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Abstract

the causative agents of the neglected tropical disease, African trypanosomiasis,

Approximately 70 million people and 50 miljjon livestock in sub-Saharan Affica are at rigk of

control a feasjple option; vector control s mainly achieved through application of
insecticides, sterile insect technique (SIT) and odor-baited traps. Whereas insecticides have
undesirable environmenta] impacts, the high cost of ST limits jt application, Consequentiy,

use of host-derjved odors is an attractive option for tsetse control. However, thijs method is

chemosensory proteins, Availability of complete genome sequences of five tsetse Species

provided the Opportunity to test the study hypothesis. For this, genome-wide annotation of

was determined in non-olfactory tissyes and the binding dynamics of ap olfactory Specific
binding protein; Obp83a] compared among the five tsetse Species. The datg revealed a
reduced but rathey conserved chemosensory repertoire in al tsetse Species in relation to other
insects Compared. High €xpression abundances of some odorant-binding proteins and

chemosensory Specific proteins i non-olfactory tissyes suggest thejr involvement i
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CHAPTER 1
1.0 Background Information & Literature Review

1.1 Epidemiology and Transmissjop of African Trypanosomiasis

|OT. b. gambiense | |
arT b rhodesiensef




Tsetse flies (Diptera: Glossim'dae), the sole cyclical vectors of the African
Trypanosoma Parasites; inhapit about 409 (38 countries) of Africa, Tsetse flies are classified
into three sub-groups: Le. Morsitans (Savannah flies), Fusca (Forest flies) and the Palpalis
(riverine flies) based On a combinatjon of morphological, behavioral, geographica]
distribution and molecu]ar differenceg (Gooding and Krafsur, 2005). The three sub-groups of



1.2.1 Chemotherapy

in AAT hag been reported in highly endemic regjong (Geerts er al., 2001). Based on the
available tsetse and parasite genomic data, there are on-going efforts to understand resistance
in anti-Trypanosoma drugs; it js hoped that novel and perhaps more efficient therapies can be
developed through these efforts (Alsford ef al,, 2013),

1.2.2 Vector Control ang Disease Surveillance



Mmanagement (AW-IPM). The SIT hag been applied Successfully in eradication of G. austen;
from Zanzibar (Vreysen ¢f al, 2000), Nevertheless, SIT is costly and thys has not peep
implemented widely (Aksoy, 2003; Gooding anq Krafsur, 2005). Altematively, bait
technology, which exploits host CXcreta to trap apg kill, or repel insects from the hosts

(Palpalis sub-group) such as G f Juscipes; the major vector for HAT in Sub-Saharan Africa
(Omolo e al, 2009).



ionotropic glutamate receptors (iGluRs), byt their Sequences are highly divergent from
kainate, alpha-amino-3-hydroxy-S—methyI-isoxazole-4-propionic acid (AMPA), or N-methy)-



chaperon protein and a5 5 cognate Co-receptor contributing to early tuning of the odorant
receptors (Kaupp, 2010). Orco (Or83b) differs from other olfactory Teceptors in that jt is the
only OR that js expressed along with a neuron-specific conventional OR that interacts with
odorant ligands. Other ORs are highly variable in Sequence within and acrosgs various insect
Species (Clyne ¢f al., 2000; Sato er al, 2008). Nevertheless, neurons CXpressing the same

odorant target the same glomeru]ar structures in the antennal lobe (Fishilevich and Vosshall,






201 1) has been shown tq be pre € sensitive Sensilla from Pupal stage and
reaching jtg peak at adult Stage Adult ApoIPDE is Involved jp degradatwn of E6Z7] I-160Ac
(a sex pheromone component) (Ishida and Leal, 2005) Other ODEgs Include: antennal

aldehyde oxidases, aldehyde dehydrogenases, €poxide hydrolases, glutathione-S-transferaSeS’
and Cytochrome P450s; 4 Which haye been describeq through ;, Vitro experiments



1.3.2.1 Gustatory Receptors (GRs)

Outstanding biologica] questions.

14.1 Candidate Gene Approach



14.2 Micro-Array Technology

technology slowly replaced single-gene €xpression approach as jt allowed detection of non-
coding RNAs, single nucleotide polymorphisms (SNPs) and alternative splicing events
(Becker-Andre and Hahlbrock, 1989). Despite jts power in evaluating abundance of over a
thousand transcripts, the technique doeg not detect nove] transcripts adequately, suffers nojse

and is costly; factors that have made jt less common (Morozova ¢f al., 2009),

1.4.3 RNA-Seq: A Transcriptome Proﬁh’ng Tool

10
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2010). RNA-Seq has gaineqd Popularity in Studying non-mode] Organisms due to its added

advantage gyer micro-array (Veraeraf, 2008).

1.4.3.1 RNA Preparation and Library Constructiop

1.4.3.3 Assembly



and combined Strategy.

1.4.3.3.1 Reference-Based Assembly Strategy

13



1.4.3.3.2 pe 110vo Assembly Strategy

al., 2010). Combined Strategy js however not Yet implemented in available software and thus
its shortcomings remain unknown

14



1.43.4 Downstream Analysis

To date, there are ng ‘gold-standard’ tools for perfonning down-stream analysis on

transcriptome data (Costa ¢f al, 2010). The choice is rather influenced by the Sequencing



Morgenstern 2005).

1.4.5 Gene Annotation

functions to identified genes) (Stein, 2001). Structural annotation (Yande]] and Ence, 2012)
entails constructjon of protein-encoding Structures intron-exon Junctions, lengths, coding and

non-coding regions, and untranslated regjong (Curwen et al., 2004) as shown in F igure 1.3,

Process annotatjon (Stein, 2001),

1.4.5.1 Annotation Pipelines






are aligned with the Sequence and evaluation of the generated models g done to sefect the

best structure (Marti-Renom el al, 2003). Op the other hand, ap jnjy,, protein modelling
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Iepresent the three sub-groups of the insect. The selected Species included Tepresentatives of

the Savannah sub-group (G Qusteni, G Mmorsitans and G pallidipes), forest sub-group

2.2 Study Objectives
2.2.1 Aim

To characterijze olfactory Tesponsive geneg that encodeg the major chemosensory proteins
(CSPs, GRs, IRs, OBPs, ORs and SNMPs) in five Glossing Species,

2.2.2 Specific Objectives



(ii) To determine the expression abundance of annotated chemosensory genes in selected
hon-olfactory tissues of G. m. morsitans,

(iii) To determine molecular docking properties of olfactory-speciﬁc odorant-binding
protein, Obp83a in G austeni, G. brevipalpis, G S fuscipes, G. m. morsitans and G.
pallidipes

2.3 Research Rationale



Species such as, G. austeni G brevipalpis, G S fuscipes and G. pallidipes in order to
establish specific molecular characteristicg that could be responsible for differentia] responses

exhibited by tsetse Species.

2.4 Study Hypothesis and Research Strategy

control,

22



Chemoreception in tsetse and other insects js mediated by 5 group of Peri-receptor






(Krang et af, 2012). Notably, no GRs for sugar were identified in G. s, morsitans (Obiero ef
al, 2014).

25



3.2 Materials and Methods

3.2.1 Genome and Transcriptome Sequences

is study were downloaded. They included: G. pallidipes

(n=1127), G brevipalpis (n=407), and G J fuscipes (n=2). To provide additiona] evidence
for the genes modeled by Maker, a tota] of 945,752 insecta proteins available i UniProt

intron-exon Jjunctions, In addition, the annotated proteins were probed for definitive domains

In order to validate the predicted gene models a comparison was done to those
available in VectorBase (Release VB-2014-I2) (Lawson ¢ al, 2009). The ab initio

26



database (Release VB-2014-12).

BLASTp Searches were conducted with ap e-value cutoff of <1.0e, Presence of definitive
domain(s) €Xpected in each gene family including chemosensory specific OS-D Jike domain
for CSPs, PBP/GORp domain for OBPs, 7tm-6 for ORs, 7tm-7 for GRs and Lig—Chan, ANF,

pseudogenes.

3.2.4 Comparative Phylogenetic Analysis



Séquence alignments for each clags of genes were generated using MUltiple Sequence
Comparison by Log-Expectation (MUSCLE v3.6) (Edgar er al., 2004) using defauylt settings.

28



were found to haye definitive domain signatures (7tm_7 Superfamily in GRs, 7tm_6 in ORs,
PBP, ANF- receptor and Lig_Chan in IRs). The OBPs and CSPs had PBP-GOBP and OS-D

pallidipes were 269-480 aa and 295-508 aa long, respectively. Similarly, CSPs and OBPs
were 108-178 aa and 108-257 aa long, respectively. The SNMPs and IRs had longer
Sequences than other gene families, being 384-54¢ aa and 407-1070 a5 long, respectively
(See Table S3.1.1-3.1.6 for more annotatjon details).

G. brevipa/pis 4 11 28 28 42 (5) 2 22

G. £ fuscipes 5 14 31(2) 30(3) 42 (6) 2 &

G. pallidipes 5 14 30(1) 30(2) 42 (3) 2 ”

G. m. morsitans 5 14 30(2) 30(3) 46 (3) 2 Liu et al,, 2010; Liu ¢f al.,
2012; Obiero etal., 2014

D. melanogaster 4 60 (13) 66(9) 52 62 (2) 2 Clyne ¢ al, 2000;

Robertson ¢/ al., 2003;
Vieira ez al., 2007; Benton

29



Species ( CSPs+  GRs IRs/iGluRs OBPs IRs SNMPs References
etal., 2009
8 76 48 82

An. gambige 79 2 Foxetal, 2001; Hill ¢f al,
2002, Croset etal, 2010

M. domesticq 5 103

3.3.2 Comparative Analyses of Putative Chemosensory Genes

3.3.2.1 Chemosensory Protein familjes

30



About 68,99 (n = 29) of the Glossing OBPs were gro
(Hekmat-scafe et al,, 2002) (with six conserved Cysteines)
each of the tsetse species were
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(Ga¥), Glossing brevipa/pis Gbr+), Glossing Juscipes Juscipes (¢;p+ ). Glossing morsitans morsitans (Gmm),
Glossing pallidipes (¢, - Drosophilg melanogastey (Dm¥), Ceratitis capitata (Cc*) ang Musca domesticq
(Md*). The Symbo] * Tepresents the name of the specific OBP. Sequence alignment yyag performed using
MuSCLE v3.8.31 and phylogeny relationship Wwas inferred using RAXML, V8 with best fitting Wheelan ang

73 DmObp50d
DmObpsoc
DmObp50a
DmObp50p
= DmObp493
= DmObp50e
8 DmOBpsa P{us? Cc QBPs
el et
99 DmObpsse
DmObpssh
——— DmObp93a
DmObp8sa

M
kDmObpd?b

== CcObp402

GmmObp83ef
Ga0bp83ef
== DmObp83ef
== DmObp83cq

— GbrObp83cy

Dimer 0BpPs

GaObp83ed

GmmObp83eq
—

0.9

Figure 3.1.3. Mid-poin¢ rooted maximym, likelihood Phylogenetic tree of Plys.c and Classic-Dimer
odorant binding Proteins. The Plus-C OBp; are characterizeq by having more than sjx Cysteines and g
conserved proljpe residue, The Classic-dimers have two conserved domajns of classic Sub-family, Different

Symbols and colours depict OBps from the different Species at the terminal nodes: Glossing austeni (Gax),

Glossina brev{na/pis WD), Glossing Juscipes Juscipes (Gfr=), Glossing morsitans morsitans (Gmm~),
Glossing pallidipes (., - Drosophily melanogaster (Dm¥), Ceratitis capitatg (Ce*). The Symbo] *
Tepresents the name of the specific OBP. Sequence alignment wag performed using MuSCLE v3.8.31 and
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phylogeny relationship was inferred using RAxMI, v8 with best fitting Wheelan ang Goldman (WAG) mode]
and 1000 bootstrap iterations,

vedal3uwo
vEdqiapyy

D’"Eibpa

e

i i
Q 5
£ 3
5 =

at the terming] nodes Glossing austeni (Gax), Glossina |
brevipalpls (Gbr*), Glossing Juscipes Juscipes ((;pp- ). Glossing morsitans morsitans (Gmm¥), Glossing ’
pallidipes ( Gpd#), Drosophily melanogaster (Dm¥), Anoph
The symbo] *

onship wag inferred using

fitting Wheelan ang Goldman
(WAG) mode| and 1000 bootstrap iterations,

34



The two orthologs of SNMP] and SNMP2 in Drosophila were present in all tsetse

Species that were included in this study. Two SNMPp sub-clades with one-to-one orthology
across all insects were identified (Figure 3.3).

GaShkiF2

Omsrp2

different Species at the terminal nodes: Glossina austen; (Ga®), Glossing brewpalpis 1), Glossing Juscipes
Juscipes (C:ip+). Glossina morsitans morsitang (Gmm*), Glossina pallidipes (¢ pd
(Dm¥), Anopheles 8ambiae (Ag*) and Musca domestica (Vg *). The symbo] *
specific SNMP. Sequence alignment wag performed using MuSCLE v3.8.31 and

inferred using RAXML v§ with best fitting Wheelan and Goldman (WAG) mode] an

“)s Drosophila melanogaster

Tepresents the name of the

3.3.2.2 Chemoreceptor Gene Familjeg

species, there Was expansion of Gr21a, associated with CO; detection (Jones er al., 2007:

Kwon ¢ al., 2007). 4n, gambiae, on the other hand hag €xpanded Gr63a, 5 protein co-
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five tsetse Species
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A single Copy of the non conventiona] Co-receptor (Orco) wag identified jn all five
tsetse species (Figure3.5). Upto 75 -85 % amino acjq identity wag calculated among Orco in

O

\TM
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terminal nodes: Glossina austeni (Ga*), Glossina brevipalpis (), )y Glossina Jitscipes Juscipes (Cirr).
Glossina morsitans morsitans (Gmm*), Glossing pallidipes Drosophila melanogaster (Dm*) and
Musca domesticq (Md*). The symbo] * represents the name of the specific OR.

Similar numbers of IRs/iGIuRs were identified in a] tsetse five species (Table 3.1).

