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ABSTRACT

Tsetse  flies  are  the  sole  cyclical  vectors  of  African  trypanosomes  with  negative
agricultural and economic impacts in sub-Saharan Africa, yet management of their
populations has not been adequately addressed. Ecologically relevant molecules like
odorant receptors and gustatory receptors were recently identified computationally.
However,  understanding  the  ecological  behaviour  of  the  tsetse  remains  limited
because  of  absence  to  informative  expression  of  the  molecular  data.  This
experimental study aimed to establish the expression levels of  Glossina morsitans
morsitans odorant  receptor  (OR)  genes  in  the  antennae  and  legs  at  different
developmental stages of adults’ for sexes. Whole tissue mRNA was extracted from
fresh samples of G. m. morsitans larvae, pupae, adults’ antennae and legs and used to
synthesise  cDNA.  The  Glossina  morsitans  morsitans Odorant  Receptor  genes
expression  levels  were  quantified  from  the  cDNA  relative  amounts.  Glossina
morsitans  morsitans protein sequences  and  Drosophila melanogaster orthologs  in
FlyBase and mosquitoes and other sequenced  Glossina sequences from VectorBase
were  aligned  for  conserved  sequences  using  MUSCLE alignment  tool  and  their
transmembrane domains ascertained with TMHMM tool. All the GmmORs had the
7-transmembrane domain, a hallmark feature for ORs, except GmmOR20. In adults,
the OR  genes were highly expressed in antennae than in the legs. GmmOR3 and
GmmOR45  were  dimorphically  expressed  in  antennae  in  females  and  males
respectively, while GmmOR26 and GmmOR20 were differentially expressed at high
levels  in  female  and male tsetse  legs  respectively.  High expression  OR genes  in
developmental  stages,  and  particularly  GmmOR28  in  pupae,  may  suggest  their
involvement in development.  The exclusive expression of GmmOR20 in larvae is
indicative of the role this gene may play especially on feeding habits of the larvae.
Higher expression of GmmOR15 in larvae also suggested that the gene product is
critical  in  escape  responses  similar  to  confirmed  role  of  its  homolog  in  D.
melanogaster, DmOR45. These results open avenues to determine functional roles of
tsetse  ORs  by  matching  the  receptors  to  their  ecological  odor  ligands.  This
knowledge of ecologically active ORs will aid in designing effective tsetse control
targets.  Accordingly,  the  expressed OR genes  established in  this  study should  be
subjected to functional studies to determine their specificity and, subsequently, their
suitability to be used to be targeted in developing pest control measures.

xii



CHAPTER ONE

INTRODUCTION

1.1 Background Information

Tsetse  flies,  Glossina  species,  are  the  sole  cyclical  vectors  of  trypanosomes  that

cause  Trypanosomiasis  in  animals  (African  Animal  Trypanosomiasis,  AAT)  and

sleeping  sickness  in  humans  (Human  African  Trypanosomiasis,  HAT)  (Spickler,

2010).  Human  African  trypanosomiasis  takes  either  the  chronic  or  acute  form

depending on the parasite  involved:  Trypanosoma brucei  gambiense accounts  for

more than 97% of the chronic reported cases and is found in 25 countries in west and

central Africa.  Trypanosoma brucei rhodesiense is found in 12 countries in eastern

and southern Africa, and this acute form represents under 3% of reported cases and

causes an acute infection (Barrett et al., 2003). Trypanosomiasis is fast re-emerging

(Simmaro et al., 2011) and has considerable impact on public health and agricultural

economic development in sub-Saharan Africa affecting a third of sub-Saharan Africa

livestock and human livelihoods (Perry, 2015). Wild animals form the main reservoir

of  all  the  parasite  species  (Horan  et  al., 2010;  Pierre  et  al., 2010).  Infection  of

domesticated  livestock usually  occurs  when domestic  animals  share  pasture  with

wild herbivores (Black, Seed, and Murphy, 2001). Ecologically active vector species

are Glossina palpalis, G. m. morsitans, G. swynnertoni, G. pallidipes, G. fuscipes, G.

austeni, G. longipalpis, G. brevipalpis, G. fusca, G. tabaniformis, G. vanhoofi and G.

tachinoides are important Glossina (Hoare, 1970; Magez and Radwanska, 2014).

The Glossina species are divided into three main categories: Riverine, Savannah and

Forest  species  (Leak,  1999;  Gouteux  and  Jarry,  1998).  The  Riverine  species  are
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mainly found in humid areas and close to water bodies like lake basins,  riverine

areas, swamps and mangrove. They prefer reptilian hosts like crocodiles (Gooding

and  Krafsur,  2005).  The  Forest  species  are  found  in  the  thick  forested  areas  of

Central Africa like Cameroon, Mozambique and some isolated parts of South Africa,

and prefer blood-hosts like monkeys (Simo et al., 2008). The Savannah species are

distributed  in  most  of  the  dry expansive  African Savannah grasslands and prefer

hoofed-mammals  like  buffaloes.  Whereas  the  forest  species  have  been  found  to

prefer  human  hosts  thereby  transmitting  sleeping  sickness,  the  savannah  species

transmit nagana to livestock (Waiswa et al., 2006).

Feeding  preferences  of  different  species  of  tsetse  fly  bear  no  relationship  to  the

relative abundance of the vertebrate hosts in a given habitat (Gikonyo et al., 2003).

For instance, in Zimbabwe  G. m. morsitans showed non-preference for the impala

(Aepyceros  melampus)  with  respect  to  landing and engorgement  compared to  ox

(Bos  indicus),  bush  pig  (Potamochoerus  porcus),  and  warthog  (Potamochoerus

aethiopicus) (Muturi et al., 2011). Similarly, in Kenya, G. pallidipes were shown to

alight  and engorge on buffalo (Syncerus caffer)  or ox but  not  waterbuck (Kobus

defassa), even when these animals are kept in adjacent enclosures (Bett, Saini, and

Hassanali, 2015).

Tsetse flies rely mainly on chemoreception to execute critical behaviours such as host

location,  predator  avoidance,  mate  pursuit  and  identification  of  larviposition  and

resting sites (Masiga et al., 2014). Chemoreception involves a cascade of events by

different proteins. The olfactory proteins consist of odorant binding proteins (OBPs),

pheromone  binding  proteins  (PBPs),  odorant  degrading  enzymes  (ODEs)  and
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chemosensory proteins (CSPs) which belong to soluble proteins and are found in the

chemosensilla  lymph  (Leal,  2013).  These  functions  in  conjunction  with  receptor

proteins including ORs, gustatory receptors (GRs), ionotropic receptors (IRs) and

sensory  neuron  membrane  proteins  (SNMPs)  (Leal,  2013),  to  complete  the

chemosensory cascade.  The OBPs and CSPs  bind hydrophobic  ligands,  transport

them through the sensilla lymph and activate the ORs located within the Olfactory

Receptor Neurons (ORNs) (Leal, 2013).

The  exploitation  of  Glossina odor  sensing  system  remains  the  most  promising

avenue to controlling trypanosomiases (Omolo  et al., 2009). Tsetse fly, as indeed

other insects largely depend on its ORs to discriminate chemical compounds in its

environment. This ability is dependent on the number and sensitivity of their ORs

(Vosshall  et al., 2000). The sensitivity of the ORs is directly proportional to their

expression levels, and such patterns are critical in deducing the roles of individual

ORs through the  insects’ life  stages,  and even body regions  (Wright  and Smith,

2004).

Apart  from  antennae,  insects  also  use  other  body  parts  like  maxillary  palps

(Robertson et al., 2003) for olfaction. The distribution and expression levels of ORs

in the various body parts of an insect are role-specific (Du  et al., 2018). In  Aedes

albopictus, OR2  (AalOR2)  is  expressed  in  the  antennae  and  its  orthologs  from

Anopheles gambiae and Ae. aegypti with a female-biased expression (Hansson et al.,

2012). The expression of AalOR2 during larval stage suggests its important role in

the  feeding  habits,  whereas  in  adult  females  this  gene  is  important  for  locating

appropriate larviposition sites (Guidobaldi  et al., 2014). In silkworm moth Bombyx
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mori, the sex pheromone receptor (PR), BmorOR1, is a male-antennae specific gene

(Nakagawa et al., 2005; Sakurai  et al., 2004). And in diamondback moth,  Plutella

xyllotella,  three ORs (PxylOR1, PxylOR5 and PxylOR6) and an OBP gene were

expressed in male legs (Sun et al., 2013). These genes may have olfactory associated

functions  in  male  insect  legs  or  may  display  biological  functionality  in  a  non-

olfactory context (Sengul and Tu, 2008).

This  study  focussed  on  the  expression  of  G.  morsitans  morsitans OR  genes  at

different developmental stages and in two body tissues (antennae and legs) of both

females  and  males.  Considering  that  OR genes  are  critical  in  modulating  tsetse

olfactory behaviour, understanding their differential expression in both tsetse sexes is

key in designing and improving potent tsetse fly attractants and repellents. The study

findings  inform  tissue-based  expression  of  the  individual  OR  genes  in  G.  m.

morsitans.

1.2 Problem Statement

An estimated 50 million cattle are at risk of nagana infection in sub-Saharan Africa,

with an estimated economic loss of up to US$ 4.5 billion in cattle production (Perry,

2015).  Further,  up  to  70,000  people  are  infected  annually,  and  without  early

treatment the disease is usually fatal. The disease has been known to disrupt daily

activities, cause food insecurity, neglect of homestead, poor academic performance

and even result in school drop-outs, and death (Bukachi, Wandibba and Nyamongo,

2017).  Given that  no effective  tsetse  control  method currently exists,  there is  an

urgent  need  for  effective  novel  alternative  strategies.  It  is  believed  that  genes

involved in olfaction can be targeted in developing innovative approaches to control
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of tsetse  flies.  Therefore,  determining expression levels of individual  OR gene is

critical  towards  such  innovative  molecular  control  approaches.  The  molecules,

especially  host  odors,  used  by tsetse  fly  to  locate  food sources  and pheromones

critical for reproduction have been unravelled (Obiero et al., 2014). The sequencing

of  Glossina genome  has  availed  further  information  to  be  utilised  towards

ascertaining  how  molecules,  such  as  pheromones  and  odorants,  relate  with  the

diverse  tsetse  fly  molecular  repertoire.  Subsequently, tsetse  chemoreceptors  were

published  (Obiero  et  al., 2014).  However,  these  chemoreceptors  were  only

computationally predicted and annotated but no functional study has been carried out

yet.  Further,  the  specific  tissues  that  express  ORs  in  tsetse  are  not  yet  profiled.

Therefore, this study aimed to establish the differential expression of OR genes in

developmental stages of tsetse flies.

1.3 Justification

Despite significant progress made in controlling trypanosomiasis, the drugs currently

in use are ineffective owing to the complexity of their administration and toxicity.

Most control strategies that target the tsetse populations are unsustainable and/or not

friendly to the environment. Traps have are effective but cover small geographical

areas  and  are  labour  demanding.  This  necessitates  exploration  to  discover  other

alternatives to control the tsetse vector. It is thought that ORs offer potential targets

in controlling tsetse fly because of the important role it plays in provoking behaviour

for  finding  blood-meal  host,  resting  sites  and  larviposition  sites.  The  first  study

utilising receptors to deploy control measures was done in Anopheles gambiae where

synthetic  compound  VUAA1  ((N-(4-ethylphenyl)-2-((4-ethyl-5-(3-pyridinyl)-4H-

1,2,4-triazol-3-yl)thio)acetamide) was used as an agonist for co-receptor ORCO itself
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(Jones  et al., 2012). This compound has been found to be active in ORCOs from

other species as well, including dipterans (Andersson et al., 2010). Odorant receptor

(OR) are thought to bind hydrophobic odors delivered by OBPs from the external

environment. They play critical role in discrimination and delivery of odors to ORNs

which is the first step in signal transduction to higher brain centres. Analysis of the

expression levels of the ORs in different body parts and developmental stages of the

tsetse fly will reveal those that are highly expressed, hence could be playing crucial

role in chemoreception; and can be targeted in designing tools and targets such as

traps and deterrents for controlling tsetse fly through olfactory mediated behaviour. It

can also be used to  carrying out  comparative functional studies with other  tsetse

species to understand role of chemoreception in tsetse flies.

1.4 Research Questions

1. What are the expression levels of OR genes in the antennae, and legs of both

male and female G. m. morsitans? 

2. What are the expression levels of OR genes in the larvae and pupae of G. m.

morsitans?

3. What are the bioinformatics properties of GmmORs, like protein structure

and ligands, and how they compare in other insects?

1.5 Objectives

1.5.1 Overall Objective

To determine the differential expression of OR genes in larvae, pupae, antennae and

legs of both males and females G. m. morsitans.
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1.5.2 Specific Objective

1. To determine differential expression of OR genes in the antennae and legs of

males and females G. m. morsitans.

2. To determine the expression level of OR genes in G. m. morsitans larvae and

pupae.

3. To carry out comparative analysis  of  G. m. morsitans ORs with orthologs

from selected insects (Diptera: culicidae) using bioinformatics tools.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Distribution of tsetse fly in Africa

Tsetse  flies  are  found  in  37  countries  of  the  sub-Saharan  Africa  covering

approximately  10  million  square  kilometres  (Figure  2.1)  (Franco  et  al., 2014;

Simarro  et al., 2012). Glossina species are divided into three groups consisting of

Forest  (fusca),  Riverine  (palpalis)  and  Savannah  (morsitans)  based  on  their

distribution and morphology (Vreysen et al., 2013). Their geographical distribution is

dependent  on  habitats  with  suitable  land  cover  and  hosts  (Moore  et  al., 2012).

However, extensive land use due to increased population pressure has increased bush

burning and land clearing for settlements and farming. Such practices have shaped

tsetse fly distribution trends across Africa (Ilemobade, 2009).

Compared to savannah and riverine groups, the forest species are the largest and are

mostly found in moist forests of West and Central Africa (Steverding, 2008). For

instance,  G. brevipalpis  is mostly found in the dense vegetation like in South East

region of Kwale County in Kenya (Mbahin et al., 2013). Forest species preferentially

feed on animals such as hippopotamus, cattle,  bush pigs  and buffaloes,  and they

transmit  Trypanosoma brucei  brucei,  T.  suis or  T.  simiae that  causes  nagana  in

livestock (Cecchi et al., 2015).

The savannah flies occupy the woody savannah habitats of West, Central and East

Africa. They are medium-sized and mainly feed on ungulates and other large animals

(Steverding,  2008).  However,  blood-meal  analyses  from several  savannah species

8



revealed that they get their blood meals from different wild animals (Simo  et al.,

2008).

