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Abstract (200 words)

Background

Behavioural modification of malaria vectors in respe to vector control methods is of great
concern. We investigated whether full coverageaid-Lasting Insecticide-treated mosquito
Nets (LLIN) may induce a switch in biting behavionrAnopheles funestus, a major malaria
vector in Africa.

Method

Human-landing collections were conducted indoor @amdoor in two villages (Lokohoué and
Tokoli) in Benin prior, 1 year and 3 years afteplementation of universal LLIN coverage.
Proportion of Outdoor Biting (POB) and Median CatchTimes (MCT) were compared. The
resistance oAn. funestus to deltamethrin was monitored using bioassays.

Findings

MCT of An. funestus switched from 02:00 in Lokohoué and 03:00 in Tokol05:00 after 3
years (Mann-Whitney p-value<0.0001). In Tokoli, P@Breased from 45% to 68.1%
(OR=2.55;95CI=1.72-3.78;p<0.0001) 1 year afteruheersal coverage whereas POB was
unchanged in Lokohoué. In Lokohoué, however, tiopaition ofAn. funestus that bites after
06:00 was 26%. Bioassays showed no resistancdttorahrin.

Conclusion

This study provides evidence for a switch in malaectors biting behaviour following the
implementation of LLIN at universal coverage. Thésdings might have direct
consequences for malaria control in Africa and hgiited the need for alternative strategies

for better targeting malaria vectors.
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Background

During the last decade, mortality and prevalencenafaria decreased substantially in sub-
Saharan Africa [1]. Relying on increased internaiofunding and massive implementation
of vector control strategies, malaria eliminatianhback on the global health agenda [2].
Unfortunately, recent evidences of malaria resurgdrave been recorded in several countries
underlying limitations in the efficacy of the Lorgasting Insecticidal Nets (LLINs) and
Indoor Residual Sprayings of insecticide (IRSs)3-b].

These vector control strategies are based on ehasacterization of the behavioural ecology
of the main malaria vectors in AfricAn. gambiae and An. funestus [6]. Both interventions
target vectors when they feed and/or rest indogfsHowever, as describe by Fergusson et
al. [8], there are many ecological reasons fowvaditors to not be targeted by an insecticide
e.g. insecticide resistance, behavioural avoidameetor biodiversity, etc... Implication of
pyrethroid resistance in the reduction of LLIN etieeness [3, 9-11] was recently reported in
West Africa although no clear evidence for an ofi@nal vector control failure could be yet
demonstrated. Renewed interest recently emergedrdieag the behavioural changes of
mosquitoes following the implementation of vectontrol interventions [12]. Indeed, recent
evidences suggested that malaria vectors may dleidontact with the insecticide by either

feeding predominantly outdoor or in the early emgnil2-14]. This behavioural modulation



may result from the selection of genetically intetitraits or from phenotypic plasticity in
response to increased coverage of LLINs and/orandesidual sprayings. Moreover, Leféevre
et al. recently showed phenotypic plasticity in bloodeieg behaviour irAnopheles gambiae
when humans are not readily accessible [15]. Thieoasi showed a strong difference between
host-seeking preferences (88% antropophilic rateied in an Odour Baited Entry Trap,
OBET) and the real blood meals analysed in bloddAfe gambiae s.s. females collected in
the same village (half of the blood meals were riae cattle). Scaling up LLIN coverage
may also have strong impact on the distribution divérsity of vector species and then on
malaria transmission. In Kenya, authors reportedhdt in malaria vector specie#n.
arabiensis replacedAn. gambiae s.s.) after an increase in LLINS ownership [16]. Thesies
are now in the spotlight and become a priorityhe tesearch agenda as such behavioural
modifications may have severe implications forghecess of vector control programmes [7].
In the present study, we investigated whether tie# eeking behaviour of the major malaria
vector An. funestus may be modified after the implementation of unsatrcoverage of
LLINs. In Benin, Anopheles gambiae s.s. populations are strongly resistant to pyrethroid
insecticides [10, 17, 18] whereas no pyrethroidstasce was found iAn. funestus [19]. To
avoid any confounding effect link to the presendepwrethroid resistance alleles, cross-
sectional surveys were carried out in two villagleskohoue and Tokoli) wheran. funestus

was found predominant and responsible for malsa@sinission [19, 20].

Methods

Study Area
This study was carried out in the District Of Olid®OO, Figure 1) in southern Benin (on

the Atlantic coast). The local climate is coastairgan with four seasons including a long dry

season (between November and April). Investigatiwese conducted in Tokoli (6°26'57.1"



N, 2°09'36.6" E) and Lokohoué (6°24'24.2" N, 2°2013 E) whereAn. funestus is the main
malaria vector [19, 20].

