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Abstract 

 The African mosquito Anopheles gambiae is an important vector of 

malaria, a blood-borne disease that affects millions around the world. The 

mosquito uses its sense of smell to identify and locate human hosts. An 

understanding of the vector’s olfactory system can lead to strategies to reduce 

transmission of the disease. Our lab discovered that Anopheles gambiae odorant 

receptor (AgOR) expression in developing mosquito olfactory neurons on the 

antenna might be amendable to transcriptional regulation, even at adult stages. A 

central aim of my thesis was to characterize the developmental expression 

pattern of AgORs during pupal stages, and the effect of odors on AgOR 

expression at adult stages. My thesis work focused on Anopheles gambiae 

odorant receptors AgOR 2, AgOR 11, and AgOR 24, which prior work showed 

might be particularly regulatable. During pupal stages, I discovered that while 

AgOR 2 and AgOR 11 gene expression increased closer to pupal eclosion, 

AgOR 24 gene expression decreased in the late-stage pupae. These data 

suggest that AgORs might have differential expression patterns throughout 

development, and not all odorant receptors are upregulated during eclosion. 

During adult stages, I discovered that prolonged exposure to 4-

methylcyclohexanol (an oviposition attractant that activates antennal AgOR 11 

receptors) during early adult stages led to a greater number of AgOR 11-positive 

neurons in comparison to exposure to a mineral oil control. This result suggests 

that in the presence of an activating odor, there is an increase in the number of 
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neurons expressing an olfactory receptor that can respond to that odor. In terms 

of vector control, these data suggest that the olfactory neurons of mosquitoes 

might be able to adapt to its odor environment to influence odor-based behaviors 

such as host-seeking or oviposition.  
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Chapter 1: Introduction  
 
 
 

Malaria is an infectious disease that continues to ravage the globe, affecting 

people across continents with approximately 241 million cases occurring in 2020 

alone, a majority of which occurred in sub-Saharan Africa.1 The infectious agent 

of human malaria is a Plasmodium parasite which can be transmitted from 

individuals through a mosquito that is host-seeking and probing the skin. Malaria 

elimination has long been a priority for global public health entities, and there are 

several approaches that have targeted malaria transmission or theorized 

methods to combat malaria over the years. Popular methods to combat malaria 

include developing potential vaccines that target the parasite lifecycle within the 

vector and the human host, 2 reducing transmission of the parasite via controlling 

the environment in which this vector breeds and propagates, 3 and using vector 

control methods to reduce the vector population such as the usage of insecticide-

treated bed nets and larvicide in freshwater bodies.44  While each of these 

methods have their own much-debated benefits and drawbacks, an interesting 

facet of mosquito-borne disease control not often discussed involves controlling a 

mosquito’s behavior. For example, this may be accomplished by targeting the 

mosquito olfactory system to impair its ability to host-seek and subsequently 

spread disease.  
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1.1 The Malaria Parasite 

The causative agent of malaria is the Plasmodium parasite. There are five 

species of Plasmodium that can cause disease within the human population: 

Plasmodium ovale, P. vivax, P. malariae, P. knowlesi and P. falciparum.5 

Different members of the Plasmodium genus are found in different combinations 

and relative prevalence in different areas of the world. Plasmodium falciparum is 

found widely in sub-Saharan Africa, but P. vivax accounts for a majority of the 

cases in Asia, South America and northern Africa.6  

The origin of Plasmodium, as with many parasites, is obfuscated by time 

and evolution. As the species falls under the Apicomplexa group, scientists know 

that it is closely related to various ciliates, and like all eukaryotes, is 

characterized by the presence of a mitochondria. Interestingly, its cytoplasmic 35 

kb circular DNA points to an ancestor being involved in the lateral transfer of an 

algae plastid, incorporating the plastid into its structure upon feeding on algae for 

an inordinate amount of time.7 This is now recognized as a third genome, the 

apicoplast, in the Plasmodium parasite. Thus, the parasite has gone through two 

symbiotic events, neither of which account for it becoming a parasite. As humans 

have migrated all over the world, so has the parasite, and in turn it has gone 

through co-evolution with its mammalian host through various selective 

pressures.8 As human immunity has evolved, driven by years of exposure to 

various parasitical diseases, so has the parasite’s infective ability, with some 
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species of Plasmodium being better equipped to handle immune responses than 

others. The parasite strikes a fine balance between morbidity and mortality of its 

human host. Thus, while many people infected become symptomatic, factors 

such as co-morbidities, age, frequency of infection, parasite sequestration, 

treatment delays, and human polymorphisms can all impact whether an infection 

leads to host death.5   

The infection within a human host and a vector follows a biological set of 

steps (Figure 1.1). First, an infected mosquito lands on the host skin. It inserts its 

proboscis into the skin to pierce it, releasing salivary gland-based Plasmodium 

sporozoites- the motile and infective stage of the parasite- into the host skin. The 

sporozoites travel to the liver and interact with hepatocytes through proteins that 

are found on the surface of the cell such as highly-sulfated proteoglycans, 

invading the cell to start the asexual cycle of its reproduction.2 Within the 

hepatocyte, the sporozoites transform over ten days into a liver-stage form, 

maturing into schizonts, which then burst and release up to 40,000 merozoites. 

These merozoites exit hepatocytes and seek out red blood cells (RBCs). It is at 

this stage that the disease becomes symptomatic. Once the merozoite finds and 

enters a RBC, it progresses into a ring stage, and the parasite now becomes 

characterized as a trophozoite which can give rise to more schizont formations 

and subsequent merozoite production which can lead to more RBC invasions. 

The parasite lifecycle may also enter its sexual phase – the parasite can now 

transform into male and female gametocytes. These gametocytes can then be 
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taken up by a mosquito during a bloodmeal. Within the mosquito vector, the 

gametocytes enter the sporogenic stage. The male gametes penetrate the 

female gametes in the mosquito midgut, and give rise to motile zygotes known as 

ookinetes.9 The ookinetes give rise to an oocyst infection, which eventually 

rupture and release sporozoites. These sporozoites travel to the salivary glands 

of the mosquito, starting the parasite life cycle all over again. 

 

Figure 1.1: Plasmodium Lifecycle (Konopka et al., 2021) 

 

1.2 Why Vector Control?  

Vector control is the main method of malaria eradication around the world. 

There are various methods of vector control. These methods include water 

sanitation, mosquito traps and repellants in vector-heavy regions, bed-nets 

impregnated with insecticides, and gene drives that can affect the vector’s ability 

to carry disease.3 Though, each of these methods have drawbacks that have led 

scientists to assess ways of reducing vectoral capacity without interfering heavily 

with the ecology of the mosquito nor greatly affecting its population. Outlined are 
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some ways that vector control has allowed for malaria eradication in many parts 

of the world, and reasons that it can be further improved through targeting the 

vector’s olfactory senses.  

An early method of controlling vector populations was by controlling the 

environment they feed and breed in. This would involve draining marshes and 

swamps so the mosquitoes cannot lay their eggs on the highly-preferred 

stagnant waters, creating closed sewer systems and maintaining drains, and 

relocating human housing.3 The primary issue with this method is the 

manipulation of the environment and its members outside of the vector 

population: draining water bodies will rid them of mosquitoes but will also impact 

the survival of other marsh and aquatic creatures, creating closed sewer systems 

in areas that have open sewers may be heavily dependent on governmental 

financial backing, and relocating housing can be emotionally and financially 

exhausting for residents of the area.3 Another popular vector control method is 

the use of insecticides. In the 1940s, the agricultural insecticide 

dichlorodiphenyltrichloroethane (DDT) became a more common method of vector 

control, used widely in WWII to control typhus outbreaks.3 By the end of the 

1940s, malaria was eradicated in the US due to widened use of insecticides in 

areas of high malaria transmission, along with improved housing, and sewage 

systems.3  
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Across the world, malaria eradication became a realistic possibility with 

the advent of various insecticides, and as a result the WHO created the Global 

Malaria Eradication Programme.3 Larviciding and IRS, both resulting from the 

advent of insecticides, have allowed for malaria eradication in various countries. 