On the other hand, the riverine flies are the smallest in body size (Steverding, 2008).

They  prefer  less  densely  vegetated,  woody  areas  around  forests  and  riverine

vegetation (Cecchi  et al., 2008) to more arid areas as preferred by  G. tachinoides

(Bouyer  et al., 2010).  This group of Glossina mainly feed on reptilian hosts  and

humans causing nagana and sleeping sickness, respectively (Simo et al., 2008).

Figure  2.1. Tsetse  fly  distribution  in  Africa:  Area  shaded  in  grey  indicates  countries
infested by tsetse flies and regions circled in red are G. m. morsitans infested areas. Adapted
and modified from (Simarro et al., 2012).
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2.2 Trypanosomiasis Control Strategies

In  both  animals  and  humans,  trypanosomiasis  is  controlled  chemotherapeutically

(medical/or veterinary) by treating the sick hosts and entomological approach where

the populations of tsetse flies are targeted. The chemotherapeutic drugs are the main

line of management of the disease (WHO, 2013). Drugs such as pentamidine has

been used effectively against T. b. gambiense and suramin against T. b. rhodesiense

in the first stage while Malarsopol, Eflornithine and Nifurtimox are effective against

the parasites  in their  second stages.  Even so,  the drugs are expensive,  developed

resistance, have low efficacy and difficult to administer especially during the third

stage of the disease because of their cytotoxic nature and usually result in death, and

thereby  ineffective  against  the  parasites  (Perry,  2015).  The  parasites’ ability  to

change its surface glycoprotein has made it difficult to develop vaccines (Black and

Mansfield, 2016). This has shifted disease management to the control of the vector

which offers potential avenues to controlling the disease (Simarro et al., 2008).

Tsetse fly control and eradication strategies that have been used in the past include;

spraying the tsetse  infested areas with insecticides (Vreysen  et  al., 2000),  use of

targets impregnated with insecticides (Ryan, 2002), odour baited traps (Esterhuizen

et  al., 2011)  and sterile  insect  technique (SIT) (Allsopp,  2001).  Trypanosomiasis

treatment and tsetse fly control has resulted to annual economic losses of over US$ 4

billion  in  cattle  production  alone,  and  a  further  USD  4.7  billion  in  losses  in

Agricultural  Domestic  Product  per  year  (Perry,  2015).  The  evasive  nature  of

trypanosome from the hosts’ immune system has hampered the development process

of  an  effective  vaccine.  Therefore,  current  long  term control  of  trypanosomiasis

target  the  tsetse  vector  and  genes  related  to  olfaction  are  potential  targets  in

10



developing better and improved methods of tsetse control based on traps, baits and

olfactory mediated behaviour (Aksoy et al., 2017).

2.3 Vector Control Approaches

Insect vector remains at  the centre of control of trypanosomiasis  in an integrated

approach. Different approaches that have been used to target the tsetse vector such as

sterile insect technique (Vreysen et al., 2007), aerial and ground spraying (Cavalloro,

1987; Hilgenkamp, 2006; Clark  et al., 2013) clearing of bushes and use of baits,

traps  and  targets  developed  on  the  basis  of  chemoreception  (Takken  and  Knols,

2010).  To date,  chemoreception is  the most  promising intervention in  controlling

tsetse vectors; it plays crucial role in finding suitable mates, habitats and also for host

specificity.  

2.3.1 Insecticides

Currently,  insecticides  have  been  extensively  used  as  the  efficient  vector  control

intervention  which  involves  sequential  aerosol  spraying  technique,  or  selective

spraying application of insecticides to animals on which tsetse feed. For instance,

ground  and  aerial  spraying  of  tsetse  fly  infested  areas  have  been  carried  out  in

Nigeria,  Namibia,  Botswana  and  Zimbabwe and  ongoing  in  Zambia  and  Angola

(Simarro  et  al., 2008).  The aerosol  technique can effectively clear  large areas of

tsetse flies in a relatively short time, but it is expensive and management intensive

(Vreysen et al., 2013). Insecticides used have varied suitabilities depending on their

effectiveness  and  the  drugs’  impact  on  the  environment.

Dichlorodiphenyltrichloroethane (DDT)  is  one of  the  earliest  insecticide that  was

used in Uganda, while dieldrin was used in Nigeria and Cameroon (Djouaka et al.,
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2016).  Other  insecticides  that  have  been  commonly  used  include  endosulfan,

Malathion and parathion (Vreysen et al., 2007).

2.3.2 Odour-baited traps

Mechanical devices such as traps are also used to kill or weaken tsetse flies through

insecticides (Rozendaal, 1997). The traps attract tsetse flies by taking advantage of

their  primary  host-seeking  behaviours,  visual  and  olfactory  stimulation.  The

developments of potent attractants in the past as well as the production of second-

generation  synthetic  insecticides  has  made  this  form of  control  technique  highly

successful (Ryan, 2002; Vreysen et al., 2007).

Trapping of the tsetse flies using odour-baited traps decreases the population of flies

and hence reduces human-fly contact. Vector control using insecticide treated traps

has the advantage of being managed by the communities for sustainability, especially

when  materials  for  the  traps  could  be  sourced  locally  with  minimum  cost

(Esterhuizen et al., 2011). Traps create a visual stimulus to which tsetse flies respond

by flying into them (Cardé and Willis, 2008). The efficiency of the traps have greatly

been  improved  by attractants  in  animals’ urine  such as  acetone,  butanol,  and  1-

acetone-3-a; and this has popularized the use of cow urine baited traps to control

Glossina  morsitans  morsitans in  Ethiopia,  and  to  control  G.  swynnertoni in  the

Serengeti and Maasai Mara National parks (Harraca, Syed, and Guerin, 2009).

2.3.3 Sterile insect technique

Sterile insect technique (SIT) involves sterilization of male flies through radiation to

make them infertile. The irradiated males are then released into wild populations to

compete with natural males. Females are inseminated once in their lifetime, therefore
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when mated with sterile males they become unable to produce offspring (Vreysen et

al., 2006). In 1994, SIT use in Zanzibar led to the successful eradication of Glossina

austeni from the island of Unguja (Vreysen et al., 2000). Though costly to sterilize

large number of male tsetse flies, SIT has been found to slow down reproduction rate

(Vreysen, 2001).

2.3.4 Chemoreception in Vector Control

Chemoreceptors have been targeted in vector control. Recently, natural odorants that

interfere with responses to sex pheromones, at  the molecular, neurophysiological,

and  behavioral  levels  have  been  unravelled  (Renou,  2014;  Reisenman,  Lei  and

Guerenstein,  2016).  Fine  tuning  to  compounds  that  affect  responses  to  sex

pheromone receptors have been found to lower environmental risks as compared to

modulators of the CO2  receptor complex. This is because pheromone receptors are

more specific (Jones et al., 2011).

Of  particular  interest  is  the  (E)-4,8-dimethyl-1,3,7-nonatriene  (DMNT),  a  plant

volatile that interferes with the detection of both sex pheromone and host-derived

attractants in Spodoptera littoralis  (Lepidoptera), and thereby reducing attraction to

both sex pheromones and host attractants (Knight and Light, 2012). Because DMNT

also attracts natural enemies of herbivores it might be a good target for sustainable

agricultural pest control (Stenberg et al., 2015).

The first of such studies was performed against receptors from the malaria mosquito,

Anopheles gambiae, leading to the identification of the synthetic compound VUAA1

(N-(4-ethylphenyl)-2-((4-ethyl-5-(3-pyridinyl)-4H-1,2,4-triazol-3-yl)thio)acetamide)

as an agonist for the co-receptor Orco itself (Jones et al., 2011).
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The use of insect repellents has been a major approach to controlling the spread of

insect-borne disease.  N,  N-diethyl-m-toluamide (DEET) is the active ingredient in

most current insect repellents, acting as an airborne spatial repellent and as a contact

irritant (DeGennaro, 2015; Leal; 2014). Additional repellents have been developed,

such as p-menthane-3,8-diol (PMD), IR3535 and picaridin. Orco antagonists (such as

OX1w)  are  able  to  block  activation  by  Orco  agonists  when  Orco  is  part  of  a

heteromeric OR (Kepchia et al., 2017).

Most recent efforts to target ORs for the development of new repellent compounds

have  involved  identification  of  odorant  specificity  subunits  that  recognize

behaviorally important odorants (Carey et al., 2010; Wang et al., 2010) and in a few

cases,  subsequent  large-scale  ligand  screening  (Jones  et  al., 2011;  Rinker  et  al.,

2012).  However,  odorant  specificity  subunit  families  are  quite  divergent  across

species and there is variation in the odorants and odorant specificity subunits that are

important for various species-specific behaviors (Carey and Carlson, 2011; Ramdya

and Benton, 2010).

2.4 Chemoreception in Insects

Chemoreception  is  mediated  by membrane proteins  including gustatory  receptors

(GRs),  ionotropic  receptors  (IRs),  and  odorant  receptors  (ORs)  expressed  on

gustatory  and  sensory  neurons  dendrites.  In  addition,  chemoperception  work  in

conjunction  with  soluble  proteins  such  as  odorant  binding  proteins  (OBPs),

pheromone  binding  proteins  (PBPs),  odorant  digestive  enzymes  (ODEs)  and

chemosensory proteins (CSPs) that are expressed in the sensillia lymph that surround

the neuron dendrites (Breed and Moore, 2010; Leal, 2013).
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Characterization of  the  D. melanogaster ORs indicate  that  olfactory  signalling is

distinct in insects (Kaupp, 2010). Drosophila ORs have the protein C terminus at the

cell  surface  and  the  N terminus  within  the  cell.  This  is  the  reversed  membrane

topology of classical GPCRs in most species (Benton et al., 2006). The Drosophila

OR family is encoded by 60 genes. Most members are “tuning” ORs that define the

odorant specificity of the olfactory neuron in which they are expressed (Ryan, 2002;

Deng et al., 2011).

Chemoreception in insects is divided into olfaction and gustation. Olfaction involves

the  ability  of  organisms  to  detect  and  discriminate  volatile  compounds  from the

surrounding through the numerous pores that fabricate the olfactory tissues (Boron

and Boulpaep, 2009). This sensory ability is important for such behaviours as finding

mates, locate food sources and detect enemies (Wright and Smith, 2004).

Generally, insect ORs are known to have seven transmembrane domains (Clyne  et

al., 1999; Mombaerts, 1999) and are expressed in the ORN within hair-like structures

known as sensillia (Jacquin-Joly and Merlin, 2004; Vosshall et al., 1999). Antennae

is the main olfactory organ in tsetse flies (Liu, 2010) as in other insects too (Ma et

al., 2014;  Leal,  2013;  Pelosi  et  al., 2006).  In  D.  melanogaster,  ORs  have  been

reported to be expressed in ORN in the antennae and maxillary palps (Robertson et

al., 2003).  The power of the olfactory system to discriminate compounds largely

depends on the molecular diversity of their OR repertoire (Vosshall et al., 2000).

Almost all Olfactory Receptor Neurons (ORNs) express a canonical co-receptor OR

generally named ORCO, which is highly conserved in many divergent insect species,

and  confers  correct  function  to  the  other  receptors  (Sato  et  al., 2008).  This
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conservation  in  diverse  insect  order  and  genera  suggests  that  ORCO  undergo

different selection pressure from other members of the OR gene family (Larsson et

al., 2004).

The ORCO also function in the stability of ORs, forming heterodimeric complexes

with the tuning ORs (Elmore  et al., 2003). It is also essential for transporting and

depositing ORs in the specialized sensory cilia on ORN dendrites, thus stabilizing the

specific functional ORs in the ciliary membrane (Benton et al., 2006). The binding of

the odorant to the membrane receptor activates a series of signalling cascades in the

ORN causing action potentials to be generated.

Lots of insects chemoperception has been gleaned from Drosophila melanogaster as

a genetic tool box that principally focus on the olfactory system (Dobritsa  et al.,

2003);  whereby  ORs  are  expressed  following  a  conserved  pattern.  Every  ORN

typically express only one family type of receptor (often up to three conventional

ORs), together with the ubiquitous ORCO. In addition, ORNs act in a manner that

determines a specific molecular response profile along with the ORCO (Dobritsa et

al., 2003).

It  has been shown that ORN can also act in a manner that determines a specific

molecular  response profile  along with  the ORCO (Dobritsa,  et  al., 2003).  ORNs

expressing the same type of OR, converge to a single glomerulus in the antennal lobe

(AL), which represents the first olfactory neurophil in the insect brain. These OR

family of genes are highly divergent, even among insects of the same species (Vogt

et al., 2002).

16



The  ORs  determines  the  sensitivity  and  specificity  of  the  ORN,  which  in  turn

governs  innate  and  learned  olfactory  behaviours,  such  as  attraction  to  food  and

pheromones and avoidance of repellents (Leal, 2013).

2.4.1 Soluble chemosensory proteins

Chemosensory proteins (CSPs) are soluble proteins secreted out of synthesising cells

and play diverse role. Based on where they are found, CSPs are involved in CO2

detection,  chemical  signal  transmission,  regenerating  legs  and  chemoperception

(Leal, 2013). Numerous CSPs are expressed in the antennae (Sanchez-Gracia et al.,

2009), while others are found in the legs (Ozaki  et al., 2008) brain, proboscis, and

even wings (Zhang et al., 2013). Overall, CSPs in insects play crucial roles such as in

transportation of pheromones and larval development, for instance in Apis mellifera

(Dani  et  al., 2010),  and  in  cellular  regeneration  of  legs  in  cockroach  Blatta

germanica (Niu et al., 2016). Generally, CSPs are highly expressed in the lymph of

chemosensilla  and  have  great  binding activity  towards  odorants  and pheromones

(Qiao  et  al., 2013).  In  G.  m.  morsitans,  five  CSPs  have  been  identified  and

established to be related to female host seeking behaviour (IGGI, 2014; Liu  et al.,

2012).

2.4.2 Odorant degrading enzymes

Like  CSPs,  Odorant  Degrading  Enzymes  are  present  in  the  sensillum  lymph  of

antennae. They are involved in odor degradation and clearance of the olfactory signal

(Leal,  2013).  Glutathione-transferase or  Cytochrome P450 are intracellular  ODEs

that have been reported to degrade odors entering the support cells of the sensilla

(Younus et al., 2014). In Phyllopertha diversa, cytochrome P450 has been found be
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responsible with the degradation of pheromones localized in the plasma membrane of

the dendrite (Leal, 2013).