Mosquito collection

Indoor and outdoor mosquito collections were danfear sites per villages using the human
landing catches (HLC) technique (8 collectors p#age per night of collection). Sites were
distant from 50 meters minimum and were homogengadlistributed in the village (sites
situated near eucalyptus tree, smokes, etc. weseardied) [21]. Collectors were hourly
rotated along collection sites and/or position @odoutdoor). At each position, all
mosquitoes caught were kept in individual tubes andchourly bags. Independent staff
supervised rotations and regularly checked qualfithhe mosquito collections on a randomly
selected sample representing 12% of the total tugheéction.

Study design

Three rounds of mosquito collection were done ikdlioand Lokohoue to study the biting
behaviour of malaria vectors. The study desigmuimmarized in the Figure 2.

Round 1 (from October 2007 to May 2008) correspdniiea baseline period of mosquito
collection where LLIN (i.e. Permanet® 2.0 contagib5 mg/m2 deltamethrin, Vestergaard
Frandsen, Geneva) were provided selectively togrmaet women and children <6 years by
the National Malaria Control Programme (NMCP).

Round 2 (from November 2008 to June 2009) corredpamo a period of mosquito collection
carried out 1 year after distribution of PermaNe&® to the entire community (universal
coverage) by our team (see [11] for details). Bamisehold was provided with two nets.
Rounds 1 and 2 consisted in five surveys of twoseountive nights (16 human-nights per
village per survey) at six week interval. The cotien time was between 22:00 and 06:00.
Round 3 (April 2011) corresponded to a period ofsquito collection carried out 3 years

following the universal coverage of LLIN. The mogqucollection was done by doing two



surveys of three consecutive nights (24 human-sigiatr village per survey) at one week
interval. The collection period was between 23:00 @9:00.

Identification of vector species and infection rate S

Malaria vectors collected on humans were identifisthg morphological keys [6, 22]. All
mosquitoes belonging to the Funestus Group were ikeipdividual tubes containing silica
gel and preserved at -20°C in the laboratory. Membéthe Funestus group were identified
to species by PCR using the method describe by énekret al. [23]. Heads and thoraces of
An. funestus complex were processed for detection of circumspmite protein (CSP) of
Plasmodium fal ciparum sporozoites using ELISA technique [24].

Entomological indicators

Human Biting Rates (HBR) foln. funestus were calculated as numbers of bites per human
per night. Sporozoite Rates (SR) were the propwstmf An. funestus found to be positive for
CSP antigens. Entomological Inoculation Rates (BlRnber of infected bites per human per
day) was obtained by multiplying the HBR by SR.

WHO bioassays

Susceptibility ofAn. funestus to deltamethrin was checked on mosquitoes cotleicter okoli

and Lokohoué by HLC in January 2010. Mosquitoesevkapt in cages and brought back to
the Centre de Recherche Entomologique de CotonBE(Q) for rearing. Females were fed
on rabbit to obtain eggs (F1 progeny) and larvaeewaintained in plastic bowl containing
distilled water and dry cat food until adult emerge. Prior bioassays, forty females were
randomly selected for identification of sibling sps as described above. The other part was
tested for pyrethroid susceptibility using the Wid@sceptibility tests [25]. Four batches of 25
field-caught, non blood-fed, 2-5 days-old femalesevexposed to deltamethrin 0.05% treated
paper for 1 hour. Two batches of 25 mosquitoes wep®sed to untreated paper to serve as a

control. Insecticide papers were obtained from WEIO reference centre at the Vector



Control Research Unit, University Sains Malaysi&][2In the absence of susceptible
reference strain ofn. funestus, the susceptible Kisumu strain Ah. gambiae (n=100)was
exposed to deltamethrin 0.05% treated paper fadatbn. Percentage of Knocked down
(KD) mosquitoes was recorded at 60 minutes aftachvimosquitoes were held for 24 hours
at 27 £ 2°C and 80 + 10% Relative Humidity. Mottalivas recorded 24 hours post-exposure.
Statistical analysis

In order to compare hourly aggressivenesaroffunestus before and after implementation of
universal LLIN coverage, a Median Catching Time (MGvas estimated from field data.
MCT represents the time for which 50% of the totalaria vectors were caught on humans.
MCTs were compared between rounds of collectionr (pé&se comparisons) using Mann-
Whitney U tests. Proportions of outdoor biting mosquitoesofdagy) were compared
between rounds of collection in each village ugtigher’s exact tests.

SR inAn. funestus were compared between outdoor and indoor bitirgors, between rounds
and between villages using Fisher's exact testgls@dtio and their 95% confidence interval
were also calculated.

Ethics statement

The IRD (Institut de Recherche pour le DéveloppeinEthics Committee and the National
Research Ethics Committee of Benin approved theysiCNPERS, reference number
IRB00006860). All necessary permits were obtained the described field studies. No
mosquito collection was done without the approvahe head of the village, the owner and
occupants of the collection house. Mosquito collectgave their written informed consent

and were treated free of charge for malaria presutimess throughout the study.