Yet, the over-usage of insecticides gave rise to issues that have hampered global 

eradication. These issues include the rise of mosquitoes resistant to insecticides, 

and parasites that are resistant to anti-malarial drugs. Of particular concern to 

human health is a combined resistance in the An. gambiae mosquito vector and 

its malaria parasite P. falciparum. Insecticide resistance in various anophelines 

has been observed across the globe and “between 2010–2017, 85% of countries 

with available data reported resistance to at least one insecticide class”,4 raising 

concerns as other methods of indoor vector control, such as the use of pyrethroid 

sprayed bed-nets, are also affected by such a resistance.4 In regards to anti-

malarial drug resistance in the parasite, it has been shown that upon 

administration of the class of drugs known as artemisinins, the P. falciparum 

parasite has a greater ability to manage oxidative stress and become quiescent 

during a stage when the drug is less efficient. Thus, the more the drug is utilized, 

the greater the selective pressure is towards a P. falciparum variant that can 

enter this quiescent state, allowing for host immune evasion.8 This ability is 

especially concerning as P. falciparum can uniquely modify the surface of an 

infected host red blood cell, after which the cell surface becomes “sticky,” 
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allowing the infected cell to better sequester within organs and keep the parasite 

from being flushed out via the spleen.10 This potentially leads to high mortality 

cases such as cerebral malaria or recurrent fevers throughout a host’s life. The 

parasite can create this modification through its highly diversified var genes that 

can give rise to the adhesion protein known as P. falciparum erythrocyte 

membrane protein 1 (PfEMP1).5 As many versions of the protein may exist, it 

becomes increasingly difficult for the host immune system to create a specific 

and efficient immune response against the antigen. Thus, an insecticide resistant 

An. gambiae mosquito (with a high vectoral capacity) and an anti-malarial 

resistance P. falciparum parasite (able to sequester within host organs) are 

critical reasons to search for control methods outside of insecticides and anti-

malarials.  

The latest method of vector control is the use of gene drives to introduce 

genes into the vector population that can incapacitate the mosquitoes’ ability to 

spread malaria or reduce the vector population as a whole by curtailing 

reproduction.11 Gene drives have not yet been used as a vector control measure 

in a wild population, but researchers around the globe are considering the 

benefits and drawback of such a method. Gene drives can be self-sustaining, 

meaning that once a gene is introduced into a lab-reared colony, the release of 

the modified mosquitoes into the wild population will allow for the emergence of 

progeny that carry the same gene. This can be used to reduce vectoral capacity 
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or vector reproduction.3 Yet, the idea of modifying an entire wild species of 

mosquito raises ethical concerns, and extreme caution is warranted.11 The 

spread of the gene drive, especially one that will allow for vector population 

suppression, beyond the designated locus may prove troublesome to the entire 

ecosystem. The accidental release of the modified mosquitoes is also another 

realistic issue. Yet, gene drives are promising if properly contained and 

managed.11 One way to so do would be to target the mosquito’s behavior, such 

as its host-sensing ability, and in doing so create mosquitoes that could 

biologically support the malaria parasite but fail to transmit it to the human host 

due to genetically altered olfactory senses. The ideal multi-pronged approach to 

malaria eradication in the current century would be a combination of preventative 

care, such as vaccination, along with targeted vector control.   

 

1.3 The Malaria Vector  

Mosquitoes are a diverse species, living in varying climates and feeding 

on a range of mammals.12 The three main subfamilies of mosquitoes are 

Anophelinae, Culicinae, and Toxorynchitinae. The Culicinae and Anophelinae 

subfamilies pose a problem to humans due to some members being 

anthropophilic – preferring to take bloodmeals from humans. The Anophelinae 

subfamily vectors various infectious agents that cause diseases such as malaria, 
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filariasis and O’nyong-nyong disease.1314 Within the Anophelinae subfamily, the 

Anopheles gambiae complex wreaks a great amount of havoc on human lives in 

sub-Saharan Africa. For example, upon field examination in northern Benin, a 

country where malaria is a leading cause of mortality in children, it was 

discovered that 85.6% of malaria cases were transmitted through An. coluzzii, a 

member of the An. gambiae complex.15 There are various factors that contribute 

to the high vectoral capacity and disease transmission in relation to the mosquito. 

To name a few, members of the An. gambiae complex can breed to high 

numbers, and withstand great environmental change.10  

The An. gambiae species is currently undergoing a speciation event and 

splitting into two forms: recognized as M and S.16 The separation is defined 

molecularly as a difference in the “rDNA intergenic spacer located on the X 

chromosome”,16 but is biologically driven by non-random chromosomal 

inversions on the right arm of chromosome 2.16 This molecular difference is 

connected to geographical regions in western Africa, with the M and S forms co-

circulating in Mali, although the M form has a greater tolerance for aridity.16 While 

a laboratory setting has allowed for viable eggs upon crossing the two species, it 

has rarely been observed in nature.17 Scientists hypothesize a lack of 

hybridization is due to the ecological and temporal differences in larvae 
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production.15, 16 In the interests of this thesis, the species examined is the M 

form, also called the An. coluzzii N‘gousso (NGO), a colony created in 2006 and 

originating in Cameroon.18  

 

1.4 Mosquito Lifecycle 

The female An. coluzzii N‘gousso mosquito is anthropophilic, taking 

bloodmeals from humans during night-time or dusk to dawn.10 Blood-feeding is 

key for the female mosquito to lay eggs, laying up to 200 eggs per oviposition 

(CDC). The eggs (~ 0.48 mm long) are melanized with the ability to float on 

water. They are laid in water, and after two to three days, hatch into larvae. The 

larval stage consists of four sub-stages of growth called instars during which the 

larvae can feed on surrounding algae and grow larger from instar to instar. After 

the fourth instar the pupae emerges, which is mobile but does not feed. After 

about 24 hours, the pupae ecloses into an adult mosquito. The whole An. 

gambiae life cycle extends 10-11 days. As with many invertebrates, the lifecycle 

length can depend on the temperature of the climate and extend to as long as 

three weeks.17  

 

1.5 Mosquito Olfaction Pathway 

For the malaria mosquito to transmit diseases, it first needs to find a 

human bloodmeal, which it does through using its sense of smell.19 The olfactory 
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appendages include the antennae, the maxillary palps and the labella. Each of 

these olfactory tissues has hair-like structures on their surface called sensilla. 

Within each sensillum are the dendrites of olfactory receptor neurons (ORNs) 

with odorant receptors (ORs) on their surface. Once an odor ligand enters a 

sensillum through its pores, it binds to an OR on the surface of an ORN, causing 

it to activate. The neuron depolarizes, and a signal is generated to travel to a 

higher processing center of the brain known as the antennal lobes. In the 

antennal lobe, multiple neurons that have the same OR on their surface synapse 

in one area known as a glomerulus.19 The ORNs synapse at the glomerulus with 

antennal lobe output neurons called projection neurons. The ORN signal that 

ultimately activates the projection neurons could be increased in two ways: 1) by 

an increase in the number of ORs that are expressed by an ORN, or 2) by the 

number of ORNs that are expressing a certain OR. Thus changes in OR 

expression, or changes in the number of neurons expressing a particular OR, 

can have a substantial effects on mosquito behavior.  

Many details regarding mosquito olfaction remain to be discovered.12 For 

example, the olfactory responses that distinguish host specificity and odor 

gradients remains unknown. What is clear is that ORs play an important first step 

in the mosquito’s ability to find its bloodmeal and transmit disease. A better 

understanding of OR regulation and how it contributes to olfactory behavior will 

allow for clearer targets for vector control. 
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1.6 Mosquito Odorant Receptors 

 Odorant receptors are one of three types of olfactory receptors found on 

the surface of sensory appendages of the mosquito.12 They are transmembrane 

ligand-gated ion channels, and are a heteromeric complex composed of two 

subunits: the highly conserved olfactory receptor coreceptor Orco, and an 

odorant tuning receptor, ORx.20 Tuning receptors are highly diverse, having a 

range of odor thresholds and odor specificities.22 Orco is required to traffic the 

Orco-ORx complex to the dendritic membrane as well as help form the odor-

gated cation channel.20 21 Further, it has recently been shown that an Orco 

knockout mutant in An. coluzzii leads to the loss of detection of a number of 

odors.22 Tuning receptors (ORxs), on the other hand, define the specificity of the 

Orco-ORx complex to its respective odor.12 This thesis focused on examining 

ORs in the antennae.  

The basic structure of the mosquito antenna has been well characterized, 

but many aspects regarding the olfactory system of mosquitoes remains 

unknown. The female An. gambiae mosquito antennae is divided into 13 sections 

known as flagellomeres, with sensory sensilla covering flagellomere 2-13.19 

Each sensilla contains 2-4 ORNs with their respective ORs on their surface.12 

The large number of ORs and their genetic diversity have made functional 
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understanding of mosquito olfaction challenging. For example, it remains 

unknown if there is a defined specific spatial pattern of ORNs and their ORs 

across the antennae.12 It is also remains unknown when ORxs turn on during 

the development of the mosquito.  