2.4.3 Odorant Binding Proteins and Pheromone Binding Proteins

Odorant binding Proteins (OBPs) and Pheromone Binding Proteins (PBPs) are small,

soluble  proteins  with  a  general  composition  of  between  130-150  amino  acids

residues and are highly diverse group of olfactory proteins even in insects of the

same species (Leal, 2013). Odorant binding proteins bind general odors while PBPs

bind  pheromones  (De  Bruyne  and  Baker,  2008).  The  OBPs  and  PBPs  bind  and

transport volatile odors across hydrophilic sensillum to ORs located within ORNs

(Zhou,  2010).  The insect  OBPs have  α-helical  structure that  differs  from that  of

mammalian OBPs which have a β-barrel fold and a carboxy terminal α-helix (Doty,

2015). 

Genome sequencing of several insect species has revealed varying number of OBPs.

Culex mosquito has 48 OBP genes (Leal et al., 2013), An. gambiae has 60 (Qiao et

al., 2011),  Drosophila  has  35  OBP  genes  (Anholt  and  Williams,  2010)  while

Glossina morsitans morsitans has 20 OBPs genes (Liu et al., 2010). OBPs have been

found to be important in the chemosensory system at the point of odor detection. The

OBPs have been reported to  solubilize and concentrate  odorants in the sensillum

lymph,  thereby enhancing the signal  reaching the ORs (Leal,  2013).  Female  An.

gambiae are attracted by volatile compounds released from human skin (Verhulst et

al., 2011),  where  OBPs  have  been  established  to  be  critical  in  identifying  and

discriminating hosts by temperature.
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Insects have a unique ability to discriminate their hosts, and OBPs are critical for

establishing  such  specificity  (Bell  and  Cardé,  2013).  For  instance,  the  savanna

species fed on ox, buffalo, kudu and human unlike other Glossina species that have

different feeding preference. This phenomenon has been linked to the expression of

numerous  OBPs  in  the  different  antennal  sensilla  could  mean  different  odorant

binding specificities  (Torr  and Solano,  2010).  In  Anopheles  stephensi two OBPs,

OBP1 and  OBP7,  have  been  found highly  expressed  in  the  female  antenna  and

suggested possible roles in female olfactory response and blood feeding behaviours

(Sengul and Tu, 2010). However, some OBPs have been found expressed in other

body parts  other  than  the  main  olfactory  organ,  antenna,  and  could  therefore  be

involved in non-olfactory functions such as detecting safe landing places (Ogwang et

al., 2014).

2.4.4 Gustatory Receptors

Gustatory  receptors  (GRs)  belong  to  the  super-family  of  G-Protein  Coupled

Receptors (GPCRs). The  G. m. morsitans  and  D. melanogaster  GRs are clustered

into four groups: the CO2 (Jones, et al., 2007), sugar (Slone, et al., 2007), GR43a-like

(Sato,  et al., 2011), and bitter classes (Lee,  et al., 2009). These receptors share no

sequence similarity with vertebrate GRs and their topology is inverted compared to

classic  GPCRs  (Zhang,  et  al., 2011;  Xu,  et  al., 2012).  Chemically-mediated

behaviours include detection and feeding, avoidance of harmful and toxic substances

and the recognition of mating partners and mating sites are modulated by gustation.

Taste is an extremely important sensory modality in the behaviour of insects (Aksoy

et al., 2014). Contact chemosensation has been confirmed to play critical roles in

discrimination  of  sweet  and  bitter  taste  and  in  the  detection  of  non-volatile

19



pheromones.  Also,  the  possibility  of  GRs participating  in  metabolism,  and  other

sensory modalities such as the sensing of temperature and water are highly likely

(Montell, 2010).

In Anopheles gambiae, 76 GRs have been reported and another 79 in Aedes aegypti

(Pelletier  et  al., 2010).  D. melanogaster has  60 GRs (Lee,  2009) whereas  G. m.

morsitans has only 14 (Obiero et al., 2014). Generally, a number of GRs encoded by

the  Drosophila, Anopheles and Aedes genomes do not have recognizable homologs

in  the  other  insects  suggesting  significant  differences  in  ligand  specificities  or

sensitivities (Lee, 2009). Many GRs are co-expressed in the same GRNs. However,

there have been surprises in Drosophila GR repertoire where at least four members

of the GR family — including CO2 sensitive GR21a and GR63a — are expressed in

olfactory receptor neurons (Dunipace et al., 2001; Scott et al., 2001).

Gustatory receptors (GRs) are present in the antennae and maxillary palps, and they

detect volatile and soluble chemical signals. The signals are then transmitted to the

central nervous system and translated to phenotypes (Lee et al., 2009).

2.4.5 Ionotropic Receptors

Drosophila has also provided a genetic model that principally focus on the olfactory

system (Dobritsa  et al., 2003).  Numerous antennal neurons express chemosensory

receptor genes known as ionotropic receptors, IRs. The IRs are not related to ORs in

insects, but have evolved from ionotropic glutamate receptors (iGluRs), a conserved

family  of  synaptic  ligand-gated  ion  channels  (Rytz  et  al., 2013). The expression

analysis  of  the  IR  genes  closely  correspond  the  spatial  distribution  of  the
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physiological coeloconic classes. This provides evidence that the receptors define the

odor response profiles of these neurons (Boulpaep and Boron, 2005).

Studies on the olfactory responses has revealed that IR neurons are generally more

narrowly-tuned and less sensitive than the other receptor expressing neurons. This is

perhaps why IR neurons are slower to respond but adapt less quickly (Galizia and

Lledo, 2013). Like the OR neurones, the IR neurones specialise in detecting distinct

classes of odors; the strongest IR ligands are recognized only weakly or not at all by

ORs, and the strongest OR ligands (predominantly esters, alcohols, and ketones) not

stimulating any IR neurons. However, a key property of the IRs is with their specific

targeting to the ciliated dendrites of ORNs (Rytz et al., 2013).

2.4.6 Odorant Receptors

Odorant receptors are expressed in ORNs and are important in hormonal regulation,

neurotransmission and photoreception (Alcedo, Maier and Ch’ng, 2010).  ORs are

composed of a protein complex that has a transmembrane core important in evoking

odour  recognition  in  the  sensory  neurons  (Sato  et  al., 2008),  a  crucial  step  for

external signal transduction (Gudermann et al., 1995). 

The repertoires and characterization of 60 OR genes have been reported in the model

fruit fly D. melanogaster (Vosshall  et al., 2000), and also in mosquitoes Anopheles

gambiae (79  ORs)  and  Aedes  aegypti (131  ORs)  (Pelletier  et  al., 2010).  The

Southern house mosquito, Culex quinquefasciatus, has the largest repertoire of ORs

(181 ORs)  of  all  dipteran  species  whose  genomes  have  been hitherto  sequenced

(Arensburger  et al., 2010).  A further significant insight into the mosquito sense of

smell  was recently obtained by the functional  characterization of 50 ORs in An.
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gambiae (Scialò et al., 2012). Each OR is expressed within a spatially restricted sub-

types of ORNs. One exceptional receptor, ORCO, is expressed in most ORNs of both

the adult and larval stages (Clyne  et al., 1999; Vosshall  et al., 2000; Kreher  et al.,

2005).

Glossina  morsitans  morsitans  has  46  ORs,  smaller  number  compared  to  other

Diptera even though some specific receptors appear in multiple copies (Obiero et al.,

2014). Like in other insects (Bohbot  et al., 2007), the  G. m morsitans ORCO has

been found to be conserved amongst  other  OR genes (Obiero  et al., 2014).  This

conservation has been linked to  the critical  roles  that  ORCO play in  modulating

responses of the other receptors (Sato et al., 2008).

Glossina morsitans morsitans has numerous CO2 sensitive chemoreceptors capable

of  utilisation  as  the  vector  control  tools  that  exploit  such  unique  adaptations.

However, the information on the expression of these ORs in tsetse have not been

reported; this will form the aim of this study — to determine the expression profiles

of the ORs in G. m. morsitans.

2.5 Real time PCR for Gene Expression

Real-time  polymerase  chain  reaction  (RT-PCR)  is  often  used  to  determine  the

expression of target genes. However, conducting an RT-PCR analysis is challenging.

This is due to difficulties in establishing the amount and good quality of the starting

material, the quality and quantity of cDNA, and enzymatic efficiencies during the

reaction. An appropriate reference gene is used to stabilize and thus normalize the

reactions in RT-PCR analysis that arise due to experimental variability. Despite these

challenges,  the  accuracy,  sensitivity,  and  reproducibility  of  the  RT-PCR  process
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offers huge potential for high throughput application (Derveaux, Vandesompele, and

Hellemans, 2010).

2.6 Bioinformatics Analyses

2.6.1 Multiple Sequence Alignment

Multiple Sequence Alignment (MSA) is the alignment of three or more biological

sequences (protein or nucleic acid) of similar length. The output of such alignment

enables inference of homology and the evolutionary relationships possible between

the sequences studied (Pearson, 2013).

There  are  a  number  of  MSA tools  available.  Clustal  Omega  tool  (Sievers  and

Higgins,  2014)  uses  seeded  guide  trees  and  HMM  profile-profile  techniques  to

generate  alignments.  Kalign  (Deorowicz,  Debudaj-Grabysz,  and  Gudyś,  2014)  is

very  fast  MSA tool  that  concentrates  on  local  regions  and  is  suitable  for  large

alignments. MAFFT (Katoh and Standley, 2013) uses Fast Fourier Transforms that is

suitable for medium-large alignments and MUSCLE (Edgar, 2004) is accurate MSA

tool, and particularly good with proteins for medium alignments. On the other hand,

T-Coffee (Di Tommaso  et al., 2011) has consistency and attempts to mitigate the

pitfalls  of  progressive  alignment  methods.  It  is  however  suitable  for  small

alignments.

Multiple  sequence  alignments  reveal  sequence  homology  and  phylogenetic

relationships that can be used to assess the sequences' shared evolutionary origins

(Pearson,  2013).  Multiple  sequence  alignment  is  often  used  to  assess  sequence

conservation  of  protein  domains,  structures,  and  even  individual  amino  acids  or

nucleotides. And can be helpful in detecting historical and familial relations between
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sequences of proteins or amino acids and determining certain structures or locations

on sequences (Marti Renom, Madhusudhan and Sali, 2004).‐Renom, Madhusudhan and Sali, 2004).

2.6.2 Transmembrane Domains

Predicting tansmembrane domains (TMDs) utilises Hidden Markov Model that can

be represented in the simplest dynamic Bayesian network and assumes the system

under  investigation  to  be  in  a  hidden  state.  Hidden  refers  to  the  state  sequence

through which the model passes, not to the parameters of the model (Zhu and Wang,

2015).

Hidden Markov Models (HMMs) are an extremely versatile statistical representation

that can model protein sequences in many ways, depending on what features of the

protein are represented by the Markov states (Bystroff and Krogh, 2008). For protein

structure  prediction,  states  have  been  chosen  to  represent  either  homologous

sequence positions,  local or secondary structure types, or transmembrane locality.

The resulting models can be used to predict common ancestry, secondary or local

structure, or membrane topology by applying one of the two standard algorithms for

comparing a sequence to a model (Zaki and Bystroff, 2007).

2.6.3 Conserved Domains

Domains  are distinct functional  and/or structural  units  of a protein.  Function and

structure often coincide rather often in an independently folding unit of a polypeptide

chain (Andreeva, 2011). Domains are often the recurring sequence or structure units,

which may exist  in various sequences.  In molecular evolution such domains may

have been utilized as building blocks, and may have been recombined in different

arrangements to modulate protein function (Marchler-Bauer and Bryant, 2004).
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The aim of conserved domain curation is to provide insights into how patterns of

residue conservation and divergence in a family relate to functional properties, and

how  such  entwine  by  providing  detailed  information  that  help  understand  the

sequence,  structure,  and  function  relationships  (Alexandersson  et  al., 2014).

Conserved domain  databases  have,  therefore,  provided elaborate  information  that

supplement and enrich the traditional multiple sequence alignments that form the

foundation  of  domain  models.  Such information  include  3-dimensional  structures

and conserved core motifs, conserved features, and even phylogenetic organization

(Chakrabarti et al., 2006).

2.6.4 Gene Ontology

Gene  Ontology  is  critical  for  interpretating  large-scale  molecular  biology  omics

experiments.  Omics  experiments  measure  gene  products  (RNA  and  proteins),

variation in the DNA sequence of genes, or small molecules metabolized by proteins.

Subsequently,  relating  them  all  to  gene  function.  GO  attempts  to  reconcile

representation of gene and gene product features across all species (Alexandersson et

al., 2014).

2.6.5 Protein Structure Analysis

Proteins fold into one or more specific spatial conformations driven by a number  of

non-covalent  interactions  such  as  hydrogen  bonding,  ionic  interactions,  Van  der

Waals forces,  and hydrophobic packing (Sung, 2015). Such folding is  critical  for

determing the role of protein in an organism. The determination of protein’s three-

dimensional structure is paramount in understanding the functions of proteins at a

molecular level (Roy, Kucukural and Zhang, 2010). Such structural biology studies
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employs  techniques  such as  X-ray  crystallography,  NMR spectroscopy,  and  dual

polarisation interferometry (Feng, Pan and Zhang, 2011).

The complexities of protein structure make the elucidation of a complete protein

structure  extremely  difficult  even  with  the  most  advanced  analytical  equipment

(Biasini et al., 2014). Nuclear magnetic resonance (NMR) or X-ray crystallography

provide  high-resolution  analysis  of  the  three-dimensional  structure  of  a  protein

analysis in a more complete manner (Faraggi  et al., 2018). To determine the three-

dimensional structure of a protein by X-ray diffraction, a large, well-ordered single

crystal  is  required.  X-ray  diffraction  allows  measurement  of  the  short  distances

between atoms and yields a three-dimensional electron density map, which can be

used to build a model of the protein structure (Miao et al., 2015). The use of NMR to

determine the three-dimensional structure of a protein has some advantages over X-

ray diffraction in that it can be carried out in solution and thus the protein is free of

the constraints of the crystal lattice (Fan and Lane, 2016).
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Study Area and Preparation of Insects and Tissue

3.1.1 Study Site

This  study  was  carried  out  at  Jomo  Kenyatta  University  of  Agriculture  and

Technology (JKUAT), Biochemistry Department Laboratory.  The  G. m. morsitans

flies (newly emerged larvae, 1 day old pupae and 21 day-old adults) used in this

study were sourced from Biotechnology Research Institute  of  Kenya Agricultural

Livestock Research Organization (BRI-KALRO) in Muguga, Kenya.

3.1.2 Insect Rearing

The flies were reared under standard laboratory conditions (temperature 25 ± 1°C;

relative humidity 75 ± 10%; fed on sterilized pig blood after every 24 hours using an

artificial membrane) in the insectary at BRI-KALRO (Moloo, 1971). 

