in sub-Saharan Africa [1,
2]. The abundance and distribution of these species are
closely linked to seasonal rainfall patterns and the availa-
bility of aquatic habitats such as temporary water pools [3,
4]. Adult female mosquitoes tend to aggregate near ovi-
position sites, increasing the risk of malaria transmission
in such localities [5, 6]. Thus, oviposition behaviour is one
of the factors explaining the heterogeneous malaria vector
distribution across landscapes [5].

The choice of a particular aquatic habitat for oviposi-
tion by female mosquitoes is driven by several factors,
including the availability of larval food for the offspring
[7, 8]. Unlike the larvae of other mosquito genera, such
as Culex and Aedes mosquitoes, that aggregate below the
surface of water while feeding, An. gambiae s.1. larvae
are interfacial feeders that preferentially feed on organic
particles suspended either in the water column or on its
surface [9]. Although most mosquito larvae can feed on
particles of any size, particles of certain sizes are ingested
more readily than others [10]. Pollen grains are easily
ingested by anopheline larvae, which are well-adapted
to surface feeding. Anopheline larvae have specialized
spiracles that allow them to breathe while floating on
the water surface, and they possess the unique ability to
rotate their heads 180 degrees, enhancing their ability to
skim and filter food such as pollen from the water surface
[11-13].

The respective abundances of An. arabiensis, which is
distributed throughout sub-Saharan Africa, and of An.
coluzzii, which is restricted to West Africa, often cor-
relate with the presence of transient puddles created as
a result of human activities, including rice cultivation
[14-17]. The use of habitats associated with rice fields
by ovipositing female An. arabiensis and An. coluzzii
is thought to have led to an affinity for grasses from the
Poacae family [18, 19]. This affinity has been attributed to
the shedding of pollen from these grasses onto the water
surface of the aquatic habitats, potentially constituting an
important larval food for their offspring. The amount of
nutrients available in an aquatic larval habitat is critical
for larval survival and development, which determines
adult body size and metabolic reserves upon emergence
and directly impacts mosquito vectorial capacity [20].

Not only rice cultivation but also maize cultivation
is common in most rural villages of Africa, and maize
pollen is a source of nutrients for An. gambiae s.l. lar-
vae that enhance their development [21]. In typical East
African villages, maize and rice plants are grown near
human homesteads throughout the year. The cultivation
of these plants is conducted on the uplands during wet
seasons and in swampy areas during the dry seasons.
Mature maize and rice plants produce a copious amount
of nutritious wind-borne pollen. Their pollen grains are
relatively large (34—90 um) and thin-walled, which limits
their dispersal range and causes them to become trapped
in the surface film of water, on which they float. Both rice
and maize plants bloom over a sufficiently long period
to support the development of at least one generation of
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anopheline mosquitoes [11, 22]. Thus, the mode of maize
and rice cultivation likely provides a constant pollen sup-
ply as mosquito larval food, thereby sustaining high pop-
ulation of malaria vectors and malaria prevalence.

It has been suggested that the adaptation of An. gam-
biae s.l. larvae to feeding on rice and maize pollen is a
recent adaptation [21, 23], based on knowledge that rice
domestication started 10,000 years ago in the Niger River
Basin and its cultivation quickly spread across West and
Central Africa [24]. Domestic cultivation focused on the
African rice (Oryza glaberrima) until the introduction
of Asian rice (Oryza sativa) in the fifteenth to sixteenth
centuries [24]. Maize was introduced to tropical Africa
by the Portuguese in the sixteenth century and was soon
widely grown along the coast from the Gambia River to
Sao Tomé, situated at the mouth of the Congo River, and
possibly in Ethiopia [25].

