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Abstract 

The malaria vectors Anopheles arabiensis and Anopheles coluzzii are widely distributed in sub-

Saharan Africa, the region with the highest malaria burden in the tropics. Previous research 

findings show both positive and negative correlations between Anopheles larvae productivity and 

vegetation in and close to breeding habitats. The aim of the present studies is to determine 

species specific association between Anopheles mosquitoes and grasses in natural habitats.  

Larval sampling in natural breeding sites associated with grasses was used as a proxy to identify 

the link between grasses and oviposition preference in Anopheles mosquitoes. Grasses have their 

own impacts on the life cycle and oviposition behavior of mosquitoes and exploiting their 

potential in vector control is a novel approach. 

Oviposition behaviour of Anopheles mosquitoes is odour-mediated and behavioural response of 

An. arabiensis and An. gambiae/An. coluzzi to volatile extracts of grasses using oviposition and 

attraction bioassays were investigated. The results showed that grass volatiles affect 

differentially oviposition site selection by Anopheles mosquitoes. Both the larval Anopheles in 

natural breeding habitats and gravid female of An. arabiensis and An. coluzzi in laboratory 

demonstrated strong preference to Poaceae grasses than Typhaceae and Cyperaceae grasses (P < 

0.05).   

The dietary effects of grasses pollen was studied to test why gravid Anopheles mosquitoes and 

their larvae show preference hierarchy to grasses. The hypothesis that dietary effect of pollen of 

grasses is based on the quality of pollens and this is characterized by C: N ratio and grain size of 

pollens. The results showed that there were significant differences between pollen from grasses 

by their C: N ratio and grain size (P < 0.0001), and these differences demonstrated differential 

effects on development rate and survival of larval An. arabiensis (P < 0.05). The pollens from all 
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the grasses enhanced pupation rate more than the nitrogen rich artificial diet TetraMin®. The 

small grained and carbon rich Typha latifolia and Pennisetum setaceum pollens resulted in more 

enhanced development rate of larval An. arabiensis than the large grainedcarbon-rich Zea mays 

pollen, nitrogen-rich TetraMin® fish food and Echnocloa pyramidalis pollen. Zea mays pollen, 

and TetraMin® fish food equivalently increased survival of larval An. arabiensis develop in to 

adulthood. The effects of grass pollens in larval diets were more pronounced in the females of 

An. arabiensis.  This is similar with previous studies, indicate that male anophelines develop 

faster and emerge sooner than females. 

The effect of grasses oils on larval survival was also studied to test why both gravid Anopheles 

mosquitoes and their larvae showed lower preferences to Typhacae and Cyperaceae grasses and 

especially no larvae was found in natural breeding habitats associated with Cyperaceae. The 

absence of Anopheles larvae in habitats with Cyperaceae grass is due to higher production of 

natural oil and this could result in mortality of larval Anopheles due to toxic nature of 

Cyperaceae grasses in addition to the physical nature of oils that causes suffocation. The results 

showed the rhizome sections of C. papyrus had significantly higher oil content (2.09 ± 0.23) than 

that of T. latifolia (1.455 ± 0.011) (P <0.05). Oil extracts from both T. latifolia and C. papyrus 

significantly increased larval mortality on An. arabiensis in a dose dependent manner 

(P<0.0001). No significant differences were observed between oils of the two grass species (P = 

0.624). In contrast, increasing the doses of the oils had significant positive correlation with larval 

mortality of the tested mosquito (P < 0.0001). Therefore, it is possible to conclude that 

presence/growing of C. papyrus in breeding habitats could reduce Anopheles mosquito 

population due to the larvicidal effect of higher amount of natural oil production by its rhizome.  
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Generally grasses close to and in breeding habitats are drivers of vector population dynamics and 

malaria transmission: grasses volatiles modulate oviposion site selection, grasses pollen has 

larval nutrition input and grasses oils markedly affect larval survival and development of 

Anopheles mosquitoes. The findings in this study indicated that Poaceae and Typhaceae grasses 

are indicators for the availability of suitable breeding habitats for Anopheles mosquito and could 

help for monitoring malaria vector populations and for planning malaria interventions. In 

contrast, Cyperaceae grasses can be promising component of integrated malaria vector 

management as the rhizome had higher amount of oil which could be released directly to the 

breeding water with larvicidal effects on An. arabiensis.   

Key words: Anopheles arabiensis, Anopheles coluzzii, gravid mosquitoes, attraction, oviposition, 

larval survival, grass volatiles, pollen, oils            
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Chapter 1. General Introduction 

1.1.  Malaria transmission trends and interventions  

1.1.1. Global malaria disease burden  

Malaria is a mosquito vector borne infection and deadly disease affecting humans worldwide. It 

is a major burden in developing countries in the tropics, particularly sub-Saharan Africa where it 

has the greatest impact on health and economic development (WHO, 2015a; 2016). This disease 

causes serious morbidity and mortality in children less than 5 years of age, and pregnant women, 

as well as travelers from malaria-free areas that lack immunity (WHO, 2014; 2015a; 2015b). 

About 3.2 billion people are at risk of malaria infection and associated diseases in many 

countries around the world. Among these, 1.2 billion people are at high risk of morbidity due to 

infection with malaria (WHO, 2014; 2015a). The estimated number of malaria cases in 2014 

were about 198 million with 584 000 deaths, similarly estimated numbers of 214 million malaria 

cases with 438 000 deaths in 2015 (WHO, 2015b).  

1.1.2. Malaria situation in Ethiopia 

Ethiopia is one of the countries in Africa with major malaria burden despite considerable efforts 

that have been made to suppress the level of transmission (FMOH, 2008; 2012). The two 

predominant causative agents of malaria, Plasmodium falciparum Welch and Plasmodium vivax 

Grassi & Filetti are widely distributed in the country and are responsible for 60% and 40% of 

malaria cases, respectively, posing greatest morbidity and mortality in children under age of 5 

years (Alemu et al., 2013; Scott et al., 2016; Seyoum et al., 2016; WHO, 2014; 2016). This is 

due to the challenges in malaria control including the cost of control programs and drugs 
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resistance of the parasites (White, 2004; Gueye et al., 2014; WHO, 2014; 2015b; 2016) as well 

as resistance of vectors to insecticides via natural selection pressure due to injudicious and 

indiscriminate usage (Enayati and Hemingway, 2010; Russell et al., 2011; Yewhalaw et al., 

2011; Protopopoff et al., 2013; Killeen et al., 2014). Rise in temperature and humidity trigerred 

by climate change is one of the factors for increaseed malaria transmission intensity in Ethiopia 

and other tropical coutries due to their favourable effects on the mosquito vector population 

growth and parasite development (Siraj et al., 2014). The presence of Anopheles arabiesnsis 

Patton and P. falciparum in different parts of Ethiopia contributes to most of the malaria burden 

in the country (Abose et al., 1998; Hunt et al., 1998; Seyoum et al., 2016; WHO, 2014; 2016).  

1.1.3. Malaria parasites   

The most studied causative agents of human malaria are protozoan parasites including 

Plasmodium falciparum, P. vivax, P. Malariae Grassi & Filetti, and P. ovale Stephens (Gilles 

and Warrell, 1993; Schlagenhauf, 2004; Snow et al., 2005; Cox, 2010). Recently, the earlier 

primate’s malaria parasite Plasmodium knowlesi Knowles & Gupta is identified in human (Cox-

Singh et al., 2008). Of these Plasmodium falciparum and P. vivax are the principal malaria 

parasites in sub-Saharan Africa and pose greatest health threat in the region (Schlagenhauf, 2004; 

Snow et al., 2005; WHO, 2014). Plasmodium falciparum is known to cause cerebral malaria 

mostly results serious morbidity followed by death (WHO, 2014; 2016).  

Optimal temperature, humidity and precipitation in sub-Saharan Africa are suitable conditions 

for the development of the most important malaria parasite P. falciparum in the mosquito vectors 

(Noden, 1995; Patz et al., 2003; Ramasamy and Surendran, 2012). Plasmodium falciparum is the 

predominant malaria parasite in the low land regions of Ethiopia while P. vivax is common in the 
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cooler temperate areas of the country as it is able to complete its sporogonic development in the 

mosquito vectors at lower temperatures (Scott et al., 2016; Seyoum et al., 2016; WHO, 2014; 

2016).  

1.1.4. Anopheles mosquitoes and malaria  

At present about 537 species of Anopheles mosquitoes are recorded worldwide (Harbach, 2013) 

of which 70 Anopheles species have the capacity to transmit human malaria; and 41 species are 

considered important malaria vectors (Sinka et al., 2010; Harbach, 2013). This difference in 

vectorial capacity among Anopheles species is attributed to the innate genetic variation in 

susceptibility of these Anopheles mosquitoes to the Plasmodium parasites and their longevity and 

capacity to support the parasites to the infective sporozoite stage which can invade humans 

(Blandin et al., 2008; Lefèvre et al., 2013; Clayton et al., 2014).  

The Anopheles gambiae complex including Anopheles gambiae sensu stricto and An. arabiensis 

are the major malaria vectors in sub-Saharan Africa.  Anopheles funestus Giles, Anopheles 

moucheti Evans, and Anopheles nili Theobald are also important malaria vectors in the region 

(Coetzee et al., 1989; Coetzee and Fontenille, 2004; Coetzee et al., 2013). The other members of 

the An. gambiae complex, Anopheles merus Donitz and Anopheles melas Theobald have 

localized significance in transmitting malaria in East Africa and West Africa, respectively.  

In Ethiopia, An. arabiensis is the major malaria vector and Anopheles pharoensis, An. funestus 

and An. nili are also important malaria vectors in different parts of the country (Abose et al., 

1998; Hunt et al., 1998). The distribution range of these malaria vectors is expanding due to 

climate change and global warming that brings favourable temperature for their development and 

survival (Siraj et al., 2014). 
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1.1.5. Factors regulating malaria transmission  

Malaria transmission pattern and its burden widely vary in endemic and epidemic prone areas. 

The physical and biological factors and the interactions between them in the environment affect 

the biology of malaria parasites and the distribution and population dynamics of mosquito 

vectors (Patz et al., 2003; Minakawa et al., 2005; Walton, 2005; Mushinzimana et al., 2006; 

Fillinger et al., 2009; Murdock et al., 2016).  

Environmental factors including temperature, humidity and amount of rainfall are important 

regulators of the biology of both the vectors and parasites of malaria, and consequently affect the 

transmission intensity of the disease (Patz et al., 2003; Ramasamy and Surendran, 2012; 

Abiodun et al., 2013; Ajayi et al., 2010; Yamana and Eltahir, 2013). Murdock et al. (2016) 

reported that increasing temperature as a result of climate change could reduce the vectorial 

potential of the important vectors Anopheles gambiae and Anopheles stephensi in high malaria 

transmission settings. Similarly decreases in temperature negatively impact the populations of 

Anopheles mosquitoes and the development of malaria parasites in the vector, resulting in 

reduced malaria transmission (Noden, 1995; Kirby and Lindsay, 2009) 

Among the biotic factors vegetation and microbial organisms in breeding habitats are sources of 

larval nutrients (Merritt et al., 1992). Vegetation in and close to breeding habitats also provides 

suitable physical microhabitats (Mushinzimana et al., 2006). Anopheles arabiensis larvae occur 

with higher density in microhabitats associated with Poacea grasses than habitats with Typhaceae 

and Cyperaceae (Bøgh et al., 2003; Gouagna et al., 2012; Khater et al., 2013; Asmare et al., 

2017). Grasses provide pollen and detritus for mosquito larvae, and for microbial organisms such 

as bacteria which are parts of mosquito larval food. The pollen from cultivated and wild grasses 
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supplement the natural food for Anopheles larvae in breeding habitats; support the development 

of mosquitoes and increas malaria transmission (Merritt et al., 1992; Ye-Ebyo et al., 2000; 

2003a; Asmare et al., in press). 

On the other hand, natural enemies including predators and parasites in breeding habitats are 

larval mortality factors affecting negatively vector Anopheles mosquito population and reducing 

malaria transmission (Kweka et al., 2011; Omoya and Akinyosoye, 2013).  Moreover, some 

aquatic grasses in breeding habitats have negative impact on the breeding success of malaria 

mosquitoes (Goma, 1960a; Fillinger et al., 2004; Yohannes et al., 2005) which may be due to 

their higher amount of natural oil production which have potential larvicidal effects to suppress 

mosquito population, and therefore reduce malaria transmission (Goma, 1960b; Lindsay and 

Martens, 1998; Mouchet et al., 1998). 

1.1.6. Emerging approaches in malaria vector management   

Prevention and control of malaria transmission using integrated vector management (IVM) and 

prompt and effective treatment of infection with drugs are the corner stone approaches among 

malaria interventions (Lehane et al., 2004; Smith et al., 2011; Kamareddine, 2012; WHO, 

2015b). Vector managemet tools to suppress the population of Anopheles mosquitoes such as 

chemical insecticides, biological control, environmental management, and personal protection 

measures are long time in use to prevent malaria transmission in different malarious regions of 

the world. With these global efforts, it is currently reported that malaria incidence rates are 

reduced by 41% between 2000 and 2015 and by 21% between 2010 and 2015 (WHO, 2016). 

Such suppressed level of malaria incidence has a potential challenge of reemergence and could 
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be a significant public health threat despite the ongoing control efforts (Ecchoff, 2011; Ouattara 

and Laurens, 2015). 

The re-emergence of malaria in many places is attributed to drug resistance of the parasites 

(White, 2004; Gueye et al., 2014; WHO, 2014; 2015b; 2016) and insecticide resistance of 

mosquito vectors (Enayati and Hemingway, 2010; Russell et al., 2011; Protopopoff et al., 2013; 

Killeen et al., 2014; Riveron et al., 2015) and their behavioural changes (Ndenga et al., 2016; 

Russell et al., 2016). Therefore, understanding ecological significance of biological factors 

including microbial population, aquatic invertebrate and vertebrate populations and plants in and 

close to mosquito breeding habitats has crucial input for the development of new vector 

management options.  

Biotic ecological factors like vegetation, natural enemies, micro organisms associated with 

breeding habitats have significant role in regulating survival and population dynamics of malaria 

mosquitoes which can be exploited for vector management (Matias and Adrias, 2010; Kweka et 

al., 2011; Ondiaka et al., 2015). In addition, vector management targeting host seeking 

mosquitoes using human odours (Kline, 2006; Matowo et al., 2013; Webster et al., 2015) and 

gravid traps using electrical devices (Dugassa et al., 2012; 2014; 2016)  provide promising 

insights to exploit physical and chemical signals involved in oviposition site selection by 

Anopheles mosquitoes for malaria vector management.  

As biotic components of mosquito breeding habitats, grasses have their own direct influence on 

the life cycle and behavior of mosquitoes and their potential in vector control remains untapped. 

Therefore, there is a need to investigate species-specific associations between Anopheles 

mosquitoes and grasses for the development of novel and durable vector management options for 
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sustainable integrated malaria vector management (IMVM).  Recently, behavioural and 

physiological responses of gravid females in Anopheles gambiae and Anopheles arabiensis to 

volatiles from soil infusion (Lindh et al., 2015), fungi (Eneh et al., 2016), and from vegetation in 

breeding habitat especially grasses (Wondwosen et al., 2016; 2017; Asmare et al., 2017) offer 

novel approaches for integrated malaria vector management.  

1.2. Rationale of the study 

Research on the role of biotic factors involved in malaria mosquito feeding and breeding 

behaviour and their population dynamics is providing new approaches in the management of 

malaria mosquitoes. Exploiting the ecological interactions in breeding habitats; especially the 

role of grasses on oviposition behavioral response of gravid female Anopheles, as well as the 

survival and development of their immature stages is crucial for the development of novel 

effective malaria vector management options. Mass trapping gravid vector mosquitoes which 

search sites for oviposition using volatiles of grasses is complementary with conventional 

methods currently in use, indoor residual spraying (IRS) and insecticide treated nets (ITNs) for 

the control of host seeking adult mosquitoes. Malaria vectors control at the larval stages using 

natural oils of aquatic grasses in breeding habitats can also be exploited as green insecticides to 

suppress mosquito populations for integrated malaria vector management. In addition, the role of 

grass pollen as a supplementary larval diet in breeding habitats aggravating mosquito 

proliferation need to be investigated for monitoring and intervention.  

The present studies investigates the differential effects of grass volatiles on oviposition behavior 

of the malaria vectors Anopheles arabiensis and Anopheles coluzzii and evaluates the effect of 

grass pollen and oils from breeding habitats on An. arabiensis larval survival and development, 
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and thereby contribute towards novel vector management options for malaria control and 

elimination.  

1.3. Objectives of the study  

1.3.1. General objective  

� To investigate the effects of grasses in natural breeding habitats on oviposition site 

selection and breeding success to adulthood in Anopheles mosquitoes.  

1.3.2. Specific objectives  

 To determine larval density in breeding habitats with dominant grass species 

including Echnocloa pyramidalis, E. stagnina, Typha latifolia and Cyperus papyrus 

around the shore area of Lake Tana, Ethiopia. 

 To evaluate the effect of volatile extracts of E. pyramidalis, E. stagnina, T. latifolia 

and C. papyrus on ovipositon behaviour of gravid An. arabiensis and An. coluzzii 

mosquitoes under laboratory conditions.  