In experiments ectopically expressing the AgOR 2 receptor in Orco+ 

olfactory neurons, the Potter lab discovered significant (and unexpected) 

downregulation in the transcriptional expression of endogenous AgORs.23 In 

particular, AgOR 24 and AgOR 11 transcripts were the most highly down-

regulated by ectopic AgOR 2 expression.23 These results indicated that OR 

expression in mosquitoes, unlike fruit flies, was highly sensitive to regulation. 

Additional analysis would be necessary to know how and when in development 

such a mechanism might function within a wildtype NGO mosquito. The Potter 

lab also discovered that olfactory neurons continue to choose which AgOR to 

express well into adult stages.23 This suggests olfactory development continues 

post pupal eclosion (again in contrast to Drosophila), meaning that the odor 

environment of the newly eclosed adult mosquito may be able to impact its 

olfactory development. The odor environment might be able to affect the number 

of ORs being expressed by a certain ORN, or the number of ORNs expressing a 

certain OR. The olfactory neurons of mosquitoes might thus be able to adapt to 

best respond to a changing odor environment.  
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Chapter 2: Thesis Aims 

 
The goals of my project were to:  

(1) investigate the developmental expression profile for AgOR 2, AgOR 11 and 

AgOR 24 in the mosquito antennae  

(2) examine how the adult odor environment might affect the expression pattern 

of AgOR 2 and AgOR 11 in wildtype mosquito antennae.  

 

Chapter 3: Materials and Methods 

 
3.1 Developing a Working Protocol for Quantitative Analysis of AgOR 

Expression during Pupal Development 

 
 One goal of my thesis work was to develop a protocol for the quantitative 

analysis of AgORs during early and late pupal stages. I focused my studies on 

examining expression of AgOR 11, AgOR 24, and AgOR 2. To gauge AgORx 

expression during pupal development, two NGO cohorts (8-10 hours After Pupal 

Formation (APF) pupates and 20-22 APF pupates) were raised and examined as 

part of this experiment. As detected by fluorescent in situ hybridization, 

discernible antennal OR expression does not occur until eight hours post 

pupation.23 Therefore, pupal timepoints prior to 8-10 APF were not examined.  
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 To examine OR expression differences with high sensitivity at various 

developmental timepoints, quantitative Polymerase Chain Reaction (qPCR) was 

chosen as the method to quantify OR relative transcript abundance. The 

workflow I developed for these experiments followed four key stages identified 

below (3.1).  

 

Figure 3.1: OR Gene Expression Quantification Workflow 

 

The amount of AgORx RNA contained within each pupal antennae was 

too low for the Nanodrop to determine the concentration. Thus, in pilot 

experiments, different numbers of early pupal antennae (a total of 10, 20, or 40 

antennae) were extracted for RNA and tested by qPCR. For the qPCR to be 

labelled successful, a Cq threshold of 15 to 30 was considered optimal. 

Therefore, optimal gene amplification was seen from cDNA made from a total of 

40 pupal antennae (Table 3.1). Thus, a sufficiently large cDNA library was 

created for the chosen timepoints by pooling antennae samples from 40 

antennae per timepoint to allow for detectable amounts of AgOR nucleic acid in 

each sample. Only antennal samples from female pupae were collected. 

Pupal 
Antennae 

RNA 
extraction

DNase 
treatment of 

RNA

Reverse-
Transcriptase 
PCR to make 

cDNA

Quantitative 
PCR of cDNA
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 Table 3.1: Optimal number of antennae for qPCR experiments.  Determining the number 
of female NGO antennae required for sufficient qPCR amplification, (-) denotes no 
amplification, (+) denotes average amplification with a late stage Cq value, and (++) 
denotes high amplification with an early Cq value.  

Antennae # qPCR amplification of antennal 

cDNA  

10 - 

20 + 

40 ++ 

 

Finally, another critical step that I introduced was the addition of a DNase 

treatment prior to creating cDNA via RT-PCR. This treatment served as a 

secondary measure of protection against genomic DNA contamination.  

 

3.3 Developing an Assay to Examine the Effect of the Odor 

Environment on Adult AgORx Expression  

The goal of understanding the impact of odorant environment on AgORx 

was three-fold: 1) to determine an impact of odor on AgOR gene expression in 

the early adult female NGO mosquito; 2) to determine if odors stabilize or 

destabilize the number of neurons expressing an AgOR that can detect those 

odors; and 3) to identify the spatial organization of the two ORs within the 

wildtype mosquito antennae. 
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 To determine if the odor environment might alter AgOR expression in adult 

mosquitoes, I developed a novel olfactory assay (Figure 3.2-3.4). In this assay, 

the odor environment was changed and AgOR expression monitored by 

fluorescent in situ hybridization. In this experiment, newly eclosed female 

mosquitos were exposed to odors or a control of odor solvent alone. One odor 

was benzaldehyde which highly activates AgOR 2 and lowly activates AgOR 11 

24 and the other was 4-methylcyclohexanol, which only activates AgOR 11.24  

 To gauge differences in neuronal expression due to varying lengths of 

odor exposure, two end points post-eclosion were chosen: 3 days and 7 days. 

After eclosion, female mosquitos were divided into three cohorts and aspirated 

inside three different odor chambers: the benzaldehyde containing chamber, the 

4-methylcyclohexanol containing chamber, and a mineral oil chamber which 

served as a negative control (Figure 3.2). Depending on the timepoints, freely 

moving mosquitoes were exposed to their specific odors for either three days or 

seven days, after which their heads were dissected to begin the antennal RNA-

FISH experiment. The DNA probes used to detect the OR genes had been 

previously validated by Dr. Maguire.23 Each RNA-FISH experiment examined 

the expression of AgOR 11 and AgOR 2 positive neurons within each antennae. 

An example antennal RNA-FISH result for mosquitoes exposed to 3 days of 

benzaldehyde is show in in Figure 3.5. AgOR 11 expressing neurons were 

labelled green and AgOR 2 expressing neurons were labeled red (Figure 3.5). 
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These results verified that RNA-FISH was a sensitive method to accomplish the 

goals for this part of my thesis.

Figure 3.2: Schematic of the odor-exposure and RNA-FISH experiments. 
Different chambers contained different odor environments for adult mosquitoes. 
After 3 or 7 days of exposure to the odors, antennae were subjected to RNA-
FISH.



   
 
 

   
 
 

19 

 

Figure 3.3: Odor Chamber Setup. Side view. 
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Figure 3.4: Odor Chamber Setup. Top view including glass odor vial. 
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Figure 3.5: Example of FISH analysis of Anopheles antenna. Flagellomere 6-8 of 

7-day control antennae. AgOR 2 positive neuron labeled by a red flurophore 

(Alexa 546) and AgOR 11 positive neuron labeled by a green fluoropore (Alexa 

488). A total of three AgOR 2+ neurons and six AgOR 11+ neurons are present 

in this example image. Example AgOR 2+ and AgOR 11+ neurons are labeled 

with an arrow.  
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3.3 Rearing NGO Mosquitoes 

 In order to gather antennae for both the qPCR and odor-exposure/RNA-

FISH experiments, NGO mosquitoes first had to be reared. The NGO mosquitoes 

were raised in the JHMRI insectary at the Johns Hopkins Bloomberg School of 

Public Health. They were grown at 28ºC at 70-75% humidity.23 To create a 

sufficiently large mosquito colony for experiments, a group of 10-15 adult 

mosquitoes, including both males and females, were blood-fed on anesthetized 

mice. Five days post blood-feeding, an egg cup was inserted into the mosquito 

cage. These small plastic cups were filled a quarter of an inch with deionized 

(DO) water and included a 12-centimeter filter paper shaped into a cone into 

which the female mosquitoes would deposit their eggs. After two days, the filter 

paper cones were checked for the presence of eggs. The cones were then taken 

out and put into a tray filled with DO water. To make sure that the eggs did not 

disperse in all directions and attach to the sides of the trays, a wax paper square 

was set within the tray to contain the filter cone. TetraMin Tropical flakes (Tetra, 

Melle, Germany) and Purina Cat chow Indoor pellets (Purina, St. Louis, MO) 

were then added ad libitum to the tray so hatched larvae would be fed. The 

mosquito tray was kept in an incubator set to a reverse light cycle: at 11 PM 

lights would be turned on and at 11AM lights would be turned off; this was done 

in order to collect pupae earlier in the day rather than at night, as most larvae 

would ecdyse in the “daylight” thus allowing for pupae collection earlier in the 

day.23  
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For experiments that involved understanding OR expression in the pupal 

stage, trays were cleared of any pupae that had emerged overnight at 9 AM. 

Then, pupae were collected at 11 AM – this was done to keep track of the age of 

the pupae, those that had been collected at 11 AM were 0-2 hours old. 

