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Abstract

The main objective of this research was to inveséigf diatomaceous earth (diatom) could be
a new tool against the malaria veckoropheles gambia&he effect of exposure of the entire
body to diatom in a WHO cone was analysed for satybehaviour and fecundity. A
separate study was done to examine the effecttdmi on the labellum. Survival was
monitored in holding buckets containing 5 mosquetge20 replicates). Two behavioural
experiments were conducted; the eave box bio-amsdyhe MM-X trap bio-assay. For
fecundity the number of blood fed mosquitoes, nunabeggs and percentage of hatched
eggs were taken into account. This study has shbatrdiatom exposure on the entire body
significantly (p< 0.05) influenced the survival &h. gambiae s.and that there was a
negative trend in survival for the insecticide-sésntAn. gambiad/KPR. The behavioural
difference was the flight response, caused bydhel fithess. No sensory damage was
present. The labial contact with diatom also desgdasurvival and again a difference in flight
response was seen. A significant difference (p81).th host-seeking behaviour was also
noted, suggesting that olfactory sensilla of theuan were affected by the diatom particles. It
can be further concluded that mosquitoes who Haidllaontact with diatom were not
influenced in fecundity within the®Igonotrophic cycle. Finally, with the help of crgEM
imaging, it was shown that diatom does not physiacdmage the external layer of insects,
but fuses with lipids on the external layer.

A combination of diatom with fungal spores shouddfbrther investigated as a new tool
against malaria as, although survival and behaslaffect was found, the effect of diatom in
field application will be too small to act as adépendent tool.
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Preface

| started my study in biology having always beestiaated by the beauty of large mammals
and their habitats. | always dreamed of workindinca in a national park. These dreams
started changing when in my first year of biologgame in contact with the world of viruses,
parasites and their vectors. | had never heardesit interesting interactions before.
Especially the way parasites are able to maniptl@baviour of their host and the
development of tools for the vectors intrigued Meany aspects have to be taken into account
and many variables are present, that it can be-mimaing to think of a new tool. Where do
you start?

During my thesis | was challenged daily with my won mosquitoes. It is an entirely new
experience to work with living organisms which jered very much. | felt very independent
and liked working practically every day, taking afellenge at a time...
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1. Introduction

Malaria influences human health and wealth. Itiskto over 3.3 billion people living in
countries all over the world (Ghebreyesus 2008)icah countries below the Sahara are
affected the most. Malaria is considered to besaatie of poverty and a cause of poverty by
the Roll Back Malaria partnership which is partiod World Health Organization (WHO)
(Ghebreyesus 2008). Malaria costs more than 1@hillS dollars every year in Africa alone
(Secretariat 2000). The disease influences econanusocial decision making, scaring off
investors and affecting household decisions. Algiomajor efforts are done to reduce the
infection rate, yearly 300 to 500 million new infienis occur, claiming at least one million
lives in Africa alone (World Health Organization@). Thanks to international funding
commitments more than one-third of the 108 malaricauntries showed reductions in
malaria cases of more than 50% in 2008 compar0@0 (World Health Organization
2009). According to the Roll Back Malaria partnépsh global strategy is required with an
annual investment of 5.9 billion US dollars froml202020, with each year investing 750 to
900 million in the development of new tools agamstlaria (Ghebreyesus 2008). This global
strategy is necessary as so many people in so dieiesent countries are at risk. In the
following paragraphs some general information Wélgiven about the malaria parasite and
its vector. Please note that the life cycle ofrttedaria parasite involves an intermediate
human host which acts as a reservoir for the paragiile the mosquito acts as the parasites
definitive host.

Parasites

The malaria parasite is a protozoa of the genusmRidium within the order Coccidiida. The
genus encompasses four main species namkgmodium falciparugPlasmodium viva
Plasmodium malaria@andPlasmodium ovaleRecentlyPlasmodium knowlesvas also
recognized as a human malaria parasite (Jongwuswals 2004). All five species can cause
malaria, but the development of the malaria dise#gers slightly (Carlson 1982). The
general life cycle of Plasmodium is mentioned igufe 1. The life cycle consists of a human
host and mosquito host. When sporozoites entdnuh®an blood, they immediately move to
the liver where some sporozoites rest for lateetigyment while others start growing and
divide into merozoites. These merozoites entebtbed stream and invade red blood cells
(erythrocytes). Inside these blood cells merozatesv and divide until the erythrocytes
burst. Thousands of merozoites are released aadéwew erythrocytes. The same cycle of
growing, dividing and bursting is repeated with soimvaded erythrocytes developing
sexually differentiated forms (gametocyte). Theamegtocytes also invade erythrocytes. Once
in the erythrocyte, gametocytes develop into inéerst parasitic stages. Gametocyte
development increases with every cycle of merozigteelopment. Mature gametocytes are
present in the bloodstream and are sucked up bytisguito during feeding. In one drop of
blood more than 50,000 gametocytes can be preBeese gametocytes mature in the
stomach of the mosquito to female macrogametesraatel microgametes. In the stomach
fertilization occurs to a zygote. The zygote nowealeps into a wormlike form called
oOkinete. This odkinete moves through the stomaahat the mosquito and develops into an
oocyst on the outside of the stomach wall. Numepmgysts can be present on one stomach
wall. These oocysts develop sporozoites until ggntually burst. Sporozoites are released
which directly move to the salivary gland. Fromrththe sporozoites move to the human
blood with the saliva released by the mosquito wieeding on a human host (Gilles and
Warrell 1993).

From the start of the parasite infection in the quite, it takes the parasite 10 or more days to
develop sporozoites which can infect human h@&buri et al. 2009)After entering the




blood stream of the human host the disease, aftercabation period, starts showing its
characteristic symptoms; the cold stage, the fstagge and the sweating stage. These three
stages consist of a period of feeling very coldeaod of feeling feverish and a period of
intense sweating. These symptoms are caused ligtnease of erythrocytes in the blood
stream and the subsequent release of toxic wastieigis from these blood cells (Gilles and
Warrell 1993). When no treatment is given, the sgms will re-occur every three to four
days, depending on the species of paraBitéalciparumcauses the most dangerous
symptoms in the host, causing 95% of malaria dg@&@hgson 1982). The incubation period
of Plasmodium is species-specific and can takelésgs P. falciparun) to sometimes twenty
years P. malariag after entering the blood stream of the human.host

Figure 1 Life cycle of Plasmodium (DPDx 2004), both hunhenst (endogenous asexual phase) and mosquitoexagtenous sexual
phase) are shown.

Mosquitoes

The vector of malaria is the mosquito; an insetbiging to the order Diptera, family
Culicidae, subfamily Culicinae. This family consisif two tribes called Anophelini (which
includes the human malaria vector) and CuliciniléSiand Warrell 1993). Mosquitoes are
present in most parts of the world consisting ofertban 3,000 species. There are 422
Anophelespecies of which only 40 are of major importaneenalaria vectors. Not all
mosquitoes are important vectors, because of diffaxs in biochemical processes, host
preference, density in relation to the human pdmraand its length of life. Climatic
variations as humidity and temperature strongliugrice both the mosquitoes’ distribution
and the development of the parasite. In one gebgralparea no more than three to four
species are important vectors for malaria. The nmogortant malaria vector lnopheles




gambiae This vector is widespread in most of the Africauntries South of Sahara and are
mostly endophilic (Gilles and Warrell 1993).

A characteristic of mosquitoes is having their depment stages in different environments.
Namely aquatic and terrestrial (Carlson 1982). itmaature stage of eggs, larvae and pupae
are aquatic while their adult stage is terrestfiae life cycle takes seven to twenty days. The
eggs are small, boat shaped and float on the sudfawater with tiny air filled floats. They
are laid in groups of 70 to 200 at a time. Hairyde emerge from the eggs having a distinct
head and segmented thorax. The larvae lie clogeetwater surface. Some lie parallel to the
water surface, depending on species. After thre@tsithe larvae change into a comma-
shaped pupa with head and thorax becoming a capbeadx and the abdomen consisting of
eight freely movable segments. These pupae dewatio@dult mosquitoes. Adult male
mosquitoes have densely feathered antennae (GresVarrell 1993) for finding females

and feed on nectar and fruit juices. Mating ocaafight with individual females entering a
swarm of males. Females are monogamist and onlg wigh one male from the swarm, as
enough sperm is stored in female spermathecalfeulasequent egg batches after one mating
(Carlson 1982). Three to six days after emergingifthe pupa female adult mosquitoes can
start laying eggs. The female mosquito produces afigr each blood meal, which is
repeated every two to three nights. The averagespfin of females is 10 to 14 days, but some
live for three to four weeks (Gilles and Warrel9B).

Female mosquitoes feed on blood and nectar. Nanthwector blood contributes to the
energy reservoirs (Takken 1999), metabolic proceasd flight (Foster 1995) (Nayar and
Van Handel 1971). Vertebrate blood also contribtiwee production of vitellogen, an egg
protein. The frequency of sugar feeding is veryahelent on the species. Some feed on sugar
frequently (Holliday-Hanson et al. 1997), wheret®eos rarely sugar feed, likenopheles
gambiae This species derives most of its energy fromeledte blood_(Beier 1996) (Straif
and Beier 1996) (Takken et al. 1998nhopheles gambiaemales can survive on vertebrate
blood only, without a negative influence on therogjuctive fitness, but with a lower survival
rate (Gary Jr and Foster 2001). In natiine gambiaéhave been found with sugar present in
their crop, suggesting that sugar is advantagendsricertain circumstances (Foster and
Gary 2004). For most species sugar feeding incsgageegg number by positively
contributing to the energy reserves, but when thmach is too full of sugar it decreases
blood meal size and therefore egg numbers (FoS&%)1Therefore a balance is present
between blood and sugar feeding dependent on thegagotrophic stage, environment,
presence of a host and species.

External cues like vision (Allan et al. 1987), hiegr mechanoreception and chemoreception
of odours, moisture and heat are essential for oitms#ps to comprehend their surroundings.
They are necessary to translate the surroundingsigeful signals for host seeking, feeding
and oviposition (Bowen 1991) (Olanga et al. 201k@ghoje et al. 1970). These cues are
identified by different appendages including theesanae, maxillary palps, labella(Clements
1992), tarsi (Seenivasagan et al. 2009) and pratdakith the proboscis also identifying
thermo targets (Maekawal et al. 2011). The respensiss to external cues depends on the
mosquito’s physiological state (Klowden 1996).