 To investigate the dietary effect of pollen collected from T. latifolia, E. pyramidalis, 

Pennisetum setaceum and Zea mays on survival and development of An. arabiensis 

larvae under laboratory conditions. 

 To evaluate the larvicidal effect of oil extracts from T. latifolia and C. papyrus on An. 

arabiensis larvae under laboratory conditions. 
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Chapter 2. Literature Review 

2.1. Malaria parasite biology and transmission pattern 

The sporogonic development of Plasmodium species occuring in Anopheles mosquito vectors 

depends on environmental factors such as temperature and relative humidity which determine the 

longevity of the vectors to support the parasite to the sporozoite stage (Noden, 1995; Patz et al., 

2003). Moreover, sugar feeding by adult Anopheles mosquitoes from sources of plant species can 

affect a Plasmodium parasite development to the infective stage (Hien et al., 2016).     

Anopheles mosquitoes acquire the gametocyte stages of Plasmodium parasites through blood 

feeding on infected humans (Cox, 2010; Lef `ever et al., 2013). Gametocytes picked from an 

infected person by the female Anopheles mosquito with the blood meal reach the midgut and 

further differentiate in to mature micro and macro gametes (gametogony; Figure 2.1) and 

fertilization takes place in the lumen of the midgut to form zygotes. The zygotes then develop 

into motile ookinetes wich penetrate the midgut epithelium and form oocysts on the outer wall of 

the midgut. Each matured oocyst under goes cell division to form large number of sporozoites 

(CDC, 2016). The mature oocysts rapture and sporozoites are released into hemocoel from where 

they migrate in the hemolyph to invade salivary glands of the mosquito. The sporozoites further 

multiply and stay in the salivary glands of the vector Anopheles mosquito and are injected into a 

new human host with the saliva while the mosquito takes its blood meal (Igweh, 2012; Cox, 

2010).   

The sporozoites introduced into the human body are carried by blood circulation and establish in 

the liver tissue. The sporozoites in liver cells mature into schizonts and undergo asexual 

multiplication which rapture and release large number of merozoites (exo-erythrocytic 
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schizogony; Figure 2.1). The merozoites join into circulatory system where they attack red blood 

cells and develop into trophozoites. These trophozoites undergo asexual multiplication and form 

schizonts in the red blood cells which later rapture to produce large number of merozoites 

(erythrocytic schizogony; Figure 2.1). The repeated invasion of red blood cells by merozoites 

and their development in to schizonts cause distruction of red blood cells which is manifested in 

malaria pathogenesis. At some stage, some of the merozoites develop in to gametocytes in the 

human host and are picked up by the female Anopheles mosquito with the blood meal and the 

extrincic cycle of the parasite (sporogny; Figure 2.1) continues leading to the spread of malaria 

in the human population in a given area (Igweh, 2012; CDC, 2016).  
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Figure 2.1.  Life cycle of malaria parasites (Source: CDC, 2016)  

Malaria in humans is mostly caused by the predominant parasites, Plasmodium falciparum and 

Plasmodium vivax which result in serious impact on public health in different parts of the world 

(WHO, 2014; 2016). Plasmodium falciparum is the most prevalent malaria parasite in Africa 

including Ethiopia which in extreme conditions causes a serious form of cerebral malaria, mostly 

resulting in deaths and often requiring emergency intervention to save the lives of people 

(FMOH, 2004a; 2004b; WHO, 2014; 2016).  Some sporozoites of Plasmodium vivax, P. ovale, 

and P.malariae do not develop and mature into schizonts, and instead remain latent in the liver 

casusing relapse some period of time after recovery (Igweh, 2012).  This requires the use of 

tissue schizonticides to destroy the liver stage of the parasite and prevent relapses (Kyu and 

Fernandez, 2009).  
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Plasmodium vivax has a wider distribution than P. falciparum and is reported in many tropical 

countries as well as some temperate regions of the world including Ethiopia (Alemu et al., 2013; 

Scott et al., 2016; Seyoum et al., 2016; WHO, 2014; 2016). The wider distribution of P. vivax is 

associated with its higher capability than P. falciparum to withstand lower temperatures for 

completing the development processes in the mosquito vector to the infective stage.  Plasmodium 

malariae and P. ovale are among the most studied malaria parasites which have a limited 

distribution and prevalence and cause a mild form of the illness (Mueller et al., 2007). However, 

these mild parasites with the more serious P. falciparum or P. vivax co-infections cause severe 

morbidity which may require  effective treatment (Mueller et al., 2007; Senn et al., 2014; WHO, 

2015a).  

Malaria transmission intensity and prevalence is influenced by physical and biological factors in 

the environment which have significant effects on the development of the parasites in the 

mosquito vectors (Eckhoff, 2011; Ouattara and Laurens, 2015). Favourable temperature, 

humidity and availability of breeding habitats result in an increase malaria mosquito populations 

in sub-Saharan Africa  (Hay et al., 2000; Martin et al., 2008; Abiodun et al., 2013; Beck-Johnson 

et al., 2013), consequently leading to intensified malaria transmission in the region (WHO, 2014; 

2016).  

2.2. Biology and life cycle of Anopheles mosquitoes  

Anopheles mosquitoes undergo holometabolous type of development with the egg stage, four 

larval intars, pupal stage, and adults (Figure 2.2).  Male and female mosquitoes feed on plant 

sugars, swarm and mate in the proximities of breeding habitats. The female mosquitoes then look 

for potential hosts and take blood meals required for egg development.  Blood fed female 
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mosquitoes rest for 2-3 days in which the gonotrophic cycle of blood meal digestion and egg 

maturation is followed by oviposition (Clements, 1992; 1999; Lardeux et al., 2008). The gravid 

females search for breeding sites and choose suitable oviposition sites using combinations of 

visual and chemical cues (Bentley and Day, 1989; Takken and Knols, 1999; Ogbunugafor and 

Sumba, 2008; Okal et al., 2013). A gravid female Anopheles mosquito lays a batch of 50-200 

eggs depending on the mosquito species and nutritional status (Clements, 1992; 1999; Lardeux et 

al., 2008). The eggs  hatch into first instar larvae and feed on  microorganisms, and detritus in 

the breeding habitats  to develop  into second instar, third instar, and fourth instar larvae (Merritt 

et al., 1992; Eckhoff,  2011; Rejmánková et al., 2013). The fourth instar larvae pupate and later 

on the adult Anopheles mosquitoes emerge from the pupae to continue the life cycle (Clements, 

1992; 1999). 

 

Figure 2.2. Life cycle of Anopheles mosquitoes (Adapted from Rejmánková et al., 2013; EPHI, 2017)  
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Adult Anopheles mosquitoes require sugar from host plants as source of energy for swarming, 

mating and searching for blood meals (Manda et al., 2007). Host seeking female Anopheles 

mosquitoes take blood meals from vertebrate hosts and undergo blood meal digestion, egg 

maturation and oviposition to complete the gonotrophic cycle (O’Meara, 1987; Clements, 1992; 

1999; Lardeux et al., 2008). Both male and female mosquitoes feed on sugar sources after 

emergence (e.g. plant juice, nectar, and honeydew) for their immediate energy requirements 

(Gary and Foster, 2004; Manda et al., 2007; Gary et al., 2009).  

2.3. Distribution of major malaria vectors in Africa   

The distribution of the major malaria vectors in different parts of the world is determined by 

environmental factors mainly, temperature and rainfall which influence humidity and availability 

of suitable breeding habitats (Craig et al., 1999; Minakawa et al., 2002; Kashiwada and Ohta, 

2010; Yamana and Eltahir, 2013).  Optimum mean temperatures of 27°C ± 3°C and relative 

humidity of 70 ± 5 % RH (Bayoh and Lindsay, 2003; Murdock et al., 2016) and availability of 

suitable breeding habitats (Ramasamy et al., 1992; Kashiwada and Ohta, 2010) favour higher 

densities of these vector species ofen resulting in increased malaria transmission in different 

parts of the region (Coetzee et al., 1989; Sinka et al., 2010; 2012). 

Increase in temperature above this optimum range due to global warming decreases the survival 

of Anopheles gambiae and malaria parasite development in this vector which could reduce the 

burden of malaria in high malaria transmission settings (Bayoh and Lindsay, 2003; Murdock et 

al., 2016). Moreover, changes below these optimal temperature ranges negatively impacts the 

development of malaria parasites in the vector and reduce densities of the vector mosquitoes with 
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decreased malaria transmision in the region (Bayoh and Lindsay, 2003; Kirby and Lindsay, 

2009).  

Among the Anopheles gambiae complex sibiling species, Anopheles gambiae s.s. Anopheles 

coluzzii Coetzee & Wilkerson, and Anopheles arabiensis are efficient malaria vectors in tropical 

Africa, while Anopheles bwambae White, An. quadriannulatus Theobald and Anopheles 

amharicus Hunt, Wilkerson & Coetzee are members of the An. gambiae complex, but not 

considered as major vectors of human malaria (Coetzee et al., 2004; Hay et al., 2010; Coetzee et 

al., 2013). Anopheles bwambae is restricted in its distribution, only known to occur in 

geothermal springs in western Uganda (White, 1985). Anopheles quadriannulatus and An. 

amharicus are highly zoophilic in their host preference (Coluzzi, 1984).  

Anopheles merus in East Africa and Anopheles melas in West Africa are salinity tolerant malaria 

vectors in the Anopheles gambiae complex contributing to the malaria burden in Africa (Coetzee 

et al., 2004; Coetzee et al., 2013). These species are not as efficient as An. gambiae or An. 

arabiensis in transmitting malaria, and attain dominant vector status at high densities in their 

respective distribution ranges (Cuamba and Mendis, 2009).  

Anopheles funestus, Anopheles moucheti, and Anopheles nili, are also important malaria vectors 

in different parts of tropical Africa (Coetzee et al., 1989; 2013; Coetzee and Fontenille, 2004). 

These species show higher preference to feed on humans (Coetzee and Fontenille, 2004).  

In Ethiopia, An. arabiensis, An. pharoensis, An. funestus, and An. nili are important malaria 

vectors with wide distribution in many parts of the country with An. arabiensis as the 

predominant malaria vector (Abose et al., 1998; Hunt et al., 1998). Anopheles arabiensis is 

widely distributed in malarious areas of the country and its abundance is associated with 
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temporary and semi-permanent microhabitats for malaria transmition (Kibret et al., 2010; 2014; 

Stryker et al., 2012; Jaleta et al., 2013; Asmare et al., 2017).  

2.4. Ecology and behavior of Anopheles mosquitoes 

Host seeking, blood feeding, and oviposition behaviours of adult female Anopheles mosquitoes 

are expressed based on their internal physiological states (Takken and Knols, 1999) and are 

regulated by physical and biological factors in their surrounding environment (Stryker et al., 

2012). Physical and chemical cues produced by the biological components in and around 

breeding habitats are indicators for locating resources including sugar source plants 

(Nikbakhtzadeh et al., 2014), blood meal hosts (Takken and Knols, 1999; Takken, and Verhulst, 

2013), and oviposition sites (Bentley and Day 1989; Beehler et al., 1994) used by Anopheles 

mosquitoes.  

Mosquitoes utilize vision to locate distant habitats of some hosts and oviposition sites (Kennedy, 

1942; Bidlingmayer, 1994; Beehler et al., 1994; Dugassa et al., 2012; 2014). As the sugar 

seeking, host seeking and gravid female Anopheles mosquitoes move close to hosts or 

oviposition sites, olfactory cues become highly important for identifying sugar sources, blood 

hosts and oviposition sites (Webster and Cardé, 2016). Once mosquitoes identify the location of 

sugar sources, blood hosts or oviposition sites, they depend on tactile receptor detectable cues 

including temperature and chemical signals to prefer among the sugar source plants, blood hosts 

and oviposition sites (Bentley and Day, 1989; Takken and Knols, 1999; Manda et al., 2007).  
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2.4.1. Sugar feeding in Anopheles mosquitoes 

Adult Anopheles mosquitoes are attracted by volatiles from host plants and obtain sugar from 

nectar, honeydew, rotting fruits and plant juice (Healy and Jepson, 1988; Knudsen et al., 1993; 

Nyasembe et al., 2012; Nikbakhtzadeh et al., 2014). Sugar feeding plays a significant role in 

regulating vectorial fitness including longevity, fecundity, flight capacity and resource-seeking 

behaviours of female An. gambiae (Gary and Foster, 2004; Manda et al., 2007; Zhu et al., 2015).  

Studies on Anopheles mosquitoes sugar feeding indicate that some plant species reduce the 

vectorial fitness of mosquitoes in transmission of malaria. For example, Mangifera indica fruits 

and Thevetia neriifolia flowers reduce vectorial capacity in laboratory reared Anopheles coluzzii. 

This reduced infective capacity of Plasmodium parasite in An. coluzzii could be due to their toxic 

secondary metabolites and/or their lower nutritional quality which needs further studies (Hien et 

al., 2016). Therefore, utilization of plant species which are anti-Plasmodium sugar sources in 

different environmental situations may be a promising option in controlling malaria transmission 

based on multi trophic interactions of malaria vectors, the Plasmodium parasites and the host 

plant species.  

2.4.2. Mating, host-seeking, and blood feeding in Anopheles mosquitoes 

The newly emerged adult Anopheles mosquitoes swarm and mate once in life for insemination of 

females required for eggs to be fertile (Clements, 1992). Mating behaviour of Anopheles 

mosquitoes is influenced by availability of plant sugars which are used for energy requirements 

needed for swarming and mating performance (Stone et al., 2009; Gary et al., 2009). External 

environmental factors including flight tones, visual cues from the swarm, and chemical cues such 

as pheromones and kiaromones from vertebrate hosts are important in recognition of potential 
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mates by male mosquitoes and mating in Anopheles mosquitoes (Charlwood et al., 2003; Tripet 

et al., 2004; Diabate et al., 2011; Diabate and Tripet, 2015).   

Female Anopheles mosquitoes seek for hosts to take blood meals required for egg maturation and 

nutritional requirements for their survival and longevity (Scott and Takken, 2012). Host 

preferences of Anopheles mosquitoes vary depending on the avilabilty of vertebrate hosts as 

sources of blood meals for egg development. Important malaria vectors including An. gambiae 

s.s., An. coluzzii, An. funestus, An. moucheti, and An. nili are anthropophilic in their feeding 

preference (Coetzee and Fontenille, 2004; Scott and Takken, 2012). An. arabiensis are 

opportunistic, in that these mosquitoes feed on both humans and/or cattle depending on 

availability of the hosts (Dekker and Takken, 1998; Takken and Verhulst, 2013). On the other 

hand, Anopheles quadriannulatus and An. amharicus are predominantly zoophilic in their 

respective range of distribution (Coluzzi, 1984; Dekker and Takken, 1998; Pates, 2002; Takken 

and Verhulst, 2013).   

Anopheles mosquitoes use chemical cues, visual cues, and body heat in locating their blood meal 

sources (Takken and Verhulst, 2013; McMeniman et al., 2014; van Breugel et al., 2015). 

Compounds such as carboxylic fatty acids, lactic acid, ammonia, 1-octen-3-ol, and carbon 

dioxide (CO2) that emanate from vertebrate animals attract host seeking mosquitoes (Kline, 

2006; Webster et al., 2015). Once host seeking mosquitoes locate their preferred host either 

indoors or outdoors they feed on blood from the hosts. Engorged mosquitoes then search for 

suitable resting microhabitats to complete the gonotrophic cycle (Clements, 1999; Lardeux et al., 

2008).  
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2.4.3. Oviposition site selection by gravid Anopheles mosquitoes 

Gravid female of mosquitoes search for oviposition sites, discriminate between the available 

sites and lay their eggs in these suitable site based on physical features and chemical cues from 

the potential breeding sites (Bentlay and Day, 1998).  Research findings indicate that ovipostion 

site selection by gravid female Anopheles mosquitoes is influenced by the ecology of potential 

breeding habitats which can support the development of their immature stages (Muturi et al., 

2012; Himeidan et al., 2013; Afify and Galizia, 2015; Day, 2016). Ecological factors such as 

conspecific density, presence of competitors and natural enemies, temperature, age of the habitat, 

degree of permanency, and the quality and quantity of food resources are regulating oviposition 

site selection by Anopheles mosquitoes. Gravid Anopheles mosquitoes detect all these factors 

using visual, olfactory, gustatory and chemo-tactile cues to discriminate between sites for 

oviposition (Bentley and Day, 1989; Resetarits and Wilbur 1989; Clements 1999; Reiskind and 

Wilson, 2004).  

Olfactory cues such as pheromones and kairomones released from different biotic components in 

breeding habitats are used by Anopheles mosquitoes to locate the suitabile oviposition sites 

(Navarro-Silva et al., 2009). Oviposition pheromones in conspecific larval habitats at lower 

densities attract the gravid Anopheles gambiae (Munga et al., 2006a; Ogbunugafor and Sumba, 

2008).  On the other, hand oviposition pheromones emanating from higher density of conspecific 

immature stages act as repellents, since gravid female An. gambiae and Aedes Aegypti recognizes 

higher densities of conspecific immatures as competitors (Michaelakis et al., 2005; Munga et al., 

2006a; Ogbunugafor and Sumba, 2008). 