The homolog of 3 Drosophila 11934 Wwas not found in G. austeni. Phylogeny reconstruction of

antennal Drosophila orthologs (Ir40a, Ir25a, Ir8aa, Ir93a, Ir21a, Ir76a, Ir76b, Ir31a, Ir75c,
Ir75a, Ir75d, Ir64a and Ir84a) (Figure 3.6.1). All the five Glossina Species were seen to have
less divergent IRs Compared to other diptera (Figure 3.6.2). Further, Drosophila—speciﬂc

antennal Ir84a and was found to have homologs in all five Glossina species studied here.

38



@
3
3
>
>

eygljwg
2YsLu1by

& Fol— GbrirB2
(=] aa
. : 190 57 Mdlr8a
Gbr!r}ﬁ;; 100 99 Sg Aglr8a
Sbrir75¢ 75 Ir213
i)‘r’ r/aL 7 100 100 '/\19‘;“13
Mdlir75b Mdirzi4
00 3
Dmlir75a ¢ 79 Galrp4
S7f 109 | 19, o
7
pmir75¢
750
pmir

971 Gm"”’? 13

‘Q

eopiibY
9‘26“6\(

€ used to depict [Rs from the
different Species at the terminal nodes: Glossi, Glossing brewpa/pis (Gbr*
Juscipes (; 1+ ). Glossing morsitans morsitgng (Gmm¥), Glossing pallidipes

Anopheles 8ambiae (Ag*). The symbo] * fepresents the name of the

“)s Glossina Juscipes
Musca domestica (Vg ) and
specific IR,

Drosophilq melanogaster

39



Mirgqyp

3ffir682a
99 100 53
Dmir2, 77 3
om,,ng,,’ 100 197 99 100 Gmmlir68a
Dmirgag 94 75 9.}[5-"3&}2
R 100 ——pgl_ pardla
MGl 156CTE —m 100,

Aglraq

1 Glrd1a

71199 Agirqqy 5
Aglray,

7 1

67 100 99 & 6g ¥ &

0,
69

66

el wa
gesiwa

terminal nodes: Glossina austen; (Ga®),

Glossina brevipalpis )y Glossing Juscipes Juscipes (GIT*), Glossing morsitans morsitgns (Gmm*),

*); Drosophila melanogastey- (Dm*) and Musca domesticq (Md*
fepresents the name of the specific IR,

Glossina pallidipes (( spd )- The symbo] *

40



Kainate receptors

(0] (9]
3 ES
Q % s
%3 S
Zé el N
29
‘.':" o
©
(o]
-~
2 \2
o
Os
S
< 93 36 GaNMDAR2
Q
g GaGury, % AgGLURI
13
£ [ GmmGIuRIA 100 .
mmGluRI|/ 85 63 62 GbrGluRIB
100 89 GffGIuRrg
A 2
DmGIURIA o1 9 o 3 CitG1y, g‘
GorClumsY 55 99 N 62 &
o - 6‘
MY © 2
PeiLe (3 & 73
8 o? s, Gy,
o,
© ¢ &
= % o, S,
< . %,
© \9@( '9,&
~ 7. (P
N - © ‘QG‘ &)
o olae o % (A
I=) > Y <, C
e % 3B
& B 4 %
® < 1 Z
4 3 2 2 %
2% %
o ¢
g o ﬁq ° G;, l%’
223 % %
2 B g =
> > a2 ®
L ——
2.0
Phylogenetic tree of lonotropic Glutamate receptors
8.31 and phylogeny relationshlp inferred using RAxML,
del and 1000 bootstrap iterations. Djffe, ent symbols and
from the different Species at the
Glossina brevipaipis |

")y Glossina Juscipes Juscipes (¢;rr

Drosophila melanogastey (Dm*) and Anopheles 8ambiae (Ag*). The symbol
fepresents the name of the specific IGIuR,

“). Glossina morsitans morsitans (Gmm
Glossina pallidipes

7'\‘),

*

3.3.3 Selection analysis



Singleton
S) Number
L Sites by /Duplicate of codons ALRT
Gene id InL M8 InL M8, LRT P -value wiMs8 MEME (D) analyzed MEME

Obp83a -529.17 -533.174 7.943 0.0048 57.927
Gr2la -1642.19 -1656.36 28.346 L.014E-7 11865 39 D 621 21.87
GIuRIIA -1431.52 -1387.04 .34 0.00387 14264 5 S 1807 12.58
Gr28b -1557.62 -1566.29 7.34 4.85E-5 1.75 44 D 569 6.98

Likelihood Ratio Test = 2*(InL M8- InL M8a), wims is the rati of non-synonymouys o Synonymous Mutations (dn/ds) predicted under M8

model/and p-valye is the Statistical measure of significance.

3.4 Discussion
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across tsetse Species.
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Gene Name Co-ording tes

Glossing austenj

AlOp GAUT014421-PA 18 2 + 166 1568172-1568807
GaCspj GAUTO3 8415-pA 515 2 - 108 65638-6609]
GaEjbp3a GAUT027332-PA 326 2 - 135 175155-] 76575
GaEjbp3B GAUT02 7343-pA 326 2 - 130 184996- 88773
GaPhekyy GAUT046063 -PA 711 2 - 123 29038-3127;
Glossing pallidipes

GpdAl0p GPAIOIZ674-PA 173 2 + 178 320391-320853
Gpdcspj GPAIO] | 776-PA 167 2 - 108 32039] -320853
GpdEjbp3 A GPAL 029774-pA 377 2 - 182 1623501 64278
GpdEjbp3p GPAIO29784-PA 377 2 - 168 170273-] 73411
GpdPhekIjg GPAI0318 14-pPA 409 3 - 123 90936-92933
Glossing  Sfuscipes

GffA10p GFuI01 4924-pp 1 2 - 178 2392190-23 92874
GffCspg GF UIO40903-PA 59 2 - 108 90841 9-90885]
GffEjbp3a GF Ul003186-pa 186 4 - 177 173922 76773
GffEjbp3B GFUI003] 96-PA 186 2 - 145 179497-184] 54
GffPhekiyy GFUI03 9843-pp 573 3 - 158 75439-85017
Glossing brevipalpllf

GbrA10p GBRI045 129-pA 9 2 + 157 3972663-3973296
GbrCspj GBRIOII414-PA 16 2 + 108 1186389-1186789
GbrEjbp3 A GBR1020682-PA 26 3 + 141 607033-609776
GbrPhekijy GBR1020713-PA 3 - 123 872937~875314

Glossing
austenj

Galush GAUT0035 76-PA 10 3 £ 161 836822-839595
GaObp19, GAUT045 923-PA 70 8 o+ 199 406478-4] 4262
GaObp19p GAUTO45912-PA 70 5 #* 157 414995-417289
GaObp19c GA UT045925 -PA 70 4 i 181 41 7849-420377
GaObp19q GAUTO045] 44-pp 69 5 - 144 9181 79-922013
GaObp28, GAUT048] 47-PA 7 6 + 170 1849265-1853 703
GaObp44, GAUTO] 8078-pA 218 2 #* 141 21530-22059
GaObps6e GAUT030435-PA 375 4 + 170 2124223014
GaObpsep GAUTO41055-PA 57 + 134 742801-743269
GaObp69, - 196 2 + 123 277985-278364



ordinates

GaObp73a GAUT039149-pp 52 2 + 272 922243-928634
GaObp19 GAUT028974-pp 34 2 - 139 1076535-1079002
GaObp20 GAUT051622-pA 99 3 - 261 132022-133021
GaObp56d GAUT040992-pp 57 3 + 212 243969-250483
GaObp56e2 GAUT029308-pA 357 2 + 134 75389-75859
GaObp56i GAUT028968-pA 34 1 i 148 1032106-1032552
GaObp57¢ GAUT026721-pp 316 5 - 155 299578293311
GaObp83al GAUT019500-pA 232 4 - 147 105165-107441
GaObp83a2 GAUT029664-pA 232 2 + 92 141010-141267
GaObp83a3 GAUT019501-pa 232 3 + 198 131226-141845
GaObp83a4 GAUT019501-pA 232 3 + 150 131226-141845
GaObp83cd GAUT030010-pA 368 3 - 240 18505-20900
GaObp83ef GAUT030009-pA 368 3 + 257 27234-2816]
GaObp83g GAUT030008-pA 368 2 + 140 33879-3440]
GaObp84a GAUT044447-pp 675 3 + 108 27863-29439
GaObp8a GAUT043978-pp 65 2 - 150 51053-53056
GaObp99p ] GAUT051640-pA 99 2 + 149 216183-216701
GaObp99b2 GAUT051645-pA 99 2 - 153 216778-217324
GaObp99c GAUT051620-pa 99 2 + 140 134606-136059
Glossina pallidipes

Gpdlush GPAI017685-pA 20 4 - 125 1425471-1431914
GpdObp19 GPAI006440-pA 122 1 - 138 4800-5216
GpdObp19, GPAI032191-pp 417 4 - 150 75020-77205
GpdObp19p GPAI032193-pp 417 5 - 157 66478-68754
GpdObp19¢ GPAI032197-pA 417 3 - 184 63397-64127
GpdObp19d GPAI018668-pA 21 5 + 144 2135728-2140116
GpdObp20 GPAI1045033-pp 81 5 - 328 2135728-214011¢
GpdObp28a GPAI017770-pA 210 3 - 85 14967-1695
GpdObp44a GPAI004501-pa 10 2 - 141 2187795218832
GpdObps56d GPAI008752-pA 13 4 - 192 1172942-1177154
GpdObps6e GPAI008777-pA 13 3 + 196 1336406-134174¢
GpdObps6e2 GPAI018009-pA 213 6 - 134 385474-39323¢
GpdObps6h GPAI008860-pA 13 2 + 134 1810580181104
GpdObps56i - 45 4 + 126 155318-155695
GpdObps57¢ GPAI009631-pA 148 5 + 126 264217-267946
GpdObp69a - 17 2 + 118

GpdObp83a] GPAI013560-pA 180 4 - 156 135662140784
GpdObp83a2 GPAI013557-pa 180 5 + 150 174444-175177
GpdObp83a3 GPAI013558-pa 180 4 + 174 168581-171435
GpdObp83a4 GPAI013555-pA 180 4 + 147 165720-166848
GpdObp83cd GPAI031702-pA 405 3 i 240 42191-44525
GpdObp83ef GPAI031704-pa 405 3 - 257 36016-36925
GpdObp83 g GPAI031703-pA 405 2 - 140 30052-3057]
GpdObp84a GPAI005408-pA 116 5 - 147 863930-866624
GpdObp8a GPAI041909-pA 68 2 - 158 210470-211189



GpdObp99b] GPAI045017-pA
GpdObp99h2 GPAI045022-pA
GpdObp99c GPAI045024-pA
GpdObp73a -

Glossina fuscipes
Gfflush GFUI025618-pA
GffObp19 GFUI007906-pA

GffObp19a GFUI000760-pA

GffObp19b GFUI000759-pA

GffObp19¢ GFUI000757-pA
GffObp194

GffObp28a GFUI048313-pa
GffObp44a GFUI004675-pA
GffObp56d GFUI008988-pA
GffObps6e GFUI008564-pA
GffObp56h GFUI009068-pA
GffObps6i GFUI007894-p
GffObp57¢ GFUI026749-pA
GffObp69a GFUI040667-pA
GffObp83a] GFUI048612-pA
GffObp83a2 GFUI048613-pA
GffObp83a3 GFUI017944-pA
GffObp83a4

GffObp83cd GFUI049167-pA
GffObp83ef  Gp UI004156-PA
GffObp83g GFUI004155-pA
GffObp84a GFUI027466-pA
GffObp8a GFUI045274-pA
GffObp99b1 GFUI035804-pA
GffObp99b2  Gp UI035776-PA
GffObp99c GFUI035783-pA

GffObp20 -
GffOBp73a -

Glossina brevipajpis

Gbrlush GBRI030526-pA

GbrObp19 GBRI036202-pA

GbrObp19a GBRI035551-pA
GbrObp19b GBRI035552-pA
GbrObp19¢ GBRI035549-pA
GbrObp19d GBRI010734-pA

GbrObp20 GBRI012886-pA
GbrObp28a GBRI045128-pA
GbrObp44a GBRI026688-pA

JFIR
01012814

JFIR
01012815

JFIR
01012816

81
81
81
74

327
13

117
14
145

13
341
595
80
80
80
80
832
112
112
352
707
48
48
48
48

43

58
58
58
163
181

368

NNNN

Nwwu.wu:-hl\)\x
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144
153
154
118

122
132

132
157

189
114

150
141
163
138

134
254
128
122
148
159
107
145
242
258
140
>85
184
163
153
146
>88

222
181
149
156
129
148
263
100
142

376046-376547
37661537715
30183130237
325289-32505

141534-145323
1332928-133332¢

62038-64042
53651-55725

50704-51407

1817622-1819513
181227181754
263291-263782
474544-475026
776017-776483
1288885-1298117
64570-66051
36454-45097
887783-888883
883137886169
885305..885119
879899..879642
2175-450
731842-732784
725365-725880
297252298513
84705-88483
1028188-1030308
1027533-10281¢07
1107114-1 108488

600222-606859
22741 77-2274862
1163684-116642¢
1171185-1 173340
1175394-11759¢5
106459-111816
253648-254657
4065050-4066455
50617-51173



———

Gene Name Gene ID Scaffold Exons Strand Length (aa) Co-ordinates
GbrObps6d GBRI016471-pa 211 + 175 188284-193310
GbrObps6e GBRI016436-pA 211 - 152 69280-71060

4

2
GbrObps6e2 GBRI010929-pa 165 2 - 253 295002-295826
GbrObp56h GBRI040269-pa 77 2 + 134 261505-261991
GbrObps6i GBRI036199-pa 5 4 + 363 2276830-2280407
GbrObp57¢ GBRI041963-pA 83 4 - 146 874548-88275
GbrObp69a GBRI013864-pa 191 4 + 109 66042-6838]
GbrObp83a] GBRI031755-pA 47 4 - 158 1006248-100891 5
GbrObp83a2 GBRI031753-pA 47 4 + 151 1046297-1046962
GbrObp83a3 GBRI031754-pA 47 4 - 154 1038529-1040123
GbrObp83a4 GBRI031756-pA 47 4 + 179 1024308-1036548
GbrObp83cd GBRI031703-pA 47 3 + 239 68454268782
GbrObp83ef GBRI031705-pA 47 3 - 254 678967-679889
GbrObp83g GBRI031704-pa 47 2 - 140 74746-7550
GbrObp84a GBRI023685-pA 304 4 - 176 74746-75503
GbrObp8a GBRI009351-pA 151 4 - 167 382122-3859¢5
GbrObp99p |
GbrObp99b2 GBRI012898-pA 181 3 - 149 361796-362320
GbrObp99c GBRI012882-pA 181 2 + 164 258700-25925