Depending on which pupal age I was examining, the pupae were allowed to grow 

to that age before antennae collection. For experiments involving the early adult 

mosquitoes, pupae would be collected regardless of age and put inside of a 

mosquito cage with 10% sucrose. Adult mosquitoes would be then collected, 

either for antennal RNA extraction, or for odor exposure experiments.  

 

3.2 Primer Creation and Validation 

Primers for quantitative PCR (qPCR) were created for (1) the positive control 

gene and (2) the odorant receptor genes that were being quantified. Primers 

were designed on MacVector 18.1.2 (Apex, NC) using gene sequences uploaded 

on the VectorBase database. For each gene of interest an annotated coding 

sequence (CDS) file was created. Primers were designed to span exon-exon 

junctions. The annotated gene sequence was used with Integrated DNA 

Technologies PrimerQuest tool (https://www.idtdna.com/pages/tools/primerquest, 

Integrate DNA Technologies, Newark, NJ ) to identify potential primers.  

Conditions were set so the resulting primers could be used with an intercalating 

dye, like SybrGreen. The primers had an optimum melting point temperature of 

63ºC and minimum melting point temperature of 60ºC. The amplicon size was set 

https://www.idtdna.com/pages/tools/primerquest
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to 120 base-pairs, as the genes being targeted were small. These conditions 

allowed the primers to extend the single-stranded DNA molecules in a 

synchronous manner, as the primers annealed and disassociated repeatedly. 

The targeted OR genes were amplified as endogenously expressed within the 

NGO female mosquito without amplification; as such, some primer sets did not 

work to amplify OR transcripts. The primers sets that were able to bind and 

amplify the OR and housekeeping genes are stated below.  

1. Primers for positive control housekeeping gene: 

As the goal of the qPCR was to gauge the difference in the expression of 

ORs at different developmental timepoints, a positive control gene was needed to 

compare to the relative abundance of each OR. Such a control needed to be 

constitutively expressed in the NGO mosquito and be amplified normally in both 

early and late stage pupae and adult. A total of five housekeeping genes were 

selected to be tested: Ribosomal Protein S3, Ribosomal Protein S6, Ribosomal 

Protein S7, Actin, and Elongation Factor-1.  

 
 Table 3.2: Housekeeping genes primer sets. Table showing the housekeeping 
primers of which RPS7 was selected as the optimal control for AgOR expression 
quantification 

Housekeepi

ng Genes 

Forward Primer Reverse Primer  

RPS3 RPS3-fwd (5’-

GACCCGCACAGAAATCATCA

TC-3’) 

RPS3-rev (3’-

AGCGAATCCGAAACGCTTG-

5’) 
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RPS6 RPS6-fwd (5’-

GGTGAGGAATGGAAGGGTTA

CA-3’) 

RPS6-rev (3’-

ACACGAGTGTTCGTCAGCA-

5’) 

RPS7 RPS7-fwd (5’-

CCATCCTGGAGGATCTGGTA

TT-3’) 

RPS7-rev (3’-

GCGAAAGTGTCAACTTTGTG

TTC-5’) 

Actin  Actin-fwd (5’-

ATCTGGCACCACACGTTCTA-

3’) 

Actin-rev (3’-

CATCTTCTCGCGGTTCGATTT

C-5’) 

EF-1 EF-1-fwd (5’-

GCAACGCTGTCTACGATGAT

TAC-3’) 

EF-1-rev (3’-

CGGACATACTTTGTTGCCCT

TT-5’) 

 

2. Primers for AgOR genes:  

The initial goal of the project involved conducting qPCR experiments on a 

greater number of OR genes than the ones most significantly downregulated by 

ectopic AgOR 2 expression.23 Therefore, primers were ordered for a total of 16 

AgORx genes that had the most significant changes upon ectopic AgOR 2 

expression.23 The primers for these various AgORxs are included in Appendix 

6.1. The primers for AgOR 24, AgOR 11 and AgOR 2 are as follows in the table 

below. 
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 Table 3.3: AgOR Primer Sets. Table showing the quantitative PCR primer sets 
for AgOR 2, AgOR 11 and AgOR 24 

AgOR 

Genes  

Forward Primer Reverse Primer  

AgOR 

2  

OR2-fwd (5’-

TGATCTCAACTCACTCGTCACC-

3’) 

OR2-rev (3’-

TGTGCCAGCTGATTGCTAATG-

5’) 

 

AgOR 

11 

OR 11-fwd (5’-

CGGGCTCGATTTAACAGCATC-

3’) 

OR 11-rev (3’-

CGCTTCAGATAGCGCACATT-

5’) 

AgOR 

24 

OR 24-fwd (5’-

TTGCTGTCAGGCCATTATGAAA 

-3’) 

OR 24-rev (3’-

CACACGCTTGACTGCAATACT-

5’) 

 

To validate primers designed for housekeeping and OR genes, gel 

electrophoresis experiments were conducted to check for the presence of primer-

dimers. As each gene fell within 90 to 100 bps, a 1.5% agarose gel was used. 

Inefficient primers resulted in smudged bands which could indicate that not all of 

the given primer pair was able to bind the targeted gene sequence, or that the 

primer pair resulted in primer-dimers. In these cases, the primers were not used 

to test for qPCR efficiency. The ones that passed the gel electrophoresis 

validation test were carried forward for qPCR experiments. There were certain 
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primers that were unable to amplify the gene at this this point, leading to 

amplification either too early or too late in the PCR cycle; a sign of an efficient 

amplification is one with a Quantification Cycle value between 15-30. Primers 

that failed at either point of validation and efficiency were replaced by a different 

set suggested by the PrimerQuest tool.  

 

3.3 cDNA Library Creation 

An important component of the quantitative experiments was the creation of 

an antennal cDNA library of different developmental timepoints to be used with 

the various AgORx gene primers. Pupae were allowed to grow to the timepoint 

needed, and were then removed from their tray. Their heads were extracted 

while they were placed on dry ice and immobilized, and their antennae removed 

and placed in the Trizol reagent (Thermo-Fisher, Catalog#15596026, Waltham, 

MA) on ice for preservation against RNA degradation, according to the 

manufacturer’s protocol. They were then placed in the -80ºC freezer until the 

RNA extraction procedure. For the RNA extraction, a series of flash-freezing, 

thawing, and pestle-homogenization steps were carried out to pulverize the 

antennae, and chloroform added to the reagent to separate the antennae into 

three phases: DNA, RNA, and proteins. Next, the aqueous phase containing the 

RNA was extracted. Glycogen was added to this extraction to allow for full 

nuclear recovery. The Trizol RNA extraction mosquito antennae protocol is 

standardized in the Potter Lab and was carried out in detail.  
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After the extraction was completed, the RNA was treated with DNase using 

the Promega RQ1 DNase treatment protocol (Fischer Scientific, Catalog# PR-

M6101). The reagents included the RNA in water, the RQ1 RNase-Free DNase 

10X Reaction Buffer, the RQ1 RNase-Free DNase, and nuclease-free water. 

RQ1 DNase stop solution was used to terminate the reaction. After DNase 

treatment of the RNA, the concentration of a 1 microliter volume of the sample 

was determined via a Nanodrop 2000 (Thermo-Fisher). Knowing the 

concentration of the RNA was important in gauging the concentration of the 

cDNA. Gauging the concentration of cDNA directly through the Nanodrop can 

lead to inaccurate readings due to the presence of unbound dNTPs, thus 

calculating it based on the RNA concentration is more accurate. The ideal 

antennal RNA concentration for qPCR was determined by postdoctoral fellow Dr. 

Joshua Raji as ≥ 500ng; this sample concentration contains 20-30 ng of cDNA 

per 1 microliter of cDNA reaction mix. Thus, the RNA for every developmental 

timepoint was checked for a high enough concentration to reduce the possibility 

of a qPCR experiment with inaccurate amplification due to too little cDNA.  

Finally, a one-step reverse-transcriptase PCR was carried out to convert the 

antennal RNA into cDNA. For this experiment, the 5X iScript cDNA synthesis kit 

was used (Bio-Rad, Catalog#1708890), optimized for 1ug total RNA reverse 

transcription. The experimental reagents included to the 5X iScript Reaction Mix, 

the iScript Reverse Transcriptase (RT), nuclease-fee water, and the RNA 

template itself. The RNase H component of the RT enzyme allowed for 

simultaneous RNA degradation and cDNA creation, allowing for improved one-to-
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one amplification. All steps involved in the conversion of antennal RNA to cDNA 

required an RNase-free setup; thus all surfaces and instruments were RNase-

Zapped (Fisher-Scientific, Catalog#AM9782).  