20 
 

Microbial origin olfactory cues released by bacteria and filamentous algae in breeding habitats 

attract gravid Anopheles gambiae and An. pseudopunctipennis (Sumba et al., 2004; Huang et al., 

2006; Torres-Estrada et al., 2007).  Cedrol is a bioactive compound released from soil infusion 

that attracts gravid An. gambiae (Lindh et al., 2015). Other compounds such as phenol, 4-

methylphenol (p-cresol), 4-ethylphenol, indole, and 3-methylindole (skatole) produced from 

fermenting plant parts and grassses by microbial activities act upon plant materials which 

facilitates fermentation. The compounds released out from the fermentation process are 

oviposition attractants and stimulants for several mosquito species (Afify and Galizia, 2015).  

Volatile extracts from grass species including Brachiaria mutica, Cynodon dactylon, Jouveastra 

minea, Fimbristylis spadicea, and Ceratophyllum demersum attract gravid female of Anopheles 

albimanus at lower doses (Torres-Estrada et al., 2005). These volatile extracts are a mixture of 

terpenoid and alcohol identified as guaiacol, phenol, isoeugenol, longifolene, caryophyllene, 

phenyl ethyl alcohol, and p-cresol. These findings suggest that volatiles released from live 

grasses around breeding habitats could be important olfactory cues for oviposition site selection 

by gravid females Anopheles mosquitoes (Himeidan et al., 2013). Volatiles from wild Poaceae 

grasses including Echinocloa pyramidalis and E. Stagnina showed higher oviposition attractant 

and/or stimulant effects on gravid females of An. arabiensis and An. coluzzii compared to those 

of Typha latifolia (Typhaceae) and Cyperus papyrus (Cyperaceae) grasses (Asmare et al., 

2017a). Moreover, volatiles of cultivated Poaceae grass species such as rice (Oryza sativa) and 

maize (Zea mays) attract gravid females and/or stimulate oviposition in An. arabiensis 

(Wondwosen et al, 2016; 2017).  

Volatiles produced by predators and competitors act as kiaromones and deter mosquitoes from 

ovipositing in habitats where these natural enemies are present (Munga et al., 2006a). For 
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instance, volatiles from the backswimmer Notonecta maculate repell and deter ovipositing 

females of An. gambiae, Culiseta longiareolata, and Culex laticinctus from laying their eggs in 

and close to natural enemies’ habitats which will reduce survival and development success of 

their offspring (Arav and Blaustein, 2006; Munga et al., 2006a; Silberbush et al., 2008; 2010). 

These findings indicate that gravid mosquitoes are highly dependant on olfactory cues to select 

suitable oviposition site close to nutrient resource microbial populations and vegetation and 

avoid laying their eggs in habitats with mortality factors and natural enemies to ensure survival 

and development of their offspring until adult emergence.  

2.5. Factors regulating Anopheles mosquito populations      

2.5.1. Environmental factors  

Temperature, relative humidity, and precipitation affect Anopheles mosquito population 

dynamics and malaria transmission intensity (Kashiwada and Ohta, 2010; Ramasamy and 

Surendran, 2012). The rise in temperature due to global warming has increased the distribution 

of Anopheles mosquitoes and malaria transmission to cooler areas where they have not been 

observed before. Malaria incidences  reported in the highlands of sub tropical and temperate 

zone  areas which previously were free from the disease are triggered by increases in temperature 

(Ramasamy and Surendran, 2012; Wimberly et al., 2012; Beck-Johnson et al., 2013).   

The range of temperature which favours proliferation of Anopheles gambiae is about 24°C-30 °C 

(Bayoh and Lindsay, 2003; Murdock et al., 2016). Even though a limited rise in temperature 

from the optimal range increases vector population densities, increases above these optimal 

temperatures  could potentially reduce malaria transmission in high transmission settings 

(Murdock et al., 2016) and decreases below the optimal ranges negatively impacts on the 
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development of malraia mosquitoes (Hay et al., 2000; Martin et al., 2008; Kirby and Lindsay, 

2009).  

The amount of precipitation also affects availability of breeding sites and survival of the vector 

mosquitoes. Increased rainfall optimizes the relative humidity and increases the availability of 

breeding pools which favour the development and survival of the An. gambiae complex 

mosquitoes and other malaria vectors which leads to increases in mosquito population densities 

and malaria transmission (Ramasamy et al., 1992; Kashiwada and Ohta, 2010; Yamana and 

Eltahir, 2013).  However, excessive rainfall reduces mosquito population by washing away the 

aquatic stages from breeding habitats (Ajayi et al., 2010; Ramasamy and Surendran, 2012).  

2.5.2. Biotic resources in Anopheles breeding habitats   

Microbial fauna/flora as well as aquatic vegetation including algal mats and macrophytes are 

food resources for mosquito larvae in aquatic habitats. The microorganisms and organic detritus 

in most natural aquatic habitats provide the bulk of larval food and also contribute to 

productivity of breeding habitats (Merritt et al., 1992). Grasses and other vegetation in and close 

to breeding habitats increase detritus which provide nutrients for mosquito larvae (Himeidan et 

al., 2013). Moreover, grasses around Anopheles mosquitoes breeding habitats provide their 

pollen and supplement the natural food in the larval habitats (Ye-Ebyo et al, 2000; 2003a).  

Availability of larval food in breeding habitats is a vital requirement for survival and 

development of Anopheles mosquitoes which determines their larval abundance and vectorial 

capacity of adult populations of An. gambiae, An. coluzzii, An. darlingi, and An. stephensi 

(Araújo et al., 2012; Takken et al., 2013; Shapiro et al., 2016; Vantaux et al., 2016).  The quality 

of larval food also affects larval development rate and flight, reproductive fitness, survival, 
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longevity and larger body size for adult mosquitoes and determines their vectorial capacity upon 

emergence (Ye-Ebiyo et al., 2000; 2003a; Kivuyo et al., 2014; Moller-Jacobs et al., 2014; 

Vantaux et al., 2016).  

The quality of larval food in breeding habitats is characterized by nutrient content including 

proteins, carbohydrates, amino acids, vitamins, and minerals (Merritt et al., 1992). Other 

characteristics of food such as particle size affect the rate of ingestion and assimilation in 

Anopheles larvae (Merrit et al., 1992); grain size and C: N ratio of grasses pollen affects larval 

development rate and survival of Anopheles arabiensis, which may determine thier vectorial 

fitness (Asmare et al., 2017b). 

2.5.3. Biotic mortality factors in Anopheles mosquitoes   

Predators have significant ecological roles in regulating Anopheles mosquitoes populations in 

breeding habitats and are the major larval mortality factors under natural conditions (Matias and 

Andrias, 2010; Kweka et al., 2011; Omoya and Akinyosoye, 2013).  Predacious aquatic insects, 

nematodes, cyclopoid copepods, and larvivorous fish in breeding habitats play role in reducing 

mosquito populations (Marten and Reid, 2007; Chandra et al., 2008; Kamareddine, 2012). The 

notonectids including belostomatids and amphibians (Ohba et al., 2010), crustaceans (Su and 

Mulla, 2002), dragonflies and damselflies (Mandal et al, 2008; Manna et al., 2008), and wolf 

spiders (Futami et al., 2008) are also common predators of mosquito larvae and pupae. These 

predatory species are frequently encountered in breeding habitats of An. gambiae s.l. such as 

agricultural drainages, rice fields and small water bodies where they play important roles in 

suppressing populations of An. gambiae complex and An. funestus in malariuos areas (Minakawa 

et al., 2005). 
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Entomopathogenic fungi with mosquitocidal activities in the genera Coelomomyces, 

Culicinomyces, Beauveria, Metarhizium, Lagenidium, and Entomophthora have the potential to 

reduce the populations of Anopheles mosquitoes under natural conditions which can be exploited 

for malaria vector management (Mnyone et al., 2009; Ondiaka et al., 2015). Protozoan species 

such as Vavraia culicis and Nosemia algerae check mosquito vector populations under natural 

conditions and can be exploited as biological agents to reduce malaria transmission (Yap, 1985; 

Kamareddine, 2012). Bacillus thuringiensis israelensis (Bti) and Bacillus sphaericus (Bs) are 

naturally occurring entomopathogenic bacteria with larvicidal effects on Anopheles mosquitoes  

and are used in biological control of mosquito larvae (Charles and Nielsen-LeRoux, 2000; Lacey 

and Siegel, 2000; Kamareddine, 2012).    

Breeding habitats with Cyperus papayrus and Phragmites australis are found with lower 

densities of Anopheles mosquito larvae (Goma, 1960a; Fillinger et al., 2004; Yohannes et al., 

2005). The possible explanation for reduced densities of the larvae in these habitats is the release 

of natural oils from these grass species (Lindsay and Martens, 1998; Mouchet et al., 1998) which 

cause suffocation due to surface layer on breeding water (Goma, 1960a) and the larvicidal 

toxicity (Ameen et al., 2011; Kweka et al.,  2012). This is in contrast to the role of these grasses 

in providing larval nutrient resources (Merritt et al., 1992; Ye-Ebyo et al., 2000; 2003a) and 

creating larval microhabitats with shade from sunlight and optimum water temperature (Manguin 

et al., 1996; Bayoh and Lindsay, 2003; Paaijmans et al., 2008; Ndenga et al., 2011).  

2.6. Vector management in malaria control   

Vector management is an effective malaria control approach long time in use to reduce the 

public health burden, morbidity and mortality in malarious areas in different parts of the world 



25 

 

(WHO, 2014; 2015c). Malaria vector management using chemical insecticides and non chemical 

control measures such as genetic modifications of mosquito vectors, environmental management 

and personal protection methods as components of integrated vector management (IVM) are 

recommended to reduce populations of mosquitoes and their vectorial fitness (Yohanis et al., 

2005; Corby-Harris et al., 2010;  Kamareddine, 2012; Alphey et al., 2013; WHO, 2015b).   

 2.6.1. Chemical insecticide-based vector management 

Chemical insecticides used for malaria vector control include larvicides applied in breeding 

habitats and adulticides used as indoor residual spraying (IRS) and insectide treated nets (ITNs).  

These vector managemet tools are effective conventional options which incorporate utilization of 

of chemical insecticides (WHO, 2012). Chemical insecticides such as petroleum oils, Paris green 

(copper acetoarsenite), monolayer surface films, dichlorodiphenyltrichloroethane (DDT), 

organophosphate formulations, synthetic pyrethroids and insect growth regulators are used to 

control malaria mosquitoes at the larval stage (WHO, 2005). Chemicals insecticides including 

dichloro-diphenyl-trichloroethane (DDT), chlordane, toxaphene, dieldrin, aldrin, endrin, 

heptachlor and mirex are highly persistent and have effects on non-target aquatic organisms, as 

well as they are with a property for resistance development of mosquito vectors (Fu et al., 2003). 

Instead the less persistent and relatively safe compounds, such as carbamates, pyrethroids, and 

Temephos are recommended for use as larvicides (WHO, 2006).  

Insecticides including pyrethroids, organophosphates and carbamates are used for IRS, whereas 

only pyrethroids are used for ITNs.  Implimentation of IRS for the management of host seeking 

mosquito vectors protects about 106 million people globally with the 49 million people in Africa 

from malaria in 2015 (WHO, 2016).  Even though implementation of IRS has limitations in 
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terms of resources and cost in many parts of sub-Saharan Africa, there are evidences for the 

effectiveness of these control measure in reducing malaria transmission in this region (WHO, 

2015c). The utilization of ITNs in combination with IRS is also effective for the control of 

malaria vector populations (West et al., 2014; WHO, 2015c). Scaling up the coverage of these 

chemical insecticide-based vector management options reduces malaria incidence globally 

(WHO, 2016).  

2.6.2. Non-chemical vector management options  

Modifying the environment to make breeding habitats un-suitable affects malaria mosquito larval 

development and survival which could contribute to reduce adult mosquito populations and 

intervene with malaria transmission (WHO, 1982; Yohannes et al., 2005). Environmental 

modification activities include flooding or draining of wetlands, controlling water levels in 

reservoirs, rotating vegetation cover in irrigation and other agricultural fields, and altering water 

salinity are used and successful measures (WHO, 1982; Rafatjah, 1988). In addition, the growing 

of shade trees near breeding habitats could reduce breeding water temperature, and consequently 

reduce the mosquito vectors populations (Rafatjah, 1988; Laumann et al., 2010).  

Knowledge about interactions of malaria mosquitoes with the environment and community 

mobilization for environmental modification activities is crucial for effective suppression of 

mosquito vector population (Knight et al., 2003; Yohannes et al., 2005). For example, source 

reduction and destruction of breeding habitat of mosquitoes in collaboration with the community, 

resulted in reduction of half percentage (50%) of An. arabiensis population and malaria 

transmission in north Ethiopia (Yohannes et al., 2005). Moreover, care should be taken to avoid 

malaria mosquito proliferation due to road and dam construction, and development of irrigation 
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schemes; these developmental activities should be accompanied with proper design and 

maintenance to avoid mosquito breeding pools (Knight et al., 2003).  

Biological control of mosquitoes using the entomopathogenic fungi Metharhizium anisopliae and 

Beuveria bassiana as adulticides (Scholte et al., 2003; Mnyone et al., 2009; Mouatcho, 2010; 

Ondiaka et al., 2015) and the bacteria Bacillus thuringiensis israelensis (Bti) and Bacillus 

sphaericus (Bs) as larvicides (Lacey, 2007; Kamareddine, 2012) are widely used in integrated 

vector management to suppress populations of malaria mosquitoes in different transmission 

settings. Viruses such as Anopheles gambiae denso virus (AgDNV) with larvicidal and 

adulticidal activities could also be considered for management of malaria mosquitoes (Ren et al., 

2008). The protozoan entomopathogenic species Vavraia culicis and Nosemia algerae retard the 

development of Plasmodium parasites in the mosquito vector and potentially be exploited for 

integrated vector management (Yap, 1985). Introduction of Gambusia affinis and Tilapia nilotica 

in ponds and reservoirs will benefit communities in reducing malaria mosquito populations in 

addition to fish farming (Menon et al., 1978; Chandra et al., 2008).   

Personal protection methods including air-conditioning, screens, covering exposed parts of the 

body during biting periods are environmentally friendly malaria mosquito management methods 

used to reduce human vector contact (Schoepke et al., 1998; WHO, 2015a). Natural or synthetic 

repellents are applied on skin or cloth and as aerosols within a house for personal protection 

methods against mosquito bites (Maia and Moore, 2011; Leal, 2014; CDC, 2017).  Integrated use 

of these repellents with ITNs protects people against mosquito bites indoor and outdoor 

(Mng'ong'o et al., 2011; Sangoro et al., 2014).  
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Plant species, Corymbia citrodora and Ocimum suave volatiles in the smoke of burning as well 

as fresh leaves have repellent effects against malaria and yellow fever vector mosquitoes (Dube 

et al., 2011); Eucalyptus camaldulensis volatiles in the burning smoke have repellent effects on 

Anopheles arabiensis and Anopheles pharoensis (Dugassa et al., 2009); Ocimum 

kilimandscharicum volatiles in the smoke of burning as well as fresh leaves show repellence 

activities on An. arabiensis and An. gambiae (Kweka et al., 2008); and mosquitocidal and 

repellent effects of different plant species (Karunamoorthi et al., 2015) provide hints that we 

have many opportunities to use host seeking vector mosquito repellents.  

P-menthane-3, 8-diol (PMD) and Cidriodiol are identified as natural plant derived compounds 

which have remarkable ability to repel host seeking mosquitoes (Maia and Moore, 2011, CDC, 

2017). Even though the synthetic repellent N, N-Diethyl-3-methlybenzamide (DEET) is still in 

use (Leal, 2014), the plant derived repellents are more promising green protectants in terms of 

reducing the risk of chemical insecticides (Karunamoorthi et al., 2015). 

2.6.3. Genetic modification in mosquito vector management  

Genetic modification on mosquitoes is used to induce sterility and refraction against the 

pathogens they transmit, to reduce population densities, and vectorial fitness of the mosquitoes 

(Alphey et al., 2010; 2013; Atyame et al., 2015; Mains et al., 2016). It requires expensive 

procedures and uses specific technologies including sterile insect technique (SIT) with 

recombinant DNA technology, irradiation, and infection with Wolbachia to produce sterile 

mosquitoes (Alphey et al., 2010; Mains et al., 2016). Application of this method may also be 

constrained by cultural, political, or regulatory issues (Alphey et al., 2010; McLean and Jacobs-

Lorena, 2016). 
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Sterile Insect Tecnique (SIT) uses releasing laboratory reared sterile male mosquitoes which 

have the capacity to compete with fertile wild male mosquitoes for mating in natural conditions. 

The repeated releases of sterile males of a given mosquito species has the potential to reduce its 

population densities in successive generations. Inducing sterility in mosquitoes using Wolbachia 

for SIT is a widely used approach in genetic control of mosquito vectors. Successful sterility of 

males in Aedes aegypti and Culex quinquefasciatus using Wolbachia has been effectively 

implemented for the control of these mosquitoes (Alphey et al., 2013; Atyame et al., 2015).  