Glossing austeni

Table S3.1.3; Metadata for annotated Glossing Sensory membrane protejns (SNMPS)
Gene Name Length
Gene ID Scaffold Exons Strand (aa) Co-ordinates

GaSNMP] GAUT049266-pa 85 7 + 540 412-4831
GaSNMP2 GAUT008732-pA 142 7 - 411 12468-15563
Glossina pallidipes

GpdSNMmP GPAI010405-pA 153 7 - 540 74092-79270
GpdSNM2 GPAI029269-pA 369 5 - 377 11351-20597
Glossina fuscipes

GffSNMP] GFUI000887-pA JFIR01012825 7 + 540 15099-19239
GffSNMP2 GFUI009502-pA 152 6 + 423 567526-576060
Glossina brevipalpis

GbrSNMP| GBRI029848-pA 14 10 + 391 2947412296091 |
GbrSNMP2 GBRI009197-pA 41 6 + 384 585363-59385]
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Table S3.1.4: Metadata for annotated Glossina Gustatory Receptors (GRs)

Gene Name Gene ID Scaffold Exons Strand Length (aa) Co-ordinates
Glossina austeni

GaGr21al GAUT050702-PA 91 5 - 460 825820-827456
GaGr21a2 GAUTO041339-PA 58 13 - 460 403004-406548
GaGr21a3 - 58 3 - 401294-402776
GaGr28bD GAUTO018371-PA 21 5 9 384 1288618-1290861
GaGr28bC GAUTO037007-PA 498 4 + 463 181007-183576
GaGr2a GAUTO018378-PA 21 5 5 410 1408991-1410484
GaGr33a GAUTO030746-PA 37 3 & 398 822030..823331
GaGr58c GAUTO018082-PA 218 + 337 51995-53596
GaGr59f1 GAUTO016799-PA 202 6 - 480 418171-425976
GaGr5912 GAUTO032734-PA 402 6 + 404 13568-19746
GaGr63a GAUT042077-PA 5 6 + 425 2235841-2244048
GaGr66a GAUT025297-PA 2 3 # 397 2031438-2032923
GaGr32a GAUTO018813-PA 225 1 + 342 297724-298752
Glossina pallidies

GpdGr2la GPAI014620-PA 18 4 - 437 2126014-2127571
GpdGr212 GPAI045887-PA 86 6 - 425 409943-411461
GpdGr2a3 - 86 4 - 433 410297-409943
GpdGr8bD GPAI035388-PA 48 4 - 443 460073-462639
GpdGr2a GPAI037163-PA 523 5 - 408 12416-13888
GpdGr32a GPAI019874-PA 237 7 + 360 47096-53066
GpdGr33a GPAI039461-PA 59 3 - 405 844645-86637
GpdGr58c GPAI004494-PA 10 4 - 366 216084-2216345
GpdGr59£l1 GPAI040289P 1 7 + 41 121972-12944
GpdGr59f2 GPAI040385-PA 61 9 - 27 714203-72482
GpdGr63a GPAI007341-PA 12 7 + 474 636615-6445
GpdGré6a GPAI024994-PA 2 4 + 343 885714-8809
Gpd28bC GPAI043562-PA 75 4 + 463 111282-11231
Glossina fuscipes

GffGr21al GFUI005702-PA 123 4 + 453 323330-324871
GffGr21a2 GFUI034303-PA 462 1 - 373 130506-134124
GffGr21a3 GFUI041369-PA 604 4 + 408 127218-127726
GffGr28bB GFUI018032-PA 233 4 - 446 425543-430888
GffGr28bC GFUI027606-PA 355 4 - 462 149208-151105
GffGr2a GFUI026404-PA 339 5 - 418 10488-11985
GffGr33a GFUI051944-PA 934 3 + 442 8609-1967
GffGr59f1 GFUI022205-PA 284 5 4+ 436 290713-294736
GffGr59f2 GFUI025370-PA 321 4 + 445 210603-21322
GffGr63a GFUI036605-PA 4 8 + 434 2263346-227282
GffGr66a GFUI041074-PA 5 7 - 368 106507-1071392
GffGr58c - 117 4 + 374 214562..215622
GffGr32a - 417 7 - 375 57967..56940
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GffGr28bE - 235 4 - 414 430888..430235
Glossina brevipalpis

GbrGr21al GBRI008315-PA 144 3 - 429 228455-2298
GbrGr21a2 GBRI004163-PA 145 1 + 444 320168-32288
GbrGr21a3 - 114 + 483 322215-32274
GbrGr28bD GBRI016968-PA 21 4 - 440 828774-80444
GbrGr2a GBRI016977-PA 21 6 - 346 905147-906777
GbrGr28E GBRI039848-PA 74 4 + 321 221852-226499
GbrGr59f1 GBRI043822-PA 93 6 + 426 481031-488570
GbrGr59f2 GBRI043906-PA 93 7 + 395 949716-954740
GbrGr63a GBRI014933-PA 1 9 + 454 1371407-137713
GbrGr33a - 6 4 + 269 1379126..137950
Table S3.1.5: Metadata for annotated Glossina Odorant Receptors (ORs)

Gene Name Gene ID Scaffold Exons Strand L::f;h Co-ordinates
Glossina austeni

GaOrl3a GAUTO014395-PA 18 6 - 466 1294296-1298135
GaOrl19b GAUTO050371-PA 8 7 - 445 3312163-3317121
GaOr24a GAUTO004311-PA 113 7 - 458 128786-132433
GaOr2a GAUT045920-PA 70 3 + 394 480470-482494
GaOr33b GAUTO028888-PA 34 8 + 508 470445-480096
GaOr43al GAUTO021583-PA 258 7 * 354 254902974
GaOr43a2 GAUTO000836-PA JMRRO01017845 7 - 342 26406-34495
GaOr7al GAUTO050213-PA 8 4 - 342 1602836-1602105
GaOr7a2 GAUTO050213-PA 8 3 - 442 1597269-1597090
GaOr42b GAUT022268-PA 266 7 + 379 328913-33254
GaOr45al GAUTO044021-PA 65 5 - 405 38719238960
GaOr45a2 GAUT022034-PA 261 6 - 397 376409-379734
GaOr45a3 GAUT028238-PA 33 7 - 335 356645-362680
GaOr46a GAUTO011101-PA 15 2 351 1981339-1982450
GaOr47b GAUTO016620-PA 200 7 429 51228-53865
GaOr49b GAUTO005608-PA 121 6 - 485 207215-215611
GaOr56al GAUT042364-PA 602 5 251 81198-86639
GaOr56a2 GAUT042360-PA 602 4 393 75448-78119
GaOr59a GAUTO018044-PA 217 2 - 384 2492672052
GaOr63al - 10 5 - 352 1103692-1103504
GaOr63a GAUTO003629-PA 10 6 - >164 1101200-1106895
GaOr67cl GAUTO038273-PA 50 3 - 269 1292778-1298372
GaOr67a GAUTO018383-PA 21 6 - 420 1437626-1437174
GaOr67c2 GAUTO032244-PA 3 4 ¥ 295 22667162679
GaOr67d1 GAUTO021320-PA 253 10 - 344 19169-2267
GaOr67d2 GAUTO051820-PA 9 5 + 392 84231-38936
GaOr67d5 GAUTO021321-PA 253 4 - 407 24222-34589
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GaOr74a
GaOr7a3
GaOr82a
GaOr85b
GaOr85d
GaOr85¢e
GaOr88a
GaOr9%4a
GaOrco

Glossina
pallidipes
GpdOr13a
GpdOr19b
GpdOr24a
GpdOr2a
GpdOr33b
GpdOr43al
GpdOr43a2
GpdOr7al
GpdOr7a2
GpdOr42b
GpdOr45al
GpdOr45a2
GpdOr45a3
GpdOr46al
GpdOr46a2
GpdOrd7b
GpdOr49
GpdOr49b
GpdOr56al
GpdOr56a2
GpdOr59a
GpdOr63a
GpdOr67cl
GpdOr67a
GpdOr67c2
GpdOr67dl1
GpdOr67d3
GpdOr67d4
GpdOr67d5
GpdOr67d6
GpdOr7a3
GpdOr82a
GpdOr85b
GpdOr85c
GpdOr85d

GAUTO035779-PA
GAUTO050214-PA
GAUT003281-PA
GAUT005460-PA
GAUTO006649-PA
GAUTO040462-PA
GAUTO036655-PA
GAUTO005363-PA
GAUTO034813-PA

GPAI034871-PA
GPAI027642-PA
GPAIO15219-PA
GPAI004010-PA
GPAI034198-PA
GPAI039623-PA
GPAI039631-PA
GPAIO31316-PA
GPAI031326-PA
GPAI029610-PA
GPAI041951-PA
GPAI026906-PA
GPAI014680-PA
GPAI009882-PA
GPAI009200-PA
GPAI039539-PA
GPAI001497-PA
GPAI004557-PA
GPAI045424-PA
GPAI045426-PA
GPAI039747-PA
GPAI017649-PA
GPAI041241-PA
GPAI037164-PA
GPAI033169-PA
GPAIO12943-PA
GPAI012945-PA
GPAI046202-PA
GPAI002749-PA
GPAI042230-PA
GPAI031315-PA
GPAI024118-PA
GPAI001626-PA
GPAI040919-PA
GPAI002024-PA

468

108
120

560
487

445

479
338
197
107
45

371
68
323
18
14
143
5

JMRQ01006307

10
83
83
5
20
657
523
43
105
105
88
0
69
3
28

JMRQ01006330
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404
394
299
438
401
451
420
246
497

378
393
362
394
380
388
287
362
394
269
405
395
410
388
369
331

298
365
382
384
371
329
376
406
455
313
332
380
373
394
428
332
405
415

55131-56628
1604220-1607212
540697-542872
46304-51854
80362-98058
18651-12045
163257-16621
260914-262156
15129-46682

7687-11530
85099-87347
131063-133020
943507-946652
1044239-1045446
574081-57829
519406- 519700
2526168-2528893
2527583.252831
17560-21114
508520-510986
16085-19449
2507760-2510760
700661-701953
49237..50041
93062-94564
2536-3830
26544262662902
689099-693647
683333-686066
1426752-1428008
1165231-1171743
32493-33542
55119-65818
18938519379
778996-782573
771993-778475
956516-961886
5037832-5039272
1111489-1121348
2514726-2517401
1605921-1610562
12958-18883
677245-679224
978630-980945
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GpdOr85e
GpdOr88a
GpdOr94b
GpdOrco
Glossina fuscipes
GffOrl13a
GffOr2al
GffOr24a
GffOr2a2
GffOr33b
GffOr43al
GffOr43a2
GffOr7al
GffOr42b
GffOr45al
GffOr45a2
GffOr45a3
GffOr46al
GffOr46a2
GffOr47b
GffOr49b
GffOr56al
GffOr56a2
GffOr59a
GffOr63a
GffOr67cl1
GffOr67d1
GffOr67d4
GffOr67d5
GffOr67d6
GffOr74a
GffOr7a2
GffOr82a
GffOr85b
GffOr85¢c
GffOr85d
GffOr85e
GffOr88a
GffOr94b
GffOrco

Glossina brevipalpis

GbrOrl3a
GbrOr19b
GbrOr24a
GbrOr2a
GbrOr33b
GbrOr43al

GPAI004056-PA
GPAI027550-PA
GPAI009882-PA
GPAI035133-PA

GFUI014938-PA
GFUI043297-PA
GFUI032492-PA
GFUI028755-PA
GFUI007794-PA
GFUI003104-PA
GFUI003105-PA
GFUI003499-PA
GFUI028213-PA
GFUI008162-PA
GFUI032116-PA
GFUI005658-PA
GFUI037305-PA
GFUI034469-PA
GFUI045476-PA
GFUI009257-PA
GFUI038138-PA
GFUI038147-PA
GFUI042981-PA
GFUI027054-PA
GFUI051694-PA
GFUI007388-PA
GFUI043789-PA
GFUI036188-PA
GFUI022534-PA
GFUI022472-PA
GFUI003500-PA
GFUI053522-PA
GFUI022126-PA
GFUI047908-PA
GFUI049134-PA
GFUI037003-PA
GFUI024278-PA
GFUI012941-PA
GFUI035140-PA

GBRI045111-PA
GBRI018062-PA
GBRI036522-PA
GBRI035583-PA
GBRI036342-PA
GBRI002464-PA

108
335
145
481

65
42
371

107
107
10

363
141
21
123
514
467
713
14

532
532
64

347
922
137
672
49

28

289

283
79
82
50
309
184
47

231

58
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465
764
342
477

477
393
365
441
387
327
290
376
379
405
362
503
379
478
406
264
138
387
336
410
346
217
364
35

368
404
394
405
337
345
496
465
450
304
463

416
414
375
393
374
350

471781-473530
81179-10785
31320-31078
20629-28693

2644857-2650323
113446-112907
190458-192424
1134-5774
820037-820798
562923-567104
508357-512244
122853-12564
298922-302539
149517-152073
119677-11920
32427-37272
29704-3090
24341-13025
28879-3223
813504-181692
147381-15196
156749-159310
439177-440282
553756258
39892-5066
07939-10865
30656-36090
46737746868
43112-5885
778-1028
132922-135699
2146338-2149094s
75605-7679
2453-14660
779971-787789
165317-167064
20570-26379
482702-482103
95255-10431

3617747361726
85079-8859
3803138-3804854
1251539125492
2787260-279346
9217-9561
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GbrOr30a
GbrOr7al
GbrOr42b
GbrOr45al
GbrOr45a2
GbrOr45a3
GbrOr46a
GbrOr47b
GbrOr49b
GbrOr56al
GbrOr56a2
GbrOr59a
GbrOr63al
GbrOr63a2
GbrOr92a
GbrOr67c
GbrOr67d1
GbrOr67d3
GbrOr67d4
GbrOr67ds
GbrOr67d6
GbrOr7a2
GbrOr82a
GbrOr85b
GbrOr85¢
GbrOr85d
GbrOr85e
GbrOr88a
GbrOr94b
GbrOrco
GbrOr74a