The risks associated with ephemeral aquatic habitats,
long droughts and absence of larval food in the aquatic
habitats make cautious oviposition site selection by a
female mosquito a critical step [26] and suggests that
gravid females should have the ability to select oviposi-
tion sites with sufficient larval food that enhance the
development of their offspring. Laboratory and cage
experiments have demonstrated that gravid An. ara-
biensis are attracted and oviposit in response to odour
emanating from maize and rice pollen [27, 28]. Indeed,
(IR)-(+)-a-pinene and nonanal compounds are both
components of rice and maize pollen that are attractive
to gravid mosquitoes [19]. These allomones have been
tested as attractants in mosquito gravid female traps, with
the results indicating that they can further be explored
for use as vector control tools [29]. Currently, there are
few or no direct comparisons of the attraction of female
An. arabiensis to habitats inoculated with maize and rice
pollen as well as pollen-less aquatic habitats at a spatial
scale relevant to natural oviposition site searches, such as
large semi-field enclosures. In addition, no studies have
examined the fitness consequences of such female ovipo-
sition site choice by measuring its carry-over effects on
successful larval development. The lack of such experi-
ments makes it difficult to effectively evaluate the adap-
tive value of female oviposition choice.

In this study, we hypothesized that gravid An. arabi-
ensis adaptively prefer aquatic oviposition sites with rice
and maize pollen over those with no pollen because the
former have the potential to provide food for their lar-
val offspring. To test this hypothesis, oviposition site
preference was experimentally compared by releasing
wild-caught gravid An. arabiensis in a large semi-field
enclosure with randomized artificial habitats containing
rice and maize pollen as well as control habitats without
pollen. These data will contribute to our understanding
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of the importance of larval food availability in aquatic
habitats as a factor used by gravid female An. arabiensis
to assess the suitability of the aquatic habitats for their
offspring. Such knowledge is important for novel vec-
tor control applications that may make use of attractants
derived from these pollens for new vector control tools.

Methods

Study area

The study was conducted between March and Octo-
ber 2022 in semi-field system of the Ifakara Health
Institute (IHI) located in Kining’ina village (8°07"18”S,
36°39'06”E), a small farming town situated approxi-
mately 5 km north of Ifakara town [31]. Details of the
semi-field system (SFS) are described in details in previ-
ous studies [31-33].

Artificial aquatic habitats

Twelve black-coloured basins (diameter: 30 cm, capac-
ity: 20 1) were firmly planted in each of the two compart-
ments of the SFS following a randomized Latin square
design of 3 rows X 4 columns, following which 10 g of the
adjacent sieved soil and available well water were added
to each basin; these basins were used as aquatic habitats
[32]. The set-up was left for 48 h to acclimatize to the SFS
conditions.

Pollen collection

Rice and maize pollens were collected between 7:00 h and
10:00 h from farms located in Mahutanga (8°08'29”S,
36°39'21”E), Michenga (8°07°07”S, 36°39"11”E) and
Kining'na (8°07°18”S, 36°39'06”E). These villages expe-
rience high malaria prevalence owing to the abundance
of An. arabiensis and An. funestus [34]. During the col-
lection period, a tassel of each plant type was inserted
into a transparent Ziplock polythene bag and gently
shaken to dislodge the pollen. The collected pollen was
immediately transported to the IHI laboratory and stored
for 3 days at — 20 °C [35].

Collection of blood-fed female mosquitoes

Wild blood-fed female mosquitoes were collected using
mouth aspirators from accessible huts in Tulizamoyo
(—8.35447°S, 36.70546°E) and Lupiro (—8.38°S, 36.67°E)
villages, both situated in Ulanga district (8.9802°S,
36.7820°E) as previously described [32]. Anopheles ara-
biensis is the sole species of the An. gambiae complex
found in these locations. Anopheles gambiae s.s. mosqui-
toes have progressively disappeared from these locations
over the past two decades [36, 37], and their absence
was further confirmed during this study by separately
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characterizing over 3000 larvae produced from field-col-
lected female eggs batches by DNAzol® PCR diagnostics
[38], with the results confirming only An. arabiensis was
present in these locations. Subsequently, An. arabiensis
females were simply identified using morphological char-
acters. The collected females were transferred into the
field collection cages (15X 15X 15 cm), provided with a
10% sugar solution, transported to IHI semi-field insec-
tary and later kept in those cages for 3 additional days to
become gravid and ready for oviposition.

Experiment 1: egg-laying choice

From the stored pollen, samples (0.5 g) of each pollen
type were weighed out and separately wrapped in alu-
minium foil. These were then transported to the semi-
field site on the same day, where the water in each habitat
was randomly sprinkled with maize or rice pollen, with
the exception of control habitats without pollen.

