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ABSTRACT

Bemisia tabaci, the whitefly, is an economically important group of cryptic species that pose an
ongoing and major threat to global food security. Molecular characterization from at least one of the
species in the group is required urgently within whitefly community to define genetic differences
across distinct populations and to facilitate the development of more effective insecticides to help
farmers. In this thesis, the process of de novo assembly and characterizing transcriptome and
genome data of an Asia I population is described along with steps towards the development of
a genetic framework for insecticide discovery. A comprehensive transcriptome of adult females
of an Asia I population was assembled from 0.864 million reads generated using the Roche 454
sequencing platform. A total of 29,418 contigs produced using CLC Genomics of which 8,563
were assigned putative functions. A draft genome 828 Mbp of the Asia I population was produced
through de novo assembly of 206 million 250 bp paired-end reads generated on the Illumina MiSeq
2500 platform using Platanus. They were found to encode 41,981 PCGs and also contained 990
ncRNAs and repetitive elements (45.66%). A selection of 741 full-length genes were studied and
found to contain larger intron sizes together with repetitive elements that contribute to the larger
Asia I genome size and partly explain the difficulties encountered in genome assembly. Finally,
in addition to the B. tabaci Asia I genome, one mitogenome and three endosymbiont genomes
representing Portiera, Wolbachia and Arsenophonus were obtained from the same sequence library.
The development of a genetic framework is described as a side-project which uses Drosophila
essential genes as a reference to identify orthologs in other insects and validates with ChEMBL
targets. The ‘omics’ data presented in this thesis provides a comprehensive sequence resource for
Asia I populations and demonstrates the workflow of obtaining genetic information of host and its
endosymbionts.
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CHAPTER 1

Introduction

Insects are the largest and the most divergent group of species within the invertebrates, encompassing
29 orders and over 800,000 different insect species (Zdobnov and Bork, 2007; Vea and Grimaldi,
2016). Insects represent more than half of the total living organisms known (Chapman, 2009;
Wilson, 2009). The order Hemiptera is the most diversified group of non-holometabolous insects
(Kristensen, 1991; New, 2011) and is the fifth largest order of insects after Coleoptera, Diptera,
Hymenoptera and Lepidoptera (Schuh and Slater, 1995; Grimaldi and EngeL, 2005; Cameron et al.,
2006; New, 2011) within the class Insecta. Hemipteran insects such as whiteflies, aphids and scale
insects have piercing or sucking mouthparts, and are the largest group of plant-feeding insects
(Dolling, 1991; Chougule and Bonning, 2012). Whiteflies belonging to the species complex Bemisia
tabaci (Gennadius) (Hemiptera: Aleyrodidae) have emerged as destructive pests of agricultural,
ornamental and horticultural crops worldwide (Boykin et al., 2007; Wan et al., 2009; Barro et al.,
2011; Li et al., 2011), infesting > 600 plant species in tropical and temperate regions (Martin
et al., 2000; Cuthbertson et al., 2007; Naranjo and Ellsworth, 2009). B. tabaci whiteflies can cause
extensive damage to a wide diversity of plant hosts ranging from major vegetables and salad crops
to tropical and sub-tropical crops. Damage can be direct through feeding on plant phloem sap or
indirect via acting as vectors for a large range of plant pathogenic viruses (Czosnek et al., 2002;
Dalton, 2006; Jiu et al., 2006; Seal et al., 2006; Malka et al., 2016).

The complex is responsible for yield losses of billions of dollars annually (Dalton, 2006; Seal
et al., 2006; Crowder et al., 2009; Naranjo et al., 2010). B. tabaci has recently been shown to
represent a “cryptic species” complex including at least 37 morphologically indistinguishable,
but genetically diverse populations (Dinsdale et al., 2010; Barro et al., 2011; Hu et al., 2011a;
Alemandri et al., 2012; Liu et al., 2012; Parrella et al., 2012; Firdaus et al., 2013; Hu et al.,
2014). To date, the method of choice for classification of members of this species complex has
been pairwise genetic divergence (3.5%) within a fragment of the mitochondrial cytochrome c
oxidase I (mtCOI) gene (Dinsdale et al., 2010; Hu et al., 2011a; Trautwein et al., 2012). Members
of the B. tabaci species complex are on the list of “100 of the World’s Worst Invasive Alien
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Species” (http://www.issg.org/database/species/search.asp?st=100ss) by the International Union for
the Conservation of Nature and Natural Resources (IUCN) (http://www.issg.org).

1.1 Why sequence the whitefly genome?

The relatively recent explosion of available whole genome sequences and expressed sequence tags
(ESTs), and their use in insect transgenesis, has given a new direction to researchers within the field
of entomology (IAGC, 2010; Wang et al., 2011, 2012; Fraser, 2012). A genome sequence reveals
the gene structure, predicts the function of genes, and elucidates the genetic variations within the
genome in comparison with other genomes (Stark et al., 2007; Behura et al., 2011). This combined
with efforts made to quantify total mRNA, proteins and metabolites in any living organism, have
led to the development of three new ‘omics’ fields: the transcriptomics (total mRNA) (Tariq et al.,
2011), the proteomics (all proteins) (Wiśniewski et al., 2012) and the metabolomics (all metabolic
pathways) (Chan et al., 2010). A genome sequencing project is a dynamic field that combines
traditional biology with these bioinformatics areas, and many aspects are not possible without a
whole genome sequence for comparison.

To date, there has been no genome sequence released for any B. tabaci populations. Efforts have,
however, been made to characterize transcriptomes of several B. tabaci species (Leshkowitz et al.,
2006; Wang et al., 2010a, 2011; Xie et al., 2012; Wang et al., 2012; Seal et al., 2012). Sequencing
the genome of B. tabaci has become a major area of interest to characterize the total set of genes
and their structures which may help to improve current understanding of diversity across B. tabaci
species and relation between host range and bacterial endosymbionts. Whole genome sequencing of
B. tabaci benefits whitefly biology by providing sequence information of the essential genes that
are required at the different stages of life from egg to adult. The discovery of essential genes in B.
tabaci could lead to the identification of a potential novel insecticide targets for this economically
important pest.

Essential genes are the indispensable sets of genes required by an organism in order to survive under
specific conditions. A better understanding of insect biology relies on identification and analysis
of these essential genes, required for growth to a fertile adult (Koonin, 2000, 2003; Kobayashi
et al., 2003; Zhang and Lin, 2009). The proteins encoded by the essential genes are generally
found conserved across species (Zhang and Lin, 2009). Spradling and colleagues approached the
identification of essential genes in D. melanogaster by knocking out these vital genes through
mutations (Spradling et al., 1999).

Currently available chemical insecticides exert their effects on a very limited number of targets that
are essential for electrical signaling in the insect nervous system. These include the voltage-gated
sodium channel (He et al., 2011), GABA and the glutamate gated chloride channels (Buckingham
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et al., 2005), and the nicotinic acetylcholine receptor (nAChr) (Matsuda et al., 2001) and AChE
(Pang, 2006). Due to a variety of issues including the threat of emerging resistance to commonly used
pesticides, and the undesired effects on beneficial insects, the task of identifying novel insecticidal
targets has in the past decade emerged as one of the most significant challenges for the agrochemical
industry (Hemingway et al., 2002; Oakeshott et al., 2003; He et al., 2007; Munhenga et al., 2008).

Using the power of informatics, genomes from different B. tabaci species can be compared to
find the similarities and variations between their genomes. This comparison could help to develop
multi-target insecticides for eliminating this agricultural pest and also provides a better understanding
of how they may become resistant to insecticides, which is a major problem for pest control globally
(Hemingway et al., 2002). Chemical control has been widely used to manage B. tabaci populations
(Palumbo et al., 2001). The insecticides that have been used in the past to control this pest have
included neurotoxic compounds, neonicotinoids and pyrethroids (Karunker et al., 2009; Luo et al.,
2010; Yuan et al., 2012). However, B. tabaci has rapidly developed resistance to many insecticides
upon extensive exposure to chemical insecticides (He et al., 2007; Roditakis et al., 2009; Luo
et al., 2010) and due to endosymbiont activities (Mahadav et al., 2008). Insecticide resistance
in Asian populations of the whiteflies has been widely studied where it is a major problem (Luo
et al., 2010; Wang et al., 2010b; Xie et al., 2012; Yuan et al., 2012). Metabolic resistance to
chemicals is the most common mechanism enhanced by overproduction of detoxification enzymes
in herbivorous insects (Despres et al., 2007). In insects, detoxification mechanisms to plant toxins
and chemical insecticides are mediated by three multigene families: glutathione S-transferases
(GSTs), cytochrome P450 monooxygenases (cytochrome P450) and carboxylesterases (COEs)
(Johnson, 1999; Claudianos et al., 2006; Schuler, 2011). B. tabaci species have developed defence
strategies via changing structures and functions of such detoxification genes: the Middle East-Asia
Minor 1 (MEAM1, previously referred to as the ‘B biotype’) and Mediterranean (MED, previously
referred to as the ‘Q biotype’) species have inducible and constitutive defences respectively (Elbaz
et al., 2012).

In previous years many insecticides have been discovered, and nowadays their mechanisms of
action can be identified with the help of the target pest’s genome sequence. Some studies have
investigated the transcriptional response of whiteflies to different plant hosts using high-throughput
RNA sequencing (Wang et al., 2010a, 2011, 2012).

Despite the availability of various transcriptome sequence information for the B. tabaci species
complex, whole genome sequencing has become a major challenge mainly because of two reasons:
genome complexity (size of the genome, size of the non-coding regions, high level of repetitive
elements and heterozygosity) and innate complex biology (symbiosis) (Chu et al., 2013). The major
aim of this study was to develop whitefly genome resources using next-generation sequencing
technologies to assist in resolving the phylogeny of the whitefly species complex and to explore
new strategies for controlling its most damaging members.
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1.2 A genome is preferred over a transcriptome

During the last decade, sequencing and annotation of expressed sequence tags (ESTs) was the
most cost-effective approach to understand the protein encoding capabilities of the whitefly species
(Leshkowitz et al., 2006; Wang et al., 2010a, 2011, 2012; Xie et al., 2012; Seal et al., 2012; Upadhyay
et al., 2015). However, recent innovations in Next Generation Sequencing (NGS) technologies have
made sequencing faster and more cost-effective. Nowadays, sequencing machines are capable of
sequencing the whole genome of any living organism within a few days at high speed with low
sequence error rates (Loman et al., 2012).

Characterisation of a genome has become a major area of interest for the identification of genes, their
organization and expression within the genome, identification of the total set of proteins and their
biological functions, and homology and diversity with other species (IAGC, 2010; Ng and Kirkness,
2010). For any species, when there is an interest in a near-complete gene set, whole genome
sequencing is a more robust approach than sequencing merely the expressed genes (transcriptome).
While transcriptome sequencing can only provide information on the genes that were expressed
at the time of sample collection, one may lose the lowly expressed genes (especially genes that
are expressed at different life stages). In contrast, whole genome sequencing aims to yield a
complete gene catalogue. Although the gene catalogue from a whole genome sequencing may still
be incomplete due to the complexity of genome where certain regions are difficult to sequence
and assemble, the gene catalogue will still be more complete from whole genome sequencing than
even the deepest of transcriptome sequencing. Most importantly, many EST and transcriptome
sequencing projects produce only an estimated set of protein coding genes, which will be insufficient
as a large portion of the genome will be represented by non-coding regions (Gerstein et al., 2010).

A genome from at least one of the species in the whitefly complex has been required urgently for the
past decade, both to begin to define functional differences within geographically and physiologically
distinct populations, as well as to facilitate the development of novel pest-control technologies. In
the present study, comprehensive transcriptome and genome sequencing of an Asia I population
of the B. tabaci species complex were performed along with characterisation of endosymbiont
genomes within this population.
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1.3 Thesis structure

This thesis is organised as follows. Chapter 2 reviews literature relevant to the research questions
addressed regarding the biology, bacterial symbiosis, host range and virus transmission, pest control
and ‘omics’ data from research to date on members of the B. tabaci whitefly complex. Chapter
3 describes characterisation of B. tabaci Asia I transcriptome using next-generation sequencing
and comparison with other whitefly populations where such data was available. After assessing
the quality of raw sequencing reads, the assembly of the transcriptome data was performed using
three different assemblers to try to achieve a high-quality assembly. The assembly was evaluated
using different approaches and then functional annotations were assigned. The annotations were
compared with existing transcriptomes from other whitefly clades and discussed for each of the
analyses performed.

In Chapter 4, a new strategy is described that was developed to explore the quality of the Asia I
genome assembly and at the same time observe structural relationships between ortholog genes
across different insect species. The initial stage of the strategy used in Chapter 4 is based on
mapping of full-length transcripts to the genome assembly using existing software and getting a
glimpse of the gene structure of this whitefly prior to annotation of the genome. The next stage
involves comparison of the whitefly gene structures with their corresponding orthologs from nine
different insects. A detailed analysis was performed on the gene structure of Asia I species as there
was no genomic information available for this pest. This large-scale comparative analysis revealed
some interesting features which could provide a new insight in to the biology and evolution of these
whitefly and also point towards the complexity of genome.

The very first draft genome of the B. tabaci Asia I population, is described in Chapter 5. The chapter
outlines most of the analyses associated with any genome sequencing project. One of the main
advantages of the strategy used in Chapter 4 is to train the gene model prediction algorithms which
were used in the genome annotation pipeline. The effect of this was observed while evaluating the
assembly as described in Chapter 4, where results were significantly improved while using gene
models that were predicted by trained gene prediction algorithms. In Chapter 5, the genomic reads
were filtered prior to assembly to remove any bacterial endosymbionts. The complete proteomes
were compared within the hemipteran group of insects to reveal the gene expansion or contractions
and results were discussed. This draft genome sequence of Asia I will provide a useful genomic
resource to the community to better understand the genetic evolution of this insect and also provide
the reference for other clades. The resource will also benefit via providing essential gene information
for insecticide target discovery and play an important role in controlling this devastating pest.

In addition to the host genome, four additional genomes were obtained from the genome sequencing
reads of Asia I population. Chapter 6 describes the methods and brief annotations of these four
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genomes which were the mitochondrial genome and three bacterial endosymbiont genomes, namely
Portiera, Wolbachia and Arsenophonus. The complete mitochondrial genome of B. tabaci was
obtained and compared with the mitogenomes of other B. tabaci species. The genome sequence
comparison between three B. tabaci species from the complex and one whitefly as an out group
revealed similarity and diversity across them. As the mtCOI has been widely used to classify
these B. tabaci species, a complete mitogenome will provide more genes to study the phylogeny
across B. tabaci species complex. The genome assembly and annotation of Portiera, the primary
endosymbiont of Asia I populations, is also described in Chapter 6. In addition, this Portiera
genome was compared with the equivalent Portiera genomes from two B. tabaci species (MEAM1
and MED). Later in Chapter 6, the genome assembly and annotation of Wolbachia, a secondary
endosymbiont of Asia I populations, is described. There is no genome available to date for this
bacterial species from any whitefly host and therefore this draft assembly should help to understand
the mechanisms involved in this symbiotic interaction. The PCGs of the Wolbachia genome from
Asia I populations were compared to other Wolbachia PCGs from different insect hosts to study
the genes gained or lost, and core genes shared across all. The genome of another secondary
endosymbiont, Arsenophonus, was also obtained and annotated using the same approach as used for
Wolbachia.

Chapter 7 describes the workflow to identify potential target genes to control pests and vectors via
chemical or non-chemical approaches. The attempt was made at the beginning of this research
study and established a genomic framework that utilizes the power of bioinformatics. The first
phase of workflow shows how to obtain a set of corresponding orthologs from different species
of interest (in this study, the aphid Acyrthosiphon pisum (Hemiptera: Aphididae), the malarial
vector Anopheles gambiae (Diptera: Culicidae) and the honeybee Apis mellifera (Hymenoptera:
Apidae)) using a highly curated set of essential genes from Drosophila melanogaster (Diptera:
Drosophilidae). The workflow incorporate the beneficial pollinator A. mellifera to allow the best
potential target genes for pests and vector species to be selected. The second phase was to confirm
the biological importance of the gene orthologs using a protein family database (Pfam) and their
structures using the Protein Data Bank (PDB) and the Conserved Domains Database (CDD). Further,
it also validated the chemical tractability of the potential targets using the ChEMBL database. And
the third phase focused on a comparison of active sites in the target genes across the different
insect species included in the workflow to select the potential target gene for chemical insecticide
development or non-chemical approaches like RNAi and CRISPR/Cas9. The complete genomic
framework would be suitable to any species with genomic information available to identify potential
target genes for effective control strategies.

Chapter 8 summarizes the findings of each chapter and highlights future directions for the methods
and results presented in this thesis.
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Literature review

2.1 Whitefly - B. tabaci

B. tabaci was first described in 1889 by Panayiotis Gennadius, an Inspector of Agriculture, on
tobacco crops in Greece and named the tobacco whitefly, Aleyrodes tabaci (Gennadius, 1889).
Another whitefly was collected in 1897 on sweet potato in southeastern USA and described as
sweet potato whitefly, Aleyrodes inconspicua (Quaintance, 1900). Later in 1914, this species were
transferred to the genus Bemisia giving a new name to the type species of the genus, Bemisia
inconspicua (Quaintance and Baker, 1914). By 1964, an additional 19 whitefly species were defined
across 14 different countries on a variety of plant hosts (Perring, 2001). Synonmization of these
species of whitefly into B. tabaci followed by the placement of tabaci into the genus Bemisia by
Takahashi (1936).

The whitefly, B. tabaci (Figure 2.1), is genetically diverse and is distributed globally, being present
across Asia, the Middle East, the Indian subcontinent, Africa, Australia, southern Europe, the Pacific
and the Americas (Boykin et al., 2007; Dinsdale et al., 2010; Barro et al., 2011). Amongst over
1,200 known whitefly species worldwide (Mound and Halsey, 1978), B. tabaci represents a cryptic
species complex, containing economically important pest and virus vectors for many agricultural,
horticultural and ornamental crops worldwide (Boykin et al., 2007; Xie et al., 2012). Members of
the whitefly species complex cause considerable crop damage globally (Pimentel et al., 2005) and
are considered to be one of “world’s top 100 worst invasive alien species” [http://www.issg.org/
database/species/search.asp?st=100ss] by the International Union for the Conservation of Nature
and Natural Resources (IUCN) list: http://www.issg.org.
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FIGURE 2.1: Whitefly, B. tabaci. (http://pakagrifarming.blogspot.co.uk/2013/06/)

2.1.1 The whitefly species complex

B. tabaci consists a complex of cryptic species, originally considered as “biotypes”, which are
morphologically similar but genetically distinct (Brown et al., 1995; Liu et al., 2012; Pan et al.,
2012). Although the genetic diversity and economic importance of the B. tabaci species complex
have been recognized, there has been debate about its species status for decades with regard to
whether B. tabaci is “a complex species or a species complex” (Brown, 2010; Dinsdale et al., 2010;
Barro et al., 2011). A range of DNA-based techniques have been used for the identification of these
whitefly species (Barro et al., 2000; Lisha et al., 2003; Brown and Idris, 2005; Rabello et al., 2008;
Ahmed et al., 2010; Guo et al., 2012). As these species are morphologically indistinguishable, the
study of the sequence diversity of a fragment of the mtCOI gene has been widely used to address
the global relationships across B. tabaci species (Dinsdale et al., 2010; Hu et al., 2011a). The
mtCOI was used by Frohlich et al. (1999) for the first time to delimit lineages of the B. tabaci
complex using the 3’ end of the mtCOI gene, a standard region adopted by subsequent researchers
to understand the genetic diversity within the complex. The analysis by Dinsdale et al. (2010)
provided a framework based on 3.5% pairwise genetic divergence in mtCOI suggesting that B.
tabaci is a cryptic species complex including at least 24 morphologically indistinguishable species.
Later, Hu et al. (2011a) added four more species based on phylogenetic analysis by Dinsdale et al.
(2010) and increased the list of species to 28. Firdaus et al. (2013) and Hu et al. (2014) used the
same approach and identified three and one more new species respectively which totals 32 putative
species (Table 2.1). More species may be added to the list according to field surveys in India
(Chowda-Reddy et al., 2012). Previously, B. tabaci was divided into more than 30 morphologically
indistinguishable ‘biotypes’ (Banks and Markham, 2000; Perring, 2001; Liu et al., 2012) based on
mating compatibility, virus transmission ability (Costa et al., 1993; Bedford et al., 1994; Maruthi
et al., 2001, 2004; Shankarappa et al., 2007) and esterase profiles (Brown et al., 1995). It can be seen
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from (Table 2.1) that there is no direct correspondence of biotypes with putative species identified
by mtCOI sequence.

Species group Species Biotypes

Africa/Middle East/Asia Minor Mediterranean Q, J, L, and Sub-Saharan Africa Silverleafing
Middle East-Asia Minor 1 B and B2
Middle East-Asia Minor 2
Indian Ocean MS

Asia I Asia I H, M, NA, and PCG-2
Asia II Asia II 1 K, P, PCG-1, PK1, SY, and ZHJ2

Asia II 2
Asia II 3 ZHJ1
Asia II 4
Asia II 5 G
Asia II 6
Asia II 7 Cv
Asia II 9
Asia II 10
Asia II 11
Asia II 12

Asia II India Asia II 8
Asia III Asia III
Asia IV Asia IV
Australia Australia AN
Australia/Indonesia Australia/Indonesia
China China 1 ZHJ3

China 2
China 3
China 4

Italy Italy1 T
Italy2

Japan1 Japan1
Japan2 Japan2
New World New World A, BR, C, D, F, Jatropha, N, R, and Sida

New World 2
Sub-Saharan Africa Sub-Saharan Africa 1

Sub-Saharan Africa 2 S
Sub-Saharan Africa 3
Sub-Saharan Africa 4
Sub-Saharan Africa 5

Uganda Uganda

TABLE 2.1: The 37 putative species groups of B. tabaci species complex identified by Dinsdale
et al. (2010), Hu et al. (2011a), Boykin et al. (2012), Firdaus et al. (2013), Hsieh et al.
(2014) and Hu et al. (2014).

Phylogeny studies based on mtCOI sequence have revealed at least 37 distinct genetic groups within
the B. tabaci complex based on sufficient evolutionary distance between each group indicating that
they seem to be different species (Dinsdale et al., 2010; Barro et al., 2011; Hu et al., 2011a; Liu
et al., 2012; Firdaus et al., 2013; Hu et al., 2014). Although the concept of B. tabaci as a complex
of cryptic species has now been widely accepted, the nomenclature used to describe these species
has been highly variable and confusing. Species of the B. tabaci complex have been referred to as
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populations, haplotypes, biotypes, putative species, genetic groups, clades and species. Therefore,
the need for a revised nomenclature of B. tabaci species has been approached recently (Boykin,
2014).

2.1.2 Whitefly economic impact

Members of the B. tabaci species complex have caused excessive crop damage worldwide and
because of their host range across extensive areas, it has been difficult to estimate with confidence
their economic impact. From its first identification in Greece in the late 19th century (Gennadius,
1889) until the late 1920s, B. tabaci was not considered as a serious pest. It was first described as
a serious pest in the early 1930s on cotton in northern India (Hussain and Trehan, 1933). Later,
severe infestations were reported on cotton in Sudan and Iran (1950), El Salvador (1961), Mexico
(1962), Brazil (1968), Turkey (1974), Israel (1981), Thailand (1978), USA (1981) and Ethiopia
(1984) (Basu, 1995). Other major crop damage was recorded due to the attack by the B-biotype in
the 1990s (Baoli et al., 2007), and now B. tabaci is held responsible for crop losses and economic
damage of over US $5 billion annually (Czosnek and Brown, 2010).

2.1.3 Whitefly host range and virus transmission

This hemipteran pest is capable of transmitting hundreds of different plant viruses from seven distinct
groups: geminiviruses, luteoviruses, carlaviruses, potyviruses, closteroviruses, nepoviruses and a
DNA-containing rod-shaped virus (Duffus, 1987, 1996). The geminiviruses (Family Geminiviridae:
Genus Begomovirus) represent the most important and abundant group, containing at least 200
species, including Tomato yellow leaf curl virus (TYLCV), Tomato mottle virus (TMV), and African
cassava mosaic virus (ACMV) (Fauquet et al., 2008). Viruses belonging to the genus Begomovirus
are some of the most economically damaging plant viruses reducing crop yields from 20% to
100% (Brown and Bird, 1992). The major symptoms of this virus are leaf curling, yellow veining,
yellow mosaics, stunting and vein thickening (Anon, 2001). Begomoviruses contain single-stranded
circular DNA genomes unlike the majority of plant viruses, which possess RNA genomes. The only
vectors known for begomoviruses are members of the B. tabaci species complex, which transmit the
viruses in a persistent and circulative manner (Brown, 2007). There is no robust evidence available
for the existence of other insect species able to transmit begomoviruses. Cassava mosaic disease
(CMD) caused by cassava mosaic begomoviruses (CMBs) transmitted by B. tabaci was reported in
Africa (Fauquet and Stanley, 2003). It has been reported that CMD causes 20 - 90% yield losses
worldwide (Thresh et al., 1998; Dasgupta et al., 2003; Owor et al., 2004). Tomato yellow leaf curl
virus (TYLCV) affecting tomato crops throughout the world has severely reduced production of
tomatoes (Czosnek and Laterrot, 1997). There are several other whitefly-transmitted viruses that
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can cause heavy yield losses including the virus species Tomato mottle virus (TMV), Bean golden
mosaic virus (BGMV), Bean golden yellow mosaic virus (BGYMV), Cotton leaf curl virus (CLCV),
Mung bean yellow mosaic virus (MYMV), Lettuce infectious yellows virus (LIYV) and Sweetpotato
chlorotic stunt virus (SPCSV) (Oliveira et al., 2001). Begomovirus-induced diseases can be severe,
due to poorly selective, and ineffective chemical control of the vector B. tabaci, as well as resistance
mechanisms developing in whitefly populations to insecticides (He et al., 2007; Ma et al., 2007;
Luo et al., 2010; Wang et al., 2010b; Xie et al., 2012; Yuan et al., 2012).

Populations of B. tabaci that are highly polyphagous have been recorded as serious pests on
a large range of plant hosts and a major reason behind the worldwide distribution of this pest
seems to be linked to international trade in plants and their products (Dalton, 2006; Baoli et al.,
2007). According to previous studies, this pest can attack vegetables, ornamentals and a range of
economically important crop plants: 52 host plants were reported in Israel by Avidov and Harpaz
(1969), 172 plants were reported in Egypt by Azab et al. (1971) and Gameel (1972) reported
115 host plant species in Sudan. Mound and Halsey (1978) recorded 420 host plants from 74
different families worldwide and later, more than 500 host plants were reported by Greathead (1986).
Amalgamating these reports has led to B. tabaci being known to feed on more than 600 host plant
species worldwide in greenhouse as well as in the field (Gelman et al., 2005; Li et al., 2011) and crop
hosts include sweet potatoes (Ipomoea batatas), cotton (Gossypium hirsutum), cassava (Manihot
esculenta), tobacco (Nicotiana tabacum), and tomatoes (Lycopersicon esculentum). Recently,
Li et al. (2011) reported that B. tabaci keeps expanding its plant host range, and recorded 361
different plant species belonging to 89 families in China alone, including host plants belonging to
the Cucurbitaceae, Compositae, Cruciferae, Leguminosae and Solanaceae.

B. tabaci causes damage to plant hosts directly via feeding large amount of sap from phloem sap
and indirectly by honey dew excretion on fruits and leaves. Honey dew can lead to sooty mould
development, which interferes with photosynthesis and other processes in the leaf, which in turn
leads to plant products of both poorer quality and yield (Byrne and Bellows, 1991).

2.1.4 Whitefly control strategies

For the past few decades, chemical insecticides have been the primary strategy to control B. tabaci
species as a pest (Castle et al., 1996; Dennehy et al., 1996; Palumbo et al., 2001). In the past,
‘imidacloprid’, a chloronicotinyl systemic insecticide of the class neonicotinoids was the most
effective insecticide to control whiteflies (Elbert et al., 1990; Mullins, 1993; Palumbo et al., 2001).
However, there is currently no satisfactory insecticide to control these whitefly as it has become
resistant to chemical insecticides in many parts of the world (Cuthbertson et al., 2011; Broughton
et al., 2013).

11



CHAPTER 2

Predictable chemical control of the whitefly, B. tabaci is difficult. A number of insecticides have
effectively controlled this pest in the past but resistance has developed rapidly. These include
neurotoxic compounds (bifenthrin, fenpropathrin, endosulfan, acephate, methamidophos, and
amitraz), neonicotinoids, insect growth regulators (IGRs), and pyrethroids (Horowitz and Ishaaya,
1996; Prabhaker et al., 1998; Karunker et al., 2009; Luo et al., 2010; Yuan et al., 2012).

Insecticide resistance in B. tabaci is often associated with metabolic detoxification by oxidative
and hydrolytic pathways (Byrne et al., 2000; Rauch and Nauen, 2003; Feng et al., 2010), although
organophosphate and pyrethroid resistance in B. tabaci develops due to the modification in target
site of acetylcholinesterase (AChE) and the voltage-gated sodium channel (Morin et al., 2002;
Roditakis et al., 2009; Alon et al., 2008). Mutation in the ace1 gene for AChE has been identified at
position 331 (F to W) in B. tabaci biotype-B that triggers the resistance against organophosphate
(Alon et al., 2008). Within the same species two mutations in the voltage-gated sodium channel
have been identified at position 918 (M to V) and 925 (L to I) that makes the species resistant to
pyrethroids (Morin et al., 2002). Cross-resistance between neonicotinoids and pymetrozine has also
been identified in B. tabaci (Rauch and Nauen, 2003; Gorman et al., 2010). Insecticide resistance in
B. tabaci species has been extensively studied in different populations across China (He et al., 2007;
Ma et al., 2007; Luo et al., 2010; Wang et al., 2010b; Xie et al., 2012; Yuan et al., 2012).

The current control strategies are insecticide driven, but efforts are being made to integrate other
methods including non-chemical, cultural and biological methods, and their combination has been
found as providing the most effective control (Ellsworth and Martinez-Carrillo, 2001). Integrated
pest management (IPM) systems have been developed for whitefly pest control which have the four
cornerstones including chemical control, host plant resistance, cultural practices and biological
control (Gilbertson et al., 2011). Cultural practices have been seen to be more effective because of
their preventative nature in controlling whiteflies (Hilje et al., 2001). There are some other methods
like natural enemy augmentation and conservation that could also be integrated for whitefly control
(Gerling et al., 2001; Naranjo, 2001). The current goal to control whiteflies is to develop sustainable
and ecologically-based management systems.

2.1.5 Whitefly life cycle and biology

The life cycle of B. tabaci has four main stages: egg, larvae (four stages), a pupa and adult, and
ranges from 2.5 - 3 weeks depending on temperature, which optimally is 25 - 30°C (Gerling and
Mayer, 1996; Johnson et al., 2005). Depending on the temperature, an adult female can lay 50 - 400
eggs on the undersides of leaves. The eggs are very small (up to 0.2 mm in length and 0.09 mm in
diameter), whitish-yellow in colour, oval in shape and tapered at their distal end (Gerling and Mayer,
1996). Over a period of five to seven days, the eggs start hatching at 25°C and become brown. At
the nymphal stage (first nymphal instar is 0.3 mm in length) there is only limited movement up to
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few centimeters, and so this stage is known as a ‘crawler’. The crawlers molt to a second nymphal
instar in 2-3 days once they have begun feeding (Mohanty and Basu, 1987). The second, third and
fourth nymphal instars are oval in shape, yellowish in colour and immobile. The nymphs excrete a
waxy material outside their body that helps them to adhere to the leaf. The fourth nymphal instar
is 0.6 mm long with atrophied legs, small eyes and antennae (Brar et al., 2005). The nymphs use
their piercing-sucking mouth part to suck the plant sap. At the end of the nymphal stage, the pupal
stage begins where the eyes become red, the body expands to 0.7 mm and becomes yellow in colour.
Upon development of adult from pupa, the adult B. tabaci are 2 - 3 mm in length with white wings
and yellow body (Gerling and Mayer, 1996; Johnson et al., 2005; Mann et al., 2009).

Whiteflies are arrhenotokous parthenogenetic insects, meaning an embryo that develops from an
unfertilized egg results in a hemizygous male progeny (Gullan and Cranston, 2010; Thompson,
2011). Asexually produced males are haploid, containing half the number of chromosomes as
females that are produced sexually and which are diploid (Byrne and Devonshire, 1996; Carriere,
2003; Horowitz et al., 2003). This haplodiploid reproductive system promotes insecticide resistance
development in the hemizygous male insects (Horowitz et al., 2003; Crowder et al., 2009). This
is because if the resistance genes result from mutations are open to selection from the outset in
hemizygous males, even if a resistance gene is recessive, semi-dominant or dominant, resistance
can still develop at the same rate (Denholm et al., 1998; Horowitz et al., 2003; Crowder et al., 2009).
A comparative study between the greenhouse whitefly and the sweet potato whitefly, suggested
that males are less tolerant to insecticides than females (Horowitz et al., 1988; Carriere, 2003).
However, research on whiteflies reveals that B. tabaci resistant males are as tolerant as resistant
females (Carriere, 2003; Horowitz et al., 2005).

2.1.6 Whitefly endosymbionts

Endosymbioses are commonly found in insects as up to 50% of all insects rely on intracellular
bacteria for their proper development and growth (Kikuchi, 2009; Kuechler et al., 2011). One
of the insect’s defenses against parasitoids and pathogens can be beneficial symbiont(s) living
within the insect host. B. tabaci hosts bacterial endosymbionts (Baumann, 2005) and there are two
groups of endosymbionts in B. tabaci: primary endosymbionts and secondary endosymbionts. To
date, there have been eight endosymbionts reported in B. tabaci including the primary essential
endosymbiont “Candidatus Portiera aleyrodidarum” (Oceanospirillales; hereafter ‘Portiera’) (Sloan
and Moran, 2012a), as well as a range of secondary endosymbionts including Rickettsia spp.
(Rickettsiales; hereafter ‘Rickettsia’) (Gottlieb et al., 2006), “Candidatus Cardinium hertigii”
(Bacteroidales; hereafter ‘Cardinium’) (Weeks et al., 2003), “Candidatus Hamiltonella defensa”
(Enterobacteriales; hereafter ‘Hamiltonella’) (Zchori-Fein and Brown, 2002), Arsenophonus
spp. (Enterobacteriales; hereafter ‘Arsenophonus’) (Zchori-Fein and Brown, 2002), “Candidatus
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Fritschea bemisiae” (Chlamydiales; hereafter ‘Fritschea’) (Everett et al., 2005), Candidatus
Hemipteriphilus asiaticus (hereafter ‘Hemipteriphilus’) (Bing et al., 2013a) and Wolbachia spp.
(Rickettsiales; hereafter ‘Wolbachia’) (Nirgianaki et al., 2003). No correlation has been identified
between B. tabaci species and their secondary endosymbionts on a global scale as the same species
may harbour certain endosymbionts in one geographic region and not in the other (Gueguen
et al., 2010; Skaljac et al., 2010; Marubayashi et al., 2014). These communities of secondary
endosymbionts in B. tabaci can vary across different species and their geographical distributions.
Although these secondary endosymbionts have different patterns of localisation inside B. tabaci,
they all share bacteriocytes with Portiera (Gottlieb et al., 2008; Skaljac et al., 2010). These frequent
infections of the primary endosymbiont along with different secondary endosymbionts make B.
tabaci an interesting model species to study the metabolic complementation across endosymbionts.

Portiera is a primary endosymbiont residing in specialized cells called bacteriocytes in B. tabaci
(Baumann et al., 2004) and provides carotenoids (Sloan and Moran, 2012a) as well as essential
nutrients to supplement the restricted diet provided by host plants (Baumann, 2005). Other
endosymbionts are secondary endosymbionts in B. tabaci and these appear to play significant (but
not essential) roles in ecology and biology (Gottlieb et al., 2010; Brumin et al., 2011; Himler et al.,
2011). For example, the detoxification of insecticide has been correlated to high bacterial densities
in B. tabaci (Ghanim and Kontsedalov, 2009). The composition and density of endosymbionts in B.
tabaci is very important as it has been reported to influence virulence of the endosymbiont and its
transmission to the offspring (Kondo et al., 2005). Recent research by Pan et al. (2013) suggests
that insecticide resistance and host plant adaptation changes the relative amount of endosymbionts
Portiera, Rickettsia, Hamiltonella and Cardinium in B. tabaci MEAM1 population.

Portiera

Portiera, a gammaproteobacteria, is the primary endosymbiont of the whitefly species complex and
therefore infects every individual B. tabaci species. This endosymbiont is confined in specialized
host cells called the bacteriocytes and is vertically transmitted which has resulted in parallel
evolution with their hosts for millions of years (Wilson et al., 2010; Husnik et al., 2013; Sloan et al.,
2014). As a result of this endosymbiotic relationship, an extreme genome reduction and degradation
has been observed in many insect hosts that harbour primary endosymbionts, predominantly in
the Sternorrhyncha species, including Portiera in whiteflies (Sloan and Moran, 2012a, 2013;
Santos-Garcia et al., 2012), Buchnera aphidicola in aphids (Shigenobu et al., 2000; Pérez-Brocal
et al., 2006), Carsonella ruddii in psyllids (Sloan and Moran, 2012), as well as two mealybugs,
Tremblaya princeps and Moranella endobia (McCutcheon and vonDohlen, 2011; Husnik et al.,
2013; López-Madrigal et al., 2013). Portiera infected insect hosts use plant phloem sap as an
unbalanced food source which is then complemented by the primary endosymbiont via providing
essential amino acids to their hosts (Douglas, 1998). Similarly, Portiera has been known to provide
essential nutrients to B. tabaci species (Baumann, 2005). Interestingly, Sloan and Moran (2012a)
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have reported Portiera has the ability to synthesize carotenoids in whiteflies that insects generally
obtain from their diet.

Portiera complete genome sequence have been obtained from two different B. tabaci species (MED
and MEAM1) and analysed by Jiang et al. (2012). For the MED population, they reported a Portiera
genome size of 350,928 base-pairs (bp) comprising 281 protein coding genes (PCGs) and 36 RNA
coding genes. In contrast, for the MEAM1 population, the genome size reported was 351,658
bp comprising 277 PCGs and the same 36 RNA coding genes. Later, these Portiera genomes
from MED and MEAM1 populations were found incomplete by Sloan and Moran (2012a) and
Santos-Garcia et al. (2012). Sloan and Moran (2012a), sequenced and analyzed the Portiera genome
from MEAM1 population and reported its size to be 358,242 bp (Genbank accession: CP003708)
with GC content of 26.2% comprising 296 genes encoding 256 proteins, 33 transfer RNAs (tRNAs)
and three ribosomal RNAs (rRNAs). Santos-Garcia et al. (2012), reported a slightly smaller 357,472
bp (Genbank accession: CP003835) long Portiera genome from the MED population with GC
content of 26.1% and comprising 292 genes encoding 246 proteins, eight pseudogenes and 38
noncoding RNA genes (33 tRNAs, three rRNAs, rnpB, and tmRNA). These genome sizes were
confirmed by Jiang et al. (2013) for Portiera genomes from both the MEAM1 and MED populations.
They identified that a 6 kilo base-pairs (kbp) region containing three genes (yidC, membrane
protein insertase; trmE, GTP-binding protein; gidA, tRNA uridine 5-carboxymethylaminomethyl
modification enzyme) was absent in their previous assemblies (Jiang et al., 2013). Comparisons
revealed 99.8% similarity between the Portiera genomes from the MEAM1 and MED which had
similar gene synteny although the Portiera from MED population was found to be 770 bp shorter
than that of MEAM1 population (Jiang et al., 2013).

Wolbachia

Wolbachia strains are the most widely distributed rickettsial endosymbionts across the major
arthropod classes (Hilgenboecker et al., 2008) and are particularly prevalent in herbivorous insects
of the Hemiptera suborder Sternorrhyncha (aphids, whiteflies, psyllids, scales and mealybugs)
(Moran, 2001). They are transmitted maternally and enhance this process by manipulating the host’s
reproductive systems by, for instance, feminization of genetic males, parthenogenesis, cytoplasmic
incompatibility, and killing male progeny (Stouthamer et al., 1999; Werren et al., 2008). In addition,
Wolbachia benefits its insect hosts by provision of essential nutrition, (e.g. in bedbug (Hosokawa
et al., 2010), increasing fitness in uzifly (Guruprasad et al., 2011), leaf-mining moth (Kaiser et al.,
2010) and mosquito (Dobson et al., 2002)), increasing host stem cell proliferation (Fast et al.,
2011), and also protecting its host from a range of RNA viruses (Hedges et al., 2008; Teixeira et al.,
2008; Moreira et al., 2009; Glaser and Meola, 2010). Although the putative role of Wolbachia
in B. tabaci species remains poorly defined, its infection has been identified in several B. tabaci
species (Zchori-Fein and Brown, 2002; Nirgianaki et al., 2003; Bing et al., 2014) and has been
found responsible for a cause of cytoplasmic incompatibility across its host species (Barro and Hart,
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2000). A recent study by Xue et al. (2012) investigated the physiological roles of Wolbachia in
development and reproduction of B. tabaci MED population by selectively eliminating it using the
antibiotic ‘rifampicin’ and then comparing the biology of Wolbachia-infected and -uninfected MED
population. For Wolbachia-infected MED population, they found that the Wolbachia is associated
with the complete development of nymph, increased percentage of female progeny and adult life
span, and decreased juvenile development time. The significant reduction in nymph body size was
found in uninfected MED population which suggest Wolbachia may supply nutrient to its host (Xue
et al., 2012).