GBRI016989-PA
GBRI044639-PA
GBRI034666-PA
GBRI009897-PA
GBRI026647-PA
GBRI008361-PA
GBRI028428-PA
GBRI026891-PA
GBRI015995-PA
GBRI011898-PA
GBRI011904-PA
GBRIO11358-PA
GBRI031244-PA
GBRI031534-PA
GBRI002179-PA
GBRI02158-PA

GBRI017432-PA

GBRI017598-PA
GBRI040021-PA
GBRI044640-PA
GBRI018811-PA
GBRI027004-PA
GBRI041284-PA
GBRI030235-PA
GBRI005734-PA
GBRI013056-PA
GBRI012762-PA
GBRI030714-PA

21
99
54
158
366
144

36

209
172
172

45
46

356
224
224
387
228
75

99

154
372

42
126
183
17
440
55

[ T N T U N ¥ = N R R U R ¥ B S T T TS B B B = B = B =)

—
(=]

A w»n AW W

= 357
. 454
+ 355
- 405
- 309
- 562
- 411
382
326
256
389
384
405
357
343
386
280
375
5 387
- 385
+ 391
- 394
- 663
- 427

418

439
- 376
+ 295
. 340
. 230
+ 401

o+ o+

+

+ o+ o+ o+

925700-93083
59914-60046
13935571-1394170
6520-67771
10230-9775
478678-485648
1299053-1300843
1247663-1251882
183313-185626
350661-351631
345764-347359
724514-725775
1372025137823
1743896-174361
963120-963358
34418-3721
237077-237607
238586..238724
6101..5852
86282-187675
421880-422953
604341-606663
93037-92507
105938-107449
3478923-3483783
1220757-1240238
369996-369418
464204-463800
2487344-2488500
65492-57864
63828-65251

Table S3.1.6: Metadata for annotated Glossina lonotropic/Ionotropic Glutamate Receptors (IRs/iGluRs)

Gene Name Gene ID Scaffold Exons Strand L::f)th Co-ordinates
Glossina austeni
GaGIuRIA GAUTO036857-PA 491 15 - 923 12641-26444
GaGIuRIB GAUTO010844-PA 15 7 - 490 271878-289187
GaGluRIIA GAUT032862-PA 406 9 + 610 227062-235839
GaGluRIIB GAUT032862-PA 406 8 + 838 227062-235839
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GaGIuRIIC GAUTO018821-PA 225 9

GaGIuRIIE GAUT036856-PA 491 12
GalR10a GAUTO051652-PA 99 7
Galr2la GAUT029664-PA 360 8
Galr25a GAUTO011688-PA 165 9
Galr31a GAUTO019628-PA 234 6
Galr40a GAUT028361-PA 33 12
Galr56b GAUTO017831-PA 214 1
Galr64a GAUT035430-PA 45 11
Galr68a GAUTO051179-PA 95 3
Galr75a GAUTO013397-PA 17 6
Galr75a2 GAUTO013397-PA 17 5
Galr75d GAUT003875-PA 10 5
Galr76a GAUTO051343-PA 96 11
Galr76b GAUT037856-PA 4 11
Galr84a GAUT038749-PA 520 8
Galr8a GAUT002274-PA 0 4
GaKaiR1A GAUTO026102-PA 308 16
GaKAiR2¢ GAUT023024-PA 276 5
GaKaiR2d GAUTO005991-PA 125 13
GaKaiR2e GAUT026111-PA 308 12
GaNMDARI1 GAUTO031582-PA 397 13
GaNMDAR2 GAUTO008471-PA 13 6
GaClumsy - 100 8

Glossina pallidipes
GpdClumsy GPAI011564-PA 162 15

GpdGIuRIA GPAI006854-PA 125 13

818

851

580

893

915

604

799

613

589

613

503

547

582

726

530

745

537

295

439

1121

848

993

470

363

1205

670

320480-326531

7165-11545

264729-270327

151916-160965

419483-427269

253145-256269

1168341-1176017

20365-22206

490121-495546

198684-202160

1846089-1855137

1846910-1846101

2831325-2834095

662805-684595

4002993-4003496

111057-129675

5757150-5758962

71221-75175

319882-321448

167157-176447

103397-112434

52340-61072

2514984-2524581

109611-215915

347557-357125

651212-667233
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GpdGIuRIB
GpdGIuRIIA
GpdGIuRIIB
GpdGIuRIIC
GpdGIuRIIE
GpdIR10a
GpdIr2la
GpdIr25a
GpdIr3la
GpdIr40a
GpdIr56b
GpdIr64a
GpdIr68a
GpdIr75a
GpdIr75¢c
GpdIr75d
GpdIr76a
GpdIr76b
Gpdir84a
GpdIr8a
GpdIr93a
GpdKaiR1A
GpdKAiR2c
GpdKaiR2d
GpdKaiR2e
GpdNMDARI
GpdNMDAR2

Glossina fuscipes

GPAIO10111-PA

GPAIO11561-PA

GPAIO11561-PA

GPAI019869-PA

GPAI006854-PA

GPAI045043-PA

GPAI016226-PA

GPAIO11331-PA

GPAI007758-PA

GPAI004624-PA

GPAI022505-PA

GPAI032358-PA

GPAI017485-PA

GPAI036018-PA

GPAI036018-PA

GPAI025294-PA

GPAI027894-PA

GPAI044391-PA

GPAI022870-PA

GPAIO42411-PA

GPAI006139-PA

GPAI006142-PA

GPAI029067-PA

GPAI010422-PA

GPAI006139-PA

GPAI006944-PA

GPAI030510-PA

14

162

162

237

125

81

15

131

110

26

41

209

33

273

11

11

362

153

126

38

11

12

12

12

12

340

934

916

865

934

422

897

915

560

834

613

550

574

1002

571

556

436

622

635

920

870

958

463

997

870

1000

898

2333491-2347296

358155-366744

2354879..2355256

73886-78958

656655..657506

427515-428839

2318938-2327793

2393818-2401767

35981236238

272452-28262

43351-432192

839108-844584

287965-291718

404760-415937

414465..45274

3454055-3456953

1763148-1774106

147031-154107

224716-231135

1453560-1459816

2423153243279

2386410-240035

12129-21576

231756-245490

2423153-2432799

484327-497091

1382581-1393263




GffClumsy
GffGIuRIA
GffGIuRIB
GffGIuRIIA
GffGIuRIIC
GffGIuRIIE
GffIR10a
Gfflr21a
Gfflr25a
Gfflr31a
Gfflr40a
Gfflr56b
Gfflr64a
Gfflr68a
Gfflr75a
Gfflr75¢
Gfflr75d
Gfflr76a
Gfflr76b
Gfflr84a
Gfflr8a
Gfflr93a
GffKAiR2¢
GffKaiR2d
GffKaiR2e
GffNMDARI

GffNMDAR?2

GFUI019198-PA

GFUI016186-PA

GFUI018591-PA

GFUI019200-PA

GFUI031610-PA

GFUI041857-PA

GFUI035802-PA

GFUI017944-PA

GFUI008852-PA

GFUI031962-PA

GFUI025996-PA

GFUI041337-PA

GFUI028023-PA

GFUI019558-PA

GFUI029180-PA

GFUI029178-PA

GFUI031962-PA

GFUI043801-PA

GFUI005590-PA

GFUI004860-PA

GFUI020203-PA

GFUI000063-PA

GFUI009601-PA

GFUI000460-PA

GFUI000063-PA

GFUI045184-PA

GFUI050910-PA

Glossina brevipalpis

247

214

23

247

413

618

48

232

148

41

331

602

35

250

37

37

41

673

122

118

25

13

154

JFIJR01011458

JFJR01008464

702

11

13

1022

731

970

1797

787

851

579

890

915

591

783

613

420

592

475

639

591

664

615

612

876

848

428

1071

848

949

933

406109-413460

480630-486116

926941-981018

38785-5402060

27607-3321

29499-134101

978940-984632

15894-15684

92690-499168

58898-592064

72875-80318

150593346

1286620-1289121

256288-260192

106926-107812

98981-99779

582898-592064

33058-37788

396974-400240

48159848767

743611-749393

97023-106414

63328-65417

152550-161731

97023-106414

114635-120420

331214-340774




GbrClumsy

GbrGluRIA

GbrGIuRIB

GbrGluRIIA

GbrGluRIIB

GbrGIuRIIC

GbrGIuRIIE

GbrIR10a

Gbrlr2la

Gbrlr25a

Gbrir3la

Gbrlr40a

Gbrlr56b

Gbrlr64a

Gbrlr68a

Gbrlr75a

Gbrlr75¢

Gbrlr75d

Gbrlr76a

Gbrlr76b

Gbrir84a

Gbrlr8a

Gbrir93a

GbrKaiR1A

GbrKAiR2

GbrKaiR2d

GbrNMDARI

GbrNMDAR2

GBRI004368-PA

GBRI037007-PA

GBRI006509-PA

GBRI004366-PA

GBRI004366-PA

GBRI013356-PA

GBRI037007-PA

GBRI012928-PA

GBRI001929-PA

GBRI023337-PA

GBRI000712-PA

GBRI039411-PA

GBRI033584-PA

GBRIO12051-PA

GBRI033291-PA

GBRIO16181-PA

GBRIO16181-PA

GBRI012020-PA

GBRI018928-PA

GBRI009997-PA

GBRI1002787-PA

GBRI010267-PA

GBRI006799-PA

GBRI006802-PA

GBRI006799-PA

GBRI029815-PA

GBRI013857-PA

GBRI040612-PA

116

61

12

116

116

188

61

181

71

50

174

20

20

174

244

159

105

132

132

132

41

191

79

12

10

12

15

1014

1766

931

604

363

870

1766

761

406

894

634

793

613

648

664

1067

463

343

616

555

643

523

736

825

808

1070

407

913

341723-347401

771920-783580

2534017-2580729

350718-363113

69252-376922

771920..783580

452936-459660

8179738-8181089

4826984-4833513

2050653-2053202

494018-497181

920674-925264

408946-417138

4545805-4549340

1115179-1128075

1122899.. 1122282

166465-167616

22656-28696

333681-343624

104851-110341

1360620-1362318

44007-54028

5046-16988

44007-54028

418769-429647

47354-48899

110001-12266




GbrGluRIID - 61 - 687 775629-775024

Table S 3.2: Glossina transcriptomes used as training sets for gene prediction in the Maker2 annotation pipeline

Species Tissue Sex

G. pallidipes Heads Female

G. pallidipes Heads Male

G. pallidipes Gut Female

G. pallidipes Lactating Female

G. pallidipes Non-lactating Female

G. pallidipes Whole body Male

G. pallidipes Salivary glands Mixed

G. f. fuscipes Heads Mixed

G. f. fuscipes Lactating Female

G .f. fuscipes Non-lactating Female

G. f. fuscipes Whole body Male

G. f. fuscipes Reproductive organs Female

G. f. fuscipes Salivary glands Mixed

G f fuscipes

G. brevipalpis Whole body Mixed

G. brevipalpis Larvae 1*'and 2" instar mixed
G. brevipalpis Pupae Mixed age
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Figure S3. 1: VectorBase; Web Apollo screenshots illustrating gene structure and arrangement of selected

duplicated (OBP83A, OR7A and OR56a) chemosensory genes across five Glossina genomes including G.
austeni (GAUI*), G. brevipalpis (GBRI*), G. f. fuscipes (GFUI*), G. m. morsitans (GMOY*) and G. pallidipes

(GFU*), and in M. domestica (MDOA*).
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Figure S 3.2: Alignment of Obpl9 and Obp56i from Glossina, Obp16-20 from M. domestica and

Obp56i from D. melanogaster species. Variation of amino acids between conserved cysteine(s) C3 and

C4 show deletion in Obp56i and Obp19 from Glossina.
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Figure S 3.3 1: Alignment of amino acid sequences of Classic OBPs identified in five Glossina species against

those of closely related Diptera The six conserved cysteine residues are highlighted in orange.
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orange and marked with an asterisk (*).

% A P *

A RRCINS TN R Rl

.v.nuk oA NI YN i@

z TR L 6
& um.c:. ndm Lx'x B
£ PR L"h ipr e

b MR

e

N

e

neffe

o

il

7
-

- ahoNs

uun\:.n-h.»: T Bl N
LN ST NN "
Fonrelic

Bal
V‘,\l\
l,\x

. Tark oni t
3 STUER N PO I
§ A L n
S NG M SRRk i I.‘A ¥
ettt e ert R e

Figure S 3.3 2: Alignment of amino acid sequences of Plus-C and Classic-dimer OBPs identified in
five Glossina species against those of closely related Diptera The six conserved cysteine residues are

highlighted in orange and marked with an asterisk (*). The less conserved cysteines are boxed.