Results

Vector densities and transmission

During the three rounds of HLC collection (i.e. 448man-nights), 1,866 members of the
Funestus Group and 367 specimens belonging té&rthgambiae complex were caught. The
1,866 specimens of the Funestasoup processed by PCR for species identificati@mew
Anopheles funestus. The HBR for all rounds foAn. funestus was 4.49 bites per person per
night. Minimum (2.1 bites/man/night) and maximum RIE18.73 bites/man/night) were
found in Lokohoue at round 1 and 3 respectively.

Twenty-nineAn. funestus (of 1,866) were found positive for the presenc®.dflciparum by
CSP-ELISA, hence corresponding to a prevalencP.délciparum infection of 1.6%. The
EIR for all rounds was 0.06 infected bitesAwf. funetus per person per night. Maximum EIR
was found in Lokohoué during round 3 (0.25 infedtéds/man/night). All data related £m.
funestus HBR and EIR at each location and for each roundatiection are summarised in
Table 1.

We were not able to find any significant differenice SR between rounds of collection
(Supplementary Table 1). Moreover, we did not femdy significant difference when we
compared SR between outdoor and indoor bifingfunestus whatever the round or village
considered. The same was true when we compareg@rtdportion of infected mosquitoes

before and after 06:00 during the round 3.

Biting behaviour

Figure 3 shows the hourly biting aggressivenessnofunestus at each round of collection in
Tokoli and Lokohoué. During round 1 (i.e. selectigeverage of LLIN), the peak of
aggressiveness oAn. funestus was between midnight and 01:00 in Tokoli (Figum).3
During round 2 (i.e. 1 year after implementatioruoifversal coverage of LLIN), we observed

two peaks of activity in the same village: thetfpeak was similar to round 1 (between 00:00



and 01:00) but the second peak was reported latergithe night (between 03:00 and 04:00;
Figure 3C). The analysis of Median Catching TimeC(M showed a significant difference
between the round 1 and 2 (figure 4A; Mann-Whitkkyest p-value = 0.0028). During the
round 3 (i.e. 3 years after universal coverage biN), only one peak of activity was
observed between 4h and 6h (Figure 3E) and the M&J 05:00, later than that recorded in
the previous rounds of collection (Figure 4A; Manitney U test p-value = 0.0039).
Between 2008 and 2011, the MCTAN. funestus population switched from 02:00 to 05:00 in
the morning (Mann-Whitney test p-value <0.0001).

In Lokohoue, we were not able to identify a peakdfvity during the round 1 (Figure 3B).
However, we clearly observed a peak of aggressssejust before dawn (from 05:00 to
06:00) during rounds 2 and 3 (Figure 3D and 3Fe WICT was 03:00 before full coverage
of LLIN (Figure 4B) and it shifted to 04:00 and 08:during round 2 and 3 respectively
(Mann-WhitneyU test p-value <0.0001).

During the round 3, 26.4 % of the overafi. funestus were caught after 06.00 h in Lokohoue,
(Table 2) whereas the proportion of late biting quog was 6.6 % in Tokoli (OR=5.084

95CI 2.63-9.82; p<0.0001). The morning civil dawe.(the beginning of twilight) was 06:17
during the round 3 of collection.

Regarding exophagy rates, the proportion of outhtorg mosquitoes was similar in Tokoli
and Lokohoué during the round 1 (45.6 and 44.6 $peetively, Table 3).

In Tokoli, exophagy increased significantly to 6801(OR=2.55 95CI 1.72-3.78, p<0.0001)
and 60.9 % (OR=1.86 95CI 1.21-2.85, p=0.0052) dyutire rounds 2 and 3 respectively
whereas it remained unchanged in Lokohoue (44.2 &duad 2, p=1 and 46.7 % at round 3,

p=0.6737).



Resistance to insecticides

Bioassays showed that femalesAof funestus were fully susceptible to deltamethrin (100%
mortality). Moreover, mosquitoes were 100% knocke#n (KD) after 60 minutes exposure
suggesting the absence of any knockdown resistdkde alleles. Hundred exposed
mosquitoes of the susceptible strain KisumuAaf gambiae showed 100% mortality and

100% KD. No mortality was observed in the contudids (i.e. with untreated paper). Among
the 40 specimens checked by PCR for species idmstiin, all belonged tcAnopheles

funestus.