The olfactory system is of large influence on tke@dviour of mosquitoes. Olfactory signal
transduction occurs in olfactory receptor neuramsyhich a family of seven trans membrane
odorant receptor proteins are located. These otiozaeptors are located on the dendrites of
the neurons that are present in the pore tubulused by sensory hairs on the antennae,
proboscis and maxillary palps (Chapman 1998) (Kebal. 2006). Therefore the proboscis
not only processes gustatory information, but aléactory information, including carbon
dioxide. When an odorant molecule, like carbon @lexcomes in contact with a receptor,
second messengers are synthesized. The concemiatitese second messengers is




increased and open cAMP or IP3-gated-cation charwieich induce an action potential in
the neurons_(Zwiebel and Takken 2004).
The composition of attractive odour blends rem&angely unknown. It is known that
mosquitoes do respond to carbon dioxide, a regpyg@roduct of vertebrates. In the
laboratory and in field experiments (Mboera 199Fjeanale mosquitoes were attracted to
carbon dioxide excegtn. gambiae s.dor which it is only a minor attractive compounada
is considered to be an activator (Takken 19993. dlso known that endophilic mosquitoes
includingAn. gambiaeseek out its host guided by human odours; a mextfivolatile
organic compounds (VOCs) of human origin (Takked Knols 1999). Skin microbiota seem
to play an important role in attraction. Verhulsgk in 2009 hypothesized that host
attractiveness and selectionAri. gambiaas affected by the species composition, density,
and metabolic activity of the skin microbiota. im @xperiment done by Knols and Takken in
1997 a synthetic mixture of 12 abundant fatty apicsent in limburger cheese, as well as on
the human foot, where found to be attractiveXor gambiae.
The mosquito has an elongated mouth with a labumoanding
all other mouthparts like a sheath. The labrurhésmain feeding
tube and the paired mandibles and maxillae togdtiner the stylet
(Figure 2). Mosquitoes feed on sugar in a diffexeay than when
they feed on blood. When the tarsi contact suparptoboscis
immediately looks for the sugar source. When tlobpscis makes
contact with sugar, the labellar responds by spngaapart and
exposing its oral surface. The fluid immediatelyesls over the
hydrophilic oral surface of the labella, submerding labrum
(Clements 1992). The labrum remains in a restirgitiom and
therefore the stylet fascicle does not move oudheflabium during
sugar feeding, unlike when they feed on blood. $tiga begins by
Figure 2 Schematicimage of ~ COMbined action of cibarial and pharyngeal pumpgestion of

mosquito mouthloartmOI . sugar and blood is stimulated by labellar and late@eptors
B o howy Y- (Pappas 1988). Volume of uptake is regulated bgllab
mandiblesmx, maxillae When preparing to blood feed, tip of the labiurpleced on the

(vazquez 2007) skin surface. Forelegs of the mosquito are straiggd to bring the

proboscis in a more vertical position. Maxillarygsmand antennae move in a 90 degrees
angle from the proboscis. The labella is pressgdtteer and the fascicle penetrates the host
skin with a series of small thrusts. The labiumgoet enter the skin, but bends back. Blood
feeding occurs by vessel feeding or pool feedinfysaliva is released. Among others, saliva
inhibits blood clotting. First appearance of blondhe proboscis means that movement of
stylet ceases and palps relax. Mosquitoes do spborel to disturbance anymore and blood
feed. Blood is stored in the stomach while necdmeipt in the crop. Slowly nectar is released
to the midgut for absorption. This division in ltioa is necessary to keep the stomach free
for blood feeding (Clements 1992).

Malaria vector control

In the above mentioned paragraphs the malariaipaeasd vector are described. With this
knowledge numerous tools have been developed éarettiuction of malaria disease with
focus on the parasite and on the vector. Anti-nigldrugs are available which prevent
infection, act on already present infection or praviransmission to a new human host (Gilles
and Warrell 1993). Unfortunately the malaria pasadevelops very fast. This increases the
mutation rate, making it prone to develop resistaiocany drug. Attention is also directed to
the local vector and success of the vector togiexés on the knowledge of key factors that
regulate mosquito populations in that region. Ajsod insight into economic prosperity is




necessary to insure irrigation systems, fish caliland other man- made changes benefit the
local population without becoming @&mophelesreeding place. As is mentioned in a report
of WHO in 1982 an integrated approach is necessalyding environmental, biological and
chemical measures. Environmental management ingloagic sanitary measures, bed nets
and zoo prophylaxis. Biological measures includira enemies, genetic modification and
microbial insecticides. Chemicals include insedis, developmental inhibitors, repellents
and attractants (Carlson 1982). Malaria vectorrobiat this moment is almost entirely
dependent on Indoor Residual house Spraying (IR&)resecticide Treated Nets (ITNs) as
these are very effective at an affordable costdKkie et al. 2010). Unfortunately problems
have been occurring more often with IRS and ITKs toxic resistance (White, 1974),
behavioural resistance (Howard et al. 2010) andscresistance (Howard et al. 2010). Also
the environmental consequences of IRS and ITNbezeming more apparent, being harmful
for birds, fish and mammals (Scholte et al. 200Many studies have been done on the
development of mosquito resistance to the toolsthedlifferences between the insecticide
resistant VKPR strain and insecticide susceptitrbarss. For example it has been found that
resistance occurs by a single gene and by selectiahfferent qualities which are normally
not associated with each other. These effects amdbproduce a resistant phenotype
(Brooke and Koekemoer 2010). It has also been fobadresistant and insecticide
susceptible strains differ in fitness, attributnegistance genes for fitness costs (Hardstone et
al. 2010).

Trying to reduce risk of resistance has been amitapt focus for developing new tools. Less
persistent insecticides are developed which deersgggction pressure. Also implementing
already existing tools differently, including rataj unrelated insecticides, is used to reduce
risk of resistance (Gilles and Warrell 1993). Matbal and biological substances are also
sought which are more specific and therefore lessful to the environment. Biological
control agents have been developed and used fretle@gainst the aquatic mosquito stages
(Clark et al. 1968) for a long time, but only retgmore attention has been given to the adult
mosquito stage. The most important factor in dgwelent of tools against the adult
mosquito, is that the tool should act later inltfespan (Billingsley 2010). This delay in

effect is necessary as the vector then still mas tb reproduce, ensuring less selective
pressure for resistance. Mosquitoes can reprodrery ¢hree to four days, contributing to a
next generation. The malaria parasite, as merdibeéore, needs at least ten days to develop
inside the mosquitoes. The mosquito can therefideehimmans the first nine days without
infecting them. Therefore tools do not have to irdrately act on the survival of mosquitoes.
For example the fungudetarhizium anisopliaés a tool that infects adult mosquitoes after
contact and kills the mosquito later in the lifesg&cholte et al. 2003).

The steps that have to be taken after a vectoigat#veloped is to ensure that the newly
developed tool does not repel the mosquito (Mnyeired. 2010) and that the substance is
working on resistant strains of differelmhopheleslso, ensuring no cross resistance exists
(Kikankie et al. 2010). Also the costs of the tebbuld be taken into account.

Diatomaceous earth for insect control
The current report describes a study on the sureiviaosquitoes
contacting a mechanical insecticide called Diataoas earth
(diatom) and the effect of the diatom compound ost Iseeking
behaviour and fecundity.
Diatom is a naturally occurring silica consistingassilized
skeletons of diatoms (Figure 3) (Ahmad Mahdi and
Khalequzzaman 2006). It is already widely used sisbstance in
filtration processes (Pabon et al. 2003), as p#lpear, in coating

Figure 3 SEM photograph of
diatom patrticle, 20,000x
magnification



pigment (Chung-kuo 2010) and as a non-chemicattitsée in stored products since the
1900s. Especially the insecticidal use is gettimgemnterest the last decade, owing its
popularity to the mechanical effect of the compoondarthropods. The effect is not
dependent on the metabolic pathways of insectegfibre physiological resistance almost
never occurs. Also it is not harmful to the envirent. Many silica compounds used to
contain high concentrations of silicon dioxide (3)@hich consist of crystalline, known to
be harmful to lungs of mammals (Mucha-Pelzerr €2@10). The diatom used for insecticide
purposes only have a very small portion (<1.5%grgétallines and are not toxic for
mammals (Bertke 1964) (Korunic 1998). It is alstrexely stable and does not produces
toxic chemical residues or react with other sulistann the environment (Korunic 1998).
Diatom affects the cuticle of the insects (Ebell’®71). Insects have an integument consisting
of a tightly bound basal lamina which is esseritathe wax secretion, a one cell thick
epidermis and a cuticle. The permeability of theobel greatly varies between insect species.
The cuticle is divided into an inner region withtehand a thin outer epicuticuler layer with
no chitin present. Chitin is characteristic foraots, normally comprising 20 to 50% of the
dry body weight. The outer layer of the cuticul@asists of long and short carbon chain waxes
for waterproofing. All measures are taken to enswater loss by evaporation is kept at a
minimum, as a net loss will result in death. Cuacgrowth only occurs during moulting,
initiated and mediated by juvenile hormones andibelting hormones ecdysteroids
(Chapman 1998). Diatom affects insects after diceatact by absorbing the epicuticular
lipid layer, making the cuticle permeable to wated causing excessive water loss through
the cuticle (Ebeling 1971) and physical stress (Bimet al. 1995). Even though the absorbed
wax can be synthesized again, this process isasbehough to compensate all absorption.
This imbalance eventually leads to death by des@taAlso the diatom is known to be
repellent by its physical presence to some ing&¥¢tste et al. 1966 referred to in Korunic
1998). The diatom powder has the ability to abdipids more than three times the particle
mass dependent on the properties of the powdethanehvironment (Korunic 1998), which
makes it an efficient absorbent. The temperatiufteance is positively correlated to
efficiency of diatom and humidity negatively coatdd (Vayias and Athanassiou 2009).
Variety in efficiency is apparent between diatomvders with properties as number of clay
particles and crystalline silica influencing thé@éncy (Korunic 1998). New diatom
formulations are being developed to increase efficy, including enhancement by
ammonium fluorosilicate (Golob 1997). Also efficanproblems occurring under humid
conditions have been reduced (Ahmad Mahdi and Kinaileaman 2006).

Research has been done on a number of arthropodssued-bugs, chicken mitgsain
borer, rice weevil, flour beetles and white fli@etoit et al. 2009) (Mul et al. 2009)
(Kavallieratos et al. 2010) (Ulrichs et al. 200@3pecially insects which metabolise water
from their foods are vulnerable to diatom (FlandE¥41). The effect of diatom on
mosquitoes is unknown, but as mosquitoes have iantege wax layer (Rasoolian et al.
2008), it is expected that diatom would cause amha effect on mosquitoes, similar as it
does to the arthropod species mentioned above.
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Research aims and questions

The main objective of this research is to inveséidhe effect diatom oAnopheles gambiae
As no research with diatom on mosquitoes has beera defore, different proofs of principle
are investigated:

1 Effect of diatom on adult survival

2 Effect of diatom on host-seeking behaviour

3 Effect of diatom on fecundity

As no application method has been tested befoedpttus in this research is on the exposure
of the entire mosquito body to diatom and the dicentact of diatom with the labium, where
many important sensory organs of the mosquito ersent.

It is hypothesized that survival of mosquitoes Wwél affected both after diatom exposure of
entire body and after direct contact of diatom wité labium. For the diatom exposure of the
entire body, this will be caused by excessive wiaigs which can be partly compensated
when water is present. Therefore only mosquitoasiwtio not have the possibility of
compensating their water loss will be significaraffected in survival. For the labial contact
to diatom, damage is expected to the sensory oatize labium, impairing uptake of sugar
water.

The entire mosquito body exposed to diatom willuafhce host-seeking behaviour. Damage
to the antennae by the absorptive quality and dasan of the mosquito is expected, causing
a disturbance of the olfactory organs. When ongyl&tihium is in direct contact with the
diatom, the gustatory sensilla and olfactory sémsile expected to be damaged. The
absorptive quality of diatom is anticipated to dge¢éhe fragile mouthparts, influencing both
host seeking, blood- and sugar feeding.

Reduction of fecundity is expected as the sensoth®labium are damaged. A serious
reduction of food uptake in both sugar and bloaatlieg is expected.