The replacement of wild mosquitoes with transgenic non-biting mosquitoes or mosquitoes that 

are refractory to the pathogens is another approach involving genetic modification that reduces 

the vetorial fitness of the mosquito. This approach requires molecular tools that allow gene 

manipulation (Toure et al., 2004; Terenius et al., 2008). Genetic modification in mosquitoes for 

malaria control aims to suppress the mosquito vector populations by transgenic manupliation of 

inheritable lethal genes and/or by reduction of susceptibility of vectors to the Plasmodium 

parasites resulting in the buildup of refractory mosquitoes in successive generations (Corby-

Harris et al., 2010; McLean and Jacobs-Lorena, 2016).  

2.7. Challenges and perspectives in malaria vector management 

Targeting adult stages of mosquito vectors  using ITNs and IRS have become less effective due 

to development of insecticide resistance in Anopheles mosquitoes (Enayati and Hemingway, 

2010; Yewhalaw et al., 2011; Protopopoff et al., 2013; Riveron et al., 2015) and the behavioural 

shift of mosquitoes from indoor feeding and indoor resting to outdoor feeding and outdoor 

resting behaviour in An. arabiensis (Russell et al., 2011), in An. gambiae (Kitau et al., 2012;  

Ndenga et al., 2016), and An. farauti (Russell et al., 2016). 
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Effective management of malaria mosquitoes by integrating source reduction and application of 

natural enemies in larval habitats (Sharma et al., 1986); community mobilization for the proper 

utilization of ITNs and larval source management (Yasuoka et al., 2006); integrated application 

of IRS and ITNs (Beier et al., 2008)  are recorded in many high malaria transmission settings. 

Moreover, including semiochemicals as a component of integrated mosquito vector management 

has a potential to enhance sustainable management of malaria vectors. There are success stories 

of integrated vector management in several countries of the world that involved semiochemicals 

for malaria suppression (Otieno et al., 1988; Barbosa et al., 2010; Michaelakis et al., 2005). For 

example, host seeking mosquito trap baited with human foot odours and CO2 treated with the 

insecticide pyriproxifen and used with LLINs reduces populations of An. arabiensis (Matowo et 

al., 2013). 

Further innovations are required to develop novel vector management options to reduce the 

limitations of chemical insecticides, their ineffectiveness to control mosquito vectors due to 

resistsnce development and behavioural shift of the mosquitoes, consequently minimize malaria 

transmission. Knowledge on ecological factors regulating the biology and behaviours of 

mosquitoes and consequently their population dynamics as well as epidemiological profile of 

malaria transmission provides opportunities to expoloit their potential for the development of 

ecologically sound and sustainable interventions. Research on odour-mediated behaviours of 

malaria mosquitoes using volatiles (Michaelakis et al., 2005; Nikbakhtzadeh et al., 2014; van 

Loon et al., 2015) can be innovative in the development of new interventions to overcome the 

challenges related with usage of IRS and ITNs.  

Grasses associated with breeding sites are among biological components which have potential 

roles in regulating behaviours of Anopheles gravid females in oviposition site selection, larval 
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survival and development. For these reasons, the present study is undertaken to determine 

ecological significance of grasses and their products including volatiles, pollen and natural oils 

on oviposition site selection, larval survival and development of malaria mosquitoes in breeding 

habitats.  
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 Chapter 3. The Role of Grass Volatiles on Oviposition Preferences by 

Anopheles arabiensis and Anophele coluzzii 

3.1. Introduction  

Oviposition site selection by gravid Anopheles malaria mosquitoes is a key moment in the 

reproductive success of the individual, and thus the population dynamics of the species (Ndenga 

et al., 2011; White et al., 2011). Consequently, the search for an oviposition site has important 

implications with regard to the control of malaria vectors (White et al., 2011). When insects 

select oviposition sites, they make choices on increasingly fine spatial scales, starting with 

selecting a habitat in which to search (Hambäck et al., 2009; Raffa et al., 2016; Webster and 

Cardé, 2016). In the case of egg-laying mosquitoes, they may have to leave a habitat in which 

they have been acquiring blood meals, in order to enter a habitat containing egg-laying sites. 

These habitats differ in physical, chemical and biological characteristics providing cues for the 

searching female, and directly influencing the distribution, survival and abundance of mosquito 

larval populations (Gimnig et al., 2001; Minakawa et al., 2004; Vanwambeke et al., 2007; 

Fillinger et al., 2009; Ndenga et al., 2012).  

The use of an oviposition site by mosquitoes is dependent on their relative position in the 

landscape (Mushinzimana et al., 2006; Vanwambeke et al., 2007; Fillinger et al., 2009; Ndenga 

et al., 2012), visual cues (Dugassa et al., 2012; 2014), water vapour plumes (Okal et al., 2013), 

semiochemical cues associated with water bodies (Rejmánková et al., 2005; Sumba et al., 2008; 

Afify and Galizia, 2015; Lindh et al., 2015) and the physical parameters of the water (Gimnig et 

al., 2001; Minakawa et al., 2004). 
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The most productive natural larval habitat types for An. gambiae/An. coluzzii and An. arabiensis 

are transient puddles (Ndenga et al., 2011), often surrounded by short grasses (Minakawa et al., 

2004; Fillinger et al., 2004; 2009). Both of these major vectors in sub-Saharan Africa have also 

been recorded in more stable water bodies, such as the littoral zone of lakes and in swamps 

(Fillinger et al., 2004; Minakawa et al., 2005; Imbahale et al., 2011; Ndenga et al., 2011; 

Minakawa et al.,  2012; Asmare et al., 2017). Vegetation often populates these wetland habitats 

(Fillinger et al., 2004; Ndenga et al., 2011; Minakawa et al., 2012), and An. gambiae/An. coluzzii 

and An. arabiensis are commonly found amongst cattails (Typha spp.; Typhaceae) and dallis 

grasses (Paspalum spp.; Poaceae) (Bøgh et al., 2003; Gouagna et al., 2012; Khater et al., 2013). 

In contrast, habitats populated by reeds (Phragmites spp.; Poaceae) and papyrus (Cyperus 

papyrus; Cyperaceae) generally produce low numbers of mosquitoes (Goma, 1960b; Fillinger et 

al., 2004; Yohannes et al., 2005); probably due to the natural oil production of these species that 

reduces larval survivorship (Lindsay and Martens, 1998; Mouchet et al., 1998). Hence, grasses 

appear to play an important role in the natural breeding site selection of An. arabiensis and An. 

gambiae/An. coluzzii.  Yet, the influence of natural grasses and other emergent vegetation on the 

oviposition site selection by gravid female Anopheles mosquitoes is not clearly understood. 

Moreover, the nature of the volatiles emitted from wild grasses and how they affect the 

behaviour of An. arabiensis and An. gambiae/An. coluzzii has not been investigated to date.  

The objective of this study was to investigate anopheline larval occurrence and abundance in 

natural breeding habitats populated by four wild grass species: antelope grass, Echinochloa 

pyramidalis (Poaceae); hippo grass, Echinochloa stagnina (Poaceae); common cattail; Typha 

latifolia (Typhaceae); and papyrus reed, Cyperus papyrus (Cyperaceae), and to correlate the 

behavioural response of gravid An. arabiensis and An. coluzzii to the natural volatiles collected 
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from these grasses. The implications for anopheline ecology and vector management are 

discussed. 

3.2. Materials and methods 

3.2.1. Description of study sites and Anopheles larval sampling  

Anopheles larval sampling was made in potential breeding habitats at the southern littoral region 

of, and wetlands adjacent to, Lake Tana, Ethiopia (11°37′ N, 37°21′ E; 1830 m above sea level), 

(Figure 3.1). The climate of the study area is typical of semi-arid regions close to the equator, 

with a high diurnal temperature variation between daytime extremes of 30 °C to night time lows 

of 6 °C, but mainly varies between 20-27 °C. Rainfall may reach up to 2000 mm per year, falling 

in one rainy season from May to October, with a peak during July–August (Vijverberg et al., 

2009). During the El Niño event of 2014–2015, this region experienced a severe drought, with an 

overall reduction in rainfall of on average 50% (FAO, 2016), which had a drastic effect on 

Anopheles mosquito populations. For this reason, larvae of all stages, rather than first instars 

alone, were collected once in early September and again in late September 2015, in an attempt to 

sample during the main proliferation period of mosquitoes in the study area. Cyperus papyrus 

and Typha latifolia are among the dominant grasses in deep water bodies of the lakeshore, 

whereas Echinocloa pyramidalis and Echinocloa stagnina predominantly are found at the edge 

of the lakeshore or in wetlands adjacent to the lake (Appendices, Plate A).  
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Figure 3.1. Map of study area at the southern gulf of Lake Tana, around Bahir Dar.  

In the study area, 10 sub-sites dominated by each individual grass species were selected.  In each 

sub-site, 10 separate samplings of larvae (technical replicates) were made using a standard 350 

ml dipper (WHO, 2005). The collected Anopheles larvae were counted and recorded for each 

larval habitat associated with the different grass species. Of the collected larvae, 10 % were 

preserved in 70 % ethanol for subsequent identification to species using standard PCR analysis 

(Scott et al., 1993).    

3.2.2. Headspace odour collection from grasses in breeding habitats 

Freshly cut grass (100 g), including the vegetative and reproductive parts (Asmare et al., 2017), 

was enclosed in a Teflon bag (Toppits, Cofresco, Germany). A charcoal-filtered continuous 

airstream (1 l min−1) was drawn by a Personal Air Sampler (PAS-500, Spectrex, Redwood City, 

CA, USA) over the grass onto an aeration column for 2 h (Figure 3.2). Aeration columns were 

made of Teflon tubing (4.5 cm x 3mm i.d.), holding 50 mg Porapak Q (50/80 mesh; Waters 

Associates, Milford, MA, USA) between glass wool plugs. The columns were rinsed with 1 ml 

re-distilled n-hexane (Merck, Darmstadt, Germany) before use. Adsorbed volatiles were eluted 
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with 300 µl re-distilled n-hexane. Odour collections from each grass species were pooled 

separately and then stored in sealed glass capillary tubes at -20 °C until used for behavioural 

experiments. 

 

Figure 3.2. Head space grass odour collection using fresh cut grass sample enclosed in a Teflon bag, a 

Personal Air Sampler with Teflon tubing holding 50 mg Porapak, and a wire guaz bag holding charcoal to 

filter the air.   

3.2.3. Anopheles mosquito rearing  

Anopheles arabiensis (Dongola strain) and Anopheles coluzzii (Suakoko strain) were kept at 

27±1 °C, 70± 5 % RH, and at a 12 h: 12 h light: dark photoperiod. Larvae were reared in plastic 

trays (22 cm ✕ 34 cm ✕ 10 cm) filled with 1 l distilled water, and fed powdered Tetramin® fish 

food (Tetrawerke, Melle, Germany) daily. Pupae (80-100) were placed in BugDorm-1 insect 

cages (30 cm ✕ 30 cm ✕ 30 cm; Mega View Science, Taiwan) for adult emergence. Adult 
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males and females were kept together and provided ad libitum access 10 % sucrose solution. For 

colony maintenance, female mosquitoes were blood fed on de-fibrinated sheep blood via a 

membrane-feeding system (Discover Workshops, Accrington, UK). Eggs were laid in 30 ml 

plastic cups (Nolato Hertila, Sweden) filled with distilled water, and then transferred to larval 

trays for hatching. For experiments, female mosquitoes, 4 days post-emergence, were allowed 

access to sheep blood (Håtunalab, Bro, Sweden) from an artificial feeder (Hemotek Discovery 

Workshops, Accrington, UK) for 3 h. The engorged females 6-8 h post-blood meal were then 

transferred to a new cage until used for experiments to test behavioural responses of gravid 

females to grass volatiles in light, temperature and moisture regulated experiment rooms in SLU, 

Alnarp, Sweden.  

3.2.4. Wind tunnel attraction bioassay   

Attraction of Anopheles arabiensis and Anopheles coluzzii to the headspace odour extracts of the 

four grass species was analysed in a wind tunnel assay (Majeed et al., 2014) (Figure 3.3). Cotton 

rolls (DAB Dental AB, Upplands Väsby, Sweden) were used as dispensers, and the amount of 

extract pipetted onto the dispensers corresponded to the amount of volatiles released during 0.04, 

0.4, 4, 10, and 20 min from the individual grass species. An equivalent amount of n-hexane was 

used as a control. Both treatment and control dispensers were suspended from a 5 cm wire coil at 

the upwind end of the wind tunnel (Appendices, Plate D).  

Ten individual female mosquitoes, 48 h post-blood meal, were transferred to a release cage 2 h 

prior to experiments (Appendices, Plate D). The chambers were then placed in the downwind 

end of the wind tunnel, where the insects were allowed 5 minutes to adapt, before the butterfly 

valve of the cage was opened for their release (Figure 3.2). Attraction to either treatment or 

control was analysed as the proportion of mosquitoes that made source contact within one minute 
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after release. Each release rate for each grass volatile extract and the control was replicated ten 

times.  

One experiment day was used for each grass volatile, starting with the control (the solvent n-

hexane) and continued for a given grass volatile from the lower to the higher release rates. The 

glass made wind tunnel chamber and wire coil which carry the odour dispensers were washed 

with alcohol and distilled water. Thenafter these materials were placed in oven for 8 h to make 

them odour free for the next day experiment. The mosquito release cages were also washed and 

left aeration between each grass volatile experiment day to avoid any odour contamination.     

 

Figure 3.3. Wind tunnel experimental setup for behavioural bioassay: (a) charcoal filtered and 

humidified air, (b) pressurized air inlet, (c) stimulus inlet into which the odours were blown to 

travel through (d) stainless steel mesh plume diffusers, (e) and into the glass flight tunnel (f) 

towards release chamber. (Source: Majeed et al., 2014) 

3.2.5. Two-choice oviposition bioassay in experimental cages 

The oviposition response of Anopheles arabiensis and Anopheles coluzzii to the volatile extracts 

of the four grass species was analysed in BugDorm-1 insect cages kept in a climate-controlled 

room at 25 °C, 70±5 % RH, and at a 12 h: 12 h light: dark photoperiod. Plastic cups (30 ml; 
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Nolato Hertila) filled with 10 ml distilled water provided the oviposition substrate, and were 

located in opposite corners of the cage, 2 cm from each wall (Figure 3.4). The treatment cups 

were conditioned with one of the wild grass volatile extracts, in the same amounts used in the 

wind tunnel bioassay. An equivalent amount of n-hexane was used as a control. Location of 

treatment and control cups in experiment cage were exchanged in between each experiment 

(Asmare et al., 2017a). Ten mosquitoes, 48 h post-blood meal, were released into the 

experimental cages at 08:00-10:00, and the number of eggs in the treatment and control cups 

counted after 48 h. An oviposition index was determined by: (number of eggs laid in treatment 

cup - number of eggs laid in control cup) / (total number of eggs within the experimental cage). 

Each release rate of each grass volatile extract was replicated 5 times. 

 

Figure 3.4. Two-choice oviposition bioassay setup in experimental cage: (A) experiment cages arranged 

on shelf, (B) treatment and control cups arranged in the experiment cage.  

3.2.6. Multi-choice oviposition bioassay in semi-field tent experimental setting 

Greenhouse cage tents (2 m ✕ 2 m ✕ 2 m; BioQuip, Rancho Domniguez, CA, USA) were used 

as multi-array bioassays to analyse the oviposition preference of Anopheles arabiensis and 

Anopheles coluzzii to the four wild grass volatile extracts and a control (Figure 3.5). The tents 
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were kept in a greenhouse (Appendices, Plate B) at 27±1 °C, 50±5 % RH, and at a 12 h: 12 h 

light: dark photoperiod. As above, 30 ml plastic cups filled with 10 ml distilled water provided 

the oviposition substrate. Treatment cups were conditioned with the four wild grass volatile 

extracts in an amount corresponding to the volatiles released during 0.4 min from the individual 

grass species, while the control cup was conditioned with the equivalent amount of n-hexane. 

Treatment and control cups were set up in a 5 x 5 matrix (20 cm between cups) (Appendices, 

Plate C). The matrix was changed in between replicates (n=10 for each Anopheles species) to 

avoid position effects of the treatments (Asmare et al., 2017a). Twenty female mosquitoes, 48 h 

post-blood fed, were released into the tents, and the number of eggs counted after 24 h. The 

oviposition response was scored by counting the number of eggs in the treatment and control 

cups. 

 

Figure 3.5. Multi-choice oviposition bioassay setup in experimental tent: (A) experiment tents arranged in 

green house, (B) treatment and control cups arranged in experiment tent. 
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3.2.7. Statistical analyses 

The data from the larval survey were subjected to a univariate general linear model (GLM), 

using the statistical software IBM SPSS Statistics for Windows, Version 21.0. Significant 

differences between means were determined at α=0.05 and post hoc multiple comparisons among 

the grasses were made using the Tukey’s HSD test. The behavioural responses of gravid An. 

coluzzii and An. arabiensis in the wind tunnel and two-choice oviposition bioassay were 

analysed using a nominal logistic fit model, in which choice was the dependent variable, 

weighted by the number of 1) mosquitoes in the attraction assays and 2) eggs laid in the 

oviposition assays, with dose as the independent fixed effect and replicate as a random effect 

(JMP® Pro 12.0.1. SAS Institute Inc., Cary, NC, USA). In the tent experiments (5-choice 

oviposition assays), the number of eggs was used as the weight, the choice as the dependent 

variable, the grasses and control as the independent fixed effect, and the tent and replicates as the 

random effects. Here, we report the �2 and P-value from the likelihood ratio test. Significant 

differences between the individual doses (wind tunnel and two-choice assays) and grasses (five-

choice assay) were determined by odds ratio pair wise comparisons.  