3.1.3 Handling of Samples

The  adult  flies  were  collected  in  the  morning  and  transported  to  JKUAT

Biochemistry  Department  laboratory  for  utilisation  in  RNA  work  using  cages

labelled as either males or females. Once the pregnant adult females gave birth, the

newly born larvae were placed in a sterile plastic pyrex tube and fully immersed in a

steel flask of liquid nitrogen. Some larvae were left to develop in to pupae after about

four  hours  of  parturition  and were wrapped in sterilised  piece  of  aluminium foil

before transportation.
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3.2 Determination of Levels of OR Genes in G. m. morsitans samples

Expression analysis of odorant receptor genes in G. m. morsitans samples; both male

and female antennae and leg tissues, larvae and pupae began with the extraction of

mRNA, quantification, cDNA synthesis and amplification by conventional PCR and

subsequently expression analysis by gel electrophoresis.

3.2.1 Sample Preparation for total RNA Extraction

Total RNA was extracted from a pool of 10 larvae and 10 pupae and from 100 pairs

antennae and 100 legs dissected from adult male and female  G. m. morsitans flies.

Prior to total RNA extraction, the flies were frozen at –20°C for 10 minutes before

antennae were dissected under a microscope and legs were removed from adults and

placed alongside larvae and pupae in separate 350 μL of PBS (pH 7.4) buffer forL of PBS (pH 7.4) buffer for

RNA extractions following TRIzol reagent protocol (Rio et al., 2010).

3.2.2 Extraction of Total RNA

The samples were homogenized to a fine paste using RNase free micro pestles and

the  contents  mixed  thoroughly  by  vortexing  for  1  minute.  The  lysate  was  then

centrifuged  at  12,000  rpm at  40C for  5  minutes  and  250  μL of PBS (pH 7.4) buffer forL of  the  supernatant

transferred into  a  clean RNase free micro centrifuge  tubes  containing 750 μL of PBS (pH 7.4) buffer forL of

TRIzol LS  (Invitrogen, Carlsbad, CA,  USA) reagent (Moloo, 1971).  The mixture

was then capped and left to stand at room temperature for 10 minutes to allow for

complete  dissociation  of  nucleoprotein  complexes  before  adding  200  μL of PBS (pH 7.4) buffer forL  of

chloroform. It was again capped thoroughly and left to incubate at room temperature

for further 10 minutes. The samples were then centrifuged at 12,000 rpm at 40C for

another 10 minutes. The colourless upper aqueous phase, containing the RNA, was

pipetted  out  carefully  into  a  clean  RNase  free  micro  centrifuge  tube.  RNA was
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precipitated out by adding 1 μL of PBS (pH 7.4) buffer forL of Glycogen and 500 μL of PBS (pH 7.4) buffer forL of Isopropanol followed by

an overnight incubation at -200C (Sambrook and Russel, 2001). After the overnight

incubation, the samples were then centrifuged at 12,000 rpm for 10 minutes at 40C.

The liquid was discarded with caution such that the pellet was not dislodged and lost.

Afterwards, the RNA pellet was washed by gently inverting the tube containing the

pellet in 50μL of PBS (pH 7.4) buffer forL of 75% ethanol. The tubes were centrifuged at 12,000rpm at 40C for

10 minutes and the supernatant discarded. A further 30 seconds centrifugation of the

samples was done to remove excess liquid. Subsequently, the pellet obtained was re-

suspended  in  12  μL of PBS (pH 7.4) buffer forL of  nuclease  free  water  and  then  allowed  to  stand  at  room

temperature  for  5  minutes  before  gently  tapping  the  sides  of  tube  to  dissolve  it

completely.  The sample  was  then  treated  in  2 μL of PBS (pH 7.4) buffer forL 10X reaction  buffer  and 2  μL of PBS (pH 7.4) buffer forL

Dnase, to remove genomic DNA followed by incubation at 370C for 37 minutes. 1 μL of PBS (pH 7.4) buffer forL

of 50mM EDTA was then added followed by incubation at  650C for 10 minutes

(Sambrook and Russel, 2001).  

3.2.3 Determination of RNA yield and quality

The extracted RNA was quantified using Nanodrop 2000 spectrophotometer reader

(Biospec-mini, Shimadzu Corporation, Tokyo). The machine was blanked with 2 μL of PBS (pH 7.4) buffer forL

nuclease free water before 2 μL of PBS (pH 7.4) buffer forL of RNA sample loaded. After quantification, the data

generated was recorded for further analysis.

3.2.4 Determination of RNA integrity 

A 1.2% formaldehyde  agarose  gel  was  prepared  to  ascertain  the  integrity  of  the

extracted  RNA.  This  was  done  by  mixing  2ml  of  10X  MOPS  buffer;  3-(N-

morpholino)  propanesulfonic acids  (209.3 gmol-1),  sodium acetate  (136.1 gmol-1),

EDTA (372.24  gmol-1),  formaldehyde  (37%)  in  1  litre  of  Diethyl  pyrocarbonate
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(DEPC)-treated H2O, 18ml of nuclease free water and 1.8ml of 37% formaldehyde in

a conical flask containing 1.2g of agarose. The mixture was heated in a microwave

for 30 seconds and left to cool to about 40ºC before 0.5 μL of PBS (pH 7.4) buffer forL of Ethidium Bromide

(EtBr) (0.5µg/ml) added and allowed to polymerize in a gel slab with combs in place.

5 μL of PBS (pH 7.4) buffer forL of RNA sample was then mixed with 2 μL of PBS (pH 7.4) buffer forL of the dye and loaded into the wells

alongside a DNA standard and left to run at 100V 80mA 50W for 10 minutes. The

images captured were stored for later analyses.

3.2.5 Synthesis of cDNA by Reverse Transcription

Reverse transcription from the respective RNA (20ng/μL of PBS (pH 7.4) buffer forL) samples (larvae, pupae,

antennae  and  legs)  was  carried  out  using  cDNA  Synthesis  Kit  (Fischer,

ThermoScientific,  USA) following the  manufacturer’s  specifications,  with  a  final

reaction volume of 20 μL of PBS (pH 7.4) buffer forL. Into a clean RNase free PCR tube, 4 μL of PBS (pH 7.4) buffer forL RNA (20ng/μL of PBS (pH 7.4) buffer forL)

template, 1 μL of PBS (pH 7.4) buffer forL oligo (dT)18 and 7 μL of PBS (pH 7.4) buffer forL of nuclease free water were added, respectively.

These components were gently mixed and briefly centrifuged before being incubated

at 65°C for 5 minutes. After incubation,  the tube was chilled in ice and spanned

gently. Then, the following components were added in their respective order: 4 μL of PBS (pH 7.4) buffer forL ×5

Reaction buffer, 1 μL of PBS (pH 7.4) buffer forL Ribolock RNase Inhibitor, 2 μL of PBS (pH 7.4) buffer forL 10mM dNTP mix, and 1 μL of PBS (pH 7.4) buffer forL

Rivert  Aid  M-MULV-RT. These  were  then  mixed gently  before  the  mixture  was

incubated at 42°C for 60 minutes and the reaction terminated by heating at 70°C for

5 minutes and finally chilled on ice.

3.2.6 Amplification of synthesised cDNA

Specific primers for  Glossina morsitans morsitans  ORs retrieved from VectorBase

(Giraldo-Calderón  et  al., 2015)  were  designed  using  Primer3  v4.0  algorithm

(Untergasser  et  al., 2012;  Castresana,  2000).  The  primers,  with  annealing
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temperatures ranging between 55.0 oC to 58.0oC, and length of between 120 and

200bp, were synthesized by Inqaba Biotech, South Africa (Table 3.1).

Table  3.1: Quantitative  Real  Time  Primers  designed  for  Glossina  morsitans

morsitans Odorant Receptors (ORs) Genes.

Primers Sequences 5’ to 3’

Gmm OR Forward Sequence Reverse Sequence

GAPDH TAAAATGGGTGGATGGTGAGAGTC CTACGATGAAATTAAGGCAAAAGT

OR1 CTGTTCGCTCTATCTCATGC GAAATAGAGCTCCGGAATCG

OR2 TCCCGCTTGGTATGGTTTAG AGAGACCCACAGAACGCACT

OR3 TCACCGGAGCGTATCCTAAT ATATGGCCGATCAAGACGAC

OR4 GGCGATTGTTGGGTATCG AAACTGGTCGCTATGCTGGT

OR5 TGGCTATTGGTATGGAGGTC GATACCGCCCGCTAACATAG

OR6 CAGGCGGCCATCAATATC CGGTAATTGCACAGTGACG

OR7 CTGCAACCATCATCACAACC GTCCGCAGATGATACGATGA

OR8 ATTCGAAGCGACCACTTACC CCAGCTCGTTGGTGAAATAG

OR9 GCGCACTTCAGAGGAGATG CGACCGGCATATACAAGGTT

OR10 TACAGCTCTCGCAGTTCTGG AGCGAAAGAACGCAGTAAGC

OR11 TCTATGGAGGCATGTCCTTG GGCCAAAACCCAGATACTCA

OR12 ACGATGTAACCGATGTGCTG CAGATTAGCTGCTCGTTTGC

OR13 TACACGGGTCTGACCACATT ACAGGTCCCGTTGTAATTCG

OR14 GCGTTGTACGTATGGGATTC TTACCGCCGTTTTCTTGG

OR15 GGTAACGCGACGTTCATTC CCCTGAGGTATCGGCAAAT

OR16 ACTCAATGGCCAGTCTGACA CACCGAGATCGTCTTGGATA

OR17 CTTAGTCGCAACCATGTGGA TGATGAGTGCCGTGTAAAGG

OR18 GCTTGGAAGCTGAAGCAAGT GATCATCATTCGGACCAAAA

OR19 CCAAGCTTAGCCCAATGC AAGGAGACATTCCGCTCTGA

OR20 GGAGACCAAAACTCGCAGAT CCACGGAACGCAACTTTAG

OR21 GCCCGATAGAACGTTGGTT ACATCCAATAAGCCGAGGAG

OR22 CAAACGTGCCGCTTTTCT GGTATGAATGTGGCTCTTCG

OR23 TCTAACGGCGGGATCTTCTA CCATACGTGCTCCCTTACCT
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OR24 CTGGGCATAGAACCTTACGC GTGGCCTCCAGGAAATTGT

OR25 TTACGATGGCAAATTGTTGG TTCCGATTCGGTCAATATCC

OR26 CTCGTTGGCTGTACGCATTA GCCAATCATCACAAGTACCG

OR27 CTGCATATGGCACGGAAA GTATGCTGCCGTCATACCAT

OR28 AGAGCTCAAAGGCCAGCTC CGTTGTCAGTGGCTACAGGA

OR29 TGACGAGCATCCTTGTGAAC ATAATGGTGCCAGGCTGAAC

OR30 GTTCAGCCTGGCACCATTAT GCAGCAAAGGCTTGAGTTG

OR31 TCAACACAAGCACCGCTTAC CCATCAGCACCAACAAACC

OR32 GACGTAGGCTGGAATGCAC TGCCGCAAGTGTAGGTAATG

OR33 AAAAGAATTGGCGACGCTAT AATTGAGTCGATACCCTCCT

OR34 CGAAGAGCCACATTCATACC TGGATGGTCAAAGCTGTACG

OR35 GTTGCCGGTCTGTGTAATGA GGAATGCCTCGAACTTATCG

OR36 TACCGTTATGCTGTGCGTTC TACGGTAAGCAGCATCAGGA

OR37 CGCAGAATCCTTTGGGTAGT ATTTTCGCAGGAGTCTGAGG

OR38 CCACCGCTGTTAACTCATCA GAAGATTCCGCAAGCAAGAC

OR39 GCCGATCGTTTAAGTGAAGC TCGCATACGTCGCTGTAAGT

OR40 GTGGCGCTGTGTTTACGATA CTCACCACTCTTGCTCGTTG

OR41 AGGATAGAGGCGCACGATAC CCCGTTTGCCTGTTATTAGC

OR42 CACGATACGAATACGCCTTG CCCGGTATCAACGCAGTTA

OR43 GGCACACAATACGAATACGC GGATCAATTCCCGGTATCAG

OR44 CGATCCCAATACCCATACG CGCTTTCATTGGTCTCCTC

OR45 CAGTGATCGTATGGCCGTTA GCTGCAAAGTTTCCATAGGC

OR46 CGCGAATGTAGCGATGATAG GTGAAGGAAATAGCCCATCG

The integrity of G. m. morsitans antennae, leg, pupae and larvae cDNA was validated

through conventional PCR amplification carried out in a 96-well Applied Biosystem

(ABI  Gene  AMP  9700)  PCR  system along  with  glyceraldehyde-3-phosphate

dehydrogenase  (GAPDH)  specific  primers  (Fwd  5’-

TAAAATGGGTGGATGGTGAGAGTC-3’  and  Rev  5’-

CTACGATGAAATTAAGGCAAAAGT-3’) as internal control (Attardo et al., 2006).
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The cDNA synthesised from the larvae, pupae, adult’s antennae and legs were used

as templates for the PCR amplification in a total volume of 20 μL of PBS (pH 7.4) buffer forL containing: 6 μL of PBS (pH 7.4) buffer forL

nuclease free water, 10 μL of PBS (pH 7.4) buffer forL ×2 Dream Taq master mix, and 1 μL of PBS (pH 7.4) buffer forL each of the forward

and reverse primers and 2 μL of PBS (pH 7.4) buffer forL (20ng/μL of PBS (pH 7.4) buffer forL) of cDNA sample. The negative control was

prepared  from the  cDNA samples  that  had  been made with  all  the  reagents  and

amplification  requirements  met  except  the  inclusion  of  Reverse  Transcriptase

enzyme  (Sambrook  and  Russel,  2001).  The  PCR  conditions  were:  an  initial

denaturation  temperature  of  95ºC  for  5  minutes,  and  35  cycles  of  subsequent

denaturation temperature at 94ºC for 30seconds, annealing temperature of 55ºC for

45 seconds, extension temperature of 72ºC for 1 minute, and one last cycle of final

extension at temperatures 72ºC for 7 minutes. The amplified RT-PCR products were

analysed on a 2% agarose gel.