This study will focus on the mosquito spechas gambiae s.swhich is fully susceptible to
insecticides. Insecticide resistance may affedblgioal characteristics of mosquitoes.
Therefore the insecticide-resistant strAim gambiad/KPR will also be used during the
diatom powder survival experiments to ensure negresistance is present and to further
understand the differences and parable betweenvthstrains as done in Howard et al. in
2010 for entomopathogenic fungi. It is expected YW&PR mosquitoes are weaker and are
therefore more affected by the diatom in survival.
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2. Materials and methods

2.1 Mosquitoes

Rearing of mosquitoes

Anopheles gambiae sandAnopheles gambia¢KPR were reared at the Laboratory of
Entomology of Wageningen University in the same negras mentioned in the article of
Bukhari et al. in 2010. An. gambiae s.s. were ef$lnakoko strain. This strain has been
cultured in Wageningen since 1988 in constant ¢kncantrolled chambers at a temperature
of 27 + 1°C, 12L:12D photoperiod and a relative ity of 70 £ 5%. The resistant VKPR
strain was obtained from Ivory Coast in 2010 viadhwouaibou Mouhamadou, Abidjan. This
strain was tested for knock down resistance bebaglortly before experiments were
conducted (Spitzen et al, unpublished). This stnas only used for survival analysis due to
problems in the rearing. All mosquitoes were camibgekept in a climate controlled chamber
at a temperature of 27 £ 1°C, 12L:12D photoperiod @ relative humidity of 70 £ 5%. The
adults were kept in holding cages of 30 x 30 x8Q ltaving ad libitum access to 6%
glucose/water solution though a filter paper (d 8)nFour to six days old females were
given the opportunity to feed on blood (Sanquinmdigen) through a blood feeding
membrane seven times a week and were providedofwpater covered with a cone shaped
filter paper for oviposition. The eggs laid on th&er paper were transferred to plastic trays
of 25 x 25 x 8 cm. Hatched larvae were fed on lirgulo. 1 (Interpet Ltd., Dorking, Surrey,
UK) for the first two days and then on Tetramin®dlM, Germany) for the rest of the larval
period. Pupae were collected in small cups. Theeqitble strain pupae were transferred to
holding cages to develop into adult mosquitoes atthibitum access to sugar water. For the
resistant strain the pupae were transferred tarmglouckets (d 12,5cm, h 12cm) covered
with female tights (Hema, Netherlands) and alsoddhtibitum access to sugar water.
Mosquitoes for the experiment were randomly setefrtem the non-blood fed adult
cages/buckets a day before the experiment usinguahnaspirator. Three day old female
mosquitoes were used for the survival experimedtsaxto eight days old female mosquitoes
for the behaviour bio-assays. Treatments mentidednlv were conducted.

Diatom treatment of mosquitoes

The effect of diatomaceous earth on the mosquittested in two experiments (Table 1)

The first was the diatom powder treatment (FigyreTfis treatment ensured that the entire

body of the mosquito comes in contact with drya@afpowder. A WHO cone
(WorldHealthOrganization 1998) was placed on a
filter paper (d 130mm) and 500mg diatom
(Baroen, Aalsmeer) was added. This diatom was
distributed as evenly as possible with a small
brush. Five mosquitoes were released in the
WHO cone with an aspirator and the cone was
closed with a piece of cotton wool. The
mosquitoes were kept in the WHO cone for three
minutes. After these three minutes the cone was
slid of the filter paper and mosquitoes were
collected with an aspirator. The mosquitoes were

Figure 4 Diatom powder treatment with WHO-coneson  then used for the different experiments. The

afilter paper with 500mg of dry diatom powder control mosquitoes of the dry diatom treatment
also underwent all treatments steps, but did not

come in contact with the dry diatom. These step®wecessary to ensure the treatment steps
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themselves do not cause behavioural or survivéérdifices. By comparing the control and

treated mosquitoes we can draw conclusions abegftbct of the exposure to diatom

powder. Pilot studies were done in advance to enthat the most efficient and for the

mosquitoes the least stressful steps were takenagmendix 1 for more details.

The second treatment is the diatom-treated filégrep (Figure 5). This treatment is designed

to expose the labium of mosquitoes to diatom wheg are ingesting sugar water. Pupae of

mosquitoes were transported in a small cup frorir tearing trays into a holding cage with
ad libitum access to 6% glucose/water solution. filtex
paper (d 84mm) used for the uptake of sugar waderpre-
treated on both sides by a paint gun (Testors, d@iwith
distillate water solution of 250mg diatom. Therefan total
500mg of diatom was present on the diatom-treaktied f
paper. The mosquitoes were kept in these holdiggscantil
they were used for experiments. The control ofstigar-
feeding assay are mosquitoes kept in a holding wéthe
untreated filter paper.

Figure 5 Diatom-treated filter paper  Both treatments were conducted when mosquitoes natre

(left) and untreated filter paper as . . .
control (right) are shown in holding active and the light in the controlled chamber was

cage

2.2 Survival experiments for effect of diatom

Survival experiments were conducted in differentges to get a better understanding of the
influence of diatom powder on survival. See Tabferloverview. Survival was monitored
for bothAnopheles gambiae sandAnopheles gambiaéKPR when the light in the
controlled chamber was on.

Table 1 Set up overview of the survival experiment witffetient mosquito strains, treatments and the casiteh
the holding buckets

Treatments Mosquito Holding Total Total Total
strain buckets number of number of number of
contained replicates treated control
mosquitoes  mosquitoes
Diatom Anopheles Nothing 35 175 130
powder gambiae s.s  Only water 23 115 115
through an
untreated
filter paper
Sugar water 35 175 175
through an
untreated
filter paper
Anopheles  Sugar water 23 115 115
gambiae through an
VKPR untreated
filter paper
Diatom- Anopheles Nothing 20 100 100
treated filter gambiae s.s
paper
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A pilot study was done in advance to get more imsig the effect of diatom on the survival
of Anopheles gambiae sSee appendix 1 for more details. These pilot stidiere the first
indication of the presence of an effect of diatammwosquitoes and gave opportunities to
fine-tune the experimental set up and treatmeptste
For the diatom powder treatments, female mosquinbesth the susceptible strain and
VKPR strain were used. Female mosquitoes of
the susceptible strain were randomly selected
from non-blood fed adult cages using a mouth
aspirator and treated with the diatom powder or
treated as diatom powder control as mentioned in
chapter 2.1. of this report. From every WHO-
cone all five mosquitoes were collected and
released in a holding bucket (d 12.5cm, h 12cm)
Figure 6 Numerous holding buckets during the survival covered with tights (Figure 6). Every holding
experiment are shown . . .
bucket consisted of five mosquitoes. These
holding buckets had three varieties in contenthingt, only water in a small glass bottle with
untreated filter paper or sugar water in a smalsglbottle with untreated filter paper.
Experiments were conducted on at least four diffedays. For the sugar water experiment
three replicate days were held over a period of feonths. Female mosquitoes of the VKPR
strain were randomly selected from non-blood fedtdslickets using a mouth aspirator and
treated with the diatom powder or treated as digtomder control as mentioned in 2.1. From
every WHO-cone all five mosquitoes were collected eeleased in a holding bucket.
Therefore every holding bucket consisted of fivesmotoes. The holding bucket was
covered with tights and always contained sugar mmta small glass bottle with untreated
filter paper. Experiments were conducted on att lEas different days.
For the diatom-treated filter paper treatment fenmadn-blood fed adult mosquitoes of the
susceptible strain were randomly selected with atimaspirator from the holding cages
containing filter paper treated with diatom in thear bottle. The control mosquitoes for this
experiment were randomly selected from a holdirgeaaontaining an untreated filter paper
in the sugar water bottle. Five mosquitoes petineat were released in a holding bucket
covered with a panty with no (sugar)water preséné experiments were conducted on at
least four different days.
The mortality of mosquitoes was first monitoredréibiutes after exposure as suggested in the
WHO guidelines (Hougard 2006). Mortality was monrgi daily when it was light in the
controlled chamber, each time removing the deadjmitiges. A mosquito was perceived
dead when the mosquito was dead, not when it aoatifly. Also each ml fluid added to the
glass bottles was noted. This was done to understansignificant difference exists in
amount of (sugar)water “used” by the dry diatom gemtreated mosquitoes and control. It is
expected that diatom powder treated mosquitoed/mamnpensate the desiccation caused by
the diatom powder. Mosquitoes were checked daity athmosquitoes were dead. Mortality
was noted. The dead mosquitoes removed from tltkrigobuckets were checked under the
microscope with a three times magnification. Cdntras checked for presence of diatom
powder on their body. The intensity of diatom présm every diatom powder treated
mosquito was noted in a scheme. As diatom couldeasheasured by amount of particles or
by photography, standardization of diatom intensitgwn in Figure 7 was used. Some
mosquitoes escaped or died by obvious human emcbware not taken into account during
analyses.
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Figure 7 Intensity of diatom present on mosquito, markedark colouring. Intensity O consists of no visibl
diatom present on mosquito; intensity 1 consisis wéry small amount of diatom present on one gfatie body;
intensity 2 consists of a medium amount of diataaspnt on one part of the body; intensity 3 cogsifsmall
amounts of diatom present on a few location ofttheéy; intensity 4 consists of a lot of diatom prdsen a few
locations of the body; intensity 5 consists of dimtpresent on thorax and all segments of the body

2.3 Behavioural experiments for effect of diatom

Behaviour experiments were done in two differentugps to understand the influence of
diatom powder on behaviour in small and larger canrtmpents better. See Table 2 for an
overview of all behavioural set ups. Behaviourgdements were conducted with six to

eight days old female mosquitoes which were rangi@alected a day before the experiments
were conducted from the non-blood fed adult cagesgua mouth aspirator and treated
according to diatom powder treatment and diatoratéct filter paper treatment mentioned in

2.1

Table 2 Overview of the behavioural experiments with elifnt treatments and different bio-assays

Mosquito Treatments Bio- Minimal  Number of Number of Number of

strain assay number treated control untreated
of mosquitoes mosquitoes  control
replicates mosquitoes
Anopheles Diatom Eave 14 340 280 360
gambiae s.s. powder box
MM-X 9 180 180 -
trap
Diatom- Eave 15 340 300 -
treated filter box
paper MM-X 9 180 180 -
trap
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2.3.1 Eave box bio-assay

The eave box bio-assay (50x30x30 cm) consisted@etve boxes with an inside and
outside compartment, representing two African heusda opening of approximately 1cm
was present between the two compartments, resegrilimief stretch of eave of an African
house (Figure 8). Attractants, in this experimégtits worn by a person for 10 hours, were
placed on the inside compartment of the house.nN&azist Air (CMA) was released on the
inside of the eave box at a speed of 0,20 + 0.G&mfesembling a breeze. Before the air
stream entered the eave boxes it first passedghran active charcoal filter to clean the air.
The air was then split in two (Tubing: Saint GorniRerformance Plastic, Versitec silicone
7x10mm) for both eave boxes. The two air streanss fiassed through a flow meter (Brooks
Sho-Rate™ 1355) to regulate air flow and was therstaned by letting the air pass through
a water bottle filled with warmed (40 C), distillecater. CMA had a relative humidity of 95
C + 2% and was 27 + 2 C. Carbon dioxide with aaantration of 5% was also released in
the inside compartment with 225ml/min. The CMA theamsported the attractant, together
with the carbon dioxide through the eave to theidetcompartment where mosquitoes were
present.

Figure 8 Schematic drawing of an eave box bio-assay wigheft side representing the outside of an African
house and the right side representing the insigadifrican house. The opening in between the commgants
represents the eave of the house where mosquioefydhrough. Mosquito release cage is showris dse
odour source location. Clean moist air (CMA) isviafointo the eave box and carbon dioxide is releé&sed the
inside compartment.

Mosquitoes from the release cage recognized theradal carbon dioxide and followed it
through the eave opening of approximately 1 cninéoihiner compartment. All eave box bio-
assays were conducted in the dark with only onema/dimmed spotlight (15W). All
experiments were done at the end of the dark péoietsure high activity and host seeking
behaviour. As the first behavioural experimenthaf tlay never went well, a dummy
experiment was done before the start of the ex@erisn The average conditions during the
experiments were 26 + 2 C with a relative humidaity70+10% RH.
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Per treatment twenty mosquitoes were placed idiadrical release cage (o 7cm, h 10 cm)
and provided with only water through damp cottoroito keep their water balance optimal
and stimulating their host seeking behaviour by inmgkhem use their energy reserve
+17hours before the experiment. Apart from the m@mhosquitoes and treated mosquitoes, a
second control was added for the diatom powdetrnreat as it was unclear if the WHO-cone
treatment steps would influence the behaviour efmttosquitoes in the bio-assay. Therefore
mosquitoes which did not undergo any treatmenisssigere also included in the behavioural
analysis as a double control.