Two sets of 40 physically gravid mosquitoes were
aspirated from the field collection cages using a mouth
aspirator. Each set was then transferred into a paper
cup through a hole punched on the non-insecticide-
treated mosquito net used as a lid, and the hole then
plugged with cotton wool. The mosquitoes were
allowed to settle for 1 h while provided with 10% sugar
solution. Each mosquito set was released into eachof
the two randomly selected compartments of the SES.
Twenty-four hours later, mosquito eggs were searched
on the water surface of the habitats using a magnify-
ing glass and a head torch. All eggs were collected by
sliding filter papers on the water-wall interface of the
habitats. The eggs collected from each habitat category
were transferred into a respective petri dish inoculated
with moist filter papers. The Petri dishes were subse-
quently labelled with a unique habitat code indicating
where the eggs were collected and transported to the
IHI’s Vector sphere laboratory for counting. To reduce
bias during data entry, a trained technician re-assigned
new codes to the Petri dishes containing eggs (1-24)
using labels that covered the codes assigned during egg
collection. The eggs were then counted under the dis-
secting microscope at x40 magnification and later dis-
carded. The presence and number of eggs laid in each
habitat category were used as indicators of habitat
preference.

Experiment 2: larval developmental success

A similar procedure as described above was followed,
except that the counted eggs were returned to each habi-
tat (bucket) where they were collected and the result-
ant larvae were left to grow with the pollen without any
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Fig. 1 Proportion of habitats used by gravid Anopheles arabiensis
females across experimental treatment groups

additional provision of larval food. During the period
of monitoring larval development, larvae and/or pupae
were sampled from each habitat using a 3-ml Pasteur
pipette and counted on days 1 (24 h), 2 (48 h), 3 (72), 4
(96 h), 5 (120 h) and 6 (144 h). On each day, all of the
counted larvae were returned to their respective habi-
tats, while pupae were counted and killed using 100%
ethanol and discarded. The experiments were repeated 3
times, with habitats emptied and cleaned between each
experiment.

Data analyses

Data were analysed using JMP version 14 software (SAS
Institute, Inc., Cary, NC, USA) after checking for devia-
tions from normality and heterogeneity. The analyses
were conducted using parametric and non-parametric
methods as appropriate. Data from all replicates were
used for the analysis, and replicate effects were tested
but were only reported when significant or when the
interaction with any other main effect was significant.
Interactions between independent variables were tested
using stepwise models, and only significant variables
were retained in the final models. Stepwise generalized
linear regression using Poisson distribution with log
link function and checked-over dispersion was used to
determine factors influencing the numbers of eggs laid
by gravid mosquitoes across pollen types in the habi-
tats. Post-hoc pairwise comparisons were used to fur-
ther compare differences in the number of eggs laid by
gravid An. arabiensis across pollen types. Stepwise nomi-
nal logistic regression was used to determine the effects
of pollen types on larval developmental success rate
across habitats, and likelihood odds ratios was used for
post-hoc pairwise group comparisons. Due to the pos-
sibility of counting the same individuals between succes-
sive days, which would lead to inflated numbers, all eggs
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laid in habitats were counted on day 1 and considered for
analysis. The total number of offspring successfully pro-
duced per habitat was calculated as the sum of all pupae
produced (collected on days 5 and 6) and all fourth-
larval instar remaining in habitats on day 6 (final day of
experiment).

Results

Experiment 1: Egg-laying choice of female An. arabiensis
Effect of pollen type on habitats used

Overall, 66.7% of habitats were used for oviposition by
gravid An. arabiensis in the first experiment. Nomi-
nal logistic regression showed that habitat use was
significantly affected by the type of pollen present in
the aquatic habitats (L-R chi-square 17.45, n=72,
p=0.002), but not by the semi-field compartment used
(L-R chi-square1.298, n="72, p=0.255). The propor-
tion of aquatic habitat used did not statistically differ
between those with rice and maize pollen (odds ratio
[OR] 4.629, p=0.057) (Fig. 1). Control habitats with-
out pollen were used significantly less compared to
those inoculated with either pollen type (OR>4.195,
»<0.0180 in both cases).