3.2.7 Gel Electrophoresis of PCR products

The  generated  PCR products  from cDNA amplification  were  analysed  using  2%

agarose  gel  electrophoresis.  The gel  was  prepared  with  0.4g  agarose  in  20ml  of

buffer,  heated  and after  cooling  to  about  50ºC, 0.5 μL of PBS (pH 7.4) buffer forL  Ethidium bromide (EtBr)

(0.5µg/ml) was added. About 10 μL of PBS (pH 7.4) buffer forL aliquots of the PCR products were subjected to

gel electrophoresis in 2% agarose NA (Pharmacia Biotech AB, Uppsala, Sweden) at

100Volts 80mA and 50W in ×1 TBE buffer, for 10 minutes. DNA standard of 100bps

(Biolabs),  was loaded in the first  well  of  the gel  slab to act  as  a  molecular  size

marker. The resulting gel images were viewed on a UV trans-illuminator and photo

images taken (Dorak, 2007). The images generated were saved and analysed before

conducting RT-PCR.
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3.3 Real Time Polymerase Chain Reaction

The  OR genes  that  successfully  amplified  during  primer  validation  were  further

quantified  using  RT-PCR.  Quantification  was  done  using  2×Maxima  SYBR

Green/ROX  master  mix  (Fermentas,  Thermoscientific,  UK)  following  the

manufacturer’s  instructions  with  a  Stratagene  Mx3000P  qPCR  system  (Agilent

Technologies Ltd, Cheshire, UK). Each reaction amounted to 12.5μL of PBS (pH 7.4) buffer forL and consisted

of the following final concentrations; 6.25μL of PBS (pH 7.4) buffer forL 1×Maxima SYBR Green/ROX master

mix, 0.5μL of PBS (pH 7.4) buffer forL of 2ng/ μL of PBS (pH 7.4) buffer forL of cDNA template, 0.5μL of PBS (pH 7.4) buffer forL each of 0.3μL of PBS (pH 7.4) buffer forM forward and reverse

primers.  The  reaction  mixture  was  topped  up  using  4.25μL of PBS (pH 7.4) buffer forL nuclease  free  water,

mixed  gently  without  creating  bubbles,  centrifuged  briefly  and  placed  in  the

thermocycler. The following thermocycling conditions were used; one cycle of initial

denaturation at 95°C for 10 minutes, 40 cycles of; 94°C for 30 seconds, 55°C for 30

seconds and 72°C for 45 seconds. Data acquisition, and exportation on to excel file,

was  automatically  performed  by  the  thermocycler  during  the  extension  step.

Glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  was  used  for  initial

normalization of the template cDNA. Tests were done in triplicates.

3.3.1 Analysis of RT-PCR Data 

The expression level of  OR genes in the pupae, larvae, antennae and leg tissues of

the male and female G. m. morsitans was calculated by delta delta Ct (ddCt) method

in  which  the  discrepancy  between  the  Ct  for  the  ORs and  GAPDH  was  first

calculated to normalize the variation in the amount of cDNA in each reaction (Livak

and Schmittgen, 2001; Makovets, 2013). Descriptive statistics (means and plots of

averages) were done using a statistical tool — R commander (Braun and Murdoch,
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2007). Prior to ANOVA (Kim, 2014), data were log transformed using the formula

log10 (ddCt + 0.001) and multiple comparison was performed using Tukey’s test

(Silverman, 2018) where p<0.05 was considered significant.

3.4 Comparative Bioinformatics Analyses

The  published  G.  m.  morsitans  OR  protein  sequences  were  used  to  search  and

retrieve  orthologs  in mosquitoes  (Anopheles  gambiae,  Aedes  aegypti  and  Culex

quinquefasciatus),  other  Glossina  species  (G. pallidipes,  G.  fuscipes  fuscipes,  G.

brevipalpis,  and G.  austeni)  in  VectorBase  (Giraldo-Calderón  et  al., 2015)  and

Drosophila in FlyBase (Gramates et al., 2017). These orthologs were identified using

tBLASTx algorithm with cut-off e-value of <1.0e-05 with low complexity filter. The

Glossina OR protein  sequences  were  screened  in  the  NCBI’s  conserved  domain

database (CDD) (Marchler-Bauer  et  al., 2017) for  conserved domains,  at  e-value

<1.5e-05. The Glossina OR amino acid sequences together with identified orthologs

in Drosophila and mosquitoes were aligned using MUltiple Sequence Comparison by

Log-Expectation  (MUSCLE) tool  (Edgar,  2004).  Aligned sequences  were  viewed

using Jalview (Waterhouse, 2009) tool and manually edited to remove gaps. The G.

m. morsitans protein sequences were screened for the seven transmembrane domains

(TMDs) using TMHMM (V4.0) (Krogh et al., 2001). Putative functions of the G. m.

morsitans ORs were inferred using gene ontology database (Ashburner et al., 2000;

Consortium, 2004). Protein three-dimensional structure prediction and determination

of binding sites was performed using RaptorX online tool under default parameters

(Morten et al., 2012).
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CHAPTER FOUR

RESULTS

4.1 Expression of OR Genes in G. m. morsitans samples

4.1.1 RNA Quality Analysis

The RNA extracted from G. m. morsitans larvae, pupae, adults’ antennae and legs,

was  quantified  using  Nanodrop  2000  spectrophotometer  reader  (Biospec-mini,

Shimadzu Corporation, Tokyo), all the RNA showed A260/280 nm absorbance ratio of

between 1.753 and 2.148 with the highest recorded in larvae and lowest in male legs

(Table 4.1).  The  highest  concentration was for pupae (2979.2 ng/mL) and lowest

concentration was for male legs (650.65 ng/mL) (Table 4.1).

Table 4.1: Nanodrop readings for mRNA extracted from G. m. morsitans samples

Sample Name Concentration (ng/mL) Absorbance
(260nm/280nm)

Larvae           2665.7 2.148

Pupae                    2979.2 2.062

Male Antennae 1221.5     1.862

Male Legs 650.65     1.753

Female Antennae 1457.6      1.777

Female Legs 911.71      1.767
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RNA concentrations were given in (ng/mL) and quality (absorbance at wavelength
260nm/280nm) in the six Glossina morsitans morsitans study samples. The highest
concentration was recorded in pupae at 2979 ng/mL and absorbance in larvae at 2.1.

The RNA integrity was analysed by formaldehyde agarose gel electrophoresis. Visual

inspection of the gel images was used to confirm the presence of bright, clear bands

corresponding  to  the  28S  and  18S  ribosomal  subunits,  providing  qualitative

assessment  of  the  rRNA integrity.  The  larvae,  pupae,  adults’ antennae  and  leg

samples all had the 28S and 18S RNA bands, confirming that the RNA was intact

and of good quality (Figure 4.1).

 

Figure 4.1: Gel image showing the integrity of the total RNA extracted from G. m.
morsitans. The 18S and 28S ribosomal bands present indicated good integrity of the
RNA samples. The first lane represent molecular marker and  1: Male leg,  2: Male
antennae, 3: Female leg, 4: Female Antennae, 5: Larvae, 6: Pupae.

4.1.2 Amplification of synthesised cDNA

Amplification of the cDNA reverse transcribed from total RNA extracted from G. m.

morsitans samples (adults’ antennae and legs, larvae and pupae) was carried out with

each  of  the  46  OR  genes  using  conventional  PCR.  Forty-five  OR  genes  were

amplified in larva, forty in pupae, forty-four in female antennae, forty-three in female
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legs,  forty-five in male legs while forty were detected in the male antennae. The

positive control GAPDH was amplified in all the test samples while the negative

control did not show any amplification (Figure 4.2a to 4.2x).
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Figure 4.2(A): Conventional PCR amplification of OR genes in Pupae. Forty odorant receptor genes were amplified.
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Figure 4.2(B): Forty ORs in pupae (e-h) and forty were detected in the male antennae (i-l). L: 100bp marker, N: Negative control; G:

GAPDH
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Figure 4.2(C): Forty-four OR genes amplified in female antennae (m-p). L: 100bp marker, N: Negative control; G: GAPDH

Figure 4.2 (A-D): Agarose gel (2%) electrophoresis of the amplified G. m. morsitans OR genes in all the six samples.
Gel images of G. m. morsitans OR genes that were amplified using conventional PCR in the samples. Some gels had multiple bands, for
instance OR3 and OR34 in male antennae and OR4, OR19, OR45 in female antennae. This was due to the formation of primer dimers as
a result of low quantities of cDNA during amplification. L: 100bp molecular marker (New England Biolabs),  N: Negative control; a
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Figure 4.2(D):  Forty-five in male legs (q-t), and forty-three in female legs (u-x).



reaction tube containing all the PCR ingredients but lacking the polymerase enzyme, G: GAPDH. The positive control (GAPDH) was
amplified in all the samples.
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4.2 Expression of Glossina morsitans morsitans OR genes

The relative amounts of transcripts generated for each OR gene estimated by qPCR

technique are presented in Figure 4.3. Overall, the G. m. morsitans OR genes were

enriched  in  the  antennae  compared  to  the  leg tissue  (Figure  4.3).  The  OR gene

expression  in  female  and male  G.  m.  morsitans antennae  were  almost  the  same

amount. The female G. m. morsitans revealed 13 ORs expressed in the antennae of

which 6 ORs were expressed at  high levels while  7  ORs were expressed at  low

levels.  Similarly,  male  G.  m.  morsitans antennae  revealed  12  ORs  expressed  of

which  9  ORs were  highly  expressed  and 3  ORs expressed  at  low levels.  G. m.

morsitans OR3 and OR45 were exceptionally expressed at high levels in the female

and  male  antennae  respectively.  Four  OR genes  were  detected  in  female  G.  m.

morsitans leg with OR26 expressed at relatively high level while the male  G. m.

morsitans leg had 9 OR genes detected with OR20 highly transcribed. In larvae six

ORs were expressed with OR20 at high levels and in pupae OR27 and OR28 were

expressed at relatively high levels (Figure 4.3A to 4.3F).
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Odorant receptor profiles of G. m. morsitans sample
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Figure 4.3: Real time polymerase chain reaction (RT-PCR) analysis of G. m. morsitans odorant receptor (GmmOR) genes expression

levels in female antennae (A), leg tissue (B), male leg (C), antennae tissue (D), larvae (E) and pupae (F). The Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used to normalize the template cDNA. The expression level of Gmm OR genes in female and

male  G. m. morsitans antennae and leg, larvae and pupae was calculated by delta delta Ct (ddCt) method in which the discrepancy
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between the Ct for the GmmOR gene and GAPDH was first calculated to normalize the variation in the amount of cDNA in each

reaction (Livak and Schmittgen, 2001).
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4.3 Bioinformatics Analyses

Blast search against D. melanogaster, mosquitoes and sequenced Glossina genomes

identified orthologs with peptide percentage identities ranging from 22.3% to 98.9%

(Table  4.3  and  Appendix  1).  GmmOR1 had  the  highest  identity  to  Dmel  Orco,

confirming  the  relatively  high  amino  acid  identity  between  Orco  from different

insects.  Similarly,  GmmOR1  had  relatively  high  amino  acid  identity  to  Orco

orthologs in Aedes aegypti, Anopheles gambiae, Culex quinquefasciatus, G. austeni,

G. brevipalpis, G. fuscipes fuscipes and  G. pallidipes (Appendix 1). Generally, the

OR sequence identity was low among D. melanogaster and mosquitoes (Ae. aegypti,

An. gambiae and  Cx. quinquefasciatus) orthologs and high among  G. austeni,  G.

brevipalpis,  G.  f.  fuscipes and  G. pallidipes orthologs.  The low protein sequence

similarities were notable, for instance, in GmmOR41, and GmmOR23 whereas high

protein  sequence  identities  were  recorded  in  GmmOR1  (97.5%),  GmmOR17

(93.3%), and GmmOR40 (96.5%).

4.3.1 Conserved Domains

The NCBI’s conserved domain (CDD) analysis of the OR genes yielded domains

with specific and general functional characteristics. Except for GmmOR23 being an

Alpha-mann_mid — a hydrolase and zinc ion binding entity — that is uncommon

with odorant  receptors,  all  the other  ORs belonged to the same family of 7tm_6

(Table 4.2).

4.3.2 Protein Structure and Ligands

The RaptorX predicted structures for 45 ORs (Appendix 2). Several ligands were

identified, too. Most notable were the ligands for the significantly expressed genes

that   included   Protoporphyrin  IX  containing  Fe,  Fe  (III)  ion  and  Fe  (II)  ion,
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Magnesium ion, Sulphate ion, Adenosine-5’-monophosphate, Zinc ion, Guanosine-

5'-monophosphate,  Cytidine-5'-monophosphate,  Uridine-5'-monophosphate,

Potassium ion, Cadmium ion, 4-(2-Hydroxyethyl)-1-Piperazine ethanesulfonic acid.

Nonetheless, GmmOR20 and GmmOR28 had no predicted binding pockets hence

lacked ligands to be associated with.
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Table  4.2: Odorant  receptors  (ORs)  identified  from  Glossina  morsitans  morsitans genome  and  best  blast  match  to  Drosophila
melanogaster, Conserved domain and Gene Ontology Databases

Gmm
OR

Gene ID 
Accession No 

Best D. melanogaster match
(Identities, E-value)

Gmm
TMDs

Best Rpsblast to CDD DB 
(E-value)

Match to GO DB  
(E-value)

GO No.