The release cages were left in the mosquito reaangitions until the beginning of the
experiments, when they were transported to the
bioassays in a polystyrene box, preventing themmfro
perceiving any light or experiencing any tempemtur
changes. The release cage was then connected to the
bio-assay. Two identical eave box bio-assays wsee u
at the same time with location of treated and @ntr
mosquitoes randomized (Figure 9). Both releasescage
were opened simultaneously and left open for 15
minutes. After 15 minutes the eave openings arehsel
cages were closed. Mosquitoes counted on both sfdes
the eave and number left in the release cagekitas/n
from earlier unpublished data (Warnas 2010) thauab
25% of the mosquitoes do not fly through the egwenang in a control experiment. It is not
clear why this happens, as you would expect allquibses to have the right physical
condition to find the source of host odour. Aftarexperimental run, most mosquitoes were
caught with carbon dioxide filled balloons relea@sit®0% CQ in the eave box bio-assays.
Wing length of mosquitoes caught was noted by nr@agthe wing length from the allula till
the tip of the wing with a microscope (Dialux 20HRjtz) at 40x magnificatiarll
experiments were replicated at least eight timekiplicates of two, randomised for different
days, times and bioassays.

Figure 9 Experimental set up of bio-assay.
Both eave box bio-assays can be seen

2.3.2 MM-X trap bio-assay

An Mosquito Magnet-X (MM-X) trap (American Biophys
Corp., USA) can be seen in Figure 10. An attragtaptaced in
the trap, which is spread by air flowing through #itractant to
the surroundings. Mosquitoes are attracted bystinisll and
follow its plume to the source, the MM-X trap. Tm@®squitoes
are sucked in by air flowing into the MM-X trap.&h
mosquitoes are trapped in the trap. The arrangeaiéhis
behavioural experiment can be seen in Figure 1thi$n
experiment two MM-X traps were used with one camnsisof
an attractant, tights worn by a person for 10 hoams the other
containing clean tights. The location of the at@atwas
randomized for the experiments. Experiments weredo the
mornings for two consecutive weekends, with foyticates in
total. Three treatments were tested namely diatowdpr
treatment, diatom-treated filter paper treatmext thuie diatom-

Figure 10 MM-X trap with [1] location  treated filter paper control. The control of datpowder was

of where attractant is placed [2] location - not tgken into account, as from earlier resuligas known that

where mosquitoes are sucked into the . K
trap [3] location where mosquitoes are ~ the treatment steps do not influence the behawbtire

caught in
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mosquito. Every treatment was kept in separat@seleages with around 40 mosquitoes per
cage until the next day when experiment was comdu&ll treatments were released at the
same time in the experimental set up. Thereforeyemgeriment consisted of 120
mosquitoes. To ensure we could identify the difiéteeatments after they were caught in the
trap, mosquitoes were treated with Fluor-coloufiggado, London) within an hour after
being treated with the diatom treatment a day lectioe experiment. Fluor-colouring is

known to influence the survival, but not the bebaviof mosquitoes the first three days
(Loonen, J. unpublished). Fluor treatment is madible under an ultra-violet lamp, as can be
seen in Figure 12. Control mosquitoes were treaiddinvisible blue (Swado, London),
diatom-treated filter paper mosquitoes astral f#ado, London) and diatom powder
treated mosquitoes stellar green (Swado, Londdmg.rilosquitoes were seduced with,CO
and held under an ultra-violet lamp to make th@waohg of the mosquito visible. Number of
mosquitoes per treatment were counted. The mosgudaught in the MM-X trap with
attractant were considered successful and mosguitagped in the control MM-X trap not
successful.

Figure 11 Arrangement of behavioural experiment with two MM- Figure 12 Fluor colouring of
X traps, release cage location and measuremettte distance mosquitoes made visible under ultra-
between release caae and traps and f room violet light

2.4 Fecundity experiment for effect of diatom onbl@llum

For the fecundity experiment mosquitoes were predidith blood through a membrane and
fecundity was measured with three variables: bleeding, amount of eggs laid and amount
of eggs hatched. Two times fifty pupae were couatatitransferred from the rearing trays to
a holding cage. One cage contained sugar wateemqezsto mosquitoes through a diatom-
treated filter paper (treatment mentioned in Zahg the other contained sugar water present
through an untreated filter paper. Both cages wbeeked daily to ensure enough sugar water
was present and both treated and untreated féggens were renewed every three days to
ensure enough diatom was present on the diatorretrétier paper and both holding cages
were treated identically. After six days both hofficages were given the opportunity to

blood feed through a parafilm membrane (Pechinéyca&go) on a small (d 3.5cm) blood
feeder (FU1 feeder, Hemotek) of 36 degrees fohtss in the morning, just before the

lights went on in the controlling chambers. Anattant, tights worn for 10 hours by me, was
wrapped around the blood membrane to increasetieaess. Halfway through the blood
feeding, membranes were interchanged between lgotdiges, to minimize differences due to
the variable application of the blood feeding meamier No CQis required, as selection
pressure is not of importance in this experimefdoB feeding was again done when
mosquitoes were nine days old and eleven to twedys old dependent on the amount of
blood available. After every opportunity to bloaek#l, blood fed mosquitoes and total amount
of females were counted. Mosquitoes were providighl water cups covered with a cone
shaped filter paper for oviposition after blooddee for at least three consecutive days. Eggs
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were counted and transferred into a rearing trdly wme push of liquifry. Amount of hatched
larvae were counted after two days. This entireearpent was repeated four times. Therefore
the fecundity experiment consisted of 151 femalsgudoes of which 78 female mosquitoes
were kept in a holding cage with diatom-treategifipaper in the sugar bottle and 73 female
mosquitoes with untreated filter paper in the sumg#tie.

2.5 Cryo-SEM imaging

The visualization of the effect of diatom powdermaosquitoes was achieved with the use of
cryo-SEM imaging under the supervision of AdriaamAelst (www.wemc.wur.nl).

As diatom is known to negatively affect the surViebchicken mitedDermanyssus gallinge
these mites were used as positive control forrtteging. A day in advance 22 control
chicken mites and 22 diatom powder treated miteg weepared. The diatom powder
treatment for chicken mites consisted of a plastie which surface was covered with dry
diatom powder on which chicken mites were givendpportunity to walk through for 10
minutes. Eleven of these mites were used for the-8EM imaging and eleven for survival
analyses. Survival analysis on very small scaledee® in a ten degrees fridge to ensure the
treated chicken mites photographed were suffigyegndlated with diatom for a negative
survival effect. Also, the exact effect of this siie diatom composition on chicken mites
was not known.

Of the mites for cryo-SEM two control mites andefigiatom powder treated mites were
ultimately photographed. The preparation of thediagfom powder treated mosquitoes was
also done a day in advance, having already reaeethbsquitoes of which the labium was in
contact with diatom a week in advance. Baopheles gambiae ssx control mosquitoes,
four diatom powder treated mosquitoes and foudigbowder treated filter paper
mosquitoes were used.

The mosquitoes dhnopheles gambiae sand chicken miteBermanyssus gallinaeere
freshly fit on SEM sample holders by carbon glueitlC, Neubauer Chemicalien, Germany)
in a ventral position and subsequently immedidtetyen in liquid nitrogen. The samples were
transferred to a non-dedicated cryo-preparatiotesy$MED 020/VCT 100, Leica, Vienna,
Austria)) onto a sample stage at -92 C. In thy@epreparation chamber the samples were
freeze dried for two minute at -92°C at 1,3 x%t-Bar to remove water vapor
contamination. The samples were sputter coatedaMidlyer of 5 nm Tungsten at the same
temperature. The samples were cryo-shielded traesgféto the field emission scanning
microscope (Magellan 400, FEI, Eindhoven, the Neédinels) on the sample stage at -122°C
at 4 x 10" m-Bar. The analysis was performed at a workintadise of 4 mm, with SE
detection at 2 - kV, 6.3 pA. All images were redm digitally.

2.6 Statistical analysis of effects

The statistical program SPSS 017 was used foradatlysis. As there were several replicates
of different experiments, first all data was anatysvith a Generalized Linear Model with
Binomial distribution and logit link function to derstand if data could be pooled.

Mosquito survival was analysed by Kaplan-Meier péase comparison and a Generalized
Lineair Model. A binomial test was used for behaval experiments with for the eave box
‘1’ representing “flown through the eave” and ‘@resenting “not flown through the eave”.
For the MM-X trap experiments “1” represented thIM trap with attractant and “0”
represented MM-X trap without attractant. The faditynwas analysed using the Generalized
Linear Model with linear distribution.
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3. Results

3.1 Survival effect
See appendix 7, Table 5 for summary of all survieallts.

3.1.1Anopheles gambias.s. treated with dry diatom powder over entire bdy

The survival experiment with no (sugar) water pneése the holding bucket consisted of 175
Anopheles gambiae s(85 replicates) treated with diatom powder aB@ Anopheles
gambiae s.5(26 replicates) as control. The diatom powdertaiiby curve seen in Figure 13A
is significantly different (p<0.001) from its cootr(dotted line)

In the experiment done with only water present fegl3B) there was a significant
difference (p=0.048) between diatom powder androdnthis experiment consisted of 113
control and 107 diatom powder trea#dopheles gambiae sis replicates of 23. When both
experiments are compared, a difference can beigedfectiveness of diatom. The effect of
diatom powder when water is present is lower wisiigaificance of p=0.048 compared to
when no water is present. Also note the big difieesin slope between both figures.

Figure 13 Mean mortality curve of diatom powder treatdd. gambiae s.@nd control in the (A)
absence and (B) presence of water in hours.
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Figure 14 Mean mortality curve of diatom powder treatAd. gambiae s.@nd control when sugar
water is present in days.

The survival experiment with sugar water presensigied of 16 Anopheles gambiae s.s
treated with diatom powder and 1&&opheles gambiae sas control in replicates of 35. The
diatom powder treated mosquito mortality curve sedrigure 14 is significantly different
(p=0.004) from its control. When sugar water wasspnt, the significance of the difference
was more pronounced than when only water was pras#éme holding bucket.
The amount of sugar water added during the suréxpériment was analysed to understand
if a significant difference exists in amount of gan)water “used” by the treated and control
mosquitoes which could indicate compensation behayviJnfortunately evaporation of
water from the sugar water bottles had a large anaiad this evaporation was very
dependent on the location of the holding buckeéh@chamber. Therefore data of sugar water
content from different holding buckets was discdrdgee appendix 2 for more information.
The control of dry diatom powder treatddopheles gambiae stgad undergone several
treatments steps without coming into contact witltain to ensure the diatom product was
responsible for the difference in survival and that treatment steps. This dry diatom powder
control was compared to mosquitoes which had ndergone any treatment steps, the double
control. The difference was non-significant (p=@)L7
All mosquitoes were checked for presence of diatowher the microscope with location and
intensity of diatom noted. On the control mosqustae diatom was found. Eleven diatom-
treated mosquitoes were overgrown with fungus amuddcnot be
analysed. The rest of the treated mosquitoes shaovatom
powder especially behind the hind legs and on treal side of the
segments of the mosquito (Figure 15). Not onlyghsome
mosquitoes had visible diatom on lower segmentathand legs.
See appendix 3 for more detalils.
In Figure 16, a correlation (Pearson’s correlapef.137) can be
seen between the amount of diatom on the mosgudata
survival. This is expected as diatom negativeliugrices survival.
Intensity three is an exception. This is causethbyhuman factor
e _ _ in the measuring method of these results as intetisee was seen
igure 15 Left side of mosquito

is shown under microscope with @S the average.
diatom present behind the hind leg
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Figure 16 Intensity of diatom particles ddn. gambiae s.$n relation to survival. Note
that intensity 5 only consists of 3 mosquitoes.