Hamiltonella

Hamiltonella, a gammaproteobacteria, is a maternally transmitted endosymbiont harboured by
some plant sap-sucking insects including whiteflies and aphids. In some aphids, this secondary
endosymbiont provides defence against parasitoid wasps which results in high mortality of wasp
larvae (Oliver et al., 2003) or an increase in the heat tolerance of the host by inducing the expression
of host heat shock genes (Russell and Moran, 2006). In the whitefly species complex, Hamiltonella
infection has been found in only two B. tabaci species including MEAM1 and MED (Gottlieb et al.,
2008; Chu et al., 2011; Thierry et al., 2011; Bing et al., 2013b). Similar to the other secondary
endosymbionts in B. tabaci, Hamiltonella shares bacteriocytes with the primary endosymbiont
Portiera (Gottlieb et al., 2008; Skaljac et al., 2010). Hamiltonella has been identified as a mutualistic
endosymbiont with a host-dependent metabolism, relying on its host primary endosymbionts
for required nutrients (Degnan et al., 2009). The essential nutrients not provided by primary
endosymbiont might be supplied by host secondary endosymbionts. The genome sequencing of
Hamiltonella revealed gene annotations which indicate the ability of Hamiltonella to synthesize
amino acids and cofactors (Rao et al., 2012a). Other studies suggest that Hamiltonella was associated
with an increase in whitefly fitness (Su et al., 2013). Hamiltonella has also been found to facilitate
the transmission of TYLCV (Gottlieb et al., 2010) through protein-protein interaction between
Hamiltonella GroEL protein and TYLCV coat protein (Morin et al., 1999).

The draft genome sequence of Hamiltonella from a MED population was found to be 1.84 Mbp with
a GC content of 40.3% and containing 372 scaffolds encoding 1,806 proteins (Rao et al., 2012a).

Rickettsia

Rickettsia are small (0.4 by 0.9 -m), gram-negative, ↵-proteobacteria harboured by both invertebrate
and vertebrate hosts. In B. tabaci, a Rickettsia was first reported by Gottlieb et al. (2006). Later,
Rickettsia was also identified in other B. tabaci species including Asia II 7, China 1, Asia II 3 and
Indian Ocean populations (Bing et al., 2013b,a; Gueguen et al., 2010). Unlike other endosymbionts
in B. tabaci, Rickettsia are not confined to the bacteriocyte but rather were found throughout
the body of the whitefly. Rickettsia are maternally inherited via entering into oocytes (Gottlieb
et al., 2006). Transmission of Rickettsia in B. tabaci has also been reported while feeding on host
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plants, which implies rare interspecific horizontal transmission (Caspi-Fluger et al., 2012). This
secondary endosymbiont has been associated with dramatically increasing the fitness of whitefly,
resulting in sex ratio distortions with higher proportion of females, and faster developmental stages
(Himler et al., 2011). In addition, Rickettsia has also been shown to confer resistance to heat shock
(Brumin et al., 2011) and greater susceptibility to various insecticides (Kontsedalov et al., 2008).
In fact, the highest susceptibility to acetamiprid, thiamethoxam, sporimesifen and pyripoxen was
found in double-infected (Rickettsia-Arsenophonus or Rickettsia-Wolbachia) strains (Ghanim and
Kontsedalov, 2009). This increased susceptibility has been demonstrated in both MEAM1 (Chiel
et al., 2007) and MED populations of the whitefly complex (Ghanim and Kontsedalov, 2009).

The draft genome sequence of Rickettsia from a MEAM1 populations was determined to be 1.24
Mbp with a GC content of 32.1% and comprising 335 scaffolds and 1,247 proteins (Rao et al.,
2012b).

Cardinium

Cardinium was first characterized in an Encarsia wasp, a parasitoid of B. tabaci, and it was proposed
as the species type (Zchori-Fein et al., 2004). Subsequently, bacterial infections from the genus
Cardinium were identified in arthropods including whiteflies, ticks, mites and spiders (Zchori-Fein
and Perlman, 2004; Gruwell et al., 2009; Nakamura et al., 2009). The genus Cardinium has been
classified into four subgroups (A, B, C and D) and strains, adopting a similar nomenclature to
Wolbachia (Lo et al., 2002; Nakamura et al., 2009; Edlund et al., 2012). Similar to Wolbachia
endosymbionts, Cardinium has been reported as a reproductive manipulator in several arthropods
because of the diverse effects associated with it, including cytoplasmic incompatibility, feminization
and parthenogenesis induction (White et al., 2011). However, these effects have not been reported
on B. tabaci and hence it is possible that Cardinium might also be a mutualistic endosymbiont in
this insect species complex. Previous studies on secondary endosymbiont co-infections in B. tabaci
revealed that the species infected with Cardinium are, however, very unusual, particularly the C1
strain which is predominantly found in whiteflies (Gueguen et al., 2010).

The genome sequence of Cardinium cBtQ1 from a MED population is 1.065 Mbp long containing
11 contigs with a GC content of 35%, 709 PCGs, 35 tRNAs, three rRNAs and 156 pseudogenes
(Santos-Garcia et al., 2014a). A comparison with the Cardinium cEper1 lineage revealed gene
loss in Cardinium cBtQ1 which affected genes encoding cofactors and amino acid biosynthesis.
Additionally, the Cardinium cBtQ1 genome also revealed a large proportion of transposable elements,
which cause chromosomal rearrangements and have inactivated genes. Chromosomal duplication
and a multicopy plasmid were also reported in the Cardinium cBtQ1 genome, which encodes certain
proteins that play a role in gliding motility and potential insecticidal activity (Santos-Garcia et al.,
2014a).
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Arsenophonus

Bacterial endosymbionts falling into the Arsenophonus (Proteobacteria) genus are found in approxim-
ately 5% of total arthropods (Duron et al., 2008; Nováková et al., 2009). Arsenophonus has been
found to be present in important insect pests including the whitefly, B. tabaci (Thao and Baumann,
2004), the lerp psyllid, Aphis gossypii (Hansen et al., 2007), and the soybean aphid, Aphis glycines
(Wille and Hartman, 2009), but its functional role inside these pests remains poorly characterized.
However, Rana et al. (2012) have found protein-protein interaction between the Arsenophonus
GroEL protein and the Cotton leaf curl virus (CLCV) coat protein, and reported the active role
of Arsenophonus in virus transmission in whitefly. Another active role of Arsenophonus has been
documented in the parasitoid wasp, Nasonia vitripennis, the bacteria Arsenophonus nasoniae
causing male egg mortality (Huger et al., 1985; Werren et al., 1986; Gherna et al., 1991; Duron
et al., 2010). Previous studies have also suggested a defensive role of Arsenophonus inside its hosts.
According to Hansen et al. (2007), during the geographical survey of the lerp psyllid, Glycaspis
brimblecombei, they found a positive correlation between the frequency of Arsenophonus infection
and parasitism, which suggested the potential of Arsenophonus to provide selective benefits to the
psyllid populations under heavy parasitism pressure (Hansen et al., 2007).

Fritschea

Fritschea was first identified by Thao et al. (2003) in the B. tabaci species complex. It belongs to
the order Chlamydiales and was classified into four families based on 16S and 23S rDNA sequence
phylogeny (Thao et al., 2003). The genus Fritschea has unknown effects on its host and not much is
known about its phenotypes. However, Chlamydiales endosymbionts in B. tabaci have only been
found inside bacteriocytes in the gut, which are transmitted directly to oocytes from the parent
(Everett et al., 2005).

Hemipteriphilus

A novel Orientia-like bacterial endosymbiont was detected in B. tabaci (Bing et al., 2013b) and
later this bacterium was described as Hemipteriphilus in a China 1 population of the B. tabaci
complex (Bing et al., 2013a). According to phylogenetic analysis of 16S rRNA and the gltA
gene, this bacteria belongs to the Alphaproteobacteria, a subdivision of the Proteobacteria and is
closely related to human pathogens of the genus Orientia. Hemipteriphilus was found in a China
1 population (tentative species) with the infection rate ranging from 46.2% to 76.8%. Similar
to the other secondary endosymbionts, this endosymbiont was also found to be confined in the
bacteriocytes of B. tabaci sharing this localization with the primary endosymbiont Portiera (Bing
et al., 2013a).
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2.2 Current status of whitefly ‘omics’ data

Using the power of NGS techniques, extensive genetic sequence information of any organism
can be obtained from two principal forms namely DNA (whole genome sequencing) and mRNA
(whole transcriptome sequencing). In the context of B. tabaci, whole transcriptomes of various
population/species of the whitefly cryptic species complex have been sequenced and analyzed by
research groups across the globe (Leshkowitz et al., 2006; Wang et al., 2010a, 2011, 2012; Xie et al.,
2012; Seal et al., 2012; Upadhyay et al., 2015). Whole genome sequencing projects for MEAM1
and MED populations are ongoing and have not been published yet. However, various estimations
of their genome sizes have been published as 640-682 Mbp (MEAM1 and MED) (Guo et al., 2015)
and 680-690 Mbp (MEAM1) (Chen et al., 2015), which are lower than the previously estimated
genome size 1,020 Mbp of MEAM1 population (Brown et al., 2005).

Thus to date, whitefly ‘omics’ data represents the genetic information of the whitefly species complex
in the form of whole genome sequencing, whole transcriptome sequencing and mitochondrial
genome sequencing. Genome sequence information of some of the aforementioned endosymbionts
is also published (see earlier sections).

2.2.1 Transcriptome sequencing

Since the first publication of a B. tabaci transcriptome in 2006 (Leshkowitz et al., 2006), four other
transcriptomes of different B. tabaci populations have been sequenced and characterized. The order
of their publication has been as follows: MED (Wang et al., 2010a), MEAM1 (Wang et al., 2011;
Xie et al., 2012), Asia II 3 (Wang et al., 2012) and Asia I populations (Seal et al., 2012; Upadhyay
et al., 2015). Of these, Asia I population (Seal et al., 2012) was sequenced at an adult stage using
Roche 454 and MEAM1 population was also sequenced using Roche 454 including egg, nymph
and adult stages whereas the rest were sequenced at different developmental stages using shorter
read length Illumina sequencing technology.

MED

A transcriptome of MED, a cryptic species of the B. tabaci complex, was sequenced and analyzed
by Wang et al. (2010a). The cDNA libraries were prepared from total mRNA extracted from eggs,
nymphs, pupae and adult whiteflies. Using the Illumina sequencing GAII platform, more than 43
million reads of 75 bp in length were generated. Initial assembly of these reads generated 4,274,766
contigs with length ranging from 22 bp to 2,189 bp using SOAPdenovo (Li et al., 2010). These
contigs were further assembled into 170,115 scaffolds using paired-end (PE) joining and gap-filling.
Using the TGICL program (Pertea et al., 2003), these scaffolds were clustered into 168,900 unique
sequences including 1,206 clusters and 167,694 singletons. Sequence homology searches against
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the non-redundant (nr) database at the National Center for Biotechnology Information (NCBI)
returned 27,290 unique sequences with BLAST hits using an E-value cutoff of 1E-05. There were
20% of distinct sequences that had top-hits to A. pisum, followed by Pediculus humanus corporis
(15%), Tribolium castaneum (12%), and Apis mellifera (10%). They also found 126 sequences
scored highest homology with the limited existing B. tabaci sequences at the nr database and the
majority of them were to heat shock protein and cytochrome P450s. The BLAST results were further
annotated by assigning gene ontology (GO) terms to 7,330 sequences which were classified into
52 groups and 214 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were assigned
to 11,104 sequences. The raw sequencing reads were deposited at the NCBI Short Read Archive
(SRA) database under the accession number: SRX018661.

MEAM1

MEAM1, considered as one of the most invasive and destructive cryptic species of the B. tabaci
complex, has been studied extensively. Transcriptome sequencing of MEAM1 has been carried out
by three different groups: Leshkowitz et al. (2006), Wang et al. (2011) and Xie et al. (2012). The
very first transcriptome of any B. tabaci species was sequenced by Leshkowitz et al. (2006), who
generated independent cDNA libraries from eggs, immature instars (crawler to pupae) and adults of
non-viruliferous whiteflies. There were 18,976 sequences generated in total from all the libraries of
which only 9,110 sequences remained after quality, vector and adapter trimming, and mitochondrial
sequences being removed. These 9,110 sequences then assembled into 3,843 singletons and 1,017
contigs using Staden gap4 (Bonfield et al., 1995). About 45% of the total singletons and contigs
had a homology from nr, Nucleotide, Swissprot, EST databases with an E-value cut-off of 1E-06.
The taxonomy distribution of the homolog sequences found that 58% of singletons and contigs had
a sequence homology to insects including A. gambiae, A. mellifera, B. tabaci and D. melanogaster.
All the raw sequences were deposited to the EST database at NCBI under the accession numbers
EE595518-EE604534, EE674607-EE674699.

Wang et al. (2011) sequenced the transcriptome at developmental life stages including egg, nymph,
pupa, adult female and male using the Illumina sequencing GAII platform. A total of 17 million
reads of 75 bp in length were generated and assembled into 123,055 contigs using SOAPdenovo
software (Li et al., 2010). These contigs were further assembled into 104,722 scaffolds using
PE joining and gap filling, and these were clustered into 57,741 distinct sequences and 57,606
singletons. Of these 57,741 distinct sequences, only 15,922 (27.60%) were assigned functional
annotation using BLASTX of which 4,711 sequence were assigned GO terms. In comparison with
the MED population transcriptome, they found 3,585 pairs of high quality orthologs which inferred
their sequence divergence with MEAM1 population. Analysing sequence divergence, they found
average differences as 0.83%, 1.66% and 1.43% in coding, 5’ untranslated and 3’ untranslated
regions respectively. The raw reads can be accessed from NCBI SRA database with the accession
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SRX022878, and the assembled sequences can be searched at the Transcriptome Shotgun Assembly
(TSA) database using the accession numbers HP643344 to HP701084 (Wang et al., 2011).

Xie et al. (2012) also sequenced the transcriptome of MEAM1 at developmental life stages including
egg, nymph and adult, but using the Roche 454 GS FLX sequencing platform. After quality
checking, trimming low quality reads and removing mitochondrial, rRNA and short reads (<100 bp),
approximately 340 Mbp size of transcriptome was generated from 857,205 reads. The latter reads
assembled into 178,669 unigenes including 23,694 isotigs and 154,975 singletons. Based on the
sequence homology at nr database, of the total 178,669 unigenes, 30,980 had homology with insects,
17,881 from bacteria and 129,808 remained as non homologous at an E-value cut-off of 1E-05.
Among the homolog sequences, 40,611 unigenes were assigned GO terms and 288 KEGG pathways
were assigned to 6,917 unigenes. This de novo metatranscriptome analysis reported a wide diversity
of bacterial endosymbionts in B. tabaci as well as genes representing the synthesis of amino acids in
host endosymbiont relationships. Further in-depth analysis revealed putative molecular markers and
potential insecticide resistance genes. They found over-expression of cytochrome P450 genes in the
thiamethoxam-resistant B. tabaci compared to thiamethoxam-susceptible B. tabaci populations. The
above Roche 454 transcriptome reads were deposited in the NCBI SRA database under accession
number SRA036954.

Asia II 3

The transcriptome of Asia II 3, another cryptic species of the B. tabaci complex, was sequenced in
2012 (Wang et al., 2012). Using the GAII Illumina sequencing platform, 16 million reads of 74
bp in length were generated. These reads were assembled into 144,103 contigs with an average
length of 201 bp using the SOAPdenovo assembly program (Li et al., 2010). These contigs were
further assembled into 77,263 scaffolds with a mean size of 359 bp and clustered into 52,535 distinct
sequences. Of these 52,535 sequences, only 16,596 (31.60%) were annotated based on BLASTX
sequence homology against protein database at nr. Illumina sequencing reads were deposited at the
NCBI SRA database under the accession number SRR062575. The assembled sequences were also
deposited at the TSA database at DDBL/EMBL/GenBank under the accession numbers HP777244
to HP823074 (Wang et al., 2012).

Asia I

Asia I, one of the cryptic species from the B. tabaci complex, is the subject of this thesis. The
transcriptome of Asia I population was sequenced and analyzed at the University of Greenwich
(Seal et al., 2012). The transcriptome sequencing of adult females from an Asia I population from
India was performed using the Roche 454 Titanium platform, and generated 310,094 single reads
with a mean read length of 336 bp. The initial assembly of these single reads by CLC Genomics
Workbench generated 14,217 contigs of which 3,821 were identified as core contigs based on their
consensus sequence length. Of the total 3,821 core contigs, only 1,997 (52.26%) were assigned
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functional annotations using the nr database and 6,714 GO terms including 2,618 terms associated
with biological process, 2,439 associated with molecular function and 1,657 associated with cellular
function. A. pisum, a hemipteran insect pest, was found to be the closest species to Asia I with the
highest number of BLASTX top-hits. The assembly required manual curation as well as strategies
to achieve accurate transcriptome assembly from this existing sequencing reads (Seal et al., 2012).

Recently, another transcriptome of Asia I population was sequenced from different developmental
stages including egg, pupa and an adult using the Illumina HiSeq1000 platform (Upadhyay et al.,
2015). A total of 1,324,517 scaffolds were assembled from 83 million PE reads using the ABySS
assembler (Simpson et al., 2009). Using CAP3 program (Huang and Madan, 1999), these scaffolds
were further assembled into 72,716 unitigs comprising 34,428 contigs and 38,288 singletons. Of
the total 72,716 unitigs, only 21,129 (29.05%) were annotated with 52,847 GO terms and 131
KEGG pathways (Upadhyay et al., 2015). The assembly was deposited to the TSA database at
DDBL/EMBL/GenBank under the accession numbers GAUC00000000 and GAUL00000000.

2.2.2 Mitogenome sequencing

The mitochondrion occupies a substantial portion of the cytoplasmic volume of eukaryotic cells
and is responsible for various cellular functions including ATP production, apoptosis, energy
transduction, detoxification and signal transduction (Torres et al., 2009; Reeve and Lightowlers,
2012). It has also been shown to be essential in the evolution of many complex species (Lang et al.,
1999; van der Giezen, 2011). With few exceptions, most insect mitogenomes constitute 37 genes
in total including 13 PCGs, 22 tRNAs and two rRNAs (rrnL and rrnS) (Clary and Wolstenholme,
1985; Boore, 1999). For the past two decades, the mtCOI gene has been used extensively as a
molecular marker to distinguish different members of the B. tabaci complex based on their mtCOI
phylogeny. Through these pivotal works on mtCOI phylogenies, B. tabaci has been indicated to be
a complex of cryptic species with at least 37 distinct genetic groups (Dinsdale et al., 2010; Barro
et al., 2011; Hu et al., 2011a; Alemandri et al., 2012; Liu et al., 2012; Parrella et al., 2012; Firdaus
et al., 2013; Hu et al., 2014). The rise of mtCOI phylogeny as a molecular tool to demonstrate the
delimitation of species in the B. tabaci has led to a complete mitochondrial genome comparison to
better understand the global evolutionary genetic relationship across the species of this complex.
The sequencing and analysis of complete mitogenomes has been facilitated by advances in NGS
technologies (Behere et al., 2016). To date, the complete mitogenomes from only three species of
the B. tabaci complex (New World I, MED and Asia I) have been published and hence comparisons
on the phylogeny of complete mitogenomes versus the mtCOI have been limited (Thao et al., 2004;
Wang et al., 2013; Tay et al., 2016).
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New World I

New World I, one of the cryptic species of the B. tabaci complex, was the first species from
the complex whose complete mitogenome was sequenced and characterized (Thao et al., 2004)
(GenBank accession: AY521259). The complete mitogenome of New World I is 15,322 bp long
consisting 13 PCGs, 22 tRNAs, two rRNAs and two repeat regions. Thao et al. (2004) also
sequenced mitogenomes of other whiteflies (not belonging to the B. tabaci complex) including
Tetraleurodes acaciae (GenBank accession: AY521626), Neomaskellia andropogonis (GenBank
accession: AY572539), Aleurochiton aceris (GenBank accession: AY572538), Trialeurodes
vaporariorum (GenBank accession: AY521265), and Aleurodicus dugesii (GenBank accession:
AY521251) along with one psyllid, Pachypsylla venusta (GenBank accession: AY278317) and
one aphid, Schizaphis graminum (GenBank accession: AY531391). They found very similar gene
synteny in two whitely species (T. vaporariorum and A. dugesii), one aphid (S. graminum) and one
psyllid (P. venusta) to that of the proposed ancestral gene order in insects. However, a different
gene arrangement to that of the proposed insect ancestor were also seen in the remaining four
whiteflies which included B. tabaci, T. acaciae, N. andropogonis and A. aceris. The rearrangement
was caused by excision of a DNA fragment encoding for COI-tRNAgly-NADH dehydrogenase
subunit 3 (ND3)-tRNAala-tRNAarg-tRNAasn between ATP synthase subunit 6 (ATP6) and NADH
dehydrogenase subunit 5 (ND5) genes.

MED

The mitogenome of a MED population was assembled by Wang et al. (2013) using the complete
mitogenome of the New World I population as a reference. Initially, eight contigs were assembled
from the MED population mitogenome sequencing by mapping reads to the New World I population
reference mitogenome followed by contig joining and gap filling to build the complete mitogenome
of MED population. The complete mitogenome of MED population is 15,632 bp long and encodes
37 genes in total including 13 PCGs, 22 tRNAs and two rRNAs (Wang et al., 2013), similar to the
New World I population and most metazoan mitogenomes (Boore, 1999). The MED population
mitogenome also contains 10 non-coding regions of at least 10 bp in size. They also found overlap
across two pairs of genes (NADH dehydrogenase subunit (ND4) - ND4l) by 3 bp and (ATP6 - ATP
synthase subunit 8 (ATP8)) 10 bp on the same strand, which is common in insect mitogenomes
(Beckenbach and Stewart, 2009; Negrisolo et al., 2011). Polyadenylated genes were also found
such as cytochrome c oxidase subunit I COXI, cytochrome oxidase subunit II COXII and ND5 with
partial stop codons, which are completed by changing T to the TAA stop codon via polyadenylation.
Similar gene arrangements were found by comparative analysis of the mitogenomes from MED and
New World I populations. However, in-depth sequence comparison of 13 PCGs revealed 21.30%
overall divergence between MED and New World I populations (Wang et al., 2013), which was
higher than the divergence of marker gene mtCOI (14.9%) that has been used to delimit the species
of the B. tabaci complex (Dinsdale et al., 2010; Barro et al., 2011; Hu et al., 2011a; Alemandri
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et al., 2012; Liu et al., 2012; Parrella et al., 2012). The complete mitogenome of MED population
was deposited at DDBL/EMBL/GenBank database under the accession number JQ906700.

Asia I

The complete sequence of an Asia I population mitogenome was sequenced and assembled by Tay
et al. (2016). This represented the third complete mitogenome sequence published from the B.
tabaci species complex. The complete mitogenome of this Asia I population is 15,210 bp in size and
consists of 13 PCGs, 22 tRNAs, two rRNAs and a 467 bp putative control region with A+T repeats.
Similar gene synteny was found between the Asia I population mitogenome and the above two
mitogenomes of B. tabaci complex members New World I and MED. In addition, overall similarity
was also found with the mitogenome of Bemisia afer, a whitefly of another Bemisia species complex
(Chu et al., 2010), with only one tRNAsera being absent in B. after. Comparative analysis of the Asia
I population mitogenome with the New World I and MED populations mitogenomes revealed no
gene rearrangement but found one minor difference as tRNAarg found on “plus” strand in Asia I
population whereas on “negative” strand in New World I and MED populations (Tay et al., 2016).
The complete mitogenome of this Asia I population was deposited at DDBL/EMBL/GenBank
database under the accession number KJ778614.
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De novo transcriptome assembly and characterization from Bemisia tabaci
cryptic species Asia I

3.1 Introduction

The whitefly species complex, B. tabaci, exists as a complex of “cryptic species”, originally
considered as “biotypes” and containing at least 37 morphologically indistinguishable and genetically
distinct cryptic species (Dinsdale et al., 2010; Barro et al., 2011; Hu et al., 2011a; Alemandri et al.,
2012; Liu et al., 2012; Parrella et al., 2012; Firdaus et al., 2013; Hu et al., 2014). These species differ
in host range, virus transmission, mating behaviour, isozymes, genetic composition and fecundity
(Liu et al., 2007; Crowder et al., 2010). Among them, two genetic clades of the complex, MEAM1
and MED have been studied extensively and considered the most predominant and damaging species
(Perring, 2001; Liu et al., 2007). In this particular study, the Asia I species of the B. tabaci complex
from India was focused on due to the lack of genetic information of this important pest of cotton for
which insecticide resistance development is a particular problem.

The genetic diversity and divergence across the B. tabaci species complex is very important to
determine how species specific phenotypes have been formed. However, little is known of the
molecular factors driving such differences across these species, and it is not clear how transcriptomes
of these species have been affected by natural selection through divergence from a common ancestor.
To date, most population studies involving B. tabaci genotyping have used DNA sequence based
methods to differentiate B. tabaci species. These have included only a few genes such as mtCOI,
16S ribosomal DNA, RNApyII, shaw, prp8 and the nuclear ribosomal intergenic transcribed spacer 1
(Boykin et al., 2007; Dinsdale et al., 2010; Barro et al., 2011; Hsieh et al., 2014). Partial mtCOI
gene sequences (657 bp) have been the most widely used molecular marker for this species complex
and can be carried out on a single insect (Dinsdale et al., 2010; Hu et al., 2011a; Liu et al., 2012).
However, it is certain that the vast majority of important genetic traits will not be reflected in the
mtCOI status of B. tabaci. Additionally, the identification of individual genes may not provide
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an accurate description of genome-wide sequence divergence. It is therefore important to identify
other genetic markers to obtain more robust genomic divergence across B. tabaci species and to
complement the results of mtCOI genotyping. Transcriptome sequencing is a rapid way to obtain
large numbers of nuclear as well as the mitochondrial gene markers and can represent a near
complete catalog of expressed genes to study genome-wide sequence divergence.

Recent advancements in next generation sequencing technologies offer rapid and high-throughput
sequence determination in genomic research for which less or no genomic resource is available
(Gibbons et al., 2009). To date, there is no draft genome available for any B. tabaci species.
Transcriptome sequencing using high-throughput, next generation sequencing has already provided
a rich molecular resource for better understanding of molecular mechanisms of insecticide resistance
and functional analysis of differentially expressed genes in the MED, MEAM1 and Asia II 3
populations (Wang et al., 2010a, 2011, 2012). Significant genetic divergence has also reported
between these three species comparing their transcriptomes (Wang et al., 2010a, 2011, 2012).
More genomic information from other B. tabaci species is needed to resolve further divergence
between them. In this study, the transcriptome of adult female whiteflies of a B. tabaci Asia I inbred
population, was sequenced and characterized. This transcriptome will provide a rich molecular
resource for the identification of Asia I genes such as those involved in host adaptation, biological
invasion and insecticide resistance. It will also provide a valuable resource to gain further insight
into genome characteristics and can be used as evidence to generate more robust gene predictions
from the Asia I genome assembly as it becomes available.

The transcriptomes from four B. tabaci species including Asia I, MEAM1, MED and Asia II 3 were
compared to reveal the global genetic divergence across them and to identify gene orthologs which
indicate signs of diversifying natural selection.

Specific full-length Asia I species genes were also compared with the corresponding ortholog
genes in the fruit fly D. melanogaster (Adams et al., 2000), as this is a well-characterized model
insect, as well as, the pea aphid A. pisum (IAGC, 2010) as a related hemipteran insect. In addition,
corresponding gene orthologs from the termite Zootermopsis nevadensis (Dictyoptera: Termopsidae)
and Asian citrus psyllid Diaphorina citri (Hemiptera: Psyllidae) (Holt et al., 2002), whose genomes
have been recently sequenced, were also included in the comparison. Such phylogenetic approaches
reveal the sequence divergence between different orders of Insecta class and also allow a detailed
analysis of potential insecticide targets.
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3.2 Methods

3.2.1 Establishment of the Asia I species colony

Originally, the Asia I population (adult females) used was collected from aubergine (egg-plant) in
Coimbatore, South India (Rekha et al., 2005). At the Natural Resources Institute (NRI) quarantine
insectary, a colony was reared from these insects on cotton, Gossypium hirsutum L. cv. Laxmi,
in insect-proof cages ((26±1)°C, 14 h:10 h L:D, (70±10)%r.h). An inbred line was obtained
via initialising ten sub colonies allowing single mating pairs of B. tabaci, to colonise a new B.
tabaci-free cotton seedling. After 25 days, only one sub-colony was selected which had the most
adults and single mating pairs, and these were placed on to ten new cotton seedlings and the
remaining sub-colonies were discarded. This process was repeated for seven generations and the
colony with most adults was selected and its population allowed to increase. The purity of the colony
was confirmed, first by RAPD-PCR fingerprinting (Gawel and Bartlett, 1993) on 20 individuals,
followed by mtCOI partial gene sequencing using Btab-UniR and Btab-UniL primers according to
the protocol of Shatters et al. (2009). After amplification, a 745 bp PCR product was cloned into
pGEM-T easy vector (Promega, USA) and sequenced to confirm the culture purity, before adults
were collected for RNA extraction.

3.2.2 RNA isolation, library construction and 454 sequencing

Total RNA was isolated from two batches of 50 adult female whiteflies by placing the live whiteflies
in extraction buffer (supplied in the RNAqueous4PCR kit; Ambion, Texas, USA), grinding them
using a micropestle, and extracting total RNA according to the manufacturer’s protocol. RNA
integrity was confirmed using a 2100 Bioanalyzer (Agilent technologies). Purified mRNA from five
µg of this total RNA was sent to Evrogen (Evrogen JSC, 16/10 Miklikho-Maklaya Street, Moscow,
Russia) for oligo-dT primed mRNA amplification (Zhu et al., 2001) using three oligonucleotide
primers: SMART Oligo II oligonucleotide (5’ AAGCAGTGGTATCAACGCAGAGTACGCrGrGrG
-3’), CDS-GSU primer (AAGCAGTGGTATCAACGCAGAGTACGCrGrGrG-3’) and SMART PCR
primer (AAGCAGTGGTATCAACGCAGAGTACGCrGrGrG-3’).

Sequencing was performed on the GS FLX Titanium platform from 454 Life Sciences/Roche in
early 2010. Libraries for sequencing were prepared using the GS FLX Titanium general library
preparation kit (454 Life Sciences/Roche), with cDNA libraries purified and quantitated according
to the manufacturer’s general library preparation protocol from 454 Life Sciences/Roche before
sequencing. Two cDNA libraries were generated, one normalized (here after referred to as ‘NL’)
and the other one was kept as unnormalized (here-after referred to as ‘UL’) to characterise as many
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genes as possible from the sequencing data. Fragmentation was performed to produce 400 - 1000
bp double stranded cDNA and a single stranded cDNA library isolated by melting each double
stranded cDNA.

Emulsion-based clonal amplification (emPCR) of the single stranded cDNA library was carried out
according to the emPCR method (454 Life Sciences/Roche). The single stranded cDNA library
was immobilized onto magnetic streptavidin-coated beads, and the beads emulsified with the
amplification reagents provided by 454 Life Sciences/Roche to make the final cDNA library, which
was sequenced by GS FLX Titanium (454 Life Sciences/Roche).

3.2.3 Quality control and assembly

Raw reads produced by 454 GS FLX were processed further to remove adapter sequences, low
quality reads, poly (A:T) tails, empty reads and reads below 30 bp in length using ESTclean (v1.0)
(Tae et al., 2012). After preprocessing, all clean reads from NL and UL libraries were assembled
separately using three different assemblers to get the best assembly: CLC (v7.0.4) (Brautigam
et al., 2011), MIRA (v4.0) (Chevreux et al., 2004) and CAP3 (Huang and Madan, 1999). These
assemblers were selected according to their algorithms and compatibility with the single long 454
reads. There are two types of assembly algorithms: de Bruijn Graph (DBG) approach and Overlap
Layout Consensus (OLC) approach. In DBG approach, reads are decomposed into k-mers (a k-mer
is a subsequence of a fixed-length, k) to build DBG. Each node of DBG corresponds to a k-mer and
edges correspond to suffix-prefix matching between them. CLC is the most memory-efficient DBG
assembler (Kumar and Blaxter, 2010). In the OCL approach, an overlap graph is built in which each
node represents a read and edges correspond to overlap between reads which is computed using
pair-wise sequence alignment. MIRA and CAP3 uses the OLC approach to build an assembly. The
assembly was performed with the transcript length cut-off of 150bp using all three assemblers. To
evaluate the assembly statistics, three assemblies were compared using the quality assessment tool
(QUAST) (Gurevich et al., 2013) with transcript size >= 500 bp. QUAST can evaluate genome
assemblies by comparing them using different metrics including GC (%), genome fraction (%),
duplication ratio, mismatches per 100 kbp, total genes and indels per 100 kbp. The best assembly
was selected with the following conditions: higher N50, lower number of ambiguous bases (N’s).
The harmonic mean of the total sequence sizes was calculated and “lookup” values were identified
as 75% of the harmonic mean.

3.2.4 Homology searches and functional annotation

Homology searches and functional annotations of the assembled sequences were performed using
Blast2GO (v.3.0) software (Götz et al., 2008). The analysis was carried out using a step-by-step
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strategy guided by the software. Initially, to save time, all assembled contigs (here after ‘transcript’)
and singletons were searched locally against the nr protein database using BLASTX (v2.2.29+)
program with an E-value cut-off of 1E-05 and retrieving the maximum 20 hits. The transcripts and
singletons that did not receive any BLASTX hits were searched against NCBI’s TSA database using
BLASTN (v2.2.29+) program with an E-value cut-off of 1E-10 and the search restricted to only
B. tabaci sequences. For gene ontology annotation, transcripts with BLASTX hit were imported
into Blast2GO and GO identifiers were mapped to the corresponding homolog gene identified by
BLASTX. The annotation step in Blast2GO was performed at 0.05% probability level cut-off to
reduce the false discovery rate. The annotation augmentation tool (ANNEX) of the Blast2GO was
used to modulate the GO terms. The transcripts were then searched remotely against InterPro web
server using InterProScan (v5.0) to predict the domains, motifs and classify proteins into families
followed by merging the InterProScan GO IDs to existing annotation. The Enzyme Commission
(EC) numbers were retrieved via direct mapping of GO terms to their corresponding enzyme codes
followed by the metabolic pathways annotation, KEGG. In addition, all annotated transcripts were
searched at KEGG Automatic Annotation Server (KAAS) using the single-directional best hit as
recommended for ESTs to further enrich the pathway annotations. Finally, GOSlim was performed
to extract the key ontological terms and mapping function to existing GO terms (Götz et al., 2008).

3.2.5 Identification of protein families

To reveal the shared and distinct proteins across B. tabaci, A. pisum, D. melanogaster, Z. nevadensis
and D. citri, total proteins were analyzed. From the BLASTX search at nr database, protein
sequences were predicted for UL and NL libraries, and all duplicate proteins were removed. Total
proteins of A. pisum (v2.1b) (http://www.aphidbase.com), D. melanogaster (r6.04) (http://www.
flybase.org), Z. nevadensis (v2.2) (NCBI) and D. citri (v1.1) (NCBI) were retrieved. All-vs-all
BLASTP (v2.2.29+) was performed using proteins from these five insect species. The BLASTP
results were further analysed using OrthoMCL (v2.0.8) (Li et al., 2003) with the alignment cut-off of
50% for both similarity and coverage. The ortholog pairs were grouped into clusters using Markov
Cluster Algorithm (MCL) (v14-137) (Enright et al., 2002) with an inflation factor 1.5.

3.2.6 Estimation of transcriptome completeness

The total transcripts of B. tabaci were estimated by comparing assembled transcripts from two
different libraries, NL and UL, and classifying into shared and unique transcripts. Initially, the
transcripts of two libraries were merged into one and then clustered with 95% similarity threshold
using CD-HIT-EST (v4.6) program (Fu et al., 2012). The cluster file was then processed to group
transcripts into three categories: NL-specific, UL-specific and shared between both. Here, a ‘cluster’
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is a sequence composed of one or more transcripts. Furthermore, the completeness of the individual
transcript was assessed from each library by translating into protein according to BLASTX results.
The online tool ‘TargetIdentifier’ (v2.0) (Min et al., 2005) was used to translate transcripts into
proteins using the BLASTX coordinates. This tool also compares the start codon and stop codon
of the predicted protein with their homolog protein from nr database and output transcripts as
a full-length, short full-length, possible full-length, ambiguous, partial and 3’ sequenced partial.
Transcripts were recognized as full-length if they had a 5’ stop codon in the transcript followed
by a start codon (ATG) or did not have a 5’ stop codon but had an in-frame start codon (ATG)
corresponding to a BLASTX hit.

3.2.7 Identification of repetitive elements and microsatellites

To identify repetitive elements in the transcriptome of Asia I population, all assembled transcripts
were analyzed using ‘RepeatMasker’ (v4.0.5) using RMBLAST (v2.2.27+) alignment program and
Repbase database for vertebrates (http://www.repeatmasker.org, Chen, 2004). The ‘MIcroSAtellite’
(MISA) (v1.0) tool was used to locate microsatellite repeats within assembled transcripts (Thiel
et al., 2003). The assembled transcripts were searched for di-, tri-, tetra-, penta- and hexa-nucleotide
repeats with the threshold 6, 5, 5, 5 and 5 respectively.

3.2.8 Estimation of gene expression in Asia I

To estimate the expression level of genes in Asia I population, all cleaned reads were mapped to
the assembled transcripts from both libraries using CLC mapper (v7.0.4) with 50% similarity and
95% sequence length threshold. Each read should map to the reference over at least 50% of its
length with 95% similarity to consider it as a mapped read. The read counts were extracted from
both libraries and Reads Per Kilobase per Million mapped reads (RPKM) was calculated for each
reference transcript as described by Mortazavi et al. (2008). These RPKM values were used to
determine the gene expression level using the ‘R’ package, edgeR (Robinson et al., 2010).

3.2.9 Phylogenetic analysis with other B. tabaci species

The orthologs of full-length genes of Asia I population were identified in published transcriptomes
including MEAM1 (Wang et al., 2011), MED (Wang et al., 2010a) and Asia II 3 species (Wang et al.,
2012) according to their previous descriptions using BLASTP. Orthologs were also selected from
other insects including A. pisum, D. melanogaster, Z. nevadensis and D. citri, and aligned using the
MAFFT (v6.903b) program (Katoh and Standley, 2013). The phylogenetic tree was inferred using
the Neighbor-Joining method (Saitou and Nei, 1987).

30



CHAPTER 3

3.3 Results and discussion

3.3.1 454 sequencing summary

To enable a comprehensive view and profiling of the Asia I transcriptome, total mRNA was extracted
from adult female and sequenced using Roche 454 GS FLX sequencing technology. A total of
301,094 single-end reads were generated with an average read length of 336 bp and GC content
of 37.45% for the UL library. In contrast, the NL library produced 563,662 single-end reads with
an average read length of 213 bp and GC content of 35.73%. After quality control, removal of
adapter sequences, low quality reads, poly (A:T) tails, empty reads and reads below 30 bp in length,
276,861 (91.95%) cleaned reads were obtained for the UL library and 387,833 (68.80%) reads for
the NL library (Figure 3.1). The reason for the high percentage of cleaned reads in NL library was
the higher number of short reads (below 30 bp). This could be due to the random events occurred
during the sequencing run or intrinsic properties of the library preparation as reported in previous
studies (Hale et al., 2009; Yang et al., 2010; Ewen-Campen et al., 2011).

0

1000

2000

3000

4000

200 400 600 800 1000
Length (bp)

N
um

be
r o

f r
ea

ds

After
Before

UL library

0

5000

10000

15000

20000

25000

200 400 600
Length (bp)

N
um

be
r o

f r
ea

ds

After
Before

NL library

FIGURE 3.1: Read distribution of UL and NL libraries before (light blue colour) and after (dark
blue colour) quality control.