3.3. Results  

3.3.1. Anopheles arabiensis larval density in natural grass habitats 

No significant effect of sub-site location was found (F = 0.367, DFd = 9, DFn = 3, P = 0.999). 

Hence, the larval abundance data collected from the breeding habitats associated with each grass 

species was pooled in subsequent analysis. An. arabiensis was the most abundant species 

comprising more than 40 % of the specimens in the study area, and was the only member of the 

An. gambiae sensu lato complex to be identified following PCR analyses of 48 mosquito larvae. 
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A significantly higher number of An. arabiensis larvae were found in E. pyramidalis dominated 

breeding habitats than in any of the other potential breeding habitats (Figure 3.6). The number of 

larvae in the remaining habitats also differed significantly, with breeding habitats dominated by 

E. stagnina containing more larvae than breeding habitats dominated by T. latifolia (Figure 3.6). 

Interestingly, no larvae were found in habitats dominated by C. papyrus (Figure 3.6). 

 

 

Figure 3.6.  Anopheles larval density in natural breeding habitats dominated by four grass species, 

Echinochloa pyramidalis, Echinochloa stagnina, Typha latifolia and Cyperus papyrus, in early (top) and 

late (bottom) September. The mean larval densities with different letter designations are significantly 
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different from one another (univariate general linear model with a Tukey’s post hoc analysis; P < 0.005). 

Error bars represent the standard error of the mean. 

3.3.2. Attraction of Anopheles arabiensis and Anopheles coluzzii to grass volatiles 

Attraction of An. arabiensis and An. coluzzii to the grass volatile extracts was dose dependent 

and differed among the grass species (An. arabiensis: Dose, �2=34.51, P<0.0001; Grass, 

�2=13.11, P=0.0044; An. coluzzii: Dose, �2=46.25, P<0.0001; Grass, �2=41.46, P<0.0001) 

(Figure 3.7). No significant difference in the attraction of An. arabiensis to the volatile extracts 

of E. pyramidalis, E. stagnina and T. latifolia was found, however, the attraction to the C. 

papyrus volatile extract was significantly lower than each of the other grass volatile extracts 

(Table 3.1). Attraction of An. coluzzii to the volatile extracts of either the Poaceae (E. 

pyramidalis and E. stagnina), or the Typhaceae (T. latifolia) and Cyperaceae (C. papyrus), did 

not differ. The attraction to the volatile extract of the Typhaceae and Cyperaceae, however, was 

significantly lower than that of the Poaceae (Table 3.1). 
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Table 3.1. Cross-comparative analysis of the attraction of gravid mosquitoes to volatile extracts of 

grass species associated with Anopheles breeding habitats. 

 

Attraction 

An. arabiensis 

An. gambiae/An. 

coluzzii 

Level 1 Level 2 

Odds 

Ratio P 

Odds 

Ratio P 

E. pyramidalis E. stagnina 0.8361 0.3210 0.8929 0.5313 

E. pyramidalis T. latifolia 0.9226 0.6546 2.011 0.0002 

E. pyramidalis C. papyrus 1.553 0.0181 2.431 <0.0001 

E. stagnina T. latifolia 1.103 0.5802 2.252 <0.0001 

E. stagnina C. papyrus 1.858 0.0007 2.722 <0.0001 

T. latifolia C. papyrus 1.684 0.0045 1.209 0.3436 

  The analysis is done using a nominal logistic regression model fit α = 0.05.  
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Figure 3.7. Attraction of gravid Anopheles arabiensis and Anopheles coluzzii to grass volatile headspace 

extracts, from Echinochloa pyramidalis (a, e) Echinochloa stagnina (b, f), Typha latifolia (c, g) and 

Cyperus papyrus (d, h), respectively. Release rate of the volatile headspace extracts is given in minute 

equivalents. The solvent control was hexane (HEX). The mean percent attraction values with the same 

letters indicate no significant difference from one another (nominal logistic fit model, χ2 and P < 0.05 

from the likelihood ratio test, significant differences were determined by odds ratio pairwise 

comparisons). Error bars represent the standard error of the mean. 

3.3.3. Oviposition response of Anopheles arabiensis and Anopheles coluzzii to grass volatiles 

The oviposition response of An. arabiensis and An. coluzzii to water conditioned with the grass 

volatile extracts was both dose dependent and differed among the grass species (An. arabiensis: 

Dose, χ2=94.67, P<0.0001; Grass, χ2=44.79, P<0.0001; An. coluzzii: Dose, χ2=47.35, P<0.0001; 

Grass, χ2=24.29, P<0.0001) (Figure 3.8). No significant differences in oviposition response were 

found for An. coluzzii to water conditioned with volatile extracts of E. pyramidalis, E. stagnina 

and T. latifolia, but the oviposition response to these grass extracts were significantly higher than 
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that observed for the C. papyrus volatile extract (Table 3.2). Similarly, for the C. papyrus 

volatile extract, the oviposition response of An. arabiensis was significantly lower than to that of 

all the other grass volatile extracts (Table 2). In contrast to An. coluzzii, the volatile extract of T. 

latifolia stimulated a lower oviposition response in An. arabiensis than that of E. pyramidalis 

(Table 3.2). 

Table 3.2. Cross-comparative analysis of the oviposition response of gravid mosquitoes to volatile 

extracts of the grasses associated with Anopheles breeding habitats. 

Oviposition 

An. arabiensis An. gambiae 

Level 1 Level 2 Odds Ratio P Odds Ratio P 

E.pyramidalis E. stagnina 0.8425 0.0687 1.005 0.9556 

E.pyramidalis T. latifolia 0.7780 0.0076 0.8700 0.1261 

E.pyramidalis C. papyrus 0.5364 <0.0001 0.6800 <0.0001 

E. stagnina T. latifolia 0.9233 0.3932 0.8657 0.1043 

E. stagnina C. papyrus 0.6366 <0.0001 0.6766 <0.0001 

T. latifolia C. papyrus 0.6894 <0.0001 0.7816 0.0067 

  The analysis is done using a nominal logistic regression model fit α = 0.05.  
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Figure 3.8. Oviposition response of gravid Anopheles arabiensis and Anopheles coluzzii to grass volatile 

headspace extracts, from Echinochloa pyramidalis (a, e) Echinochloa stagnina (b, f), Typha latifolia (c, 

g) and Cyperus papyrus (d, h), respectively. Release rate of the volatile headspace extracts is given in 

minute equivalents. The solvent control was hexane (HEX). Mean oviposition preferences with the same 

letters indicate no significant difference from one another (nominal logistic fit model, χ2 and P < 0.05 

from the likelihood ratio test, significant differences were determined by odds ratio pairwise 

comparisons). Error bars represent the standard error of the mean.  

3.3.4. Tent experiments response of gravid Anopheles arabiensis and Anopheles coluzzii to 

grass volatiles 

In the five-choice oviposition assay, the overall oviposition preference hierarchy of both 

Anopheles species to the grass volatile extracts was found to be E. pyramidalis > E. stagnina ≥ T. 

latifolia = C. papyrus (Figure 3.9). Water conditioned with volatile extracts of either E. 

pyramidalis or E. stagnina, elicited a significantly higher oviposition response than the control in 

both An. arabiensis and An. coluzzii, while that of T. latifolia elicited a significantly higher 

response than the control in An. arabiensis alone (Figure 3.9). In contrast, the oviposition 
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response of An. coluzzii to water conditioned with volatile extracts of T. latifolia, as well as that 

of C. papyrus, was significantly lower than that of the control.  

 

Figure 3.9. Oviposition preference hierarchy of Anopheles arabiensis (top) and Anopheles coluzzii 

(bottom) in a multi-choice arena, to water conditioned with volatile headspace extracts of the four grass 

species, Echinochloa pyramidalis, Echinochloa stagnina, Typha latifolia and Cyperus papyrus. Mean 

numbers of eggs with the same letters indicate no significant difference from one another (nominal 

logistic fit model, χ2 and P < 0.05 from the likelihood ratio test, significant differences were determined 

by odds ratio pairwise comparisons). Error bars represent the standard error of the mean.  
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3.4. Discussion 

Field collection of Anopheles arabiensis larvae indicated a role for emergent vegetation in the 

oviposition site selection and survival of malaria mosquitoes. Larval densities were highest in 

Poaceae-associated habitats, much lower in Typha-associated sites and absent from Cyperus-

associated sites. One potential mechanism regulating the differential distribution of larvae may 

be an odour-based oviposition site selection preference. Gravid female Anopheles arabiensis and 

Anopheles coluzzii were, indeed, found to be differentially attracted to all grass volatile extracts, 

yet were only stimulated to oviposit on water conditioned with Poaceae volatile extracts. This 

was further supported by multi-choice oviposition assays revealing that both species 

demonstrated a preference hierarchy among the grass volatiles, E. pyramidalis > E. stagnina > T. 

latifolia ≥ C. papyrus (Asmare et al., 2017). The Anopheles larval density variation in grass 

species associated habitats and differential preferences of gravid females of Anopheles 

mosquitoes to volatiles of the grasses may also reflect the variation between grasses in provision 

of pollen as sources of nutrients and amount of natural oil production in larval habitats, which 

may affect larval survival differentially in the various grass-associated habitats. 

Emergent vegetation in aquatic habitats are commonly associated with the presence or absence 

of An. gambiae/An. coluzzii and An. arabiensis larvae (Fillinger et al., 2004; Mwangangi et al., 

2007; Ndenga et al., 2011; Minakawa et al., 2012).  The observed patterns of association with 

vegetation are consistent with previous reports (Bøgh et al., 2003; Fillinger et al., 2004; 2009). 

In studies in which the vegetation has been characterised, habitats associated with Poacaea 

generally have a higher An. gambiae/An. coluzzii and An. arabiensis larval density compared 

with that of habitats associated with Typhaceae and Cyperacaea (Bøgh et al., 2003; Fillinger et 

al., 2004; 2009). While vegetation in these habitats is known to influence characteristics, such as 
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shading, temperature, water flow, predator abundance and nutrients, they also provide gravid 

mosquitoes with chemical cues important to habitat selection.  

An increasing body of evidence suggests that anopheline mosquitoes make use of olfactory cues 

as positive indicators for oviposition site selection (Torres-Estrada et al., 2005; Lindh et al., 

2015; Wondwosen et al., 2016; 2017). While the focus of this study was not to identify the 

specific salient volatiles in these attractive and aversive grasses, the behavioural results presented 

here indicate a strong and robust preference for the headspace extracts of the Poaceae grasses. 

Interestingly, the majority of the previously identified olfactory cues that drive the oviposition 

site selection in An. gambiae s. l. originate from wild and cultivated grasses of the Poaceae 

family (Torres-Estrada et al., 2005; Asmare et al., 2017; Wondwosen et al., 2016; 2017). These 

odours include α- and ß-pinene, 3-carene, caryophyllene, limonene and nonanal (Torres-Estrada 

et al., 2005; Köllner et al., 2008; He et al., 2010; Lindh et al., 2015; Wondwosen et al., 2016; 

2017), which are not affected by mechanical damage of the plants, but are thought to be 

constitutively expressed (Xu et al., 2002; Yan and Wang, 2006; von Mérey et al., 2013). Future 

work will be aimed at identifying the salient volatiles in the grasses that elicited attraction in 

gravid anophelines in this study.  

The differential preference of gravid Anopheles species to the grasses may be due to the nutritive 

quality variation of grass pollen across species (Schmidt et al., 1987; Roulston and Cane, 2000). 

For example, typha pollen is known to be nutrient poor compared with maize pollen (Schmidt et 

al., 1987; Roulston and Cane, 2000). Nutrients derived from maize pollen have been shown to 

enhance larval development, adult size and survival (Ye-Ebiyo et al., 2000; 20003a). 
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Females that select larval habitats associated with grasses shedding nutrient rich pollen have the 

potential to increase their own fitness by providing their offspring with selective advantages, as 

previously shown for maize pollen. Selective pressures may also be involved in the avoidance of 

C. papyrus-associated habitats by gravid anophelines, as this grass secretes essential oils that 

create a thin film on the surface of the water, preventing mosquito larvae from breathing 

(Lindsay and Martens, 1998; Mouchet et al., 1998). 

3.5. Conclusions 

The demonstrated hierarchical preference of gravid An. coluzzii and An. arabiensis for grasses 

indicates that vegetation types associated with larval habitats are instrumental in the oviposition 

choice of the malaria mosquitoes. Current and future analysis of Anopheles oviposition ecology 

associated with grasses is likely to provide key larval habitat characteristics that may be 

integrated into current methods of larval control. Also, identifying volatile cues from grasses that 

modulate gravid malaria mosquito behaviours has distinct potential for the development of tools 

to be used in future monitoring and control methods.  
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Chapter 4. Grass Pollen Affects Survival and Development of Larval 

Anopheles arabiensis Patton 

4.1. Introduction  

Nutrients in breeding habitats are essential for the survival and development of mosquitoes 

(Araújo et al., 2012; Takken et al., 2013; Moller-Jacobs et al., 2014; Shapiro et al., 2016). 

Nutrition during larval development determines the size and metabolic reserves of adult 

mosquitoes upon emergence (Merritt et al., 1992; Ye-Ebiyo et al., 2000; 2003a; Kivuyo et al., 

2014; Moller-Jacobs et al., 2014). In addition, and in relation to the body size, the number of 

eggs produced by female mosquitoes is governed by the size of the preceding blood meal (Lyimo 

and Takken, 1993; Ameneshewa and Service, 1996; Roitberg and Gordon, 2005). Consequently, 

the paucity of knowledge concerning the natural diet of malaria mosquito larvae affects efforts to 

understand the dynamics of vector populations, and thus to effectively plan management 

programs in sub-Saharan Africa (Merritt et al., 1992; Kebede et al., 2005; Garros et al., 2008). 

The most productive natural larval habitat types for Anopheles arabiensis Patton, a primary 

vector of malaria in sub-Saharan Africa, are transient puddles (Ndenga et al., 2011), often found 

amidst wild and domesticated grasses (Bøgh et al., 2003; Ye-Ebiyo et al., 2003a; Minakawa et 

al., 2004; Mwangangi et al., 2007; Fillinger et al., 2009; Mwangangi et al., 2010; Gouagna et al., 

2012). Grasses are potential sources of mosquito larval nutrients, derived directly from shed 

pollen (Ye-Ebiyo et al., 2000; 2003a), and indirectly from accumulated detritus and associated 

microorganisms (Merritt et al., 1992; Garros et al., 2008). The importance of grasses on the 

nutritional ecology of malaria mosquitoes is reflected in that gravid An. arabiensis are attracted 

by and discriminate among grass-associated habitats (Wondwosen et al., 2016; 2017; Asmare et 
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al., 2017a), in which they lay their eggs and thereby provide their offspring with access to these 

resources. The pollen from maize enhances larval development, vector density and mosquito 

longevity (Ye-Ebiyo et al., 2000; 2003a). Although feeding on maize pollen is a recent 

adaptation for An. arabiensis (Ye-Ebiyo et al., 2000; 2003a), their larvae readily ingest whole 

pollen grains, suggesting that this behaviour has evolved from feeding on pollens of other 

grasses which occur in and close to breeding sites as grass pollens are carried by wind to arrive 

larval habitats. 

Particle size is a major factor influencing mosquito larval diet. Mosquito larvae are limited in the 

particulate matter that they ingest, with the maximum size reported being 50 µm, and most 

studies reporting that smaller particles are more highly represented (Merritt et al., 1992). 

Morphology and physiology associated with the mouthparts of the larvae limit the size of the diet 

particle and regulate their feeding behaviors to optimize ingestion and nutrient assimilation rates 

(Merritt, 1987; Merritt et al., 1992).  

One of the important nutrient requirements of an insect for its survival and development is the 

carbon: nitrogen ratio of a diet (Raubenheimer and Simpson, 1995; 1999; Patt et al., 2003; 

Mayntz et al., 2005; Raubenheimer et al., 2009). While proteins have been found to be essential 

for growth in mosquito larval diets, carbohydrates have not, although carbohydrates greatly 

increase larval growth rate within an optimal range (Sneller and Dadd, 1981; Timmerman and 

Briegel, 1999). 

The carbohydrate and protein content of pollen have been the focus of many studies, 

predominantly in the context of plant-animal interactions (Roulston et al., 2000). Pollen is a 

major food source for many flower visiting insects, such as honey bees and pollen beetles (Cook 
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et al., 2004; Keller et al., 2005). The variable nature of the protein content of pollen among 

plants (15-50 % of the dry mass) influences plant-insect interactions, with a tendency for insect-

pollinated plants to produce pollen richer in protein content (Roulston et al., 2000). The protein 

content of grass pollens investigated, including Cyperaceae, Typha and Poaceae, ranges from 17 

to 25 % of the dry mass (Roulston et al., 2000). Whether the protein content of Zea mays pollen 

is a key driver of the observed enhanced development and survival of An. arabiensis larvae (Ye-

Ebiyo et al., 2000; 2003a), or if carbohydrate content influences these processes, is yet unknown.   