Discussion
This study reported significant changes in the Besking behaviour of th&nopheles

funestus population after scaling up universal coveragkldN in southern Benin. Results
showed that 3 years after implementation of LLIN@nmunity level Anopheles funestus bit
later in the night (almost at dawn) and more freqlyeoutdoor compared to the baseline
survey. Induced exophagy and late-biting behawaene already observed in African malaria
vectors after implementation of indoor residuabsprg [12, 27]. In Benin, the results of a
randomized control trial conducted in 28 villaghswed that the prevalence of outdoor biting
malaria vectors was higher in villages coveredh®ydombination of LLIN and carbamate
IRS compared with LLIN alone [11]. RegardiAg. funestus, recent findings showed a shift
from indoor to outdoor biting in Tanzania [14] elation with increasing coverage of
pyrethroid impregnated nets. However, authors skdawghift of biting time oAn. funestus

to the early evening and not late in the morningva®bserved in the present study. To our
knowledge, very few studies have reported a peaggfessiveness 8. funestus during

the last hour of collection, prior to dawn [28-30Jne of them [28] was in northern Ghana in



a context of nationwide distribution of LLIN butdhelationship between mosquito behaviour
and vector control method could not be clearlyldsthed.

Changes in mosquito's feeding behaviour can beceded with seasonality [31]. Most cited
environmental factors influencing the biting halmfsnosquitoes are wind, rain and
temperature [32]. Usually, wind and rain occur diameously in tropical storms and can
drastically reduce the number of mosquitoes caaghtumans. However, we never
conducted any mosquito collection when the weatlfzer bad. Moreover, we observed that
nocturnal temperatures were not different betweemnds of collection nor correlated with
changes in biting behaviour (see in the Supplenngiata file, the table 2 and table 3). This
suggests that local climatic conditions were urjike be responsible for the switchAm.
funestus biting behaviour during the study.

Here, we provide the first evidence for a substhwliurnal host-biting behaviour of a major
malaria vector in Africa. Indeed, during the rouhih Lokohoué, a large proportion of the
aggressive fraction @dn. funestus (26%) was collected after 06:00. It is importanhote that
in both villages during round 1, the proportiomajht’s biting ofAn. funestus between 05:00
and 06:00 was higher than 10 % suggesting thatraalibiting activity was already present
before the implementation of LLIN. The dogma thatiania vectors are strictly nocturnal
may be not entirely true, especially if they haeer exposed to intense selection pressure
due to the scaling up of residual insecticide fataria vector control. Moreover, in many
studies where the peaks of aggressiveness.dtinestus occurred during the last hours of
collection (before dawn) [28, 29, 33], the estiroatof malaria transmission might have been
under-estimated. Biting preferences of malariasesctvill have to be more frequently
investigated after dawn in different ecologicalisgs. The late and outdoor biting behaviour
of malaria vector is worrying because in rural Af; villagers usually wake up before dawn

to work in crops and as such they are not proteayatiosquito nets. This might explain why



malaria prevalence or incidence remained high teslpe high LLIN coverage in areas where
An. funestus is the dominant malaria vector [3, 28, 34]. Moreg¥n. funestus may play an
important role in malaria transmission during ting-klot season [6, 35-37], when LLINs are
less likely to be used due to high nocturnal terapees and low mosquito biting nuisances

[20].

Interestingly, strong increase of outdoor bitingseuaitoes was observed in Tokoli where the
proportion of vector biting after 06:00 was the é&stvone. This contrasts with the situation in
Lokohoué where lower exophagy rates but higherrtaieing biting rates were observed.
These findings raise crucial questions about tlidueonary processes involved in mosquito
behaviour in relation with insecticide treatmemsyond the dogma of the strict nocturnal
biting activity of the African malaria vectors, tieas a consensus for a trade-off between the
energy gain acquired through the blood meal andiskecaused by the defensive behaviour
of the host [31, 38]. Recent but massive selegir@ssure induced by vector control tools
may have altered the human-vector interactions.ttierefore interesting to note that one
behaviour among late biting and outdoor biting prathated in each village suggested that
vector control interventions may select for diffgradaptative responses and probably genetic
diversity among vector populations. Clearly, thisran urgent need to better understand the
evolution processes involved in host-seeking inamalvectors in relation to vector control
tools [7, 8].

Insecticide resistance is frequently questionegertor control failure relying on residual
insecticides [10]. The resistance mechanisms tlat anosquitoes to survive to insecticides
might influence behavioural traits. Here, the funestus population was fully susceptible to
deltamethrin, the insecticide used in Permanet® Th@s, modifications of biting behaviour

observed after full coverage of LLINs cannot beiladted to pleiotropic effects or to the



presence of any pyrethroid resistance mechanismpttion ofAn. funestus to LLIN may
result from a phenotypic plasticity or to seledbethavioural traits. In Senegal and in Burkina
Faso [39, 40], chromosomal formsAui. funestus were found to be associated with different
resting, biting or host preference behaviour. Waua® that in southern Benin, a genetically
distinct form ofAn. funestus might be selected by vector control interventidhgther
investigations in cytogenetic, population genesicd mosquito behaviour are however

required to confirm this trend.