3.3.2 De novo assembly of transcriptome

To achieve a higher quality assembly, the cleaned reads from both libraries were assembled separately
using different assemblers such as CLC, MIRA and CAP3 with the transcript length at least 150 bp.
The comparison of assembly statistics helped to choose the best assembly based on N50 length (the
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transcript size N in which half the assembly is represented in transcripts longer than N) of transcripts
and low number of ambiguous bases (N’s). For UL library, CLC had assembled 11,396 transcripts
and 38,229 singletons, MIRA assembly had produced 15,937 transcripts and 121,735 singletons,
and 12,883 transcripts and 29,862 singletons were produced by CAP3. Similarly for NL library,
24,341 transcripts and 68,784 singletons were produced by CLC, MIRA had assembled 28,699
transcripts and 87,515 singletons, and CAP3 had generated 27,871 transcripts and 78,469 singletons
(Table 3.1). The CLC assembly was selected as the best assembly for both libraries because it had
longer N50 transcripts, 904 in UL and 834 in NL, and the lowest number of ambiguous (N’s) bases,
1.93 (per 100 kbp) in UL and 1.83 (per 100 kbp) in NL libraries (Figure 3.2). CLC assemblies
of cleaned reads had a higher number of contigs from NL library compared to UL library (Table
3.1). The assembled contigs from NL library were also shorter with maximum contig length and an
average contig length compared to UL library. These results were found similar to the assemblies
generated from UL and NL cDNA in milkweed bug (Ewen-Campen et al., 2011).
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UL library NL library

Sequencing

Number of reads 301,094 563,662
Total bases (Mbp) 101.21 120.33
Min. read length (bp) 40 18
Max. read length (bp) 1004 760
Mean read length (bp) 336.16 213.49
GC content 37.45% 35.73%
ESTclean 276,861 387,833

Assembly

C
LC

Number of transcripts 11,396 24,341
Total bases (Mbp) 7.67 13.08
Min. transcript length (bp) 150 150
Max. transcript length (bp) 6,430 5,891
GC content (>= 500 bp) 37.41% 36.06%
N50 length (bp) (>= 500 bp) 904 834
N50 transcripts (>= 500 bp) 2,239 3,530
N’s per 100 kbp (>= 500 bp) 1.93 1.83

M
IR

A

Number of transcripts 15,937 28,699
Total bases (Mbp) 10.18 16.08
Min. transcript length (bp) 150 150
Max. transcript length (bp) 6,687 5,541
GC content (>= 500 bp) 37.48% 36.08%
N50 length (bp) (>= 500 bp) 792 813
N50 transcripts (>= 500 bp) 3,391 4,675
N’s per 100 kbp (>= 500 bp) 177.28 247.07

C
A

P3

Number of transcripts 12,883 27,871
Total bases (Mbp) 8.29 15.08
Min. transcript length (bp) 150 150
Max. transcript length (bp) 6,907 3,686
GC content (>= 500 bp) 37.57% 35.99%
N50 length (bp) (>= 500 bp) 815 789
N50 transcripts (>= 500 bp) 2,657 4,443
N’s per 100 kbp (>= 500 bp) 8.90 7.14

TABLE 3.1: Sequencing and assembly summary for both libraries. The statistics are based on all
transcripts (size >= 0 bp) unless stated size (>= 500 bp).
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3.3.3 Functional annotation of Asia I transcripts

To determine the putative function, transcripts were subjected to the BLAST homology search
at nr protein database using E-value cut-off of 1E-05. Of the total 11,396 transcripts from UL
library, 4,330 (38.99%) gave a significant hit, corresponding to 4,020 unique proteins in the nr
database (Appendix A, Table A3.1). Similarly, 6,129 transcripts (25.17%) from NL library showed
a significant hit, corresponding to 5,565 unique proteins (Appendix A, Table A3.2). Because of lack
of whitefly genome information, a relatively large proportion of assembled transcripts (61.01%:
UL library, 74.83%: NL library) could not be aligned to known proteins at the nr database. The
proportion of aligned transcripts (38.99%, UL library) to the annotated sequences at the nr database
is higher than that of published whitefly transcriptomes including MEAM1 (16.95%) (Leshkowitz
et al., 2006), MED (16.20%) (Wang et al., 2010a), MEAM1 (27.60%) (Wang et al., 2011), Asia II 3
(31.60%) (Wang et al., 2012) and MEAM1 species (28.50%) (Xie et al., 2012), and greenhouse
whitefly (36.28%) (Karatolos et al., 2011). The taxonomic distribution of species with the top
BLASTX hits from both libraries is shown in Figure 3.3. The number of top-hits in all cases are
higher for NL than UL library library as would be expected with the NL library revealing more rarer
transcripts.

The termite, Z. nevadensis, showed the highest number of top-hits (867 hits UL library, 1100 hits NL
library) followed by other species of the kingdom Eukaryota Figure 3.3A. These top-hits were higher
than two times the top-hits from A. pisum and D. citri. These results were found surprising as these
two species (Z. nevadensis and D. citri) were not reported in previously published transcriptomes of
B. tabaci with such a high number of top-hits (Wang et al., 2010a, 2011, 2012; Xie et al., 2012).
This was because their genomes were only recently sequenced and annotated (Hunter et al., 2014;
Terrapon et al., 2014). There were 136 and 138 top-hits found for B. tabaci from UL and NL
libraries respectively, which were higher than the previously published transcriptomes MEAM1
(97 hits) (Wang et al., 2011), MED (124 hits) (Wang et al., 2010a), and Asia II 3 species (94
hits) (Wang et al., 2012). The results are surprising as B. tabaci and Z. nevadensis belong to
different Orders (Hemiptera and Isoptera respectively) and do not share common characteristics like
feeding behaviour and developmental life cycle. Of the total top-hits for Z. nevadensis, there were
656 hits and 805 hits found with percentage identity greater than 50% from UL and NL libraries
respectively. The highly conserved genes shared between B. tabaci and Z. nevadensis (from 90% to
100% similarity) include actin 5C, serine/threonine-protein phosphatase, transitional endoplasmic
reticulum ATPase, inosine-5’-monophosphate dehydrogenase 1, casein kinase II subunit alpha,
eukaryotic translation initiation factor 2 and GTP-binding protein 128up (see Appendix A, Table
A3.1 and Table A3.2 for more details). These results are considered to be erroneous hits and further
analysis is required to reveal why they are revealed as positive top-hits based on their sequence
identity and alignment coverage between B. tabaci and Z. nevadensis proteins.
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The BLASTX top-hits also contained homolog sequences from several bacteria from both libraries.
Seven bacterial species were identified based on sequence homology. These included, from
highest to lowest number of top-hits, Portiera, Wolbachia, Arsenophonus, Orientia, Hamiltonella,
Rickettsia and Cardinium (Figure 3.3B). These results suggest the infection of particular bacterial
endosymbiont in the Asia I population studied, but for low hit results such as Cardinium (n=3 in NL
only), the hits may be false-positives.

To date, eight endosymbionts have been reported to infect B. tabaci (Baumann, 2005; Chiel et al.,
2007; Bing et al., 2013a) of which seven are suggested to have high homology sequences present in
the Asia I transcriptomes. There was no sequence homology found with Fritschea which suggests
the absence of Fritschea inside our Asia I population. Absence of Fritschea was also reported by
Bing et al. (2013b) in four native species (Asia II 3, Asia II 1, China 1, Asia II 7) and two invasive
species (MEAM1, MED) of the B. tabaci cryptic complex.

Singletons from both libraries were also searched against the nr protein database using E-value
cut-off of 1E-05. Of the total 38,229 singletons from UL library, 7,292 (19.07%) had a BLASTX hit
and 12,297 (17.87%) hits of the total 68,784 singletons from NL library. Singletons had the lower
number of BLAST hits compared to transcripts and the alignment length was also found very small,
and therefore was not considered in further analyses. Transcripts (UL library: 7,066 transcripts,
NL library: 18,212 transcripts) which did not have homology against nr database were further
searched against TSA database with search restricted to B. tabaci sequences only. More than 94%
(6,687 transcripts) and 87% (15,935 transcripts) of these transcripts were found to have a homolog
sequence in TSA database. These results suggest that the majority of assembled transcripts were
not assigned a biological function because of the very limited transcriptomic information available.
However, it is most likely that the ongoing insect genome projects including those on the B. tabaci
genomes will facilitate future annotation of such transcripts.

3.3.4 Gene Ontology classification and pathways

To classify the functions of annotated B. tabaci transcripts, Gene Ontology (GO) terms were assigned
to each BLASTX result (Appendix A, Table A3.3 and Table A3.4). According to the BLASTX
sequence homology and Blast2GO mapping strategy, only 3,193 transcripts (UL library) were
assigned GO terms and grouped into three main categories: biological process (19 subcategories),
molecular function (16 subcategories) and cellular component (11 subcategories). Similarly, 4,419
transcripts (NL library) were also categorized into biological process (18 subcategories), molecular
function (15 subcategories) and cellular component (12 subcategories) (Figure 3.4).
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FIGURE 3.4: Gene Ontology classification of UL and NL libraries. The GO terms were classified
into three main categories: biological process, cellular component and molecular
function. The x-axis represents subcategory and y-axis shows number of transcripts
belonging to a category.

As shown in Figure 3.4, the genes involved in biological process were highly represented (UL
library: 8,296 transcripts, NL library: 10,360 transcripts) followed by cellular component (UL
library: 4,255 transcripts, NL library: 5,261 transcripts) and molecular function (UL library: 4,237
transcripts, NL library: 5,249 transcripts) in both libraries. “Metabolic process” was found as
the major subcategory that comprised 25.15% (UL library) and 25.65% (NL library) of the genes
involved in biological process. “Cell” (35.01% UL library, 34.97% NL library) and “binding”
(44.27% UL library, 43.15% NL library) were the most abundance subcategories associated with
cellular component and molecular function respectively. These results are consistent with the
transcriptomes of MED, MEAM1 and Asia II 3 species, where “metabolic process”, “cell” and
“binding” were the most abundant subcategories (Wang et al., 2010a, 2011, 2012). Genes associated
with “cell killing” (biological process), “symplast” (cellular component), and “channel regulator
activity” (molecular function) were not found in the UL library. Similarly, genes involved in
“biological phase”, “reproductive process” (biological process) and “guanyl-nucleotide exchange
factor activity”, “receptor regulator activity” (molecular function) were only found in the NL library
Figure 3.4.
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To assess the diversity of gene functions between B. tabaci species, GO annotations of transcriptome
assemblies of different B. tabaci species including MEAM1, MED, Asia II 3 and Asia I were
compared, resulting in similar distribution of gene functions over three main categories (Appendix
B, Figure B3.1). This may suggest that the functions of genes are highly conserved across different
B. tabaci species and not affected by bias in the construction of sequencing libraries. However,
in most subcategories, genes were highly represented in MEAM1, MED and Asia II 3 species
compared to Asia I species (Appendix B, Figure B3.1). This is probably because of the much
larger amount of sequencing data produced for these three species: MEAM1 (1.27 GB) (Wang
et al., 2011), MED (3.27 GB) (Wang et al., 2010a) and Asia II 3 (1.24 GB) (Wang et al., 2012).
Interestingly, genes associated with biological process: “biological phase”, “reproductive process”,
“single-organism process”, cellular component: “nucleoid”, “symplast” and molecular function:
“electron carrier activity”, “guanyl-nucleotide exchange factor activity”, “protein tag” were not found
in MEAM1, MED (except “electron carrier activity”) and Asia II 3 species but they were present in
Asia I species (Appendix B, Figure B3.1). However, another set of genes involved in biological
process: “cell proliferation”, “death”, “pigmentation” and “viral reproduction” were missing in
Asia I species but were present in MEAM1, MED and Asia II 3 (Appendix B, Figure B3.1). These
results suggest two possibilities: (1) incomplete or stage specific transcriptome sequencing (2)
incomplete transcriptome assembly in MEAM1, MED, Asia II 3 and Asia I species. In this study,
transcriptome was sequenced and analyzed from adult Asia I females. In contrast, transcriptomes of
MED, MEAM1 and Asia II 3 species were sequenced from four different developmental stages:
egg and nymph, pupa and adult (Wang et al., 2010a, 2011, 2012).

KEGG pathway analysis was carried out on all assembled transcripts to identify the active pathways
represented in the Asia I transcriptomes. From the UL library, a total of 11,396 distinct transcripts
were mapped against the KEGG database. Of the total mapped transcripts, 540 transcripts were
assigned to 108 unique KEGG pathways belonging to four distinct pathway maps including
“metabolism”, “genetic information processing”, “environmental information processing” and
“organismal systems” (Appendix A, Table A3.5). Similarly, 776 transcripts were assigned to
117 KEGG pathways from the NL library (Appendix A, Table A3.6). There was no transcript
found for remaining pathway maps including “cellular processes”, “human diseases” and “drug
development” from either the UL or NL library. Among the KEGG pathways, ‘purine metabolism’
was highly represented by 200 transcripts followed by ‘biosynthesis of antibiotics” (166 transcripts),
‘pyrimidine metabolism’ (113 transcripts) and ‘oxidative phosphorylation’ (71 transcripts) for the
NL library. However, ‘biosynthesis of antibiotics” were highly represented in the UL library (124
transcripts) followed by ‘purine metabolism’ (113 transcripts), ‘oxidative phosphorylation’ (71
transcripts) and ‘pyrimidine metabolism’ (64 transcripts). These results were different to annotated
pathways in Asia II 3 as the highly represented pathway was ‘starch and sucrose metabolism’ (553
transcripts) followed by ‘purine metabolism’ (458 transcripts) and ‘galactose metabolism’ (183
transcripts) (Wang et al., 2012). The pathways including ‘starch and sucrose metabolism’ (17
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transcripts, 16 transcripts) and ‘galactose metabolism’ (12 transcripts, 8 transcripts) were lowest
represented in Asia I (both NL and UL libraries), which suggests either differences in the number
of genes involved in metabolic pathways across B. tabaci species, or more likely is a reflection of
the transcriptomes coming from different insect populations of different species that were under
different conditions and so expressed different genes.

Enzyme classification of annotated transcripts shows that the transferases group of enzymes were
highly represented enzymes associated with different pathways (n=74, n=87) of Asia I species
followed by oxidoreductases (n=72, n=81), lyases (n=47, n=51), hydrolases (n=41, n=46), ligases
(n=23, n=27) and isomerases (n=13, n=18) from the UL and NL libraries respectively (Table
3.2). The largest proportion of Asia I species enzymes were involved in the KEGG pathways
“biosynthesis of antibiotics” and “aminoacyl-tRNA biosynthesis”. It was interesting that the KEGG
pathway “Biosynthesis of antibiotics” was never seen in previously published transcriptomes of
MED, MEAM1 and Asia II 3 species (Wang et al., 2010a, 2011, 2012). Together the results of
GO annotations and KEGG pathway annotations provide whitefly research a significant resource
to understand the functions of essential genes and their involvement in metabolic pathways across
different species of the B. tabaci complex.

UL library NL library
Enzyme Contigs Pathways Contigs Pathways Most represented pathway

Oxidoreductases 165 72 195 81 Biosynthesis of antibiotics
Transferases 158 74 252 87 Biosynthesis of antibiotics
Hydrolases 133 41 209 46 Biosynthesis of antibiotics
Lyases 45 47 61 51 Biosynthesis of antibiotics
Isomerases 10 13 19 18 Biosynthesis of antibiotics
Ligases 65 23 94 27 Aminoacyl t-RNA biosynthesis

TABLE 3.2: Classification of annotated enzymes into six main classes: oxidoreductases,
transferases, hydrolases, lyases, isomerases and ligases. Total number of transcripts
encoding enzymes and their associated pathways are also listed along with the KEGG
pathway contain highest number of enzymes.

3.3.5 Prediction of transcriptome completeness and full-length cDNA

To estimate the completeness of the assembled Asia I transcriptomes, assembled transcripts from
two libraries were clustered into three categories: NL-specific, UL-specific and shared clusters.
Based on a 95% sequence similarity cut-off, 4,806 transcripts from UL and 5,415 from NL libraries
were clustered into 4,442 unique clusters. There were 6,492 and 18,484 clusters found unique in
UL and NL libraries respectively.
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For the purpose of getting complete transcripts, “ortholog hit ratio” was calculated as described in
O’Neil et al. (2010) by dividing the length of the putative coding region of the transcript by the
total length of the corresponding ortholog. Each transcript and the corresponding BLASTX top-hits
were considered orthologs and the aligned region of transcript was considered to be a conservative
estimator of ‘putative coding region’. The “ortholog hit ratio” gives an estimate of the number of
transcripts represented by each transcript (Belleghem et al., 2012; Xu et al., 2013). Figure 3.5 shows
that a higher number of transcripts fall below “ortholog hit ratio” 0.5 which suggest that many
of the large number of assembled transcripts were not full-length or aligned completely to their
corresponding ortholog. It is also true for both assemblies that the completeness of the transcripts
decreases for longer transcripts. However, numerous transcripts with an “ortholog hit ratio” 1.0
suggest the completeness of some transcripts. An “ortholog hit ratio” >1 indicates insertions in
transcripts and a few of these are visible (Figure 3.5). Of the total annotated 4,335 transcripts of the
UL library, 533 had >0.9 ratio and 1,548 had >0.5. Similarly, 495 transcripts had >0.9 ratio and
1,695 had >0.5 from 6,171 annotated transcripts of the NL library.
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FIGURE 3.5: Distribution of “Ortholog hit ratio” for both libraries. The ratio was calculated
for each transcript aligned at nr database with E-value above 1E-05. A ratio of 1.0
indicates the transcript is likely to be fully assembled whereas ratio >1.0 suggest
insertions in transcripts.

Further, the completeness of transcripts was assessed based on the Open Reading Frame (ORF) of all
annotated transcripts. The full-length transcripts are considered to be an important resource for many
genetic and genomic studies by providing preliminary information of the putative coding genes. To
identify the full-length transcripts encoding a complete ORF from the assembled transcriptome,
all annotated transcripts were analyzed using TargetIdentifier. From the total 4,335 annotated
transcripts with E-value cut-off of 1E-05 (UL library), 1,122 were identified as full-length with
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complete ORF, length of ORF ranging from 90 bp to 2,532 bp and 161 as short full-length with
size from 102 bp to 1,581 bp (Figure 3.6). Similarly, 1,251 were identified as full-length with ORF
length from 45 bp to 1,920 bp from 6,171 annotated transcripts of NL library. Figure 3.6 also shows
the highest number of identified full-length transcripts that were shorter than 750 bp, which suggest
that the longer transcripts were not easy to assemble to full-length using current sequencing data.
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FIGURE 3.6: Length distribution of assembled transcripts ORF and grouped into five categories
according to their completeness.

3.3.6 Protein orthologs analysis

Ortholog analysis of proteins from related species may identify protein families that are conserved
within or between species. Best reciprocal BLAST hits between proteins gives paralogs if they are
within species and orthologs if they are from different species. This approach is widely used to
identify ortholog pairs between and within species (Moreno-Hagelsieb and Latimer, 2008). Here,
protein orthologs were identified between B. tabaci, A. pisum, D. melanogaster, Z. nevadensis
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and D. citri. There were 2,640 ‘Single Copy Orthologs’ (SCO) found present in all five species
referred as ‘core orthologs’ (Figure 3.7A). For B. tabaci, the highest number of SCO were found in
D. citri (n=223) followed by A. pisum (n=85), Z. nevadensis (n=62) and D. melanogaster (n=28).
These findings do not support the previous BLAST result where Z. nevadensis showed the highest
proportion of top-hits compared to A. pisum and D. citri. These results indicate a possibility of false
positive BLAST top-hits with partially aligned proteins and higher percentage identity between B.
tabaci and Z. nevadensis.
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FIGURE 3.7: Identification of protein orthologs between B. tabaci, A. pisum, D. melanogaster,
Z. nevadensis and D. citri. (A). The Venn diagram illustrates distinct and shared
orthologs from the OrthoMCL analysis between B. tabaci, A. pisum, D. melanogaster,
Z. nevadensis and D. citri. The numbers represent SCO from each species. (B). The
alignment coverage and percentage identity of B. tabaci proteins (query) were plotted
against their orthologs from Z. nevadensis (subject).

High conservation of SCO should have high coherence for protein lengths across species. ‘Ortholog
hit ratio’ of each BLASTX hit from Z. nevadensis was also calculated to confirm the alignment
coverage against B. tabaci proteins. BLASTX hits from Z. nevadensis were selected from both
libraries (UL and NL) and corresponding proteins were predicted for B. tabaci. The alignment
coverage and percentage identity of protein orthologs were compared between B. tabaci and Z.
nevadensis. The majority of B. tabaci proteins were aligned at higher percentage identity ranges
from 50%-100% but had lower alignment coverage (1%-40%) with Z. nevadensis proteins (Figure
3.7B). This finding indicates that the majority of B. tabaci proteins were incomplete or fragmented
as they did not align to Z. nevadensis proteins in their complete length or at least 50% length and
therefore should not be considered as true orthologs.
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3.3.7 Identification of repetitive elements

The proportion of microsatellites and repetitive elements in the B. tabaci transcriptome was assessed
by the MISA tool (Sonah et al., 2011) and RepeatMasker. Repeatmasking of all 11,396 (7,671,493
bp) assembled transcripts of the UL library resulted in identification of 90,149 bp (1.17%) of
repeated sequences. Similarly, 169,414 bp (1.29%) of repeated sequences were identified from
13,081,869 bp of the NL library. The most frequently occurring repetitive elements were simple
sequence repeats (SSRs) (0.73%, 0.68%) followed by low complexity (0.3%, 0.46%), retroelements
(0.07%, 0.07%) including long terminal repeat (LTR) elements (n=27, n=45), short interspersed
nuclear elements (SINEs) (n=1, n=3) and long interspersed elements (LINEs) (n=25, n=54), and
DNA transposons (0.01%, 0.01%) from the UL and NL libraries respectively (Figure 3.8A). A total
of 11,396 and 24,341 transcripts were examined by MISA resulting in 172 and 295 SSRs in UL and
NL libraries respectively (Figure 3.8A). These results are not surprising as the NL library contains
more transcripts than the UL library. From the UL library, the most abundant type of SSRs motif was
mononucleotide (n=1,086), followed by trinucleotide (n=97), dinucleotide (n=58), tetranucleotide
(n=16) and hexanucleotide (n=1). Similarly, mononucleotide (n=2,226) was the most abundant
SSRs in the NL library followed by trinucleotide (n=132), dinucleotide (n=131), tetranucleotide
(n=20), hexanucleotide (n=7) and pentanucleotide (n=5) (Figure 3.8B). This approach has been
widely used to identify markers which have been found to be amplifiable and polymeric in validation
studies (Kaur et al., 2011; Parchman et al., 2010). Microsatellites have been identified using this
approach in the MEAM1 species and experimentally validated as a potential marker to distinguish
species of the B. tabaci complex (Wang et al., 2014a), suggesting that this approach is very efficient
for identifying molecular markers.

To achieve a complete set of microsatellites from the Asia I transcritpomes, a total of 29,418
transcripts (CD-HIT-EST clusters) were assessed by the MISA tool (Sonah et al., 2011). There
were 3,033 microsatellites identified in Asia I species transcripts (Appendix A, Table A3.7),
which were lower in numbers than previously reported microsatellites in MEAM1 (n=6,419),
MED (n=11,711) and Asia II 3 species (n=4,115) (Wang et al., 2014a). Among six characterized
microsatellites, mononucleotides were the most common, followed by tri-, di-, tetra-, hexa- and
pentanucleotide repeats (Figure 3.8B). There were four microsatellites including tri-, tetra-, penta-
and hexanucleotide the have more repeats in the Asia I transcritpome data than in equivalent
MEAM1, MED and Asia II 3 data (Figure 3.8B). Based on six translation frames and complementary
strand, (AT)n reads the same as (TA)n, (GC)n and (CG)n, (ATG)n and (TGA)n, (CAT)n and (ATC)n,
and therefore mono-, di- and trinucleotide repeats can be grouped into 2, 4 and 10 unique classes
respectively (Jurka and Pethiyagoda, 1995). Dinucleotide repeats in Asia I were found much lower
than in MEAM1, MED and Asia II 3 (Figure 3.8C). However, the occurrence of trinucleotide was
different in Asia I. The four classes including AAG, AAT, AAC and ATG were significantly higher
in Asia I data than in MEAM1, MED and Asia II 3 data (Figure 3.8D).
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FIGURE 3.8: Distribution of microsatellite repeats in Asia I, MEAM1, MED and Asia II 3 species.
(A) Summary of repetitive elements and microsatellites in the transcriptome of Asia I
species. (B) Distribution of microsatellite repeats (C) Distribution of dinucleotide
repeats. (D) Distribution of trinucleotide repeats.

3.3.8 Molecular variation across B. tabaci species

A number of full-length genes were selected to perform phylogenetic analysis across B. tabaci
species. For this, orthologs of full-length genes such as CYP6CM1 and Hsp90 were identified in
other B. tabaci species and insects. The complete coding sequence of CYP6CM1 gene was compared
to reveal sequence diversity across B. tabaci species MEAM1, MED and Asia I. CYP6CM1, a
typical cytochrome P450, associated with resistance to the imidacloprid in MEAM1 and MED
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species (Karunker et al., 2008) has revealed number of amino acid substitutions in Asia I species
compared to MEAM1 and MED species (Figure 3.9). However, the “heme-iron ligand” motif
(“FGDGPRLCIA”) was found conserved across three species (Figure 3.9), which confirms their
involvement in oxidative metabolism of natural compounds as well as drugs (Guengerich, 2008;
McLean et al., 2012).

CYP6CM1vAsia I MELLEIVKSAMDTHSVLI-FLSVMVYLLYVYRDKFHYWSKRGVPCQSPAQSIM 52
CYP6CM1vMEAM1 .................L-.................................V 52
CYP6CM1vMED .................LI.................................V 53

CYP6CM1vAsia I RTFRLVLRLDSFTDNFYGVYKAFDGHPYVGSLELTKPILVVRDPELARIVLVK 105
CYP6CM1vMEAM1 ........M........R................................... 105
CYP6CM1vMED ........M............................................ 106

CYP6CM1vAsia I SFSSFSGRFKSPDTTLDPLSNHLFTLNGEKWRQVRHKMATAFSTAKLKNMFRS 158
CYP6CM1vMEAM1 ........L............................T.............H. 158
CYP6CM1vMED ........L............................T.............H. 159

CYP6CM1vAsia I LKDCAREMDAYMERAIGDKGDVEFDALKVMSNYTLEVIGACAMGIKCDSIHDE 211
CYP6CM1vMEAM1 ..........................F.......................... 211
CYP6CM1vMED ..................................................... 212

CYP6CM1vAsia I ETEFKRLSRDFFRFDARRMIFTLLDLLHPKLPVLLKWKAVRPEVENFFREAIK 264
CYP6CM1vMEAM1 ..................................................... 264
CYP6CM1vMED ......F.............................................. 265

CYP6CM1vAsia I ETASLKESEAATRTDFLQILIDFQKSEKASKTDAGNDTELVFTDNIIGGVIGS 317
CYP6CM1vMEAM1 .A.........A......................................... 317
CYP6CM1vMED .A.........A......................................... 318

CYP6CM1vAsia I FFSAGYEPTAAALTFCLYELARHPQVQTKLHEEILAVKEKLGDDIEYETLKEF 370
CYP6CM1vMEAM1 ...........................A....................N.... 370
CYP6CM1vMED ......................N....A......................... 371

CYP6CM1vAsia I KYANQVIDETLRLYPASGILVRTCTEPFKLPDSDVVIEKGTKVFVSSYGLQTD 423
CYP6CM1vMEAM1 ..................................................... 423
CYP6CM1vMED ..................................................... 424

CYP6CM1vAsia I PRYFPEPEKFDPERFSEENKEKIIPGTYLPFGDGPRLCIAMRLALMDVKMMMV 476
CYP6CM1vMEAM1 .......................L............................. 476
CYP6CM1vMED .......................L............................. 477

heme-iron ligand

CYP6CM1vAsia I RLVSKYEIHTTPKTPKKITFDTNSFTVQPAEKVWLCFQRRTSTP 520
CYP6CM1vMEAM1 ...................................R.R..A... 520
CYP6CM1vMED ...................................R.R..A... 521

FIGURE 3.9: Multiple sequence alignment of CYP6CM1 orthologs across B. tabaci
species MEAM1 (CYP6CM1vMEAM1), MED (CYP6CM1vMED) and Asia I
(CYP6CM1vAsia I). The identical residues are presented as dots whereas non
identical residues are highlighted as orange shaded blocks. The deletion mutation in
Asia I and MEAM1 species is presented as dash (-) at 19 position. The “heme-iron
ligand” motif (“FGDGPRLCIA”) is highlighted in red box.
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The comparison of heat shock family protein such as Hsp90 revealed a very high degree of
conservation across B. tabaci species and also conserved domains across other insect families as
represented by Z. nevadensis, D. citri, A. pisum and D. melanogaster (Figure 3.10). Hsp90 is a
highly conserved essential protein from eukaryote to prokaryote except Archaea (Genest et al.,
2011). The essential function of Hsp90 can be altered by inhibition of ATP binding site and therefore
it is a well-known promising target for drugs (Donnelly and Blagg, 2008). The Hsp90 protein can
be divided in to three domains, namely N-terminus, a middle domain and a C-terminus domain.
The N-terminus of Hsp90 is the ATP-binding domain found highly conserved across orthologs of B.
tabaci species but variations were found across orthologs in Z. nevadensis, D. citri, A. pisum and D.
melanogaster (Figure 3.10). The ATP-binding sites were highlighted as red “bullets” (Figure 3.10).
The conserved signature motif ‘MEEVD’ was shared by all orthologs at their C-terminus, which is
a primary site for dimerization (Figure 3.10, highlighted in red box).

● ● ●
Asia I MPEDVNME---QAETFVFQAEIAQLMSLIVNTFYSNKEIFLRELISNSSDALDKIRY 54
Asia II 3 ........---.............................................. 54
MEAM1 ........---.............................................. 54
MED ........---.............................................. 54
Asia II 1 ........---.............................................. 54
Z.nevadensis .....Q.QDTSEV...A............I........................... 57
D.citri ...QDVSMAQGDV...A............I........................... 57
A.pisum .....T.TATDDV...A............I..............V............ 57
D.melanogaster ...--------E....A............I.................A......... 49

● ● ● ●●
Asia I ESLTDPSRLESGKELYIKIIPNKNDRTLTIIDTGIGMTKADLVNNLGTIAKSGTKAF 111
Asia II 3 ......................................................... 111
MEAM1 ......................................................... 111
MED ......................................................... 111
Asia II 1 ......................................................... 111
Z.nevadensis .......K...........V.....H............................... 114
D.citri ...........K...E.....D.ES.......S........................ 114
A.pisum .......K.....D.H......AEEK............................... 114
D.melanogaster .......K.D........L....TAG.............S................. 106

●●●● ● ●
Asia I MEALAAGADISMIGQFGVGFYSAFLVADTVTVVSKHNDDEQYVWESSAGGSFTIKSD 168
Asia II 3 ......................................................... 168
MEAM1 ......................................................... 168
MED ......................................................... 168
Asia II 1 ......................................................... 168
Z.nevadensis ....Q..................Y....K...T.........L...........RP. 171
D.citri ....Q..................Y....K...H.........I............P. 171
A.pisum ....Q..................Y....K.............L...A.......RT. 171
D.melanogaster ....Q..................Y....K...T..N.................VRA. 163

●● ●
Asia I HGEPLGRGTKIIMHMKEDMTEFLEERKIKDIVKKHSQFIGYPIKLLVEKERDKELSE 225
Asia II 3 ......................................................... 225
MEAM1 ......................................................... 225
MED ...............................................K......... 225
Asia II 1 ......................................................... 225
Z.nevadensis P...........L.I...Q..........E..........................D 228
D.citri ...Q......MVLYI...QA.Y...K...E.....................E...E. 228
A.pisum P..........VLQI...QA...QQE..TS.I.............I..N..T..V.D 228
D.melanogaster NS.........VLYI...Q.DY...S...E..N..................E..V.D 220
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Asia I DEEEE-EVKKEDKEEKEEDKDTPKIEDV-EDEEEGK----EKKKKKKTIKEKYTEDE 276
Asia II 3 .....-......................-.......----................. 276
MEAM1 .....-......................-.......----................. 276
MED .....-......................-.......----................. 276
Asia II 1 .....-......................-.......----................. 276
Z.nevadensis ..A..EKE...GE.GG.G.ESK......G.....E.----D.....R.V........ 281
D.citri .....---.EK....N.D..-.......G...DAE.G---D............R... 278
A.pisum ..A..-.K.E.VEG.T....-K......G...D.D.KDEDKD...........LDE. 283
D.melanogaster ..ADD-.-...GD.K..MET.E......G...DAD.KD--KDA.............. 273

Asia I ELNKTKPIWTRNPDDITTEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFKALLFVPR 333
Asia II 3 ......................................................... 333
MEAM1 ......................................................... 333
MED ......................................................... 333
Asia II 1 ......................................E.................. 333
Z.nevadensis ................SQ...............................R....... 338
D.citri .......L........SQ....................................A.. 335
A.pisum V...............SQD..............................R....I.K 340
D.melanogaster ................SQ...............................R....I.. 330

Asia I RAPFDLFENKKKKNNIKLYVRRVFIMDNCEDLIPEYLNFIKGVVDSEDLPLNISREM 390
Asia II 3 ......................................................... 390
MEAM1 ......................................................... 390
MED ......................................................... 390
Asia II 1 .....................................................P... 390
Z.nevadensis ...........R............................................. 395
D.citri .....M..D..R............................................. 392
A.pisum ...Y.M..........................M........................ 397
D.melanogaster .T.......Q..R..........................M................. 387

Asia I LQQNKILKVIRKNLVKKCLELFEELAEDKENFKKFYEQFSKNLKLGIHEDTQNRKKL 447
Asia II 3 ......................................................... 447
MEAM1 ......................................................... 447
MED ........................................R................ 447
Asia II 1 ......................................................... 447
Z.nevadensis .........................S..P..Y..................SS....I 452
D.citri ......................D......D.Y..................S...... 449
A.pisum .............................D.Y..L...............S...... 454
D.melanogaster .....V...........TM..I...T.....Y....D.........V...SN..A.. 444

Asia I ADLLRYQTSATGDDVCSFKDYVARMKENQKHIYYITGESKDQVANSSFVERVKKRGF 504
Asia II 3 .............N.................................S......... 504
MEAM1 ......................................................... 504
MED ......................................................... 504
Asia II 1 ......................................................... 504
Z.nevadensis SE....S...S..E...L...............F......E................ 509
D.citri S.....H...S..ETT.L.E..S.................E.....A.......... 506
A.pisum S....FHS..S..ES..L.E......P..T.........RE..S............. 511
D.melanogaster ..F..FH...S...F..LA...S...D....V.F.........S..A......A... 501

Asia I EVIYMTEPIDEYVVQQMKDYDGKNLVSVTKEGLELPEDEEEKKKYEEDKVKFETLCK 561
Asia II 3 ......................................................... 561
MEAM1 ......................................................... 561
MED ......................................................... 561
Asia II 1 ......................................................... 561
Z.nevadensis ..V..V............E.E..Q..............D.....R....AR..S... 566
D.citri ..V.............L......................A...RH..N.....N... 563
A.pisum ..................E..............D...TD.....R.D.QSR..K... 568
D.melanogaster ..V..........I.HL.E.K..Q...............S....R....A...S... 558
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Asia I VMKDILDKKVEKVIVSNRLVESPCCIVTSQYGWTANMERIMKAQALRDSSTMGYMAA 618
Asia II 3 ......................................................... 618
MEAM1 ................S........................................ 618
MED .........................T............................... 618
Asia II 1 ......................................................... 618
Z.nevadensis .............V..................................T........ 623
D.citri ..............I.....D...........................T........ 620
A.pisum .V...........VI........................................S. 625
D.melanogaster L..S...N.....V......D.........F..S..............TA......G 615

Asia I KKHLEINPDHPVMDALRVKAEAEKNDKSVKDLVMLLFETALLSSGFALEDPQVHAGR 675
Asia II 3 ......................................................... 675
MEAM1 .............................R........................... 675
MED ......................................................... 675
Asia II 1 ................................A........................ 675
Z.nevadensis .............ET..Q....D.H..A.....................E.....A. 680
D.citri ..........NIIET..Q..D.D....A..................G........A. 677
A.pisum ...........IIET..Q....DS...A.R.........S......G........S. 682
D.melanogaster ..Q........IVET..Q..D.D....A.....I.....S......S.DS.....S. 672

Asia I IHRMIKLGLGIDEDEPVMVEEEK-PDTAMPAADGD-AEDASRMEEVD 720
Asia II 3 .......................-...........-........... 720
MEAM1 .......................-...........-........... 720
MED .......................-...........-........... 720
Asia II 1 .......................-...........-........... 720
Z.nevadensis .Y...........ED.QVA..TS-A.AE..PLE.EGG.......... 726
D.citri ............D.DE.PA.AS.AA.VDITPV...-S.......... 723
A.pisum ..............L..AE.KSAEVEASE.VVEA.-...S....... 728
D.melanogaster .Y..............MTTDDAQ-SAGDA.SLVE.-T....H..... 717

FIGURE 3.10: Multiple sequence alignment of Hsp90 orthologs across B. tabaci species MEAM1,
MED, Asia II 3, Asia II 1 and Asia I, and Z. nevadensis, D. citri, A. pisum and D.
melanogaster. The identical residues are presented as dots whereas non identical
residues are highlighted as orange shaded blocks. The deletion mutation in Asia
I and other species is presented as dash(-). The conserved motif ‘MEEVD’ at
C-terminus is highlighted in red box. The red “bullets” (●) represents ATP-binding
sites.
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Gene structure of Bemisia tabaci cryptic species Asia I

4.1 Introduction

Eukaryotic genome sequencing projects rely heavily upon ESTs and complete complementary DNA
(cDNA) sequences for accurate and comprehensive gene discovery and to annotate gene structures
using both automated and manual methods (Burge and Karlin, 1997; Zhang, 2002; Brent, 2005).
ESTs are a valuable resource for gene discovery in genome projects and combined with the genome
sequence, the expressed sequences delineate the gene structures by resolving exons and introns
using splice alignment programs (Huang et al., 1997; Bailey et al., 1998). Producing accurate gene
predictions is technically challenging for any genome project, as despite the availability of numerous
tools there has been no single method that has been found to be able to elucidate it quickly and
accurately (Zhang, 2002; Brent, 2005).

Generally, gene prediction programs including GENSCAN (Burge and Karlin, 1997), Fgenesh
(Salamov and Solovyev, 2000), Glimmer-HMM (Majoros et al., 2004) and GeneMark.hmm
(Lukashin and Borodovsky, 1998) employ probabilistic methods like Hidden Markov Models
(HMMs). These HMMs are used to find the likelihood of partitioning a nucleotide into genomic
features such as exons, introns and intergenic regions based on a prior set of probabilities. These
tools can predict the PCGs in the genome but their prediction is far from a perfect prediction of
complete gene structure (Burset and Guigo, 1996; Pavy et al., 1999; Guigo et al., 2000).

The correct gene structures or the individual features of the gene such as exons and introns can
be obtained from the spliced alignments of proteins or transcribed sequences against the genome
sequence of the same species or a closely related species. There are several tools available to
perform splice alignments via aligning transcripts against genome sequence, including Genomic
Mapping and Alignment Program (GMAP) (Wu and Watanabe, 2005), BLAT (Kent, 2002), spidey
(Wheelan et al., 2001), sim4 (Florea et al., 1998) and gap2 (Huang et al., 1997). Only a few tools
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are available to perform spliced alignment of proteins to genome such as ‘exonerate’ (Slater and
Birney, 2005) and Spaln (Gotoh, 2008). Additionally, there are a number of programs available to
integrate spliced alignments into gene prediction methods (Birney and Durbin, 2000; Salamov and
Solovyev, 2000; Yeh et al., 2001).

In the pilot phase of the genome sequencing project of Asia I, the splice alignment approach was
used in order to obtain more robust gene predictions for the Asia I genome. This approach was
to provide accurate gene structures for several hundreds of complete genes which then could be
used as an ‘evidence’ to train the ab initio gene predictors in a later genome annotation phase of
the project. It would also reveal the complexity of gene structures in Asia I species prior to the
annotation and this would help to optimise corresponding parameters in the genome annotation
pipeline to obtain more accurate gene predictions. This splice alignment approach had already
proved very effective in resolving the gene structures and improving the genome annotation in
Arabidopsis (Haas et al., 2002; Seki et al., 2002). The overall strategy used in this chapter was
as follows: selection of full-length transcripts from the transcriptome sequencing (as described in
Chapter 3) as a prerequisite for automated, high-precision gene structure annotation via mapping
onto the pilot phase genome assembly. Full-length transcripts facilitate the resolution of complex
gene structures in Asia I species and also ensures the gene boundaries with the start and stop codons
within the genome.

Here in this chapter, the use of a set of 119 transcripts to explore the quality of a draft genome
assembly is reported, at the same time observing the structural relationships between these genes
and their orthologs from three more closely related hemipterans: A. pisum, Nilaparvata lugens
(Hemiptera: Delphacidae) and Diaphorina citri (Hemiptera: Psyllidae), two dipterans: A. gambiae
and D. melanogaster, two hymenopterans: A. mellifera and Nasonia vitripennis (Hymenoptera:
Pteromalidae), one phthirapteran: Pediculus humanus (Phthiraptera: Pediculidae) and one coleopter-
an: Tribolium castaneum (Coleoptera: Tenebrionidae) species for which genome sequence already
exist. Annotation has permitted us to identify many genome segments of particular biological
interest, including those encoding key metabolic, developmental and insecticide target genes.
Access to accurate gene models will accelerate population studies and assist in the development of
management strategies for this devastating disease vector.
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4.2 Methods

4.2.1 Establishment of the Asia I species colony

The Asia I species colony used in this study was collected originally from aubergine (egg-plant)
in Coimbatore, South India (Rekha et al., 2005), and reared in the NRI quarantine insectary on
cotton, G. hirsutum L. cv Laxmi, growing in insect-proof cages ((26+1)oC, 14h:10h L:D, (70+10)%
r.h.). The identity of the colony was confirmed as described in Chapter 3 (section methods) by
partial mtCOI gene sequencing. In order to obtain an inbred line, ten sub-colonies were initiated by
allowing single mating pairs of B. tabaci (Asia I species) each to colonise a new, B. tabaci (Asia I
species)-free cotton seedling.

4.2.2 Sequencing and assembly of cDNA

The methodology for sequencing and assembly of representative transcriptome from the whitefly,
B. tabaci Asia I species, has been described previously and discussed in Chapter 3 (Seal et al.,
2012). Full-length transcripts were searched against complete proteomes of A. pisum, N. lugens, D.
citri, D. melanogaster, A. gambiae, A. mellifera, N. vitripennis, T. castaneum and P. humanus to
identify orthologous genes using Inparanoid v7.0 (Östlund et al., 2010). Daphnia magna (Cladocera:
Daphniidae) was used as an outgroup species for each Inparanoid run to remove any false ortholog
pairs.

4.2.3 Pilot phase: genome sequencing and assembly

DNA was extracted from Asia I species females and males, collected from India and sequenced
using an Illumina GAII platform. Additionally, three sequencing lanes were also sequenced using
Illumina HiSeq 2000 platform, one for short insert PE library (400 bp) and two for long insert
mate-pair (MP) libraries (3 kbp). The MP libraries were sequenced to 100 bp and trimmed 36 bp
in upstream direction. CLC genomics workbench (v7.0.4) was used to perform de novo assembly
of raw reads with minimum contig length restricted to 200 bp. Long insert (3 kbp) MP libraries
were used by SSPACE (v3.0) (Boetzer et al., 2011) to construct scaffolds. It was later found that
the 98.00% of the total reads from both MP libraries had 200-400 bp insert size instead of 3 kbp
insert size. These MP reads can not be used to assemble the scaffolds as they may misassemble or
miss-join the contigs. These reads were filtered before scaffolding to only select MP reads with 3
kbp insert size.