OR1
GMOY005610

Dmel\Orco (77.5%, 0.0) 5 7tm_6 domain-containing protein   
(1.19e-51)

odorant binding (0.0) GO:0005549

OR2
GMOY005796

Dmel\Or2a (47.7%, 1.2e-105) 7 7tm_6 domain-containing protein   
(6.87e-88)

signal transducer activity (0.0)GO:0004871

OR3
GMOY004772

Dmel\Or2a (40.4%, 2.0e-49) 2 7tm_6 domain-containing protein   
(6.87e-88)

odorant binding           (0.0) GO:0005549

OR4
GMOY012195

Dmel\Or59a  (38.6%, 3.9e-82) 7 7tm_6 domain-containing protein   
(4.46e-78)

odorant binding           (0.0) GO:0005549

OR5
GMOY012018

Dmel\Or33b (38.4%, 1.2e-49) 5 7tm_6 domain-containing protein   
(1.35e-88)

odorant binding           (0.0) GO:0005549

OR6
GMOY009475

Dmel\Or7a (37.9%, 1.1e-65) 5 7tm_6 domain-containing protein   
(3.64e-86)

odorant binding           (0.0) GO:0005549

OR7
Not Available

Dmel\Or42b (32.3%, 1.13e-56) 6 7tm_6 domain-containing protein 
(7.90e-55)

odorant binding   (2.1e-94) GO:0005549

OR8
GMOY012193

Dmel\Or7a (34.5%, 8.1e-66) 4 7tm_6 domain-containing protein   
(3.64e-86)

odorant binding           (0.0) GO:0005549

OR9
GMOY012276

Dmel\Or42a (39.7%, 5.4e-91) 6 7tm_6 domain-containing protein   
(3.46e-78)

odorant binding           (0.0) GO:0005549

OR10
GMOY012214

Dmel\Or46a (33.8%, 4.3e-56) 6 7tm_6 domain-containing protein   
(8.95e-71)

odorant binding           (0.0) GO:0005549

OR11
GMOY010761

Dmel\Or46a (31%, 1.3e-44) 6 7tm_6 domain-containing protein   
(1.08e-74)

odorant binding           (0.0) GO:0005549

OR12
GMOY009271

Dmel\Or94a (39%, 8.2e-69) 3 7tm Odorant receptor      (2.82e-76)odorant binding           (0.0) GO:0005549
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OR13
GMOY003312

Dmel\Or82a (45.2%, 2.3e-76) 6 7tm_6 super family         (2.53e-42)odorant binding           (0.0) GO:0005549

OR14
GMOY001365

Dmel\Or45a (27.9%, 1.7e-29) 6 7tm_6 domain-containing protein   
(1.53e-62)

odorant binding           (0.0) GO:0005549

OR15
GMOY012287

Dmel\Or45a (25.3%, 9.4e-33) 7 7tm_6 domain-containing protein   
(1.53e-62)

odorant binding           (0.0) GO:0005549

OR16
GMOY012240

Dmel\Or45a (25.6%, 3.7e-32) 6 7tm_6 domain-containing protein   
(1.53e-62)

odorant binding           (0.0) GO:0005549

OR17
GMOY005386

Dmel\Or85d (33.6%, 2.4e-17) 8 7tm_6 domain-containing protein   
(5.73e-83)

odorant binding           (0.0) GO:0005549

OR18
GMOY012323

Dmel\Or63a (27.9%, 2.0e-51) 7 7tm_6 domain-containing protein   
(1.35e-64)

odorant binding           (0.0) GO:0005549

OR19
GMOY012322

Dmel\Or63a (28.1%, 5.6e-49) 7 7tm_6 domain-containing protein   
(1.35e-64)

odorant binding           (0.0) GO:0005549

OR20
GMOY012277

Dmel\Or85d (23.6%, 2.7e-08) 0 7tm_6 domain-containing protein   
(5.73e-83)

odorant binding           (0.0) GO:0005549

OR21
GMOY011399

Dmel\Or85e (47.5%, 3.4e-123) 6 7tm_6 super family          (1.01e-
11)

odorant binding           (0.0) GO:0005549

OR22
GMOY012256

Dmel\Or88a (36.6%, 5.8e-24) 3 7tm_6 domain-containing protein   
(5.22e-75)

odorant binding           (0.0) GO:0005549

OR23
GMOY011902

Dmel\LManI (46%, 0.0) 5 Alpha-mann_mid             (2.80e-
30)

alpha-mannosidase activity 
(0.0)

GO:0004559

OR24
GMOY010839

Dmel\Or85b (48.2%, 2.5e-100) 5 7tm_6 domain-containing protein   
(2.52e-80)

odorant binding           (0.0) GO:0005549

OR25
GMOY012357

Dmel\Or92a (28.4%, 1.3e-27) 5 7tm_6 domain-containing protein   
(3.08e-50)

odorant binding           (0.0) GO:0005549

OR26
GMOY012255

Dmel\Or85c (27.7%, 2.5e-25) 6 7tm_6 domain-containing protein   
(1.60e-80)

odorant binding           (0.0) GO:0005549

OR27
GMOY008038

Dmel\Or67c (28.3%, 6.3e-25) 3 7tm_6 super family           (6.80e- odorant binding           (0.0) GO:0005549
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50)
OR28

GMOY012199
Dmel\Or85f (26.2%, 0.0) 1 7tm_6 domain-containing protein   

(3.26e-71)
odorant binding           (0.0) GO:0005549

OR29
GMOY012283

Dmel\Or67a (20.4%, 4.1e-15) 5 7tm_6 super family          (3.48e-
39)

odorant binding           (0.0) GO:0005549

OR30
GMOY012282

Dmel\Or92a (22%, 2.2e-07) 6 7tm_6 domain-containing protein   
(3.08e-50)

odorant binding           (0.0) GO:0005549

OR31
GMOY012239

Dmel\Or24a (44.1%, 45.e-104) 7 7tm_6 domain-containing protein   
(2.19e-75)

odorant binding           (0.0) GO:0005549

OR32
GMOY005084

Dmel\Or13a (57.9%, 1.4e-143) 4 7tm_6 super family          (3.06e-
39)

odorant binding           (0.0) GO:0005549

OR33
GMOY005479

Dmel\Or49b (54.9%, 6.9e-45) 4 7tm_6 domain-containing protein   
(3.68e-71)

odorant binding           (0.0) GO:0005549

OR34
GMOY011902

Dmel\Or49a (23%, 2.2e-09) 2 7tm_6 super family          (7.23e-
41)

odorant binding           (0.0) GO:0005549

OR35
GMOY012253

Dmel\Or43a (47.5%, 3.9e-96) 7 7tm_6 domain-containing protein   
(8.62e-77)

odorant binding           (0.0) GO:0005549

OR36
GMOY012254

Dmel\Or43a (30.2%, 2.4e-32) 5 7tm_6 domain-containing protein   
(8.62e-77)

odorant binding           (0.0) GO:0005549

OR37
GMOY012218

Dmel\Or74a (39%, 7.1e-93) 4 7tm_6 super family          (2.14e-
10)

odorant binding           (0.0) GO:0005549

OR38
GMOY012208

Dmel\Or47b (32.9%, 6.5e-47) 6 7tm_6 domain-containing protein   
(6.99e-66)

odorant binding           (0.0) GO:0005549

OR39
GMOY004392

Dmel\Or88a (27.7%, 3.9e-44) 6 7tm_6 super family          (2.23e-
37)

odorant binding     (2.5e-131) GO:0005549

OR40
GMOY012356

Dmel\Or56a (47.2%, 2.4e-76) 4 7tm_6 domain-containing protein   
(9.26e-50)

odorant binding           (0.0) GO:0005549

OR41
GMOY006480

Dmel\Or67d (35.3%, 8.9e-62) 6 7tm_6 super family           (1.12e-
10)

odorant binding           (0.0) GO:0005549
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OR42
GMOY006479

Dmel\Or67d (36.6%, 3.6e-68) 6 7tm_6 super family           (1.12e-
10)

odorant binding           (0.0) GO:0005549

OR43
Not Available

Dmel\Or67d (36.6%, 3.6e-68) 6 7tm_6 super family           (1.12e-
10)

odorant binding           (0.0) GO:0005549

OR44
GMOY006265

Dmel\Or67d (36.2%, 2.2e-74) 6 7tm_6 super family           (1.12e-
10)

odorant binding           (0.0) GO:0005549

OR45
GMOY007896

Dmel\Or67d (38.5%, 9.3e-42) 3 7tm_6 super family           (1.12e-
10)

odorant binding           (0.0) GO:0005549

OR46
GMOY003305

Dmel\Or67d (37%, 5.2e-67) 5 7tm_6 super family           (1.12e-
10)

odorant binding           (0.0) GO:0005549
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4.3.2 Transmembrane Domains

Transmembrane domains  were constituted predominantly  by the non-polar  amino

acids.   Conserved domain prediction revealed that 45 G. morsitans morsitans ORs

had transmembrane domains and were involved in odorant binding. The GmmOR23

was the only exception as it didn’t have transmembrane domain and was predicted to

be  involved  in  alpha  mannosidase  activity.  The  start  and  end of  the  amino acid

sequences denoting the seven transmembrane domains that characterize insect ORs

(Figure 4.4), and determined using TMHMM algorithm, were transferred on to the

multiple sequence alignments and indicated accurately through colouring (Appendix

3). These TMD analyses revealed helices ranging between 17 and 22 amino acids.

Except  for  serine  and  threonine  residues  being  common  in  the  TMDs,  their

composition and number varied greatly from one GmmOR cluster to the other with

the highest having thirteen, for instance, G. fuscipes in GmmOR5 cluster. However, a

few mosquitoes orthologs in GmmOR13, GmmOR11, GmmOR3, GmmOR33 and

GmmOR27 clusters, lacked TMDs. 

Figure  4.4: Trasmembrane  domain  depiction  of  GmmOR1  output  by  TMHMM

version 2 algorithms. The odorant recptor is predicted to have seven TMDs.
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4.3.3 Multiple Sequence Alignment

The  G.  m.  morsitans  ORs  and  its  orthologs  differ  in  their  gene  sequences  as

demonstrated by peptide sequence alignment. These alignments illustrate the highly

significant peptide sequence homologies between the  G. m. morsitans and several

other insect OR peptide sequences deposited in the repositories. Multiple sequence

alignment  revealed  conserved  and  identical  residues  in  the  GmmOR  clusters  of

amino acid sequences. The analyses revealed that GmmOR1, GmmOR2, GmmOR4,

GmmOR8,  GmmOR9,  GmmOR10,  GmmOR15,  GmmOR35,  GmmOR18,

GmmOR17,  GmmOR12,  GmmOR24,  GmmOR6,  GmmOR32, GmmOR44,

GmmOR25, GmmOR42, GmmOR41, GmmOR14, and GmmOR21 clusters indicated

high probabilities of conservation (Appendix 3).
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CHAPTER FIVE

DISCUSSION

The 46 G. m. morsitans OR genes analysed in this study had been reported earlier

(Macharia et al., 2016; Obiero et al., 2014). Glossina m. morsitans was reported to

contain fewer ORs relative to closely related dipterans that could be as a result of the

restricted diet of tsetse flies (Obiero et al., 2014). This finding was corroborated in a

study of  other  tsetse  species  (Macharia  et  al., 2016).  The low number  of  G. m.

morsitans OR genes compared to other insects (Benton  et al., 2006; Clyne  et al.,

1999; Hill et al., 2002; Robertson and Wanner, 2006; Scott et al., 2014) was thought

to  be  as  a  result  of  strict  blood-feeding  lifestyle  of  tsetse  flies  (IGGI,  2014).

However, the relative expression of these set of ORs are yet to be determined. This

study  analysed  the  differential  and  relative  expression  of  the  full  set  of  G.  m.

morsitans ORs in adult  fly  antennae  and legs  both sexes  and also in  larvae and

pupae.  This  provides  a  great  perspective  into  the  possible  role  of  these  ORs  at

different stages of life of the fly.

Expression  profiling  revealed  that  the  G.  m.  morsitans ORs  genes  were  highly

expressed in the female and male antennae relative to the legs tissues. This supported

earlier findings that points to the antennae being the main olfactory organ in tsetse

flies (Liu et al., 2010) and as already reported in other insects (Leal, 2013; Ma et al.,

2014; Pelosi et al., 2006). In D. melanogaster, ORs were reported to be expressed in

ORN in the antennae and maxillary palps (Robertson  et  al., 2003),  while in  An.
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gambiae and  ants,  expression  of  chemosensory  receptors  revealed  odor-receptor

coding signatures that were either tissue or sex-specific (Pitts  et al., 2011; Zhou et

al., 2012). The varying expression patterns of the OR genes suggests that they may

be involved in different, important roles in tsetse olfaction at different developmental

stages and body regions.

In pupae and larvae, the over-expressed genes, OR28 and OR20 respectively, may

suggest their involvement in development, for instance, of larval specific chemical

sensing  capability  crucial  for  feeding.  Expression  of  OR  genes  in  larvae  is

instrumental  in  understanding  the  molecular  mechanisms  involved  in  pheromone

detection (Winnebeck, Millar, and Warman, 2010). Notably, the exclusive expression

of GmmOR28 in pupae and GmmOR20 in larvae are suggestive of such functions.

The latter, GmmOR20, is homologous to OR85b in D. melanogaster that, depending

on  odour  type,  has  been  found  to  mediate  avoidance  or  acceptance  behaviour

(Nichols and Luetje, 2010; Hallem and Carlson, 2006). Also, in addition to calcium

permeability, this gene encodes wide range of odor stimuli that varies a lot. These

behavioural changes are in response to chemicals such as butyl acetate, amyl acetate,

and  2-heptanone  (Poivet  et  al., 2013).  The  expression  of  GmmOR15  in  larvae,

homologous to OR45 in D. melanogaster, play crucial role in escape response in the

larvae (Bellmann et al., 2010; Obiero et al., 2014). 

The transcript levels of OR genes reported in both female and male G. m. morsitans

antennae were approximately equal and could indicate the conserved function of OR

genes  in  Glossina as  both  adult  females  and  males  are  strict  blood-feeders  and

vectors of protozoan trypanosomes. The GmmOR3 gene that was highly expressed in

female G. m. morsitans antennae could probably be involved in female tsetse specific
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behaviours  such  as  larviposition.  While,  the  GmmOR45  gene  that  was  highly

expressed in male  G. m. morsitans antennae could be involved in mediating male

behaviours like mate detection and courtship. Its orthologs are known to perform

specific roles as reported in female Ae. Aegypti (Sengul and Tu, 2010) An. gambiae

(Biessmann et al., 2005) and parasitic wasp, Microplitis mediator (Ma et al., 2014).

Intriguingly, the distribution of OR genes in  G. m. morsitans legs with GmmOR26

highly expressed in female leg and GmmOR20 in male legs may pinpoint that the

legs could also be involved in functions related to olfaction. The GmmOR15 was

reported to be predominately expressed based on RNA-seq data in RPKM (Obiero et

al., 2014)  and  this  was  observed  in  the  pupae.  Its  homolog  in  D. melanogaster

(DmelOr45a) is associated with larvae response (Bellmann et al., 2010). And in male

legs, GmmOR37 and a homolog to OR74a in D. melanogaster, has been found to be

involved in the behavioural responses to octanol, anisole, and 2-heptanone (Deng et

al., 2011), suggestively points to the role legs play in insect olfaction.

It  is  established  that  odorant  receptors  in  insects  are  highly  diverse  and  less

conserved even between paralogs,  and most  case no direct  one-to-one homology

exist except for between the highly conserved co-receptor ORCO (Miller and Tu,

2008).  For  instance  in  this  study,  GmmOR41,  GmmOR20,  and  GmmOR23,  had

exceptionally low sequence similarity relative to other paralogs, pointing to probable

rapid  evolution  of  the  OR genes  in  the  genome,  under  yet  unclear  mechanisms

(Obiero et al., 2014). However, the sequence divergence observed in different insects

ORs could be linked to the insects species-specific expansion of distinct OR genes.

D.  melanogaster genome  had  18  ORs  not  found  in  mosquitoes  while  mosquito
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genome contained 27 OR genes that were absent in fruit fly (Pitts, Fox, and Zwiebel,

2004). It  is  important  to  note  also  that  some receptor  sequence  did  exhibit  high

sequence  similarity  in  ORs  clusters  — for  instance  GmmOR1,  GmmOR17,  and

GmmOR40.  Probably,  given  their  primary  structural  and  functional  domain

similarity,  these  could  be  amongst  the  ancestral  genes,  attributable  to  sequence

conservation because of the roles these genes play in the organism (Capra and Singh,

2007).