Effect of pollen type on number of eggs laid

Overall, the highest number of eggs laid occurred in
habitats with rice pollen (n=2908 eggs), followed by
maize (n=1673) and, lastly, by habitats with no pollen
(n=546) (Table 1). The mean number of eggs collected
per habitat, irrespective of pollen type and compart-
ment, after 1 night of female oviposition was 71.2 (95%
confidence interval [CI] 57.1-85.2) (Table 1).

A generalized linear model (Poisson distribution
with over-dispersion) showed that there was a signifi-
cant effect of pollen type (L-R chi-square53.1, n=72,
»<0.001) and compartment on the mean number of
eggs laid across habitats (L-R chi-square5.6, n=72,
p=0.018). Post-hoc pairwise comparisons showed that
significantly more eggs were laid in habitats with rice
pollen than in those with maize pollen, and that the
fewest eggs were laid in the control group (model con-
trast: y>>17.96, p <0.001 in both cases) (Fig. 2).

Experiment 2: egg laying choice and larval developmental
success

Effect of pollen type on habitats used

Overall, 83.3% of habitats were used for oviposition in
this experiment. A nominal logistic regression showed
that habitat use by gravid female An. arabiensis was sig-
nificantly affected by pollen type (L-R chi-square7.978,
n=72, p=0.019) but not by compartment (L-R chi-
square 0.450, =72, p=0.502). Control habitats without
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pollen were significantly less used for oviposition than
the pollen-inoculated habitats (OR<11.671, p=0.027 in
both cases). However, there was no significant difference
in habitat preference between those inoculated with rice
pollen and those inoculated with maize pollen (p =0.285)
(Fig. 3).

Effect of pollen type on number of eggs laid

Overall, the highest total number of eggs were laid in
habitats containing rice pollen (n=4604), followed
by maize pollen (n=2356) and those without pollen
(n=1417) (Table 2). The mean number of eggs laid per
habitat, irrespective of pollen type and compartment,
after 1 night of female oviposition was 116.3 (95% CI
97.9-134.7) (Table 2).

A generalized linear model (Poisson distribution with
over-dispersion) showed that pollen type had a signifi-
cant effect on the mean number of eggs laid across habi-
tats (L-R chi-square67.42, n=72, p<0.001) but other
variables did not (p>0.05 in all cases). Post-hoc pairwise
comparisons showed that significantly fewer eggs were
laid on habitats without pollen compared to those with
rice or maize pollen (model contrast: y2>8.25, p<0.005
in both cases). Also, significantly fewer eggs were laid in
habitats with maize pollen than in those with rice pollen
(Model contrast: y>=25.89, p <0.001) (Fig. 4).

Number of offspring produced and pollen types

Overall, the highest total number of An. arabiensis
offspring were produced in habitats with rice pollen
(n=3422), followed by those with maize pollen (n =2068)
and those without pollen (7 =1185) (Table 3).

A generalized linear model (Poisson distribution)
showed that pollen types significantly influenced the
mean number of offspring produced per habitat (L-R chi-
square=40.93, n=72, p<0.001) but not compartments
and replicates. Post-hoc pairwise comparisons showed
that significantly fewer offsprings were produced in habi-
tats without pollen than those with rice and maize pol-
len (Model contrast: y2>8.911, p<0.001 in both cases).
Additionally, significantly more offspring were produced
in habitats with rice pollen than maize pollen (Model
contrast: y2=12.387, p=0.004) (Fig. 5).

Nominal logistic regression showed that pollen types,
replicates, compartment and their interactions had a sig-
nificant effect on the developmental success of An. ara-
biensis larvae (Table 4). Overall, a higher proportion of
larvae successfully developed to the fourth larval instar
and pupae in habitats with maize pollen (87.8%), followed
by those in control habitats (83.6%) (OR 2.246, p <0.001);
the lowest proportion was found in habitats with rice
pollen (74.3%) (OR 1.981, p<0.001).
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Fig. 2 Mean number of eggs laid by gravid Anopheles arabiensis
females across pollen types
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Fig. 3 Proportion of habitats used by gravid Anopheles arabiensis
females across treatment groups

There was no significant difference in larval develop-
mental success in habitats with maize pollen and those
without pollen (OR 1.125, p=0.271). Significantly more
larvae developed to fourth larval instar and pupae in
replicates one and three than in replicate two (Odds
ratio>0.553, p<0.001 in both cases) and in compart-
ment 2 compared to compartment 1 (OR 0.751, p <0.001)
(Fig. 6).