52



CHAPTER 4

4.2.4 Genomic mapping and alignment

Full-length transcripts were mapped onto assembled genome scaffolds using GMAP (v2014-12-18)
(Wu and Watanabe, 2005) to identify intron-exon boundaries and possible SNPs. A GMAP
database was built from the genome assembly FASTA sequence file using the gmap build program.
Full-length transcripts were then mapped in batches to these genome scaffolds with an alignment
option to produce full alignments in multithread mode at 12 cpu to run the GMAP program faster.
Results were obtained in GFF3 file format, identifying the gene structure for each mapped full-length
transcript.
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4.3 Results

4.3.1 Full-length cDNA transcripts

The methodology for producing a representative transcriptome from the whitefly, B. tabaci Asia I
species, has been described previously (Seal et al., 2012) and was also discussed in Chapter 3. The
complete open reading frames of cDNA transcripts were first extracted using ‘OrfPredictor’ (Min
et al., 2005) based on their sequence homology with closest ortholog and alignment coordinates.
Among 8,563 annotated transcripts, 741 appeared with completeness of their open reading frames
and therefore termed as full-length transcripts. These full-length transcripts were selected as initial
data set for further analysis, four of which are listed in Table 4.1A. The corresponding Pfam domains
are also listed in Table 4.1B for the selected four transcripts. An analysis of a further 721 transcripts,
with annotations, is presented in Appendix A, Table A4.1.

Transcript Lengtha Protein Closest
ortholog Genbank Pidentb

Transcript14 375 NADH dehydrogenase B14 subunit D. busckii gi�924555259 86
Transcript72 729 eukaryotic translation initiation factor 6 D. citri gi�662209025 82
Transcript77 1329 clathrin coat associated protein ap-50 R. pedestris gi�501295227 92
Transcript103 354 Vacuolar ATPase G subunit G. atropunctata gi�90820012 93

aLength : Amino acids
bPident : BLASTP %identity

(A)

Transcript Pfam id Domain Description

Transcript14 PF05347.12 Complex1 LYR NADH dehydrogenase complex protein
Transcript72 PF01912.15 eIF-6 eukaryotic translation initiation factor 6 family
Transcript77 PF01217.17 Clat adaptor s Clathrin adaptor complex small chain
Transcript77 PF00928.18 Adap comp sub Adaptor complexes medium subunit family
Transcript103 PF03179.12 V-ATPase G Vacuolar (H+)-ATPase G subunit

(B)

TABLE 4.1: B. tabaci (Asia I species) transcripts used for initial intron-exon structural analysis.
Four transcripts were selected from the Asia I species transcript profile for detailed
intron-exon structural analysis. The table lists orthologs (A) and corresponding
Pfam-based domains (B).
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4.3.2 Genome: sequencing and draft genome assembly

Sequencing of seven PE lanes using Illumina GAII technology generated 3,124,129 sequences with
maximum read length 80 bp and a total residue count of 1,036,713,302. In addition, one short insert
(400 bp) and two long insert (3 kbp) libraries were also sequenced using Illumina HiSeq 2000 and
generated 386,403,442, 357,614,632 and 381,489,430 reads respectively with a maximum read
length of 100 bp. De novo assembly of these reads with CLC Genomics produced 343,393 contigs
ranging in size between 200 bp and 657,201 bp, with an average length of 2,040 bp and 14,238
contigs with N50 length of 12,472 bp. The largest contig size was 658,076 bp and total contig size
was 700,602,328 bp (701 Mbp). SSPACE constructed 290,838 scaffolds from 343,393 contigs using
long insert mate pair reads, with an average size of 2,596 bp, a total residue counts of 755,155,629
bp (755 Mbp) and 6,969 scaffolds with an N50 length of 26,653 bp (Appendix A, Table A4.2). This
draft genome assembly was found very fragmented and incomplete, as 200 Mbp (26.55%) of 755
Mbp were gaps (N’s) leaving only 554 Mbp without gaps. Nevertheless, this 554 Mbp assembly
was sufficient to predict gene structures in the Asia I species genome and could provide a valuable
resource for accurate gene predictions as and when a more complete genome assembly becomes
available.

The estimated size of the B. tabaci (MEAM1 and MED species) genome is 640-680 Mbp based on
flow cytometry (Chen et al., 2015; Guo et al., 2015). The pilot phase draft assembly covers 554
Mbp of the genome in 290,838 scaffolds. In future, more deep sequencing will be required to obtain
a more complete genome assembly for Asia I.

4.3.3 Genomic mapping and alignment

To confirm the mutual accuracy of transcriptome and genome sequence sets, all of the full-length
cDNA transcripts were cross-mapped to genome scaffolds using GMAP (Wu and Watanabe, 2005),
both to establish the length of each gene and confirm its assembly quality based on percentage
identity between the transcriptome and genome.

Mapping 741 full-length transcripts onto the genome assembly resulted in 441 transcripts showing
100% sequence identity and showing 100% coverage to the preliminary genome assembly. The
remaining 126 transcripts had 98-99.9% sequence identity and 174 transcripts had less than 99%
sequence coverage. The 174 transcripts were mapped with 100% identity to discontinuous scaffolds
and thus their intron-exon structure could not be determined. They were therefore not placed
in the initial dataset. Of the total 741 transcripts, 126 were mapped on to consensus scaffolds
with 100% coverage but mismatches occurred within the codon triplet, which could produce
alternative isoforms. Of the total 741, an initial dataset of 567 (441+126) transcripts were chosen
for further analysis based on sequence homology to previously characterized orthologs, both to
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explore sequence divergence between Asia I species and other B. tabaci species, and to provide a set
of orthologous genes present in whiteflies and other insects, which could be used with confidence
for comparative gene structure analysis.

Using this genome assembly, gene models were produced for a subset of 119 of the 567 genes,
adjudged to cover the entire open reading frame of their cognate proteins (by comparison with
orthologs from other insects, see Appendix A, Table A4.3) and their introns not containing any
ambiguous bases (N’s). A representative selection of these gene models is shown in Figure 4.1,
together with comparisons of their orthologs from A. pisum, N. lugens, D. citri, D. melanogaster,
A. gambiae, A. mellifera, N. vitripennis, T. castaneum and P. humanus. In each case, the B. tabaci
(Asia I species) open reading frame has also been compared with those of the other insects by Pfam
analysis to confirm the identity of conserved functional domains, as indicated in Figure 4.1.

The gene structure comparison of orthologs across 10 insects revealed a huge variation in gene
length, because of one single parameter, namely intron length. For each gene ortholog, it was
observed that the gene lengths (exon+intron) were 3-5 times longer in B. tabaci (Asia I species)
than in A. pisum, N. lugens, D. citri, D. melanogaster, A. gambiae, A. mellifera, N. vitripennis, T.
castaneum and P. humanus. The selected gene models also show variability in intron sizes and their
frequencies across B. tabaci (Asia I species) and the remaining nine insect genes. Although the
introns of B. tabaci (Asia I) genes were much longer in comparison to introns of other nine insects
compared in this study (Figure 4.1). The domains were found conserved (colour coded in Table
4.1B) across all nine insects regardless of their intron size and frequency.
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FIGURE 4.1: Intron-exon structure analyses for selected genes across 10 insects. Four genes,
selected from the initial set of 119 transcripts from B. tabaci (Asia I species, Btabaci),
were compared to orthologs present in other insect genomes (A. pisum (Apisum),
N. lugens (Nlugens), D. citri (Dcitri), A. mellifera (Amel), N. vitripennis (Nvit), A.
gambiae (Agam), D. melanogaster (Dmel), T. castaneum (Tcas) and P. humanus
(Phum). Genes are arranged based on phylogenetic analysis using Muscle on protein
sequences to show intron-exon boundaries within their coding sequences, with their
5’ start codons aligned at the left. Introns are black horizontal line connecting two
exons and their sizes are placed at the top for each B. tabaci (Asia I species) transcript.
The exons of each gene are colour coded, with violet, blue and brown indicating the
location of individual Pfam domains within each gene, and orange indicating the
remaining coding sequence. Identifiers for the Pfam domains in each gene are given
in Table 4.1B.

4.3.4 Gene complexity analyses

An overall assessment of the size and complexity of the subset of 119 B. tabaci (Asia I population)
genes in the initial dataset shows that the gene span in B. tabaci (Asia I) is much longer than in A.
pisum, N. lugens, D. citri, D. melanogaster, A. gambiae, A. mellifera, N. vitripennis, T. castaneum
and P. humanus. The closest orthologs (106 genes) of 119 B. tabaci (Asia I population) genes were
identified in A. pisum followed by D. melanogaster (105 orthologs), A. mellifera (104 orthologs), P.
humanus (102 orthologs), A. gambiae (100 orthologs), N. vitripennis (99 orthologs), T. castaneum
(99 orthologs), D. citri (88 orthologs) and N. lugens (72 orthologs). There were only 37 core
orthologs found which were present in all 10 insects species (Appendix A, Table A4.4). Further to
add more significance to the above gene structure comparison results, the length distribution of the
coding sequence (CDS) and non-coding sequences (introns) of 119 ortholog genes were compared
across all 10 insect species. Not surprisingly, the most conserved CDS length distribution was
observed across all 10 insects (Figure 4.2A). All 10 insects showed a very similar pattern with the
highest density peak at 500 bp; the CDS length distribution ranges from 114 bp to 2,511 bp. The
opposite effect was observed in intron length distribution across these 10 insects (Figure 4.2A). The
intron length distribution peaks at 2,205 bp in B. tabaci (Asia I) which was significantly higher than
that of 1,100 bp, 836 bp, 268 bp, 230 bp, 218 bp, 102 bp, 91bp and 75 bp in A. pisum, D. citri, A.
mellifera, P. humanus, N. vitripennis, A. gambiae, D. melanogaster and T. castaneum respectively
(Figure 4.2A). However, the intron length distribution peak in N. lugens was found at 3,988 bp
which was higher than that of B. tabaci (Asia I) and the remaining eight species. The variations
in total gene size between these insects are clearly due to the size of their introns. These results
demonstrate that the introns are much longer in B. tabaci (Asia I) genes than their orthologs in
A. pisum, D. citri, A. mellifera, P. humanus, N. vitripennis, A. gambiae, D. melanogaster and T.
castaneum regardless of their sequence homology in their coding regions.
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The complexity of gene structure in all 10 insects was also analysed by comparing order and
frequency of intron-exon within a gene. Of the total 119 genes, 90 and 83 were found with a
greater number of introns in B. tabaci (Asia I) compared to two dipteran insects A. gambiae and
D. melanogaster respectively, whereas only 67, 62, 41 and 67 were found in B. tabaci (Asia I)
compared to hemipteran insects N. lugens, D. citri and A. pisum respectively. Similarly, 79, 67, 68
and 54 genes were found in B. tabaci (Asia I) with more number of introns than in T. castaneum, N.
vitripennis, P. humanus and A. mellifera respectively (Figure 4.2A).
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FIGURE 4.2: Length distribution of CDS and introns for selected 119 genes in B. tabaci (Asia I
species) and their corresponding orthologs in other nine insects including A. pisum,
N. lugens, D. citri, D. melanogaster, A. gambiae, A. mellifera, N. vitripennis, T.
castaneum and P. humanus. (A) CDS density, intron density and intron count
distribution across 10 insects, and (B) Intron size distribution.
*Figure 4.2A and Figure 4.2B has the same colour coding and order of genes from
bottom to top.

The variation of total intron length in 119 gene orthologs from all 10 insects was shown in a “polar
bar plot” (Figure 4.2B). In comparison with the presence of introns in B. tabaci (Asia I) genes, there
were 13 genes found with no intron in A. pisum followed by 12 genes in A. gambiae, 11 genes in D.
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melanogaster and T. castaneum, nine genes in D. citri and N. vitripennis, six genes in N. lugens,
and three genes in A. mellifera and P. humanus (Appendix A, Table A4.4).

4.3.5 Validation of genome assembly

To validate the genome assembly and the intron length, two PE read libraries with different insert
sizes were aligned to four randomly selected genome scaffolds encompassing transcripts listed in
Appendix A, Table A4.1. These four transcripts were “Transcript82”, “Transcript80”, “Transcript85”
and “Transcript79” which encodes “90 kDa heat shock protein”, “GTP-binding nuclear protein
Ran”, “glutathione S-transferase” and “Glyceraldehyde 3-phosphate dehydrogenase” respectively.
The mapping support of two PE libraries with insert size 200 bp and 450 bp over introns and
exons is shown in Figure 4.3A-D. The PE reads mapped to assembled scaffolds with an average
per-base coverage of 50x. These PE mappings confirm the exon-intron-exon structure along with
their lengths and the accuracy of the assembled Asia I species genome scaffolds. The results also
suggest that the PE reads not only support the coding regions (exons) of the gene but also support
the longer non-coding regions (introns).
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FIGURE 4.3: Genome assembly validation via PE read mapping. (A) Transcript82, (B)
Transcript80, (C) Transcript85 and (D) Transcript79. The top arcs represent two
different PE read libraries with insert size 200 bp (blue) and 450 bp (orange). The
orientation of the genomic scaffold is 5’->3’. The genomic scaffold coordinates are
shown in the middle along with the exons (dark grey block) and introns (grey line
with arrows). The PE reads mapping coverage for each base is also shown as a line
graph at the bottom.

4.3.6 Intron splice sites

In eukaryotes, the most protein-coding genes contain coding exons alternated with non-coding
introns. The non-coding introns are removed and the coding exons are joined into a specific order to
form a mature mRNA before they get exported to the cytoplasm. This process is known as mRNA
splicing (Wang and Burge, 2008). The synthesis of a correct protein product requires accurate
splicing of introns at specific sites. Every intron contains two splice signals that are essential for
splicing and exon definition, the 5’ splice site also known as donor splice site and the 3’ splice
site also known as the acceptor splice site (Breathnach and Chambon, 1981; Burset et al., 2000).
The 5’ donor splice site of each intron begins with the “canonical” dinucleotide GT followed by
few varying nucleotides. Similarly, the 3’ acceptor splice site of each intron ends with another
“canonical” dinucleotide AG and followed by other varying nucleotides (Figure 4.4). Mutations
occurring at these di-nucleotides lead to mis-splicing which results in exon skipping or intron
retention. Splice site mutations also lead to human diseases including “Frasier syndrome”, “atypical

63



CHAPTER 4

cystic fibrosis”, “neurofibromatosis type 1” and “familial dysautonomia” (Faustino and Cooper,
2003; Wang and Cooper, 2007; Tazi et al., 2009).
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FIGURE 4.4: Intron splice site motifs in B. tabaci (Asia I species) genome. (A) 5’ donor splice site
and (B) 3’ acceptor splice site.

4.3.7 Usage of nucleotides and di-nucleotides in introns

Genes containing two or more introns were selected for intron position based nucleotide composition
analysis. The composition of nucleotides and di-nucleotides in introns up to position eight are
shown in Figure 4.5. Occurrence of A and T nucleotides were predominantly higher than that of G
and C regardless of their intron position. Di-nucleotides composed of A and T (AA, AT, TA, TT)
were also higher than those of G and C (CC, CG, GC, GG) (Figure 4.5). These results suggest that
the A+T nucleotides and di-nucleotides are most common in introns. T and TT were the most highly
represented nucleotides and di-nucleotides where-as G and CG were the lowest represented. A
high composition of G+C and CG dinucleotide leads to the development of CpG island, which was
identified in 40-50% of the human genes (Suzuki et al., 2001). In B. tabaci (Asia I), G+C and CG
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composition of the introns were found much lower and therefore a high frequency of CpG islands
were not identified. Of the total 539 introns, only 17 (3.15%) introns containing CpG islands were
identified.
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FIGURE 4.5: Frequencies of nucleotides and di-nucleotides in introns of B. tabaci (Asia I species)
genome. Each colour bar represents occurrence of nucleotides and di-nucleotides in
introns at various positions.

4.3.8 U12-type spliceosomal introns in B. tabaci

Introns are classified into four major groups namely group I, II, III and spliceosomal introns
(Saldanha et al., 1993; Sharp and Burge, 1997). The first three groups of introns undergo self-splicing
where-as the fourth group of introns require complex machinery called spliceosomes. A spliceosome
comprises four small nuclear ribonucleoproteins (snRNPs) and more than a hundred non-snRNP
proteins which associate with snRNPs during the event of splicing (Lamond, 1993; Wahl et al.,
2009; Will and Lührmann, 2011). There are two distinct types of spliceosomal introns; U12-type
and U2-type introns that are spliced by the minor and major spliceosomes respectively. U12-type
introns are highly conserved and comprise less than half a percent of all spliceosomal introns (Sharp
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and Burge, 1997; Levine and Durbin, 2001). The insect U12-type intron containing genes were
retrieved from the U12DB (v1.0) intron database (http://genome.crg.es/cgi-bin/u12db/u12db.cgi)
(Alioto, 2007). The translated protein sequences of these 71 genes were used to identify potential
orthologs in B. tabaci (Asia I) using TBLASTN (v2.2.29+) (Altschul et al., 1990) and exonerate
(Slater and Birney, 2005). The ortholog genes containing introns were identified along with their
splice sites. This result was compared with the previous findings of U12-type introns in 20 insect
genomes (Janice et al., 2012). Of the total 71 U12-type intron containing genes, only 36 genes were
identified in B. tabaci (Asia I) (Table 4.2). This includes two of AT-AC U12-subtype and 34 of
GT-AG U12-subtype intron. U12-type intron containing genes in B. tabaci (Asia I) were found
higher than equivalent ones in 15 Dipteran species including 12 Drosophila and three mosquito
species regardless of their genome size. However, they were found lower in B. tabaci (Asia I) than
in A. mellifera, N. vitripennis and P. humanus (Table 4.2). The insect genomes harbour such a
low number of U12-type introns indicating the deletion of this type of introns which leads to their
conversion to U2-type intron (Janice et al., 2012). Since the draft genome assembly was used in this
study, the U12-type intron containing genes in B. tabaci (Asia I) were still an incomplete set and
therefore further assembly and analysis is required once an improved genome assembly is available.
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Species Introns available U12-type introns identified Genome size in Mbp

Aedes aegypti 71 17 1376

Anopheles gambiae 70 17 278

Apis mellifera 71 63 264

Bemisia tabaci 71 35 ∼650

Bombyx mori 68 32 530

Culex quinquefasciatus 71 15 579

Drosophila ananassae 71 17 185.82

Drosophila erecta 71 19 146.7

Drosophila grimshawi 71 19 234.72

Drosophila melanogaster 71 19 176.04

Drosophila mojavensis 71 19 166.26

Drosophila persimilis 70 17 176.04

Drosophila pseudoobscura 71 19 156.48

Drosophila sechellia 71 19 166.26

Drosophila simulans 71 19 146.7

Drosophila virilis 71 19 332.52

Drosophila willistoni 71 17 205.38

Drosophila yakuba 71 19 166.26

Nasonia vitripennis 71 46 335

Pediculus humanus 71 39 107.58

Tribolium castaneum 71 34 160

0 10 20 30 40 50 60 70

TABLE 4.2: U12-type intron containing genes in B. tabaci (Asia I species) and other insect genomes.
The introns available are the ortholog genes found for that particular insect and red bar
represents U12-type intron containing genes for corresponding insect.
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4.4 Discussion

The production of a reference genome sequence for the whitefly, B. tabaci (Asia I population)
represents a major objective in pest management and biology, since this insect is a pest by direct
feeding damage as well as by being capable of transmitting hundreds of different viruses that are
major threats to food security. However, at a size of approximately 640-680 Mbp (Chen et al., 2015;
Guo et al., 2015), the B. tabaci (Asia I) genome is larger than most insect genomes including its
closest hemipterans A. pisum and D. citri. This poses several challenges for genome assembly.
In this chapter, the assembly and characterisation of a set of 119 transcribed genes is described,
which enable us to quality control the accuracy of the templates to be used for subsequent genome
assembly studies.

Validated gene models for the 119 genes were produced and described, enabling the side by side
comparison of the genes from this hemipteran insect with others which have been sequenced from
the same group (A. pisum, N. lugens and D. citri), and with more distant relatives (D. melanogaster,
A. gambiae, A. mellifera, N. vitripennis, T. castaneum and P. humanus). Using Pfam to analyse the
coding sequences, good concordance in overall domain content between B. tabaci (Asia I) and these
nine other insect species was found, but a striking difference in the size and often the organisation
of their introns can be seen, with the introns present in B. tabaci (Asia I) in general being larger and
more numerous than those present in the other insect genes examined. This genetic expansion may
contribute to the increased size of the B. tabaci (Asia I) genome, but perhaps more interestingly
may also reflect a more dynamic genome. Studies are ongoing to determine whether the intron
organisation observed in Asia I is replicated precisely in other B. tabaci species. Nevertheless, the
gene structures examined in detail in this chapter via aligning PE reads to the assembled scaffolds
to confirmed the accuracy of the assembly and their intron lengths. All four examined scaffolds
showed good PE read support for each base with an average coverage of 50x. Consistent with this
result, intron splice motifs including donor splice site and acceptor splice site were also found as
conserved motifs in B. tabaci (Asia I) introns, which confirmed their start and end sites within gene.

The length of introns vary across a wide range of eukaryotic genomes, which suggest selective
pressure of an unknown origin (Deutsch and Long, 1999). The intron-exon structural analysis
of 119 orthologs from 10 insects revealed some interesting results. An average intron length of
intron-containing gene orthologs in B. tabaci (Asia I) was 3,126 bp, which was longer than 351
bp, 427 bp, 517 bp, 521 bp, 565 bp, 572 bp and 1,813 bp in the corresponding gene orthologs
from D. melanogaster, P. humanus, T. castaneum, N. vitripennis, A. mellifera, A. gambiae and A.
pisum respectively. However, the average intron length was longer in D. citri (3,234 bp) and N.
lugens (7,744 bp) than that in B. tabaci (Asia I). The genomes of seven of these eight insects are
smaller than that of B. tabaci (Asia I) with N. lugens only containing a larger genome (1,140 Mbp).
This therefore suggest that the larger introns in B. tabaci (Asia I) are highly likely to be one main
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contributor to it’s relatively large genome size. This is supported by the similar contribution of
introns to a larger genome size in N. lugens. With an average intron length of 3,126 bp, introns of
the “proliferation-associated protein 2G4” were 12,061 bp, “eukaryotic translation initiation factor
3 subunit 6” were 6,907 bp, “V-type proton ATPase subunit C” were 4,495 bp, and those of other
genes were about 495 to 7,651 bp.

It is not only the intron length, but also the number of introns per gene that varies across eukaryotes
(Deutsch and Long, 1999). The average number of introns per intron-containing gene was higher in
B. tabaci (Asia I species) (2.92) followed by 2.83, 2.63, 2,58, 2.50, 2.38, 2.33, 1.90, 1.65 and 1.53 in
N. lugens, A. mellifera, P. humanus, A. pisum, D. citri, N. vitripennis, T. castaneum, D. melanogaster
and A. gambiae respectively. A positive correlation between the intron density of a gene and its
expression level was reported in the human genome; genes with higher intron densities were more
highly expressed than those with lower intron densities (Comeron, 2004). Similarly, introns have
stimulatory effects on gene expression and this has been termed ‘intron-mediated enhancement’
(IME) (Mascarenhas et al., 1990). IME has been observed in many diverse eukaryotes (Duncker
et al., 1997; Ho et al., 2001; Xu and Gong, 2003; Juneau et al., 2006), and the same trend was
also supported in plants (Clancy and Hannah, 2002; Fiume et al., 2004; Rose, 2008). The higher
intron density in B. tabaci (Asia I) together with their longer sizes indicates that the introns play a
potentially highly significant role in gene regulation and potentially genome expansion in B. tabaci
(Asia I).

Intron position within individual domains (i.e. where introns are present) is largely conserved
between the species examined here. The positioning of these intron-exon boundaries and their
functional significance remains to be determined, although the potential correlation between intron
position and the nucleotide/dinucleotide composition of that intron was also examined. In this
study, A+T nucleotides and di-nucleotides were found most common in introns. Where-as G+C
and CG composition of the introns were found lowest represented. These results suggest that the B.
tabaci (Asia I) introns are more AT enriched than GC which is to be expected from their overall GC
content of 35.56%. Only 17 (3.15%) introns were found containing CpG islands which is much
lower than the estimated percentage in entire human genome (40-50% genes) (Larsen et al., 1992;
Suzuki et al., 2001).

The mRNA transcripts have permitted us to identify the size and location of introns and exons in
the B. tabaci (Asia I) genome, and access to this accurate gene models will accelerate population
studies and assist in producing high quality genome assembly and more robust gene annotation of
this devastating disease vector. Further analysis examining more number of introns and genes to
identify the potential role of introns in B. tabaci (Asia I) is recommended.
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Draft genome sequence of Bemisia tabaci cryptic species Asia I

5.1 Introduction

The whitefly, B. tabaci genome is one of the i5K target genomes (Robinson et al., 2011). The
assembly and annotation of the B. tabaci Asia I species genome, the major aim of this research, is
important for studying whitefly population diversity and its temporal evolution. Access to a complete
B. tabaci genome sequence will permit detailed genome-wide association studies, providing a basis
for studying other aspects of whitefly behaviour and response, including traits such as insecticide
resistance and their relationships to various endosymbionts. Despite an ever-increasing global
importance and economic impact, a draft whole genome of any B. tabaci species has not yet
been reported. Major challenges have been proposed due to its innate complex biology (bacterial
symbiosis) and genome complexity (size of genome, high level of heterozygosity and repetitive
elements) (Chu et al., 2013). At present, as a genome sequence is not available for any B. tabaci
species, comparative and pan-genomic approaches cannot be used to study global genetic differences
and molecular mechanisms underlying the biological invasions of Asia I species.

Despite the availability of transcriptomes from different B. tabaci species including Asia I (as
described in Chapter 3), MEAM1 (Leshkowitz et al., 2006; Wang et al., 2011; Xie et al., 2012),
MED (Wang et al., 2010a) and Asia II 3 (Wang et al., 2012) , these do not provide complete genetic
information for these species. Transcriptome sequencing has provided only a subset of genes that
were expressed at different developmental stages of life and thus represents incomplete genetic
information for those species. To obtain the complete set of genes for any species requires whole
genome sequencing. Availability of genome sequences for species that fall in the B. tabaci species
complex, will allow comparative genomic studies. They will enable further insights of the genetic
diversity across this species complex and also the identification of conserved and highly diverged
genes, recognition of gene families which have contracted or expanded and the evolution of B.
tabaci members. The genome sequence of the Asia I species will also open the door for future
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investigations on host-endosymbiont relationships and lateral gene transfer mechanisms between
insect hosts and their endosymbionts.

A pilot phase of the Asia I genome sequencing project was conducted and the draft assembly (v1.0)
was produced as described in Chapter 4. The genome assembly (v1.0) from the pilot phase was
very fragmented and contained only 50% of the genome according to the estimated genome size of
640-680 Mbp from the MEAM1 and MED species (Chen et al., 2015; Guo et al., 2015). Therefore
another deep sequencing of whole genome was required in order to capture more of the Asia I
species genome. To achieve the high quality draft genome, the Illumina sequencing platform was
employed again, but this time using longer reads (250 bp PE) and a construction suited to the
‘DISCOVAR’ assembly software.

In this chapter, a higher quality draft genome sequence of Asia I species is reported along with
the prediction of gene models, identification of repetitive elements, non-coding RNAs, presence of
endosymbionts, and gene families with their essential roles in detoxification and sex determination
in Asia I species. The genomes of the closest hemipteran insects were also compared to identify
orthologous genes and their structural complexity, and reveal key genetic variations which may
underlie species-specific biological function across this Order. To date, this represents the first draft
genome sequence from the B. tabaci cryptic species complex, although release of genomes for both
the MED and MEAM1 species is expected to be imminent.
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5.2 Methods

5.2.1 DNA extraction and sequencing

High quality genomic DNA was extracted from adult female and male whiteflies using a standard
protocol (Blood and Tissue DNA extraction kit, Qiagen, Germany). The single Illumina (250 bp PE)
sequencing library was constructed using a PCR-free protocol recommended for the DISCOVAR de
novo assembler (v52488). The Illumina PCR-free library was prepared using the ‘with-bead pond
library’ protocol as described in Fisher et al. (2011). DISCOVAR requires specific Illumina PE
library with approximately 450 bp of fragment, from which 250 bp reads with inward facing are
sequenced on Illumina HiSeq or MiSeq genome sequencers. Whole-genome shotgun sequencing of
Asia I species was performed using Illumina MiSeq 2500 in a Rapid Run Mode at The Genome
Analysis Centre (TGAC), Norwich, UK.

5.2.2 De novo genome assembly

Genomic sequences of endosymbionts were expected to be present in the Asia I species genome
reads and were filtered to achieve symbiont-free Asia I genome sequences prior to assembly.
The 250 bp reads generated by Illumina HiSeq 2000 were first aligned to reference genomes
of endosymbionts using Burrows-Wheeler Aligner (BWA) (v0.7.12) (Li and Durbin, 2009) and
filtered using SAMtools (v1.1) (Li et al., 2009). The raw reads were aligned to the genome
sequence of seven endosymbionts including Ca. Portiera aleyrodidarum (BT-B, NCBI taxonomy id:
1206109, accession: CP003708, CP003868), Ca. Portiera aleyrodidarum (BT-Q, NCBI taxonomy
id: 1239881, accession: CP003835, CP003867), Wolbachia pipientis (wBol1-b, NCBI taxonomy id:
1238452, accession: CAOH01000000), Wolbachia endosymbiont of Culex quinquefasciatus (wPel,
NCBI taxonomy id: 570417, accession: NC 010981), Wolbachia endosymbiont of Drosophila
simulans (wNo, NCBI taxonomy id: 1236908, accession: CP003883), Wolbachia endosymbiont
of D. melanogaster (wMel, NCBI taxonomy id: 163164, accession: NC 002978), Wolbachia
endosymbiont of Drosophila simulans (wRi, NCBI taxon id: 66084, accession: NC 012416),
Wolbachia endosymbiont of Drosophila simulans (wHa, NCBI taxon id: 1236909, accession:
CP003884), Wolbachia endosymbiont strain TRS of Brugia malayi (wBm, NCBI taxon id: 292805,
accession: NC 006833), Arsenophonus endosymbiont str. Hangzhou of Nilaparvata lugens (NCBI
taxon id: 1247024, accession: JRLH01000000), Arsenophonus nasoniae DSM 15247 (NCBI
taxon id: 1121018, accession: AUCC01000000), Ca. Hamiltonella defensa MED (NCBI taxon id:
1163751, accession: AJLH02000000), Rickettsia sp. MEAM1 (NCBI taxon id: 1182263, accession:
AJWD01000000), Orientia tsutsugamushi str. Boryong (NCBI taxon id: 357244, accession:
NC 009488) and Cardinium cBtQ1 (NCBI taxon id: 1354314, accession: NZ CBQZ010000000).
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Prior to assembly, genome size and read coverage from raw and endosymbiont filtered reads were
estimated by Jellyfish (v2.2.0) (Marçais and Kingsford, 2011) using k-mer approach. DISCOVAR de
novo (http://www.broadinstitute.org/software/discovar) genome assembler was used to perform an
assembly on the filtered set of reads containing Asia I species genome reads without endosymbiont
reads. Further genome assembler such as Platanus (v1.2.1) (Kajitani et al., 2014) was also used
to build de novo assembly on the same set of reads for the evaluation and comparison purposes.
Platanus ran assembly in three steps: contig assembly from a de Bruijn graph with the k-mer
range 32-167 (k-mer step size 10), scaffold assembly from the contigs using PE reads and finally,
gap-filling on scaffolds using the PE reads.

5.2.3 Core eukaryotic genes: CEGMA, BUSCO

Core Eukaryotic Genes Mapping Approach (CEGMA) (v2.32) (Parra et al., 2007, 2009) and
Benchmarking Universal Single-Copy Orthologs (BUSCO) (v1.1b1) (Simao et al., 2015) pipelines
were used to assess the gene complement of the Asia I species genome assembly. CEGMA was run
on the genome assembly using ‘–vrt’ parameter to allow for vertebrate-sized longer introns to be
identified. CEGMA reports a subset of the 248 most highly conserved eukaryotic genes (CEGs),
and least paralogous CEGs. The detailed information of these CEGs is also given in the report if
they are found in a complete or partial form. In the CEGMA pipeline, the predicted proteins were
scored based on their alignment to a HMMER profile built for each CEGs. The alignment fraction
of each predicted protein can range from 20-100%. The protein is grouped as ‘full-length’ if the
fraction exceeds 70%, otherwise it is grouped as ‘partial’.

BUSCO assesses the completeness of the genome assembly using orthologs from OrthoDB
(Kriventseva et al., 2015) (www.orthodb.org). The BUSCO pipeline was run on the assembly
in a ‘genome’ mode using the arthropod data set. The BUSCO pipeline has three phases: 1) use of
BUSCO consensus sequences to identify the candidate regions of the genome to be assessed using
TBLASTN; 2) Gene structure prediction using Augustus; and 3) Assessment of predicted genes
using HMMER and lineage-specific profiles to classify them into four categories: complete (C),
duplicated (D), fragmented (F) and missing (M).

5.2.4 Repeat annotation

The repetitive elements of the Asia I species genome were annotated in two ways: 1) RepeatMasker
(v4.0.5) (http://www.repeatmasker.org/) was used to identify homologous repeats against RepBase
TE library (Jurka et al., 2005) (update: 20150807) and 2) RepeatModeler (v1.0.8) (Smit A, Hubley R.
RepeatModeler-1.0.8, http://www.repeatmasker.org/RepeatModeler.html) including RECON (v1.08)
(Bao and Eddy, 2002), RepeatScout (v1.0.3) (Price et al., 2005) and Tandem Repeat Finder (TRF)
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(v4.07b) (Benson, 1999) was used to construct a de novo repeat library from Asia I species genome
scaffolds. This Asia I species-specific repeat library was then used by RepeatMasker to identify
and classify the additional high and medium copy repeats in the genome. The identified repeats
from both steps were merged and reprocessed using RepeatMasker. Tandem repeats including
satellites, simple repeats and low complexity repeats were also predicted using TRF using Match=2,
Mismatch=7, Delta=7, PM=80, PI=10, Minscore=50 and MaxPeriod=12.

5.2.5 Analysis of non-coding RNAs

Non-coding RNAs (ncRNAs) were predicted using INFERNAL (v1.1) (Nawrocki et al., 2009)
and tRNAscan-SE (v1.3.1) (Lowe and Eddy, 1997) software packages. There were four types of
ncRNAs predicted in Asia I species genome includes microRNA (miRNA), ribosomal RNA (rRNA),
transfer RNA (tRNA) and small nuclear RNA (snRNA). MicroRNA (miRNA), rRNA and snRNA
were predicted by INFERNAL using the Rfam database (v11) (Griffiths-Jones et al., 2005). Transfer
RNAs (tRNAs) were predicted by tRNAscan-SE using eukaryote parameters and a covariance
model (CM) which scores based on their secondary structures and sequence.

5.2.6 Asia I genome annotation

Gene structure predictions for the Asia I species genome was performed using the MAKER2 (v2.31)
(Holt and Yandell, 2011). MAKER2 is a portable and easily configurable automated genome
annotation pipeline. The MAKER2 pipeline was configured to run in four steps: 1) repeat masking
the genome 2) ab initio gene prediction 3) Expressed Sequence Tags (ESTs) and/or protein evidence
alignment and finally, 4) revising the final gene models. Repetitive elements of the Asia I species
genome were first identified and masked using RepeatMasker (v4.0.5) (http://www.repeatmasker.
org/) with the de novo repeat library from the Asia I species genome generated using RepeatModeler
v1.0.8 (http://www.repeatmasker.org/RepeatModeler.html). SNAP (v2010-07-28) (Korf, 2004) and
Augustus (v3.1.0) (Stanke et al., 2006) were employed to produce ab initio gene models. ESTs and
proteins were derived from the RNA sequencing experiments of the Asia I species and aligned using
BLASTX and TBLASTN integrated into MAKER2. Core eukaryotic genes identified by CEGMA
(Parra et al., 2007, 2009) and BUSCO (Simao et al., 2015) were also supplied as a protein evidence
for TBLASTN search into MAKER2. The MAKER2 predicted gene models from the Platanus
assembly were further evaluated using CEGMA (Parra et al., 2007, 2009) and BUSCO (Simao et al.,
2015). Finally, evidence derived from EST and protein homology alignments, and ab initio gene
predictions were then integrated and revised in MAKER2 to generate a consensus gene set (Official
Gene Set: OGS v1.1).
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Functional annotation of the MAKER2 predicted proteins was performed using BLASTP top-hits
to the nr database with the E-value cut-off of 1E-05. Gene motifs and domains were annotated by
InterProScan (v5.15) (Jones et al., 2014) against several publicly available databases including
Pfam, ProDom, TIGRFAMs, PIRSF, HAMAP, PRINTS, PANTHER, Gene3D, SUPERFAMILY,
PROSITE, COILS and SMART. The KEGG annotation was also performed at KAAS server using
SBH method (Moriya et al., 2007). The KEGG pathway for each gene was derived from the best
KO hit.

5.2.7 Identification of gene orthologs

To identify orthologous groups and potential gene family expansion and contraction within the
order Hemiptera, insect lineages with sequenced genomes were compared. Complete proteomes of
Asia I species (OGS v1.1), A. pisum, N. lugens and D. citri were retrieved. All-vs-all BLASTP was
performed using the OrthoMCL (v2.0.8) (Li et al., 2003) and the best reciprocal hits were determined.
Orthologs, co-orthologs and inparalogs were classified using Markov clustering algorithm (MCL)
(v14-137) (Enright et al., 2002).

5.2.8 Gene family analysis

Proteins beloning to the highly diverse gene family, GSTs, were identified from the BLASTP
top-hits of MAKER2 gene set (OGS v1.1) against the nr database. The non-redundant set of Asia I
species GSTs were aligned using MUSCLE (Edgar, 2004) to the corresponding protein orthologs
from 10 other insects whose genomes were available. A maximum-likelihood phylogenetic tree was
generated using FastTree 2 (Price et al., 2010) and illustrated with iTOL (Letunic and Bork, 2011).
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5.3 Results and discussion

5.3.1 Genome sequencing and assembly

Genomic DNA extracted from Asia I species (adult female and males) was sequenced using the
Illumina MiSeq 2500 approach with a coverage depth of 70x. A total of 210,053,096 reads were
generated from a PE library with mean length 251 bp and insert size ranges from 450-750 bp. After
removal of reads corresponding to endosymbionts, a total of 206,195,230 (98.16%) reads were
obtained (Table 5.1, Appendix B, Figure B5.1). The initial draft assembly of Asia I genome by
Platanus resulted in 1,571,703 scaffolds that spanned 828 Mbp with a N50 (the scaffold size N at
which 50% of the genome assembly is in scaffolds longer than N) scaffold size of 2,110 bp, 1.18%
gaps, and GC content of 39.57% (Table 5.1). DISCOVAR de novo assembler produced 1,974,766
scaffolds spanned 1.43 Gbp with N50 scaffold size of 1,386, 0.01% gaps and GC content of 39.94%
(Appendix A, Table A5.1). The Platanus assembly therefore had a higher N50 than DISCOVAR
de novo and the assembly size was closer to the estimated genome size of 640-690 Mbp (Chen
et al., 2015; Guo et al., 2015) in comparison to DISCOVAR de novo assembly which was more
than double the size. The above scaffold N50 values were significantly smaller than that of other
sequenced insects such as D.citri (38 kbp) (Hunter et al., 2014), A. pisum (86.9 kbp) (IAGC, 2010)
and N. lugens (356.6 kbp) (Xue et al., 2014). This is thought to be due to these other higher N50
values having been generated from MP and fosmid libraries. The scaffold N50 metric alone does
not tell the sequence contiguity and therefore can not be used to select the best assembly. Together
with the cumulative plot (Gurevich et al., 2013), the Platanus assembly (v1.1) was selected the
best assembly with the longest scaffolds (steepest cumulative scaffold length curve, Appendix A,
Figure B5.2) and used in the subsequent analysis in this chapter. The assembled genome of Asia
I is A + T rich (60.44%), exhibiting only 39.57% GC content, which is higher than that of three
published hemipteran genomes including A. pisum (29.6%) (IAGC, 2010), N. lugens (34.6%) (Xue
et al., 2014) and Diaphorina citri (38.06%) (Hunter et al., 2014), and lower than D. melanogaster
(42%) (Adams et al., 2000). In addition, the genome of Asia I is also larger than that of A. pisum
(464 Mbp) (IAGC, 2010) and D. citri (485 Mbp) (Hunter et al., 2014) but smaller than N. lugens
(1,141 Mbp) (Xue et al., 2014).

5.3.2 Assessment of genome assembly

The completeness of the Asia I genome assemblies from both assemblers was assessed using two
different approaches, CEGMA and BUSCO. Using CEGMA, a set of 248 core eukaryotic genes
were searched for in both genome assemblies which resulted in 81.45% and 67.74% of them being
aligned to universal single copy orthologs as complete where-as 95.56% and 91.94% as partial in
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Sequencing Insert size Length Coverage Total reads Filtered

Illumina PE 450-750 bp 251 bp 70x 210,053,096 206,195,230

Assembly Number N50 GC% Max. len.a Total length

Contigs 1,747,531 809 bp 39.56 % 116.496 kbp 885.842 Mbp
Scaffolds 1,571,703 2.1 kbp 39.57 % 343.103 kbp 828.220 Mbp

Annotation Number Max. len.a Avg. len.b Total length % of genome

Predicted genes 41,981 40.821 kbp 662 bp 27.77 Mbp 3.35 %
CDS 123,183 30,687 bp 215 bp 26.58 Mbp 3.19 %
Exons 124,106 30,687 bp 223 bp 27.72 Mbp 3.33 %
Introns 82,373 56,293 bp 2,200 bp 181.24 Mbp 21.87 %

aMaximum length, bAverage length.