 

3.4 Determination of The Ideal Concentration of cDNA for qPCR 

Experiment  

As there were various genes that were targeted for quantification of 

expression levels at different timepoints, it would have been time-consuming to 

test out the ideal concentration for each gene for efficient amplification via qPCR. 

Instead, the RNA-sequencing data of Dr. Maguire 23 was used to find the AgORx 

that had the lowest wildtype mRNA expression. This was determined to be 

AgOR47. Primers for AgOR47 were designed on MacVector and ordered on IDT. 

Then, cDNA from both the 8 APF and 20 APF timepoints were used to determine 

the ideal concentration of nucleic acid that could be properly amplified by the 

qPCR machine. The cDNA was serially diluted to 1:100,000; 1:10,000; 1:1000; 

1:100; 1:10. The qPCR was carried out and it was determined that a cDNA 

concentration of 1:1000 was enough for the OR primers to find, bind and amplify 

the cDNA. As AgOR47 was the mostly lowly expressed AgORx, it made sense 

that all other AgORxs that were more highly expressed would be properly 

amplified at a cDNA concentration as low as 1:1000.  
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3.5 Quantitative PCR 

 The first step to perform quantitative PCR was planning the 96-well plate 

that would contain the cDNA samples and the various qPCR reagents. It helped 

to draw the plate in a lab notebook, and the location of each of the OR genes 

being quantified. The reagents necessary for the qPCR were SybrGreen 

(Thermofisher Scientific, Catalog# 4364344), the designed primers ordered from 

IDT, the cDNA, and nuclease-free water. To increase efficiency, a master mix 

composed of the SybrGreen and water were made and aliquoted equally to each 

well. The cDNA stock and primers were kept on ice. Each experiment contained 

at least two replicates of the experimental and control samples. During the 

experiment, it was important to be as sterile as possible as the qPCR machine is 

sensitive to the presence of nucleic acids. As such, additional precautions were 

taken. This included wearing a facemask during the pipetting process, as well as 

putting the plate at an angle on the ice to allow for clear visualization of the wells.  

The qPCR protocol was as follows. First, the master mix was loaded into 

each well. Then, primers were added. Finally, the cDNA was loaded into each 

well, aside from the negative controls. Thus each plate contained the primers for 

the AgOR genes AgOR 11, AgOR 24, and AgOR 2, the positive control RPS7, 

and the negative control for all the aforementioned genes (containing only master 

mix and the primers). After a plate was complete it was sealed, and centrifuged 

at 1200 rpm for 5 minutes. Finally, the qPCR was carried out on the Bio-Rad 

CFX Manager 3.1 program on the Thermocycler C1000 qPCR machine (Bio-

Rad).  
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3.6 Odor Exposure Assay 

To gauge the effect of the odor environment on the expression pattern of 

ORs, it was necessary for the mosquitoes to be exposed to the odors in a safe, 

but close-proximity manner. To do so, an odor chamber was created using a 

medium-sized ice-cream cup with mosquito netting to keep the mosquitoes 

enclosed, and a 1mL glass vial containing the diluted odor within it. The vial top 

was plastic and had holes to allow for the odor to escape, but prevented the 

mosquito from entering the vial. Each chamber had a small, tape-covered hole 

through which the newly eclosed mosquitoes could be aspirated into the 

chamber for the odor exposure. A total of three chambers were made: one which 

contained 0.1% benzaldehyde diluted in mineral oil, another which contained 

0.1% 4-methylcyclohexanol diluted in mineral oil, and another with only mineral 

oil. The odors were chosen based on data generated by Dr. Alison Carey in the 

Carlson Lab 24, showing that based on single-unit recording, ectopic expression 

of AgOR 11 in the Drosophila antennae could be activated upon exposure to 4-

methylcycloghexanol, while benzaldehyde elicited activity from both AgOR 11 

and AgOR 2.24 The odorant receptors AgOR 11 and AgOR 2 were chosen 

based on Dr. Maguire’s ectopic AgOR 2 overexpression experiments.23 An 

appropriate odor volume for each vial was approximated to be 480 µL based on 

trial-and-error experiments testing a range of different volumes. The mosquitoes 
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were exposed to their respective odor for either 3 days or 7 days. Odor exposure 

experiments were usually performed simultaneously, with 3-4 mosquitoes per 

chamber/condition.  

 

3.7 Post-Odor Exposure Whole-Mount Antennae RNA-FISH 

After the odor exposure experiment was complete, antennal RNA-FISH 

was conducted to visualize AgOR expression in olfactory neurons. The entire in-

situ hybridization process consisted of seven days with steps involving antennal 

tissue preparation, hybridization, washing, and amplification.25 First, the 

mosquitoes were anesthetized in a 4ºC fridge, after which they were removed 

from the chamber and their heads dissected under ice. The heads were then 

washed with CCD buffer composed of chymotrypsin (Millipore-Sigma, 

Catalog#C4129-250M), HEPES Larval Buffer, dimethylsulfoxide, chitinase 

(Fisher, Catalog#C6137-50UN). These components were important to break 

down the antennal sheath while maintaining pH levels. After heating, the heads 

were fixed using paraformaldehyde, and the fixed antennae dissected out for 

hybridization. Over the next seven days, the antennal samples were prepared for 

the probe hybridization stage by washing the antennae with methanol to preserve 

its structural integrity and Proteinase-K to degrade proteins that may interfere 

with detection of the RNA. For the hybridization step pre-designed DNA probes 

from Molecular Instruments (Molecular Instruments, Inc, Los Angeles, CA) were 

used along with the hybridization buffer necessary for the DNA probes to stably 
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bind to the OR genes that were being targeted for detection: either AgOR 2 or 

AgOR 11. Each experiment was a multiplex as each probe had a different 

fluorophore attached to it, allowing for AgOR 2 to show up as “red” (Alexa 488) 

and AgOR 11 to show up as “green” (Alexa 546). After hybridization, it was 

important for signal amplification to occur, and the hairpin fluorophores were 

introduced to colocalize with the probes. Next, unbound probes and fluorophores 

were washed away thoroughly with the aid of wash buffers such as the 5X saline-

sodium citrate-Tween buffer for increased stringency as the probes were 

designed to bind to the exact OR genes. Lastly, to prepare for confocal 

microscopy, the antennae was mounted with Slowfade Diamond mounting 

solution (Thermofisher, Catalog#S3962) onto a slide and covered with a 

coverslip.  

 

3.8 Confocal Imaging on NGO Antennae                              

 To visualize the OR gene expression upon odor exposure, an LSM 700 

Zeiss microscope with a 40X oil immersion corrected objective, at a resolution of 

512x512 pixel resolution with 1.0 uM Z- steps, was used.23 Cells were counted 

manually for AgOR 2 and AgOR 11 expression per antennae. Due to issues with 

dissecting out the entire antennae for some of the RNA-FISH samples, only 

flagellomeres that remained intact post in-situ were used for statistical analysis. 

After examining each antennae for intact flagellomeres, it was determined that all 
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samples collected had flagellomere 4 through 9 intact. Thus, all statistical 

analysis was done using positive AgORs from flagellomere 4 through 9.  

Chapter 4: Results 

 
4.1 Anopheles Gambiae ORs Demonstrate Dynamic Changes During 

Pupal Development 

 Quantitative analyses of pupal AgOR expression will reveal how AgOR 

expression changes during development. Using my optimized qPCR protocol, I 

investigated the expression levels of AgOR 2, Ag OR11, and AgOR 24 at 8-10 hr 

APF and at 20-22hr APF. As shown in Figures 4.1-4.3, AgOR 11 and AgOR 2 

gene expression increased at 20 hr after pupal formation, while OR 24 

expression decreased. AgOR 2 expression (Figure 4.1) and AgOR 11 

expression (Figure 4.2) was low at 8 hr APF, with AgOR 2 exhibiting the higher 

increase in relative abundance by 20 hr APF. Only the AgOR 11 expression 

difference was significant upon conducting a paired T-test, with a p-value of 

0.005. 

 The observed developmental expression of AgOR 24 differed from that 

observed for AgOR 11 and AgOR 2. AgOR 24 was more highly expressed at 8h 

APF, and its expression decreased by 20 hr APF (Figure 4.3).  
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Figure 4.1: AgOR 2 expression increases during pupal development Differences 

in abundances (relative to the constitutively expressed housekeeping gene 

RPS7) and the experimental gene OR 2 in two different pupal stages is shown.
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Figure 4.2: AgOR 11 expression increases during pupal development. 