Developmental rate significantly varied between pol-
len treatment groups (L-R Chi-square 297.0, p<0.001),
with rice pollen habitats having the lowest proportion
of larvae remaining at the fourth instar stage on day 6
(3.50%), compared to maize habitats (85.78%) and pollen-
free habitats (83.08%) (Fig. 7). When the daily changes in
numbers of the different life stages in the different pol-
len treatment groups are taken into account, the results
reveal that the highest mortality in the rice pollen treat-
ment group occurred at the first instar stage, translating
into a very significant interaction term between pol-
len type and days (repeated measure analysis of vari-
ance [ANOVA]: pollen type: F,5;=24.0, p<0.001; day:
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F,5;,=50.4, p<0.001; pollen type X day: F,;,=24.0,
p<0.001) (Fig. 7).

Discussion

This study provides the first insight into how gravid An.
arabiensis optimize their oviposition strategies in the
presence of larval food for their progeny in the form of
maize and rice pollen, and the consequence of their
choice on the developmental success of their offspring.
Using a large semi-field system and through pollen-
choice experiments, we demonstrated that pollen type
significantly influences the choice of oviposition site of
gravid An. arabiensis. Females consistently preferred lay-
ing their eggs in habitats with rice pollen, followed by
habitats with maize pollen and finally by habitats with no
pollen.

Previous laboratory-based studies have shown that An.
arabiensis females are attracted to volatiles emanating
from commonly grown African maize Zea mays [27] and
rice Oryza sp. [28]. However, these studies did not com-
pare the response of gravid females in the presence of
both maize and rice pollen simultaneously and at a spa-
tial scale relevant to their natural oviposition site search
behaviour. The stronger female preference for habitats
containing rice pollen over maize pollen observed in this
study could be explained by differences in the amounts
of attractive volatiles released by the pollen of each
plant. Both rice and maize plants and their pollen share
(1R)-(+)-a-pinene and nonanal compounds, which have
been identified as being attractive to gravid mosquitoes
[19, 39]. Thus, it is probable that rice pollen has higher
amounts of these compounds than maize pollen. Along
the same lines, rice odour may be more appealing to An.
arabiensis females because it may serve as bifunctional
cue simultaneously indicating larval habitats rich in food
and, more generally, pointing to water bodies associated
with rice paddies, hence potential larval breeding habi-
tats. Finally, because the association between members
of the An. gambiae complex and rice cultivation is much
older than that with maize , which was introduced into
Africa in the sixteenth century, females have had a much
longer evolutionary time to develop adaptive strategies
for detecting rice pollen in breeding habitats. Although
these hypotheses remain to be formally tested, our results
clearly show that gravid An. arabiensis females can dis-
tinguish between the pollen of both plants and that they
strongly prefer habitats inoculated with rice pollen.

Importantly, under our experimental settings, this
strong preference led to a saturation of habitats inocu-
lated with rice pollen, which were all used and had the
highest number of eggs laid (average 200.2 eggs). As a
result, while more larvae grew in the habitats inocu-
lated with rice pollen than in the others two habitats,
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Fig. 4 Overall mean number of eggs laid by gravid Anopheles
arabiensis females across pollen treatments

developmental success appears to have been hindered
by overcrowding, resulting in a lower proportion of lar-
vae reaching the fourth larval instar and pupal stages
compared to the proportions in the maize and control
habitats. The higher larval mortality observed in crowded
habitats may be explained by competition for food and/
or space negatively affecting larval growth and survival.
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Fig. 5 Total number of Anopheles arabiensis offspring across pollen
type

This phenomenon has previously been demonstrated in
An. gambiae s.s. in experiments in which larval density
was manipulated [40, 41]. However, in the present study,
we did not observe delayed development; rather, habitats
with rice pollen had a higher proportion of progeny at the
pupal stage than did the other two habitats, suggesting