TABLE 5.1: Asia I species genome statistics: sequencing, assembly (v1.1) and annotation features
(OGS v1.1).

Platanus and DISCOVAR de novo assembly respectively (Appendix B, Figure B5.3). Similarly,
another set of 2,675 core arthropod genes were searched using BUSCO which resulted in 22%
complete, 1% duplicate, 22% fragmented or partial and 55% missing in the DISCOVAR de novo
assembly (Appendix B, Figure B5.3). In contrast, in the Platanus assembly, they were found as 35%
complete, 1% duplicate, 32% fragmented or partial and only 32% missing (Figure 5.1). According
to the CEGMA and BUSCO results of both assemblies, these supported the Platanus assembly
having achieved a higher number of complete protein-coding genes in the genome compared to the
DISCOVAR de novo assembly. The Platanus assembly also captured a higher number of fragmented
and partial genes from CEGMA and BUSCO than the DISCOVAR de novo assembly (Appendix B,
Figure B5.3). Based on these findings and previous assembly statistics comparisons of Platanus
and DISCOVAR de novo assemblies, the Platanus assembly showed substantially better contiguity
statistics compared to the DISCOVAR de novo assembly and was therefore selected for further
analysis in this chapter.

The Platanus assembly was assessed further using the same set of datasets and programs. In addition
to the scaffolds, the MAKER2 predicted gene models were also evaluated. Using both CEGMA
and BUSCO for scaffolds and MAKER2 predictions, the complete set of genes were increased by
18% (BUSCO) and 18.94% (CEGMA) for MAKER2 gene set than that in scaffolds (Figure 5.1). In
Chapter 4, a highly distinctive intron size and frequency distribution partly explained the difficulties
encountered in genome assembly and suggested that the validated genes could produce more robust
gene annotation. This is supported by the CEGMA and BUSCO results where MAKER2 gene set
had a higher number of complete genes which were predicted using validated genes as evidence.
The programs CEGMA and BUSCO failed to predict more complete genes from scaffolds because
of the effect of size and frequency of introns on these programs.
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FIGURE 5.1: Assessment of Asia I genome Platanus assembly using BUSCO and CEGMA before
(scaffolds) and after (OGS v1.1) MAKER2 gene model prediction.

5.3.3 Endosymbionts in Asia I species

To date, eight bacterial endosymbionts have been reported in B. tabaci and only four have had their
genome sequence reported including Portiera, Hamiltonella, Rickettsia and Cardinium. No genome
sequence is reported for the remaining four endosymbionts of B. tabaci including Arsenophonus,
Wolbachia, Fritschea and Hemipteriphilus. To achieve the endosymbiont-free Asia I species genome
library for assembly, all the genome sequencing reads from Asia I species were aligned to genome
sequences of Portiera, Hamiltonella, Rickettisia and Cardinium, and three endosymbionts from
other insect hosts including Arsenophonus, Wolbachia and Hemipteriphilus. There was no reference
genome sequence available for Fritschea. Of the total Asia I species genome reads, only 1.83% reads
showed matches with the above endosymbionts and were therefore filtered prior to the assembly
step. Of the total aligned reads, the highest proportional of reads were corresponded to those of
Portiera and its genomes reported (BT-B (21.40%), BT-Q (19.71%), B (20.97%) and Q (20.10%))
(Table 5.2). This result was expected as Portiera is obligate endosymbiont of all B. tabaci species.
The second highest number of reads were aligned to Wolbachia endosymbionts including wPel
(3.28%), wMel (0.08%), wHa (0.14%), wNo (4.90%), wRi (0.10%), wBm (0.0%) and wBol1-b
(3.83%) followed by Arsenophonus endosymbionts (5.22%) and Rickettisia (0.22%). Only small
proportional of reads were aligned to the Hemipteriphilus (0.007%) and Hamiltonella (0.0%) and it
seems probable these are false hits. There was no corresponding read found to Cardinium sequences
(Table 5.2).
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Endosymbiont Genome size Mapped reads Accession

in pairs broken pairs

Portiera

Portiera-BT-B 358,242 736,958 96,093 CP003708

Portiera-BT-Q 357,472 678,738 82,879 CP003835

Portiera-B 351,658 722,250 93,210 CP003868

Portiera-Q 350,928 692,262 83,163 CP003867

Wolbachia

wPel 1,482,455 112,998 19,290 NC 010981

wMel 1,267,782 2,793 453 NC 002978

wHa 1,295,804 4,852 639 CP003884

wNo 1,301,823 168,887 6,995 CP003883

wRi 1,445,873 3,634 455 NC 012416

wBm 1,080,084 1 1 NC 006833

wBol1-b 1,377,933 131,932 19,611 CAOH01000000

Arsenophonus

ArsenophonusNIL 2,953,863 178,658 4,129 JRLH01000000

ArsenophonusNAS 3,670,548 1,115 101 AUCC01000000

Rickettsia

Ricketsia 914,329 7,674 3,793 AJWD01000000

Hamiltonella

Hamiltonella 1,800,792 6 0 AJLH02000000

Hemipteriphilus

Orientia 2,127,051 275 5 NC 009488

Cardinium

Cardinium 1,012,588 0 0 NZ CBQZ010000000

TABLE 5.2: Total endosymbiont genomic reads filtered from Asia I species genome reads via
reference mapping approach.

5.3.4 Repetitive elements

Identification of repetitive elements is an essential step in any genome sequencing project, because
unidentified repeats can affect the quality of predicted gene models and subsequent annotation
analyses (Lorenzi et al., 2008). A significant proportion of the Asia I species genome is occupied
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by repetitive elements (45.66%) including transposable elements (TEs) and tandem repeats (Table
5.3), which is a larger fraction than that has been found in A. pisum (33.3%) (IAGC, 2010) and
Tribolium castaneum (42%) (Wang et al., 2008), but a lower fraction than that measured in published
hemipteran insect, the brown planthopper (BPH), N. lugens (48.6%) (Xue et al., 2014). Most of
these repeats were interspersed repeats, which account for 371 Mbp (44.88%). Of the remaining
repeats, unclassified were the most abundant and accounting for 336 Mbp (40.58%) followed by
DNA elements (2.31%), long interspersed elements (LINEs) (1.79%), simple repeats (0.63%), low
complexity (0.18%), short interspersed nuclear elements (SINEs) (0.13%) and long terminal repeat
(LTR) elements (0.08%) (Table 5.3).

sequences: 1,571,703
total length: 828,219,547 bp
GC level: 39.57%
bases masked: 378,204,637 bp

Repeat type Elements Length occupied % of sequence
SINEs: 7,913 1,060,582 bp 0.13 %

ALUs 0 0 bp 0.00 %
MIRs 0 0 bp 0.00 %

LINEs: 94,440 14,799,207 bp 1.79 %
LINE1 0 0 bp 0.00 %
LINE2 0 0 bp 0.00 %
L3/CR1 2214 231928 bp 0.03 %

LTR elements: 3,811 629,568 bp 0.08 %
ERVL 0 0 bp 0.00 %
ERVL-MaLRs 0 0 bp 0.00 %
ERV classI 0 0 bp 0.00 %
ERV classII 789 119,898 bp 0.01 %

DNA elements: 114,170 19,158,058 bp 2.31 %
hAT-Charlie 9,651 1,896,023 bp 0.23 %
TcMar-Tigger 0 0 bp 0.00 %

Unclassified: 2,317,841 336,081,535 bp 40.58 %

Total interspersed repeats: 371,728,950 bp 44.88 %

Small RNA: 4,740 465,778 bp 0.06 %

Satellites: 0 0 bp 0 %
Simple repeats: 117,641 5,253,744 bp 0.63 %
Low complexity: 27,631 1,513,412 bp 0.18 %

TABLE 5.3: General statistics of repetitive elements identified in Asia I species genome.
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The activity of these TEs and their impact on evolution of eukaryotic genomes is substantial
(Biémont and Vieira, 2006; Feschotte and Pritham, 2007). Previous studies suggest that the TE
content could play a significant role influencing genome size in many insect species (Comeron,
2001; Fernández-Medina et al., 2011). The impact of TE content was seen in Aedes aegypti, where
the genome was double in size due to presence of TEs (Nene et al., 2007).

5.3.5 Non-coding RNAs

In addition to the protein-coding genes, ncRNAs were also identified from the draft genome
assembly of Asia I. A total of 990 ncRNAs, which accounted for approximately 0.011% of the Asia
I genome, were identified including 52 miRNA, 430 tRNA, 416 rRNA and 92 snRNA (Table 5.4).
The miRNA and snRNA genes play significant roles in the regulation of eukaryotic gene expression.
Predicted ncRNAs in the Asia I genome were lower than that of other hemipterans such as in A.
pisum (163 miRNA) (IAGC, 2010) and N. lugens (372 miRNA, 1,982 tRNA and 198 snRNA) (Xue
et al., 2014). The Asia I ncRNAs might be underestimated as they were predicted from an imperfect
match between a draft genome sequence and known ncRNAs. Another possible factor that may
contribute to lower ncRNAs in Asia I is that Asia I may possibly possess unidentified ncRNAs.

Type Count Averagea Totalb % of genome

miRNA 52 2,471.33 4,804 0.00058
tRNA 430 73.95 31,799 0.00384
rRNA 416 3,210.85 45,640 0.00551

5S 326 94.98 30,965 0.00374
5 8S 88 132.86 11,692 0.00141
SSU 2 2,983 2,983 0.00036

snRNA 92 1,466.19 12,069 0.00146
CD-box 6 398.33 1,195 0.00014
HACA-box 1 106 106 1.3E-05

splicing 85 961.85 10,768 0.00130
aAverage length, bTotal length.

TABLE 5.4: Non-coding RNAs in Asia I species genome.

5.3.6 Asia I species gene models

Gene models in Asia I species were predicted using MAKER2 annotation pipeline (Holt and Yandell,
2011), combining both evidence-based and ab initio methods. The two-pass workflow was used
with the MAKER2 pipeline as described by an online group (Holt, 2015) and it seems to be the best
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approach to incorporate multiple ab initio predictions along with the EST and protein alignments
as an evidence from the same species or closely related species. While running second phase of
MAKER2, it is very important to make a decision on whether to keep the ab initio gene predictions
where no ESTs or protein evidence is available (with AED score > 1). Keeping only gene models
with evidence (AED score < 1) will remove all novel proteins that were predicted by ab initio
programs. MAKER2 can produce more than the expected number of genes when it allow all the
predicted gene models without filtering based on AED score, and some of them may be genuine.
Moreover, the appropriate AED score cut-off might be different for different species and would
need to be considered as discussed by Holt and Yandell (2011).

The main aim of this chapter was to assemble and annotate Asia I species genome and produce a
comprehensive gene set by combining evidence-based and ab initio gene models. A total of 41,981
proteins-coding genes (PCGs) (OGS v1.1) were predicted with an average gene size of 662 bp, a
coding sequence size of 214 bp and 2.95 exons per gene. This predicted protein count is higher
than that of in other sequenced hemipterans including A. pisum (33,267 PCGs) (IAGC, 2010) and
N. lugens (27,571 PCGs) (Xue et al., 2014). However, coding density in Asia I species (3.19%)
was higher than that in N. lugens (2.74%) and lower than A. pisum (6.45%) due to the variation in
their genome sizes. These results suggest that the contiguity of the de novo assembly and ab initio
gene prediction did not limit the ability to identify PCGs in the Asia I data. Variations in the PCGs
counts across these three species may be a consequence of species-specific gene expansions or
contractions that have arisen as a result of gene duplication or gene loss and subsequent divergence,
which has been one of the major reason for phenotypic differentiation across species (Robertson
et al., 2003; Hahn et al., 2007). However, another possibility that PCGs were overestimated in Asia
I species genome could be because of false-positive gene predictions. These can arise because of
interference of putative TEs, bacterial symbionts and heterozygous gene copies. Further analysis
will be required for manual examination of predicted gene models to assure their accuracy. The
likelihood of a higher number of gene predictions can be investigated further when additional
genomes are sequenced for hemipteran species.

For all PCGs, 49.85% were assigned preliminary functions based on BLASTP homology at nr
database, 51.32% had similarity to domains in InterPro database, 40.32% were assigned Gene
Ontology (GO) terms, encompassing molecular functions (32.81%), biological processes (29.04%),
and cellular components (22.76%) (Appendix A, Table A5.2; Appendix B, Figure B5.4). KEGG
pathways were mapped to 12.88% PCGs and EC was obtained for 7.08% PCGs (Appendix A, Table
A5.3). Over half (50.15%) of PCGs remained unidentified when searched against the nr database
and they are expected to be correctly assembled, and annotated based on ESTs evidence. Only
a small proportion (6.17%) of unidentified PCGs were indeed expressed, as identified from the
transcriptome assembly at a sequence identity threshold of 95% (Appendix A, Table A5.4). However,
EST evidence was not found for a large proportion (93.83%) of unidentified PCGs at present and
the likelihood of over-prediction remained after the three rounds of MAKER2 annotation pipeline
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using ab initio programs, SNAP and AUGUSTUS. These unidentified PCGs can be assessed and
evaluated using RT-PCR and sequencing analysis.

5.3.7 Asia I species genome complexity

Several challenges have been faced during the assembly and annotation of the Asia I species genome
due certainly in part to two genomic features, namely large introns as well as high degree of
repetitive sequences. Introns have been identified as a major component of any eukaryote genome
including even smaller genomes from the taxonomically diverse lineages (Venter et al., 2001; Stein
et al., 2003). Intron frequencies and their substantial proportion of the genome were compared
across seven insects including B. tabaci, A. pisum, N. lugens, D. citri, T. castaneum, P. humunus and
Z. nevadensis to assess their genome complexity (Figure 5.2). The intron frequency distribution
shows there is no positive correlation between their frequencies and genome sizes as the higher the
intron frequency does not always mean a longer genome (Figure 5.2, scatter plot). For example,
A. pisum had the highest intron frequency of 146,873 but the genome size is lower than that of B.
tabaci, N. lugens, D. citri and Z. nevadensis. However, the proportion of genome they account for
was consistent with their genome sizes as the longer the genome, the longer the proportion (Figure
5.2, barplot). Despite their different genome sizes, two hemipteran insects, B. tabaci (Asia I, 828
Mbp draft genome assembly) and N. lugens (1,140 Mbp) showed similar distribution of introns
in their genomes, 26.27% for B. tabaci and 24.38% for N. lugens. This is highly similar with the
human genome (24%) though it is three times longer than these two insects (Venter et al., 2001).
Interestingly, A. pisum was found with the highest number of introns and the highest percentage
they occupied in the genome. The intron frequency and total intron sizes were shown to vary
considerably across all seven insects which has also been commonly found across animal taxa
through comparison of intron composition of whole genomes between and within taxa (Deutsch
and Long, 1999; Lynch and Conery, 2003; Yandell et al., 2006; Zhu et al., 2009). A detailed study
on large-scale genomic comparison will be interesting to understand the evolution and diversity of
introns across an ever-increasing number of published genomes.

Despite this, genome may also contain repetitive sequences such as TEs, present in all genomes
from bacteria to eukaryotes. Most commonly, these repetitive sequences represent a substantial
fraction of the genome, although they vary within and between taxa (Bennetzen, 2005; Biémont and
Vieira, 2006; Schnable et al., 2009; de Koning et al., 2011). These TEs have been found responsible
for larger genome size in animals and plants. The proportion of TEs representing up to 77% are
reported in the frog, Pelophylax esculentus genome which is relatively big 5.5-7.8 Gbp (Biémont
and Vieira, 2006). In plants such as maize and rice, the proportion of TEs is variable and can
account for up to 85% and 65% of the genome respectively (Bennetzen, 2005; Zuccolo et al., 2007;
Lisch and Bennetzen, 2011).
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FIGURE 5.2: Distribution of intron counts and their total length in seven insect genomes. The
scatterplot on left represents correlation between genome size and total number of
introns for each species. The barplot on the right side illustrates that how much
portion of genome occupied by introns in each species and the percentages are placed
on top of each bar.

5.3.8 Gene orthology across hemipterans

Orthology analysis was performed among proteomes of four hemipteran species including B.
tabaci, A. pisum, N. lugens and D. citri by clustering them into orthologous groups to determine
hemipteran-specific single copy orthologs (SCOs) and whether B. tabaci genome has expanded or
contracted gene families relative to the other hemipteran species. A total of 4,528 ortholog groups,
representing 2,006 SCOs, were found conserved across all four hemipteran genomes (Figure 5.3).
B. tabaci and D. citri shared the highest number of orthologs (583 orthologs) followed by 544 with
N. lugens and 351 with A. pisum. These results agree with BLASTX top-hit species distribution
where the highest number of BLASTX top-hits from hemipteran species was retrieved from D. citri
(Appendix B, Figure B5.5). Among these four hemipteran species, the highest number of orthologs
were found in B. tabaci (9,441) followed by A. pisum (9,164), D. citri (8,876) and N. lugens (8,498)
(Figure 5.3). There were 1,575 paralog groups found unique to B. tabaci, representing 6,194 proteins
(14.75%) of its predicted proteome (OGS v1.1).

These B. tabaci specific proteins were then analysed to determine GO terms (Ashburner et al.,
2000) which are enriched in these proteins. Of the total 6,194 proteins, 3,052 (49.27%) proteins
were found with a homolog, but not deemed sufficient of a homolog as to be considered an
ortholog to, known proteins at NCBI, and 74.41% of these were annotated with 1,221 unique
GO terms at level 2 (general function categories). These GO classification results were found
consistent with the transcriptome of Asia I and previously sequenced transcriptomes of other
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number of orthologs identified in each species along with their counts. Orthologs
count that were unique to species and shared between two, three or four species is
also represented as horizontal bars at the bottom.

B. tabaci species where metabolic process, catalytic activity, binding and cell were the most
abundant subcategories (Wang et al., 2010a, 2011, 2012). To identify the active pathways associated
with these B. tabaci specific proteins, all 6,194 proteins were mapped with EC number to the
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reference canonical pathways in KEGG. The EC classification revealed that the hydrolases (22%,
1,579 enzymes) group of enzymes were mostly represented in B. tabaci specific proteins followed
by transferases (520 enzymes), oxidoreductases (376 enzymes), ligases (162 enzymes), lyases
(144 enzymes) and isomerases (25 enzymes). A total of 129 KEGG pathways were assigned to
1,990 (32.12%) unique proteins. The highly represented pathways were thiamine metabolism
(656 proteins), purine metabolism (326 proteins) and aminobenzoate degradation (146 proteins).
Interestingly, thiamine metabolism pathway was not found in previous transcriptomes of MEAM1,
MED and Asia II 3 species (Wang et al., 2010a, 2011, 2012) where-as it was found activated in the
Asia I transcriptome. Thiamine metabolism is the sub-pathway that lies under the pathway class
‘metabolism of cofactors and vitamins’. Other sub-pathways from the ‘metabolism of cofactors and
vitamins pathway’ were found enriched in MEAM1 and MED guts (Ye et al., 2014). In addition,
several KEGG pathways were also found activated in Asia I species which includes drug metabolism
- cytochrome P450, nicotinate and nicotinamide metabolism, ascorbate and aldarate metabolism,
glycosylphosphatidylinositol(GPI)-anchor biosynthesis, metabolism of xenobiotics by cytochrome
P450, tyrosine metabolism, other types of O-glycan biosynthesis, drug metabolism - other enzymes,
porphyrin and chlorophyll metabolism, starch and sucrose metabolism, pentose and glucuronate
interconversions, and retinol metabolism. These pathways have been identified as gut-specific
pathways and their functions appeared very similar in MEAM1 and MED species (Ye et al., 2014),
and it is very highly likely that these pathways also perform similar function in populations of
the Asia I species. Among these gut-specific pathways in Asia I, metabolism of xenobiotics by
cytochrome P450, drug metabolism - cytochrome P450 and drug metabolism - other enzymes
were reported with their association in insecticide resistance in MED species (Nauen et al., 2002;
Horowitz et al., 2005; Ghanim and Kontsedalov, 2007; Yuan et al., 2012).

5.3.9 Glutathione S-transferases (GSTs)

GSTs are a gene family of multifunctional enzymes involved in detoxifying cells of natural and
artificial molecules in both eukaryotes and prokaryotes (Rogers et al., 1999; Ranson et al., 2000;
Lumjuan et al., 2005). In general, GST-mediated reactions involve the conjugation of the thiol group
from glutathione (GSH; y-glutamyl-cysteinyl-glycine) to hydrophobic and electrophilic toxicants
including many insecticides, drugs and herbicides. By this mechanism, they can increase the
solubility of the substrate and eliminate them from a cell, and specifically target GSH multidrug
transporters. In insects, GSTs represents a highly diverse gene family and can be classified into
two major classes: microsomal and cytosolic GSTs. The membrane-bound microsomal GSTs are
structurally and evolutionarily distinct from the cytosolic GSTs. The cytosolic GSTs class is larger
than the microsomal GSTs class and can be further divided into six major subclasses: delta, epsilon,
omega, sigma, theta and zeta. Among these six subclasses, delta and epsilon are specific to insects
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(Friedman, 2011), and thought to be involved in detoxification mechanisms (Enayati et al., 2005;
Friedman, 2011; Nardini et al., 2012).

A total of 23 GSTs were identified in the B. tabaci Asia I genome, representing each of the six
subclasses of cytosolic GSTs: 11 delta, two epsilon, one omega, four sigma, one theta and two zeta
(Figure 5.4), and remaining two were microsomal GSTs. This number is the same as that found
in B. tabaci MED species, which also has 23 GSTs (Yang et al., 2016). B. tabaci has more GSTs
than found in any other currently available hemipteran genomes; A. pisum contains 22 GSTs (20
cytosolic GSTs and two microsomal GSTs) (IAGC, 2010; Ramsey et al., 2010) and N. lugens has
only 11 GSTs (9 cytosolic GSTs and two microsomal GSTs) (Xue et al., 2014). Moreover, even the
hymenopteran A. mellifera and N. vitripennis have less with 11 (Claudianos et al., 2006; HGSC,
2006) and 19 GSTs (Oakeshott et al., 2010) respectively, and the exopterogote parasite P. humanus
contains 11 GSTs (Kirkness et al., 2010). However, this pattern is not followed as the dipterans have
consistently expanded GST gene families including D. melanogaster and A. gambiae, which have 37
and 28 GSTs respectively (Ding et al., 2003). The detailed comparative study across available insect
genomes may shed more light on GST expansion and contraction patterns and also differentiate
their evolution either by ecological adaptation or by shared ancestry.

In hemipterans, the microsomal GSTs were equally distributed as two GSTs found in B. tabaci, A.
pisum and N. lugens. These microsomal GSTs are structurally different in comparison with the
cytosolic GSTs, although both major classes are involved in detoxification of xenobiotics and in
protection against oxidative stress (Hayes et al., 2005). Of the total 21 cytosolic GSTs, delta GSTs
were the largest class of GSTs in B. tabaci (11 GSTs), which is consistent with findings in the other
insects (Ding et al., 2003; IAGC, 2010; Oakeshott et al., 2010; Xue et al., 2014). Interestingly, B.
tabaci has the same number of delta GSTs that were identified in A. gambiae but one more than in A.
pisum. Further, two epsilon GSTs were present in B. tabaci genome but, as in A. pisum genome, no
epsilon GSTs were identified. These delta and epsilon GSTs are unique to insects and occupy the
majority of the GSTs consistent with their role in detoxification of insecticides (Tene et al., 2013;
Djègbè et al., 2014). In B. tabaci MED species, a high level of resistance to thiamethoxam, a second
generation neonicotinoid insecticide, has been reported due to the over-expression of several GSTs
(Yang et al., 2016). Activities of multiple GSTs were also found associated with cross-resistance to
other insecticides including imdacloprid, nitenpyram and acetamiprid in B. tabaci (MED species)
(Yang et al., 2016). Similarly, in A. gambiae, GSTD1, the delta GSTs was found associated with
insecticide metabolism via directly detoxifying DDT and pyrethroid (Huang et al., 2012; Tene et al.,
2013). Sigma class of GSTs were the second largest GSTs in B. tabaci (four GSTs). Structural
and catalytic roles of sigma GSTs have been defined in previous studies (Clayton et al., 1998;
Singh et al., 2001). Additionally, some members of this class were found actively associated with a
4-hydroxynonenal, a by-product of lipid peroxidation, and therefore they thought to be involved
in protecting from oxidative stress (Singh et al., 2001). The global distribution of the B. tabaci is
partially because of its high fitness parameters such as high fecundity, wide range of plant hosts and
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FIGURE 5.4: Phylogeny of GSTs across 11 insects including four hemipterans: BTAsiaI, B. tabaci;
Apisum, A. pisum; Dcitri, D. citri; Nlugens, N. lugens; three dipterans: Dmel, D.
melanogaster; Agam, A. gambiae; Cqui, Culex quinquefasciatus; two hymenopterans:
Amel, A. mellifera; Nvit, N. vitripennis; one coleopteran: Tcas, T. castaneum; one
phthirapteran: Phum, P. humanus; The tree was rooted and supported by the bootstrap
values represented as circles at each node where the value is >=50.

ability to survive at a high rate under different environmental stresses (Lu and Wan, 2008). The
remaining GSTs represented in B. tabaci, theta, zeta and omega, are ubiquitously distributed in
nature which indicate their roles in endogenous metabolic processes. An expansion in zeta class of
GSTs was observed in B. tabaci in comparison with A. pisum. The zeta GSTs are distributed as one
or two in most insects and play an important role in the degradation of phenylalanine and catalysis
of tyrosine (Board et al., 1997). One omega class of GSTs was identified in B tabaci, similar to N.
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lugens and A. gambiae but less than two omega GSTs found in A. pisum and A. mellifera. In Apis
cerana, the induced expression of omega GSTs by various abiotic stresses suggested their protective
role against oxidative stresses (Brock et al., 2013).

5.3.10 Sex determination gene in Asia I species

The complete coding sequence of sex determination gene, Transformer-2 sex-determining gene
tra2 in Asia I species, was predicted based on its sequence homology with the published tra2 gene
in MEAM1 species (Xie et al., 2014). The coding sequence was further confirmed from genomic
mapping and resulted in two splice variants of tra2 in B. tabaci Asia I clade (tra2-266, tra2-143)
(Figure 5.5A). The largest transcript (tra2-266) was 801 bp and contains eight exons and seven
introns whereas tra2-143 was 432 bp and contains four exons and three introns. The total size of
introns was 12,884 bp and 4,131 bp for tra2-266 and tra2-143 respectively (Figure 5.5A).
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B.tabaci-Asia1 RCIGVFGMNVFTTENQIYHIFSKFGPVERVQVIIDAKTGRSRGFGFVYYENYEDAKAAKEECSGMEIDGQRIRVDFSITER
B.tabaci-B .................................................................................
A.echinatior ..L....LSI....Q..Q.....Y........V...........C...FDTS....V...Q.T......R.........Q.
B.mori ..L....LSLY...Q..N.....Y...DK...V...........C...F.DM....I..N..T......R.....Y...Q.
T.castaneum ..L....LS.Y...DEL......Y..L.....V...........S...F..tD...V..DQ....K.N.KN....Y.....
N.vitripennis ..L....LSIC.S.QSL......Y......V.V.....K.PK..C...F.SL....V...Q....A...R.....Y.....
A.mellifera ..L....LSI....Q.VH.....Y.....I..V......H.K.YC...F.SL....V...Q.A......R.M...Y...Q.
L.cuprina .......LS.Y..QLK.RE.......I..I..V...Q......SC.I....LA.....CDN.C....E.R....AY.....
A.pisum K.L.I..LS.Y...H.L.D..A.Y.SIDKILI.....S........A.FKKH....V............R.........Q.
M.domestica ..L....LS.H..QQ..RE....Y..I..I..VV..Q.......C.I..KHLA..EV.RDQ.C.Q.V..R....AY.....
D.melanogaster .......L.TN.SQHKVREL.N.Y..I..I.MV...Q.Q.....C.I.F.KLS..R...DS...I.V..R.........Q.

FIGURE 5.5: Transformer 2 (tra2 143 and tra2 266) - putative sex determination gene in B. tabaci.
Sequence alignment of RNA-binding Domain (RBD) of tra2 gene across hemipteran
(B. tabaci Asia I and MEAM1, A. pisum), hymenopteran (A. mellifera, N. vitripennis,
and A. echinatior), lepidopteran (B. mori), coleopteran (T. castaneum) and dipteran (D.
melanogaster, L. cuprina and M. domestica). The identical residues are represented
as dots and RNP elements are highlighted in orange colour.

Sequence comparison of B. tabaci tra2-266 gene with other insects revealed conservation only
in structural features within RNA-binding domain (RBD), which indicate RBD is evolutionary
constrained (Figure 5.5B). Due to the evolutionary constrain, only RBD domain of tra2 gene
was compared across hemipteran (B. tabaci Asia I and MEAM1, A. pisum), hymenopteran (A.
mellifera, N. vitripennis, and Acromyrmex echinatior), lepidopteran (Bombyx mori), coleopteran (T.
castaneum) and dipteran (D. melanogaster, Lucilia cuprina and Musca domestica) insects (Figure
5.5B). The pairwise comparison shows 100% sequence identity between two B. tabaci species Asia
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I and MEAM1. The closest homolog to Asia I was A. echinatior (78%) followed by B. mori (74%),
T. castaneum (73%), N. vitripennis (70%), A. mellifera (70%), L. cuprina (69%), A. pisum (66%), M.
domestica (62%) and D. melanogaster (60%). Sequence comparison of RBD domains of tra2 gene
across insects revealed various base mutations within ribonucleoprotein (RNP) elements, which
are the designated binding nucleotides of RNA. There were two putative RNP elements, RNP1
(eight amino acid) and RNP2 (six amino acid) found within RBD domain (Figure 5.5B), which
were structured like a barrel (�↵��↵�). These RNP elements bind to the dsx repeat element in D.
melanogaster and other dipteran insects (Nagai et al., 1990; Amrein et al., 1994) but dsx repeat
motif was found absent in A. mellifera ((Saccone et al., 2008; Concha et al., 2010; Permpoon et al.,
2011; Nissen et al., 2012). RNP1 element of B. tabaci Asia I is composed of eight amino acids
of which four amino acids were found different in A. mellifera and three in D. melanogaster. The
mutation of an essential amino acid arginine (R) to lysine (K) was only found in two hymenopteran
insects, A. mellifera and N. vitripennis, which is an essential residue for female dsx splicing in D.
melanogaster (Amrein et al., 1994; Nissen et al., 2012). RNP2 element is six amino acids long and
differs from other insects at first and six amino acids (I to L and M to L) and third amino acid in A.
pisum (V to I) (Figure 5.5B).

The genetic structure of this tra2 gene was found with its largest intron in B. tabaci (12,884 bp)
compared to that of in other insects including A. gambiae (5,444 bp), D. melanogaster (3,256
bp) and A. pisum (977 bp), but smaller than that in A. mellifera (18,967 bp). This tra2 gene was
identified as an essential regulator gene associated with female splice regulation at two levels of
the sex determination system of honeybee (Nissen et al., 2012). The similar results were also seen
in beetles, where female specific transcript contains longer intron than male-specific transcript of
tra2 gene (Shukla and Palli, 2012). The recent study on determining sexual differences in whiteflies
at transcriptome level revealed tra2 gene as a more highly expressed gene in females than males
(Xie et al., 2014). In this study, the genomic DNA was isolated from both adult females and males
B. tabaci, and therefore it is still unclear whether the tra2 gene of B. tabaci is male-specific or
female-specific. It will be interesting to see the intron-exon structure in male-specific tra2 gene of
B. tabaci to determine its regulatory role in sex determination system of whiteflies.
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Mitochondrial and endosymbiont genomes assembled from Bemisia tabaci
Asia I genome data

6.1 Introduction

The major aim of this study was to obtain the genome of Asia I species, although genome sequences
of mitochondria and three bacterial symbionts including one primary endosymbiont (Portiera) and
two secondary endosymbionts (Wolbachia and Arsenophonus) were also obtained from the same
genomic sequence libraries.

6.1.1 Mitogenome of Asia I species

To date a partial fragment of the mtCOI gene, has been used extensively to distinguish B. tabaci
species within the complex of cryptic species comprising at least 37 morphologically similar species
(Dinsdale et al., 2010; Barro et al., 2011; Hu et al., 2011a; Alemandri et al., 2012; Liu et al., 2012;
Parrella et al., 2012; Firdaus et al., 2013; Hu et al., 2014). However, a better understanding of
genetic relationships within the B. tabaci complex can be achieved via comparing species through
more extensive sequences, ideally nuclear as well as mitochondrial sequences. From the genomic
sequence data generated, it was straightforward to assemble a complete mitogenomes. This was
done as it is not only interesting for phylogenetic analysis, but could also benefit the design of
improved primers for PCR amplification. To date, only four whitefly species have their mitogenome
sequence reported, which includes New World I (Thao et al., 2004), MED (Wang et al., 2013), Asia I
(Tay et al., 2016) and Bemisia afer (Wang et al., 2016b). The comparison of these four mitogenomes
revealed similar gene arrangement in all four species with two differences as tRNA-Ser2 was absent
in B. afer and tRNA-Arg was on the “negative” strand in the MED species (Tay et al., 2016).
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Here in this chapter, the complete mitochondrial genome of Asia I (hereafter ‘mtAsia I’) species
of B. tabaci species complex is reported. In addition, four published mitogenomes of the same
complex were compared with mtAsia I to reveal the similarity and diversity across mitochondrial
genes and their arrangements.

6.1.2 Portiera genome from Asia I species

Portiera is the primary endosymbiont harboured by whiteflies, including members of the B.
tabaci cryptic species complex (Baumann, 2005). Previous studies suggested that the Portiera
endosymbiont is vertically transmitted and provides with essential nutrients to their hosts (Baumann,
2005). The genome sequence of this primary endosymbiont revealed genes associated with
biosynthesis of carotenoids in B. tabaci host (Sloan and Moran, 2012a). To date, only two B.
tabaci species including MEAM1 and MED have their primary endosymbiont genome reported
(Jiang et al., 2012; Sloan and Moran, 2012a; Santos-Garcia et al., 2012) and compared with each
other to reveal their genetic diversity across different species (Jiang et al., 2012, 2013). The
comparative genomics of these primary endosymbionts will greatly benefit the better understanding
of their genetic relationships within the B. tabaci species complex. The Portiera genome of Asia I
species will provide an opportunity for an exhaustive identification of bacterial origin genes in the
host genome (when the Asia I species genome becomes available) showing persistent associations
with the endosymbionts. Here in this chapter, the genome sequence of Portiera from Asia I species
is also reported along with its sequence comparison with genomes of two primary endosymbionts
from MEAM1 (GenBank: CP003868 (hereafter ‘B’), CP003708 (hereafter ‘BT-B’)) and MED
species (GenBank: CP003867 (hereafter ‘Q’), CP003835 (hereafter ‘BT-Q’)).

6.1.3 Wolbachia genome from Asia I species

Wolbachia strains are the most widely distributed rickettsial endosymbionts across the major
arthropod classes (Hilgenboecker et al., 2008) and are particularly prevalent in herbivorous insects
of the Hemiptera suborder Sternorrhyncha (aphids, whiteflies, psyllids, scales and mealybugs)
(Moran, 2001). They are transmitted maternally and enhance this process by manipulating host
reproductive systems by, for instance, feminization of genetic males, parthenogenesis, cytoplasmic
incompatibility, and killing male progeny (Stouthamer et al., 1999; Werren et al., 2008). Recent
studies show that Wolbachia strains can be either parasitic or mutualistic (Glaser and Meola, 2010;
Hosokawa et al., 2010). Wolbachia strains have been reported to provide mutualistic nutritional
benefits to insect-host species such as the bedbug (Hosokawa et al., 2010), increased fitness in the
uzifly (Guruprasad et al., 2011), leaf-mining moth (Kaiser et al., 2010) and mosquito (Dobson et al.,
2002), and by increasing host stem-cell proliferation (Fast et al., 2011).

92



CHAPTER 6

Wolbachia strains have been used successfully as environment-friendly biotechnologies to control
disease vectors. For example, the mosquito A. aegypti infected with wMel from D. melanogaster,
demonstrates a reduced ability to become infected with the dengue virus with a subsequent reduction
in dengue virus transmission by these mosquito populations (Walker et al., 2011). They are as a
result also targets for genetic engineering strategies for vector control (Kean et al., 2015).

The function of the secondary endosymbiont, Wolbachia in B. tabaci remains poorly defined as
there is no genomic sequence available for this endosymbiont from any B. tabaci species. To date,
the complete genome sequences of 10 Wolbachia strains have been sequenced: wMel, wAu, wBm,
wPip-Pel, wRi, wOo, wOv, wCle, wHa and wNo, and the genomes of another 10 Wolbachia strains
have been assembled/annotated as drafts: wDa, wMelPop, wRec, wDs-VAL, wGm, wAlbB, wCp
Mol, wPip JHB, wDi and wBol1-b (http://www.ncbi.nlm.nih.gov/genome/?term=Wolbachia). To
better define and understand the physiological role of Wolbachia in B. tabaci species, the genome
sequence of the Wolbachia endosymbiont from the Asia I species was assembled and annotated in
this chapter. The draft genome will assist research on elucidating the endosymbiotic relationship
between B. tabaci and Wolbachia.

6.1.4 Arsenophonus genome from Asia I species

Members of the genus Arsenophonus (Enterobacteriaceae) are intracellular endosymbionts known
to infect approximately 5% of the arthropods (Nováková et al., 2009). The genus Arsenophonus
possess four different phenotypes including phytopathogenicity (Zreik et al., 1998), male-killing
(Gherna et al., 1991), non-specific horizontal transmission (Thao and Baumann, 2004) and obligate
endosymbiont (Trowbridge et al., 2006). These phenotypes indicate that the members of the genus
Arsenophonus represent a diverse and widespread endosymbiotic lineage that serves as a model to
study mechanisms by which molecular evolution influences symbiotic relationships with their hosts.

B. tabaci harbours Arsenophonus as a facultative endosymbiont and its multiple infections and
evidence for horizontal transmission in B. tabaci has been reported (Thao and Baumann, 2004).
The association of this endosymbiont in manipulation of host reproduction of B. tabaci has also
been reported (Thierry et al., 2011). To date, there is no genomic information available for this
endosymbiont from any species of the B. tabaci complex. Only two genomes of Arsenophonus
strains have been sequenced from any insect: Arsenophonus nasoniae (Wilkes et al., 2010) from a
parasitic wasp and Arsenophonus endosymbiont of the brown planthopper N. lugens (Xue et al.,
2014).

To provide an opportunity to explore the evolution and the ecological spread of this pervasive
endosymbiont across species of the cryptic complex, the genome sequence of the Arsenophonus
endosymbiont of Asia I species was assembled and annotated in this chapter.
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6.2 Methods

6.2.1 Mitogenome of Asia I species

Using NGS methodology, the genome sequence of Asia I species was sequenced and assembled as
described in Chapter 5. The mitogenome of mtAsia I was obtained as a single scaffold from the
draft genome assembly of Asia I species based on BLAST homology with published mitogenomes.
The genome sequencing reads were mapped to the scaffold using CLC genomics workbench
(v7.0.4) (CLC bio, Aarhus, Denmark) to identify single nucleotide polymorphisms (SNPs) and
the assembly coverage for that scaffold. The mtAsia I mitogenome was annotated using MITOS
(Bernt et al., 2013) with the codon Table 5 invertebrate. The annotated gene tracks were visualized
using BRIG (Alikhan et al., 2011) along with their GC contents and read mapping coverage. The
mitogenomes of Asia I, New World I and MED species and, B. afer were compared with mtAsia
I using BLASTN (Altschul et al., 1990) and visualized using BRIG. Two major phylogenetic
methods, Bayesian inference (BI) and Maximum Likelihood (ML) were used to compare topologies
between two datasets: partial mtCOI with 657 bp and 13 PCGs with 10,961 bp, from of mtAsia
I, New World I and MED species and, B. afer. The multiple alignment of mtCOI and 13 PCGs
from these four species were performed separately by MAFFT (v7.299) (Katoh and Standley,
2013). BI was conducted using MrBayes (v3.1.2) (Ronquist and Huelsenbeck, 2003). Bayesian
analysis was performed in combination with an exact model of molecular evolution as well as
a rapid approximation of posterior probability tree using Markov Chain Monte Carlo (MCMC)
(Huelsenbeck et al., 2004). MrBayes was run using four incrementally heated chains and run for
30 million generations with tree sampling every 1,000 generations and a burn-in of 7,500 trees.
All runs reached a plateau in likelihood score, which was indicated by the standard deviation of
split frequencies. In addition, Tracer (1.5) (Drummond and Rambaut, 2007) was used to test the
convergence of the run, all effective sample size (ESS) values were larger than 200 for each of runs.