In this study, the association between grasses, particularly their pollen, and the malaria vector 

An. arabiensis is further characterized in order to assess the impact of pollen quality on larval 

development and survival, and thereby infer the effect of a pollen-containing diet on vector 

dynamics and reproduction. The nutrient composition of grass pollen, specifically the 

carbohydrate to protein ratio, and pollen grain size, in Typha latifolia, Echinochloa pyramidalis, 

Pennisetum setaceum, and Zea mays differentially affected larval performance. The potential 

evolutionary impact of the observed association is discussed. 

4.2. Materials and Methods 

4.2.1. Pollen collection    

Pollen was collected from broadleaf cattail, T. latifolia L. (Typhaceae), and Antelope grass, E. 

pyramidalis Lam. (Poaceae), at the edge of the shore area of Lake Tana (Chapter 3, section 3.2.1 

above), from crimson fountain grass, P. setaceum Forssk. (Poaceae), in the adjacent inland area 

of the lake, and from maize, Z. mays L. (BH660 cultivar; Poaceae), in the farm land area of 

Merawi (11°30′ N, 37°15′ E). The pollens were collected by covering mature flowers with a 

paper bag and then agitating. The estimated weight of pollen released by individual 
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inflorescences of T. latifolia, E. pyramidalis, P. setaceum, and Z. mays was ca. 0.100 mg, 0.020 

mg, 0.025 mg, and 1.500 mg, respectively. The collected pollen was sterilized within 24 h of 

collection using UV light overnight for ca. 12 h, and then stored on silica gel until used for 

further experiments. In total, approximately 10 g of pollen grains were collected from each 

species (Figure 4.1). 

 

Figure 4.1. Store of pollen collected from study grass species associated with Anopheles breeding 

habitats: Typha latifolia, Echinocloa pyramidalis, Pennisetum setaceum, and Zea mays. 

4.2.2. Pollen nutrient analysis  

A combustion CHNS/O analyzer (Flash 2000, Thermo Fisher Scientific, Waltham, MA, USA) 

was used to determine the carbohydrate and protein content of the grass pollen, according to the 

manufacturer’s protocol. Approximately 5 mg of sample pollen from each grass species was 

enclosed in tin capsules (8 mm ✕ 5 mm). The capsule was inserted into the combustion chamber 

using the auto-sampler at a temperature of 1050 ºC. In the presence of a catalyst and in a high 



56 

 

oxygen environment, the temperature was elevated to 1800 °C and all carbon and nitrogen in the 

samples were oxidized forming carbon dioxide and NOx.  

The gasses were carried by helium through a reduction column where NOx was reduced to N2. 

The gasses were then transported to a gas chromatograph column (CHNS separation column, 

Thermo Fisher Scientific), where N2 and CO2 were separated and then detected by a thermal 

conductivity detector (TCD). The signal was transferred from the detector via an A/D converter 

to a computer and analyzed (Eager Exerience, version 1.2, Thermo Fisher Scientific). The 

nitrogen values were converted to crude protein by a multiplier of 6.25 (Roulston et al., 2000). 

Thereafter, the C: N ratio of the grass pollen was determined by % C / % N ✕ 6.25. 

4.2.3. Pollen grain size analysis 

The pollen grain sizes were measured according to Roulston et al. (2000). Pollen grains were 

mounted in paraffin oil and measured at 400 ✕ with an ocular micrometer. Polar axis 

measurements were taken for all pollen grains. Volumes were calculated using volume equations 

for spheres (4/3πp3). Ten randomly selected grains per slide were measured and these values 

were averaged for calculating volumes.  

4.2.4. Mosquito rearing 

Anopheles arabiensis were maintained at 27 ± 2 °C, 80 % relative humidity and at a 12 h: 12 h 

light: dark photoperiod in the insectary of the Ethiopian Public Health Institute (EPHI), Addis 

Ababa. Larvae were reared in plastic trays (22 cm ✕ 34 cm ✕ 10 cm) filled with 1 l distilled 

water and fed powdered Phoenix Koy Pellets (Armitage Pet Products Ltd., Nottingham, UK) 

daily. Pupae were removed from the rearing trays and placed in insect cages (30 cm ✕ 30 cm ✕ 
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30 cm) for adult emergence. Adult males and females were kept together and provided ad libitum 

access to 10 % sucrose solution. For colony maintenance, female mosquitoes were blood fed on 

a live rabbit at 3- to 4-day intervals. Ethical approval for feeding on live rabbits was obtained 

from the EPHI Research Ethical Review Committee (EPHI, 2017; FMST, 2014). Eggs were laid 

in 30 ml plastic cups filled with distilled water, and then transferred to larval trays for hatching. 

The 3rd instar larval stages of the An. arabiensis mosquitoes were used at the start of all 

experimental bioassays.  

4.2.5. Larval development and survival analyses  

Development and survival of individual An. arabiensis larvae in 150 ml plastic cups (Dongyang 

City Plastics Co., Shanghai, China) filled with 50 ml of distilled water (Figure 4.2) were 

investigated using artificial and pollen-containing larval diets. To determine the baseline for 

comparison across pollen and pollen supplemented diets, the ED50 denoting the effective dose for 

50 % survival to adulthood on the artificial diet, TetraMin® fish food (Tetrawerke, Melle, 

Germany), was established using 0.50 mg, 0.75 mg, 1.00 mg and 1.50 mg of the TetraMin® 

alone (Asmare et al., 2017b).  

The ED50 (0.75 mg) per individual larva in an experiment cup was then used as the dose for each 

pollen diet, as well as for the TetraMin® control (Appendices A and B). A second control, a 

double dose (1.50 mg) of the TetraMin® fish food, was also included in the pollen-supplemented 

diet experiments to ensure one diet with 100 % survival to adulthood. Two sets of experiments 

were done to determine the dietary effect of the grass pollen alone and the supplementation of 

the ED50 of a standard larval diet with pollen on survival and development of larval An. 

arabiensis. For all experiments, 10 replicates were performed on three separate occasions. 
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Treatment and control cups were paired, to buffer for any day effect. The number of larvae 

surviving, pupating and emerging as adults were recorded each day until all larvae had either 

died or emerged. Of the adults, the number of male and female that emerged were also recorded.  

 

Figure 4.2. Bioassay setup to test the performance of larval An. arabiensis with grasses pollen diets. 

4.2.6. Data analyses  

The C: N ratios and pollen grain sizes were determined to meet the assumption for normal 

distribution, prior to analysis using a univariate general linear model (GLM; IBM SPSS Statistics 

for Windows, Version 21.0. Armonk, NY: IBM Corp.). Significant differences between C: N 

ratios and pollen grain sizes were determined at α = 0.05 and post hoc comparisons among the 

grass pollens were made using Tukey’s HSD test.  
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A fully parametric form of survival analysis was used to model the data and to produce a 

measure of the probable rate of larval mortality, pupation, and adult emergence in 3rd instar An. 

arabiensis larvae fed on treatment and control diets (JMP® Pro 12.0.1. SAS Institute Inc., Cary, 

NC, USA). The model was based on the Weibull distribution. For both pollen alone diets and 

supplemented diets, an overall model of the effects of both sex and diet on larval development 

was performed for pupation and adult emergence; censoring those that died before the end of the 

experiment. Similarly, an overall model of the effect of diets on larval survival was also 

performed; censoring those that emerged before the end of the experiment. The effect of sex on 

larval survival was not assessed. Wald’s test was used to determine significant differences 

between diets based on �2 and P-values. A priori pairwise analyses of the probability models, 

using non-linear variable slope curve fits (Hill slope, top and bottom of the curve) based on AICc 

and percent probabilities, were conducted among the pollen diets and the TetraMin® controls 

(0.75 mg and 1.50 mg, respectively; Prism, version 5a, GraphPad Software, Inc, La Jolla, CA, 

USA).  

4.3. Results 

4.3.1. Pollen grain size and nutrient content 

All pollen grains were spherical in shape, with smooth surfaces. The pollen grain volume 

differed significantly between grass species (Figure 4.3A), with Zea mays (mean diameter 92.2 ± 

1.65 µm) > Pennisetum setaceum (47.1 ± 0.57 µm) > Echinocloa pyramidalis (42.8 ± 0.84 

µm) > Typha latifolia (26.5 ± 0.34 µm) (F = 1033, df = 3, P < 0.0001). The C: N ratios of pollen 

differed between grass species with the pollen C: N ratios of T. latifolia > Z. mays = P. setaceum 
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> E. pyramidalis (Figure 4.3B). Typha latifolia had a higher proportion of carbon (52 %), 

compared with the three other species (44 %). 

 

Figure 4.3.  Size (A) and carbon to nitrogen (C: N) ratios (B) of Typha latifolia, Echinochloa pyramidalis, 

Pennisetum setaceum and Zea mays pollen are described in box plots (whiskers ± maximum and 

minimum values). The C: N ratio of the TetraMin® control is also shown. Means with different letter 

designations are significantly different from one another (ANOVA with Tukey’s HSD post-hoc analysis; 

P < 0.05).  

4.3.2. Anopheles larval survival  

The overall larval survival differed significantly among the diets tested (ANOVA F = 9.235, df = 

9, P < 0.0001). Post hoc pairwise comparisons revealed that larval survival on the pollen alone 

diets was lower than that on the 2 ✕ ED50 TetraMin® diet (Figure 4.4A). Larval survival on the 
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pollen supplemented diets was also lower than the 2 ✕ ED50 TetraMin® diet, with one 

exception. The Z. mays pollen supplemented diet did not differ from either the 2 ✕ ED50 

TetraMin® diet or the other pollen supplemented diets, but the larval survival was significantly 

higher than on the other pollen alone diets (Figure 4.4A). Interestingly, both Z. mays pollen diets 

did not differ from each other (Figure 4.4A).  

There was no overall effect of diet on the probability of larval survival over time in An. 

arabiensis when fed on any of the treatments (1.50 mg) (Wald’s �2 = 2.5808, df = 4, P = 0.6302; 

Figure 4.4B). However, in subsequent pairwise comparisons among each pollen diet and the 

TetraMin® control, T. latifolia pollen was shown to significantly decrease the probability of 

survival (AICc = 2.935, P = 81.26 %), while the probability of survival on the other pollen diets 

did not differ from the control. Zea mays pollen was shown to significantly increase the 

probability of survival compared to each of the other grass pollens (E. pyramidalis, 

AICc = 16.66, P = 99.98 %; P. setaceum, AICc = 16.01, P = 99.97 %; T. latifolia, AICc = 18.89, 

P = 99.99 %). Moreover, the probability of larvae dying when the basic diet, TetraMin® (0.75 

mg), was supplemented with pollen (0.75 mg), was found to be significantly different from the 

overall model (�2 = 19.14, df = 4,P = 0.0007; Figure 4.4C). All of the larvae fed on the 2 ✕ ED50 

TetraMin® diet survived to adulthood, i.e., larvae had a longer probable life expectancy when 

feeding on 2 ✕ ED50 TetraMin® diet than on grass pollen supplemented diets (E. pyramidalis, 

AICc = 30.28, P > 99.99%; P. setaceum, AICc = 46.80, P > 99.99 %; T. latifolia, AICc = 38.17, 

P > 99.99 %; Z. mays, AICc = 26.77, P > 99.99 %; Figure 4.4C). Only larvae fed on P. setaceum 

supplemented diets were found to have a shorter probable life expectancy than those fed on the 

0.75 mg TetraMin® diet (AICc = 22.20, P > 99.99 %). 
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Figure 4.4. The survival to adulthood of Anopheles arabiensis, presented as number of mosquitoes 

emerged (A), and the probable life expectancy of the larvae in response to Echinochloa pyramidalis, 

Pennisetum setaceum, Typha latifolia and Zea mays pollen alone (B) and pollen supplemented 

TetraMin® fish food (C) diets. Control diets include the effective dose for 50 % survival (ED50) and 2 ✕ 

ED50 TetraMin® fish food (0.75 mg and 1.5 mg, respectively). The error bars represent the standard error 

of the mean (A) and whiskers represent the upper and lower limits of variation (B, C). 
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4.3.3. Effect of pollen on pupation of Anopheles arabiensis  

The overall model analysis of the effect of grass pollen diets on developmental time from 3rd 

instar to pupation in An. arabiensis showed significant differences between the diets (�2 = 90.31, 

df = 14, P < 0.0001), with both food (�2 = 12.92, df = 4, P=0.0117) and sex (�2 = 69.41, df = 2, 

P < 0.0001) contributing to the significant deviation from the overall model. As there was no 

interaction between food and sex (�2 = 4.723, df = 9, P = 0.7969), each of these factors were 

analyzed separately.  

This analysis showed that female larvae fed on pollen had a higher probability of a reduced 

developmental time between 3rd instar and pupation compared to when they were fed on fish 

food (�2 = 15.21, df = 4, P = 0.0043; Figure 4.5A); most 3rd instar female larvae (70-80%) fed on 

pollen generally pupated by 48 h after the start of the experiment whereas only ca. 30% of the 3rd 

instar female larvae fed on the fish food were likely to have pupated within this time frame. 

Moreover, larvae fed on each of the pollens were found to have a take less time from 3rd instar to 

pupation compared to those fed on the 0.75 mg fish food diet (E. pyramidalis, AICc = 84.08, P 

> 99.99 %; P. setaceum, AICc = 81.53, P > 99.99 %; T. latifolia, AICc = 69.33, P > 99.99 %; Z. 

mays, AICc = 77.28, P > 99.99 %). In contrast, the males maintained a consistent developmental 

time from 3rd instar to pupation in response to all diets (�2 = 5.225, df = 4, P = 0.2650; Figure 

4.5C).  

When pollen was supplemented on top of the basic fish food diet, the overall model analysis of 

the effect of combination diets on the development time from 3rd instar to pupation in the 

mosquito showed significant differences between diets (�2 = 89.71, df = 16, P < 0.0001), however 

there was no significant deviation from the overall model by either food (�2 = 6.138, df = 5, 



64 

 

P = 0.2930) or sex (�2 = 4.199, df = 2, P = 0.1225). No effect of the interaction between food and 

sex was observed (�2 = 11.43, df = 9, P = 0.2473). Thus, for combination diets, both females 

(�2 = 9.056, df = 4, P = 0.1068; Figure 4.5B) and males (�2 = 1.980, df = 4, P = 0.8520; Figure 

4.5D) maintained a consistent developmental time from 3rd instar to pupation in response to all 

diets. 

 

Figure 4.5. The probability of pupation of female (A, B) and male (C, D) mosquitoes over time in 

response to Echinochloa pyramidalis, Pennisetum setaceum, Typha latifolia and Zea mays pollen alone 

(A, C) and pollen supplemented TetraMin® fish food (B, D) diets. Control diets include the effective 

dose for 50 % survival (ED50) and 2 ✕ ED50 TetraMin® fish food (0.75 mg and 1.5 mg, respectively). 

The whiskers represent the upper and lower limits of variation. 
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4.3.4. Effect of grass pollen in the larval diet on adult emergence 

The overall model analysis of the effect of grass pollen diets on development time from pupation 

to emergence in An. arabiensis revealed significant differences between the diets (�2 = 24.34, 

df = 14, P = 0.0417) with sex contributing significantly to the deviation from the overall model 

(�2 = 15.90, df = 2, P = 0.0004), whereas there was no effect of food (�2 =2.53, df =4, 

P = 0.6396).  

As there was no interaction between food and sex (�2 = 4.367, df = 8, P = 0.8226), each of these 

factors were analyzed separately. This analysis showed that both female (�2 = 4.224, df = 4, 

P = 0.3765; Figure 4.6A) and male (�2 = 2.870, df = 4, P = 0.5798; Figure 4.6C) mosquitoes 

maintained a consistent developmental time from pupation to emergence in response to all diets.  

Subsequent pairwise analyses revealed that there were no differences in the probability of time to 

emergence among the pollen diets within each sex (P > 0.05). This indicates that the males were 

emerging as adults sooner than the females, regardless of the diet ingested. Similarly, the overall 

model analysis of the effect of pollen supplemented diets on the development time from pupation 

to emergence in the mosquito revealed significant differences between diets (�2 = 24.08, df = 14, 

P = 0.0449) with sex contributing significantly to the deviation from the overall model 

(�2 = 8.462, df = 2, P = 0.0145), whereas there was no effect of diet (�2 = 5.921, df = 4, 

P = 0.2051).  

There was no interaction found between food and sex for pollen supplemented diets (�2 = 9.022, 

df = 8, P = 0.3404). When analyzed separately, the probability of adult emergence in females fed 

on pollen supplemented diets differed significantly when compared to the overall model 

(�2 = 15.16, df = 5, P = 0.0097; Figure 4.6B), whereas that of the males did not (�2 = 3.993, df = 5, 



66 

 

P = 0.5504; Figure 4.6D).  Pairwise comparisons among the grass pollens indicated that T. 

latifolia pollen supplemented with Tetramin® emerged as adult females faster than E. 

pyramidalis (AICc = 0.2315, P = 52.89 %) and Z. mays (AICc = 0.03921, P = 50.49 %).  