The  CDD  searches  revealed  that  the  G.  m.  morsitans OR  clusters  had  varying

number  of  TMDs  on  the  peptide  sequence.  The  MSA information  on  this  OR

revealed a high degree of amino acid residue conservation across the sequences in

the  cluster.  The  high  peptide  sequence  conservation  level  corresponds  to  the

existence  of  the  multi-super  families  in  the  cluster.  This  is  because  presence  of

conserved domains in proteins is a function of sequence conservation (Sato  et al.,

2008). Surprisingly, the identity between GmmOR23 and its orthologs from other

insects are among the lowest. This indicates that these genes probably evolved from

different origins or are under divergence. If at all it is a correctly annotated OR gene,

then functional study is required to validate its role.

In  addition  to  GmmOR20  lacking  TMDs,  its  ortholog  in  Aedes  aegypti was

irretrievable during data mining in the repositories. The absence of TMDs suggested

that  these  sequences  may  be  involved  in  non-olfactory  functions  hence  not  an

odorant  receptor.  It  is,  however,  unclear if  the compositional  differences  between

TMDs  confer  varying  physical  properties  (Marchler-Bauer  et  al., 2009).  Protein

structure and ligand analysis supported earlier research that multiple ligands could

bind to a single OR and in turn activate OSN (Ma and Shepherd, 2000). Such ligands
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activating the ORs provide possible avenues through vector control measures could

be delivered to the insect chemoreceptor system. However, binding of ligands to ORs

do not necessarily lead to activation. Other ligands bind and create a competitively

antogonizing environment (Araneda et al., 2004; Araneda, Kini and Firestein, 2000).

Whereas  ligand  analysis  revealed  that  GmmOR20  had  no  predicted  ligands,  its

utilisation for control efforts would be challenging given such possibility. Our study

confirmed that previously annotated G. m. morsitans OR genes (Obiero et al., 2014)

contain  the  structurally  conserved  transmembrane  domains  and  are  involved  in

odorant binding.

Although  putative  tsetse  OR  genes  have  been  identified  using  bioinformatics

approaches (Macharia  et al., 2016; Obiero  et al., 2014), no functional studies have

reported the binding and response of these ORs to odorants. Neither is there a report

in which specific hair-cells the ORs are expressed to separate which type of ORs are

expressed on specialist sensillae and which ones on generalist sensillae, as previously

pointed out (Voskamp et al., 1999). Our report presents crucial insight into the tissue-

differential  expression  of  ORs,  which  are  a  major  component  of  the  tsetse

chemoreceptor system.
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The study revealed that the ORs were highly expressed in the antennae, confirming

that the antennae is the main olfactory organ. The expressed ORs in the females

could indicate the critical  roles,  such as seeking larviposition sites, performed by

ORs in females than the males. More ORs were expressed in the larvae supporting its

need for more genes to effect various functions unlike pupae that is immobile.

6.2 Recommendations

1. It is appropriate to perform functional analysis on the highly expressed ORs,

for  instance GmmOR3 in female antenna,  OR26 in female legs,  OR45 in

male antennae, OR20 male legs, OR20 in larvae, and OR28 pupae, through

expression in Xenopus laevis oocytes to confirm their specificity.

2. The expressed ORs, for instance GmmOR20 in larvae, GmmOR28 in pupae,

should be considered for further functional studies to establish their response

to known odors that attract tsetse.
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APPENDICES

Appendix i: Glossina m. morsitans ORs and their best protein blast match to D. melanogaster, mosquitoes and other Glossina species

Table: Odorant receptors (ORs) identified from Glossina morsitans morsitans genome and best blast match to Mosquitoes (Anopheles 
gambiae, Aedes aegypti, Culex quinquefasciatus) and Glossina (G. austeni, G. brevipalpis, G. fuscipes, and G. pallidipes) orthologs

GmmORBest aaeg Match
(Id, E-value)

Best agam Match
(Id, E-value)

Best cque Match
(Id, E-value)

Best gaut Match
(Id, E-value)

Best gbri Match
(Id, E-value)

Best gfui Match
(Id, E-value)

Best gpai 
Match
(Id, E-value)

OR1 Orco (Or7) 
(70.1%, 2e-16)

Orco (Or7) (72.7%, 0.0)Orco (68.5%, 8e-
169)

Orco (85.9%, 0.0) Orco (Or1) (80.1%,
2e-130)

Orco (97.5%, 0.0) Orco (95.7, 
0.0)

OR2 OR37 (23.3%, 2e-
20)

OR34 (23.5%, 5e-21) OR13 (22.4%, 5e-
16)

GAUT045920-RA 
(93.9%, 0.0)

GBRI035583-RA 
(84.0%, 0.0) 

GFUI028755-RA 
(91.0%, 0.0)

GPAI004010-
RA (95.4%, 
0.0) 

OR3 lethal giant larva 
homologue 
(27.0%, 0.043)

odorant receptor 1 
(24.1%, 4e-11)

odorant receptor 1 
(28.7%, 7e-09)

GAUT050371-RA 
(91.5%, 3e-178)

GBRI018062-RA 
(74.0%, 5e-142)

odorant receptor 
(85.9%, 5e-121)

odorant 
receptor 
(93.4%, 0.0)

OR4 odorant receptor 
34 (22%, 2e-16)

odorant receptor 1 
(23.5%, 1e-17)

odorant receptor 13 
(24.8%, 1e-21)

Odorant receptor 23a 
(98.2%, 0.0)

Odorant receptor 
23a (83.6%, 0.0)

GFUI042981-RA 
(91.7%, 0.0)

GPAI039747-
RA (97.7%, 
0.0)

OR5 odorant receptor 
34 (24.8%, 2e-10)

odorant receptor 1 
(24.2%, 2e-11)

odorant receptor 12 
(26.4%, 3e-10)

odorant receptor 
(71.4%, 3e-178)

GBRI036342-RA 
(77.4%, 1e-140)

odorant receptor 
(88.2%, 3e-151)

GPAI034198-
RA (93.2%, 
6e-164)

OR6 odorant receptor 
37 (23.6%, 2e-06)

odorant receptor 34 
(22.3%, 1e-04)

odorant receptor 13 
(27.0%, 4e-05)

odorant receptor 
(94.5%, 0.0)

odorant receptor 
(83.4%, 0.0)

odorant receptor 
(92.7%, 0.0)

GPAI031315-
RA (95.3%, 
0.0)

OR7 odorant receptor odorant receptor 57 odorant receptor Uncharacterised Odorant receptor Uncharacterised Uncharacteris
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(Or5) (37.3%, 4e-
10)

(Or57) (34.9%, 4e-09) (Or99) (24.3, 1e-07) protein (89.2%, 0.0) (69.2%, 0.0) protein (92.4%, 
7.2e-155)

ed protein 
(97.1%, 3.5e-
160)

OR8 odorant receptor 5
(26.5%, 1e-11)

odorant receptor 2 
(23.4%, 3e-11)

odorant receptor 13 
(24.6%, 2e-11)

GAUT050213-RA 
(95%, 0.0)

GBRI044639-RA 
(41.9%, 2e-103)

GFUI003499-RA 
(47.2%, 2e-97)

GPAI031326-
RA (96.5%, 
1e-97)

OR9 odorant receptor 8
(23.7%, 1e-10)

odorant receptor 34 
(22.7%, 1e-10)

odorant receptor 
(23.6%, 3e-09)

Odorant receptor 42a 
(96.2%, 0.0)

Odorant receptor 
42b (85.7%, 4e-
177)

Odorant receptor 
42a (94.6%, 0.0)

GPAI029610-
RA (93.8%, 
1e-154)

OR10 odorant receptor 
34 (23.7%, 3e-20)

odorant receptor 37 
(22.5%, 2e-17)

Odorant receptor 
94a, putative (27.0%,
5e-20)

GAUT011101-RA 
(93.4%, 0.0)

odorant receptor 
(41.0%, 2e-95)

GFUI037305-RA 
(87.0%, 0.0)

GPAI009882-
RA 
(90.4%,0.0)

OR11 odorant receptor 
34 (23.2%, 8e-11)

odorant receptor 1 
(21.8%, 4e-10)

odorant receptor 10 
(20.3%, 7e-11)

GAUT011101-RA 
(41.0%, 7e-52)

odorant receptor 
(81.0%, 9e-161)

odorant receptor 
(76.1%, 0.0)

GPAI009200-
RA (98.1%, 
3e-173)

OR12 odorant receptor 
37 (25.9%, 1e-31)

odorant receptor 34 
(27.9%, 2e-30)

odorant receptor 13 
(29.0%, 2e-27)

GAUT005363-RA 
(94.6%, 1e-61)

odorant receptor 
(76.8%, 0.0)

GFUI012941-RA 
(91.6%, 3e-104)

GPAI009882-
RA (24.9%, 
2e-18)

OR13 odorant receptor 
(Or31) (26.8%, 
2e-25)

odorant receptor 31 
(24.7%, 2e-29)

olfactory receptor, 
putative (30.2%, 2e-
35)

odorant receptor 
(81.7%, 0.0)

GBRI018811-RA 
(64.6%, 3e-112)

odorant receptor 
(89.0%, 2e-110)

GPAI024118-
RA (84.1%, 
0.0)

OR14 odorant receptor 
(Or31) (22.3%, 
1e-17)

odorant receptor 31 
(21.3%, 3e-18)

olfactory receptor, 
putative (21.7%, 7e-
23)

odorant receptor 
(93.8%, 0.0)

odorant receptor 
(82.6%, 0.0)

odorant receptor 
(85.4%, 0.0)

GPAI041951-
RA (95.8%, 
0.0)

OR15 odorant receptor 8
(31.1%, 9e-20)

odorant receptor 8 
(28.6%, 3e-15)

olfactory receptor, 
putative (25.7%, 1e-
18)

GAUT022034-RA 
(97.9%, 0.0)

GBRI026647-RA 
(82.3%, 0.0)

GFUI032116-RA 
(98.0%, 3e-98)

GPAI026906-
RA (98.9%, 
0.0)

OR16 odorant receptor –
partial Or39 

odorant receptor 28 
(22.3%, 1e-11)

odorant receptor 
OR161 (19.6%, 3e-

GAUT028238-RA 
(96.1%, 0.0)

GBRI008361-RA 
(69%, 0.0)

GFUI005658-RA 
(85.2%, 0.0)

GPAI014680-
RA (96.5%, 
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(22.6%, 7e-10) 09) 0.0)
OR17 odorant receptor 

28 (31.4%, 2e-21)
odorant receptor 8 
(29.7%, 2e-18)

odorant receptor, 
putative (28.8%, 1e-
18)

odorant receptor 
(93.1%, 0.0)

odorant receptor 
(76.2%, 0.0)

GFUI049134-RA 
(89.3%, 0.0)

odorant 
receptor 
(93.3%, 0.0)

OR18 olfactory receptor,
putative (24.8%, 
2e-25)

gustatory receptor 
(23.1%, 1e-24)

olfactory receptor, 
putati (22.8%, 2e-18)

GAUT003629-RA 
(56.0%, 95.7)

odorant receptor 
(71.9%, 0.0)

GFUI027054-RA 
(83.5%, 3e-145)

GPAI017649-
(37.4%, 3e-
87)

OR19 olfactory receptor,
putative (28.1%, 
3e-26)

gustatory receptor 
(26.7%, 5e-23)

olfactory receptor, 
putative (25.5%, 1e-
19)

GAUT003629-RA 
(81.2%, 2e-51)

GBRI031534-RA 
(96.9%, 1e-136)

GFUI027050-RA 
(96.2%, 9e-88)

GPAI017649-
RA (98.8%, 
0.0)

OR20 No hits putative GPCR class a 
orphan receptor 17 
(41.2%, 3.6)

olfactory receptor, 
putative (24.3%, 1.3)

odorant receptor 
(47.1%, 0.16)

odorant receptor 
(50%, 0.01)

GFUI047908-RA 
(47.1%, 0.20)

odorant 
receptor 
(43.2%, 0.10)

OR21 odorant receptor 
40 (30.4%, 2e-62)

odorant receptor 40 
(30.1%, 2e-61)

odorant receptor 91 
(29.7%, 9e-63)

odorant receptor 
(91.2%, 0.0)

odorant receptor 
(71.8%, 0.0)

GFUI037003-RA 
(91.6%, 0.0)

GPAI004056-
RA (94.4%, 
0.0)

OR22 odorant receptor 
(Or55) (26.1%, 
4e-11)

odorant receptor 37 
(26.2%, 2e-08)

Odorant receptor 
94a, putative (24.3%,
1e-08)

odorant receptor 
(92.7%, 1e-131)

GBRI013056-RA 
(77.1%, 4e-78)

odorant receptor 
(90.3%, 3e-107)

GPAI027550-
RA (91.6%, 
6e-107)

OR23 lysosomal alpha-
mannosidase 
(mannosidase 
alpha class 2b 
member 1) 
(41.6%, 0.0)

lysosomal alpha-
mannosidase (39.5%, 
0.0)

lysosomal alpha-
mannosidase 
precursor (41.9%, 
0.0)

gustatory and odorant 
receptor (56.3%, 0.0)

GBRI016960-RA 
(63.6%,0.0)

gustatory and 
odorant receptor 
(56.1%, 0.0)

gustatory and 
odorant 
receptor 
(55.8%, 0.0)

OR24 odorant receptor 8
(30.5%, 1e-47)

odorant receptor 8 
(30.4%, 3e-51)

odorant receptor 
(31.7%, 3e-51)

odorant receptor 
(95.1%, 0.0)

odorant receptor 
(88.4%, 0.0)

GFUI047908-RA 
(92.6%, 0.0)

odorant 
receptor 
(94.3%, 0.0)

OR25 odorant receptor 8 odorant receptor 8 odorant receptor odorant receptor odorant receptor odorant receptor odorant 
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(22.4%, 4e-14) (24.6%, 6e-19) (21.4%, 1e-13) (93.3%, 0.0) (63.2%, 1e-170) (93.5%, 0.0) receptor 
(95.8%, 0.0)

OR26 arginine-rich 
protein, putative 
(80.4%, 0.061)

inositol polyphosphate 
1-phosphatase (91.7%, 
0.63)

Kakapo (91.3%, 2.0) GAUT043805-RA 
(78.0%, 3e-50)

GBRI027004-RA 
(77.8%, 0.0)

GFUI016705-RA 
(92.1%, 0.0)

GPAI001626-
RA (94.9%, 
3e-139)

OR27 cysteine-rich 
venom protein, 
putative (100%, 
0.14)