In conclusion, we found evidence for a modulatibA funestus biting behaviour following
implementation of full coverage of LLINs at commiyrlievel. Vectors biting outdoor and/or
at dawn when people are not longer protected Iegidwal insecticide (LLIN or IRS) is
worrying for malaria prevention in Africa. Thesadings highlighted the need for new vector

control strategies to better interrupt outdoor dninal malaria transmission.

Permission:
We provide written permission for all personal coomcations

Acknowledgments

We thank populations of Tokoli and Lokohoué forithénd support and collaboration. We
also thank all the field and laboratory staff feeitr strong commitment to this project. We
thank French ministry of foreign affairs througte tRCAC programme, IRD and Mr Francois

Lacoste for their financial support.



References

1. World Health Organization. World Malaria Rep@®11. Geneva: World Health
Organization, 2011:259

2. Feachem R, Sabot O. A new global malaria ertidicatrategy. The Lancet
2008;371:1633-1635

3. Trape JF, Tall A, Diagne N, et al. Malaria mdityi and pyrethroid resistance after the
introduction of insecticide-treated bednets andmarsinin-based combination therapies: a
longitudinal study. Lancet Infect Dis 2011;11:925-3

4. Kleinschmidt I, Schwabe C, Shiva M, et al. Confog indoor residual spraying and
insecticide-treated net interventions. Am J Tropd\tyg 2009;81:519-24

5. Protopopoff N, Verhaeghen K, Van Bortel W, etAakignificant increase in kdr in
Anopheles gambiae is associated with an intengey control intervention in Burundi
highlands. Trop Med Int Health 2008;13:1479-87

6. Gillies M, De Meillon B. The Anophelinae of Afa South of the Sahara (Ethiopian
Zoogeographical Region). Publication of the SouthlAst Med Res 1968:343

7. The malERA Consultative Group on Vector ContfoResearch Agenda for Malaria
Eradication: Vector Control. PLoS Med 2011;8:e100D4

8. Ferguson HM, Dornhaus A, Beeche A, et al. Ecglagprerequisite for malaria elimination
and eradication. PLoS Med 2010;7:e1000303

9. Hargreaves K, Koekemoer LL, Brooke BD, Hunt Rithembu J and Coetzee M.
Anopheles funestus resistant to pyrethroid inselggcin South Africa. Med Vet Entomol
2000;14:181-9

10. N'Guessan R, Corbel V, Akogbeto M and RowlandRéduced efficacy of insecticide-
treated nets and indoor residual spraying for neat@ontrol in pyrethroid resistance area,
Benin. Emerg Infect Dis 2007;13:199-206

11. Corbel V, Akogbeto M, Damien GB, et al. Combioia of malaria vector control
interventions in pyrethroid resistance area in Beaicluster randomised controlled trial. The
Lancet Infectious Diseases 2012

12. Pates H, Curtis C. Mosquito behavior and veoboitrol. Annu Rev Entomol 2005;50:53-
70

13. Geissbuhler Y, Chaki P, Emidi B, et al. Intgreledence of domestic malaria prevention
measures and mosquito-human interactions in urlzare® Salaam, Tanzania. Malar J
2007;6:126

14. Russell TL, Govella NJ, Azizi S, Drakeley Cadkur SP and Killeen GF. Increased
proportions of outdoor feeding among residual niakeector populations following increased
use of insecticide-treated nets in rural Tanzaviear J 2011;10:80

15. Lefevre T, Gouagna LC, Dabire KR, et al. Beyoatlre and nurture: phenotypic
plasticity in blood-feeding behavior 8hopheles gambiae s.s. when humans are not readily
accessible. Am J Trop Med Hyg 2009;81:1023-9

16. Bayoh MN, Mathias DK, Odiere MR, et al. AnopFsebambiae: historical population
decline associated with regional distribution cfaaticide-treated bed nets in western Nyanza
Province, Kenya. Malar J 2010;9:62

17. Corbel V, N'Guessan R, Brengues C, et al. [elinsecticide resistance mechanisms in
Anopheles gambiae and Culex quinquefasciatus fremrB West Africa. Acta Trop
2007;101:207-16

18. Djogbenou L, Pasteur N, Akogbeto M, Weill M @ldandre F. Insecticide resistance in
the Anopheles gambiae complex in Benin: a natioewsigrvey. Med Vet Entomol 2010

19. Djenontin A, Bio-Bangana S, Moiroux N, et atliCidae diversity, malaria transmission
and insecticide resistance alleles in malaria yedgtoOuidah-Kpomasse-Tori district from
Benin (West Africa): A pre-intervention study. Psitd/ectors 2010;3:83



20. Moiroux N, Boussari O, Djénontin A, et al. DBgason Determinants of Malaria Disease
and Net Use in Benin, West Africa. PLoS One 2030558

21. Coffinet T, Rogier C and Pages F. [Evaluatibthe anopheline mosquito aggressivity
and of malaria transmission risk: methods used@mé&h Army]. Med Trop (Mars)
2009;69:109-22