3.1.2Anopheles gambia® KPR strain treated with dry diatom powder over ertire body

To better understand the difference betweerthegambiaed/KPR andAn. gambiae s.s.
strain, the survival of both strains were comparedignificant difference (p=0.001) was
found as can been seen in Figure 17. The VKPRhs$taivived longer than the insecticide
susceptible strain.

Figure 17 Mean mortality curve of the insecticide suscdptgirainAn. gambiae s.sand the Knock down
resistant strai\nopheles gambiae VKPR

The VKPR mosquito survival experiment with sugatevgresent consisted of 23 replicates
amounting to a total of 118nopheles gambiaéKPR treated with diatom powder and 110
Anopheles gambiaéKPR as control. There is no significant differerfpe0.098) in survival
between dry diatom powder treated mosquitoes anttalpbut a trend is visible with the
control having a lower mortality from day ten ongie 18).

All these mosquitoes were also checked for diatadeuthe microscope with location and
concentration of diatom noted, as done for thecditisee susceptible strain. On the control
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mosquito no diatom was present. Twelve mosquitoetdmot be analysed, because of
fungus growth on the mosquitoes. For the VKPR mibsgs the same locations as for the
insecticide susceptible strain were common forifigaliatom powder; behind hind leg, on
the upper segments of the mosquito, on lower setgnagrd thorax. Instead of diatom on the
legs found for the insecticide susceptible straome diatom was found on the head of
mosquitoes. See appendix 3 for more information.

Figure 18 Mean mortality curve of the Knock down resistsinainAn. gambiae VKPReated with
diatom powder and control.

In Figure 19 the effect of diatom intensity on thesquito on survival is shown. Some effect
with increasing intensity is present (Pearson’sadation p=0.115), although the difference is
less clear in this figure then for the insecticstisceptible strain. Also note that intensity two
has a large standard error.

Figure 19 Correlation of diatom intensity with survival foeiKPR
mosquitoe

3.1.3Anopheles gambiae s.ahose labium came in contact with diatom powder

For this experiment two sets of hundiopheles gambiae saere used divided in 20
replicates. These sets were kept from moment chgouptill 3 days old in a holding cage. In
the holding cage of the first set, sugar water prasent through a diatom-treated filter paper.
The holding cage of the second set, the contrgiiswater was present through untreated
filter paper. With five mosquitoes in one holdingcket and no (sugar) water present, the
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mortality was analysed. The mortality curves seeRigure 20 are significantly different
(p=0.001).

Figure 20 Mean survival curve oin. gambiae s.swith only its labium exposed to diatom and no
(sugar) water present.

3.2 Behavioural effect
See appendix 7, Table 6 for summary of all behagiaesults.

3.2.1 Eave box bio-assay

Figure 21 Average wing length o&n. gambiadlown and not flown through eave for diatom
powder treatment, diatom-treated filter paper tresitt and both controls.
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Wing lengths of mosquitoes used in the bio-assay weeasured with a total of 862
measurements. See appendix 4 for detailed sumrhagguits.

The average difference in wing length between akquitoes flown through the eave and not
is 0.008 cm, which is not significantly differerit@=0.384 (GLM). The difference in wing
length per treatment is shown in Figure 21.

Diatom powder

First, a total of 280 diatom-treated controls wawenpared in behaviour to 357 untreated
mosquitoes (double control) which had not undergozegment steps, with at least 14
replicates. Of these mosquitoes nine control andliteible control mosquitoes did not fly.
The difference in flight response was not signifigaor was the behaviour between the
mosquitoes significant with p=0.361 (GLM).

Secondly, the behaviour of 280 control mosquitoas eompared to 340 diatom-treated
mosquitoes. Nine control and seventeen diatomedeatosquitoes did not fly, which is
significantly different at p<0.001 2-test). The behaviour of the control and diatoeated
mosquitoes (Figure 22) was not significantly diéiet with p= 0.770 (GLM). There was no
significant effect of temperature (p=0.431), bugrthwas an effect of day (p < 0.001). All bio-
assays were conducted in two different eave bolkdseasame time, but there was no
difference in behaviour between eave boxes (p=0.452

Figure 22 Mean response of diatom powder treated gambiado a worn sock in a eave box
bio-assay

Diatom-treated filter paper

For this experiment 324 mosquitoes kept in holadiages with diatom-treated filter paper
298 control mosquitoes were used. At least 15cafss of the experiment were conducted.
Of these, 29 mosquitoes with diatom-treated fitt@per and 7 control mosquitoes did not fly,
which is significantly different (p<0.001). The ett of filter paper treatment on the
mosquitoes flown through eave and not flown(FigzBgis also significant (p<0.001), as is
the day effect (p<0.001). Temperature was not Bagmt (p=0.609), nor was there an effect
of the two different bio-assay boxes used (p=0.656)
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Figure 23 Mean response in the eave box bio-assay to a samkbyAn. gambia&kept as
adult in a holding cage with sugar water accessutiin a diatom-treated filter paper

3.2.2 MM-X bio-assay

For this bio-assay 161 control, 152 diatom-tredilesr paper and 163 diatom powder treated
Anopheles gambiae sagere used in four replicates (Figure 24). The nendd diatom-treated
filter paper mosquitoes which were not caught enNiM-X trap differed significantly from
the number of mosquitoes not caught for control datbm powder treatment. When the
control mosquitoes were compared to diatom-tretitesignificance was p=0.428 (GLM)
and for control against diatom-treated filter pape0.255 (GLM). Also the two treatments,
diatom powder and diatom-treated filter paper ditdiffer from each other (p=0.705).

Figure 24 Mean response during the MM-X bio-assay to a wook$yAn. gambia&kept as
adult in a holding cage with sugar water accessun a diatom-treated filter paper, diatom
powder treated and control.
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Day effect of the MM-X experiment was significapk(.001). This significance is caused by
the lower response rate of two days.

3.3 Fecundity effect

The fecundity of 150 femal&n. gambiae s.st three different age groups was compared in
six different holding cages. The percentage of mitegs which blood fed was not affected
by the different treatments (p=0.879) or the ddferages when given the opportunity to
blood feed (p=0.975). The number of eggs laid pesquito was also not dependent on
treatment (p=0.290) or age (p=0.397). The percenth@ggs that hatched was again not
dependent on treatment (p=0.619) or age (p=0.B3).graphs in appendix 5.

3.4 Cryo-SEM imaging

3.4.1Dermanyssus gallinaéchicken mites)treated with dry diatom powder over entire
body

Survival of eleven chicken mites treated with dmatpowder and eleven control chicken
mites was analysed. Within 9 days only one diateatéd chicken mite was still alive and of
the control all eleven were still alive. Therefarelear influence of the diatom powder on the
survival of chicken mite is present.

In Figure 25 a 700x magnification of the ventraléy side of the chicken mite can be seen.
Anus is indicated in both images. A clear differeigan be seen in images with the control
mite showing no disorderliness and the diatom-@eatite with a lot of visible diatom.

Figure 2 700x magnification of ventral lower side Dérmanyssus gallinaé\nus is visible in both | and Il to
serve as fixed point. (1) shows control chickenenflt) shows diatom-treated chickenmite. Note tmals
difference in size between chicken mit
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Figure 2€ Ventral lower side obermanyssus gallina@) 2,400 magnification of ventral lower side afntrol
chicken mite (II) 4,000 magnification of ventralier side of diatom-treated chicken mite.

When a higher magnification is used (Figure 26¢@en more clear difference can be seen
between the control and diatom powder treated emickite. In Figure 26 Il clear variable
diatom structures can be seen, which represernitifessdiatoms silica skeletons. No clear
damage to the surface can be seen.

When an even higher magnification is photograpHetendiatom powder treated chicken
mite, it can be seen that the diatom particleschviil differ in size and shape, start changing
shape into a more fluid substance. They start §ugigether with its environment in the skin
folds of the chicken mite. See Figure 27 for th&dn forming. No physical damage can be
seen, nor clear fusion outside of the skin folds.

Figure 27 Ventral lower side of diatom-treat@rmanyssus gallina@) 24,000 magnification of ventral lower side
of control chicken mite, yellow circle emphasizie tliatom parts fusing together with lipids in #én fold (I1)
40,000 magnification of ventral lower side of diatéreated chicken mite.

3.4.2Anopheles gambiae s.geated with dry diatom powder over entire body

An. gambiae s.is treated with diatom and compared to a con@tdar differences can be
seen in Figure 28 where diatom seems to have together in between the tarsus of the
diatom powder treated mosquito (II) and no struetike that can be seen in the control (1).
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Figure 28 Tarsus of front left leg ofn. gambiae s.sith clearly visible claws (1) 1,601 magnificati@f control mosquito (1)
1,600 magnification of diatom-treated mosquito.

When a higher magnification is used to envisiondlagv of the tarsus shown in Figure 29, it
can be seen that diatom has indeed fused togetdoamed a clump of diatom. The small
hairs of the mosquito seemed to be shielding thiewdar layer from the diatom. This is
making it harder for the diatom particles to dilgcbntact the cuticular, giving it less
opportunity to fuse with it. The small hairs araqed about 2 to 4m from each other. The
diatom is very variable in size ranging from 2@ to 1.5 m. Most patrticles are therefore too
large to get in between the hairs. Loose diatortighes could be seen on the cuticle. The
particles which could get in between the hairs shoviusion, as can be seen in Figure 30.
Also see appendix 6 for more figures.

Figure 2¢ Claw on tarsus ofn. gambiae s.greated with
diatom in 5,000 magnification, yellow circle empizas the
diatom clump.

Figure 3C 13,000 magnification of ventral side ¢f 2
segment ofAn. gambiae s.dreated with diatom, yellow circle
emphasizes the diatom particles on the hair.
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3.4.3Anopheles gambiae s.ahose labium came in contact with diatom powder

The diatom-treated filter paper’'s emphasis washerlabium. Therefore labium images have
been compared for this treatment. Good overviewgaaaf a control labium can be seen in
the appendix 6. In Figure 31 it can be seen treatitatom-treated filter paper mosquito it's
labellum is widely open while the control does sbbw this. Also a fusion substance is
clearly visible in the opening of the labellum, s@egly obstructing the opening.

Figure 31 Magnification of the top part of the ventral siofethe labium ofAn. gambiae s.gl) 4,000
magnification of control (I1) 3,000 magnificatiorf filter paper treated mosquito.

When a higher magnification is made of the labeltfra different diatom-treated filter paper
mosquito, again a fused substance is visible irogening of the labellum of the diatom-
treated filter paper treatment. See Figure 32hifigure a clear aggregation of substance is
visible in the opening. In Figure 33 a 4,000 mégation is shown of the lower part of the
labellum where more fusion of substances can be §s= the appendix 6 for a higher
magnification of the lower part of the labium o&ttim-treated filter paper mosquito.

Figure 32 7,000 magnification of the middle top part of
the ventral side of the labium of a filter treatsul
gambiae s.s.
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Figure 32 Lower part of ventral side of labium Ah. gambiae s.s(l) 4,000 magnification of control (1) 4,000
magnification of filter paper treatment.
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4. Discussion

Survival experiments

When mosquitoes come in contact with diatom theigaris affected. This difference in
survival of diatom treated and control was espbc@éar in the holding buckets with no
(sugar) water present, when mosquitoes were battext and dehydrated. The mosquitoes
whose entire body was exposed to diatom showegheehmortality rate then the control.