6.2.2 Portiera genome from Asia I species

The genomic DNA reads from the B. tabaci Asia I species were aligned using Burrows-Wheeler
Aligner (BWA) (v0.7.12) (Li and Durbin, 2009) to the complete genome sequences of two Portiera
from MEAM1 and MED species to extract Portiera-specific reads as described in Siozios et al.
(2013). These raw reads were assembled into contigs using CLC genomics workbench (v7.0.4)
(CLC bio, Aarhus, Denmark) and joined into scaffolds using SSPACE (v3.0) (Boetzer et al., 2011).
The scaffolds were aligned to reference genomes of MEAM1 and MED species using the genome
finishing module in CLC genomics workbench to link scaffolds by overlap edges. The paired end
reads were mapped back to the resulted complete scaffold to close the gaps and correct base calling.
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The complete Portiera genome was annotated at Rapid Annotation using Subsystem Technology
(RAST) (v2.0) (Overbeek et al., 2014) to predict protein coding genes (PCGs), and tRNAs and
rRNAs were identified by tRNAScan-SE (v1.21) (Lowe and Eddy, 1997) and RNAmmer (v1.2)
(Lagesen et al., 2007) respectively. Tandem Repeats Finder (Benson, 1999) was used to identify
tandem repeats in the Portiera genome of B. tabaci species including Asia I, MEAM1 and MED.
The complete proteomes of Portiera from Asia I, MEAM1 and MED species were compared using
nucmer (Kurtz et al., 2004) and protein orthologs were clustered using Proteinortho (Lechner et al.,
2011). Phylogenetic analysis reported in this study was carried out using MAFFT (v7.182) (Katoh
and Standley, 2013) and tree was constructed based on RAxML BS and ML (Stamatakis, 2006)
algorithm using GTRGAMMA substitution model with 1,000 bootstrap replicates.

6.2.3 Wolbachia genome from Asia I species

The genomic DNA reads from Asia I species were aligned to the genome sequences of 20 Wolbachia
strains to extract Wolbachia-specific reads using BWA (v0.7.12) (Li and Durbin, 2009) as the
similar approach is described in Siozios et al. (2013). DISCOVAR de novo (Weisenfeld et al., 2014)
was used to perform de novo assembly of these reads into contigs. The raw reads were mapped
back to the assembled contigs using the BWA (Li and Durbin, 2009) to correct potential single
nucleotide polymorphisms (SNPs). RAST (v2.0) (Overbeek et al., 2014) and NCBI Prokaryotic
Genome Annotation Pipeline (PGAP) (v2.10) (Angiuoli et al., 2008) were used for the genome
annotation. tRNAs and rRNAs were predicted using tRNAScan-SE (v1.21) (Lowe and Eddy, 1997)
and RNAmmer (v1.2) (Lagesen et al., 2007) respectively. Subsystems were annotated for each strain
using RAST and compared to identify strain-specific and shared subsystems across 21 strains. The
Cluster of Orthologous Groups (COGs) in all Wolbachia strains were identified using Proteinortho
(Lechner et al., 2011) with a cut-off of 50% for %identity and %coverage, and an E-value 1E-05.
Phylogenetic analysis was performed by MUSCLE (Edgar, 2004) and RAxML (Stamatakis, 2006).

6.2.4 Arsenophonus genome from Asia I species

Genomes of two Arsenophonus strains: Arsenophonus nasoniae (Wilkes et al., 2010) (GenBank
accession: NZ AUCC01000000) and Arsenophonus endosymbiont of N. lugens (Xue et al., 2014)
(GenBank accession: NZ JRLH01000000) were used to extract Arsenophonus-specific reads from
the total genomic reads of Asia I species using BWA (v0.7.12) (Li and Durbin, 2009) and the similar
approach as described in Siozios et al. (2013). The assembly was performed using DISCOVAR
de novo (v52488) (Weisenfeld et al., 2014) and the annotation was carried out using RAST (v2.0)
(Overbeek et al., 2014). The tRNAs and rRNAs were predicted using tRNAScan-SE (v1.21) (Lowe
and Eddy, 1997) and RNAmmer (v1.2) (Lagesen et al., 2007) respectively.
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6.3 Results and discussion

6.3.1 Mitogenome of Asia I species

6.3.1.1 Structure and organization of Asia I species mitogenome

The mitogenome of mtAsia I was identified with the 99.0% sequence identity to the published Asia I
species mitogenome using BLAST and obtained as a single scaffold from the draft genome assembly.
The completeness of mtAsia I mitogenome was assessed by read mapping against the scaffold and
the start and end positions were identified from mapped reads. The total length of the mtAsia I
mitogenome was 15,453 bp, which is longer than the reported one for Asia I (15,210 bp) (Tay et al.,
2016), B. tabaci New World I (15,322 bp) (Thao et al., 2004) and B. afer (14,968 bp) (Wang et al.,
2016b) but shorter than B. tabaci MED species (15,632 bp) (Wang et al., 2013). The annotation of
the mtAsia I mitogenome by MITOS identified 37 genes in total including 13 protein coding genes
(PCGs), two ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs) (Table 6.1), identified in
most metazoan mitogenomes (Wolstenholme, 1992). As with other insects, mitogenomes of all
three B. tabaci species were found to contain a very higher A+T content. The overall A+T content
was 75.31% for mtAsia I, 75.67% for New World I, 75.17% for Asia I and 75.21% for MED species.
This A+T content was highly similar among mitogenomes of B. tabaci species as well as across
several dipteran mitogenomes (76-79%) (Oliveira et al., 2008). However, A+T content was found
low in B. afer (65.66%) in comparison with other the B. tabaci species. In insects, the percentage of
AT-skew (A-T/A+T) is associated with the codon positions, gene replication and direction, while
the GC-skew (G-C/G+C) is affected by reversals in replication orientation (Wei et al., 2010).

The standard metazoan mitogenome contains five membrane-associated protein complexes associated
with oxidative phosphorylation, of which four complexes comprise 13 PCGs. NADH ubiquinol
oxidoreductase (NADH) complex (I) contain NADH dehydrogenase subunit I (ND1), ND2, ND3,
ND4, ND4l, ND5 and ND6, ubiquinone cytochrome c oxidoreductase complex (III) contain
cytochrome b (CYTB), cytotochrome c oxidase complex (IV) contain cytochrome c oxidase subunit
1 (COI), COII and COIII, and ATP synthase FO subunit 6 (ATP6) and ATP8 are from ATP synthase
complex (V). The annotations of the complete set of 13 PCGs found in mtAsia I mitogenome are
listed in Table 6.1. The mtAsia I mitogenome also contains eight overlapping regions across PCGs
with the minimum length of 2 bp to maximum length of 23 bp and 22 non-coding regions between
PCGs (Table 6.1). The overlapping pairs of PCGs were ATP6-ATP8 and ND4-ND4l by 11 bp and 4
bp respectively on the same strand. This feature has been found commonly in insect mitochondrial
genomes (Beckenbach and Stewart, 2009; Negrisolo et al., 2011). These findings were significantly
similar to Tay et al. (2016)’s report of the Asia I species mitogenome. The A+T content among
13 PCGs also reflect the A+T bias in all four mitogenomes. The overall A+T content for mtAsia
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Gene Strand Start-End Length (bp) Start Stop Intergenic G + C% A + T%

COI Forward 1-1542 1542 ATG TAA -3 31.78 68.22
tRNA-Leu2 Forward 1538-1602 65 2 29.23 70.77
COII Forward 1603-2286 684 ATA TAA -18 30.12 69.88
tRNA-Lys Forward 2267-2334 68 20 25.00 75.00
ATP8 Forward 2353-2589 237 ATA TAG -9 27.85 72.15
ATP6 Forward 2579-3229 651 ATG TAG 35 25.19 74.81
tRNA-Ser1 Reverse 3263-3322 60 11 28.33 71.67
tRNA-Glu Reverse 3332-3394 63 25 15.87 84.13
tRNA-Phe Reverse 3418-3486 69 -21 23.19 76.81
ND5 Reverse 3464-5134 1671 ATA TAA 2 24.45 75.55
tRNA-His Reverse 5135-5202 68 2 11.76 88.24
ND4 Reverse 5203-6495 1293 ATA TAA -2 24.98 75.02
ND4l Reverse 6492-6776 285 ATG TAA 3 23.16 76.84
tRNA-Thr Forward 6778-6841 64 2 14.06 85.94
tRNA-Pro Reverse 6842-6903 62 36 14.52 85.48
ND6 Forward 6938-7384 447 ATA TAA 2 18.57 81.43
CYTB Forward 7385-8518 1134 ATG TAA 0 29.63 70.37
tRNA-Ser2 Forward 8517-8573 57 19 19.30 80.70
ND1 Reverse 8591-9493 903 ATA TAG 17 25.03 74.97
tRNA-Leu1 Reverse 9509-9579 71 29 21.13 78.87
rRNA-L Reverse 9607-10788 1182 1 27.84 72.16
tRNA-Val Reverse 10788-10854 67 10 20.80 79.10
tRNA-Asp Reverse 10863-10938 76 7 21.05 78.95
tRNA-Gln Reverse 10944-11007 64 7 17.19 82.81
rRNA-S Reverse 11013-11763 751 162 21.57 78.43
tRNA-Asn Reverse 11924-11987 64 3 15.63 84.38
tRNA-Arg Reverse 11989-12057 69 5 26.09 73.91
tRNA-Ala Reverse 12061-12125 65 15 20.00 80.00
ND3 Reverse 12139-12492 354 ATG TAA 2 23.45 76.55
tRNA-Gly Reverse 12493-12555 63 46 14.29 85.71
COIII Reverse 12600-13442 843 ATA TAA 710 24.32 75.68
Control region 13443-14152 710
tRNA-Ile Forward 14153-14218 66 2 27.27 72.73
tRNA-Met Forward 14219-14288 70 11 25.71 74.29
ND2 Forward 14298-15258 960 ATA TAA -1 23.65 76.35
tRNA-Trp Forward 15256-15324 69 0 11.59 88.41
tRNA-Tyr Reverse 15323-15385 63 3 20.63 79.37
tRNA-Cys Reverse 15387-15448 62 5 19.35 80.65

TABLE 6.1: Complete annotation of mtAsia I mitogenome.

I PCGs was 73.80%, highly similar to that of B. tabaci species including Asia I (73.76%), MED
(73.81%) and New World I (74.26%). This A+T content was also found similar to that of dipteran
insect Trichophthalma punctata (72.0%) (Wang et al., 2016).
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6.3.1.2 Transfer and ribosomal RNA genes

The typical complements of 22 tRNAs were identified in the mtAsia I mitogenome as found in other
arthropod insect mitogenomes, with the size ranging from 57 bp (tRNA-Ser2) to 76 bp (tRNA-Asp)
and 1,445 bp in total. Of these, 15 tRNA genes were encoded on the negative strand and the
remaining seven tRNAs were encoded on the positive strand. In mtAsia I, most tRNAs overlapped
with the adjacent PCGs (Table 6.1). The higher composition of A+T content was also found
consistent in mtAsia I tRNAs (79.86%) and also found the same in Asia I (79.86%) and New World
I species (79.86%), and highly similar to that of MED species (79.42%). All of the mtAsia I tRNAs
folded into the typical “clover-leaf” shaped secondary structure although two tRNAs, tRNA-Ser1 (60
bp) and tRNA-Ser2 (57 bp), were found lacking the dihydorouridine (DHU) domain (Appendix B,
Figure B6.1) as has been predominantly observed in other metazoan mitogenomes for this particular
gene (Wolstenholme, 1992).

The rRNAs of mtAsia I were found on the negative strand with 1,182 bp for rRNA-L and 751 bp
for rRNA-S in size. The rRNA-L lies in-between two tRNAs, tRNA-Leu1 and tRNA-Val, whereas
the rRNA-S lies between tRNA-Gln and tRNA-Asn. The overall A+T content for rRNAs in mtAsia
I was 75.63% and was found highly similar to that in the New World I (75.63%) and MED
species (75.57%). This result again confirms the higher composition of A+T content in mtAsia
I. Surprisingly, A+T content for rRNAs of Asia I species (78.12%) was higher than the other
mitogenomes. The previous studies suggest that the rRNA genes lack functional annotation features,
analogous to the start and stop codons of PCGs and therefore it is not possible to determine the
boundaries from the sequence alone (Boore, 2001, 2006).

6.3.1.3 The control region

The mitogenome of mtAsia I also contains a non-coding region of 710 bp that is also known as a
putative control region as found in mitogenomes of other B. tabaci species (Thao et al., 2004; Wang
et al., 2013; Tay et al., 2016). According to previous studies on mitochondria, this control region
has been described as a putative origin of DNA replication where the initiation of transcription
takes place (Boore, 1999; Wolstenholme, 1992). This control region was found to have a higher
A+T content (76.24%) than present in the rest of the mitogenome (71.80%). This control region
was found longer than that in Asia I (467 bp) and New World I (664 bp) species (Thao et al., 2004)
mitogenomes (Tay et al., 2016) but smaller that that in MED (974 bp) species mitogenome (Wang
et al., 2013) along with the conserved gene arrangements. The control region lies between COIII
and tRNA-Ile genes in mtAsia I which was found similar to that in Asia I, MED and New World I
species (Wang et al., 2013). Additionally, the mtAsia I mitogenome harbours intergenic spacers
along with this control region. In the mtAsia I mitogenome, a total of 31 intergenic spacers with
size ranging from 1-162 bp and total size of 1,194 bp were found. In general, variation in the
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size of mitogenomes is a consequence of variation in the size of repeats within noncoding regions
and not in the number of PCGs. Early studies on mitochondrial genomes suggested that a wide
range of different organisms from the class Insecta share a highly conserved gene synteny which
indicated an ancestral gene synteny for this group (Wolstenholme, 1992; Shao and Barker, 2003).
Moreover, conserved gene synteny was observed in the hemipteran insects (including the suborder
Sternorrhyncha) but not in other orders including Thysanoptera, Phthiraptera and Psocoptera (Shao
et al., 2001a,b; Shao and Barker, 2003; Cranston and Gullan, 2003).

6.3.1.4 Codon usage

All 13 PCGs of mtAsia I mitogenome have identical codons to the recent Asia I mitogenome study
published (Tay et al., 2016), with ATG methionine or ATA isoleucine as putative in-frame start
codons and TAG or TAA as termination codons. There were five PCGs including COI, ATP6, ND4l,
CYTB and ND3 found to have ATG as their start codon and the remaining eight PCGs including
COII, ATP8, ND5, ND4, ND6, ND1, COIII and ND2 have ATA (Table 6.2). Among all 13 PCGs,
nucleotide composition at the first and second codon positions showed higher usage of A/T than
G/C and the synonymous codons ending with A/T were more common in all four species (Table 6.2).
The start codon of the COI gene was postulated as tetranucleotide (ATAA, TTAA and ATTA) or
hexanucleotide (ATTTAA) and has been extensively discussed in various arthropod insects (Caterino
and Sperling, 1999; Wilson et al., 2000). However, hemipteran insects including B. tabaci (Thao
et al., 2004; Wang et al., 2013, 2016b; Tay et al., 2016), Geisha distinctissima (Song and Liang,
2009), Philaenus spumarius (Stewart and Beckenbach, 2005) and Triatoma dimidiate (Dotson and
Beard, 2001) typically use the ATG as a start codon, which suggests that the codon bias is taxon
specific (Cha et al., 2007).

The canonical stop codons TAG and TAA were found most exclusively used in ATP8, ATP6 and
ND1, and COI, COII, ND5, ND4, ND4l, ND6, CYTB, ND3, COIII and ND2 respectively (Table 6.2).
The codon usage for 13 PCGs in mitogenomes of mtAsia I, Asia I, New World I and MED species
was compared and is listed in Table 6.2. The results indicate that the encoded PCGs in New World I
and MED species use different codons compared to mtAsia I and Asia I species PCGs. Two new start
codons ATT and ATC were found in MED species for ND5, ND1 and COIII, and ND2 respectively
(Wang et al., 2013), which were not found in mtAsia I (Table 6.2). Incomplete stop codons (T) are
normally found for COI and COII genes in metazoan species including hemipteran insects (Crozier
and Crozier, 1993; Junqueira et al., 2004; Beckenbach and Stewart, 2009). This phenomenon has
been interpreted as the TAA stop codon generated from post-transcriptional polyadenylation (Masta
and Boore, 2004). All 13 PCGs of mtAsia I mitogenome have complete translation codons.
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Start codon Stop codon

Gene mtAsia I Asia I New World I MED mtAsia I Asia I New World I MED

COI ATG ATG ATG ATG TAA TAA T T
COII ATA ATA ATA ATA TAA TAA T T
ATP8 ATA ATA ATG ATG TAG TAG TAG TAG
ATP6 ATG ATG ATG ATG TAG TAG TAA TAA
ND5 ATA ATA ATT ATT TAA TAA T T
ND4 ATA ATA ATA ATA TAA TAA TAA TAA
ND4l ATG ATG ATG ATG TAA TAA TAA TAA
ND6 ATA ATA ATG ATG TAA TAA TAA TAA
CYTB ATG ATG ATG ATG TAA TAA TAA TAA
ND1 ATA ATA ATG ATT TAG TAG TAG TAA
ND3 ATG ATG ATG ATG TAA TAA TAA TAA
COIII ATA ATA ATG ATT TAA TAA TAA TAG
ND2 ATA ATA ATA ATC TAA TAA TAA TAA

TABLE 6.2: Codon usage comparison across 13 PCGs of mtAsia I, Asia I, New World I, and MED
species.

6.3.1.5 Comparison of mtAsia I with other whitefly species

The recent study of the Asia I species mitogenome focused on the comparison of gene features and
its arrangement across other species (Tay et al., 2016). For a better understanding of divergence
and evolutionary genetic relationships across the whitefly species, the complete mitogenomes from
four whitefly species were compared to the mtAsia I mitogenome. For the whole mitogenome
comparison, the sequence homology was, as was expected, extremely high between mtAsia I and
Asia I species (99%) and lower to New World I (81%), MED species (81%) and B. afer (73%)
(Figure 6.1). The mitogenomes of mtAsia I and Asia I species shared 99% sequence similarity with
only 10 mismatches within coding genes and two deletion mutations within non-coding region in
mtAsia I. The only difference in the length of mtAsia I and Asia I species mitogenomes was the
length of the putative control region.
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FIGURE 6.1: Sequence comparison of mtAsia I mitogenome with Asia I, New World I, MED
species and B. afer. From inner circle to outer, the tracks depicts: mtAsia I
mitogenome and it’s GC content, Asia I, New World I, MED species and B.
afer. Annotated genes of mtAsia I mitogenome are represented as blocks coloured
alternatively as red and blue along with the overlapping genes on outer circle. The
respective rings were colour filled according to the aligned region of the mitogenomes
with BLAST %identity above 70%. The non-coding and unaligned regions were
represented as white gaps.

6.3.1.6 Phylogeny across whitefly species

The molecular marker mtCOI has been used to distinguish whitefly species and shared 100%
similarity with Asia I species followed by New World I (86%) and MED species (86%). The B. afer
mitogenome had the lowest %identity to mtAsia I which was expected as the B. afer is the most
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distantly related species (Chu et al., 2010; Mugerwa et al., 2012; Lee et al., 2013). Mitochondrial
PCGs have been used as a reliable molecular marker and become an informative approach to infer
phylogenetic relationships across species (Boore et al., 2005). Two different approaches were used
to perform phylogenetic analysis and compare the topology across three species of B. tabaci such
as mtAsia I, New World I and MED, and B. afer. As shown in Figure 6.2, partial mtCOI and 13
PCGs were used to construct a Bayesian tree for these B. tabaci species. The mtCOI with 657
bp sequence had 657 aligned sites where as the 13 PCGs dataset (10,961 bp from mtAsiaI) had
9,849 aligned sites across all four species. Bayesian trees from both datasets showed highly similar
topologies across four species (Figure 6.2). The monophyly of B. tabaci complex was consistently
supported for 13 PCGs and partial mtCOI datasets with the posterior probabilities 1.00, 0.95 and
0.78 (Figure 6.2). This result support Chowda-Reddy et al. (2012) and Boykin et al. (2013) findings
regarding basal branching events within B. tabaci complex. This finding suggests that the partial
mtCOI with 657 bp alone has sufficient significant divergence across these species to classify them
in comparison with 13 PCGs which produce the identical classification.

0.03

Bemisia afer

New World I

MED

mtAsia I

1

0.78

0.04

1

0.95

Partial mtCOI 13 PCGs

FIGURE 6.2: Phylogenetic tree of partial mtCOI (657 bp) and 13 PCGs from three B. tabaci species
including mtAsia I, New World I and MED, and B. afer. The values on the branches
represent the posterior probabilities obtained with the Bayesian analysis.

6.3.2 Portiera genome from Asia I species

6.3.2.1 Portiera genome: assembly and annotation

Using complete genome sequences of Portiera from MEAM1 (B, BT-B) and MED species (Q,
BT-Q), of the total 886 M Asia I Illumina reads, 24,363,700 (2.75%) reads were retrieved from
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two paired end libraries. Of the 2.75% mapped reads, 23,474,234 (96.35%) reads were paired end
with average insert size of 200 bp and 450 bp and remaining 889,466 (3.65%) reads were single
reads. Preliminary assembly of these reads produced 12 contigs with longest contig size of 91,501
bp. Following gap closure, a complete genome of Portiera was retrieved from Asia I yielding a
total size of 357,529 bp, 26.1% GC content and a read depth coverage of 50x. Similar to primary
endosymbiont of other hemipteran insect, Portiera also shares common features including reduced
genome size and low GC content (Santos-Garcia et al., 2014b). The Portiera genome from Asia I
species (357,529 bp) was highly AT-biased (73.88%) and of a similar size to the Portiera genome
from BT-Q (357,472 bp) and BT-B (358,242 bp) (Table 6.3). Previously reported Portiera genomes
from MEAM1 (B) and MED species (Q) were smaller in size due to missing a 6.1 kbp region (Jiang
et al., 2013).

Feature AsiaI B BT-B Q BT-Q

Accession CP003868 CP003708 CP003867 CP003835
Size (bp) 357,529 351,658 358,242 350,928 357,472
GC (%) 26.1 26.2 26.2 26.1 26.1
AT (%) 73.88 73.79 73.83 73.84 73.88
PCGs 289 277 256 281 246
tRNAs 33 33 33 33 33
rRNAs 3 3 3 3 3
Coding density (%) 68.68 69.0 67.4 70.3 68.0

TABLE 6.3: General features of Portiera genomes from different species of B. tabaci.

A total of 289 PCGs were detected in the Portiera genome from Asia I, which were higher in
numbers than previously reported PCGs in BT-B (256 PCGs) and BT-Q (246 PCGs) (Table 6.3).
The genome contains a complete set of genes including 289 PCGs, 33 tRNAs and three copies of
each rRNAs (5S, 16S and 23S) (Figure 6.3). Unlike other endosymbiont genomes which contain a
higher composition of AT and protein coding densities such Candidatus Carsonella ruddii (97.3%)
(Tamames et al., 2007), Candidatus Evansia muelleri (93.7%) (Santos-Garcia et al., 2014b) and
Buchnera aphidicola (87.7%) (van Ham et al., 2003), only 68.68% of the Portiera genome in Asia I
species encodes 289 PCGs (Table 6.3).
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FIGURE 6.3: Complete genome of Portiera from inner to outer, the tracks depicts: AT skew,
GC skew, tandem repeats, RNAs (rRNA - green and tRNA - purple), coding genes
(positive strand - orange, negative strand - blue) and nucleotide positions in kbp.

Similar to the primary endosymbiont genomes from MEAM1 and MED species, and other phloem-
feeding insects, genes involved in biosynthesis of essential amino acids were identified, while
certain genes associated with cellular processes including cell wall and capsule, motility, phages,
plasmids, sulfur/iron/potassium/nitrogen/phosphorus metabolism, regulation and cell signaling, and
photosynthesis were not detected. These findings support the hypothesis that Portiera provides with
essential nutrients to their insect hosts. Interestingly, the gene involved in membrane transport was
detected in Asia I species, which were not identified in previously reported Portiera genomes from
MEAM1 and MED species (Jiang et al., 2012, 2013). In addition, B vitamin synthesis pathways
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including biotin, riboflavin, folate, pyridoxine and thiamine were found absent in the Portiera
genome from Asia I species. These findings were consistent with the Portiera from MED species
where it lacks all the genes involved in the synthesis of cofactors and vitamins (Rao et al., 2015).

6.3.2.2 Comparison of Portiera genomes in Asia I, MEAM1 and MED

Comparison of Portiera genome sequences from three species of the B. tabaci complex, Asia I,
MEAM1 and MED, revealed extensive conservation and highly similar gene complements across
all three hosts (Figure 6.4A, Figure 6.4B). The Portiera genome from Asia I have the highest
coding density compared to BT-B and BT-Q, except previously reported Portiera genomes B
and Q from the same species (Table 6.3). The difference in their coding density reflects the
absence of 6.1 kbp region (position 34,181 to 40,300) (Jiang et al., 2013), which may have
resulted due to different chromosomal forms within insect hosts (Sloan and Moran, 2013). The
6.2 kbp region (positions 33,766 to 39,997) from Portiera genome of Asia I species encodes
three genes including a membrane protein insertase (yidC), a GTP-binding protein (trmE) and
the tRNA uridine 5-carboxymethylaminomethyl modification enzyme (gidA). GidA and trmE
are conserved proteins in eubacteria and are essential for the modification of the wobble uridine
of 5-carboxymethylaminomethyluridine tRNA (Osawa et al., 2009; Böhme et al., 2010). These
proteins were found highly conserved across Portiera strains in Asia I species, BT-B and BT-Q.

The Portiera genome from Asia I species share 98.32% and 98.28% sequence similarity with BT-B
and BT-Q respectively (Figure 6.4B). There were 3,459 Single Nucleotide Polymorphisms (SNPs)
found between Asia I species and BT-Q, which were lower in number in comparison to Asia I
species and BT-B (3,574 SNPs). As the genome is highly AT biased, a higher number of SNPs were
seen at duplets formed with A and / or T (Figure 6.4B). Additionally, the Portiera genome from
Asia I species shared 2,464 indels with BT-Q and 2,537 with BT-B. Similar to SNPs, A and T were
highly represented as insertion and deletion mutations across Asia I species, BT-Q and BT-B.
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FIGURE 6.4: Sequence comparison between Portiera genomes: Asia I, MEAM1 and MED species.
(A) Dotplot shows pairwise comparison between Asia I species and BT-B (Dotplot
A), and Asia I species and BT-Q (Dotplot B). Unaligned regions were highlighted
as red circles on the diagonal red line. Repeat regions were also highlighted as red
circles (positive strand) and blue circles (negative strand) off the diagonal line. (B)
Detailed statistics of comparisons were shown in table. (C) Venn diagram depicts
protein orthologs of Portiera across different species of B. tabaci.
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6.3.2.3 Protein orthologs

Whole proteomes of Portiera from Asia I species, BT-B, BT-Q, B and Q were clustered to identify
shared and unique proteins across three species of B. tabaci. A total of 233 proteins were identified
as core proteins shared across all proteomes compared (Figure 6.4C). Interestingly, there were 28
proteins from Asia I species that did not share sequence homology with other species. To specifically
identify the putative function of these 28 proteins from Asia I species, they were searched against all
Portiera sequences at NCBI. Of the 28 proteins, only 11 returned with a hit, which includes one copy
of dihydrodipicolinate reductase and MFS transporter (sugar porter (SP) family), and nine copies of
hypothetical proteins. Additionally, there were 13 proteins shared between Asia I species, B and
Q, which were not seen in BT-B and BT-Q, which includes nine copies of hypothetical proteins,
two ATP-dependent proteases, and one copy of dihydrodipicolinate reductase and galactose-proton
symport of transport system. Despite their larger size, BT-B and BT-Q had less unique proteins in
comparison with B and Q.

6.3.2.4 Vertical transmission across Bemisia species

Phylogenetic analysis of molecular marker gene mtCOI in B. tabaci species and 16S rRNA from
their Portiera endosymbiont revealed an extremely high degree of co-cladogenesis between B.
tabaci species and its primary endosymbiont Portiera (Figure 6.5). The Portiera infection in B.
tabaci species complex is vertically transmitted from ancestor to progeny. This finding was as
expected and has been reported in previous studies (Baumann et al., 2004).
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FIGURE 6.5: Phylogenetic tree showing vertical transmission of Portiera across B. tabaci species
was constructed using (A) partial mtCOI genes from B. tabaci species and (B) partial
16S RNA from their Portiera endosymbiont.
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6.3.3 Wolbachia genome from Asia I species

6.3.3.1 Draft genome: assembly and annotation

Using a read mapping approach, a total of 658,017 genomic reads were retrieved from one paired
end Illumina DISCOVAR library with read length of 250 bp. The draft genome assembly of
Wolbachia from B. tabaci Asia I species (wBtab-AsiaI) is 1,181,706 bp in 212 consensus scaffolds
with a maximum length of 33,115 bp and an average GC content of 34.05%. The wBtab genome
contains 1,030 putative coding genes, 34 tRNA genes and three rRNA genes (5S, 16S and 23S)
(Table 6.4). The size of the draft genome sequence of wBtab-AsiaI is smaller than all 10 completed
genome sequences of Wolbachia strains (Table 6.4).

Ankyrin (ANK) repeat domains have been predominantly identified in Wolbachia genomes sequenced
to date (Iturbe-Ormaetxe et al., 2005; Walker et al., 2007) and their roles in host interaction and
reproduction of phenotypes have been reported (Pan et al., 2008; Papafotiou et al., 2011). A total of
29 ANK coding genes were identified in wBtab-AsiaI, which were higher/similar in numbers than in
all Wolbachia strains from worm (wOo: 2 ANK, wOv: 0 ANK and wBm: 5 ANK), tsetse fly (wGm:
10 ANK), psyllid (wDi: 29 ANK) and four fruit flies (wMel: 23 ANK, wMelPop: 27 ANK, wRec:
22 ANK and wDs-VAL: 16 ANK) but lower than in all strains from mosquito (wAlbB: 33 ANK,
wCp Mol: 32 ANK, wPip Pel: 60 ANK and wPip JHB: 64 ANK), five fruit flies (wDa: 37 ANK,
wHa: 30 ANK, wAu: 50 ANK, wRi: 35 and wNo: 54 ANK), butterfly (wBol1-b: 61 ANK) and
bed bug (wCle: 49 ANK) (Table 6.4). ANK is one of the most common protein-protein interaction
motifs and therefore may play a significant role in interaction with host via many physiological
processes including apoptosis, cell signaling and cell cycle control (Al-Khodor et al., 2010). All
of the 29 ANK coding genes of wBtab-AsiaI had found their corresponding orthologs in all 20
Wolbachia strains with most orthologs in wPip JHB (18 ANK), wDi (16 ANK), wCp-Mol (16 ANK),
wBol1-b (16 ANK) and wPip-Pel (16 ANK).

6.3.3.2 COG analysis among Wolbachia subgroups

To identify ‘Cluster of Orthologous Group (COG)’ in all Wolbachia strains, whole proteomes from
the 21 strains available were compared using Proteinortho (Lechner et al., 2011) with a cut-off
of 50% for %identity and %coverage, and an E-value cut-off of 1E-05. The highest number of
COGs for wBtab-AsiaI proteins were found in wBol1-b (856 orthologs), wPip-JHB (836 orthologs),
wNo (830 orthologs), wPip-Pel (828 orthologs) and wDi (828 orthologs). A total of 338 COGs
were found as core proteins clustered between all 21 strains, and 57 proteins from wBtab-AsiaI
were not clustered. The number (338) of clustered core proteins is less than the 621 core proteins
of Wolbachia predicted previously from microarray-based comparative genome hybridization of
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group-A Wolbachia strains (Ishmael et al., 2009) and 654 core genes identified by Duplouy et al.
(2013) from five Wolbachia strains (wBol1-b, wPip, wMel, wRi and wBm).

Similarly to identify whether or not the 57 proteins that did not cluster represented wBtab-AsiaI
specific proteins, these proteins were searched against all relevant Wolbachia proteins at NCBI using
an E-value cut-off of 1E-05. All of the 57 proteins had significant hits against Wolbachia proteins
and hence do not represent wBtab-AsiaI specific proteins. Further research is required to determine
whether any of the wBtab-AsiaI unclustered proteins confer biological advantages to their whitefly
host.

In assessing the completeness of the assembly, it was noted that only three genes present in all
seven Wolbachia strains previously published, were absent in our wBtab-AsiaI assembly using
the alignment cut-off of greater than 50% and an E-value of 1E-05. However, these three genes
were identified in our wBtab-AsiaI assembly when a cut-off of less than 50% alignment coverage
was used and it was determined that they had appeared absent, because they had been truncated
during the scaffolding process. These findings suggest that the majority of complete protein coding
genes (i.e. 973/1030, 973 genes were identified as COG) have been assembled into scaffolds in our
assembly. Based on these core ortholog genes, it is considered that the scaffolds for wBtab-AsiaI
represent a high quality draft genome. Further sequencing and analysis of Wolbachia genome
will be required to achieve the complete genome sequence of wBtab-AsiaI. This draft genome
of wBtab-AsiaI will enable research on the endosymbiotic relationship between B. tabaci and
Wolbachia.

6.3.3.3 Phylogenetic placement of wBtab-AsiaI

Wolbachia strains were selected where their genome assembly contained a complete 16s rRNA gene
for phylogenetic analysis. There were two approaches used in this study to confirm the placement of
the wBtab-AsiaI strain across existing subgroups. First, multiple sequence alignment was performed
using MUSCLE (Edgar, 2004) on nucleotide sequences of 16s rRNA from 21 Wolbachia strains and
ML inference methods with 1,000 bootstrap replicates were used to infer phylogenetic relationships
(Figure 6.6A). Second, nucleotide sequences of 338 core genes were from the same 21 Wolbachia
strains used by MUSCLE to produce multiple alignments and the phylogeny was inferred on
concatenated alignment in RAxML (Stamatakis, 2006) using the GTRCAT model using 1,000
bootstrap replicates (Figure 6.6B).

ML analysis of 16S rRNA genes indicated that the wBtab-AsiaI strain was placed in subgroup B
along with the other existing strains (Figure 6.6A). This result support the previous findings of
diversity of Wolbachia strain from B. tabaci using partial 16S rRNA gene (592 bp) (Bing et al.,
2013a). The subgroup B (host: mosquito, whitefly, fruit fly, psyllid and butterfly) is closer to
subgroup A (host: fruit fly, tsetse fly) than to subgroup C and D (host: worm), and F (host: bed bug).
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To our knowledge, this is the first phylogenetic placement of a Wolbachia strain from B. tabaci
using the complete 16S rRNA gene.
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FIGURE 6.6: (A) Phylogenetic analysis based on complete 16s rRNA genes from 21 strains of
Wolbachia whose genome sequences are available. The subgroups (A, B, C, D and
F) were shown on rooted tree and ML bootstrap values were also shown adjacent
to each node. (B) Phylogenetic analysis based on concatenated gene sequences of
338 COGs from 21 strains of Wolbachia. The subgroups (A, B, C, D and F) were
shown on rooted tree along with the ML bootstrap values adjacent to each node. The
distribution of ortholog genes across different strains is shown on the right hand side
of the tree. Core genes are encoded by all Wolbachia genomes, shared genes are
found in two or more Wolbachia strains but not in all strains and unique genes are
found in only one strain.

A second phylogenetic approach using core genes from complete/draft (annotated) genomes of
Wolbachia strains was applied to test the robustness of the subgroups classification. A total of 338
clustered core proteins (single copy) present in 21 Wolbachia strains were selected for phylogenetic
analysis. Incongruence across single gene phylogenetic analysis is most often overcome by
phylogeny based on concatenated genes (Rokas et al., 2003). MUSCLE was used to produce
single-gene alignments of 338 genes (nucleotide sequences) and then concatenated to form a
327,992 bp long alignment. The phylogeny was inferred on this concatenated alignment using
RAxML, GTRCAT substitution model and 1,000 bootstrap replicates (Figure 6.6B). Phylogenetic
classification of Wolbachia subgroups was strongly supported by both, single-gene (16S rRNA)
and concatenated (338 single copy genes) phylogenies. These findings confirm the placements of
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Wolbachia strains into subgroups and also indicate the robustness of single-gene and concatenated
gene analysis approaches. However, placements of Wolbachia strains were different within
subgroups (subgroup A, B) and also the distance across subgroups (subgroup B, C, D, F) on
the rooted trees when using both approaches (Figure 6.6A-B).

6.3.4 Arsenophonus genome from Asia I species

The draft genome assembly of Arsenophonus endosymbiont of Asia I species (in this chapter
named as Arsenophonus bemisiae) is 1,860,528 bp (G+C, 37.30%) in 358 consensus scaffolds
with an average coverage depth of 90x. The Arsenophonus bemisiae genome consist of 1,846
PCGs, 42 tRNAs and 6 copies (5S, 16S and 23S) of rRNA genes. These predicted PCG results
were smaller in number than those found in the other two Arsenophonus sequences published. For
example, 3,588 PCGs, 58 tRNAs and 6 rRNAs were found in Arsenophonus nasoniae, where-as
2,646 PCGs, 51 tRNAs and 8 rRNAs were identified in the Arsenophonus endosymbiont of
N. lugens. The draft genome size of the Arsenophonus bemisiae was 1.8 Mbp which is also
much smaller than the genomes of Arsenophonus nasoniae (3.67 Mbp) (Wilkes et al., 2010) and
Arsenophonus endosymbiont of N. lugens (2.95 Mbp) (Xue et al., 2014). These findings indicate
that the draft genome assembly of Arsenophonus bemisiae is incomplete and missing a significant
proportion of the genome (> 1 Mbp). Further sequencing of this endosymbiont is required in
order to obtain a complete genome sequence of Arsenophonus bemisiae from the Asia I species.
Comparative ortholog analysis of proteins from Arsenophonus bemisiae, Arsenophonus nasoniae
and Arsenophonus endosymbiont of N. lugens revealed 1,245 core proteins. Similar to these
two Arsenophonus strains, Arsenophonus bemisiae had abundant predicted proteins associated
with carbohydrate metabolism (n=134), metabolism of cofactors and vitamins (n=96), nucleotide
metabolism (n=70), amino acid metabolism (n=53), and energy metabolism (n=39) (Wattam et al.,
2014). However, secondary metabolism and, iron acquisition and metabolism associated proteins
were found in other two Arsenophonus strains but absent in Arsenophonus bemisiae. A detailed
comparative analysis of Arsenophonus genomes will help to better understand the endosymbiotic
relationship with their host and their diverse evolution across various hosts.
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Using Drosophila essential genes to establish a genomic framework for
studying pest biology and insecticide discovery

7.1 Introduction

Insect vectors are major threats to food security and human health. Agricultural insect pests such as
the aphid, A. pisum, and the whitefly, B. tabaci, cause devastating crop damage worldwide (Morales,
2006; Dedryver et al., 2010), while parasite vectors such as the Anopheles mosquitoes mediate the
loss of hundreds of thousands of lives every year (Fidock, 2010).

Despite this importance, the rate of new insecticide discovery, and the arsenal of available insecticides
remains small (Kelly-Hope et al., 2008). The few novel insecticides that have been introduced
target molecular mechanisms, such as ion channel blockade, that are also present in beneficial
pollinators, leading to poor biological selectivity. In addition, the exact mode of action for many
insecticides remains ill-defined, making potential human toxicities difficult to predict. Integrated
pest management strategies for the chemical control of these insect vectors are being pursued (Bruce,
2010), but, given the intrinsic lack of selectivity amongst available chemical agents, these have little
flexibility and currently do not represent sustainable pest control solutions (Chandler et al., 2011).

To add to this gloomy picture, chemical control with the current generation of commercial
insecticides is hampered by the rapid development of resistance within treated insect populations.
Importantly, resistance development can occur in parallel in both agricultural pests and in insect
vectors of human disease such as A. gambiae when a single insecticide is used for both purposes.
Insecticide resistance is having a serious impact on healthcare strategies where insect vector control
is an important treatment arm and insecticide resistance is associated with treatment failure (Ranson
et al., 2009; malERA Consultative Group on Vector Control, 2011).
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Taken together, these observations emphasize the need for new approaches to insecticide discovery.
There is an urgent need to develop new insecticides with lower propensity for resistance development,
and greater selectivity for pests over pollinators.

Genomics provides important resources, both to support new target discovery for future insecticides,
and to pinpoint molecular mechanisms associated with insecticide resistance development. Complete
genomes are available for a variety of hemipteran and coleopteran pests, for example A. pisum
(IAGC, 2010) and T. castaneum (TGSC, 2008), as well as beneficial pollinators such as A. mellifera
(HGSC, 2006) and insect parasite vectors such as A. gambiae (Holt et al., 2002; Mongin et al.,
2004). Additionally, the well-characterized D. melanogaster genome (Adams et al., 2000) provides
a useful genetic tool for new target validation, of central importance in discovery biology programs
(Perry et al., 2011). Perhaps surprisingly, genome sequencing studies indicate that insects build
their extraordinary phenotypic diversity using a limited set of genes, ranging from some 11,000
genes in the honey bee (HGSC, 2006) to some 15,000 genes in the mosquito and whitefly (Holt
et al., 2002; Seal et al., 2012).

In this study, we use insect comparative genomics to identify orthologs of essential genes previously
defined in D. melanogaster, referred to here as Drosophila Essential Genes, or “DEG” genes, within
further insect pests and pollinators, focusing on A. pisum, A. gambiae and A. mellifera. Using gene
family and chemical biology database approaches (Gaulton et al., 2011; Punta et al., 2012), we
triage the orthologs of these essential genes to produce a focussed framework within which to study
pest biology and explore novel approaches to insect pest control.
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7.2 Methods

7.2.1 Experimental Design

This study centers on the well-characterized model organism the fruit fly, D. melanogaster, a species
for which experimentally validated, genome-wide information on gene essentiality is available. Fruit
fly essential genes were compiled from FlyBase (Miklos and Rubin, 1996; Tweedie et al., 2009)
(Appendix B, Figure B7.1). Their counterparts in the insect pest A. pisum, the beneficial pollinator A.
mellifera and the human disease vector A. gambiae were determined by BLAST (v+2.2.25) analysis
(Altschul et al., 1990, 1997; Camacho et al., 2009). Further comparisons of putative targets within
other pests were performed with information taken from the literature. The overall purpose of the
study is summarized in Figure 7.1.