Table 3 Mean and total number of Anopheles arabiensis offspring produced across pollen types, replicates and compartments

Treatments/ Compartment 1 Compartment 2 Both compartments

replicate N Mean offspring,n  Total offspring,n N Mean offspring,n  Total offspring,n N Mean offspring,n  Total offspring, n
(95% Cl) (95% Cl) (95% Cl)

Replicate 1

No pollen 4 323(-350t0995) 129 4 47(-121to106.1) 188 8 396(8.1-71.1) 317

Maize pollen 4 99.25(66.3-132.2) 397 4 963(884-104.1) 385 8 97.8(86.0-109.5) 782

Rice pollen 4 1523(82.1-2224) 609 4 1815(98.2-264.8) 726 8 1669 (127.2- 1335

206.6)

All treatments 12 946 (55.6-133.6) 1135 12 1083 (65.6-150.9) 1299 24 1014 (747-128.1) 2434

Replicate 2

No pollen 4 608(-45t01259) 243 4 57(-49to119.1) 228 8 589(27.9-89.9) 471

Maize pollen 4 1093 (73.1-1454) 437 4 503(-425 201 8 79.8(36.5-122.9) 638

to0 142.9)

Rice pollen 4 75(-253to01753) 300 4 137.8(8.9-266.6) 551 8 1064 (43.6-169.2) 851

All treatments 12 81.7(523-111.0) 980 12 81.7(374-1259) 980 24 81.7(57.3-106.1) 1960

Replicate 3

No pollen 4 443(-37.1 177 4 55(-67to1167) 220 8 496 (14.2-85.1) 397
t0 125.6)

Maize pollen 69 (-4.2t01422) 276 4 93(87.3-98.7) 372 8 81(53.6-1084) 648

Rice pollen 121.8 (-385 487 4 187.3(934-281.1) 749 8 1545(84.2-2248) 1236
10 282.1)

All treatments 12 783(325-124.1) 940 12 111.8(68.0-1555) 1341 24 950(65.1-125.0) 2281

All replicates 36 84.9 (64.7-105.1) 3055 36 100.6 (77.6-1235) 3620 72 92.7(77.6-107.7) 6675

Cl Confidence interval
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Table 4 Effect of pollen type, replicate and compartment on the
developmental success of Anopheles arabiensis larvae

Source df L-R Chi-square p-value
Pollen type 2 206.8 <0.001
Replicate 2 75.2 <0.001
Compartments 1 1.3 0.001
Pollen type x Replicate 4 80.4 <0.001
Compartment X Pollen type 2 36.7 <0.001
Compartment x Replicate 2 8.1 0.0175

that competition-induced mortality occurred at the early
larval stages and that the survivors were the larger and
more advanced larvae. The highest developmental suc-
cess was observed in larvae in the maize pollen habitats,
suggesting that larvae in these habitats had enough food
for optimal growth, in the form of pollen, and potentially
naturally developing protozoan, algae and bacteria. Evi-
dence that such naturally occurring food could sustain a
significant number of larvae was highlighted by the suc-
cessful development of larvae in pollen-free habitats.
As per our methodologies, all habitats were prepared
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48 h before the start of the experiment with a standard
amount of soil (10 g) and well water (20 1) which, com-
bined with natural light, potentially enabled algal growth
that in turn generated enough nutrients to sustain the
growth of larvae in pollen-free habitats. One limita-
tion of our study was that it was designed primarily to
reveal the effects of oviposition site attractions, but not
to clearly reveal crowding effects. At present, we cannot
dismiss the possibility that differences between rice and
maize pollen in terms of digestibility or nutritional value
may have contributed to competition being more severe
in the rice pollen treatment group. Thus, our experiments
would have benefitted from including an additional treat-
ment group in which larvae were fed ad libitum, acting
as a positive control for crowding. Alternatively, future
experiments could avoid larval overcrowding by using
fewer than 40 gravid female mosquitoes per compart-
ment. This would allow a more accurate comparison of
larval developmental success between rice pollen- and
maize pollen-inoculated habitats.