22. Gillies M, Coetzee M. A supplement to the Anelptae of Africa South of the Sahara
(Afrotropical Region). Johannesburg, South AfriSauth African Institute for Medical
Research, 1987

23. Koekemoer LL, Kamau L, Hunt RH and Coetzee Mogktail polymerase chain reaction
assay to identify members of the Anopheles fung®isera: Culicidae) group. Am J Trop
Med Hyg 2002;66:804-11

24. Wirtz RA, Zavala F, Charoenvit Y, et al. Comgiare testing of monoclonal antibodies
against Plasmodium falciparum sporozoites for ELt&%elopment. Bull World Health
Organ 1987;65:39-45

25. World Health Organization. Report of the WH@hmal Consultation Tests procedures
for insecticide resistance monitoring in malariatees, bio-efficacy and persistence of
insecticides on treated surfaces. Geneva: WorldtiH@aganization:Parasitic Diseases and
Vector Control (PVC)/Communicable Disease Confogvention and Eradication (CPE),
1998:43

26. World Health Organization. Supplies for monitgrinsecticide resistance in disease
vectors. Geneva: World Health Organization:Pa@giiseases and Vector Control
(PVC)/Communicable Disease Control, Prevention&radlication (CPE), 2001:16

27. Takken W. Do insecticide-treated bednets haveffect on malaria vectors? Tropical
Medicine & International Health 2002;7:1022-1030

28. Appawu M, Owusu-Agyei S, Dadzie S, et al. Mialaransmission dynamics at a site in
northern Ghana proposed for testing malaria vascifi®p Med Int Health 2004;9:164-170
29. Githeko AK, Adungo NI, Karanja DM, et al. Somilgservations on the biting behavior of
Anopheles gambiae s.s., Anopheles arabiensis, anghfeles funestus and their implications
for malaria control. Exp Parasitol 1996;82:306-15

30. Antonio-Nkondjio C, Awono-Ambene P, Toto JCaktHigh malaria transmission
intensity in a village close to Yaounde, the cdmiy of Cameroon. J Med Entomol
2002;39:350-5

31. Silver JB. Blood-feeding and its EpidemiolodjiSagnificance. Mosquito Ecology,
2008:677-769

32. Silver JB. Sampling Adults by Animal Bait Cadéshand by Animal-Baited Traps.
Mosquito Ecology, 2008:493-675

33. Killeen GF, Kihonda J, Lyimo E, et al. Quanitiiy behavioural interactions between
humans and mosquitoes: evaluating the protectiieaef of insecticidal nets against malaria
transmission in rural Tanzania. BMC Infect Dis 2@)661

34. Koram KA, Owusu-Agyei S, Fryauff DJ, et al. Seaal profiles of malaria infection,
anaemia, and bednet use among age groups and catesiimnorthern Ghana. Trop Med
Int Health 2003;8:793-802

35. Fontenille D, Lochouarn L, Diagne N, et al. Hannual and seasonal variations in
malaria transmission by anophelines and vectorisp@eomposition in Dielmo, a
holoendemic area in Senegal. Am J Trop Med Hyg B30247-53

36. Fontenille D, Lochouarn L, Diatta M, et al. Fgears' entomological study of the
transmission of seasonal malaria in Senegal anbdittm®mics of Anopheles gambiae and A.
arabiensis. Trans R Soc Trop Med Hyg 1997;91:647-52



37. Kelly-Hope LA, McKenzie FE. The multiplicity ahalaria transmission: a review of
entomological inoculation rate measurements anthoastacross sub-Saharan Africa. Malar J
2009;8:19

38. Kelly DW. Why are some people bitten more thtrers? Trends Parasitol 2001;17:578-
81

39. Lochouarn L, Dia I, Boccolini D, Coluzzi M ak@ntenille D. Bionomical and
cytogenetic heterogeneities of Anopheles funesti®negal. Trans R Soc Trop Med Hyg
1998;92:607-12

40. Costantini C, Sagnon N, llboudo-Sanogo E, Colvkzand Boccolini D. Chromosomal
and bionomic heterogeneities suggest incipientiapen in Anopheles funestus from
Burkina Faso. Parassitologia 1999;41:595-611



Figures:

Figure 1 - Map of the study area

Normalised Difference Vegetation Index (NDVI) wadaulated from SPOT (Satellite Pour
I'Observation de la Terre) data, ©CNES (2010), riigtion Spot Image S.A.

Freshwater (included Toho Lake) is shown as daglg.drlealthy vegetation is shown as light

grey and white.

Figure 2 - Chronogram presenting Long Lasting Insec ticidal impregnated Nets (LLIN)

distributions and Human Landing Catch (HLC) during the study.

Figure 3 - Hourly biting activity of ~ An. funestus in Tokoli (A,C,E) and Lokohoué (B,D,F)

before and after implementation of universal covera  ge of LLIN.