The effect of the entire body of the mosquito beargosed to diatom is especially clear when
compared to mosquitoes of which only the labium Ibeeih exposed to diatom. The survival
curve of the labium exposed is a lot less steepdes®ldiverged from the control, although the
labium exposed to diatom did also show a signifigamgher mortality rate then the control.
This significant difference in survival was probabhlused by the lower water reserve of
mosquitoes whose labium was exposed to diatomdidtiem particles dehydrated and
clogged the mouthparts, making it harder for thesquaoes to find the sugar water and keep
hydrated. This was also partly caused by the lbfseohydrophilic oral surface of the labium
by the diatom particles. This resulted in an unhega water reserve which could not be
sufficiently replenished. Therefore mosquitoesadfected by diatom, both when diatom is
exposed to the entire mosquito body (desiccatiod)vehen only the labium is in contact with
the diatom (desiccation and clogging).

Decrease in effectiveness of diatom treatment eretttire body was seen when mosquitoes
had access to water as no significant differensimival was seen when only water was
present. This shows that the mosquito is able tthyp@ompensate the dehydration caused by
diatom. As no sugar was present mosquitoes of dmmitrol and treated died in a very short
time span due to starvation. When sugar water wesept, both hydration and energy was in
abundance for the mosquito. The effect of diatora gignificantly enhanced compared to the
control contradicting the earlier statement thateffectiveness of diatom decreases when
water is present and dehydration is compensatddwdter. This contradiction is caused by
the longer duration of the survival experiment wsagar water was present. The mean
difference in survival between the mosquitoes witlter only and sugar water was 30 days,
with the absence of sugar leading to starvatiomgeo survival means an accumulation of the
small effect of diatom which was not significant@mlays, but is significant over longer
periods of time. Even though the effect of diatamsarvival is small it is significant when
mosquitoes live longer.

In the survival experimen#sn. gambiaed/KPR andsensu strictestrains were compared,
because insecticide-resistance may affect numdiolegical characteristics of mosquitoes.
The insecticide-resistan. gambiae/KPR has already shown to be more susceptible to
fungal infection then the insecticide susceptiltais (Howard et al. 2011). By investing in
research for a tool against the insecticide-resis#ain, insecticide-resistant genes can be
removed and kept out of the gene pool and an iatedrapproach could keep the current use
of insecticides sufficient for keeping malaria smieg to a minimum. A significant

difference in survival was found with the VKPR traurviving longer than the insecticide
susceptible strain. Also the VKPR strain was |lesssiive to desiccation then the insecticide
susceptible strain, which could indicate a highatexreserve or larger body size or a
combination of both. However it has been foundariier studies that the resistance can have
negative fitness costs due to the genes leadingststance, for example @ulex pipiens
(Hardstone et al. 2010). Alout et al. (2008) prestidhat costs of mutation is comparable
betweerAn. gambiaeandCulex pipiendor the resistance to organophosphate and carkamat
insecticides. Djogbénou et al. (2010) found thatWKPR strain was generally smaller in
body size then the insecticide susceptible strdiarnmlooked at resistance Ah. gambiado
organophosphate and carbamate insecticides. Therdi® VKPR strain is not expected to be
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larger in this experiment nor show higher fitnélse difference we see in these experiments
could be caused by the difference in rearing camtstof the larvae. The VKPR strain rearing
is a lot smaller in scale and therefore less laweaee put in one rearing tray then for the
insecticide susceptible strain. Therefore the lkamithe VKPR strain had better access to
food. This difference in food intake during lareshge influences the size of the adult
mosquitoes and could indicate that the VKPR mosesitvere larger than the insecticide
susceptible mosquitoes, making their reserves langg the mosquitoes stronger than their
insecticide susceptible counterparts. More expertmshould be done specifically for the
VKPR strain to understand the fitness costs amefits of the resistance occurringAn.
gambiaeVKPR. Especially the behavioural difference betwbeth strains would be
interesting to see. Unfortunately I could notfpan these experiments. To make a proper
comparison in behaviour between the VKPR aadsu strictstrain both should be reared in
the same standardized conditions. It would be inambrto keep rearing conditions exactly the
same for both strains, to prevent behavioural dBfiees occurring due to differences in
reserves or body size. These mosquitoes shouldothesleased in an eave box bio-assay
with a human odour in the inside compartment ofttileeassay. To ensure body size is not of
influence, wing length of mosquitoes should be mezs These results will show if a host
seeking behaviour difference is present betweeWVKfR and insecticide susceptible strain.

The amount of diatom present on the mosquito coatde quantified accurately, as there is
no standard way to quantify the product yet. Diattannot be measured by counting of
particles or by photography in a cost efficient walgerefore a standardization method for
measuring the amount of diatom intensity was pednd used in this report. This method is
very dependent on accuracy and thoroughness. Tinertfe correlation of diatom intensity
and survival should be noted as an indication gkpade correlation. It would be worthwhile
to develop a more accurate cost effective way aisugng the amount of diatom taken up by
mosquitoes if diatom becomes a widely spread veotar

Behavioural experiments

Behavioural effects were caused by exposure toatiatVhen the entire mosquito body was
exposed to diatom a lower flight response fromastecage was seen in the eave box bio-
assay which is related to the negative effect affasth on the survival. This is probably caused
by dehydration and lower fitness of the mosquitaisTegative flight response was not
shown in the MM-X bio-assay, even though the masesiin the MM-X trap had to fly
further than in the eave box bio-assay. This diifiee could be due to the longer period of
time the release cage was open. No sensory danaegpresent after treatment of the entire
body as no difference in behaviour in both bio-gssauld be noted.

When the labium is specifically exposed to diatarsignificant difference in flight response
was seen in the eave box bio-assay. This is causdte lower fithess of the mosquito. When
mosquitoes did fly out of the release cage inbiwsassay, they showed a significant
difference in host-seeking behaviour. This diffe@iould be caused by the physiological
state of the mosquito or directly related to thendge of sensilla. Close range discrimination
of olfactory cues is achieved by receptors on dbellum (Kwon et al. 2006), including is
CO.recognition. Therefore when receptors were damagetehydration and were clogged
by diatom, the stimulation to feed and ability ¢@dl became less and mosquitoes took up less
sugar water, not fully replenishing their resertaswyer reserves could cause a shift in
preference for feeding from human to nectar, tloeeeethanging the foraging behaviour of
mosquitoesNutritional conditions affect both level of actiyiand responsiveness to resource
cues. Poorly nourished responded more stronghatat pdours then host odours (Clements
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1999). A shift in preference from blood to neceeding occurs when physiological state of
the mosquito is unbalanced. The mosquito firstthasure its own energy reserve is optimal
before looking for a host. Host seeking behaviow blood feeding is high in risk and
therefore high in energy cost. To be as efficienpassible, the energy reserves have to be
optimal when looking for a host. Therefore whenni@squito is weak and low on energy, it
will first look for nectar and replenish its enengggerves. Blood is used for replenishing
energy too, but is not as easy to obtain as nedtas.could be a reason for the behavioural
differences we saw in the eave box bio-assay, wivah significantly and negatively altered
for human volatiles. A repetition of the experimenproposed in a (choice) bio-assay with
both nectar and human volatiles present to realglile to discuss the preference shift caused
by a change in physiological state (Foster and &ak004).

Both behavioural experiments are focussed on afgaues. Therefore the difference in
behaviour seen in the eave box bio-assay can alsaused by difference in olfactory
sensilla. This suggests that olfactory sensilléhenlabium are affected by the diatom
particles. Unfortunately this difference in behaxrigcannot be deduced from the MM-X bio-
assay experiment. This could be due to the longeog the mosquitoes had to recognize and
follow the scent and/or the lower amount of regksadone. Also CQvas not present in the
MM-X bio-assay, but was present in the eave boxas®ay which could have been of
influence as the carbon dioxide receptors are etathellum. Carbon dioxide was used as a
close proximity attractant fakn. gambiae s.sn the eave box bio-assay, even though this
species is an exception to most other mosquitaepaad is not as much affected by the
compound (Takken 1999). It is known frokedes aegypthough that their sensitivity to
human odours is increased by at least fivefold ichiately after a brief encounter with GO
(Dekker et al. 2005). This could also be the caséh. gambiaelt is known forAn. gambiae
that CQis a minor kairomone which only guides mosquitdeseto the host, from where the
skin odours take over (Spitzen et al. 2008). Thoeeeit has been useful to use &® an
additive attractant in the eave box bio-assay.ngegly when CQwas not used in the MM-X
bio-assay the behaviour was no different betweesguitoes whose labium had been in
contact with diatom and control mosquitoes. Buhia experiment where G@as used, a
behavioural difference was noted. This could intpit diatom on the labium specifically
influences the C@ecognizing sensilla present by clogging or damgdjire sensilla, but not
the other sensilla.

During the behavioural experiments the experimeagl effect was always significant for the
behaviour of the mosquitoes. Although the influewees kept as small as possible by
randomization, the effect of rearing conditionstio® mosquito could not be entirely
standardized during my experimental period. Itnewn from studies done by Bowen (1991)
that adult mosquito host seeking behaviour is lbefiendent on larval and adult nutrition.
During the period | did my experiments, we expereghsome difficulties in the rearing due
to a bacterial infection. Mosquitoes were rearedery different densities, creating a large
fluctuation in nutrition and environment for larvaenis resulted in a large fluctuation in host
seeking behaviour on different days. Mosquitoesctvinatched on the same day can be
compared, but for mosquitoes with hatched on dfiedays the day effect had to be
corrected for. The day-effect noticed in the MM#¥&ds was also partly due to the attracting
agent, i.e. tights not having been frozen for aespsriod of time, making it harder for the
scent of the tights to spread on some days. Mqieeages and scent measurements are
necessary to argue this further. Unfortunatelytduack of time only four replicates of the
MM-X trap could be done. Therefore increasing thmant of replicates could already
decrease the effect of day. The day effect of beleal experiments can be kept to a
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minimum by randomizing the treatments, ensuring&aging conditions are the same and
enough replicates are done.

The size of mosquitoes in the eave box bio-assaymeasured for both mosquitoes flown
through the eave and not flown through the eavéhdrbehavioural experiments human
volatiles and carbon dioxide were used as attrést#tris known from Foster and Takken
(2004) that large bodied mosquitoes respond mooegil to nectar volatiles than small
mosquitoes. Also Takken et al. in 1998 showedtthasize of the aduAn. gambiaaffects

its responsiveness to host volatiles. When mosegsiiéwe continuously able to access sugar
water, smaller mosquitoes still have a lower tetedrgy reserve and they would therefore be
less capable to cope with energy depletion and shevival rate is lower. When they are then
exposed to odours, dependent on their flight enehgy will try to obtain blood. The more
flight energy they have, the more persistent theuld be in their attempt to obtain blood.
Therefore a correlation was expected between tregoito size and if they had flown

through the eave. The eave box bio-assay showedigadid not influence the host seeking
behaviour. The experiment done with the eave boxabsay does not match the results from
Takken et al. (1998). The fact that this correlatiiid not exist is probably due to the fact that
the constant presence of sugar water gave evesntakler mosquitoes enough reserves to get
through the eaves. Also the difference in resslgrobably caused by the different
experimental set-up. The eave box bio-assay is 30ngiand for a positive response the
mosquito did not have to fly through a one metenpartment upwind as did the mosquitoes
in Takken et al. (1998). Apparently the energy dgph necessary to have a positive response
in the eave box bio-assay is not big enough to sheelection in body size. Therefore the
reason that there is always a behavioural differdietween control mosquitoes in the eave
box bio-assay is not contributed to the body-dms,probably more based on genetic
variances leading to difference in sensitivity efsilla.