64



L ELER T B LUD
CELERTPRAIRE
v iklhnxul

1 KTBRALN
:cuurpu m,g\-
TETERT PKALNOVEM
TCIFRTPRALKR
TEIRRT BRAMK
LELERT PRAMES

1 and/or E*

sQEARBART S PAEGT

SOFARPARTPRAAGLR LY
AGMILEAD
A TN EAD

LU EADG

.glk'l\l\
AGINT VAN

,\t'? Vex
AVARG VER

xPVM‘HL

1 G R T B Ak
AELYMS L "

I
i
1
i
B Pl B s R
L PVl \nyi
1 0 NECAE
(-lmwmrv WEvs e B
1

N ATy
G ll\\"\laR
v L

Fb\ll'l EN

e

eV B BB 1
ASKANFELAPFLENV]

AW
EE Rt

IMFR BRI AT LEAVHE ENDYRY
Vﬁv:kul"rl A FAMVEE 1N DV

ROPRI \

rx.\ulml [FRQBY LAY ERAN
0 3 LCH FiAKAGIMERQRSL .\\u»xn.
Gromteted ? B AL RAGIMER Bt vl i

\eliese 1 v RYN 5 kP

Drnlrode V'
o
Gbelrods

B BL
kB ELRRN PR T

W
ulh :Irkuammx.vn. JBE DNV

15 1DRAYREKY

08 DRAY K
ug\..;,h

Szoaas

A ¥ '
51N l.V QY
i.i

i w-vl,
VLB s EPNLPRCY
TN

> omas &

Vo En s BEARL
B AV ARV TAAFARL:
ARARVENTOPAFL

Cminle2ta
Adree
stess
\hdton viy
RoO3F 'urvlnn
LBVE S EREMTVERLE

RE RV

kit

- NEQUNNAIKS
Dmledia THOLGE HrxN
M e

(RS
Gral T

e

)
\BBTESK
it ) gL E
KR 3 VEVTY '!.'r\!\ltr[ruu
KK POV Y vam v 4

R L) SEARRK DY Y
Gatose KALURKENSEK NSRT ¥
o BALTVE nutu).\uau. LA AV AN | B DN

RENVOWR I NECE
RENVDWR I NEOET

Comenun
GLIOALG RAADFGLAPLFY

Figure S 3.4.1: Alignment of amino acid sequences of lonotropic receptors identified in five Glossina
species against those of closely related Diptera. Conserved residues that form ligand binding domain

are highlighted by an asterisk (*)
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CHAPTER 4

4.0 Profiling of the Tsetse Fly, Glossina morsitans morsitans (Diptera; Glossinidae)

Chemosensory Genes in Non-Olfactory Tissues
4. 1 Introduction

Glossina morsitans morsitans (Diptera; Glossinidae) is an important vector of African
trypanosomes that mainly cause nagana in domestic animals across sub-Saharan Africa (Liu
et al., 2012). Like other insects, tsetse flies rely on visual and/or chemosensory cues to locate
hosts for a blood meal, suitable mates and habitable larvipositioning sites (Vosshall, 2003).

Tsetse’s chemosensation is mediated by multiprotein families. Among them, are two
classes of globular proteins reffered to as odorant binding proteins (OBPs) and chemosensory
proteins (CSPs) that are abundantly expressed in the insect sensilla (Shanbhag ef al, 1995;
Shanbhag et al., 2001). The OBPs and CSPs transport hydrophobic semiochemicals to the
sensory neurons (Gong et al., 2009). These proteins have been reported in non-olfactory
tissues of other insects. For instance, CSPs have been implicated in functions such as leg-
regeneration, wing and larval development (Jacquin-joly and Merlin, 2004; Gong et al,
2007). Similarly, expression of OBPs has been reported in tissues other than the anntenae. An
example include expression of Aedes aegypti’s Obp22 in male reproductive organs (Li ef al,
2008) and a dual role of Obp10 in Helicoverpa species (Sun et al., 2012). Unlike OBPs and
CSPs, specific neuron membrane protein (SNMPs) play a role in pheromone reception and
their expression has been reported in sensory neurons of the silk moth, Antheraea
polyphemus (Rogers et al., 1997).

In addition to chemosensory proteins, insect chemical sensing also involves three
types of receptors including odorant receptors (ORs), ionotropic receptors (IRs) and gustatory
receptors (GRs). The GRs play a key role is taste recognition (Clyne et al., 2000) and have
been reportedly expressed in various tissues in Drosophila (Scott et al., 2001). In contrast,
ORs and IRs are primarily expressed in the sensory dendrites (Benton et al., 2009) and the
olfactory receptor neurons (Leal, 2011), which are found within the insect antennae and/or
maxilary palpi (Vosshall, 2003).

G. m. morsitans, a Savannah species shows preference to warthog as its host for blood

meal relative to its other hosts (e.g. ox, buffalo and human) (Liu ef al., 2010). Traps treated
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with chemicals that mimic host odors were used to successfully control the population of
Savannah tsetse sub-group species (Gikonyo et al., 2003). However, control of other tsetse
sub-groups such as the riverine (palpalis group) species that cause sleeping sickness in
humans remains a challenge. Potentially, the host preference exhibited by different tsetse
species could be due to forces of natural selection that confer fitness advantage and
adaptation to an organism’s niche.

An earlier study showed correlation between starvation and increased senstivity of
electroantennogram (EAG) in G. m. morsitans and G. tachinoides, but no clear effect on
G. f fuscipes and G. austeni (Otter & Schutte, 1991). These findings suggest differential
expression patterns of chemosensory proteins in female and male flies. Recently,
identification and characterization of OBPs and CSPs in G. m. morsitans have provided
information on their putative functions in host searching based on their expression patterns in
the sensory organ. In G. m. morsitans, three OBPs (GmmOBP8/9 and GmmOBP14) and one
CSP (GmmCSP2) were reported to have high expression in the anntenae, suggesting their
involvement in host-seeking (Liu et al., 2010, 2012). Further, the results of the study on
expression of CSPs suggested involvement of GmmCSP1/3 in non-olfactory functions,
similar to its homolog in D. melanogaster, DmelPebllI (Liu et al., 2012).

Diet specialization has been attributed to contraction of tsetse chemosensory repetoire
compared to that of other insects (Attardo ef al., 2014; Obiero et al., 2014). Nevertheless, the
conserved orthologs have shown close phylogenetic relationship with those in Drosophila,
suggesting conservation of their functions. Determination of expression profiles for tsetse
chemosensory genes is an important step in understanding their functions, differences across
species and their potential application in development of molecular-based control approaches.
To date, expression patterns of tsetse’s chemosensory related genes has been described in
olfactory organs and whole bodies (Liu ef al., 2010, 2012), but not in specific non-olfactory
tissues such as salivary glands and reproductive organs.

This study hypothesized that some of the annotated chemosensory proteins may be
involved in non-olfactory functions such as development and reproduction and thus would
have high transcript abundance in the corresponding non-olfactory transcriptomes. To
investigate this hypothesis, insilico transcriptome analysis of the G. m. morsitans
chemosensory genes (Liu et al., 2010, 2012; Obiero et al., 2014) was carried out in non-
olfactory tissues using CLC Genomics workbench 8 (CLC Bio, Cambridge, MA). Findings of
this study will inform putative functions played by chemosensory proteins in tsetse and how

they can be exploited to control tsetse populations.
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4.2 Materials and Methods
4.2.1 Transcriptome Data

The transcriptome data used in the current study were obtained from the following

previous studies conducted in Aksoy’s laboratory, school of public health, Yale univeristy:
wild type and aposymbiotic larvae (Weiss ef al., 2012), male testes and accesory glands
(Attardo., unpublished data), and parasitised and uninfected female salivary glands (Telleria
et al., 2014), and dry and lactating females (Benoit et al., 2014).
The number of reads for each transcriptome were as follows: N= 42,325,367 for dry (non-
lactating) females, N= 42,085,623 for lactating females, wild-type larvae; N= 50,407,071,
Apo-larvae, N= 51,751,183, testes; N= 131,973,344 and N= 116,622,394 for male accessory
glands.

4.2.2 Retrieval of Gene Sequences

Nucleotide sequences of all chemosensory genes annotated in G. m. morsitans, OBPs
(n=30), GRs (n=14 ) ORs (n=46), IRs (n=30), SNMPs (n=2) and CSPs (n=5) were retrieved
from the VectorBase database (Lawson et al., 2009). All the genes were renamed after their
best matching orthologs in D. melanogaster for easier functional comparison. Drosophila
was chosen due to its close phylogenetic relationship established with Glossina (Liu et al,
2010; Obiero et al., 2014) and the fact that a lot of functional studies have been conducted in
its chemosensory genes (Robertson et al., 1999; Zhou et al., 2009; Isono et al., 2010). The
best matching ortholog was identified using BLASTp searches (Altschul ez al., 1997) on non-
redundant NCBI database using an e-value threshold of 0.001. For the G. m. morsitans IRs,
there were no published names at the time this study was done and thus their Drosophila

homolog names were adopted.

4.2.4 Analysis of Transciptome Data

The quality of the transcriptomes was verified using FastQC software

hitp://www.bioinformatics.babraham.ac.uk/projects/fastqc/. The reads were then mapped

onto the annotated gene sequences using CLC Genomics Workbench 8 (CLC Bio,
Cambridge, MA) allowing only single/unique match per read with an identity of 80% which
is the default percentage identity cut-off used in CLC Genomics Workbench, RNA-Seq

analysis tool. The transcript abundance was determined using reads aligned per kilobase
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mapped (RPKM) (Mortazavi ef al., 2008). Only genes that were supported by at least 100
unique reads were considered for purposes of reporting. Numbers (1-6) were used to
represent the RPKM values according to scale. Genes with RPKM values 1 :<=20,000, 2:
20,001-40,000, respectively were considered to be lowly abundant, those with RPKM ranging
between 3:40,001-60,000 were considered to have an average abudance while those with RPKM
value ranging between ,4: 60,001-80,000, 5: 80,001-100,000, and 6 >100,000 were considered to be

highly abundant.

4.3 Results

Expression values of abundant genes (supported by at least 100 unique reads) are
summarized in Figure 4.1. There were no values of expression recorded in either the
parasitized or uninfected salivary glands. None of the two SNMPs were expressed in any of

the evaluated data sets.

The OBPs showed diverse expression patterns. Among them, GmmObp44a,
GmmObp99b/c were abundant in all of the analyzed datasets. The three were highly
expressed in dry and lactating females. On the other hand, GmmObp99d showed high
expression in aposymbiotic larvae and male testes. In contrast, GmmObp8a and
GmmObp19d showed higher expression and average expression in dry and lactating females
respectively. Further, three OBPs (GmmObp28a, GmmObp83g/cd) were only found to be
abundant in the larval tissues. GmmObp83g showed average expression in wild type larvae,
while GmmObp83cd showed low expression in the larval transcriptome. The GmmObp28a
showed high expression in wild type and low expression abundance in aposymbiotic larvae.
Additionally, four OBPs (GmmObp19, the two copies of GmmObp56e, GmmObp56d and
GmmObp56i) showed expression in the male reproductive organs (testes and acessory
glands).The expression of GmmObp56e and GmmObp19 was high both in the male testes
and accesory glands while that of GmmObp56i and GmmOb56d was lower in the testes as

compared to accessory glands.
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Figure 4.1: A summary of the abundance of expression of G. m. morsitans chemosensory genes in

non-olfactory tissues

The two copies of ejaculatory bulb protein 3 (GmmEjbp3A and GmmEjbp3B)
showed high expression in both dry and lactating females and low expression in testes and in
accessory glands. In contrast, only GmmEjbp3A showed high expression abundance in both
wild type and aposymbiotic larvae. On the other hand, GmmPhekIII showed average
expression abundance in male testes, low expression in the male accessory glands and dry
females and high expression in the Aposymbiotic larvae.

Low expression abundance of two copies of GmmGr2la (GmmGr2la2/3) was
observed in male testes. Similar abundance was observed for GmmGr32a and Gr21a2 in the
male accessory glands. On the other hand, two GmmIr64a and and a co-receptor GmmIr8a
showed low expression abundance (RPKM <20,000) in dry females. The latter also showed
low expression in wild type larvae. Like the IRs, only two ORs (GmmOr2a/19b) qualified as
expressed based on our inclusion criteria. GmmOr2 had low expression in dry females and

male tsetse while GmmOr19b showed low expression in male testes.
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4.4 Discussion

Results of the current study demonstrate expression of CSPs in the non-olfactory
tissues of G. m. morsitans, a result that is consistent with reports in other insects such as
Drosophila and A. aegypti (Shanbhag et al., 2001; Li et al., 2008). In a recent study, Liu and
colleagues (2012) described differential expression patterns of CSPs in male and female
tsetse antennae which linked them to host-searching by female tsetse (Liu et al., 2012). Their
results also showed ubiquituos expression of GmmCsp3 throughout the body which
corresponds to expression of GmmEjbp3 in all the non-olfactory tissues evaluated here
(Fugure 4.1). Our observation thus, provides further evidence of multi-functionality of
some insect CSPs. Of interest is GmmA10p which showed low abundance in dry females
unlike in the lactating females. This gene has been described as antennal-specific both in
Glossina (Liu et al., 2012) and in Drosophila (McKenna et al., 1994; Pikielny et al., 1994).
Potentially, the expression of GmmA10p in dry females implies roles in host seeking after
parturation. It should be noted that the dry and lactating female transcriptome libraries were
prepared with their heads intact and thus the expression of GmmA10p in dry females could
be linked to the antennae.

On ther other hand, the expression patterns of the OBPs were observed to be similar
in both dry (non-lactating) and lactating females. Majority of the OBPs with high abundances
in the dry and lactating transcriptomes were those reportedly enriched in olfactory organs of
G. m. morsitans (Liu et al., 2010). Given that both the lactacting and dry female datasets
were processed with their heads intact, it is likely that the observed expression OBPs patterns
in the two groups is cumulative of the olfactory organs, the body, and the larvae in case of the
lactating females. Among the genes showing high abundance were GmmOBP99b and
GmmOBP44a, which have been reported to decrease after acquisation of a blood meal, thus
confirming their active role in regulating the feeding process (Liu et al, 2010). Unlike in
Drosophila where expression of Obp99b is confined to adults, its high abundance was noted
in aposymbiotic tsetse larvae. Further, high expression of GmmObp99b and GmmObp44a in
the male testes suggests their involvement in mating. In Drosophila, OBP99b, which is
known as turn-on-specificity (Tsx), is usually expressed more in males than in females, and
has been attributed to affect mating behavior of females while expressed in high amounts
(Fujii and Amrein, 2002). Similarly, Obp44a has been reported in male reproductive tissues
in Drosophila (Yamamoto and Takemori, 2010), suggesting its involvement in reprodction.

Similar to Drosophila, expression of GmmObp99c was abundant in both adult and larvae. Its
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expression in lactating females is consistent with that observed in mated Drosophila females
(McGraw et al., 2004) and its expression in dry females is indicative of its involvement in
olfaction, more so, host seeking.

On the other hand, GmmObp83cd was found to be present in larvae, an observation
that is in agreement with previous reports by Liu and colleagues (2010). Taken together,
these data implicates the involvement of GmmObp83cd in larval development. In contrast,
the abundance of GmmObp83ef and GmmObp19¢2 was not observed in larvae in this study.
However, the two genes were reported in larval tissues using qRT-PCR (Liu ef al., 2010),
probably because qRT-PCR is more sensitive compared to the in silico approach used in the
current study. Further, GmmObp8a was highly abundant compared to GmmObp19d (with
average expression abundance) in dry and lactating females. The two genes were reported to
be enriched in the heads of C. capitata (Gomulski ef al., 2012), and have been implicated in
hexanol response and nutrient sensing and/or starvation stress in Drosophila, respectively
(Arya et al., 2010). Similarly, their abundance in dry and lactating tsetse females suggests
their role in nourishment both for the female and developing larvae. On the other hand,
GmmObp83al was only found in dry and lactating females. The observed abundance could
be linked to antennae which supports the findings of Liu and colleagues (2010) that this gene
is olfactory specific.