Vertical grey lines indicate morning civil dawn.

Figure 4 — Median Catching Time of An. funestus before and after implementation of

universal coverage of LLIN in Tokoli (A) and Lokoho  ue (B).

Boxes indicate 33" quartile and median hours of biting activity. kess indicate 2.5-97.5
percentiles. Boxes carrying the same letter wetesigaificantly different (p<0.05) when
comparing median catching time using Mann-Whitnetgsts. In order to compare all rounds
to each other, only mosquitoes caught between @816ha were taken into account in the

stastical analysis.



Tables

Table 1 - Aggressiveness and Entomological Inoculat

before and after implementation of universal covera  ge of LLIN.

ion Rates of Anopheles funestus

HBR : Human Biting Rate, number of bites/man/ni@R: Sporozoite Rate, proportion of

vectors positive to CSP antigenes. EIR: Entomokddimoculation Rate, number of infected

bites/man/night.

Time of Month of No. of No. bites of
HBR SR (%) EIR
catch collection  human-night An. funestus
Tokoli
Round 1 (Baseline) 22106 Oct. to May 80 204 2.551.96 0.05
Round 2 22106 Nov. to Jun. 80 226 2.83 0.88 0.03
Round 3 23t09 Apr. 48 152 3.17 3.29 0.10
Lokohoué
Round 1 (Baseline) 22106 Oct. to May 80 168 2.102.38 0.05
Round 2 22106 Nov. to Jun 80 217 2.71 0.92 0.03
Round 3 23t09 Apr. 48 899 18.73 1.34 0.25




Table 2 — Rates of Anopheles funestus biting after 6h, three years after implementation

of universal coverage of LLIN.

Cl: Confidence interval; Odds-ratio, 95%CI and puesaccording to a Fisher exact test.

No. of bites No. of bites  After 6h rate
Odds-Ratio 95% CI P-Value
before 6h after 6h (%)
Tokoli 142 10 6.6 1
Lokohoue 662 237 26.4 5.084 2.632t09.820 <0.0001

Table 3 - Proportion of Anopheles funestus biting outdoor before and after

implementation of universal coverage of LLIN.

Cl: Confidence interval; Odds-ratio, 95%CI and puesaccording to Fisher exact tests.

Rate of
No. of No. of
exophagy Odds ratio 95% ClI p-value
outdoor bites indoor bites
(%)

Tokoli

Round 1 (Baseline) 93 111 45.6 1

Round 2 154 72 68.1 2.553 1.724t0 3.781 <0.0001

Round 3 92 59 60.9 1.861 1.214t0 2.854 0.0052
Lokohoue

Round 1 (Baseline) 75 93 44.6 1

Round 2 96 121 44.2 0.9838 0.65591t01.476 1

Round 3 419 479 46.7 1.071 0.7788 t0 1.51D.6737
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Supplementary Methods:

We used the Land-Surface Temperature (LST) at aiatp@solution of one kilometer
measured by the Moderate Resolution Imaging Spachiameter (MODIS) sensors on the

Terra satellite (https://I[pdaac.usgs.govlhe average 8-day nocturnal temperature during

each survey at the coordinates of each villageréjeenced using the Global Positioning
System) was extracted using ArcGis Arcinfo 9.3 wafe (ESRI, Redlands, CA). The data
were then converted into Celsius.

In order to assess the combined affect of the moatuemperatures, the village and the vector
control intervention implemented on the biting baba of An. funestus, we performed
multivariate analyses of the exophagy rate andbitireg cycle.

The Proportion of Outdoor Biting (POBN. funestus during each survey was assessed using
a Generalized Linear Model (GLM) with a binomialsidibution. The proportion oAn.
funestus caught during the second part of the night (ifeera3:00) and during each survey
was assessed using a GLM with a binomial distrdsutin order to compare all rounds to

each other, only mosquitoes caught between 23:0® &0 were taken into account.

Supplementary Results:
Both in Lokohoué and Tokoli, we did not find sigoént differences of temperature between

the round 1 and 2. Mean nocturnal temperatures ®@rg@8°C (95CI| 17.49-24.47) during
round 1 and 20.96°C (95CI 17.4-24.51; T-test pwat 0.989) during round 2 in Tokoli.
Mean nocturnal temperatures were 22.13°C (95CI5t8%71) during round 1 and 22.52°C
(95CI 19.97-25.06; T-test p-value = 0.813) durimgind 2 in Lokohoue. During round 3,
mean nocturnal temperatures were 21.56°C in Taali21.52°C in Lokohoue.