Differences in abundances (relative to the constitutively expressed housekeeping 

gene RPS7) and the experimental gene OR 11 at two pupal stages is shown. 
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Figure 4.3: AgOR 24 expression decreases during pupal development. 

Differences in abundances (relative to the constitutively expressed housekeeping 

gene RPS7) and the experimental gene OR 24 in two different pupal stages is 

shown.

4.2 Early Stage AgOR 2 Expression Increased with Changes To The 

Adult Odor Environment

The number of neurons per flagellomere expressing AgOR 2 was 

quantified after 3 days of exposure to odors (control, benzaldehyde, and 4-

methylcyclhexanol) (Figure 4.4A). At 3 days APF, the RNA-FISH revealed zero

AgOR 2 positive neurons within the control antennae. Interestingly, exposure to 
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either odorant for 3 days (benzaldehyde or 4-methylcyclohexanol) increased the 

number of AgOR 2-positive neurons within the antenna. There was no difference 

in AgOR 2-positive neuron numbers between the two odor-exposed experimental 

groups (Figure 4.4A).  

The number of neurons per flagellomere expressing AgOR 2 were 

quantified after 7 days of exposure to odors (control, benzaldehyde, and 4-

methylcyclhexanol) (Figure 4.4B). At 7 days APF, the number of AgOR 2 

expressing neurons exposed to odors did not increase from that observed at 3 

days APF. In contrast, the number of AgOR 2 expressing neurons in the no odor 

control was now increased to same level as the odor-exposed mosquitoes.   

Even though 4-methylcylcohexanol was predicted not to be able to 

activate AgOR 2 24 , exposure to that odor in both the 3 days and 7 days 

behaved similarly to exposure to benzaldehyde (an AgOR 2 agonist). Statistical 

analysis of the number of AgOR 2+ neurons in the control group between the two 

timepoints indicated a significant difference (p = 0.0219). 27 



39

Figure 4.4: Odor exposure during early adult stages increase the number of 

AgOR 2-expressing neurons. Antennal AgOR 2+ neurons of female NGO 

mosquitoes were exposed to three different odor environments for a total of three 

days (Panel A) or seven days (Panel B) post-eclosion. The bars show the 

average number of positive neurons in one antennae. Odors consisted of the 

mineral oil control, the 0.1% benzaldehyde experimental group (Benz), and the 

0.1% 4-methylcyclohexanol experimental group (4-methyl). 

A B
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4.3 AgOR 11 Expression Increased With Changes To The Adult Odor 

Environment 

The number of neurons per flagellomere expressing AgOR 11 were 

quantified after 3 days of exposure to odors (control, benzaldehyde, and 4-

methylcyclhexanol) (Figure 4.5A). At 3 days APF, the RNA-FISH revealed 0-1 

AgOR 2 positive neurons within the control antennae. Similar to AgOR 2 results, 

exposure to either odorant for 3 days (benzaldehyde or 4-methylcyclohexanol) 

increased the number of AgOR 11-positive neurons within the antenna. There 

was no difference in AgOR 11-positive neuron numbers between the two odor-

exposed experimental groups (Figure 4.5A). 

The number of neurons per flagellomere expressing AgOR 11 were 

quantified after 7 days of exposure to odors (control, benzaldehyde, and 4-

methylcyclhexanol) (Figure 4.5B). At 7 days APF, the number of AgOR 11 

expressing neurons in the control remained low. In addition, the number of AgOR 

11-expressing neurons in mosquitoes exposed to odors did not increase from 

that observed at 3 days APF (Figure 4.5B). There was a significant increase in 

the number of AgOR 11+ neurons between the control and 4-methylcyclohexanol 

exposed experimental groups in both the 3 days exposed (p =0.0219) and 7 days 

exposed (p = 0.0011) cohorts. There was also a significant difference (p = 0.015) 

between the number of AgOR 11+ neurons between 3 days and 7 days of odor 

exposure (as determined by a one-way ANOVA test). The greatest increase in 

AgOR 11- positive neurons occurred in the 7-day exposed 4-methylcyclohexanol 

experimental group. While benzaldehyde was expected to only weakly activate 
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AgOR 11 24 , exposure to this odor still increased the number of AgOR 11+ 

neurons (Figure 4.5B). These results suggest that odors that activate an AgOR, 

even weakly, might be able to stimulate increases in the number of neurons 

expressing that AgOR.  

Figure 4.5: Odor exposure during early adult stages increase the number of 

AgOR 11-expressing neurons. Antennal OR 11+ neurons of female NGO 

A B
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mosquitoes were exposed to three different odor environments for a total of three 

days (Panel A) or seven days (Panel B) post-eclosion. The bars show the 

average number of positive neurons in one antennae. Odors consisted of the 

mineral oil control, the 0.1% benzaldehyde experimental group (Benz), and the 

0.1% 4-methylcyclohexanol experimental group (4-methyl). 

 

4.4 Spatial Organization Of AgORs Is Variable Across Flagellomeres 

and Antennae 

The organization of AgOR 2 and AgOR 11 was found to be variable 

throughout the antennae (Figure 4.6-4.8). A set of four flagellomeres 

(flagellomere 5-8) were analyzed to characterize the spatial organization of 

AgORs within a single antennae. The location of AgOR 11+ neurons differed 

from flagellomere to flagellomere, even though the entire antennae was exposed 

to either control or odor (Figure 4.6-4.8). Similarly, the location of AgOR 2+ 

neurons differed from flagellomere to flagellomere as seen in Figure 4.6. In 

addition, AgOR 2 an AgOR 11 neurons were variably distributed throughout the 

antennae, and not clustered by the AgOR being expressed (Figure 4.7). Lastly, 

the olfactory neurons do not express AgOR 2 or AgOR 11 in a specific pattern 

within each flagellomere (e.g., concentrated towards the middle or one end of a 

flagellomere). Instead, both AgOR 2+ and AgOR 11+ neurons were located at 

multiple positions in a flagellomere (Figure 4.8).  
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 Figure 4.6: AgORs demonstrate variable locations across the antenna under 

control conditions. Comparison of 3 days (Panel A) and 7 days (Panel B) of 

control-exposed mosquito antennas post in-situ. Flagellomeres 5-8 are shown in 

each panel. AgOR 11+ neurons labeled in green (Alexa488) and AgOR 2+ 

neurons labeled in red (Alexa546, arrows). Panel B illustrates that AgOR 2+ 

neurons are found in different areas, as seen in the difference in location in 

flagellomere 5 and 6.  
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Figure 4.7: AgORs demonstrate variable locations across the antenna under 

prolonged benzaldehyde conditions. Comparison of 3 days (Panel A) and 7 days 

(Panel B) of benzaldehyde-exposed mosquito antennas post in-situ. 

Flagellomeres 5-8 are shown in each panel. AgOR 11+ neurons labeled in green 

(Alexa488) and AgOR 2+ neurons labeled in red (Alexa546). In Panel A 

flagellomere 5 there is a AgOR 11+ neuron towards the top of the flagellomere, 

denoted by the black arrow. The next flagellomere does not have a AgOR 11+ 
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neuron at that location, denoted by the white arrow. In Panel B, flagellomere 6 

has a AgOR 11 expressing neuron towards the base of the flagellomere, denoted 

by the black arrow, which was not present at the 3-day timepoint. Instead, at the 

3 day timepoint an AgOR 2+ neuron was found in the same area (black arow).  

 

 

 

Figure 4.8: AgORs demonstrate variable locations across the antenna under 

prolonged 4-methylcyclohexanol conditions. Comparison of 3 days (Panel A) and 

7 days (Panel B) of 4-methylcyclohexanol- exposed mosquito antennas post in-

situ. Flagellomeres 5-8 are shown in each panel. AgOR 11+ neurons labeled in 

green (Alexa488) and AgOR 2+ neurons labeled in red (Alexa546). Arrows point 

to AgORx neurons that are expressing in different areas of the flagellomere, not 

concentrating at just the top or base.  
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Chapter 5: Discussion 

 
Mosquito olfaction is essential to the mosquito lifecycle. Throughout the 

mosquito’s life, olfaction is used to find hosts, bloodfeed, find mates, lay eggs, 

and respond to various environmental cues in order to increase survival.  The 

spread of mosquito-borne diseases can be curtailed by better understanding the 

mosquito’s olfactory system which the vector uses to inadvertently spread 

disease during host-seeking. The known olfactory system of the mosquito has 

many moving parts consisting of not only the ORs, but the ORNs that express 

them, the odorant binding proteins that support ligand binding to the OR, as well 

as the higher-order olfactory center of the brain, the antennal lobe (AL), that 

connect with the ORNs via axonal projections. While the mosquito brain remains 

to be fully understood, as of 2019, 79 of these odorant receptors have been 

characterized.24 It is important to note that many of these ORs have only been 

characterized within the Drosophila melanogaster insect model due to the 

conservation of genes between the two insects. These ORs still need to be 

characterized within the A. gambiae model, including the ORs studied in this 

thesis. Furthermore, characterization of AgORs specifically is needed as it is 

known that the tuning receptors, such as those studied in my thesis, are specific 

to various human volatiles instead of sugar-rich plant sources like those in 
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Drosophila. Understanding the expression pattern of a few of these tuning 

receptors was the basis of this thesis, but can possibly build knowledge about the 

expression of other tuning AgORs work as well as their regulation.  