Although not clearly understood, the high expression of GmmObp28a in wild type
larvae potentially suggests its involvement in larval development. GmmObp28a in
Drosophila has been linked to mitigation of bitter tastant intake by that adult flies (Swarup et
al, 2011). Conversely, Swarup efal., (2011) observed that low expression of Obp56h
increased the intake of bitter tastants such as quinine. In the current study, though lowly
abundant, the expression of GmmObp56h was confined to the dry (non-lactating females).
Given that the dry female libraries were prepared 48 hrs post partutation, their need to feed
may be responsible for the abundance of GmmObp56h, thus suggesting its involment in host-
seeking.

Expression of GmmObp56d/e/i and GmmObp19 in both male testes and accessory
gland is suggestive of their participation in reproduction functions. Our observation is similar
to that reported in Drosophila, where the expression of these OBPs was observed in testes,
accessory glands and ovaries (Chintapalli ef al., 2007).

Unlike the chemosensory proteins, majority of chemoreceptor encoding genes did not
show abundance in most of the evaluated tissues. The low abundance of Gr21a observed in

male reproductive organs is not clear given that this gene is associated to CO, detection in
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tsetse (Torr ef al., 2006). On the other hand, Gr32a is linked to pheromone detection and male
aggression in Drosophila (Andrews et al., 2014). The expression of Gr32a in Drosophila has
been reported in the mouth and legs (Fan et al., 2013; Andrews et al., 2014); the observed
abundance in the accesory glands of G. m. morsitans in the current study may imply that the
gene is also expressed in low quantities in male acessory glands. The expression of GRs
observed in this study are different from what has been reported in insects such as
Drosophila. High abundance of Gr22d/e has been reported in Drosophila larvae (Zhou et al.,
2009). Homologs of most Drosophila GRs including Gr22d/e were not found in Glossina
(Obiero et al., 2014). Similarly, low expression abudance of two ORs and two IRs observed
in the non-olfactory tissues may imply their pleitropic functionality. Unlike in this study,
expression of some ORs has been reported in non-olfactory functions in Drosphila. They
include: Orl3a, Or45a, Or65c, Or67a and Or85b, which showed differential expression
abundances in virgin and mated female flies (Zhou et al., 2009). Further, expression of the
two IRs observed in dry females could be linked to the antennae. Homolog of Ir64a in
Drosophila has not shown any evidence of antennal expression but shows close phylogenetic
relationship with antennal IRs (Croset e al, 2010). On the other hand, Ir8a has been
characterized as a co-receptor that is ubiquitously co-expressed with specifc ionotropic
receptors (Rytz et al., 2013).

The expression profiles observed in tsetse’s non-olfactory tissues evaluated in this
study suggest pleitropic functions of OBPs and CSPs. In the cases, expression abundances of
tsetse OBPs and CSPs are consistent with what has been reported in Drosophila among other
insects. For example, expression of Obp56d-i in male reproductive organs provides more
evidence in their involvement in reproduction as documented in Drosophila (Zhou et al,
2009). Similarly, abundance of Obp99b in adult females and larvae is an indication of its
participation in unrelated functions. In contrast, we did not find similar expression patterns
for the chemoreceptors including GRs, IRs and ORs. This could imply that tseste’s
chemoreceptors unlike chemosensory proteins have diverged to mainly play olfactory roles.
Otherwise, it could mean that the level of chemoreceptor abundance was too low for
consideration based on our inclusion criteria. The latter was observed in Drosophila where
the magnitude of GRs and ORs was reported to be significantly lower compared to that of
OBPs (Zhou et al., 2009).
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4.5 Conclusions

This study provides expression profile of tsetse’s chemosensory genes in non-
olfactory tissues. Our findings suggest multiple functionality of OBPs and CSPs; playing
pleitropic roles ranging from development, reproduction and olfaction. Further, this study
emphasizes the need to conduct functional studies on the tsetse chemosensory genes to
evaluate their suitability in development of novel control stategies. For example, knock-down
of genes such as Obp99b putatively involved in larval development could provide more
insight on how control of tsetse could be achieved through arresting larvae development. In
addition, targeting genes that are actively involved in reproduction such as Obp56d-i could
reduce tsetse populations. These strategies combined with baited-traps that expliot host odor

responses would achieve better results in controlling tsetse populations.
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CHAPTER 5

5. 0 Binding Properties of Glossina Homologs of Obp83al: Olfactory Specific Odorant

Binding Protein
5.1 Introduction

Recognition of airborne semiochemicals mediated by various protein families is
crucial for insect survival and reproduction. Insect odorant binding proteins (OBPs) are
believed to be the first biological molecules that interact with hydrophobic semiochemicals,
relaying them to their specific odorant receptors, which in turn initiate signal transduction
(Leite et al., 2009; Venthur er al., 2014). OBPs are characterized as small globular proteins
that weigh between 13-16 kDa and mainly found in high concentration in the insect’s
senillium lymph (Leal, 2011; Venthur ef al., 2014). Some OBPs, else known as pheromone
binding proteins (PBPs) are involved in selective binding of pheromones (Venthur ef al,
2014) while others are known to bind a wide variety of odorants, hence referred to as general
odorant binding proteins (GOBPs) (Honson ef al., 2005; Zhou, 2010). The number of known
OBPs has greatly increased with the advent of high throughput sequencing technologies.
Nevertheless, only few studies have been carried out to determine their functions.

Numerous chemical ecology studies have been undertaken in the past to identify host
odors used in tsetse fly control (Voskamp & Otter, 1999). Among them, 1-octen-3-ol
(octenol) 4-methylphenol (p-cresol), 3-n-propylphenol, CO,, and acetone were shown to
increase fly catches in the field ( Hall ez al., 1984; Spith, 1995; Voskamp et al., 1999). On
the other hand, compounds such as acetophenone, lactic acid, 2-methoxyphenol and
waterbuck derivatives depicted repellency against tsetse flies (Vale et al., 1988; Torr et al.,
1996; Voskamp et al., 1999; Gikonyo et al., 2002). Voskamp and colleagues (1999)
identified more than 50% of the tsetse’s antennae cells as generalists that respond to more
than one compound suggesting existence of multiple receptor sites on the olfactory cells.

Despite the identification of various host odors applied in tsetse control, molecular
mechanism involved in their interaction with chemosensory proteins remains unknown to
date.

Various forces including, electrostatic forces, van der Walls forces, hydrogen bonding
and hydrophobic interactions are believed to participate in the binding of odorants/ligands

onto the OBPs (Venthur ef al., 2014). Study of such protein-ligand interactions is necessary
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to understand their biological roles as well as in drug-discovery. In the past, expensive
approaches have been used to define protein specificities and to determine their active sites.
These include X-ray crystallography (Smyth and Martin, 2000) and nuclear magnetic
resonance (NMR) (Wiithrich, 1990) which are based on protein structural information
(Venthur et al., 2014). As an alternative, homology modeling is becoming popular for
determining the tertiary (3D) structures of the proteins (Paas et al., 2000; Venthur et al.,
2014). Homology modeling relies on a target protein (whose structure has been determined
experimentally) to predict the conformation of a new protein sequence ( Bishop et al., 2008).
Once a protein structure has been determined, its binding affinity to its selected ligands can
then be determined. This is achieved through molecular docking (Morris and Lim-Wilby,
2008) and molecular dynamic simulations (Hansson et al., 2002) that determine preferred
binding conformations and the dynamic characteristics of protein complexes respectively.
There has been heightened research in characterization of OBPs in disease vectors and
crop pests with an aim of targeting them for control through behavior manipulation (Leite et
al., 2009). Recent annotation of OBP in five tsetse genomes (Liu ef al., 2010; Macharia et al.,
2016), has yield four paralogs of Obp83a in each of the tsetse genomes. The paralogs were
found to be under positive selection (see Chapter 1) supporting their importance in tsetse’s
olfaction. Earlier, Liu and colleagues (2010) determined the expression profiles of G. m.
morsitans OBPs under different starvation periods. Their results suggested that Obp83al,
(previously named GmmOBPS - Liu ef al., 2010) is an olfactory specific protein that plays a
key role in host seeking (Liu er al., 2010). As such, we hypothesized that: (i) Glossina
homologs of Obp83al have varied ligand binding properties to tsetse attractants and/or
repellents (ii) these binding properties are responsible for observed differential responses to
known attractants and/or repellents exhibited by different Glossina species. To investigate
these hypotheses, we determined the 3D structures of Glossina OBP83al homologs and
compared their binding affinities to known tsetse attractants and repellents through molecular
docking and simulations. Findings of this study will inform on structural features important
for binding potential ligands complementary to tsetse’s OBPs. The study serves as a
demonstration of application of in silico docking in genomics research to investigate

interactions at molecular level.
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5.2 Materials and Methods
5.2.1 Homology Modeling

To predict the 3D structures of Glossina Obp83al, four best structures with the
highest similarity to sequences of Obp83al annotated in the genomes of G. austeni, G.
brevipalpis, G. f fuscipes, G. m. morsitans and G. pallidipes (Liu et al., 2010, Chapter 1)
were selected as templates. The HHpred web server (Biegert and Lupas, 2005) was used to
search for closest structural homologs in Protein Data Bank (PDB)- release 70 (Berman,
2000) The homology models were predicted using Modeller (Eswar ef al., 2008) available at:

http://toolkit.tuebingen.mpg.de/hhpred. It should be noted that the Modeller was preferred for

modeling because it combines spatial restrains with stereochemistry to model proteins
including loop regions (Bishop et al., 2008). The four selected structural templates included
3R72- Apis mellifera Obp5, 3Q81- An. gambiae Obp4, 3V2L- An. gambiae Obp20, 100H- D.
melanogaster LUSH (Obp76a) (See Supplementary, Table S5.1).

5.2.2 Structure Validation

To determine the quality of Glossina Obp83al 3D structures, the models generated as
described above were analyzed using PROCHECK (Laskowski et al, 1993) and PROSA
(Wiederstein and Sippl, 2007). PROCHECK evaluates the general stereochemistry of the
protein while PROSA checks for potentials errors in the 3D structures using Z-score as a
means of scoring. To identify regions of similarity/ dissimilarity, multiple sequence
alignment of the Obp83al amino acid sequences against their predicted structures was done
in PROMALS3D (Pei et al, 2008). Further, similarity across the five structures was
determined through their superimposition using MATRAS (Kawabata, 2003) and viewed
using Jmol (The Jmol Team, 2007). Regions encoding the definitive domain of the proteins
(PBP/GOBP) were determined using Delta BLAST searches against Conserved Domain
Database (CDD) (Marchler-Bauer et al., 2005) and compared among the five Glossina
sequences (Supplementary, Table S5.2).

5.2.3 Ligand Selection

To perform docking experiments, the following five attractants were selected as test
ligands: 4-methylphenol (p-cresol), phenol, acetone, 3-n-propyphenol and 1-octen-3-ol.

These compounds were selected because it has been demonstrated that they have strong
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effects in increasing fly catches (Voskamp ef al, 1999). In addition, these compounds are
currently used in tsetse control by The Pan African Tsetse and Trypanosomiasis Eradication
Campaign (PATTEC). Similarly the following repellents: 2-methylphenol, acetophenone
(Torr et al., 1996) and nine waterbuck odor derivatives (Table 5.2, Gikonyo ef al., 2002)
which have been reported as potential repellents and whose structures were available in
ChemSpider were used as test repellents. The molecular structures of the ligands were
downloaded from the ChemSpider database (Pence and Williams, 2010), a free online
resource that provides access to known chemical compounds. Open Babel version 2.3.2
(O’Boyle et al., 2011) was used to convert the chemical structures from Mol2 format into

PDB format for compatibility with the docking software.

5.2.4 Binding Site Analysis and Ligand Docking

The binding sites of the predicted OBP83al 3D structures were determined using
web-based Metapocket version 2.0 (Huang, 2009), which uses a combined approach in
prediction of the sites. The predicted binding sites were visualized in PyMOL version 1.6.x
(DeLano, 2002) and their corresponding coordinates rewritten into configuration files used
for docking. To reduce the computational cost, the non-binding N-terminal amino acid
residues were stripped off from the receptors prior to docking. Scripts within AutoDock tools
were used to optimize the receptor and ligand inputs prior to docking. Optimization of the
inputs involved removal of solvent molecules and co-factors from the receptor, and addition
of missing atoms and partial charges. To predict the orientation of ligands in the receptor
binding sites, rigid docking was carried out using Autodock Vina version 1.1.2 (Trott and
Olson, 2010) limiting the number of binding modes to 1 (with lowest scoring pose). One
attractant (3-n-propylphenol) and two repellents (d-octalactone and (E)-6, 10-Dimethyl-5-9-
undecadein -2-one) showing lowest scores were selected for further analysis. Their amino

acids residues participating in docking was visualized in LIGPLOT (Wallace et al., 1995).

5.2.5 Molecular Dynamic Simulations

To resolve the interaction of the three selected ligands with the five homologs of
Obp83al receptors, molecular dynamic simulations were carried out using GROMACS
version 4.5.7 (Pronk et al., 2013) applying the AMBER 96 force field. Starting coordinates of
Obp83al-ligand complexes were extracted from the docked complexes. Protonation state of
all ionisable amino acid groups was assigned to pH 5.0, which is an average pH at which

selective binding of some insect OBPs has been reported (Katre et al., 2009). The protonation
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state was achieved using pdb2gmx script within GROMACS and the ligands topologies were
automatically parametized using ANTECHAMBER program implemented within ACPYPE
package (Silva et al., 2012). Solvation of the Obp83al-ligand complexes was done using
water in a triclinic box of dimension 17.5 A and the SPC water model (Berendsen et al.,
1981) applied to maintain explicit solvation. Water molecules were replaced using counter
Na' and CI  ions to achieve a neutral system. Energy minimization was performed in a vacuo
of 1000 steps to a tolerance level of 1000 kJ mol-1 to avoid steric clashes. The minimized
complex was then equilibrated for 200 pico seconds (ps) under the NVT conditions where the
temperatures were fixed to 300K. Afterward, equilibration was performed under the NPT
conditions where reference pressure was set to 1 bar in all directions with a pressure coupling
time of 2.0 ps. The equilibration was achieved through canonical sampling using the velocity-
rescaling thermostat (Bussi ef al., 2007) and the Parrinelo-Rahman barostat (Parrinello and
Rahman, 1981) respectively. Molecular dynamic simulations of up to 15ns were conducted
with integration time of 2 femtoseconds (fs) under constant temperature and pressure. LINCS
algorithm (Hess et al., 1997) was applied to constrain the bond lengths during the simulation
process. Electrostatic and van der Waals interactions were determined using particle-mesh
Ewald algorithm (Darden ef al., 1993).