The GLM analysis of the POB showed that the noeaiutemperatures did not explain a
significant part of the deviance (OR=0.99, CI95401905, p=0.8; Supplementary Table 2).
POB was significantly higher in Tokoli during rom@ (OR=2.55, CI95 1.72-3.78, p<i0
and 3 (OR=1.88, CI95 1.22-2.90, p=0.004). In castfrdnere was not significant effect of the
round in Lokohoué (since rounds effects and intevaderms between rounds and Lokohoue
canceled each other out). This indicates #fratfunestus bites more outdoor in Tokoli after

implementation of the universal coverage with LLINS



The nocturnal temperatures did not explain a sicanit part of the deviance of the proportion
of biting An. funestus caught after 03:00 ( OR=1.01, CI95 0.97-1.06, f£0Supplementary
Table 3). The proportion o&n. funestus biting during the second part of the night wa® als
higher in Lokohoue (OR=1.24, CI95 1.01 1.52, p=Dibvan in Tokoli. This proportion was
higher during round 2 (OR=2.03, CI95 1.53-2.69, 3land 3 (OR=3.43, 2.67-4.39, p<10
1% than during round 1, indicating that the disttibn of biting An. funestus switched to the
last hours of the night. We observed the sametsesukn when other thresholds (i.e. 00:00,
01:00, 02:00, 04:00 or 05:00) were applied (datasshown).

Supplementary Tables:

Supplementary Table 1 — Sporozoite Rates of Anopheles funestus
according to the village, rounds, time of collectio n and indoor or outdoor
seat.

Cl: Confidence interval; Odds-ratio, 95%CI and puesaccording to a Fisher exact test. CSP
-/+: number ofAn. funestus found negative/positive for the CSP antigen. digates that both
modalities (i.e. both villages, both seats or hmthods of collection) were taken into account.

Village Round Seat Time of CSP- CSP+ sr Qdds- 95 ClI P-value
collection Ratio
Outdoor / 91 2 2.15% 1
Round 1
Indoor / 109 2 1.80% 0,8349  0.1153 to 6.047 1
. Outdoor / 153 1 0.65% 1
Tokol Round 2
oxol oun Indoor / 71 1 1.39% 2155 0.1328t034.97 0.5366
Outdoor / 91 1 1.09% 1
Round 3
Indoor / 55 4 678% 6618 0.7208t060.77 0.0766
Round 1 Outdoor / 74 1 1.33% 1
Indoor / 90 3 323% 2467 02512102423  0.6292
. Outdoor / 95 1 1.04% 1
Lokoh Round 2
okohoue — oun Indoor / 120 1 083% 07917 0.04884 to 12.83 1
Round 3 Outdoor / 413 4 0.96% 1
Indoor / 471 8  167% 1,754 05241105.868  0.3984
/ Round 3 / Before 06h00 893 16 1.76% 1
/ After 06h00 264 4 1.49%  0,8456  0.2802 t0 2.552 1
Round 1 / / 200 4 1.96% 1
Tokoli Round 2 / / 224 2 0.88% 04464 0.08087 to 2.465 2434
Round 3 / / 146 5  331% 1712 04518106489 503
Tokol Round 2 / / 224 2 0.88% 1
Round 3 / / 146 5  331% 3836 07341102004 &121
/ /
Round 1 / / 164 4 238% 1
Lokohoué  Round 2 / / 215 2 0.92% 06491 0.3643t01.156 @41

Round 3 / / 884 12 1.34% 0.5566 0.1773to 1.747 9982



Round 2 /

Lokohoue Round 3 /

Supplementary Table 2: Multivariate analysis of the

funestus Biting Outdoor.

215
884

2 0.92% 1

12 1.34% 1.459 0.3241 to 6.571.0000

Proportion of An.

SE: Standard error of the estimates. 95 Cl: 95%fi@emce Interval of the Odds-Ratio.

Effects Estimates SE Odds-Ratio 95 ClI p-value
Nocturnal temperatures -0.01 0.03 0.99 0.94 1.05 7971
Round 1 1
Round 2 0.94 0.20 2.55 1.72 3.78 0.0000 el
Round 3 0.63 0.22 1.88 1.22 2.90 0.0044 i
Tokoli 1
Lokohoué -0.03 0.21 0.97 0.64 1.48 0.8990
Round 2 : Lokohoué -0.95 0.29 0.39 0.22 0.68 0.0011**
Round 3 : Lokohoué -0.55 0.28 0.58 0.33 1.00 0.0484*

Supplementary table 3: Multivariate analyses of the
funestus biting after 03:00h.

proportion of An.

SE: Standard error of the estimates. 95 Cl: 95%fi@emce Interval of the Odds-Ratio.

Effects Estimates SE Odds-Ratio 95 ClI p-value
Nocturnal temperatures  0.01 0.02 1.01 097 1.06 0.61
Round 1 1
Round 2 0.71 0.14 2.03 153 269 1.09E-006  ***
Round 3 1.23 0.13 3.43 267 4.39 < 2e-16 ok
Tokoli 1
Lokohoué 0.21 0.1 1.24 1.01 152 0.04 *