7.2.2 Comparative Genomics

FASTA formatted protein sequences for the continuing genome projects for A. pisum, A. mellifera,
A. gambiae and D. melanogaster were downloaded from AphidBase (36,275 sequences, vAcyr 2.0)
(http://www.AphidBase.com) (IAGC, 2010), BeeBase (11,062 sequences, vAmel 2.0) (http://
hymen�opteragenome.org/BeeBase/) (Munoz-Torres et al., 2011), VectorBase (14,324 sequences,
vAgamP3) (http://www.VectorBase.org/) (Lawson et al., 2009) and FlyBase (5148 sequences,
vFB2011 08 Dmel Release 5.40) (http://FlyBase.org/) (Tweedie et al., 2009), respectively, with
FlyBase also providing the fully annotated set of fruit fly essential genes used in the study. FASTA
formatted protein sequences were further formatted into BLAST searchable databases using the
fastacmd command within the BLAST package. To identify orthologs for the DEG genes within A.
pisum, A. gambiae and A. mellifera, the set of DEG genes from D. melanogaster was used to search
Individual Insect protein databases using the BLASTP program from the BLAST package with an
E-value cut-off of 1E-03 to retrieve the top hits.

Protein sequence databases, primarily the NCBI’s nr and RefSeq databases (Pruitt et al., 2009) were
searched for DEG genes remotely on the NCBI server, using restricted insect search parameters,
using standalone BLAST (Altschul et al., 1990, 1997; Camacho et al., 2009), with the BLASTP
program operating with E-value cut-off of 1E-03, retrieving top hits only. A Linux script was written
to compare BLAST results across these species to find the most significant orthologous hits for each
protein in D. melanogaster. A standard set of orthologs was generated for D. melanogaster essential
proteins, and used with the corresponding orthologs in A. pisum (2,546 sequences) throughout this
study for structural, chemical and protein family analysis.
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FIGURE 7.1: The diagram outlines a framework for insecticide target discovery, integrating
the techniques described in this study within a matrix of genome and structural
information becoming available from projects such as the i5K initiative. The three
genomes used in this study (A. pisum, A. gambiae, A. mellifera) are indicated, together
with future i5K genomes. The databases used in this study, Pfam, ChEMBL, PDB
and CDD, are also shown. Resulting molecular targets can either be used on their
own, or as part of a family-based approach to multi-target design. The mRNAs
encoding the DEG set could also be used as genetic targets in their own right, using
techniques such as RNA interference (RNAi) or CRISPR/Cas9.
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7.2.3 Structural and chemical informatics

To review structural information for individual proteins, a pre-formatted Protein Data Bank (PDB)
database (Wang et al., 2002) was downloaded from the NCBI server and interrogated using
standalone BLAST, again using the BLASTP program with an E-value cut-off of 1E-03, retrieving
top hits only. A FASTA formatted version of the ChEMBL database (v15) was downloaded from the
European Bioinformatics Institute (EBI) (https://www.ebi.ac.uk/chembldb) (Gaulton et al., 2011)
and searched using standalone BLAST, again using the BLASTP program with an E-value cut-off
of 1E-03, retrieving top hits only.

In parallel, the Conserved Domain Database (CDD) was remotely searched at NCBI for those A.
pisum proteins sharing ChEMBL homology with an E-value cut-off of 1E-03.

7.2.4 Protein family analysis

The protein family database Pfam (v26, 13,672 families) was downloaded from the Sanger Institute
(http://pfam.sanger.ac.uk) (Punta et al., 2012). HEMMER3 software to search the Pfam database
locally was downloaded from Janelia Farm (http://hmmer.janelia.org) (Finn et al., 2011). The Pfam
databases, Pfam-A and Pfam-B were searched locally for DEG orthologs from the standard dataset
for all four insects (D. melanogaster, 5,103 sequences; A. pisum, 2,546 sequences; A. gambiae,
2,670 sequences; and A. mellifera, 2,475 sequences) using the pfam scan.pl script with a cut-off
E-value gathering (GA) threshold for Pfam-A and cut-off E-value threshold of 1E-03 for Pfam-B.
Active site prediction was enabled, as was clan overlap to analyze the most significant hits. The
Pfam database at the Sanger Institute was searched for the key word “Heat Shock” to fetch heat
shock associated protein families. Individual protein families were then populated with insect
orthologs, and graphed using R programming (http://www.R-project.org/.).

7.2.5 Multiple alignments and phylogeny

Proteins of interest were selected from the insect orthologs and multiple alignments constructed to
study conservation and variation across the insect species and Homo sapiens. A JAVA alignment
editor (Jalview v2.7) was used to analyze the multiple alignments, which were created using the
MAFFT program (v7.182) within Jalview (Waterhouse et al., 2009). The PHYLIP (v3.6) package
was used to construct phylogenetic trees using the neighbor-joining method of Felsenstein (2005),
edited using FigTree (v1.3.1) (http://tree.bio.ed.ac.uk/software/figtree).
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7.3 Results

7.3.1 Drosophila essential gene orthologs in pest, pollinator and vector

In this study A. pisum and A. gambiae were used as examples of important insect pests, the former a
vector of numerous plant viruses (Hogenhout et al., 2008), the latter a vector of human parasites
(Lawson et al., 2009), and A. mellifera as an example of a beneficial pollinator. Insecticidal
mechanisms of most relevance to environmentally sustainable pest management strategies would
target the pests while leaving beneficial pollinators unscathed.

Genetic studies indicate that there are approximately 3,000 essential genes in D. melanogaster (Oh
et al., 2003). A total of 2,694 DEGs were identified within FlyBase (Miklos and Rubin, 1996;
Tweedie et al., 2009), and are appended as an annotated list in Appendix A, Table A7.1.

To convert our set of DEG genes into a protein framework from which to explore a broad spectrum
of potentially insecticidal mechanisms, the full dataset of 2,694 genes was first used to search for
the corresponding Drosophila essential proteins. From the original 2,694 DEG genes, a set of 5,148
corresponding non-redundant Drosophila proteins were identified, again detailed in Appendix A,
Table A7.2.

Orthologs of these proteins were then identified in the genomes of A. pisum, A. gambiae and A.
mellifera using both species-specific genome databases (FlyBase, VectorBase, AphidBase and
BeeBase), or the more comprehensive NCBI nr database. Systematic analysis across the entire
set of DEG gene orthologs within the current insect genome databases is complicated by varying
degrees of assembly and annotation within the individual genome projects. In our hands, comparison
between the DEG orthologs using the nr database gave a more complete picture of the well-annotated
fraction of the genomes than did the genome databases themselves. Nevertheless, in all datasets,
between 60 and 70 percent of the DEG orthologs could be unequivocally related to well-annotated
D. melanogaster or A. gambiae counterparts.

For analysis purposes, DEG proteins were divided into three arbitrary categories: 1) exact matches
(E-value 0), whose biochemical and physiological functions are very likely to be conserved between
D. melanogaster and other insect species; 2) highly similar matches (1E<100, hereafter E-value
<100) whose biochemical and physiological functions are likely to be conserved; and 3) less similar
matches (1E>100, hereafter E-value >100), whose annotations are more tentative. The number of
DEG orthologs in the pest and pollinator genomes in each of these three categories using data from
the nr database is summarized diagrammatically in Figure 7.2. A detailed comparison of the same
data with that from individual genome databases, together with a complete inventory of hits, is
presented in Appendix B, Figure B7.2.
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FIGURE 7.2: The total protein complements of A. gambiae, A. pisum and A. mellifera were
compared by BLAST analysis to the complement of D. melanogaster essential
proteins extracted from FlyBase, using information from the NCBI nr database.
Results were classified on the basis of exact match (E-value 0, Panel A), high
similarity (E-value <100, Panel B), or lower similarity (E-value >100, Panel C).

7.3.2 DEG orthologs compared

Essential gene orthologs that differ significantly in structure between specific insect pests could
provide narrow spectrum, species-specific insecticide targets, while those that are shared between
pests but not conserved in pollinators might provide genuinely broad-spectrum targets.

To compare the DEG orthologs in the three insect species, proteins in A. pisum and A. mellifera were
compared to those in A. gambiae and D. melanogaster by systematically ranking them according to
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their percentage identity to individual proteins within an ordered list of A. gambiae DEG orthologs
(Figure 7.3A). Considerable sequence variation between individual DEG orthologs is evident in the
four species when they are compared in this way, exemplified by the dataset from A. pisum (Figure
7.3B).

To define the target space available for insecticide discovery within the orthologous DEG protein
sets, an analysis of the DEG orthologs present in the four insects was carried out using the ChEMBL
and PDB databases. When ChEMBL was used, under very conservative thresholds (50% identity
score), to analyze the orthologous dataset described for A. pisum, 403 chemically tractable orthologs
were seen, corresponding to an original set of 851 non-redundant Drosophila essential proteins
(Figure 7.3C). An annotated list of these DEG proteins, with their ChEMBL identifiers, is provided
in Appendix A, Table A7.3.

Prioritization of the targets identified using ChEMBL for rational insecticide design requires detailed
mapping of available ligand space onto orthologous ligand-binding sites. For this to be achievable,
protein structure information suitable for homology modeling is required. Nearly 1,000 (959, 19%)
of the A. pisum DEG orthologs have closely related structures in the PDB database, indicated
in Figure 7.3D (annotated in detail in Appendix A, Table A7.3). While much of this structural
information is comparative, and derived from distant relatives such as those in H. sapiens, it does
provide a measure of the feasibility of mounting structure-based design campaigns against those
proteins in which functional sequence variation can be identified. More than three quarters (78%)
of the ChEMBL hits have associated PDB structures, while only approximately one third (31%)
of the A. pisum DEG orthologs with corresponding PDB structures have related ChEMBL hits.
Using these conservative thresholds (50% identity score), 314 of the DEG protein orthologs have
corresponding entries in both ChEMBL and PDB, and therefore may represent suitable starting
points for structure-based insecticide design.
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(B) A. pisum DEG protein orthologs ranked against those in A. gambiae

121



CHAPTER 7

●●

●●

●

●●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●

●●●

●
●

●

●

●

●

●

●●

●

●
●

●

●●●
●●●

●

●

●

●

●
●

●

●

●

●
●●

●

●

●
●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●
●

●

●●●●●

●
●●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●●●●●●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●
●●
●●●

●

●
●

●
●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●●

●

●●

●

●

●

●●
●

●
●

●

●

●

●

●
●

●●●

●

●

●

●
●

●

●

●

●

●

●●●●

●

●

●

●

●

●

●

●

●●●

●

●

●
●

●

●

●

●●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●●

●

●

●●

●
●

●

●●

●
●●

●

●
●
●●●

●

●●

●

●

●

●
●●
●
●●

●

●

●●

●●●

●●

●

●

●
●●●
●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●●
●
●

●

●

●

●

●

●

●

●

●

●

●

●●●●

●

●
●

●

●

●
●

●

●●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●●

●

●
●

●

●

●

●

●●●

●

●

●

●●

●

●●●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●●

●
●

●
●
●

●

●

●

●

●

●●

●●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●●●

●

●●

●

●

●

●

●

●

●●

●

●

●●

●

●

●
●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●●●

●●●●

●

●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●●

●●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●

●●●●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

0 1000 2000 3000 4000 5000

40
60

80
10

0

 

 

Ranked order of A. gambiae orthologs

%
 Id

en
tit

y 
to

D
. m

el
an

og
as

te
r

(C) A. pisum DEG protein orthologs with a ChEMBL score above 50% identity
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(D) A. pisum DEG orthologs with a PDB score above 50% identity

FIGURE 7.3: A. gambiae orthologs of the D. melanogaster proteins corresponding to the
complement of DEG genes were identified and placed in ranked order based on
overall protein %identity to their original D. melanogaster counterparts (Panel A).
The protein %identity of the set of A. pisum orthologs was then related to this ranked
set of A. gambiae proteins (Panel B). Using the conservative 50% identity score in
ChEMBL as a threshold, at least 403 proteins amongst the A. pisum DEG orthologs
appear chemically tractable as discovery targets (Panel C). Using a similar 50%
identity score as a threshold for matches in the PDB, structural information was
identified for 959 A. pisum DEG orthologs (Panel D).
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7.3.3 Pfam analysis of the DEG orthologs

The biochemical and pharmacological functions of the DEG orthologs were then explored, to
identify attractive mechanistic targets for chemical discovery. To achieve this, DEG orthologs were
parsed with the databases Pfam (Finn et al., 2010) and GO (Ashburner et al., 2000) to provide a
genome-wide survey of the biochemical pathways in which the orthologs appear.

Appendix B, Figure B7.3 shows a Pfam analysis of the proteins present within one of these families,
the extended heat-shock associated family, for all four insects. Heat shock associated proteins
represent 273 of the 13,672 protein families in the version (v26) of Pfam used for these studies,
and 112 of the 2,902 Pfam protein families we observed amongst the A. pisum DEG orthologs. We
have performed similar analyses for other Pfam families. The results reveal a number of interesting
features.

Related orthologs with similar domain features share similar Pfam scores. Many of the 5,148 DEG
proteins fall into this category, reflecting highly conserved domain architectures across the four
insect genomes. Conversely, structural variation amongst orthologs within a Pfam family can be
indicated by variation in their Pfam scores. Two examples of highly conserved orthologs from the
heat shock family, extracted from the complete set shown in the Appendix B, Figure B7.3, the heat
shock proteins (Hsp) Hsp70 and Hsp90, are indicated in Figure 7.4.

Certain Pfam families are highly represented amongst the DEG genes. One example is the protein
kinase gene family (PF00069, Key 8 in Appendix B, Figure B7.3, also shown in Figure 7.4) in
which 471 DEG orthologs are distributed between the four insects. The Pfam scoring system can
also identify proteins that occur differentially between the four insects (see for example Keys 54,
63, 81, 83 and 107 in Appendix B, Figure B7.3).
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FIGURE 7.4: D. melanogaster DEG and their orthologs were subjected to Pfam analysis. Results
are shown for two individual heat shock associated protein families, Hsp70 (Pfam
family PF00012.15) and Hsp90 (Pfam accession family PF00183.13), from D.
melanogaster, A. gambiae, A. pisum and A. mellifera, indicated as Hsp70A, Hsp70B,
Hsp90A and Hsp90B, respectively. Also shown for comparison are members of
the protein kinase family (Pfam family PF00069.20). A full analysis of all the heat
shock-associated protein families across the four genomes is provided in Appendix
B, Figure B7.3.

7.3.4 Analysis of related Pfam protein clusters

To examine in more detail the clustering within the ortholog subsets observed using Pfam, we
performed multiple alignment and phylogenetic analysis on each Pfam cluster. Phylogenetic
relationships for the four Hsp70 and Hsp90 clusters (previously addressed in Figure 7.4) are
illustrated in Figure 7.5. The corresponding multiple alignments are shown in Appendix B, Figure
B7.4.
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Importantly for some of the agrochemical design strategies discussed below, clusters sharing Pfam
signatures often fall into separate biochemical pathways. This is well exemplified by the molecular
clusters within the Hsp70 and Hsp90 families, where family members share a structurally conserved
ATPase active site, but are clearly differentiated from each other on the basis of both multiple
alignment and phylogenetic analysis, and are known to participate in separate biochemical and
developmental networks.

The conservation of ligand-binding sites within suites of functionally differentiated proteins has
important discovery implications that can result in unexpected and sometimes valuable off-target
effects. Two of the clusters shown here, Hsp90A and Hsp90B, have direct counterparts in the human,
Hsp90A and Hsp90B1 (also known as endoplasmin). The N-terminal ATPase site in human Hsp90A
is substantially shared by endoplasmin, giving rise to an experimentally observed cross-reactivity
in pharmaceutical drugs designed to target Hsp90 (Usmani et al., 2010). Designing compounds to
target more than one member of a gene family at a time (multi-target design) can be advantageous
in many contexts (for discussion, see Koutsoukas et al., 2011). In insecticide discovery multi-target
design may help to address resistance development. Pfam mapping is one way of quickly identifying
these relationships.
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FIGURE 7.5: Phylogenetic analyses of Hsp70 and Hsp90 Pfam clusters using the neighbor-joining
method. Panel A, Hsp70 Pfam cluster showing three separate phylogenetic groups,
labeled A1-A3, derived from Hsp70A, and one phylogenetic group derived from
Hsp70B. Panel B, Hsp90 Pfam cluster. Panel C, multiple alignment of Hsp90 proteins
from A. pisum (Hsp90A and Hsp90B) and H. sapiens (Hsp90A and Hsp90B1). The
CDD features shown above the alignments are derived from the H. sapiens Hsp90A
sequence.

7.3.5 Initial analysis of chemically-tractable DEG orthologs

The majority of the chemically-tractable insect proteins we observe using the ChEMBL database
have counterparts within the 40,000 well-characterized protein domains in the NCBI’s CDD
(Marchler-Bauer et al., 2011). The CDD also contains ligand interaction data for these domains.

Chemically tractable DEG proteins, identified using ChEMBL and mapped by reference to either
the ranked A. gambiae or A. mellifera protein sets, were examined in detail, using information on
domain architecture contained within the CDD. Using a conservative 50% identity parameter within
ChEMBL as a threshold for protein similarity, 403 chemically tractable A. pisum DEG orthologs
were identified (Figure 7.6A). A detailed analysis of the complete set of chemically tractable DEG
orthologs in the four insects is beyond the scope of this initial study, but results for four orthologs,
Hsp90A, Greatwall (Gwl), Estrogen-related receptor (ERR) and Ecdysone receptor (EcR), across
the four insects are shown in Figure 7.6C-F as representative examples.
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• • •
D.melanogaster MPE--------------------------------------------EAETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNASD 42
A.gambiae MPEP------------------------------------------QEGETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNSSD 44
A.pisum MPEDVTMTAT------------------------------------DDVETFAFQAEIAQLMSLIINTFYSNKEIFLRELVSNSSD 50
A.mellifera MSKPTQRASSFNKLLSVRYCVYKFLKCILTLVYLNIKMSTEMETKAEDVETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNSSD 86
H.sapiens MPEETQTQDQ--------------------------------PMEEEEVETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNSSD 54

• • • •• ••••
D.melanogaster ALDKIRYESLTDPSKLDSGKELYIKLIPNKTAGTLTIIDTGIGMTKSDLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYS 128
A.gambiae ALDKIRYESLTDPSKLESGKELFIKIIPNKEAGTLTLIDTGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYS 130
A.pisum ALDKIRYESLTDPSKLESGKDLHIKIIPNAEEKTLTIIDTGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYS 136
A.mellifera ALDKIRYESLTDPSKLDNGKELFIKIIPNKNDGTLTIIDTGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYS 172
H.sapiens ALDKIRYESLTDPSKLDSGKELHINLIPNKQDRTLTIVDTGIGMTKADLINNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYS 140

• • •• •
D.melanogaster AYLVADKVTVTSKNNDDEQYVWESSAGGSFTVRADNSEPLGRGTKIVLYIKEDQTDYLEESKIKEIVNKHSQFIGYPIKLLVEKER 214
A.gambiae AYLVADKVVVTSKNNDDEQYVWESSAGGSFTVRPDSGEPLGRGTKIVLHIKEDQLEYLEESKIKQIVNKHSQFIGYPIKLLVEKER 216
A.pisum AYLVADKVTVVSKHNDDEQYLWESAAGGSFTIRTDPGEPLGRGTKIVLQIKEDQAEFLQQEKITSIIKKHSQFIGYPIKLIVENER 222
A.mellifera AYLIADKVTVISKHNDDEQYLWESSAGGSFTVRHDNGETLGRGTKIVLHVKEDQAEYLEESKIKEIVKKHSQFIGYPIKLVVQKER 258
H.sapiens AYLVAEKVTVITKHNDDEQYAWESSAGGSFTVRTDTGEPMGRGTKVILHLKEDQTEYLEERRIKEIVKKHSQFIGYPITLFVEKER 226

D.melanogaster EKEVSDDEAD--DEKKEGDEKKEMETD-EPKIEDVGEDEDADKK--DKDAKKKKTIKEKYTEDEELNKTKPIWTRNPDDISQEEYG 295
A.gambiae EKEVSDDEAE--EEKKE--EKEEKKDD-EPKLEDAEDDE--DKK--D---KKKKTVKVKYTEDEELNKTKPIWTRNADDISQEEYG 290
A.pisum TKEVSDDEAE--EEKKEEVEGETEEDK-KPKIEDVGEDEDEDKKDEDKDKKKKKTIKEKYLDEEVLNKTKPIWTRNPDDISQDEYG 305
A.mellifera EKELSEDEAE--EE-----EEEKKEDDGKPKIEDVDENEEAPEE--EGKKKKKKTIKEKYTEDEELNKTKPIWTRNSDDITQEEYG 335
H.sapiens DKEVSDDEAEEKEDKEEEKEKEEKESEDKPEIEDVGSDEEEEKK--DGDKKKKKKIKEKYIDQEELNKTKPIWTRNPDDITNEEYG 310

D.melanogaster EFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFIPRRTPFDLFENQKKRNNIKLYVRRVFIMDNCEDLIPEYLNFMKGVVDSEDLPL 381
A.gambiae EFYKSLTNDWEDHLAVKHFSVEGQLDFRALLFVPRRMPFDLFENKKKKNNIKLYVRRVFIMDNCEELIPDYLNFIKGVVDSEDLPL 376
A.pisum EFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFIPKRAPYDMFENKKKKNNIKLYVRRVFIMDNCEDLMPEYLNFIKGVVDSEDLPL 391
A.mellifera EFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFIPKRMPFDLFENKKRKNNIKLYVRRVFIMDNCEQLIPEYLNFIKGVVDSEDLPL 421
H.sapiens EFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFVPRRAPFDLFENRKKKNNIKLYVRRVFIMDNCEELIPEYLNFIRGVVDSEDLPL 396

D.melanogaster NISREMLQQNKVLKVIRKNLVKKTMELIEELTEDKENYKKFYDQFSKNLKLGVHEDSNNRAKLADFLRFHTSASGDDFCSLADYVS 467
A.gambiae NISREMLQQNKILKVIRKNLVKKCLELFEELAEDKETYKKFYDQFSKNLKLGVHEDSQNRQKLADLLRFNTSASGDEYCSLNDYVG 462
A.pisum NISREMLQQNKILKVIRKNLVKKCLELFEELAEDKDNYKKLYEQFSKNLKLGIHEDSQNRKKLSDLLRFHSSASGDESCSLKEYVA 477
A.mellifera NISREMLQQNKILKVIRKNLVKKCIELFEELAEDKDNYKKFYEQFSKNIKLGIHEDSSNRNKLSDLLRYHTSSSGDEVCSLKDYVG 507
H.sapiens NISREMLQQSKILKVIRKNLVKKCLELFTELAEDKENYKKFYEQFSKNIKLGIHEDSQNRKKLSELLRYYTSASGDEMVSLKDYCT 482

D.melanogaster RMKDNQKHVYFITGESKDQVSNSAFVERVKARGFEVVYMTEPIDEYVIQHLKEYKGKQLVSVTKEGLELPEDESEKKKREEDKAKF 553
A.gambiae RMKENQTQIYFITGESIDQVKNSAFVERVKKRGFEVIYMTEPIDEYVIQQLKEYKGKQLVSVTKEGLELPEDEAEKKKREEDKAKF 548
A.pisum RMKPNQTHIYYITGESREQVSNSSFVERVKKRGFEVIYMTEPIDEYVVQQMKEYDGKNLVSVTKEGLDLPETDEEKKKREDDQSRF 563
A.mellifera RMKENQKHIYFITGESKDQVANSSFVERVKKRGFEVVYMTEPIDEYVVQQMKEFDGKQLVSVTKEGLEFPEDEDEKKKREEDKAKY 593
H.sapiens RMKENQKHIYYITGETKDQVANSAFVERLRKHGLEVIYMIEPIDEYCVQQLKEFEGKTLVSVTKEGLELPEDEEEKKKQEEKKTKF 568

D.melanogaster ESLCKLMKSILDNKVEKVVVSNRLVDSPCCIVTSQFGWSANMERIMKAQALRDTATMGYMAGKKQLEINPDHPIVETLRQKADADK 639
A.gambiae ENLCKVMKSVLESKVEKVMVSNRLVDSPCCIVTSQYGWSANMERIMKAQALRDSSAMGYMAGKKHLEINPDHAIIETLRQRAEADK 634
A.pisum EKLCKVVKDILDKKVEKVVISNRLVESPCCIVTSQYGWTANMERIMKAQALRDSSTMGYMSAKKHLEINPDHPIIETLRQKAEADS 649
A.mellifera ENLCKVMKNILDNKVEKVVVSNRLVDSPCCIVTSQYGWTANMERIMKAQALRDTSTMGYMAAKKHLEINPDHTIIETLHQKAETDK 679
H.sapiens ENLCKIMKDILEKKVEKVVVSNRLVTSPCCIVTSTYGWTANMERIMKAQALRDNSTMGYMAAKKHLEINPDHSIIETLRQKAEADK 654

D.melanogaster NDKAVKDLVILLFETSLLSSGFSLDSPQVHASRIYRMIKLGLGIDEDEPMTTDDAQS--------AGDAPSLVEDTEDASHMEEVD 717
A.gambiae NDKAVKDLVILLFETALLSSGFSLDEPGTHASRIYRMIKLGLGIDEDEPMTTEESSSGAAAAAPASGDAPPLVDDSEDLSHMEEVD 720
A.pisum NDKAVRDLVMLLFETSLLSSGFGLEDPQVHASRIHRMIKLGLGIDEDLPVAEEKSAE-------VEASEPVVEADAEDSSRMEEVD 728
A.mellifera NDKAVKDLVILLFETALLSSGFTLDEPQVHAARIYRMIKLGLGIDEEESVPEEQTTE----------EIPPLEGDTEDSSRMEEVD 755
H.sapiens NDKSVKDLVILLYETALLSSGFSLEDPQTHANRIYRMIKLGLGIDEDDPTADDTSAA-------VTEEMPPLEGD-DDTSRMEEVD 732

Figure 1: Multiple sequence alignment of Hsp90 orthologs across whitefly biotypes MEAM1, MED, ZHJ1, ZHJ2 and
Asia I, and Z. nevadensis, D. citri, A. pisum and D. melanogaster. The identical residues are presented as dots whereas
non identical residues are highlighted as orange shaded blocks. The deletion mutation in Asia I and other species is
presented as dash(-). The conserved motif ‘MEEVD’ at C-terminus is highlighted in red box. The red “bullets” (•)
represents ATP-binding sites.

1

(C) Multiple Alignments of Hsp90A DEG orthologs
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D.melanogaster ----MENA---------------DATSQSDVHIDYKTPKKTHSLI------------D--SEQLLDKINILTTKPENHSQNAKLPTI 54
A.pisum -----MQLLQLLLMSVNLDVCIFVSELFCSNTIEYSIIYSIYYLLIVYRVALHIEMGDVNDGNAFPYEKTLLNTIVKNAKETKHPEI 82
A.gambiae MAQSVTAG---------------GCKEQSMMSEHHTTPKKKVTLALAECASANTSSNE--DDSIFRTLENFTA--QNGTASPKLPTI 68
A.mellifera ----MEEAAINSPNSRLNDNDQINETDDENSRINYNDSGNEHEILYGECTPQQVSTSRQINNSIFNTISKIVN------PAAKVPEI 77
H.sapiens -------------------------------------------------------MDPTAGSKKEPGGGAATEEGVNRIAVPKPPSI 32

••••• • • • • ••••
D.melanogaster KDFVIIKPISRGAFGKVFLGYKNNDSKRLFAIKVMRKSEMINKNMVSQVITERNALALSRSQFCVSLFYSLQSLSYVYLVMEYMVGG 141
A.pisum SDFNVIKPISRGAYGKVYLGHKKNNLEQMYAIKVMKKTDMINKNMITQVVNERNALALANSPFCVKLFYSLQTSSCIYLVMEYMVGG 169
A.gambiae KDFSILKPISRGAFGKVFLGYKNSDQNKLYAIKVMQKTEMINKNMVSQVITERNALALSRSPFCVTLYYSLQTLSSVYLVMEYMVGG 155
A.mellifera QDFKIVKPISRGAFGKVFLGHKKSNPEKVYAIKVMKKNEMINKNMASQVIIERNALALTRSPYCVQLFYSLQSASSVYLVMEYMVGG 164
H.sapiens EEFSIVKPISRGAFGKVYLGQKGGKL---YAVKVVKKADMINKNMTHQVQAERDALALSKSPFIVHLYYSLQSANNVYLVMEYLIGG 116

• • • • •• • •••••••••••
D.melanogaster DLKSLLAMFGYFDEPTARFYVAEMVMALQYLHQHGIVHRDIKPDNMLLSSSGHVKLTDFGLSKIDMRRDLEISDLINCSPNLN---- 224
A.pisum DVKSLLSVMGYFTEDVATFYIAEVALALQYLHSHGIVHRDLKPDNMLISGHGHIKLTDFGLSRITIHRDLEITDFINSSPNVP---- 252
A.gambiae DLKSLLAMYGFFDEHTARFYAAEICLALQYLHGHGIVHRDIKPDNMLVAASGHVKLTDFGLSRIEMRRDLEISDLINCSPNLN---- 238
A.mellifera DLKSLLGVYGYMEESMAAFYTAEVCLALEYLHSHGIVHRDLKPDNMLLSKEGHVKLTDFGLSNISLHRDLEISDLVNCTPSLC---- 247
H.sapiens DVKSLLHIYGYFDEEMAVKYISEVALALDYLHRHGIIHRDLKPDNMLISNEGHIKLTDFGLSKVTLNRDINMMDIL-TTPSMAKPRQ 202

D.melanogaster --ARTPGQLLSLTSHLSFGS--EKKLNDFGSVSSGQNNGMGSVATGTSHLLQAINKHSLIMELSDSEGDTSLNDAEKTSDSKISGVS 307
A.pisum --TRTPGQLLSLTSHFSFGS--NEK------------TFASGVSMGL--NMDLDEDD---YNSS-----------------HVSGII 301
A.gambiae --ARTPGQLLSLTSHLSFGS--HDKRIVADAAAAG-----GAAA-----------NRPIREETSDHESDSSFGNSRRQNDSKMSGVS 305
A.mellifera --TRTPGQLLSLTSHLSFGS--GQR--------STSESNLSDKSTLGVNLLPALQQNSTKFQSS---PNSIISSAASGDYSRVSGIT 319
H.sapiens DYSRTPGQVLSLISSLGFNTPIAEKNQDPANILSACLSETSQLSQGLVCPMSVDQKDTTPYSSK-----------------LLKSCL 272

D.melanogaster PFFSAEE---ANESIT--HTCTTNVNPQDSSSSCSFHTCNSADLSKCSPPLESKDGAAAGNAIPSKRRVEFVLDAAPCQGCKLAEQD 389
A.pisum PFQSAN-----------------NTLE-----GTTFYTCQN---------------------------------------------- 320
A.gambiae PFFSAEQNVSVDEEIKVLRSELTIVEEKFDSSSC-YYTCNSDEDGKTS----------SGGSCESVKQVRLRLEPAD----EPAEEK 377
A.mellifera PFQSAED-LHLTERLE--HIIVEKKNEDDESSSGSYHTCEA-----------------------SSVRVNNQLNQ------NLEEED 374
H.sapiens ETVASNPGMPV-------KCLTSNLLQSRKRLATSSASSQSHTFI------------------------------------------ 310

D.melanogaster SSNMATNDGKHLPKIDNAIEASFEFSMVRRRSVDERNRISKGPEDSGVSSRKGD-DYSSCHLNLNSESTASSIEKNVDNLSQSKEDF 475
A.pisum ----------------------------------------------------------------------CSVSTDC--------GC 329
A.gambiae ENIDSTNSGEEKARMKD----PFECLMVSKKL--HRNYTG---EDSGVSSRKSDISNIPCEL--------SAIEKVENHSNNSNKDF 447
A.mellifera E---------------------------------------------------------------------STLE-----ADQSQQPL 387
H.sapiens ----------------------------------------------------------------------SSVESECHSSPKWEKDC 327

D.melanogaster SCSDYSRSYNVTNGNEMSGINMNSPFRNLSKHFKRPDF------------------------------------------------- 513
A.pisum SINDK----------VQDTPCS-------TKNFSKR--------------FKSSG------------------------------SD 355
A.gambiae S-SDFSRSYSMSNITEIS----HSPVRNGMRGFKRPEF------------------------------------------------- 480
A.mellifera P--------------------HTSPLSTCTN-----TF------------------------------------------------- 400
H.sapiens QESDEALGPTMMSWNAVEKLCAKSANAIETKGFNKKDLELALSPIHNSSALPTTGRSCVNLAKKCFSGEVSWEAVELDVNNINMDTD 414

D.melanogaster -------------------------LRGMKRKINLVN-----------------RSDNMSSMDTDGCSSSNGSTNTGLTQEIEILNI 558
A.pisum SS-----------------------RRYRRRILPLRD----------------LEGNTFNSC--------------GLTQQIKQVDL 389
A.gambiae -------------------------VRGIKRGRHLGN-----------------RVDSLAS-DVDG-------TSTGLTQEIDVLDI 517
A.mellifera -------------------------TRGAKRKR-----------------------------ATGG--------TTGLTCELSIMDL 425
H.sapiens TSQLGFHQSNQWAVDSGGISEEHLGKRSLKRNFELVDSSPCKKIIQNKKTCVEYKHNEMTNCYTNQ--------NTGLTVEVQDLKL 493

D.melanogaster GS----STPKKRKA----RSSPIRGVL-----KVRSLSDDEMPINHL-----------------LGPEANVANVVFSTPVSSQKLPR 615
A.pisum SSI-------GSNA----SSSAIKSVM------------KLKAEERL-------------------SSGRVA---ISTPVQCSR--K 429
A.gambiae CSEMHRSTPKKRKS----AASPIKGVL-----KVRSLSDDEMQT---------------------GGDA-IANVMFSTPVSSQKL-R 572
A.mellifera DVD---KTPKRKNRGCIFSRSPINSVISESVKQTNNTNDTGMVQES-------------------GSSGRVA---FSTPVSFTK--Q 485
H.sapiens SVH-------KSQQ----NDCANKENI------VNSFTDKQQTPEKLPIPMIAKNLMCELDEDCEKNSKRDY---LSSSFLCSD--D 558

D.melanogaster R----------DG-----------------GLLGKLKATRF--------ALPLSIENKKREHATADKMSGIQYHLKLS--------- 658
A.pisum RSHG--------------------------DTPKTIKTTRF--------CLPTP--------------------------------- 449
A.gambiae R----------EG-----------------GQLGKLKSTRF--------QLPSSIEQSRKAKAYGEPLP--PHFIKMP--------- 613
A.mellifera RCYSEEDAETCEE-----------------ETVRLIKTTRF--------QLPPVLTSH-----SAPEIPIGDNSEKHR--------- 533
H.sapiens DRASKNISMNSDSSFPGISIMESPLESQPLDSDRSIKESSFEESNIEDPLIVTPDCQEKTSPKGVENPAVQESNQKMLGPPLEVLKT 645

D.melanogaster ---------------------------------DDPTMS-------PI---------NHGAGN------LPKTPKNV-NINTPFRTP 689
A.pisum ---------------------TKSPSFLKGSHMEELIMS-------PIA-----------------------TP-YL-SKLTPYRTP 483
A.gambiae ---------------------------------DESVMS-------PICTTSATAGCDSTAGGDAVGPAIENTPKAV---KTPFRTP 657
A.mellifera ---------------------------------SPQVIS-------PI-----------------------KTPATSGNCYTPYRTP 557
H.sapiens LASKRNAVAFRSFNSHINASNNSEPSRMNMTSLDAMDISCAYSGSYPMAITPTQKRRSCMPHQ--------QTPNQI-KSGTPYRTP 723

••••••••• • • •
D.melanogaster KSVRRG-ARV---SNERILGTPDYLAPELLLKQGHGPAVDWWALGVCFYEFMTGIPPFNDETPQKVFDNILNKNIEWPEGDEALSVE 772
A.pisum KSLRKG-KRA---SDGRILGTPYYLAPELIQGIEHGSGVDWWALGVCLYEFMTGVVPFEGETVQEIFEDILRRELEWPSGDQTLSRE 566
A.gambiae KSVRRA-PLG---SDERILGTPDYLAPELLLQQGHGPAVDWWALGVCLYEFLTGVPPFNDETPQKVFENILGRLIEWPSDEESLSPE 740
A.mellifera KSVRRG-GQVINRSDDRILGTPDYLAPELLLKQGHGPAVDWWALGVCLFEFCTGVPPFNDETPHAVFSNILAKDIPWPEEEEALSTV 643
H.sapiens KSVRRGVAPV---DDGRILGTPDYLAPELLLGRAHGPAVDWWALGVCLFEFLTGIPPFNDETPQQVFQNILKRDIPWPEGEEKLSDN 807

D.melanogaster SMEAVELLLTMDPNERPAAKEVQQM-RHFACIDWENIGNTEPPFVPTPDNPTDTGYFDARNNLQHLQLSNFALEE- 846
A.pisum AMEAIDSLMAIDQNERYSGSELRSSTELFSNIDWDNLLKEVPPFVPTPVSIDDTSYFIARNEQQNIQLSNIDLG-- 640
A.gambiae AVAAVEQLLEMDQTKRPAAEQMQRM-PFFACIDWKNMSQLEPPFIPNPDDPQDTGYFEARNIMQHLKVSNFNMDAF 815
A.mellifera AVEAIDALLTLDQYERPSAQEVRVM-KLFQDFPWNEPLKATPPFIPQPDDNYDTCYFQARNIMQHLNVSSCET--- 715
H.sapiens AQSAVEILLTIDDTKRAGMKELKRH-PLFSDVDWENLQHQTMPFIPQPDDETDTSYFEARNTAQHLTVSGFSL--- 879

Figure 1: Multiple Alignments of Gwl orthologs

1(D) Multiple Alignments of Gwl orthologs
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D.melanogaster -----------------------------M------------------------------SDGVSILHIKQE-VDTPSA---------- 19
D.melanogaster -----------------MKFYAGEGQGTNM------------------------------SDGVSILHIKQE-VDTPSA---------- 31
A.gambiae ---------------------------MMA------------------------------GDGTP-ARIKQELIET------------- 18
A.mellifera ---------MDSWMYDVVCMMPGGGTENMI------------------------------GNNRTMANIKQE-IENPTTP--------- 40
H.sapiens/alpha -----------------------MSSQVVG------------------------------IEP---LYIKAE-PASPD----------- 21
H.sapiens/beta -----------------------MSSDDRH------------------------------LGSSCGSFIKTE-PSSPSSG--------- 26
A.pisum -------------MHRVNVVGSGGGNGRRSTVVVEESDVTASTTFVGVDGRDDDFAVDDEATTTTLIYVKKENMEDDDETKHQLIHLQH 76
H.sapiens/gamma MDSVELCLPESFSLHYEEKLLCRMSNKDRH------------------------------IDSSCSSFIKTE-PSSPASL--------- 49

D.melanogaster ---------------------------------------SCFSPSSKSTATQSGTNGLKSSP---SVSPERQL---CSSTTSLSCDLHN 63
D.melanogaster ---------------------------------------SCFSPSSKSTATQSGTNGLKSSP---SVSPERQL---CSSTTSLSCDLHN 75
A.gambiae ---------------------------------------SCCSPSPSSVGSLSQTNILYGN------SPTGKMDFKCS----------- 51
A.mellifera -----------------------------------TQNYQVCSP----TTTLQHQEVICSKI---EVPPDY------------------ 69
H.sapiens/alpha ------------------------------------------SPKGSSET---------------ETEPPV------------------ 35
H.sapiens/beta -----------------------------------IDALSHHSPSGSSDASGGFGLALGTHANGLDSPPMF------------------ 62
A.pisum QQQHDTNEIEDMYRRHRRPRLTAAAAKHQQLQIQHNQQFDSITSSSASTTTNNRQE--------------------------------- 132
H.sapiens/gamma -----------------------------------TDSVNHHSPGGSSDASGSYSSTMNGHQNGLDSPPLY------------------ 85

D.melanogaster VSLSNDGDS----LKGSGTSGGNGGGGGGGT--SG-------GNATNA-----SAG----------------------AGSGSVRDE-- 110
D.melanogaster VSLSNDGDS----LKGSGTSGGNGGGGGGGT--SG-------GNATNA-----SAG----------------------AGSGSVRDE-- 122
A.gambiae ---SNNGDTHLTELHGSGGAGGSSGSTKPQS--PGSPDRQFCSSTTSAIGDFGSDG----------------------TSHDTIKEE-- 111
A.mellifera -------------------------GGGEGS--PGSPEMHHCSSTTQPL------G----------------------TSEEGVKEEDM 103
H.sapiens/alpha ------------------ALAP---GPAPTRCLPGHKEEED-GEGAGP---------------------------GEQGGGKLVLSS-- 73
H.sapiens/beta ------------------AGAG-LGGT-PCR-----KSYEDCASGIME---------------------------DSAIKCEYMLNA-- 97
A.pisum ------------RLMLVSVDSGSVGSGRHRQ--PTSSVAQFCCSSTTA-----AAGIQLQQHQHHHNQQQQQQQIPPSTTVVMIKEEDV 202
H.sapiens/gamma ------------------PSAPILGGSGPVR-----KLYDDCSSTIVE---------------------------DPQTKCEYMLNS-- 122

• • • •••• ••••••• ••
D.melanogaster ---------------------------------------------------------L-RRLCLVCGDVASGFHYGVASCEACKAFFKR 141
D.melanogaster ---------------------------------------------------------L-RRLCLVCGDVASGFHYGVASCEACKAFFKR 153
A.gambiae ---------------------------------------------------------LPRRLCLVCGDVASGFHYGVASCEACKAFFKR 143
A.mellifera ---------------------------------------------------------IPRRLCLVCGDVASGFHYGVASCEACKAFFKR 135
H.sapiens/alpha ---------------------------------------------------------LPKRLCLVCGDVASGYHYGVASCEACKAFFKR 105
H.sapiens/beta ---------------------------------------------------------IPKRLCLVCGDIASGYHYGVASCEACKAFFKR 129
A.pisum SMSAVVGGDSLHHHHHHHQQHQHHHQQQQHNMTAAAAVTVVTNNNNNSTNATSSSPPPPRRLCLVCGDVASGFHYGVASCEACKAFFKR 291
H.sapiens/gamma ---------------------------------------------------------MPKRLCLVCGDIASGYHYGVASCEACKAFFKR 154