5.2.6 Analysis of Simulations

The trajectories produced in the molecular dynamic simulations were visualized in
Visual Molecular Dynamics (VMD) version 1.9.2 (Humphrey et al, 1996). In built
GROMACS analysis tools were used to calculate root mean square deviations (RMSD) and
the root mean square fluctuations (RMSF) of the protein backbone. Similarly, the potential
and kinetic energies of the system, temperature and pressure were determined. Further, g-
mmpbsa tool (Kumari ef al., 2014) which employs Molecular Mechanics—Poisson Boltzmann
Surface Area (MM-PBSA) approach was adopted in calculation of bonded and non-bonded
interaction energies to aid in understanding the strength of interactions at the receptor-ligand

interface.

5.3 Results
5.3.1 Similarity Analysis of Glossina Obp83al Homologs

Similarity searches against the conserved domain database yield high identities

(>60%) among the Glossina Obp83al homologs (Table 5.1). All the five homologs had a
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complete PBP-GOBP domain signature made up of 112 amino acid residues, majority of
which are hydrophobic. Their closest homologs were identified in three dipteran species

including S. calcitrans, D. melanogaster and M. domestica.

Table5.1: Domain structure and BLASTp analysis of Glossina OBP83a homologs

Length Domain Coverage Identity
Gene id Closest homolog e-value
(aa) co-ordinates (%) (%)

Pheromone binding
Gau_Obp83al 147 32-144 . 3e-33 74 77
protein6: S. calcitrans

Pheromone binding
Gbr_Obp83al 158 40-152 . 2e-34 80 73
protein6:S. calcitrans

Obp83a: D.
Gff_Obp83al 148 32-142 le-33 62 63
melanogaster

Pheromone binding
Gmm_Obp83al 150 32-144 . Te-37 76 76
protein 6:M. domestica

Pheromone binding
Gpd_Obp83al 156 32-144 . Te-34 74 74
protein 6: S. calcitrans

5.3.2 Overall structures of Glossina OBP83al

Homology modeling yielded similar structures for the five Obp83a homologs, each of
them having six alpha (o) helices and three disulphide bridges: D1, D2 and D3 between the
helices a1/03, a3/a6 and a5/06, respectively (Figure 5.1, panel A,). Hydrophobic amino acids
residues were found to be closely packed, thus forming the binding cavities of the proteins.
The similarity was further confirmed through superimposition (Figure 5.1, panel A»).
Additionally, alignment of their secondary structures with corresponding amino acid
sequences showed highest variation occurring between G. brevipalpis and G. m. morsitans
orthologs (in regions highlighted in red: Figure 5.1, panel B). The homologs of the other three

species including G. austeni, G. f. fuscipes and G. pallidipes showed the least variation.
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Figure 5.1: Homology model and alignment of Glossina OBP83al. Panel A, shows the cartoon
representation of OBP83al structure with six a-helices and 3 disulphide bridges visualized in PyMOL (DeLano,
2002) which are critical in forming the ligand binding sites. Panel A, shows superimposition of the five
OBP83al homologs. The rainbow colours indicate aligned regions. Panel B, of Figure 5.1 shows PROMALS3D
(Pei et al., 2008) sequence-structure alignment of all the five OBP83al homologs. The “-hhhhhhhh-" pattern in

panel B represents o helices and regions colored in red contain different amino acid residues.

The quality of the modeled Obp83al as analyzed using PROCHECK, PROSA and
Verify3D is summarized in Table 5.2. Under PROCHECK, a model is considered to be good
if >90% of its amino acid residues fall within the allowed core region. A negative Z-score
under PROSA analysis is indicative of high accuracy in model folding (Wiederstein and
Sippl, 2007) similar to a least 65% of 3D structure is mapping correctly on its primary
sequence (Eisenberg, Liithy and Bowie, 1997).
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Table 5.2: Empirical distribution of amino acid residues into defined regions (column 2), the quality of 3D
protein models (Column 3) and the potentially correctly folded regions as determined by mapping the 3D

structure onto its corresponding amino acid residues (column 4)

. Verify3D analysis (% id
5 _— PROCHECK analysis (% residues in PROSA analysis e: y=0 ;;:)y:;: (% residues
rotein Name with >=0. -1D mappin
different regions of Ramachandran plot) (Z-score) e

score)
Gmm_Obp83al 92.5 core , 6.0 allowed, 1.5 general -5.73 80.67
0.0disallowed
4, .0 allowed,0.
Gpi Obpgzmy D0 core5i0allowed,0.0 517 7372
general,0.7disallowed
Gau_Obp83al 1.6 core, 7.6 allowed, 0.0 general, 0. -4.34 40.14
disallowed
Gff_Obp83al 96.2 core,3.8 allowed,0.0 -6 79.73
general,0.0disallowed
Gbr_Obp83al 96.3 core, 3.7 allowed,0.0 general 0.0 -5.64 80.54

disallowed

T Gau, G. austeni; Gbr, G. brevipalpis; Gff, G. fuscipes fuscipes; Gmm, G. morsitans morsitans and

Gpd, G. pallidipes.

5.3.3 Obp83al-Ligand(s) Docking

Scores of the predicted best poses for the docked ligands are tabulated in Table 5.2.
Lower scores indicate low free energies for the receptor-ligand complexes and vice versa.
The lowest scoring attractant (3-n-propylphenol) and repellent ((E)-6, 10-Dimethyl-5-9
undecadein-2-one) were visualized in LIGPLOT to visualized the amino acid residues
participating in binding. LIGPLOT reads in both the receptor and ligand 3D structures and
flattens them into a 2D structure showing the hydrogen bonds and hydrophobic interactions

involved.

Table 5.3: Summary of best pose scores for different ligands docked to OBP83al using AutoDock
Vina (Trott and Olson, 2010). The Values in bold correspond to the ligands with lowest scores

Docking Scores
Ligand ChemSpiderID
Gmm_OBP83al Gau_OBP83al Gpd_OBP83al Gbr_OBP83al Gff_OBP83al

Attractant

p-cresol(4- 1380 -6 -6 -54 -4.7 -6.2
Methylphenol)

Phenol 97 -5.5 -5.5 -5.3 -4.5 -5.5
Acetone 15 3.1 -3.1 -3.1 2.8 3.4
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Docking Scores {

Ligand ChemSpiderID
Gmm_OBP83al Gau_OBP83al Gpd_OBP83al Gbr_OBP83al Gff_OBP83al
3-n-propyphenol 2513 -6.8 -6.8 -6.2 -5.6 -6.7
1-Octen-3-ol (Octenol) 23253598 -5.6 -5.6 -5.5 -4.8 -5.6
Repellent
2-Methylphenol 13835772 -6 -6 -54 -4.7 -6.2
Acetophenone 7132 -6.6 -6.6 -6 -53 -6.6
2-Octanone 7802 =5.7 -5.7 -53 -4.6 -5.7
2-Nonanone 12632 -6.1 -6.1 -54 -5.1 -6.1
2-Undecanone 7871 -6.5 -6.5 -59 -5.3 -6.5
Delta- octalactone 12252 -6.2 -6.2 -5.8 -54 -6.2
(E)-6,10-Dimethyl5,9- 1266569 -7.9 -7.9 -15 -6.5 -1.9
undecadien-2-one
(E)-2-Heptenal 7838 -5.3 -53 -7.5 -4.4 -5.4
Nonanal 29029 -5.7 -5.7 -53 -4.8 -5.7
Undecanal 7894 -6.4 -6.4 -59 -5.1 -6.2
" Gau, G. austeni; Gbr, G. brevipalpis; Gff, G. fuscipes fuscipes; Gmm, G. morsitans morsitans and
Gpd, G.pallidipes

5.3.4 Molecular dynamic Analysis

Overall, the potential and kinetic energies of the each Obp83al homologs remained

stable during the molecular dynamic production for the complexes with the three ligands
(Figure 5.2). The global RMSD of the proteins varied with the binding of different ligands
(Figure 5.3). Nonetheless, the RMSD of the five homologs remained below 0.5 A° which is
relatively good for close homologs. The RMSD averages and standard deviation (STDEV)

for the three complexes are provided as footnotes under Figure 5.2.
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Figure 5.2: Time evolution of system energies: Potential energy of the system (A) and Kinetic energy

of the system (B).
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Figure 5.3: Time evolution of Root mean square deviation (RMSD). RMSD was determined for the
backbone atoms of OBP83al complexed with 3-n-propyphenol (A), (E)-6, 10-Dimethyl-5, 9-undecadien-2-one
(B) and d-octalactone (C)

Comparison of energies contributing to the binding and interaction of Obp83al with
the ligands is summarized in Table 5.3. The van der Waals forces, electrostatic interactions
and polar salvation energies were found to be the key players contributing to the binding
energy of the ligands. All the five Obp83al homologs, showed stronger affinity for repellent
(E)-6, 10-Dimethyl-5, 9-undecadien-2-one as compared to d~octalactone with Gau_Obp83al
showing the strongest affinity with binding energy of -444.389 and Gff Obp83al showing
the least affinity (binding energy = -367.697). On the other hand Gpd_Obp83al depicted
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relatively higher affinity for 3-n-propoylphenol (Table 5.3) as compared to the other four
homologs. The binding energy of Gpd_Obp83al was to determine to be three fold that of
Gff Obp83al, fivefold that of Gmm_Obp83al and Gbr Obp83al and fiftyfold that of
Gau_Obp83al. Further, different amino acids at the C-terminal were identified as key
contributors to the binding energies. The major players include Isoleucine (I-146) in
Gau_Obp83al, Threonine (T-149) in Gbr_Obp83al, Glutamine (Q-135) in Gff Obp83al,
Cysteine (C-138) in Gmm_Obp83al and Lysine (K-154) in Gpd_Obp83al.

Table 5.4: Summary of interaction energies for five Glossina OBP83al homologs complexed with three
different ligands: Attractant (3-n-propylphenol) and two repellents (delta- octalactone and (E)-6, 10-Dimethyl-5,

9-undecadien-2-one)

; Interaction Energies kJ/mol

Protein Name

van der Waal Electrostatic Polar-solvation SASA Binding
Gau_Obp83al -2.837 -0.587 1.229 0.000 -4.673
Gbr_Obp83al -79.108 -14.755 57.990 -10.844 -46.717
Gff_Obp83al -101.458 -27.949 69.363 -9.012 -69.058
Gmm_Obp83al  -74.362 -18.840 60.082 -10.358 -43.475
Gpd_Obp83al -8.277 -285.590 65.572 -2.232 -230.577
Gau_Obp83al -70.112 -6.768 37.864 -10.379 -49.395
Gbr_Obp83al -68.542 -5.405 34514 -10.045 -49.478
Gff_Obp83al -99.026 -1.124 45.239 -10.325 -65.242
Gmm_Obp83al  -78.478 -11.940 60.663 -11.065 -40.821
Gpd_Obp83al -86.447 -23.158 71.539 -10.887 -48.950
Gau_Obp83al -88.217 -572.428 230.577 -14.329 -444.389
Gbr_Obp83al -82.795 -384.980 111314 -12.068 -368.523
Gff_Obp83al -96.530 -588.071 331.484 -14.594 -367.697
Gmm_Obp83al  -94.107 -566.194 270.123 -13.890 -404.050
Gpd_Obp83al -91.244 -356.382 136.219 -11.614 -323.015

T Gau, G. austeni; Gbr, G. brevipalpis; Gff, G. fuscipes fuscipes; Gmm, G. morsitans morsitans and
Gpd, G. pallidipes.

5.4 Discussion

Conservation of sequence length and functional domain structure across the five

homologs (Table 5.1) suggest conserved role in the binding of odorants. Their corresponding

86



homology models generated in this study conformed to the alpha helical structure with three
disulphide bridges similar to what has been described in other insects including silk moth
(Sandler et al., 2000), mosquitoes such as 4. aegypti (Leite et al., 2009), the honey bee, 4.
mellifera (Lartigue et al., 2004) and Drosophila (Kruse et al., 2003).

Except for the G. austeni (Gau_Obp83al), the other four protein models surpassed the
default scores for a good protein model. This included at least 90% of residues falling in the
allowed core region under the Ramachandran plot (Laskowski et al., 1993), over 65% of a 3D
structure being mapped back onto its corresponding residues (Eisenberg ef al., 1997) and a
negative Z-score (Wiederstein and Sippl, 2007). Nevertheless, superimposition suggested
same conformation of the five models as most of the regions aligned without mismatches
(Figure 5.1, panel A»).