 

Figure 4.6. The probability of adult emergence of female (A, B) and male (C, D) mosquitoes over time in 

response to Echinochloa pyramidalis, Pennisetum setaceum, Typha latifolia and Zea mays pollen alone 

(A, C) and pollen supplemented TetraMin® fish food (B, D) diets. Control diets include the effective 

dose for 50 % survival (ED50) and 2 ✕ ED50 TetraMin® fish food (0.75 mg and 1.5 mg, respectively). 

The whiskers represent the upper and lower limits of variation. 

4.4. Discussion 

Pollen is a nutrient rich food source, enhancing growth, development and survival for larvae 

from many insect orders (Cook et al., 2004; Keller et al., 2005). Here we show that grass pollen 

in the diet of Anopheles arabiensis larvae significantly affected larval survival, as well as the 
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time to pupation and adult emergence in females. In line with Ye-Ebiyo et al. (2000; 2003a) and 

Kivuyo et al. (2014), Zea mays pollen significantly increased larval survival, both alone (equal 

weight of TetraMin® fish food ED50) and in combination diets (equal weight of TetraMin® fish 

food 2✕ ED50), compared to the other wild grass pollens alone and combination diets tested. 

Among the wild grass pollen combination diets Pennisetum setaceum pollen demonstrating the 

shortest time to larval death, the others were able to maintain a similar rate of survival in the 

larvae (Asmare et al., 2017b). TetraMin® fish food 2✕ ED50 demonstrates the highest overall 

larval survival to adult hood equivallent as in combination diet of Z. mays pollen.       

Interestingly, time to pupation decreased in females, but not in males that fed on pollen alone 

when compared to the TetraMin® diet; an effect that was not observed when the pollen was 

supplemented with TetraMin®. Time to adult emergence in females was differentially affected 

by feeding on the different pollens, with mosquitoes feeding on Z. mays and Echinocloa 

pyramidalis taking a significantly longer time to emerge compared with those feeding on Typha 

latifolia (Asmare et al., 2017b). This is in line with previous studies, in which it is demonstrated 

that male anophelines develop faster and emerge sooner than females (Lehmann et al., 2006; 

Mwangangi et al., 2006). 

Previous studies indicate that the amount of carbon in the diet of mosquito larvae does not 

influence the overall survival, but does increase the growth rate (Sneller and Dadd, 1981; Grieco 

et al., 2007). In support of this, the larvae fed on the pollen of all the wild grass species had 

similar ultimate survival, however T. latifolia and P. setaceum, those containing the higher 

relative amounts of carbon, demonstrated shorter times to pupation and adult emergence, and in 

the case of P. setaceum, death.  
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In line with other studies in mosquitoes (Golberg and De Meillon, 1948; Sneller and Dadd, 1977; 

1981; Kivuyo et al., 2014), larvae fed on the diet containing higher amounts of nitrogen, in our 

case TetraMin® fish food (Timmerman and Briegel, 1999; Dennis et al., 2010), demonstrated 

the highest larval survival, but were slower to develop to pupae and to emerge as adults. Thus, 

these findings indicate that the balance between carbon and nitrogen in the diet plays a 

significant role in the development and survival of An. arabiensis larvae, above and beyond the 

contribution of each nutrient alone, which is in line with that which has been reported in other 

insects (Raubenheimer and Simpson 1997; 1998; 1999; Raubenheimer et al., 2009).  

However, other pollen characteristics, such as size, may also play a role in regulating 

development and survival. Zea mays has a carbon to nitrogen ratio that is similar to T. latifolia 

and P. setaceum, however the demonstrated growth rate of larvae fed on this diet was prolonged. 

This is likely due to the larger size of the Z. mays pollen grains, which may reduce the rate of 

access to the nutrients contained within (Pucat 1965; Merritt et al., 1978). However, while Z. 

mays demonstrates a C: N ratio and a pollen size that appear to be that of a lower quality diet 

(Merritt et al., 1992; Young et al., 2014), the combination of these factors act synergistically, 

enhancing the development and survival of the malaria mosquito larvae (Asmare et al., 2017b).  

Breeding habitats close to maize plantations, where the common food sources, such as detritus 

and microorganisms, are supplemented with shed pollen, have been shown to increase the 

survival and development of larval An. arabiensis, resulting in increased larval abundance (Ye-

Ebiyo et al., 2000; 2003a). In addition, the presence of Z. mays pollen in the larval diet enhances 

the size of pupae and emerged adults, as well as prolonging adult survival (Ye-Ebiyo et al., 

2000; 2003a). This prolific nutrient source provides an abundant source of nitrogen in an 
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otherwise nitrogen resource poor environment, as the C: N ratios of microorganisms and detritus 

range from 6 to 9 (Redfield, 1963; Hamilton et al., 1992; Baird and Middleton, 2004).  

The association between An. arabiensis and maize may have evolved out of the fitness benefits 

gained from feeding on grass pollen. This association is reinforced by the female An. gambiae 

sensu lato preference to select and oviposit in grass habitats (Wondwosen et al., 2016; 2017; 

Asmare et al., 2017a), in fact the odours emanating from grass pollen alone are sufficient to 

attract and stimulate females to oviposit (Wondwosen et al., 2017). We argue that the pre-

adaptation to be stimulated by (Ye-Ebiyo et al., 2003b) and feed on grass pollen by An. gambiae 

sensu lato has been instrumental in establishing and strengthening the association of malaria 

mosquitoes with grass crops.  

Intensified cultivation of these crops has helped to create suitable conditions for increased vector 

populations, which are linked to greater malaria transmission (Kebede et al., 2005). Continued 

investigation into the natural diet of malaria mosquito larvae will enhance our ability to construct 

effective Integrated Vector Management programs and to further intervene and suppress disease 

transmission and to plan and implement improved vector management programs in sub-Saharan 

Africa. 

 4.5. Conclusions 

Generally grass pollen provides natural dietary input in larval habitats that increase larval 

survival and   development rate. The C: N ratio and grain size of pollens from grasses are the key 

traits of larval diets to predict survival and development success of malaria mosquito, An. 

arabiensis. Larval An. arabiensis fed nitrogen rich TetraMin® and carbon rich Z. mays pollen 

with larger grain demonstrate slower development than that of the other grasses, carbon rich T. 
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latifolia and P. Setaceum pollen with smaller grain size. However, TetraMin® and Z. mays 

pollen fed larvae demonstrae longer larval survival and achieve higher adult hood. This indicates 

the smallest particle size of a diet increase nutrient access rate that accelerates development. 

Higher survival of larvae on TetraMin® is by its higher nitrogen content where as, on Z. mays 

pollen could be the synergistical effect of two lower qualities (higher carbon content and larger 

grain). Current and future analysis of natural diets of larval Anopheles is likely to provide key 

larval habitat characteristics to predict the mosquito population dynamics and malaria 

transmission.  
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Chapter 5. Effects of Oil Extracts from Typha latifolia and Cyperus papyrus on 

Survival of An. arabiensis Larvae 

5.1. Introduction 

Grasses are among the biological characteristics of breeding habitats which determine the 

abundance of larval stages of Anopheles mosquitoes and adult productivity (Minakawa et al., 

2004; 2012; Yohannes et al., 2005; Munga et al., 2006b; Mushinzimana et al., 2006; 

Vanwambeke et al., 2007; Fillinger et al., 2004; 2009; Mwangangi et al., 2008; Ndenga et al., 

2011; 2012; Rejimankova et al., 2013). The larvae of Anopheles coluzzii and Anopheles 

arabiensis are usually found in breeding habitats with cattails, Typha spp. (Typhaceae) and dallis 

grasses (Paspalum spp.; Poaceae) (Bøgh et al., 2003; Gouagna et al., 2012; Khater et al., 2013). 

On the other hand, the probability of finding anopheline larvae in breeding habitats with reeds 

such as Cyperus spp. (Cyperaceae) and Phragmites spp. (Poaceae) grasses  is low (Goma, 1960a; 

1960b; Fillinger et al., 2004; Yohannes et al., 2005). This is attributed to the natural oils 

produced by these grass species which have larvicidal effects (Lindsay and Martens, 1998; 

Mouchet et al., 1998).  

In line with the above findings recently Typha latifolia (Typhaceae) dominated sites at littoral 

zone of southern edge of Lake Tana are found with less Anopheles mosquito larvae than 

breeding sites with Poaceae grasses including Echinochloa pyramidalis and Echinochloa 

stagnina, and the habitats dominated by Cyperus papyrus (Cyperaceae) are found without any 

Anopheles mosquito larvae. Moreover, the gravid females of Anopheles arabiensis and Anophele 

coluzzii show lower attraction and oviposition preferences to volatiles of T. latifolia and C. 

papyrus in contrast to volatiles of E. pyramidalis and E. stagnina (Asmare et al., 2017a).  



72 
 

Identification of aquatic grass species which have negative effect on breeding success of 

Anopheles mosquitoes is crucial to address the problems in malaria vector interventions (Walton, 

2005). Larval control contributes to suppress the populations of Anopheles gambiae and 

Anopheles arabiensis and reduce malaria transmission in Africa (Walker and Lynch, 2007), and 

incorporates source reduction and utilization of chemical and biolarvicides as components of 

integrated malaria vector management (Yohannes et al., 2005; Bukhari et al., 2013; WHO, 

2006). However, these larval control options have limitations including slow activities of 

entopmopathogens and development of insecticide resistance in malaria mosquitoes, as well as 

development of resistance to the toxins of Bacillus thuringiensis israelensis and Bacillus 

sphaericus (Lacey, 2007; Wirth, 2010; Cory and Franklin, 2012; Kamareddine, 2012). 

Moreover, the use of conventional insecticides to target larval stage of mosquitoes introduces 

risks of toxicity to humans and other non-target organisms in the environment (Amer and 

Mehlhorn, 2006). The use of plant extracts for mosquito larval control is more ecologically 

sound and sustainable than the conventional insecticides and the bacterial toxins, and therefore, 

can be integrated in vector management to reduce malaria transmission.  

The factors underlying the relatively lower Anopheles larval densities in habitats with T. latifolia 

and the absence of larvae in those with C. papyrus necessitate further studies on natural oil 

content of these grasses and bioactivity of their oil extracts on larval survival in Anopheles 

mosquitoes. Therefore, this study was conducted to evaluate the effects of different 

concentrations of natural oils extracted from plant parts of the macrophyte species T. latifolia 

(Typhaceae) and C. papyrus (Cyperaceae) on survival of larval An. arabiensis under laboratory 

conditions and to assess association of these effects with the amount of natural oil production 

from the different parts of these macrophytes.  
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5.2. Materials and Methods  

5.2.1. Test plant oil extraction procedures 

Natural oils from rhizome and aerial parts of Typha latifolia and Cyperus papyrus separately 

were extracted using solvent extraction methods. The parts of these plant species (Figure 5.1A, 

Figure 5.1B, Figure 5.1C, Figure 5.1D) were collected from their natural habitats at the southern 

edge of Lake Tana, in sites of Anopheles larval sampling (Chapter 3, section 3.2.1 above).  The 

rhizome and areal parts of the test plant species were manually sliced to small sizes separately 

(Figure 5.1E; Figure 5.1F) and left to dry at room temperature (27-31ºC) for about 10 days under 

shade (Bream et al., 2009). The dried slices of plant materials were crushed into powder (Figure 

5.1G, Figure 5.1H) using coffee grinder. Crude oil extraction from the plant materials were made 

in Bahir Dar University, School of Chemical and Food Engineering, Ethiopia  using Soxhlet 

extractor (Figure 5.2) with an organic solvent, n-hexane.  

About 20g of a given test plant material was added to the Soxhlet extractor apparatus in one run 

and subjected to solvent extraction for about 4 hrs. The oil extracts were placed in an oven at 

40ºC for 2 hrs to remove excess solvent (n-hexane) from the extracted oil samples. The oil 

extracts were weighted and kept in refrigerator (+4ºC) until use for experiments (Bream et al., 

2009). The oil content of the test plant materials was determined as percentage yield of oil and 

calculated as the percent of the ratio of weight of oil to dry weight of the plant materials.  
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A    B       

 

        

 

  C   D   

E      F   

  G     H     

 

Figure 5.1. Plant material collection and preparation for oil extraction procedure:  plant material samples 

including aerial (A) and rhizome (B) parts of Cyperus papyrus and aerial (C) and rhizome (D) parts of 

Typha latifolia, slice of aerial part (E) and slice of rhizome part (F), the dried sample plant materials (G) 

the powder of plant materials (H). 
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Figure 5.2.  Schematic representation of oil extraction apparatus and procedures using Soxhlet extractor 

(Source: Rassem et al., 2016.  

5.2.2. Experimental mosquito rearing procedures 

Laboratory colonies of Anopheles arabiensis were maintained at 27 ± 2 °C, 80 % relative 

humidity and at a 12 h: 12 h light: dark photoperiod in the insectary of the Ethiopian Public 

Health Institute (EPHI), Addis Ababa. Larvae were reared in plastic trays (22 cm ✕  34 cm ✕  10 

cm) filled with 1 l distilled water and fed powdered Phoenix Koy Pellets (Armitage Pet Products 

Ltd., Nottingham, UK) daily. Pupae were removed from the rearing trays and placed in insect 

cages (30 cm ✕   30 cm ✕ 30 cm) for adult emergence. Adult males and females were kept 

together and provided ad libitum access to 10 % sucrose solution. For colony maintenance, 

female mosquitoes were blood fed on a live rabbit at 3-4 day intervals. Ethical approval for 

feeding on live rabbits was obtained from the EPHI Research Ethical Review Committee (EPHI, 

2017; FMST, 2014). Eggs were laid in 30 ml plastic cups filled with distilled water, and then 
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transferred to larval trays for hatching. Subsequent identification and separation of each larval 

stage was made to reduce difficulty for identification of 3rd and 4th stage larvae to transfer the 4th 

stage larvae from rearing trays to the experimental bioassay cups. The 4th larval stages of An. 

arabiensis mosquitoes were used for experiments to evaluate the bioactivities of the test grass 

oils. 

5.2.3. Bioassays on Anopheles arabiensis larval survival with grass oils 

Survival of individual An. arabiensis larvae in 150 ml plastic cups (Dongyang City Plastics Co., 

Shanghai, China) filled with 49 ml distilled water were investigated using treatment oils of the 

grasses and the toxic negative control oil. Initially 10 mg of the crude natural oil extract from 

aerial and rhizome parts of Cyperus papyrus and Typha latifolia and the same amount of control 

oil (refined seed oil of sunflower, Helianthus annuus) was dissolved in separate vials in 10 ml of 

97% ethanol as solvent (Figure 5.3A). This stock solution of 1 mg oil/ml of solvent (Figure 

5.3B) was subjected to a ten-fold serial dilution resulting 0.1 mg/ml, 0.01 mg/ml concentration 

gradients with a logarithmic scale and used for experiments.  

One ml from each concentration gradient of treatment and control oils and 1 ml solvent ethanol 

(the oil negative control) was directly applied into each cup in the experiment setup (Figure 

5.3C). The set of experiment for each treatment and controls with 10 replicates was run on three 

separate experiment days. Each treatment and control oil at a given concentration gradient with 

10 replicates was made on the same day in parallel to buffer day effects. Larval mortality was 

recorded after 12h, 24h, 48h, 72h and 84h exposure time series and the larvae were maintained 

without nutritional supplement for this time series in experiment setup.   
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    A      B   

      C   

Figure 5.3. Preparation of oils and experiment cups for bioassay procedure: extracted crude oil (A), oils 

dissolved in solvent ethanol (B), setup of experiment cups (C). 

5.2.4. Statistical analyses 

Univariate general linear model (GLM) was applied to analyze the oil content of the grass 

species and their parts using the statistical software IBM SPSS Statistics for Windows, Version 

21.0. Significant differences between means were determined at α=0.05 and post hoc multiple 

comparisons among the grasses were made using the Tukey’s HSD test. 

A fully parametric form of survival time to event analysis was used to model the data and to 

produce a measure of the probability of larval death occurred over time series in An. arabiensis 
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treated with oils over dose series using (SAS (JMP®) Version 10.0.0. SAS Institute University 

of UK).  The model was based on the Weibull distribution for natural oils of the macrophyte 

species (Typha latifolia and Cyperus papyrus) and the control refined seed oil of Helianthus 

annuus.  Overall model of effects of both type of oils and dose series of oils on larval survival of 

An. arabiensis was run for the time intervals between start of the experiment, i.e. 4th stage larval 

death as the response (Y) variables; censoring those that emerged before the end of the 

experiment. Likelyhood ratio test was used to determine significant differences between oils at 

different doses by their effect on the larval mosquito survival based on �2 and P-value.  Then 

analysis of time series was made to determine the particular time at which the peak (maximum) 

larval death resulted by overall effect of oils. Finally univariate general linear model (GLM) was 

applied to analyze overall larval death by the effect of oils over dose series at the particular time 

of peak (maximum) larval death using the statistical software IBM SPSS Statistics for Windows, 

Version 21.0. Significant differences between means were determined at α=0.05 and post hoc 

multiple comparisons among the grasses were made using the Tukey’s HSD test.  