Fecundity

When the proboscis contacted sugar water, thet$adeicle did not move out of the labium,
unlike when mosquitoes are blood feeding. This etsthe stylet was not affected by the
diatom powder. If the stylet would have been a#ddiy the diatom powder this would have
resulted in a change in blood feeding. This chandsood feeding would have caused a drop
in fecundity, since without enough blood uptakernti@squito would not have been able to
produce enough eggs. Which was not the case ie thgmeriments. If gustatory and olfactory
sensilla were damaged, one would also expect #isaymt difference in the fecundity.
Although behaviour was altered by contact of diatorthe labium, this was mainly caused
by low energy reserves and damage of &0eptor and not by damage of other olfactory or
gustatory sensilla. C@vas not present during the fecundity experimehtsefore the
influence of damage on the ¢€ensilla predicted in my earlier discussion coutibe
discussed for blood feeding.

One would also expect a drop in number of eggdleed fed mosquito, as the mosquitoes
whose labium came in contact with diatom are exquettt have lower energy reserves.
Therefore after blood feeding, treated mosquitoeslavbe expected to use part of the blood
meal for their own reserves and would relativelgdhenore blood to lay the same amount of
eggs. This expected difference was not seen ifethendity experiment, as a lot of variables
which influence the egg productivity were not camst including body size and amount of
blood taken up which can increase fecundity fomes (Briegel 1990a).
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Cryo-SEM

There was a large variation in the efficacy of aimtdue to insect morphology and
composition of the diatom powder. The influencénskct morphology can be deduced from
the experiments with the help of cry-SEM imagethefchicken mites and mosquitoes. The
effect of diatom powder on the survival was greatemites than on mosquitoes. This was
firstly caused by difference in appearance. Mosgsthave long legs and can move by
flying. This protected them from direct thorax aseyment contact with the diatom powder.
Secondly, the mites crawled through the diatom pwdth sensilla on the tip of their fore
legs (Soler Cruza et al. 2005), which thereforeeandirect contact with diatom. The
mosquitoes had receptors on their tarsus too hiesetmay not be as important for feeding as
the sensilla of mites. Thirdly the thorax of chiokaites does not have many hairs. The mite
was therefore not protected by a layer of haithasnosquito is. Hairs were suggested to
enhance the diatom efficiency by Korunic (1998hisTcould be true if these hairs are very
small and further apart than diatom particles argd. Otherwise hairs form a protective
shield which makes the diatom less likely to conthe cuticle, like already mentioned by
Cook and Armitage in 1999. Fourthly, the main resgipry and osmoregulation organ for
chicken mites was the cuticle (Cook 2008). Thedudses diffused oxygen through holes in
their exoskeleton called spiracles which have flagsrotect it. These spiracles opened and
closed according to the amount of oxygen the masaueeded. This difference in respiratory
organs made mites more vulnerable to diatom thesgmtoes. Finally mosquitoes showed
preening? behaviour. This behaviour was observedglthe experiments and could be
related to the amount of diatom found on specdeations including behind the hind leg of
mosquitoes. This cleaning behaviour made diatosééfective on mosquitoes then on mites.
No cleaning behaviour has been noted by researtirechicken mites yet. Apart from the
differences in morphology, the environment the sgecies live in also influenced the
efficiency of diatom. In the environment Ah. gambiag¢he 70% humidity ensured water
uptake through the cuticle is a lot higher and whatss is limited compared to the
environment of chicken mites. Therefore mosquitwere less prone to desiccation then
chicken mites were. It should be kept in mind thegiccation sensitivity of mosquitoes is
dependent on species, as reported by Gray andegré2005). They investigated the
difference in desiccation sensitivity fn. arabiensisndAn. gambiae s.sAnopheles
gambiae sensu stricttad considerably lower resistance to desiccatiberdfore diatom

could be less effective on other species of mosgsithen it was oAn. gambiae s.svhere it
only shortened the survival, although consistentiyh a few days.

Tarsal stimulation is important for orienting praimevement (Pappas and Larsen 1976).
Therefore when tarsi were clogged by fusion ofatiapowder due to contact with diatom
powder, sugar was more difficult to locate anditld influence the walking direction of
mosquitoes. Tarsals did show fusion of diatom yo€8EM, therefore the behaviour of
mosquitoes for probing could be influenced, eveugh we did not see any behavioural
differences in mosquitoes whose entire body wasseqh to diatom. It could be further
investigated how diatom influences host-seekingjase proximities. It should be kept in
mind that no damage was seen on antennae of mossgaifter treatment, ensuring that the
most important receptors for olfactory cues weredamaged by the diatom powder.

The widely accepted view of Ebeling from his agigh 1971 that diatomaceous earth has
both abrasive and absorptive qualities has beeanmér scrutiny by the cryo-SEM images
shown in this report. Although the absorptive qyakas visible in the cryo-SEM images of
this report, shown as fusions of diatom with theatdiar layer, the abrasions were not visible.
In an article published in 2011 by Debnath etlad. dbrasive quality mentioned by Ebeling is
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still referred to and is even used to underlinértben conclusion that diatom nano-particles
can be a useful insecticide. The diatom physicalenaf action will decrease the chance of
genetically selected resistance and therefore efficdent then chemical insecticides. Using
the information of Ebeling is common in more aggpublished after 1999 (Goswami et al.
2010) (Yang et al. 2010) (Benoit et al. 2009), etrendiatom product | purchased clearly
states that the product has a mechanical fungj@ng through the outer layer of cuticle as a
sharp object (Baroen, Aalsmeer). Clearly confusitihexists about the qualities of diatom
powder on arthropods. Cook and Armitage alreadyvsldoin 1999 that no clear physical
damage was seen on the cuticle after contact watbrd powder. They suggest that the wax
might have been uniformly taken off by the diatdrhis suggestion is highly unlikely for the
chicken mites and mosquitoes photographed in #sisarch as all insects were treated only
one day in advance of the SEM photographs werentakd diatom particles were not visible
on all parts of the body. To investigate the danwgesed by diatom powder further cross-
sections of the cuticle could be made. The onlipleschange we saw in the cryo-SEM
photography of treated mites and mosquitoes werduions of diatom with the cuticle. This
fusion is expected to be a fusion of diatom wighds from the wax layer. It was already
shown by Cook in 2008, that the composition ofa@iapowder after contact witcarus siro
(flour mites) changed. Five of the seven majorauléir wax hydrocarbon components were
found in the diatom after contact with the mitemaastrating the wax absorption by diatom.
In the present study, | could not find cuticle dage by diatom.
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5. Conclusion

1. This study has shown that diatom on the entidylsignificantly influences the survival of
An. gambiae s.and that there was a negative trend in survivabie for the insecticide-
resistantAn. gambia@/KPR. Decrease in effectiveness of diatom powder was séen
mosquitoes were only starved and not dehydratqurésence of water. But the small
difference did accumulate to a significant diffezernvhen mosquitoes lived longer due to
access to both sugar and water, therefore notisggand being able to partly compensate
dehydration. The labial contact with diatom deceelasurvival when no (sugar) water was
present. The negative survival effect of labialtesthwith diatom is less than the negative
survival effect of the entire body being exposeditiom.

2. This study also showed that there is a diffeeeandoehaviour after contact with diatom.
When the entire body of the mosquito was exposetiatom, the flight response was
significantly different. This is probably causedthg lower fitness of the mosquito, as
already noted in the survival experiment. No sendamage is present due to diatom
treatment of entire body as no difference in hesksg behaviour was noted. When labium
is specifically exposed to diatom, again a sigaificdifference in flight response was seen,
caused by the lower fitness of the mosquito. Whesquitoes did fly, they showed a
significant difference in host-seeking behaviouggesting that olfactory sensilla of the
labium are also affected by the diatom particldéger&fore not only the fitness, but also the
sensilla seem to be negatively affected by labebatact with diatom.

3. It can further be concluded that the mosquitdeshich the labium came into contact with
diatom were not influenced in fecundity within tiiégonotrophic cycle, making it unlikely
that important blood feeding facets in the labiusrevdamaged extensively the first 15 days
of labial exposure to diatom.

4. Finally it can be concluded that diatom doesdarhage the external layer of arthopods
physically, but it fuses with lipids to the extektayer creating an adhesive band with wax.
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6. Recommendations

Diatom as a vector tool

The effect of diatom on mosquitoes seen in thismeghowed an impact in survival of two
days. Shortening the lifespan of mosquitoes with thays already decrease the spreading of
the malaria parasite. The mosquito feeds everydays to produce eggs. Therefore 2 days
shorter lifetime means one bite per mosquito lesstherefore a lot of infections less. But on
its own diatom is not efficient enough to be a vetbol when compared to chemical
insecticides and fungal treatments. The diatom rexy@ats were proof of principle
experiments, therefore exposing the mosquito toreraturally high amount of diatom which
is not possible to reproduce in natural conditiohthe field. To be an effective tool, it should
shorten the lifespan of mosquitoes to a maximutemidays, as needed for malaria
transmission not to occur. A combination of diaterth other tools should be sought to
enhance the effect of diatom on the mosquito. Aimoapcould be the combination of diatom
powder with insecticides, as suggested by Vayias. & 2009. But as chemical insecticides
are often harmful to the environment and resistambecoming more common, it is not a
tool which will be widespread. Another option i® ttombination of diatom with a fungus.
Even without abrasion qualities present, the patietr of a fungus through the cuticle is
easier when wax is not present. Diatom also inee#® adherence of the conidia of the
fungus to the cuticle. Survival experiments wittoanbination tool of diatom ari8eauveria
bassianaa fungus known to affect survival of mosquitogsre conducted on stored-product
beetle species. These experiments provided misdise negative and additive effect were
both seen_(Athanassiou 2004)( Lord 2001)(Vassilata@d. 2006). Therefore the combination
of diatom withBeauveriashould be tested on mosquitoes specifically teewstdnd what
effect diatom has on the fungal infection of mosogs. Fungal development was noted for
multiple diatom-treated mosquitoes and none wetechfor control mosquitoes in my
experiments. This difference could be caused bitjeer susceptibility of diatom treated
mosquitoes to fungal infection. However, as theas wot a standardized moment when
mosquitoes were checked under the microscopertteedifferences are of great influence on
the growth of fungus. In further research a suivigemparison should be made between
infection of mosquitoes with a fungal applicationai cylinder (Farenhorst and Knols 2010)
and infection of mosquitoes with a fungus mixedwdtatom application in the same
experimental set-up. Susceptibility of both shdudquantified. The mixing of the diatom
and fungus should be further investigated to fimellhest ratio and the effect of application
method with Shellsol T on diatom should be evaldiatecreased susceptibility of fungal
infection could occur in combination with diatompdipation.

The size of mosquitoes was only measured for thie bax bio-assay and not for the survival
analysis. It would have been very interesting tovkif correlation exists between body size
and effect of diatom on survival. Smaller femaleslass fit in the early stages of their life
and are of less importance for maintaining the igge&iowever after taking their first blood
meal their survivorship is no longer affected bytabelic reserves. The smaller mosquitoes
could be of importance for the malaria parasitehasmaller female needs more frequent
blood meals, enlarging the chance of the parasiéetion in the mosquito and the parasite
spreading (Takken et al. 1998). Therefore inveshgahe correlation between body-size of
mosquito and a new vector tool is of importancas Than be done for diatom as a tool by
having a standardized rearing. From this rearidividual mosquitoes are exposed to a
standardized amount of diatom and compared ingairwith the control. These individual
mosquitoes are numbered and their survival indadigunoted. After death, wing length is
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measured and intensity of diatom is noted. Colimlas sought between survival effect of
diatom and mosquito body size.