 

5.1 Dynamics Of AgOR Expression During Pupal Development 

AgOR expression has previously been quantified in both the larval and 

adult NGO mosquito antennae, but a quantitative measurement of AgOR 

expression during pupal development was previously lacking.26 27 In my thesis 

work, I examined the abundance of 3 AgORs (AgOR 2, AgOR 11, and AgOR 24) 

at mid- and late- stage pupal development. As previously mentioned, these three 

AgORs were chosen due to work done previously by Maguire et al. which has 

shown that upon ectopic expression of the AgOR 2 protein in all ORCO+ 

neurons, expression of both AgOR 11 and AgOR 24 genes has been significantly 

downregulated, while AgOR 2 gene expression remains unchanged.23 Thus, we 

thought it would be worth exploring the wildtype expression of these three genes. 

The qPCR experiments indicated that while AgOR 11 and AgOR 2 expression 

did increase in comparison to the constitutively expressed RPS7, it was only 

AgOR 11 that had a significant difference in expression between the early and 

late pupal stages (p = 0.005).  

It is worth noting that while AgOR 11 has a significant difference in 

expression between the early and late pupal stage, the relative abundance of 

AgOR2 is greater at the 20 APF timepoint, with an average expression fold 
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change of 3.42 from the housekeeping gene, RPS7. This entails that there is 

about 3x the mRNA abundance of AgOR 2 in comparison to RPS7. Thus, this 

result points to the idea that AgOR expression during development is temporally 

variable and may depend on what the specific developmental stage may require. 

As Dr. Maguire’s work noted, a regulatory mechanism such as the negative 

feedback loop could help support the development of the one OR-expressing-on-

one-ORN system. Such a system could decrease the likelihood of the 

development of perturbed axonal projections into the antennal lobe, the olfactory 

center of the brain, which have been seen to occur when multiple ORs are 

expressed by one ORN.  

The AgOR 24 expression decreased between the 8 hours after pupation 

and 20 hours after pupation, and while this was not a significant difference as 

determined by unpaired T-test (p = 0.110), this trend may be an important 

difference to consider regarding the functions of odorant receptors outside of 

host-seeking. AgOR 24 was one of the most highly downregulated AgORs upon 

expression of the AgOR 2 protein, according to work done by Maguire et al.23  

suggesting it might be particularly amendable to transcriptional regulation. It is 

also possible that part of this down-regulation reflected the natural expression of 

AgOR 24.  

The odor responses of AgOR 24 within the NGO antennae are unknown; it 

would be important to determine what odorant activates AgOR 24 using such 

methods as the empty neuron system.24 Identification of the odors that activate 
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the receptor could give insights into its biological function. For example, if the 

activating odor is an aquatic odor that could signal the presence of natural 

predators such as fish, it may be an AgOR that helps protect the enclosed 

pupae. The pupal stage does not feed, so therefore it would be safe to assume 

that an AgOR that is only abundant in the early pupae may not be involved in 

host-seeking.  

Dr. Maguire’s work led to the discovery of a AgOR negative feedback loop 

that is similar to olfactory regulation in mice rather than Drosophila.23 The 

feedback loop potentially allows for certain AgORs to control the expression of 

others, and could support the one-OR-one-ORN idea of AgOR expression. Such 

a regulatory mechanism can also have implication for proper higher-order 

olfactory development, eg: the formation of unperturbed axonal projections 

leading to the AL, as it has been seen that in a system where one ORN only 

expresses one OR, axonal projections are formed without issue. Next, certain 

AgORs being upregulated and downregulated at different stages of pupal 

development could support the hypothesis of an inherent feedback loop that 

allows the expression of some AgORs to affect the expression of others in a 

competitive manner. The decrease in AgOR 24 might indicate that olfactory 

neurons that originally expressed AgOR 24 were out-competed for expression by 

other AgORs during later pupal development.  

Overall, the dynamic nature of AgOR expression throughout the pupal 

stages of the female NGO mosquito may point to an underlying regulatory 
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mechanism which can downregulate and upregulate certain genes depending on 

the timepoint and its needs.  

 

5.2 Adult Olfactory Neurons Can Alter Expression Of AgORs Based 

on Odor Exposure 

 Previously, it had been thought that AgOR development stops prior to 

adulthood/ eclosion, but work done by Maguire et al. has shown that is untrue, 

and that development of AgORs continue 4 to 8 days post-eclosion.23 Insect 

models such as Drosophila do not exhibit gene expression choice at such a late 

stage in the lifecycle, and thus the discovery warranted further analysis. One 

important question that was raised then was if the odor environment of the young 

adult mosquito can impact the number of ORNs expressing a certain AgOR. If 

so, then it could be said that AgOR expression in the adult NGO is also regulated 

by a feedback loop in which the expression of a certain AgORx is either 

stabilized or destabilized by its surrounding odor environment.  

 My thesis work further investigated if odors can change the number of 

olfactory neurons that express a particular AgOR. This analysis was only 

possible using RNA-FISH which allows individual neurons expressing an AgOR 

to be identified. We present evidence that the odor environment can indeed alter 

neuronal expression of certain AgORs, as was the case with AgOR 11. The 

greater number of AgOR 11+ neurons upon exposure to the odorant 4-

methylcyclohexanol after seven days of exposure compared to only three days 
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was significant at a p-value of 0.015. Upon exposure to the same odorant, AgOR 

2 neurons behaved similarly, expressing highly at the later timepoint rather than 

the earlier one, even though AgOR 2 is not known to be activated by 4-

methylcyclohexanol.24 Given the lack of AgOR 2 expression at 3 days APF, the 

data might suggest that generally increasing the odor background accelerates 

development of AgOR 2 expressing neurons. The odorant 4-methylcylcohexanol 

is an oviposition cue and likely used to guide olfactory behaviors after blood 

feeding. It is unclear why early adult stage female mosquitoes would induce high 

level of AgOR 11 expression upon exposure to this odor. This may reflect the 

experimental design (e.g., increasing the levels of an odorant that previously 

might have been limiting in the environment). It should be further noted that these 

experiments utilized higher levels of odorants than might be found naturally, 

which has likely allowed for observation of what may otherwise be subtle 

changes to AgOR expressing neurons. In the case of the odorant benzaldehyde, 

there was still expression of AgOR 11. As mentioned, AgOR 11 is known to be 

only weakly activated by benzaldehyde, thus it seems that even low activity of an 

AgOR can stabilize the expression pattern of an AgOR. According to previous 

research in our lab, benzaldehyde acts as a repellant at high concentration.28 

Thus, it may be interesting to assess mosquito behavior at different 

concentrations of benzaldehyde, and subsequently conduct RNA-FISH to count 

the number of AgOR 11 and AgOR 2 positive neurons. If the number of AgOR 

11+ and AgOR 2+ neurons are similar at a high concentration, it could suggest 
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that a highly abundant odorant in the mosquito’s environment could stabilize the 

expression of an AgOR regardless of the specific ligand that binds to that 

odorant. Regardless, this current data suggests that the olfactory system of adult 

mosquitoes might be more flexible than previously known, and might be able to 

fine-tune which neurons express an AgOR based on its adult odor environment. 

This might increase sensitivity to host odors that are more abundant during host-

seeking stages, and increase the fitness of the mosquito in finding hosts. 

Stabilized or destabilized expression of a certain AgOR can then also be 

connected to the activity of the AgOR, meaning that the number of ORNS 

expressing a certain AgOR could either increase or decrease the sensitivity of 

the mosquito antennae to a certain odorant. Such an action could point to a fine-

tuning behavior, which could be further exploited as a target for vector control via 

gene drives.  