Molecular docking analysis showed affinity of the five OBP83al homologs against
the 15 ligands tested in this study (Table 5.2). This suggests that Glossina Obp83al is a
GOBP that does not bind selectively (Zhou et al,, 2009; Venthur et al., 2014). LIGPLOT
analysis performed on all Obp83alcomplexes revealed participation of different hydrophobic
amino acid residues in rigid docking (Figure S5.1. and Figure S5.2, respectively). The
docking scores obtained suggest that 3-n-propylphenol is the best tsetse attractant with
highest binding affinity across the five species. It is however worth noting that calculated
docking scores do not necessarily correlate to the actual binding affinity of ligands. In such
cases, third party scoring software could be used to independently determine the binding
affinities. Dynamic simulations of Obp83al homologs complexed with 3-n-propylphenol
revealed strong electrostatic interactions with G. pallidipes’ Gpd_Obp83al, which
corresponds to its high RMSD variation (Figure 5.2, panel A). This is in contrast with
complexes of the other four homologs from G. austeni (Gau_Obp83al), G. brevipalpis
(Gbr_Obp83al), G. f fuscipes (Gff_Obp83al) and G. m. morsitans (Gmm_Obp83al) where
van der Waal forces was the key contributor of binding energy. Relatively low binding
energy of 3-n-propylphenol to G. pallidipes (Gpd_Obp83al) suggested its high affinity for
the attractant compared to the other four homologs. This observation is consistent with earlier
findings where 3-n-propylphenol was found to catch twice the number of G. pallidipes
compared to G. m. morsitans flies despite the two being sympatric. On the other hand, the G.
austeni's Gau_Obp83al showed least affinity for 3-n-propylphenol. This result is supportive
of earlier report that G. austeni is less responsive to known host kairomones (except CO»)
relative to other species of the Morsitans group (Gibson and Torr, 1999). Interestingly, G. f.

fuscipes that belong to the palplis group, known for its non-responsive behavior to host odors
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had similar binding energies with G. m. morsitans and G. breviplapis. This observation rules
out non-functionality of any of the tsetse Obp83al but leaves its non-responsive behavior
unexplained. It is possible that differential response to host odors by different tsetse species is
partially due to underlying unknown differences in the downstream processing of odor
chemicals, rather than their ability to bind onto OBPs. Further analysis on amino acids
involved in the binding of 3-n-propylphenol may provide an explanation for the differential
responses observed across tsetse species, ultimately providing direction on how to optimize
control methods for each species.

Simulations of d-octalactone complexes showed relatively similar RMSD variations
of the five Obp83al homologs. However, that of Gau_Obp83al underwent a sharp decrease
at 750 ps rising to ~0.4A° afterward. The electrostatic interactions were found to have higher
contribution to the binding energies of d-octalactone that were relatively similar suggesting
potency of d-octalactone against all tsetse species sampled here. Its repellency has been
demonstrated against G. m. morsitans (Gikonyo et al., 2003; Mwangi, Gikonyo and Ndiege,
2008) and G.pallidipes (Gikonyo et al., 2002) but not in any other tsetse species. On the other
hand, (E)-6,10-Dimethyl-5,9-undecadien-2-one, has been reported among the waterbuck
compounds active on G. pallidipes (Gikonyo et al., 2002) though its potential in reducing fly
catches has not been reported. The waterbuck derivative, (E)-6,10-Dimethyl-5,9-undecadien-
2-one showed the lowest docking score suggesting that it could be a better repellent as
compared to d- octalactone. Interaction energies for (E)-6,10-Dimethyl-5,9-undecadien-2-one
with OBP83al homologs (Table 5.3) were lower as compared to those of d- octalactone. In
addition, unlike the binding of d-octalactone , which was seen to have strong van der Waals
forces, electrostatic energies were seen to contribute more to the binding energies of (E)-
6,10-Dimethyl-5,9-undecadien-2-one.

This study has shown high similarity in structure and relative binding energies of the
five Obp83al homologs. However, the mechanism involved in ligand release, their transfer to
corresponding odorant receptors and the speed of at which these processes occur remains
unknown. In mosquitoes, change of pH has been linked to conformational changes that lead
to release of bound ligand (Leite ef al., 2009) but has not been demonstrated in other insects.
There is need to undertake protein-ligand assays to validate the results generated in this study
as well as study the tsetse behavior towards dose-dependent responses of pure (E)-6,10-
Dimethyl-5,9-undecadien-2-one. Further, resolution of these proteins using experimental

methods may reveal differences in their binding properties.
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5.5 Conclusion

The 3D structures of Glossina Obp83al homologs determined in this study have
revealed high structural similarity among them. All the five homologs have active sites made
up of hydrophobic amino acid residues which are involved in protein-ligand interactions.
Their docking dynamics studied here support their involvement of tsetse’s Obp83al in
olfaction, specifically host seeking. Further, results of this study suggest that this protein is a
generalist (GOBPs) that binds to attractants and/or repellents. More so, conformation of the
proteins remains relatively stable upon binding of the ligands. The relative binding energies
calculated for the selected attractants and repellents suggest differential affinity for 3-n-
propyphenol across the five tsetse species. G. pallidipes showed highest affinity for the
attractant as compared to the other four species, similar to what has been observed in the
field. On the other hand, similar binding energies were determined for the water buck derived
compounds across the five species with (E)-6,10-Dimethyl-5,9-undecadien-2-one depicting
higher binding potential as compared to d-octalactone. Given that all the five Obp83al
homologs showed affinity for known tsetse baits, it could be that differential responses
exhibited by tsetse species arise during the downstream processing of odors. Therefore it is
recommendable to undertake studies on the odor processing and signaling machinery in tsetse

species to investigate this hypothesis.
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Supplementary Data

Table S5.1 Template used in Homology modeling of OBP83al

PDB code Description Resolution (A°) Reference

3Q8I An. gambiae OBP4 complexed with indole 2.00 (Davrazou et al., 2011)

3R72 A. mellifera OBPS 1.15 (Spinelli et al., 2012)

3V2L An. gambiae OBP 20 bound to polyethylene 1.8 (De Val etal., 2012)
glycol

100H Complex of Drosophila lush with butanol 1.25 (Kruse et al., 2003)

Table S5.2: Domain structure and BLASTp analysis of Glossina OBP83a homologs

Gene id Length Domain Closest e-value Percentage
(aa) co-ordinates homolog identity
start-end

Gau_Obp83al 147 32-144 Pheromone binding 3e-33 77
protein6:S.calcitrans

Gbr_Obp83al 158 40-152 Pheromone binding 2e-34 73
protein6:S.calcitrans

Gff_Obp83al 148 32-142 Obp83a: D. melanogaster le-33 63

Gmm_Obp83al 150 32-144 Pheromone binding 7e-37 76

protein6: M. domestica

Gpd_Obp83al 156 32-144 Pheromone binding protein Te-34 74

6:S. calcitrans
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Gpd_3pp_complex
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&)u% Gff_3pp_complex
M
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Figure S5.1: LigPLOT snapshot showing the OBP83al amino acid residues interacting with tsetse attractant 3-
n-propylphenol

Ghr_EDU

L Musi =

Cpd_EDU GMM_EDU

Figure S5.2: LigPLOT snapshot showing the OBP83al amino acid residues interacting with tsetse
repellent (E)-6, 10-Dimethyl-5, 9-undecadien-2-one
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CHAPTER 6
6.0 Study Summary and Future Perspectives

African trypanbsomiases continue to impact negatively on human and animal health
as well as income generating activities such as tourism. Eradication of African
trypanosomiases through chemotherapeutic measures remains infeasible due the cost
involved and the side effects of drugs. Scientists have thus resorted to using baited traps and
natural repellents to mitigate host-tsetse interactions in order to minimize trypanosome
infections. Despite the continued control efforts, tsetse flies have survived eradication mainly
because they show varied responses towards available baits and have evolved differential
tactics for locating their hosts. Furthermore, tsetse control efforts are concentrated in areas
with high tsetse populations such as national parks, ignoring areas with low tsetse

populations. This has resulted into re-invasion of previously cleared areas from time to time.

The work described in this thesis was designed to: (i) provide insights into the gene
structure and evolutionary relationships among chemosensory proteins in five tsetse fly
species in relation to other closely related dipteran insect species, (ii) determine the potential
non-olfactory roles played by chemosensory genes and (iii) determine binding properties of
Obp83al, which is potentially involved in host seeking, to known attractants and repellents.
Together, the data obtained from the various aspects of chemosensory gene families
investigated in this study greatly enhances our understanding of tsetse biology, particularly

chemosensation in the major tsetse species.

The findings of this study revealed a conserved gene repertoire across the Glossina
genus. Notably, approximately the same numbers of chemosensory genes ware annotated in
all the five Glossina species that were analyzed. With exception of three gustatory receptor
genes (Gr66a, Gr32a and Gr58c) that were not found in G. brevipalpis (considered as the
ancestral tsetse species). These three genes play a role in recognition of bitter compounds and
their role in G. brevipalpis could imply its avoidance of bitter tastants. The rest of the genes
showed little to no sequence variation. Although the majority of chemosensory genes that
were modeled revealed the right structures, a few of these genes were either incomplete
and/or fused with neighboring gene models. In an attempt to improve the incomplete gene
models, manual curation was performed. Although manual curation achieved up to 70 % of

correct models, the downside of this approach is that manual curation is time consuming,
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especially when dealing with huge data sets as was the case in the studies described in this
thesis. A potential approach to circumvent manual curation would be to improve the gene

finding algorithms for tsetse among other eukaryotes.

A few chemosensory gene loci (Obp83a, Gr21a, Gr28b and GluRIIA), which depicted
rapid evolution, were found to be under significant positive selection possibly to confer
adaptive advantage to the specific species. These genes could therefore be key in determining
suitable habitat for the different species. Nevertheless, the selection analyses conducted under
this study were limited by the number of available sequences leading to discrepancy in the
results obtained with the two software (PAML and HyPhy) used for selection analysis. This
could be improved by inclusion of more sequences as more genomes become available. In
addition, the 3D structures of proteins identified could be predicted and the specific amino
acids under pressure mapped. This could help determine if they play a significant role in

ligand binding and/or in protein interactions. Knowledge on how well these genes fit as

High abundance of genes in non-olfactory tissues and larvae suggest their
involvement in reproduction and development. Manipulation of such genes through
transgenesis or gene knock out techniques could offer an alternative approach to control of
testse hence mitigating their interaction with hosts. The in silico RNA-Seq approach used
here was faced with a challenge of the criteria of selecting appropriate cut-off values to
unequivocally qualify a gene as significantly expressed. A potential approach to solve this
problem would have been to conduct RT-qPCR on the identified genes to validate the results
obtained. This method was however out of the scope of this thesis, and is highly

recommended in future studies.

Further, functionality of tsetse OBPs was demonstrated through molecular docking of
an olfactory specific protein (Obp83al) that showed affinity with selected compounds used as
baits for control of tsetse flies. The Obp83al homologs depicted a conserved 3D structure
and binding site similar to that of close relatives such as Drosophila. The calculated relative
binding energies suggest high affinity for attractant (3-n-propylphenol) to G. pallidipes’
Obp83al homolog relative to the other four species. This could explain why the current baits
are effective in trapping of G. pallidipes flies as compared to other species. In contrast,
similar binding energies were calculated for the five homologs when bound to waterbuck
odor derivatives suggesting similar affinity for the repellent. Further studies into the binding
properties of tsetse attractants and repellents are necessary to provide a roadmap to improve

tsetse intervention startegies.
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The size of Glossina chemosensory protein families (CSPs, OBPs and SNMPs) was
found to be relatively similar to those of close dipterans such as house fly, fruit fly and the
malaria causing mosquito. On the other hand, these studies revealed that the Glossina
chemoreceptor repertoire (GRs, IRs and ORs) is relatively reduced in relation to that of other
insects. It is interesting to note that this study did not identify any sugar receptors (Gr5a,
Gr64a-f, and Gr43a) in any of the five tsetse species, presumably due to the hematophagous
nature of these insects. Rather, gene expansions were noted in CO, responsive gustatory
receptor (Gr21a), supporting the fact that tsetse flies like other insects locate their vertebrate
hosts through this volatile odorant. In addition, genes accrued to pheromone reception
(Or67d) and larval-stress response (Or45a) were expanded across Glossina spp. similar to
other insects. Observed expression profiles for the Glossina chemosensory genes in non-
olfactory tissues is similar to what has been reported in other insects. This observation

supports pleitropic roles of insect OBPs and CSPs.

Expression profiles predicted here hint at an unexplored alternative approach to vector
control which may target different stages of tsetse such as larvae for control. The study has
also provided support for potential molecular targets that could be used to improve odor-
baited control approaches. For instance genetic engineering of genes involved in larval
development could arrest their growth hence reducing tsetse populations. Similarly,
compounds that mimic host odors could be developed to interference with tseste’s reception

to host odors. These approaches though costly could contribute significantly to vector control.

Taken together, the objectives envisioned at the onset of this study were sufficiently
met by the methods used. Nevertheless, there are still a number of outstanding questions that
came along during the course of the study. For instance, although the tsetse fly species
investigated here had similar repertoire of chemosensory gene families, it still remains to be
elucidated why these different tsetse species show differences in host preference. Further, the
in silico studies suggested olfactory-specific activity of Obp83a in G. f fuscipes, yet this
Glossina species is not known to respond to any known baits. Again, this study could not
provide answers to this question. It is still not clear why G. pallidipes responds better to
known baits as compared its sympatric species and if the tsetse’s down-stream odor
processing is conserved across the species. Even though this study could not provide answers
to these and other outstanding questions, new research hypotheses could be inferred from
these questions as a means to foster further research into tsetse biology in relation to host

seeking behavior.
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The findings presented in this thesis necessitate undertaking further studies to reveal
any functional differences among the Glossina orthologs. In future, focus should be on
functional genomics of the genes identified in this study. It will be time worthy to undertake
selection analysis with genes from more species to increase the power of detecting genes
evolving under influence of natural selection. In addition, future work will include studying
the odor-processing and signaling mechanisms that may be responsible for species’
behavioral divergence. More studies should be undertaken to ascertain the binding properties

and molecular interactions of tsetse’s chemosensory proteins.

Improved bait technology for control of tsetse need to be coupled with active
surveillance of trypanosome infection in order to ensure timely treatment as well as provide
guided control strategies. The results of this study may prompt a change of tactic in vector
control management. Compounds inhibiting binding of tsetse attractants should be developed
and used to mitigate tsetse-host interactions. Similarly, genetic engineering of key
chemosensory proteins involved in non-olfactory functions should be explored for their
suitability in controlling tsetse populations. Targeting the identified targets for transgenesis is
a feasible option in this case. However, its application remains limited due to the public
opinion and regulation by government agencies. It is therefore important for scientists to
work together with relevant authorities in policy making, provision of funds and coordination

of control efforts.

Finally, the knowledge garnered in this study could be extended to combating other
disease vectors whose biology is closely related to that of tsetse fly. It will contribute to the
efforts of developing an integrated vector management (IVM) strategy which aims at
reducing cost of vector-borne disease management while minimizing detrimental effects on
the environment. To achieve this, there will be need to integrate these genomics data with
evolutionary ecology of the tsetse vector, molecular epidemiology of African
trypanosomiases, and mathematical modeling of the processes involved in the transmission of

the disease.
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