The moment mosquitoes are most sensitive to abs#razeergy and desiccation is when they
emerge. Both sexes die within 24 to 36 hours afteergence if they do no feed as they have
low energy reserve at emergence (Briegel 1990b¢Fasid Takken 2004). When their
behaviour directly after emergence was investighieBoster and Takken in 2004, a clear
preference towards nectar-related volatiles congpréiuman-related volatiles was found for
both sexes the first four days. A shift in prefeemvas seen on the fifth day in the behaviour
of female mosquitoes. Male mosquitoes kept prefgmiectar volatiles, but female
mosquitoes preferred human volatiles from day éimeAlso it was found that female
mosquitoes with the possibility to increase itsrggeeserve in the night of emergence
responded more strongly to human volatiles. Thermétion above shows that the first 36
hours after emergence it is particularly imporfantmosquitoes to obtain energy. Therefore a
tool of desiccation like diatom could be especiatgful during this period. How the diatom
could be applied to affect mosquitoes during thisrsperiod is difficult to predict, as only

the diatom application method used in this expentaleset-up has ever been used on
mosquitoes and this method is not applicable irfitid. Diatom powder is however used
against crop pests by spraying a solution of diadarhorticultural crops (Mucha-Pelzer,
Bauer et al. 2010). This spraying of diatom ondtaps is effective on pest beetles.
Unfortunately as diatom is a contact insecticide mosquitoes do not crawl over leaves like
most crop pests do, it is highly unlikely to affesbsquitoes. Therefore the application
method of diatom is central to its effectiveness.

When applying diatom as a tool for mosquitoes répellence known to occur with some
insect species to the physical presence of diakwrufic 1998) should be taken into
account. In this report the mosquitoes were fotoezbntact the diatom in both the diatom-
treated filter paper and dry diatom powder treatmBwy forcing the diatom contact, we were
not able to see if a repellent quality also existanosquitoes. Therefore methods like
spraying a solution of diatom on nectar plants dictv mosquitoes feed or on walls on which
mosquitoes rest should be further investigated.bitpgest question in this application
method research will be if diatom actually affectssquitoes when only the legs come into
contact with the powder.

To make the diatom more effective as a vectortto®imorphological advantages of
mosquitoes to the diatom powder should be courttaldry changing the composition of the
diatom powder. The composition of diatom powder lsarvaried in a wide range. Different
compounds are commercially available. Much resehashbeen done to make more stable
compounds, including making the product less adi@tty humid environments. For example
Ahmad Mahdi and Khalequzzaman in 2006 investigatedw diatom powder substance
which was just as effective under high humidityuader low humidity. This is very
interesting for further applications of diatom fbe malaria vector, as the vector is especially
active in humid countries. Other promising diatoompounds were made by adding silica
(Wakil 2010) and activated charcoal (Booppha e2@1.0). Also decreasing the patrticle size
can enhance the efficiency, as tested by Debnathl{2 Debnath used particles ranging in
size between 15 and 30nm, which were more reabteause of their increased surface to
volume ratio. These small particles are smallen the distance between the mosquito hairs
of 2 to 4 m. Therefore the smaller particles can avoid thestzand contact the cuticle more
easily. Influence of smaller particles on humanltheshould be further investigated before
nano particles can be used as a vector tool, buntbrmation is promising. Further research
should be focussed on finding a more efficientamtomposition for mosquitoes
specifically, varying in particle size and composnd
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Appendices
Appendix 1: The relevance of the pilot experiments

Table 3 Summary ofpilot studies and there reslt

Pilot-experiment Mosquito species mosquito conclusion
strain and
number
1 Resistance ohn. An. gambiae s.sand 120 VKPR An. gambiae
gambiaeVKPR An. gambiaé&/KPR 120sensu VKPR is knock
stricto down resistant
to pyrethroids
2 Methods testing An. gambiae s.s. 200sensu WHO-cone
stricto should be used

for exposure
experiments

3 Diatom powder method An. gambiae s.s. 20 treated Significant
20 control difference in
survival
4  Density experiment  An. gambiae s.s. 124 treated Density does
99 control influence the
survival of
mosquitoes

All pilot studies are summarized in Table 3.

1. Resistance din. gambiae/KPR

We tested the mosquitoes with perma-netting antralometting to see the difference
between VKPR andensu strictstrain mosquitoes. As we did not know the exaablas
effect of knock down resistants Ah. gambiae/KPR, the first time we did not check the
mosquitoes accordingly. Also the control nettingswaated with insecticides without our
knowing, due to a mistake from the supplying conypdimerefore the experiments had to be
repeated. From this second pilot we could concthdethe VKPR mosquitoes are knock
down resistant (Spitzen, unpublished).

2. Methods testing

Numerous ways of applying dry diatom powder weste@ including diatom application in
50ml tubes, wet diatom powder application on paparcone bio-assay used for fungal
treatments and the WHO-cone treatment. WHO-coménrent showed the most diatom
particles on the mosquito. As the experiments va#irgproof of principle” experiments, the
most dry diatom powder particles on the body wa®s ses most efficient. The only problem
with the WHO-cone was moving them from there tolib&ling bucket. As the dry diatom
powder particles are very light, these loose plagiare easily sucked up and transported with
the mosquitoes to the holding bucket. Carbon dexvds first used to anaesthetize the
mosquitos and move them from the WHO-cone to theimg bucket. This process was time-
consuming and difficult to standardize. Therefommparison of survival was done between
carbon dioxide exposure and a weak fan connectadtidding tube exposure. Mosquitoes
moved with the weak fan survived longer then whamban dioxide is used. Therefore the
weak fan method is used as the method to move rnitosgudrom WHO-cone to holding
bucket after moving the entire cone off the fijp@per with diatom powder.
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3. Diatom powder method

For a first indication of the effect of dry diatqgmowder on mosquitoes, a survival experiment
was conducted with 20 treated and 20 control mésgsi The treated mosquitoes on average
died one day faster than the control. All mosqustoeecluding the control, already died within
13 days after pupation. This was caused by théntiesa being conducted at room
temperature (19degrees) with low humidity. Therefine entire treatment and survival
experiment should be conducted in a constant emviemt of high humidity and high
temperature.

4. Density experiment

As the effect of density in a holding bucket on slievival of mosquitoes was unknown a
density experiment was conducted. Five mosquit@aged with diatom kept in one holding
bucket was compared in survival with twenty mosagsttreated with diatom kept in one
holding bucket. Also 20 control mosquitoes werestakito account. This experiment was
repeated 5 times. Survival figure can be seen beldwigure 34. A significant difference of
p=0,020 was found between the density of 5 treatesiquitoes (low density) and 20 treated
(high density) mosquitoes in one bucket. A highemgity meant higher survival rate. It is
suggested that the density influences the diatdectefind makes the diatom less effective
when more mosquitoes are present. Or, as we cgrireat 5 mosquitoes in a WHO-cone at a
time, the exact effect of WHO-cone treatment itsalinot be taken into account when 20
mosquitoes are released in one cone. It coulddteotie WHO-cone treatment did not
sufficiently expose mosquitoes to the powder whitether WHO-cone treatment did.
Therefore it was decided to only put 5 mosquitdesne cone treatment in one bucket. Also
when looking at the survival experiments condudtetthis report, the mosquitoes live a lot
longer than seen in this density experiment. Tloeecthe lesser experience could have
influenced the survival.

Figure 34 Survival curves of density experiment: (greenk@ftrol mosquitoes in one holding bucket, (red) 20
diatom-treated mosquitoes in one holding buckéuelb diatom powder treated mosquitoes in oneihglducket
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Appendix 2: Survival effect

Figure 35 Fraction of sugar water still present in the sugater bottles after four and eight days at
different locations in the chamber (shown as déffebars). Clear difference in evaporation casden
at different locations of the chamber. Thereforesugar water take-up data could be analysed.

Appendix 3: Intensity of diatom on mosquito

Figure 36 Average number of diatom powder treafed Gambiae s.sandAnopheles
gambiae VKPRor presence of diatom on different locations. iRsswvere noted for diatom
visible at a three time magnification.
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Appendix 4: Behavioural effect

Table 4 Summary of all results concerning the wing lendtkave box bio-assay mosquitoes, including;
percentage of mosquitoes per treatment which Hawnfthrough eave and not, number of wing lengths
measured, mean wing length, standard error ansighéicance of wing length difference between
mosquitoes flown through the eave and not.

Mosquito Location in Percentage Number of  Mean wing Standard significance
treatment eave box (%) wings length (cm) error
measured
Diatom-treated Flown through 55 94 2.819 0.014 0.755
filter paper eave
Not flown 45 104 2.813 0.014
through eave
Untreated filter Flown through 69 109 2.748 0.014 0.974
paper eave
Not flown 31 83 2.748 0.013
through eave
Dry diatom Flown through 71 151 2.744 0.011 0.887
powder eave
treatment Not flown 29 51 2.741 0.021
through eave
Control of Flown through 73 186 2.765 0.009 0.723
diatom powder eave
Not flown 27 84 2.772 0.015

through eave

53



Appendix 5: Fecundity effect

Figure 37 Average number of femaken. Gambiae s.gl) shows average number of mosquitoes
which blood fed (left columns) and average of egh&h hatched (right columns) for both control
and filter treated mosquitoes. (I1) shows averagmlver of eggs laid per mosquito for control and

filter treated mosquitoes.

Appendix 6: Cryo-SEM imaging

Figure 38 Ventral thorax ofAn. gambiae s.gl) 500 magnification of control mosquito (11p@ magnification of
diatom-treated mosquito.
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The images of Figure 38 show almost no clear difiees between | and I, except the
diatom-treated mosquito having a less clean exténthhen the joint of the leg is looked at
more closely in Figure 39, it clearly shows diatpanticles, which are not merged together
like with the chicken mite or in the claw of thedas mentioned in the results. This can also

be seen in Figure 40. The diatom particles seepe taid on top of the hairs barely touching
and fusing with the cuticular layer.

Figure 39 Joint of leg of the diatom powder treatéah
gambiae s.s

Figure 40 Magnification of segment of mosquito which shdWsontrol (II) Dry diatom powder treated
mosquito with diatom powder not fusing with cuticle
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Figure 41 Ventral side of labium ofn. gambiae s.gl) 1,300 magnification control(Il) 1 300
magnification filter treatment (111) 1,600 magniditon control (l111) 1,300 magnification control §V
1,300 magnification control (VI) 10,000 magnifiaatiof lower part of filter treated labium
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Appendix 7: Summary of results

Table 5 Effect of two application methods of diatomaceeasgth on the survival &n. gambiae s.andAn.

gambiae VKPR
Mosquito Treated mosquitoes  Control mosquitoes Liquid Survival
strain application method present effect
An. gambiae Dry diatom powder Mosquitoes which experienced all No significant
S.S. treatment treatment steps without coming into (p< 0.001)
contact with diatom Water significant
present (p=0.048)
Sugar water significant
present (p=0.004)
Diatom-treated filter ~ Mosquitoes reared in a holding cage witiNo significant
paper sugar water present through an untreated (p=0.001)
filter paper
An. gambiae Dry diatom powder Mosquitoes which experienced all Sugar water Not
VKPR treatment treatment steps without coming into present significant
contact with diatom (p=0.098)
Table 6 Behaviour effect of two application methods aitdimaceous earth oAn. gambiae s.s.
Mosquito  Treated Control mosquitoes Bio- Flown out of  Behaviour
strain mosquitoes assay release cage effect in bio-
application assay
method
An. Dry diatom Mosquitoes which Eave Significant not significant
gambiae powder treatment experienced all treatment box (p< 0.001) (p=0.770)
S.S. steps without coming into bio-
contact with diatom assay
MM-X Not Not significant
significant (p=0.428)
Diatom-treated Mosquitoes reared in a Eave Significant Significant
filter paper holding cage with sugar waterbox bio- (p<0.001) (p<0.001)
present through an untreated assay
filter paper MM-X  significant Not significant

(p=0.255)
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