5.3. Results 

5.3.1. Oil contents of Typha latifolia and Cyperus papyrus 

The oil contents of the grasses and their parts show some differences (Figure 5.4). The oil 

content of rhizome part of Cyperus papyrus was significantly higher than the oil contents of the 

aerial part of itself and both rhizome and aerial parts of Typha latifolia. The rhizome part of T. 

latifolia was with the lowest oil content of all the plant materials.   
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Figure 5.4.  Oil contents of grass species and their parts determined as percentage yield of oil which was 

calculated as the percent of the ratio of weight of oil to dry weight of the plant materials: the oil source 

grass species are Typha latifolia and Cyperus papyrus. The parts of the grass species studied separately 

are aerial and rhizome. The mean oil content with different letters are significantly different from one 

another  (univariate general lenear model with a Tukey’s post-hoc analysis; P <0.05). Error bars represent 

the standard error of the mean. 

5.3.2. Effects of oils on survival of larvaae of An. arabiensis  

There were no overall significant differences between extracted oils from the plant materials, 

rhizome and aerial parts of Cyperus papyrus and Typha latifolia as well as the control refined 

seed oil from Helianthus annuus by their effect on survival time of 4th stage larval An. arabiensis 

(DF = 4, �2 = 2. 611, P = 0.624).  No significant differences between the oils by their increasing 

effect on survival time of larval Anopheles arabiensis over increasing dose series (DF = 4, �2 = 

0.095, P = 0.998). Significantly higher probabilty of shorter survival time of larval An. 
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arabiensis was shown by increasing the dose of oils (DF = 1, �2 = 32. 391, P < 0.0001). Based 

on similar dose dependant effects of all the tested oils on survival time of An. arabiensis oil 

effect analysis over time series was made to find out the time with the peak (maximum) mortality 

of 4th stage larval An. arabiensis and this is 24 h after application of the tested oils on the larvae 

(Figure 5.5).  Further analysis of effect of oil on survival of larvae over dose series at the time of 

maximum larval mortality (24 h) revealed significantly higher percent mortality of 4th stage 

larval An. arabiensis at 1 ml oil dose than that of 0.1 ml oil, 0.01 ml oil doses and the control 

ethanol (Figure 5.6).  

 

Figure 5.5. Probability of larval mortality in Anopheles arabiensis over time series in response to oil 

under laboratory conditions: Error bars represent the standard error of the mean.  
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Figure 5.6. Larval mortality of Anopheles arabiensis in response to oil dose series at 24 h after 

application, the time is with the peak (maximum) larval mortality by overall effect of oils. The mean 

larval mortality with different letters are significantly different from one another (univariate general linear 

model with a Tukey’s post-hoc analysis; P <0.05). Error bars represent the standard error of the mean. 

5.4. Discussion 

Natural oil content of Cyperus papyrus rhizome was significantly higher than that of its aerial 

part and both the rhizome and aerial parts of Typha latifolia. The oil content of T. latifolia 

rhizome was the lowest of all the oil contents of grass species plant materials.  Shorter 

probability of Anopheles arabiensis larval survival occurred by increasing the doses of the 

solvent extracted oils from Cyperus papyrus and Typha latifolia aerial and rhizome parts as well 

as the refined seed oil of Helianthus annuus. These findings indicate that aquatic grasses have 

differential amount of natural oil production in natural conditions which causes differential 
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effects on survival of larval Anopheles mosquitoes and therefore results in variation in densities 

of larval Anopheles mosquitoes in breeding habitats.  

Previous findings indicated that habitats associated with Typhaceae and Cyperacaea grasses have 

lower Anopheles coluzzii and Anopheles arabiensis larval density compared with that of habitats 

associated with Poacaeae (Bøgh et al., 2003; Fillinger et al., 2004; Fillinger et al., 2009).  

Similarly, recent findings indicate that potential breeding habitats of mosquitoes at southern edge 

of shore area of Lake Tana dominated by different grass species are found with differential larval 

densities. The Anopheles larval density in habitats with Typhaceae is less than the habitats with 

Poacea grasses and the larvae are not found in habitats with Cyperaceae (Asmare et al., 2017a). 

This variation in preference of Anopheles larvae to grasses in field conditions is reflected by 

differences in preference of gravid female An. arabiensis and An. coluzzii to volatile extracts 

from grasses; with lower preference to volatiles of T. latifolia, and least preference to Cyperus 

papyrus volatiles in contrast to volatiles of the Poaceae grasses including Echinochloa 

pyramidalis and Echinochloa stagnina under laboratory conditions (Asmare et al., 2017a).   

Oils usually cause suffocation which results in mortality in aquatic stages of mosquito in line 

with (Goma, 1960b), and this is due to physical nature of oil that creates thin film on water 

surface (Shuo et al., 2012). The results in this study; increased larval mortality in An. arabiensis 

through increasing the dose of oils including the non-toxic control oil indicated that oils with 

and/or without toxic nature can result larval mortality due to suffocation. Absence of Anopheles 

larvae in potential breeding habitats dominated by C. papayrus could be due to the higher 

amount of natural oil in its rhizome that is released directly to the breeding water which reduces 

the probability of larval survival.  
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Cyperaceae grasses have toxic properties in nature with broad spectrum negative impact on 

microorganisms (Kakarla et al., 2014; Lawal et al., 2016). Moreover, essential oil of C. papyrus 

shows lethal effect on the larvae of brine shrimp Artemia salina (Ameen et al., 2011). Therefore, 

higher amount of natural oil production by C. papyrus under natural conditions could have 

cumulative effect of both toxicity and suffocation which reduces survival of Anopheles larvae 

and their populations in the area where it is dominant in permanent breeding habitats. The similar 

effects of oils from C. papyrus and T. latifolia, and the non-toxic refined seed oil of H. annuus 

on survival of the mosquito larvae under laboratory conditions could be the in-efficient and in-

effective property of the Soxhlet extractor with the solvent n-hexane to extract toxic nature of C. 

papyrus and may be the other grass, T. latifolia (Rassem et al., 2016). This needs further studies 

using other natural oil extraction procedures. The toxic nature of C. papyrus oil on microbial 

populations (Kakarla et al., 2014; Lawal et al., 2016) may also reduce the natural food resource 

microbiota in breeding habitats (Merritt et al., 1992).   

There are reports on toxic effect of oils extracted from plants on survival of larvae in different 

mosquito species. For example; larvicidal effects of essential oils of the plants in Guarea species 

on Aedes aegypti (Magalhães et al., 2010), essential oil of Indian borage on An. gambiae (Kweka 

et al., 2012), and Mediterranean aromatic plants on Ae. albopictus (Conti et al., 2010) are well 

documented. Moreover, extracts from Phragmites australis has adult repellent and larvicidal 

effects against Cu. pipiens (Bream, 2009) and  extracts from herbal species including Ferula 

asafoetida, Coriandrum sativum, and Trigonella foenum-gracewm have larvicidal effects on 

Aedes aegypti (Harve and Kamath, 2004). Aquatic herbs like Cyperus papayrus with higher 

amount of natural oils could be used for vector control at the larval stage in natural breeding 

habitats. 
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Studies on human safety have reported that species of the grass family Cyperaceae including C. 

papyrus are economically and medically important and their uses include utilization against 

various disorders such as migraine or abdominal pains or as fumigant and to flavor food is well 

recorded (Sonwa, 2000; Kakarla et al., 2014). Local people in the study area utilize the aerial 

part of the grass species for manufacturing some local containers, baskets. The rhizome part of 

the grass species are also utilized for firewood. Recently, the plant has been recommended to be 

used for ornamental, waste water treatment and ecological remediation, as well as conservation 

purposes in the study area. 

5.5. Conclusions  

Both toxic and non-toxic oils could have larvicidal effect on malaria mosquito due to the 

physical nature that creates thin film on water surface and bring about suffocation. The emergent 

grass, C. papyrus found with higher oil content of its rhizome which has direct contact to the 

breeding water of Anopheles mosquitoes. Therefore, it is possible to recommend C. papyrus 

plantation in permanent breeding habitats in close proximity to villages to suppress Anopheles 

mosquito populations and malaria transmission.  
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Chapter 6. General Discussion, Conclusions and Recommendations 

6.1. General discussion 

Anopheles mosquitoes have positive associations with some Poaceae grasses (Bøgh et al., 2003; 

Gouagna et al., 2012; Khater et al., 2013) as well as negative association with some grasses 

especially the family Cyperaceae (Goma, 1960a; 1960b; Fillinger et al., 2004; Yohannes et al., 

2005) in breeding habitats. This depends on the species specific characteristics of plants 

especially their pollen quantity and quality which contributes larval nutrient supplement (Ye-

Ebyo et al., 2000; 20003a) and natural oil production which has larvicidal effect on mosquitoes 

(Goma, 1960a; Lindsay and Martens, 1998; Mouchet et al., 1998).  Gravid female of Anopheles 

mosquitoes discriminate among potential breeding habitats based on olfactory cues produced by 

biotic components (Torres-Estrada et al., 2005; 2007; Himeidan et al., 2013; Afify and Galizia, 

2015) that directs to habitats with sufficient nutrient and minimum mortality factors (Bentley and 

Day, 1989). Detail studies in the role of grass volatiles in oviposition site selection by Anopheles 

mosquitoes and the effects of the grasses pollen and oils on Anopheles larval survival and 

development in breeding habitats can contribute for the development of new vector management 

options to control malaria.  

In the present study natural breeding habitats associated with different grasses had differential 

Anopheles larval productivities. The larval density of Anopheles mosquitoes in breeding habitats 

associated with Poaceae grasses, Echinocloa pyramidalis and E. stagnina is significantly higher 

than Typha latifolia. The special condition in the study site is absence of Anopheles larvae in 

breeding habitats associated with Cyperus papyrus (Chapter 3). Volatiles released by emergent 

grass species differentially attract and stimulate ovipostion by gravid Anopheles arabiensis and 
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Anopheles coluzzii mosquitoes (Chapter 3). Among the study grasses, the volatiles released by 

Poaceae grasses were significantly more attractive to gravid An. arabiensis and An. coluzzii as 

well as stimulative of their ovipostion than that of Typhaceae and Cyperaceae; the lowest 

preference of gravid female mosquitoes to volatile extracts of Cyperaceae (Chapter 3). The 

present study results indicate that emergent grass derived olfactory cues play an important role in 

regulating oviposition site selection byAnopheles mosquitoes, and in turn affects larval dispersal 

in breeding habitats in a given area.  

The present findings also indicate that dietary input of grasses pollen as natural larval diets 

influence population dynamics of malaria mosquitoes. Pollen from all the study grass species 

including Typha latifolia, Pennisetum setaceum, Echinocloa pyramidalis and Zea mays 

accelerate pupation.  The dietary quality of pollen are characterized by macronutrient balance (C: 

N ratio) and grain size (Chapter 4). Carbon-rich smaller grained T. latifolia and P. setaceum 

pollen increases adult emergence rate more than the nitrogen-rich E. pyramidalis pollen and the 

artificial larval dietTetraMin® and the larger grained carbon-rich Z. mays pollen (Chapter 4).  

Higher amount of natural oil content is found in C. papyrus rhizome (Chapter 5) and increased 

larval mortality with higher doses of grasses oil under laboratory conditions (Chapter 5) which 

has direct correlation to the absence of Anopheles larvae in natural habitats associated with the 

grass, C. papyrus in the study site (Chapter 3). These findings indicate that grasses with higher 

amount of natural oils in breeding habitats have significant ecological roles on survival and 

development of larval An. arabiensis and therefore on their populations. 

Previous reports show that the two major malaria vectors in sub-Saharan Africa, An. coluzzii and 

An. arabiensis have been recorded in stable water bodies, such as the shore area of lakes and in 
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swamps (Fillinger et al., 2004; Minakawa et al., 2005; Imbahale et al., 2011; Ndenga et al., 

2011; Minakawa et al., 2012). These stable habitats are accompanied with various types of 

vegetation (Fillinger et al., 2004; Ndenga et al., 2011; Minakawa et al., 2012), and the mosquito 

species are found  in habitats associated with Poaceae and Typhaceae grasses (Bøgh et al., 2003; 

Gouagna et al., 2012; Khater et al., 2013). In contrast, lower mosquito larval productivity is 

recorded in Phragmites spp. (Poaceae) and Cyperus papyrus (Cyperaceae) associated habitats 

(Goma, 1960; Fillinger et al., 2004; Yohannes et al., 2005). It has been proposed that due to 

natural oil production by these grass species that affect survival of the mosquito larvae and 

reduce larval densities of the mosquito species in the sites (Lindsay and Martens, 1998; Mouchet 

et al., 1998).  

Grasses provide pollen and detritus which attract microorganisms (Merritt et al., 1992a; Ye-

Ebiyo et al., 2000; 2003a; Garros et al., 2008) all these are potential sources of mosquito larval 

nutrients in natural breeding habitats. The gravid An. arabiensis preference to deposite their eggs 

close to some Poaceae grasses reflect the potential input of these biotic components in natural 

larval nutrients (Wondwosen et al., 2016; 2017; Asmre et al., 2017a; 2017b).  

The present findings provide evidence on species specific ecological significance of grasses in 

regulating Anopheles mosquito populations and malaria transmission. Identifying olfactory cues 

from grasses that modulate the gravid behaviours, dietary input of grasses pollen on larval 

survival and development, and impact of oil content of emergent grasses on larval survival has 

distinct potential for monitoring and development of control methods on malaria mosquitoes. 

This study revealed that there are differences in distributon and abundance of mosquito larvae in 

natural breeding habitats dominated by grasses species, due to variations in attraction and 

oviposition of gravid female Anopheles mosquitoes to natural grass volatiles; and variations in 
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dietary input of pollen, and amount of natural oil by different grass species resulting differential 

effects of grasses on immature stages of Anopheles mosquitoes in breeding habitats.  

6.2. General conclusions 

� The studies verified the role of grass volatiles in oviposition site selection by Anopheles 

mosquitoes and the effects of pollen and natural oil on survival and development of their 

larvae.  

� Anopheles arabiensis and An. coluzzii are attracted and stimulated for oviposition 

differentially by volatiles collected from different grass species; gravid Anopheles 

preferences for attraction and oviposition to volatiles of Poaceae is higher than that of 

Typhaceae and is lowest to volatiles of Cyperaceae. This is also reflected in field 

condition that the Anopheles larvae showed similar pattern of prefrencee to breeding 

habitats with the grasses 

� The amount of pollen production by Zea mays is higher than that of all other study 

grasses including Pennisetum setaceum, Typha latifolia, and Echinocloa pyramidalis and 

the pollen collected from Z. mays demonstrate longer survival and slower development 

like nitrogen rich artificial diet TetraMin® and E. pyramidalis than that of carbon rich 

and small grain size pollen from T. latifolia and P. setaceum.  

� Rhizome part of C. papyrus has higher natural oil content than its aerial part and both the 

aerial and rhizome parts of T. latifolia. The absence of Anopheles larvae in natural 

breeding habitats dominated by Cyperceae along the shore area of southern edge of Lake 

Tana has direct positive relation with the result of laboratory studies showed that 

increasing the dose of extracted oils reduces the probability of larval survival in An. 

arabiensis. 
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6.3. Recommendations 

�  Further studies on larval productivity of other mosquito vectors such as culicine in 

potential breeding habitats populated by Poaceae, Typhaceae and Cyperaceae grasses. 

� Further studies on chemical analysis of the study grass volatiles and trials on synthetic 

blends of the volatiles on Anopheles mosquitoes and other mosquito species. 

� Further studies on bioactivities of rhizome oil from C. papayrus on anopheline and 

culicine mosquitoes using efficient and effective procedures to extract the toxic nature of 

the macrophyte. 

� Emphasis should be taken to monitor malaria transmission and plan interventions in 

villages close to breeding habitats with natural and domestic Poaceae grasses.  

� Plantation of C. papyrus in permanent potential mosquito breeding sites can be additional 

components of IVM for sustainable management of malaria mosquitoes. 
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Appendices 

Appendix A. Average adult emergence of larval Anopheles arabiensis fed on the basic diet 

fish food over dose series.  

 

Percent  adult emergence 

Dose  0.5 mg  0.75 mg 1 mg 1.5 mg 

Day I average 40 50 60 100 

Day II average 40 50 70 100 

Day III Average 50 60 80 100 

All day average  43.333 53.333 70 100 

Standard Error 1.05409 1.054093 1.82574 0 
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Appendix B. Linear regression showing effects of amount of larval diet (Tetramin® fish 

food) on adult emergence in Anopheles arabiensis under laboratory condition. 
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Plate A. larval sampling in natural breeding habitats dominated by grasses. 
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Plate B. Multichoice oviposition bioassay setup: experiment tent arrangement in 

temperature and moisture regulated green house. 
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Plate C. The treatment and control cups arranged in experimental tent for testing 

oviposition preferences of An. coluzzii and An. arabiensis to grass volatiles. 
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Plate D. wind tunnel, attraction bioassay setup (A), gravid mosquitoes flying towards 

attractant grass volatile (B).   
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