During the first experiment, differences in the experi-
mental compartments significantly influenced the mean
number of eggs laid by female An. arabiensis. Gravid

Replicate

800 -
700 -
600 |
500 —
400
300 —
200 -
100 —

700 -
600 |
500 —

Developmental success

400 —
300
200
100 —

no yes no yes no yes no yes

2

no yes

—_

juawisedwod

NO yes no yes no yes no Yyes

Rice Maize Control Rice

Maize

Control Rice Maize Control

Fig. 6 Effects of pollen type, replicate and compartment on the developmental success of Anopheles arabiensis larvae
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Fig. 7 Changes in the number of immature life stages across habitats over the 6 experimental days

females laid a significantly higher number of eggs in
compartment 2 than in compartment 1. However, in
the second experiment, there was no significant effect
of compartment on the number of eggs laid by females,
although the developmental success of larvae was higher
in the second compartment. While full randomization
over treatments was applied within compartments, the
experiments were set up sequentially, first in compart-
ment 1 and then in compartment 2, and this could have
resulted in a time effect. Random sampling of gravid
mosquitoes for each compartment was conducted for
one compartment after the other, which may have led
to small differences in female quality. The two compart-
ments also differed slightly in their position, which may
have affected the angle and amount of light they received.
In some analyses, replicate effects were also found, sug-
gesting that the timing of the experiment may have led
to differences in environmental conditions, perhaps
leading to differences in the physiological state of gravid
females and/or larval growth conditions. At present, the
exact factor(s) responsible for significant compartment
and replicate effects and interactions in some analy-
ses but not others are not fully understood. However,

it is noteworthy that their occurrence did not obscure
the very strong and consistent pollen treatment effects
observed in both experiments.

The semi-field experimental set-up described herein
would be ideal for further comparisons of the attrac-
tiveness of other pollen types, such as sugar cane [19],
or synthetic odour blends optimized to attract gravid
Anopheles females. Volatile extracts from plants grow-
ing on the fringes of aquatic habitats have been shown
to be attractive to other species of the An. gambiae com-
plex with similar larval ecology, such as An. coluzzii from
West Africa [42]. This suggests that attraction to rice pol-
len might well extend to those other important malaria
vectors with similar larval ecology.

The fact that gravid An. arabiensis females strongly
prefer the odour of rice over that of maize should
inform novel strategies in which plant volatile com-
pounds are used to lure females to gravid traps [29,
39]. Females could also be lured to lethal larval habi-
tats pre-treated with a larvicide, such as a larval
growth regulator, pathogenic fungi, or Bacillus thur-
ingiensis israelensis (Bti). Such a strategy has been
tested for Culex mosquitoes, combining the attractant
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semio-chemical acetoxy hexadecanolide (AHD) and
Bti larvicide, with promising results [30]. Interestingly,
genetically modified (GM) rice strains which express
Bti have been developed to target rice insect pests, such
as the Lepidopteran stem borer [43—45]

The amount of Bti found in the pollen of GM rice
plants and whether the ingestion of their pollen could
negatively affect mosquitoes is currently unknown.
It may well be that, in future, the broader use of GM
rice and maize crops could reduce the adaptive value of
the female oviposition preferences highlighted in this
study. In regions of the world where intensive rice cul-
tures are increasingly contributing to high malaria inci-
dence, developing resistant GM rice strains engineered
to also express Bti toxic to mosquitoes in their pollen
could effectively resolve the tense relationship between
food security and public health priorities.

Conclusions

The results of the semi-field experiments reported herein
highlight the ability of gravid An. arabiensis to distin-
guish experimental habitats inoculated with rice and
maize pollen in their search for a suitable oviposition site.
For the first time, the strong preference for rice pollen-
and maize pollen-inoculated habitats was expressed at
a spatial scale relevant to natural oviposition site choice
behaviour. Moreover, the observed patterns of larval
developmental success suggest that these preferences
are adaptive, even though, in the case of the popular rice
field habitats, crowding at the first instar larval stage may
have obscured the results. Provided with some minor
adjustment of gravid female density, this mesoscale
experimental set-up can enable powerful standardized
comparisons of natural and synthetic oviposition attract-
ants to the benefit of vector control strategies targeting
gravid females or their larvae.

Abbreviations

AHD  Acetoxy hexadecanolide

Bti Bacillus thuringiensis israelensis
GM Genetically modified
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