AGAP001287-RC 
(89.3%, 1.4)

phd finger domain 
(95.2%, 1.3)

Odorant receptor 
(91.2%, 6e-152)

GBRI026158-RA 
(81.1%, 9e-131)

GFUI022126-RA 
(87.3%, 5e-173)

GPAI033169-
RA (96.0%, 
0.0)

OR28 polyadenylate-
binding protein 
(91.3%, 1.0)

AGAP001287-RC 
(89.3%, 0.89)

zinc transporter 
(100%, 2.8)

Odorant receptor 
(94.9%, 9e-65)

GBRI026158-RA 
(87.6%, 4e-51)

GFUI022126-RA 
(93.1%, 2e-62)

GPAI033169-
RA (98.1%, 
1e-71)

OR29 shc transforming 
protein (91.3%, 
2.9)

AGAP009554-RA 
(95.2%, 2.5)

bromodomain-
containing protein 7 
(100%, 2.3)

GAUT038273-RA 
(89.3%, 0.0)

GBRI002179-RA 
(80.7%, 5e-42)

GFUI051696-RA 
(85.7%, 0.0)

GPAI041241-
RA (89.2%, 
0.0)

OR30 casein kinase 
(79.5%, 0.67)

AGAP010825-RA 
(91.3%, 2.0)

bromodomain-
containing protein 7 
(100%, 1.9)

GAUT038273-RA 
(88.5%, 0.0)

GBRI002179-RA 
(66.6%, 3e-18)

GFUI051696-RA 
(85.7%, 0.0)

GPAI041241-
RA (87.3%, 
0.0)

OR31 AAEL012177-RA
(95.8%, 0.067)

AGAP002942-RA 
(100%, 2.4)

conserved 
hypothetical protein 
(91.3%, 2.2)

Odorant receptor 24a 
(83.6%, 0.0)

Odorant receptor 
24a (76.7%, 0.0)

GFUI032492-RA 
(87.3%, 0.0)

Odorant 
receptor 24a 
(86.9%, 0.0)

OR32 odorant receptor 8
(29.3%, 3e-37)

odorant receptor 8 
(28.7%, 1e-37)

odorant receptor 
(26.4%, 7e-24)

odorant receptor 
(89.7%, 0.0)

GBRI045111-RA 
(86.5%, 0.0)

GFUI014938-RA 
(92.7%, 0.0)

odorant 
receptor 
(95.7%, 0.0)

OR33 odorant receptor 9
(25.2%, 2e-18)

odorant receptor 10 
(32.1%, 4e-22)

odorant receptor 120 
(30.2%, 7e-21)

odorant receptor 
(89.6%, 1e-88)

odorant receptor 
49b (91.0%, 1e-92)

GFUI009255-RA 
(95.7%, 2e-41)

GPAI004557-
RA (97.1%, 
3e-42)

OR34 catrin, putative 
(91.7%, 0.61)

AGAP007646-RA 
(86.2%, 0.52)

superoxide 
dismutase 2 (95.2%, 

GAUT039769-RA 
(95.8%, 0.049)

GBRI031439-RA 
(92.9%, 0.004)

mitochondrial Fe/S
cluster exporter 

GPAI001497-
RA (90.1%, 
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1.7) (92.3%, 0.059) 0.0)
OR35 odorant receptor 

Or9 (77.1%, 8e-
13)

odorant receptor 2 
(87.1%, 0.052)

isoleucyl tRNA 
synthetase (86.7%, 
0.17)

odorant receptor 43a 
(96.0%, 0.0)

Odorant receptor 
43a (90.9%, 0.0)

GFUI003104-RA 
(96.2%, 0.0)

GPAI039623-
RA (84.7%, 
0.0)

OR36 Toll-like receptor 
(95.5%, 0.64)

dynein heavy chain 2, 
cytosolic (89.3%, 0.16)

t-
diRNAhydrouridine 
synthase (100%, 1.8)

GAUT000836-RA 
(95.7%, 0.0)

GBRI002449-RA 
(78.3%, 7e-64)

GFUI003105-RA 
(89.6%, 0.0)

GPAI039631-
RA (97.4%, 
0.0)

OR37 AAEL008608-RA
(89.7%, 0.23)

NADPH cytochrome 
P450 reductase (91.3%, 
2.4)

malic enzyme 
(81.1%, 2.2)

Odorant receptor 74a 
(95.5%, 0.0)

Pitslre (88.6%, 
0.07)

GFUI022472-RA 
(93.3%, 0.0)

GPAI026228-
RA (100%, 
0.024)

OR38 cytochrome P450 
(86.5%, 2.4)

isoleucyl-tRNA 
synthetas (100%, 7.2)

conserved 
hypothetical protein 
(88.5%, 1.9)

GAUT016620-RA 
(95.6%, 0.0)

GBRI026891-RA 
(82.8%, 0.0)

GFUI045476-RA 
(92.8%, 0.0)

GPAI039539-
RA (96.7%, 
0.0)

OR39 odorant receptor 
(Or5) (22.2%, 2e-
15)

odorant receptor 6 (Or6)
(22.8%, 2e-11)

olfactory receptor, 
putative (29.5%, 4e-
11)

Odorant receptor 
(94.6%, 0.0)

Uncharacterised 
protein (77.8%, 
7.7e-80)

Uncharacterised 
protein (92.9%, 
0.0)

Uncharacteris
ed protein 
(92.9%, 0.0)

OR40 raf (88.9%, 0.52) kinesin family member 
20/23 (91.3%, 1.6)

lipase member I 
precursor (83.9%, 
1.4)

GAUT042364-RA 
(94.2%, 3e-149)

GBRI011898-RA 
(85.7%, 0.0)

GFUI038138-RA 
(92.5%, 1e-143)

GPAI045424-
RA (96.5%, 
7e-159)

OR41 odorant receptor 
45 (24.7%, 2e-30)

odorant receptor 44 
(22.7%, 3e-21)

odorant receptor 42 
(28.2%, 1e-31)

odorant receptor 
(77.9%, 0.0)

GBRI017432-RA 
(65.8%, 6e-94)

GFUI007388-RA 
(76.5%, 2e-123)

GPAI012943-
RA (66.1%, 
2e-95)

OR42 odorant receptor 
45 (23.9%, 1e-31)

odorant receptor 44 
(23.6%, 6e-24)

odorant receptor 42 
(28.2%, 4e-33)

odorant receptor 
(87.3%, 0.0)

GBRI017432-RA 
(67.9%, 2e-93)

GFUI007388-RA 
(84.8%, 3e-137)

GPAI012943-
RA (87.6%, 
2e-120)

OR43 AAEL001272-RA
(91.7%, 0.72)

PH-sensitive chloride 
channel (95.8%, 0.051)

fibroblast growth 
factor receptor 3 
precursor (95.5%, 
0.57)

odorant receptor 
(91.0%, 0.0)

GBRI017432-RA 
(79.4%, 2e-122)

GFUI007397-RA 
(88.7%, 0.0)

GPAI012943-
RA (95.3%, 
0.0)
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OR44 odorant receptor 
45 (25.4%, 7e-36)

odorant receptor 72 
(23.2%, 7e-33)

odorant receptor 161 
(27.8%, 6e-51)

odorant receptor 
(35.0%, 3e-70)

GBRI037236-RA 
(78.7%, 6e-83)

odorant receptor 
(91.6%, 5e-166)

GPAI046202-
RA (92.6%, 
0.0)

OR45 ras-related protein 
Rab-7 (85.3%, 
0.83)

pre-mRNA-splicing 
factor CDC5/CEF1 
(83.8%, 0.20)

ADP, ATP carrier 
protein 2 (87.9%, 
0.054)

Odorant receptor 67d 
(92.8%, 0.0)

Odorant receptor 
67d (81.2%, 0.0)

GFUI036188-RA 
(90.9%, 0.0)

GPAI002749-
RA (94.4%, 
0.0)

OR46 exocyst complex 
protein exo70 
(95.7%, 0.19)

Adaptor-related protein 
complex 2, beta 1 
subunit (81.1%, 0.56)

coatomer, gamma-
subunit, putative 
(78.4%, 6.2)

GAUT029743-RA 
(94.1%, 3e-107)

odorant receptor 
(75.7%, 1e-149)

odorant receptor 
(91.2%, 4e-125)

GPAI042230-
RA (96.0%, 
0.0)
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Appendix ii: Protein Structure of the odorant receptors and their respective ligands
Gmm
OR

Gene ID 
Accession No 

Protein Structure Ligand(s)

OR1
GMOY005610

Cadmium ion, Sulphate ion, 
Fe(III) ion, 4-(2-
Hydroxyethyl)-1-Piperazine 
ethanesulfonic acid, Iron (II) 
oxide.

OR2 GMOY005796 Manganese (II) ion, Fe (III) 
ion, Zinc ion, 4-(2-
HYDROXYETHYL)-1-
PIPERAZINE 
ETHANESULFONIC ACID, 
PROTOPORPHYRIN IX 
CONTAINING FE

OR3
GMOY004772

Sulphate ion, Iron (II) ion, 
PROTOPORPHYRIN IX 
CONTAINING FE, Potassium
ion.

OR4
GMOY012195

No predicted binding pockets

OR5
GMOY012018

Potassium ion, Magnesium 
ion, Fe (III) ion, Fe (II) ion, 
Protoporphyrin IX Containing 
Fe

OR6
GMOY009475

Sodium ion, Magnesium ion, 
Fe (II) ion, Barium ion, 
Cadmium ion
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OR7 GMOY013231 No predicted binding pockets

OR8
GMOY012193

No predicted binding pockets

OR9
GMOY012276

Sodium ion, Fe (III) ion, 
Magnesium ion, 
TERBIUM(III) ION

OR10
GMOY012214

Sulphate ion, Fe (III) ion, 
PROTOPORPHYRIN IX 
CONTAINING FE, Potassium
ion, Manganese (II) ion

OR11
GMOY010761

No predicted binding pockets

OR12
GMOY009271

No predicted binding pockets
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OR13
GMOY003312

Iron (III) ion, Magnesium ion, 
Sodium ion, 4-(2-
HYDROXYETHYL)-1-
PIPERAZINE 
ETHANESULFONIC ACID

OR14
GMOY001365

4-(2-HYDROXYETHYL)-1-
PIPERAZINE 
ETHANESULFONIC ACID, 
Fe (III) ion, Calcium ion, 
Potassium ion, Fe (II) ion

OR15
GMOY012287

Iron (II) ion, Iron (III) ion, 
Potassium ion, 
PROTOPORPHYRIN IX 
CONTAINING FE, Sulphate 
ion.

OR16
GMOY012240

Zinc ion, Potassium ion, 
Sulphate ion,  
PROTOPORPHYRIN IX 
CONTAINING FE, Fe (III) 
ion

OR17
GMOY005386

PROTOPORPHYRIN IX 
CONTAINING FE, Fe (III) 
ion, Fe (II) ion, Potassium ion

OR18
GMOY012323

Adenosine-5' monophosphate, 
Guanosine-5'-monophosphate,
Cytidine-5'-monophosphate, 
Uridine-5'-monophosphate
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OR19
GMOY012322

Fe (II) ion, 
PROTOPORPHYRIN IX 
CONTAINING FE, 
Magnesium ion, Potassium 
ion, Sulphate ion

OR20
GMOY012277

No predicted binding pockets

OR21
GMOY011399

Fe (II) ion, Magnesium ion, 
Meso-2,3-Butanediol, Silver 
ion

OR22
GMOY012256

OR23
GMOY011902

No predicted binding pockets

OR24
GMOY010839

Magnesium ion, Sodium ion, 
Fe (III) ion, Sulphate ion, 
Glycerol, Fe (II) ion.

OR25
GMOY012357

No predicted binding pockets

OR26
GMOY012255

Protoporphyrin IX containing 
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Fe, Iron (III) ion and Iron (II) 
ion.

OR27
GMOY008038

THYMIDINE-5'-
MONOPHOSPHATE, 2'-
DEOXYGUANOSINE-5'-
MONOPHOSPHATE, 2'-
DEOXYCYTIDINE-5'-
MONOPHOSPHATE, 
Chloride ion.

OR28
GMOY012199

No predicted binding pockets

OR29
GMOY012283

Magnesium ion, Fe (III) ion, 
Zinc ion, Sodium ion, 
PROTOPORPHYRIN IX 
CONTAINING FE.

OR30
GMOY012282

No predicted binding pockets

OR31
GMOY012239

No predicted binding pockets

OR32
GMOY005084

No predicted binding pockets
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OR33
GMOY005479

Fe (III) ion, Potassium ion, 
Magnesium ion, Sodium ion, 
Fe (II) ion

OR34

OR35
GMOY012253

PROTOPORPHYRIN IX 
CONTAINING FE,  4-(2-
HYDROXYETHYL)-1-
PIPERAZINE 
ETHANESULFONIC ACID, 
Iron (III) ion, Iron (II), 
Calcium ion.

OR36
GMOY012254

No predicted binding pockets

OR37
GMOY012218

No predicted binding pockets

OR38
GMOY012208

Iron (II) ion, Potassium ion, 
PROTOPORPHYRIN IX 
CONTAINING FE, 
ARACHIDONIC ACID, Iron 
(III) ion.

OR39
GMOY004392

No predicted binding pockets
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OR40
GMOY012356

No predicted binding pockets

OR41
GMOY006480

No predicted binding pockets

OR42
GMOY006479

TERBIUM(III) ION,  4-(2-
HYDROXYETHYL)-1-
PIPERAZINE 
ETHANESULFONIC ACID, 
Calcium ion.

OR43
Not Available

OR44
GMOY006265

Zinc ion,  4-(2-
HYDROXYETHYL)-1-
PIPERAZINE 
ETHANESULFONIC ACID, 
Iron (III) ion, 
PROTOPORPHYRIN IX 
CONTAINING FE, Calcium 
ion.

OR45
GMOY007896

Protoporphyrin  IX  containing
Fe, Iron (III) ion and Iron (II)
ion, Magnesium ion, Sulphate
ion,  Iron  (II)  oxide,
Adenosine-5’-monophosphate,
Zinc ion.

OR46
GMOY003305

Potassium ion, iron (III) ion, 
4-(2-HYDROXYETHYL)-1-
PIPERAZINE 
ETHANESULFONIC ACID, 
TRIETHYLENE GLYCOL, 
Protoporphyrin IX containing 
Fe.
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Appendix 3: Multiple Sequence alignment
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Figure: CLUSTAL output of sequence alignment of G. m. morsitans protein sequences by MUSCLE. The highlighted regions in yellow
are the conserved transmembrane domains that coincides with the helix coordinates from TMHMM tool.
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