There might be two mechanisms to explain how odor exposure increases 

the abundance of neurons expressing an AgOR. The first is that the odor could 

trigger early developmental expression of an AgOR. The second mechanism 

could be that activation of the neuron by an odorant could help stabilize 

expression of its expressing AgOR. The increase in AgOR 11+ neurons after 

seven days of 4-methylcyclohexanol exposure favors the second model that 

activation of an AgOR by an odor stabilize expression of that AgOR gene. This 

would lead to a greater level of AgOR activity due to a greater number of neurons 

expressing that AgOR, which in turn would increase the stabilized expression of 

the expressing AgOR on that neuron. This second model also supports the 
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evidence of a regulatory feedback loop mediated by AgOR protein at the cell 

surface.23  

The spatial organization of the neurons detected by RNA-FISH was 

variable, with a different number of AgOR 11 and AgOR 2-expressing neurons 

found in each flagellomere. This variability might reflect a stochastic 

developmental process underlying how the olfactory neurons within a 

flagellomere, and the antenna as a whole, are determined. Such stochasticity 

could lead to individual differences in the olfactory responses among mosquitoes. 

This might allow different individuals within a mosquito population to respond 

better to a variety of olfactory environments they might encounter as the adult 

grows and travels. The end result could be a general increase in population 

fitness.  

A key question that remains is if the changes observed during odor 

exposure would translate to changes in odor-guided behavior. A first step to 

address this would be to examine activation of olfactory neurons that have 

undergone prolonged odor exposure. This would determine if there were indeed 

more olfactory neurons that would respond to prolonged experimental odor. 

These experiments would be possible by using GCaMP6, a genetically encoded 

calcium indicator that allows for imaging calcium transients, confirming activation 

of the given ORs.29 Additional studies might also examine how olfactory 

behaviors of the mosquito might be altered when raised with a background odor. 

For example, would increasing background exposure to non-human odors, 
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especially predatory odors such as n-tricosane and n-heneicosane 30 decrease 

the attraction of mosquitoes towards that odor? Such a study could help 

elucidate the extent of which odor environment dictates mosquito behavior, and 

how the mosquito can be modified in a manner that does not reduce its 

reproductive capabilities but reduce its sense of predatorial danger.  

 

5.3 Future Directions 

The long-term goal of the studies explored in my thesis would be to find 

potential vector control strategies. If certain AgORs become highly expressed 

upon early adult exposure to certain odors, this mechanism might be 

manipulated to create a weaker vector of disease. These strategies might have 

lower ecological risks than vector elimination. A suitable goal of genetic vector 

control might not be complete eradication of a species from a community, but 

rather long-term change of the vector population. Such so-called “population 

replacement” 31 might still be highly effective in reducing or eliminating 

malaria.31 Perhaps by impairing the mosquitoes’ ability to host-seek humans, we 

can change its targeted host to another mammal that cannot vector Plasmodium 

parasites. Nonetheless, the long-term repercussions of host-switching would still 

need to be carefully evaluated.  

It must be emphasized that AgORs do not work in a vacuum. Rather, 

AgORs work in conjunction with other sensory systems such as ionotropic 
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receptors (AgIRs) and gustatory receptors (AgGRs) which can detect acid and 

soluble chemicals, respectively. In order to create a vector control measure that 

targets olfaction as the locus of manipulation, the extent of IR and GR 

involvement in host-seeking must be parsed out. Afterall, it has been shown that 

the impairment of the Anopheles coluzzii olfactory coreceptor, ORCO, can still 

allow the mosquito to host-seek.23 Thus, an ORCO-impaired host-seeking 

behavior points towards a highly regulated sensory system, in which the behavior 

is the cumulative result of the various sensory receptors working together, even 

allowing for the loss of one major type of sensation, so that the others can take 

over as the primary sensory modality to host-seek. Thus, it is important to 

elucidate the cross-talk between AgORs, AgIRs and AgGRs to create a vector 

control measure that can take all three into account to maximize host-seeking 

behavior modification. Unfortunately, there is still much research to be done in 

the field of IRs and GRs, but the advent of advanced cloning systems can allow 

for the creation of constructs that can help us characterize the specific IRs and 

ORs that may play essential and conserved roles in host-seeking.   

Overall, there is still much work to be done in order to target olfaction as 

viable target for vector control. Without characterizing the different AgORs, 

elucidating which volatiles activate them and regulate their expression, and better 

understanding the regulation of AgOR expression during olfactory development 

before and after eclosion, a genetically-modified vector cannot be created.  
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Appendix 

 

6.1 Gel-validated primers sets for various AgORxs.  

These AgORs were initially also meant to be targeted alongside AgOR 2, AgOR 

11, and AgOR 24 for understanding pupal development of olfaction due to being 

included in the RNA-sequencing previously done by Dr. Maguire 23 that showed 

downregulation of various AgORx upon ectopic AgOR 2 protein expression. Due 

to issues with time, only the 3 AgORs were examined.  

 

Table 6.1: Table of gel-validated primers for various AgORx. The AgOR 47 
primers were used in the set of experiments performed to optimize the amount of 
cDNA needed to amplify each AgORx for the qPCR experiments. AgOR 47 is the 
lowest expressed AgOR in the antennae as determined by RNA-seq.23 

AgOR gene  Forward Primer Reverse Primer  

AgOR 32  5’-GACACCATTCAGCTTCCCATTT-

3’ 

 

5’-GAGAAACACGAGTCAACCGTAAC-

3’ 

 

AgOR 47* 5’-ACCGGTCAAGCTACAGAAGA-3’ 

 

5’-TTTCAGGCTTTGTCCGTATCTG-3’ 

 

AgOR 23 5’-GATCTTCCTGGTGACGGATCT-3’ 

 

5’-AATCTTTGCCAGACCCTGAATG-3’ 
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AgOR 15  5’-

AGAAGTTTCTCCCAAACGGTTATC-

3’ 

 

5’-AGTGAGCTGCAAACATCACTAC-3’ 

 

AgOR 39 5’-TAAGTTGGCCTTGCCCTTTG-3’ 

 

5’-TTCCCGACTGGGAGGTTATG-3’ 

 

AgOR 31 5’-CTGCTGATGGACTTCCCATTTG-

3’ 

 

5’-AATCACACGCCACACAATCC-3’ 

 

AgOR 22 5’-GCCTCCCAGCTGGAGATATTA-3’ 

 

5’-AACGAATTGAGAAAGTCCGGTATG-

3’ 

 

AgOR 20 5-’ACTCCTTCGTTGATGTGGTGTA-

3’ 

 

5’- ACCGCTATGTACCAGCAGAA-3’ 

 

AgOR 68 5’-TCGAGAGAAAGGTTGACGATCT-

3’ 

 

5’-TGGTTGTTGCGCACGTAAT-3’ 

 

AgOR 81  5’-TGATGCGCACGAGCATTT-3’ 

 

5’-TTGTTCTGCTGGTGCATCTC-3’ 

 

AgOR 41 5’- CTGATCAGTTTCATCGCCAACA 

-3’ 

5’-AAGACCGGTATCAGCACCA 

-3’ 
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6.2 Optimized qPCR Protocol for amplification of AgORx in the pupal 

NGO antennae 

QPCR PROTOCOL  

1. Plan the plate, either in an excel sheet or within the lab notebook. Be sure to 

include technical duplicates or triplicates of both the control and experimental 

groups.  

2. Calculate the stock solutions for the SybrGreen and nuclease-free water 

master mix, as well as the primer set master mixes.  

 

 

 

 

 

 

 

 

 

 

3. Make stock solutions and keep in dark on ice until use. 

Reaction/ well   Volume  

SybrGreen     12.5 ul  

Forward Primer (10um)  0.375 ul 

Reverse Primer (10um)   0.375 ul 

cDNA      1 ul* 

Nuclease free water    10.75 ul  

 

Nuclease free water    10.75 ul  

 

* Important to note that the 1 ul cDNA should 
have at least 25 ng of genetic material. It is 
important to know the cDNA concentration prior 
to starting a qPCR as otherwise there may not 
be any amplification of the AgORx at all  
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4. Make cDNA stocks for control and AgORx genes. Due to the 

control/housekeeping genes such as RPS 7 being constitutively expressed, the 

cDNA concentration needed for successful amplification may be lower than the 

cDNA concentration needed to amplify the AgORx genes. Thus, dilute the cDNA 

used to amplify the control. Can be diluted to 1:1000.  

5. Put 96-well plate on ice and load wells. First load the SybrGreen and nuclease 

free water stock, then the primer stock, and lastly cDNA. Change tips between 

each well.  

6. Place the optical over on the plate and seal. Peel away serrated edges.  

7. Spin down at 1000 rpm for a minute. 

8. IMPORTANT: Due to genes not being enriched via a PCR step prior to qPCR, 

it is important to run a 3-hour long qPCR so that the genes are amplified. 

Otherwise run the risk of the positive control amplifying too early (15 cq) and the 

AgORx amplifying too late (40 cq).  
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