• • • •• •• •• •• ••••••••
D.melanogaster TIQGNIEYTCPANNECEINKRRRKACQACRFQKCLLMGMLKEGVRLDRVRGGRQKYRRNPVS--------------------------- 203
D.melanogaster TIQGNIEYTCPANNECEINKRRRKACQACRFQKCLLMGMLKEGVRLDRVRGGRQKYRRNPVS--------------------------- 215
A.gambiae TIQGNIEYTCPASNDCEINKRRRKACQACRFRKCLLMGMLKEGVRLDRVRGGRQKYRRNPCS--------------------------- 205
A.mellifera TIQGNIEYTCPANGECEINKRRRKACQACRFQKCLRQGMLKEGVRLDRVRGGRQKYRRS--T--------------------------- 195
H.sapiens/alpha TIQGSIEYSCPASNECEITKRRRKACQACRFTKCLRVGMLKEGVRLDRVRGGRQKYKRRPEV--------------------------- 167
H.sapiens/beta TIQGNIEYSCPATNECEITKRRRKSCQACRFMKCLKVGMLKEGVRLDRVRGGRQKYKRRLDS--------------------------- 191
A.pisum TIQGNIEYTCPASGDCEINKRRRKACQACRMQKCLRTGMLKEGVRLDRVRGGRQKYRRQPSTPIPTAAISVVQSAPQTVHQQQQSTAAT 380
H.sapiens/gamma TIQGNIEYSCPATNECEITKRRRKSCQACRFMKCLKVGMLKEGVRLDRVRGGRQKYKRRIDA--------------------------- 216

D.melanogaster ----------------------------------NSYQTMQLLYQSN------------------------------------------ 216
D.melanogaster ----------------------------------NSYQTMQLLYQSN------------------------------------------ 228
A.gambiae ----------------------------------NPYQ-MQII-QSNQQY--------------------------------------- 219
A.mellifera ----------------------------------DPYTPVK------------------------------------------------ 202
H.sapiens/alpha --------------------------------DPLPFPGPFPAGPLAV----------------------------------------- 183
H.sapiens/beta --------------------------------ESSPYLSLQISPP-------------------------------------------- 204
A.pisum TVNNSIHHHHHHHTHNNNAASSIHHHHHQQQSFNNAFSNNKIITTGNYHHHHSYHHQQLTSVPRQMCSNGSNGTTAAVSAHNSQHHHHR 469
H.sapiens/gamma --------------------------------ENSPYLNPQLVQP-------------------------------------------- 229

D.melanogaster ----------------------------------TTSLCDV-----KILEVLNSYEPDALSV-------------QTPPPQVHT----- 248
D.melanogaster ----------------------------------TTSLCDV-----KILEVLNSYEPDALSV-------------QTPPPQVHT----- 260
A.gambiae ---------------------------------TAQTLEDI-----KILEVLSSFEPDPLSIGGTGGDSMMTVGEERNGGQASS----- 265
A.mellifera ----------------------------------PAPLEDN-----KMLEALAACEPDML--------------------QVSN----- 227
H.sapiens/alpha ----------------------------------AGGPRKTAAPVNALVSHLLVVEPEKL----------------------------- 209
H.sapiens/beta ----------------------------------------AKKPLTKIVSYLLVAEPDKL----------------------------- 224
A.pisum LLNSSGGGTGGWNNNNDDSMYIKQEYEQQCCCNDTTTAVDAIKECEKMLEALRQCEPEMPTLLGGGDGLTNAALTMEFFTQSSTLGVQQ 558
H.sapiens/gamma ----------------------------------------AKKPYNKIVSHLLVAEPEKI----------------------------- 249

• • • • •
D.melanogaster -----------------TSITNDEASSSSGSIKLESSVVTPNG---TCIFQNNN------NNDPNEILSVLSDIYDKELVSVIGWAKQI 311
D.melanogaster -----------------TSITNDEASSSSGSIKLESSVVTPNG---TCIFQNNN------NNDPNEILSVLSDIYDKELVSVIGWAKQI 323
A.gambiae -----------------SSYSSSSSSSSSAS---SNSSHSPGGGGATAAAADSGLDRMAIGGDAQEILSVLSDIYDKELVGVIGWAKQI 334
A.mellifera -----------------ISHTLDTD---------------------------------------QRVLGQLSDLYDRELVGIIGWAKQI 260
H.sapiens/alpha -------------------YAMPDPAGPDGH---------------------------------LPAVATLCDLFDREIVVTISWAKSI 246
H.sapiens/beta -------------------YAMPPPGMPEGD---------------------------------IKALTTLCDLADRELVVIIGWAKHI 261
A.pisum GTVTAVTMGGGLVEDGISSTSSPSSSSSSSSSATAASSPTVAA---------------------TMVVHTLAELYDRELVSTIGWAKQI 626
H.sapiens/gamma -------------------YAMPDPTVPDSD---------------------------------IKALTTLCDLADRELVVIIGWAKHI 286
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• •• •• • • • •••
D.melanogaster PGFIDLPLNDQMKLLQVSWAEILTLQLTFRSL-PFNG-----------------------KLCFATDVWMDEHLAKECGYT-------- 368
D.melanogaster PGFIDLPLNDQMKLLQVSWAEILTLQLTFRSL-PFNG-----------------------KLCFATDVWMDEHLAKECGYT-------- 380
A.gambiae PGFTDLPLNDQMRLLQVSWAELLTLMLAYRSI-PFDG-----------------------RLYFATDFWLDERSAKECGAL-------- 391
A.mellifera PGFSSLALNDQMRLLQSTWAEILTFSLAWRSM-PNNG-----------------------RLRFAQDFTLDERLARECHCT-------- 317
H.sapiens/alpha PGFSSLSLSDQMSVLQSVWMEVLVLGVAQRSL-PLQD-----------------------ELAFAEDLVLDEEGARAAGLG-------- 303
H.sapiens/beta PGFSSLSLGDQMSLLQSAWMEILILGIVYRSL-PYDD-----------------------KLVYAEDYIMDEEHSRLAGLL-------- 318
A.pisum PGFTDLSLNDQMRLLQSTWAELLTLTTAFRSLEQFNGQSGDGSDINSIGVVSEECSGNGLRLRYATDYWLDERLAKECCSTTNDASSSS 715
H.sapiens/gamma PGFSTLSLADQMSLLQSAWMEILILGVVYRSL-SFED-----------------------ELVYADDYIMDEDQSKLAGLL-------- 343

•
D.melanogaster ----------------------EFYYHCVQIAQRMERI----SPRREEYYLLKALLLANCD---------------------------- 403
D.melanogaster ----------------------EFYYHCVQIAQRMERI----SPRREEYYLLKALLLANCD---------------------------- 415
A.gambiae ----------------------DLYNHLAQITQRLEKI----SATKEEYYLLKALSLSNCD---------------------------- 426
A.mellifera ----------------------ELYTHCIQIVERLQRL----GLTREEYYVLKALILANSD---------------------------- 352
H.sapiens/alpha ----------------------ELGAALLQLVRRLQAL----RLEREEYVLLKALALANSDS--------------------------- 339
H.sapiens/beta ----------------------ELYRAILQLVRRYKKL----KVEKEEFVTLKALALANSDS--------------------------- 354
A.pisum NGSTTTTSTTSGTGVITTPTVLDIYNLSAHIVRQFKAVNGGEGLTSDQYYLLKALVLANSDDLTLASSSATTATSTGKNLGTNRSVTKG 804
H.sapiens/gamma ----------------------DLNNAILQLVKKYKSM----KLEKEEFVTLKAIALANSDS--------------------------- 379

D.melanogaster ---ILLDDQSSLRAFRDTILNSL------------------------------------------------------------------ 423
D.melanogaster ---ILLDDQSSLRAFRDTILNSL------------------------------------------------------------------ 435
A.gambiae ---IRLDNYSALKKIRDSILYAL------------------------------------------------------------------ 446
A.mellifera ---ARSDEPQALYRFRDSILNSL------------------------------------------------------------------ 372
H.sapiens/alpha ---VHIEDAEAVEQLREALHEAL------------------------------------------------------------------ 359
H.sapiens/beta ---MYIEDLEAVQKLQDLLHEAL------------------------------------------------------------------ 374
A.pisum DEVVVQQQQSAVKQFRATIARALQTHLEMTVAVAAASNCCCDGGTNCCSTPAMTMDCCGNSGTTTTDGSGMTTNCCSCCCNTNSNNNTA 893
H.sapiens/gamma ---MHIEDVEAVQKLQDVLHEAL------------------------------------------------------------------ 399

D.melanogaster -------NDVVYLLRHSSAVSHQQ----------------------------------------------------------------- 440
D.melanogaster -------NDVVYLLRHSSAVSHQQ----------------------------------------------------------------- 452
A.gambiae -------NDCVLLLRQHQAVSHQQ----------------------------------------------------------------- 463
A.mellifera -------SDCMAAVRPGQALRATQ----------------------------------------------------------------- 389
H.sapiens/alpha --------------LEYEAGRAGPGGGAERRRAG------------------------------------------------------- 379
H.sapiens/beta --------------QDYELSQR----HEEPWRTG------------------------------------------------------- 390
A.pisum PNQLDNGSEIVVVVDNHQQQHHCQSQQHMDTTGGGTTISTTEASAATVVVVGTTNNVVMDDDDCCGGTPLVDNQQHHHHHSHRAESKDS 982
H.sapiens/gamma --------------QDYEAGQH----MEDPRRAG------------------------------------------------------- 415

• • • ••
D.melanogaster ------QLLLLLPSLRQADDILRRFWRGIARDEV------------------------------------------------ITMKKLF 475
D.melanogaster ------QLLLLLPSLRQADDILRRFWRGIARDEV------------------------------------------------ITMKKLF 487
A.gambiae ------QLLLLLPSLRQADHIIRKFWTNVHIEGN------------------------------------------------VTMNKLF 498
A.mellifera ------NMFLVLPSLRQVDGIVRRFWSSVYRTGK------------------------------------------------VPMNKLF 424
H.sapiens/alpha ------RLLLTLPLLRQTAGKVLAHFYGVKLEGK------------------------------------------------VPMHKLF 414
H.sapiens/beta ------KLLLTLPLLRQTAAKAVQHFYSVKLQGK------------------------------------------------VPMHKLF 425
A.pisum ASSKLVQLLMCLPALRQADQLIRQYWTRVHRENQQQIAVATQVPQPQNAVASGAGVGFTRQSTAADRLSSIGNGNSGGGTTVVKMNKLF1071
H.sapiens/gamma ------KMLMTLPLLRQTSTKAVQHFYNIKLEGK------------------------------------------------VPMHKLF 450

••
D.melanogaster LEMLEPLAR--------------------------------------------------------------------- 484
D.melanogaster LEMLEPLAR--------------------------------------------------------------------- 496
A.gambiae VEMLESVSR--------------------------------------------------------------------- 507
A.mellifera VEMLEAAYYR-------------------------------------------------------------------- 434
H.sapiens/alpha LEMLEAMMD--------------------------------------------------------------------- 423
H.sapiens/beta LEMVEAKVGQEQLRGSPKDERMSSHDGKCPFQSAAFTSRDQSNSPGIPNPRPSSPTPLNERGRQISPSTRTPGGQGKH 503
A.pisum VEMLEACLR---------------------------------------------------------------------1080
H.sapiens/gamma LEMLEAKV---------------------------------------------------------------------- 458

Figure 1: Multiple Alignments of ERR orthologs
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D.melanogaster ----------------------------MLTTSGQQQSKQKLSTLPSHILLQQQL------AASAGPSSSVSLSPSSSAALTLHVASAN 55
D.melanogaster -----------------------------MDTCG----------------LVAEL------A--------------------------- 11
A.gambiae ---------------MSEKRNVSREWIILAAPSGQ------------------------------------------------------ 20
D.melanogaster MKRRWSNNGGFMRLPEESSSEVTSSSNGLVLPSGVNMSP---SSLDSHDYCDQDLWLCGNESGSFGGSNGHGLSQQQQSVITLAMHGCS 86
A.pisum ------------MLRLASQN-----DGAMTSSSEV-------------------------TSSSSSSSAAASTGFSATSMFINAFFSTN 47
H.sapiens ----------------------------MSLWLGA------------------------------------------------------ 7
A.mellifera ---------------MDTTN-----GGGSSAGVGV-------------------------VGGTIASVVAG----AASLTLVKA----- 35
A.pisum ---------------MMDQKCDGGGGGVAAAAAGI-------------------------GGGGVGGLMSYNRGRGGTEVIIKP----- 44

D.melanogaster GGARETTSAAAVKDKLRPTPTAIKIEPMPDVISVGTVAGG----------SSVATVVAPAATTTSNKPNSTAAPSTSAAAANGHLVLVP 134
D.melanogaster -----------------------------------------------------------------------------------HYI--- 14
A.gambiae --------------------------------------------------------------------------------GKGHAI--- 26
D.melanogaster STLPAQTTIIPINGNANGNGGSTNGQYVPGATNLGALANGMLNGGFNGMQQQIQNGHGLINSTTPSTPTTPLHLQQNLGGAGGGGI--- 172
A.pisum INSP-------MTRESFEFLQDLDDSF-------GEQ-PTYTTHQ---QRYHQDTIMNRFM----------------------T----- 91
H.sapiens ------------------PVPDIPPDSAVELWKPGAQ------------------------------------DASSQAQGGSSCI--- 39
A.mellifera -ETPEHLAGTSTTAAATPTPPSVPVGSAVAGTAGGALFPGMAA-----------------AGKGAARSDDWLANANSPVGSPSAAL--- 103
A.pisum -RSPAVL--QVTTGGGYHGLPTATDAVIVRSPPGGHL-PGQQQQQVPPSRNGCSTLFSDIAGVKRLRPDDWLAVNSPPASSPGT----- 124

D.melanogaster NKRPRLDVTEDWMSTPSPGSVPSSAPPLSPSPGSQNHSYNMSNGYASPMSAGS---------------------YDPYSPTG-KTGRDD 201
D.melanogaster ---------------------------------------------------------------------------DAY-------GRDD 21
A.gambiae -------------------------------------------GFADVL--------------LPRRSQMHTARYCSFESVA-R--RED 55
D.melanogaster -----------------------------GGMGILHHANGTPNGLIGVVGGGGGVGLGVGGGGVGGLGMQHTPRSDSVNSIS-S-GRDD 230
A.pisum ---------------------------------------QHNNNS--------------------STVPVITT------------VKEE 109
H.sapiens -------------------------------------------------------------------------------------LREE 43
A.mellifera ----------------QPQHVVYGNPQQQQLAAETQQQQQHNNGY---------------------ASPMSTSSYDPYSPNS-KIGRDE 154
A.pisum ---------------------------------------SHISYTVISNGGGGGGGGGGGGGGGYNTSPMSTNSYDPYSPMSGKIVKEE 174

• • •• •••
D.melanogaster LSPSSSLNGYS-------------------A-NESCDAKKSK--------------KGP---------APRV-QEELCLVCGDRASGYH 246
D.melanogaster LSPSSSLNGYS-------------------A-NESCDAKKSK--------------KGP---------APRV-QEELCLVCGDRASGYH 66
A.gambiae LSPSSSLNGYT-------------------G-DGS-EAKKQK--------------KGP---------TPRQ-QEELCLVCGDRASGYH 99
D.melanogaster LSPSSSLNGYS-------------------A-NESCDAKKSK--------------KGP---------APRV-QEELCLVCGDRASGYH 275
A.pisum LSPPNSLSGVS-------------------SHSDG--LKKKKLNHSPVTGVVNTAASGPGGGVGGNVLNNRP-PEELCLVCGDRSSGYH 176
H.sapiens ARMPHSAGGTAGVGLEAAEPTALLTRAEPPSEPKEIRPQKRK--------------KGP---------APKMLGNELCSVCGDKASGFH 109
A.mellifera LSQPGSLNGYG-------------------S-SDGCDARKKK---------------GP---------TPRQ-QEELCLVCGDRASGYH 198
A.pisum LSPPNSLSGVS-------------------SHSDG--LKKKKLNHSPVTGVVNTAASGPGGGVGGNVLNNRP-PEELCLVCGDRSSGYH 241

• ••••• • •• • • •• ••••• •• ••••
D.melanogaster YNALTCEGCKGFFRRSVTKSAVYCCKFGRACEMDMYMRRKCQECRLKKCLAVGMRPECVVPENQCAMK--RREKKAQKEKDKMTTSPSS 333
D.melanogaster YNALTCEGCKGFFRRSVTKSAVYCCKFGRACEMDMYMRRKCQECRLKKCLAVGMRPECVVPENQCAMK--RREKKAQKEKDKMTTSPSS 153
A.gambiae YNALTCEGCKGFFRRSVTKNAVYCCKFGHACEMDMYMRRKCQECRLKKCLAVGMRPECVVPENQCAIK--RKEKKAQKEKDKVPPNPST 186
D.melanogaster YNALTCEGCKGFFRRSVTKSAVYCCKFGRACEMDMYMRRKCQECRLKKCLAVGMRPECVVPENQCAMK--RREKKAQKEKDKMTTSPSS 362
A.pisum YNALTCEGCKGFFRRSITKNAVYQCKYGNNCEIDMYMRRKCQECRLKKCLTVGMRPECVVPEVQCAVK--RKEKKAQREKDK--PNSTT 261
H.sapiens YNVLSCEGCKGFFRRSVIKGAHYICHSGGHCPMDTYMRRKCQECRLRKCRQAGMREECVLSEEQIRLKKLKRQEEEQAHATSLPPRASS 198
A.mellifera YNALTCEGCKGFFRRSITKNAVYQCKYGNNCEIDMYMRRKCQECRLKKCLTVGMRPECVVPEYQCAVK--RKEEKAQKEKDK--PNSTT 283
A.pisum YNALTCEGCKGFFRRSITKNAVYQCKYGNNCEIDMYMRRKCQECRLKKCLTVGMRPECVVPEVQCAVK--RKEKKAQREKDK--PNSTT 326

•••
D.melanogaster QHGGNGSLASGGGQDFVKKEILD-L--MTCEPPQHATIPLLPDEILAKCQARNIPSLTYNQLAVIYKLIWYQDGYEQPSEEDLRRIM-S 418
D.melanogaster QHGGNGSLASGGGQDFVKKEILD-L--MTCEPPQHATIPLLPDEILAKCQARNIPSLTYNQLAVIYKLIWYQDGYEQPSEEDLRRIM-S 238
A.gambiae ------TTVSTTNSSSYKSELLPVL--MKCESPPTAAIPLLPEKLLNENRQRNIPLLTANQMAVIYKLIWYQDGYEQPSEEDLKRIMIN 267
D.melanogaster QHGGNGSLASGGGQDFVKKEILD-L--MTCEPPQHATIPLLPDEILAKCQARNIPSLTYNQLAVIYKLIWYQDGYEQPSEEDLRRIM-S 447
A.pisum -DISPEI---------IKIEPTEMK--IECGEPMIMGTPMPT--------VPYVKPLSSEQKELIHRLVYFQDQYEAPSEKDMKRLTIN 330
H.sapiens -------------------------------PPQIL------------------PQLSREQLGMIEKLVAAQQQCNRRSFSDRLRVTPW 238
A.mellifera MNGSPGSGGIRSDQMGVKIEPAEAESLSTSGSSGIL-TPVSP--------YGYVKPISPEQEELIHRLVYFQNEYEQPSEEDLKRIT-- 361
A.pisum -DISPEI---------IKIEPTEMK--IECGEPMIMGTPMPT--------VPYVKPLSSEQKELIHRLVYFQDQYEAPSEKDMKRLTIN 395

•• •• • • • • • •• •• •• • •• • • •• •
D.melanogaster Q----PDENESQTDVSFRHITEITILTVQLIVEFAKGLPAFTKIPQEDQITLLKACSSEVMMLRMARRYDHSSDSIFFANNRSYTRDSY 503
D.melanogaster Q----PDENESQTDVSFRHITEITILTVQLIVEFAKGLPAFTKIPQEDQITLLKACSSEVMMLRMARRYDHSSDSIFFANNRSYTRDSY 323
A.gambiae S----PNEEEDPHEIHFRHITEITILTVQLIVEFAKGLPAFTKIPQEDQITLLKACSSEVMMLRMARRYDAETDSILFANNRSYTRDSY 352
D.melanogaster Q----PDENESQTDVSFRHITEITILTVQLIVEFAKGLPAFTKIPQEDQITLLKACSSEVMMLRMARRYDHSSDSIFFANNRSYTRDSY 532
A.pisum NQNMDEYDEEKQSDTTYRIITEMTILTVQLIVEFAKRLPGFDKLVREDQITLLKACSSEAMMFRVARKYDITTDSIVFANNQPFSADSY 419
H.sapiens PMAPDPHSREARQQ-RFAHFTELAIVSVQEIVDFAKQLPGFLQLSREDQIALLKTSAIEVMLLETSRRYNPGSESITFLKDFSYNREDF 326
A.mellifera NQ---PSEGEDISDYKFRHITEITILTVQLIVEFSKRLPGFDELMREDQIALLKACSSEVMMLRMARKYDVQTDSIIFANNQPYTKDSY 447
A.pisum NQNMDEYDEEKQSDTTYRIITEMTILTVQLIVEFAKRLPGFDKLVREDQITLLKACSSEAMMFRVARKYDITTDSIVFANNQPFSADSY 484

• • • • • • •• • •
D.melanogaster KMAGMA-DNIEDLLHFCRQMFSMKVDNVEYALLTAIVIFS-DRPGLEKAQLVEAIQSYYIDTLRIYILNRHCGDSMSLVFYAKLLSILT 590
D.melanogaster KMAGMA-DNIEDLLHFCRQMFSMKVDNVEYALLTAIVIFS-DRPGLEKAQLVEAIQSYYIDTLRIYILNRHCGDSMSLVFYAKLLSILT 410
A.gambiae KMAGMA-DTIEDLLHFCRQMYTLTVDNVEYALLTAIVIFS-DRPGLEKAELVETIQSYYIDTLRVYILNRHGGDPKCSVTFAKLLSILT 439
D.melanogaster KMAGMA-DNIEDLLHFCRQMFSMKVDNVEYALLTAIVIFS-DRPGLEKAQLVEAIQSYYIDTLRIYILNRHCGDSMSLVFYAKLLSILT 619
A.pisum NKAGLG-DAIENQLSFSRFMYNMKVDNAEYALLTAIVIFS-SRPNLLDGWKVEKIQEIYLESLKAYVDNRD--RDTATVRYARLLSVLT 504
H.sapiens AKAGLQVEFINPIFEFSRAMNELQLNDAEFALLIAISIFSADRPNVQDQLQVERLQHTYVEALHAYVSIHH---PHDRLMFPRMLMKLV 412
A.mellifera TVAGMG-ETIEDLLHFCRQMYAMKVNNAEYALLTAIVIFS-ERPNLLEGWKVEKIQEIYLEALRAYVDNRR--RPNPGTVFARLLSVLT 532
A.pisum NKAGLG-DAIENQLSFSRFMYNMKVDNAEYALLTAIVIFS-SRPNLLDGWKVEKIQEIYLESLKAYVDNRD--RDTATVRYARLLSVLT 569
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• •• • •• •
D.melanogaster ELRTLGNQNAEMCFSLKLKNRKLPKFLEEIWDVHAIPPSVQSHLQITQEENERLERAERMRASVGGAITAGIDCDSASTSAAAAAAQHQ 679
D.melanogaster ELRTLGNQNAEMCFSLKLKNRKLPKFLEEIWDVHAIPPSVQSHLQITQEENERLERAERMRASVGGAITAGIDCDSASTSAAAAAAQHQ 499
A.gambiae ELRTLGNQNSEMCFSLKLKNRKLPRFLEEIWDVQDIPP--------------------------------------------------- 477
D.melanogaster ELRTLGNQNAEMCFSLKLKNRKLPKFLEEIWDVHAIPPSVQSHLQITQEENERLERAERMRASVGGAITAGIDCDSASTSAAAAAAQHQ 708
A.pisum ELRTLGNENSELCMTLKLKNRVVPPFLAEIWDV--MP---------------------------------------------------- 539
H.sapiens SLRTLSSVHSEQVFALRLQDKKLPPLLSEIWDVHE------------------------------------------------------ 447
A.mellifera ELRTLGNQNSEMCFSLKFKNKKLPVFLAEIWDV--TP---------------------------------------------------- 567
A.pisum ELRTLGNENSELCMTLKLKNRVVPPFLAEIWDV--MP---------------------------------------------------- 604

D.melanogaster PQPQPQPQPSSLTQNDSQHQTQPQLQPQLPPQLQGQLQPQLQPQLQTQLQPQIQPQPQLLPVSAPVPASVTAPGSLSAVSTSSEYMGGS 768
D.melanogaster PQPQPQPQPSSLTQNDSQHQTQPQLQPQLPPQLQGQLQPQLQPQLQTQLQPQIQPQPQLLPVSAPVPASVTAPGSLSAVSTSSEYMGGS 588
A.gambiae ----------------------------------------------------------------------------------------- 477
D.melanogaster PQPQPQPQPSSLTQNDSQHQTQPQLQPQLPPQLQGQLQPQLQPQLQTQLQPQIQPQPQLLPVSAPVPASVTAPGSLSAVSTSSEYMGGS 797
A.pisum ----------------------------------------------------------------------------------------- 539
H.sapiens ----------------------------------------------------------------------------------------- 447
A.mellifera ----------------------------------------------------------------------------------------- 567
A.pisum ----------------------------------------------------------------------------------------- 604

D.melanogaster AAIGPITPATTSSITAAVTASSTTSAVPMGNGVGVGVGVGGNVSMYANAQTAMALMGVALHSHQEQLIGGVAVKSEHSTTA 849
D.melanogaster AAIGPITPATTSSITAAVTASSTTSAVPMGNGVGVGVGVGGNVSMYANAQTAMALMGVALHSHQEQLIGGVAVKSEHSTTA 669
A.gambiae --------------------------------------------------------------------------------- 477
D.melanogaster AAIGPITPATTSSITAAVTASSTTSAVPMGNGVGVGVGVGGNVSMYANAQTAMALMGVALHSHQEQLIGGVAVKSEHSTTA 878
A.pisum --------------------------------------------------------------------------------- 539
H.sapiens --------------------------------------------------------------------------------- 447
A.mellifera --------------------------------------------------------------------------------- 567
A.pisum --------------------------------------------------------------------------------- 604

Figure 1: Multiple Alignments of ERR orthologs
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1(G) Key to the structural features indicated in Panels C-F

FIGURE 7.6: Multiple alignments were performed for four representative chemically tractable DEG
orthologs: Hsp90, Gwl, ERR and EcR, together with their corresponding human
homologs. Panel A, total dataset of ChEMBL hits, with Hsp90, Gwl, ERR and EcR
highlighted; panel B, phylogenetic relationships within the LBDs of the 18 DEG
nuclear receptor orthologs in A. pisum, a consensus phylogenetic tree was constructed
using the neighbor-joining method; panel C, multiple alignment of Hsp90A DEG
orthologs; panel D, multiple alignment of Gwl serine/threonine kinase orthologs;
panel E, multiple alignment of the steroid receptor ERR orthologs, together with
its human homologs ESRR-alpha, ESRR-beta and ESRR-gamma; panel F, multiple
alignment of EcR orthologs. Indicated above the alignments are the positions of
the conserved amino acids (coloured in blue) that characterize structural features
(represented as “●”) within the respective D. melanogaster proteins, further compiled
in the associated Key (panel G).
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The first of these examples chosen, Hsp90A, shows little variation in the sequence of its open
reading frame between the four insects, and is also highly conserved in the human (Figure 7.6C).
The active site amino acids that characterize its ATPase domain, extracted from the CDD, as well as
the immediate context of the active site, are highly conserved within the set of four insect proteins
and are shared by the corresponding H. sapiens sequence (Figure 7.6C). The active site of Hsp90A
thus appears a poor target for selective insecticide discovery.

A second representative protein, the Drosophila Gwl / MASTL serine-threonine protein kinase,
associated with cellular entry into mitosis (Vigneron et al., 2011), shows different properties.
Here, although the amino acids of the N-terminal ATP-binding kinase active site are quite highly
conserved within the four insects, those within the activation loops and substrate-binding sites, split
between the N- and C-terminal domains, show lower conservation (Figure 7.6D). Variations at the
latter sites have enabled selective drug design in human serine-threonine kinases (for example the
serine/threonine protein kinase CK2, Niefind and Issinger, 2010).

A different pattern of variation is seen in a third essential protein, ERR Figure 7.6E), thought
to play an essential role in metabolism during development (Tennessen et al., 2011). This has
a very highly conserved N-terminal DNA-binding domain, linked to a more variable C-terminal
ligand-binding domain. Variations in the C-terminal steroid-binding domain of ERR occur in all
four of the insect species, reflecting variations within the amino acids that mediate the putative
interactions with its steroid ligand. ERR is an orphan receptor belonging to the steroid hormone
(NR3) subfamily of nuclear receptors (Fahrbach et al., 2012), and has previously been suggested,
with certain reservations, as a potential target for insecticide discovery (Ostberg et al., 2003).
Designated PF00104.25 within the Pfam database, the family of nuclear receptors to which ERR
belongs also contains the ecdysteroid hormone receptor, one of the few already well-characterized
insecticide targets (Carmichael et al., 2005; Holmwood and Schindler, 2009). We identified another
36 structurally related members of the nuclear hormone receptor family amongst the 5,148 DEG
proteins in D. melanogaster, highlighting the considerable functional diversity amongst this family
of insect hormone receptors, all of which are essential genes in Drosophila.

In the light of the findings with ERR, similar comparative analyses amongst the DEG orthologs
for the EcR (Figure 7.6F), another member of the DEG repertoire, were performed. In D.
melanogaster, the steroid hormone ecdysone triggers larval-to-adult metamorphosis and tissue
remodeling (Fahrbach et al., 2012). EcR is a member of the NR1 nuclear receptor family, and
binds DNA with high specificity at ecdysone response elements. As with ERR, multiple alignment
studies in the four insects shows their EcRs to have a highly conserved N-terminal DNA-binding
domain, accompanied by a more variable C-terminal ligand- binding domain. However, unlike
the orphan ERR receptor, EcR has been the subject of much molecular biology, structural analysis
and chemical design (Kothapalli et al., 1995; Billas and Moras, 2005; Carmichael et al., 2005;
Dhadialla et al., 2007; Fujita and Nakagawa, 2007; Beatty et al., 2009; Soin et al., 2010; Harada
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et al., 2011; Zotti et al., 2012), and several EcR ligands are currently being commercialized as
environmentally-friendly insecticides (Hill et al., 2013).

With selective insecticide design in mind, we further investigated the overlap in structural features
displayed by LBD domains within the entire nuclear hormone receptor family (Pfam family
PF00104.25). To date, pharmacological studies of ecdysteroid agonists have focused only on
single receptor pharmacology (see, for example, Soin et al., 2010; Tohidi-Esfahani et al., 2011).
However, phylogenetic analysis (Figure 7.6B) indicate that several features in the EcR ligand
binding domain are shared with comparable domains in phylogenetically related nuclear receptor
orthologs. This may be an interesting observation to exploit for multi-target polypharmacology.

7.3.6 New insecticide targets

The combination of Pfam, ChEMBL and CDD provides a rich resource for target discovery, linking
structural and chemical biology to specific gene families. There are many gene families that appear
suitable for chemical design emanating from the differentially-expressed essential gene dataset.

In H. sapiens, the protein kinases (Pfam family PF0069) have proven an especially fruitful
therapeutic target class for chemical discovery (Bamborough, 2012) because of their extensive
involvement in biological development and differentiation (Manning et al., 2002a,b; Manning, 2009).
Drosophila mutagenesis has made a major contribution to delineating the functional components of
these signaling networks, and continues to do so through kinome-wide gene silencing approaches
(Bettencourt-Dias et al., 2004; Nybakken et al., 2005). Despite the evident druggability of the
protein kinase gene family, to date there have been few systematic studies of this family in insect
pests other than Drosophila.

To address the “essential” kinome, we extracted the orthologs of Drosophila essential kinases in
A. gambiae, A. pisum and A. mellifera from the essential gene dataset (Figure 7.7), dividing them
into the same three similarity categories as used earlier (as in Figure 7.2). The results confirm the
expansion of specific kinases important in the regulation of mitosis in the pea aphid (IAGC, 2010),
but also show the presence of a large number of new, differentially expressed essential kinases.

Although well-defined at a structural bioinformatics level, the precise biological functions of the
majority of eukaryotic kinases remains to be determined, even for H. sapiens (Manning, 2009).
While studies in Drosophila promise to throw light on their human counterparts, they are of
considerable importance and direct relevance to insect biology in their own right. In Figure 7.7, we
highlight the essential kinases belonging to the MAP kinase family, implicated in innate immunity
(Horton et al., 2011). The differential expression of new members of functionally important families
such as the MAP kinases may provide new entry points to pathway-based insecticide development.
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FIGURE 7.7: The protein kinase complements of A. gambiae, A. pisum and A. mellifera were
extracted from the total set of DEG genes and compared. As in Figure 7.2, hits
were classified on the basis of exact match (E-value 0, Panel A, 169 kinases), high
similarity (E-value <100, Panel B, 45 kinases), or lower similarity (E-value >100,
Panel C, 75 kinases). Phylogenetic analysis was then performed for each class.
Kinases unique to specific insects are shown, color-coded, alongside those shared
between the 3 insects. The same color-coding is used in the phylogenetic analyses.
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7.4 Discussion

This study has examined several methods for analyzing and comparing the protein complements of
insect genomes. It has used essential gene sets identified in Drosophila to define orthologs in both
insect pests and pollinators, triaging these with gene family (Pfam), chemical biology (ChEMBL)
and structural biology (PDB, CDD) databases to identify subsets of targets which appear suitable
for selective chemical design.

7.4.1 Target triage for agrochemical discovery

The focus on Drosophila essential genes as targets for insecticide discovery was driven both
theoretically and operationally. As potentially cidal targets, insecticides that target them offer the
best possibility of extinguishing pest populations before they can acquire resistance. Operationally,
they constitute a clear target set on which to focus available genomic resources. The set of 2,694
essential genes represents 19.2% of the total complement of 14,029 D. melanogaster protein-coding
genes (Tweedie et al., 2009).

For some of the most interesting future applications of our work (e.g. multi-target chemical design
in insects and other organisms), it will be necessary to extend this analysis to the entire Drosophila
genome and to DEG orthologs in other, non-arthropod genomes, especially the human. We have
included some human homologs here for comparison (for example, those shown for ERR in Figure
7.6E). Human safety is of critical importance in insecticide target selection and further detailed
comparisons between prospective insecticide targets and their human counterparts will be required
before discovery targets can be nominated.

7.4.2 Gene family targets

The power of a gene family focused approach using Pfam for target triage is clear from the data
shown in Figure 7.3 and Figure 7.4. The presence of distinct, targetable structural features amongst
the four proteins we exemplify (Hsp90, Gwl, ERR and EcR), allows an immediate appreciation
of the likely success of structure-based design. These observations are reinforced by the fact that
one of the proteins, EcR, has already been the subject of successful insecticide discovery programs
(Fahrbach et al., 2012). In addition, structural variation between individual insect orthologs, reflected
in their feature matrices, gives an indication of the feasibility of achieving insecticide selectivity
by design. A high degree of structural conservation between pest and pollinator targets may also
provide an alert for potential ecological threats.
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Among the databases deployed in our study, the Pfam database proved especially useful, enabling
rapid interrogation and comparative scoring of individual protein domains. Since most proteins
contain several Pfam domains, the database will interrogate individual proteins from several
perspectives, as seen in the case of the nuclear receptors. Taken together, the 13,672 defined
Pfam signatures provide a formidable way of categorizing and comparing target protein sequences.

The availability of a large number of new insect genomes through the i5K initiative (Robinson
et al., 2011) promises to dramatically extend our knowledge of insect molecular and chemical
biology, providing further pest and pollinator genomes for detailed comparative studies. The studies
described here can readily be extended to encompass additional genomes.

A word of caution is, however, merited on the subject of genome-wide target triage. Two of the
datasets used in this study, those for D. melanogaster (within FlyBase) and A. gambiae (within
VectorBase), represent highly curated and well annotated resources. The genome databases for
A. pisum and A. mellifera, however, are less completely annotated, with considerable reliance
on automated annotation. In using the nr database, another fully curated database, to capture
comparative data, coverage of available ortholog space has been maximised, but there remains a
pressing need to assemble, curate and carefully annotate newly emerging insect genomes, especially
when these are being produced at the speeds projected by the i5k initiative (Robinson et al., 2011).

7.4.3 Target validation

While in silico approaches are valuable in the early stages of target assessment, they need to be
followed up with direct target validation using chemical or genetic approaches. Previously published
data from functional genomic studies in Drosophila were used to support the target discovery studies
reported here. Drosophila is one of the most highly characterized model systems for eukaryotic
genetics (Ashburner et al., 2005; Tweedie et al., 2009). While D. melanogaster has many limitations
for pest genomics, recapitulating only partially the full gamut of molecular functionality present
in highly specialized insect disease vectors, it is nonetheless a valuable tool for hypothesis testing,
sharing many features of its biology with other insect pests. Although often under-appreciated, the
drosophilids are also a widespread, commercially relevant insect pest population in their own right
(Burrack et al., 2013), meriting deeper study as pests in their own right.

To maximize the impact of this approach to target discovery in new pests, further systems to explore
the functional details of the physiological pathways available for intervention are urgently required
(Mohr et al., 2010). In this regard, the development of large-scale gene knockout platforms for
specific target insects such as B. tabaci (Ghanim et al., 2007) and T. castaneum (Tomoyasu et al.,
2008; Brown et al., 2009), offers further pest-focussed opportunities for target exploration and
validation.
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7.4.4 Defining an operational framework for insecticide discovery

The approach used for the systematic identification and validation of potential insecticidal targets
is depicted schematically in the flow chart in Figure 7.1. Judicious choices between potentially
tractable individual genes and gene family targets, made on the basis of increasingly integrated
post-genomic approaches, provide a practical framework for the exploration of a new generation of
molecular targets for insecticide discovery. The dataset of approximately 20,000 DEG orthologs
described provides a rich resource for target triage, also identifying essential targets which might
also be appropriate for RNAi-based approaches (Price and Gatehouse, 2008) and gene editing using
CRISPR/Cas9 approach (Doudna and Charpentier, 2014; Rathe et al., 2014; Sander and Joung,
2014).

Note that this study only analyzes four target proteins in detail, comprising 1% of the initial set
of 403 chemically tractable proteins identified. To extend these studies, large-scale automated
homology modeling and site scoring of ligand binding sites will be required to assess the feasibility
of selective ligand design. Practical follow-up of promising targets can then be initiated using
fragment-based chemical discovery approaches, both to generate probes for chemical biology and
to initiate pesticide design studies (see, for example, de Kloe et al., 2009). These chemical probes
can then be taken into controlled laboratory trials to assess their impact as new chemical entities on
a wider selection of pests, pollinators and host plants.

7.4.5 The question of agrochemical resistance

Biological systems are highly adaptable, and it is not surprising to find that insects possess
well-developed mechanisms for counteracting the effects of xenobiotics, including agrochemicals.
This study polarizes this question by focusing on those gene targets that are deemed essential for
insect growth and development, and whose ablation will present major issues for targeted insects.

Biological resistance to chemicals is governed by several physiological processes, including 1)
the induction of metabolic enzymes such as the cytochromes and esterases to detoxify xenobiotic
chemicals, and 2) the mutation of specific molecular targets to evade pharmacological toxicities
(reviewed for insecticides in Perry et al., 2011). The advent of multi-target design (MTD) approaches
using single compounds to interfere at multiple points in signaling cascades, holds considerable
promise for chemical intervention in multi-step processes such as growth and development, as
exemplified in the human disease area by cancer and infection (Koutsoukas et al., 2011).

Many of the chemically tractable Drosophila essential genes identified in our study fall into
structurally related protein families which appear amenable to MTD approaches. Focusing such
techniques on key members of appropriate gene families, such as the specific protein kinase, ATPase
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and nuclear hormone receptor families exemplified in this study, may open the way to developing
exquisitely selective chemical entities. Simultaneously attacking multiple points within essential
signaling pathways using either a single, carefully optimized compound or a coordinated set of
individual agents, may also heighten the barrier for resistance development through site-specific
mutation, a resistance mechanism frequently observed in insect populations (Perry et al., 2011).

7.4.6 Discriminating between agriculturally- and therapeutically-relevant
pests

The results presented here have focussed on A. pisum as a commercially relevant insect pest.
However, similar studies have been performed using ranked order analysis with A. gambiae and A.
mellifera that provide parallel datasets to address mosquito-specific targets and honeybee-sparing
targets. When commercial insecticides are used as agrochemicals, resistance amongst non-target
insects can develop as a bystander effect. Inevitably, when the same insecticides are used in a
therapeutic setting, they will prove very much less effective (see Ranson et al., 2009, for further
discussion). Target selection to avoid parallel resistance development is therefore of critical
importance.

Taken together, the approaches presented here take steps towards addressing some of the challenges
of pest management, and provide a route to developing a range of therapeutically relevant and
environmentally sustainable insecticides.
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Discussion

The genome sequencing project of any species would not be possible without modern sequencing
technologies and the methods described in this thesis, transcriptome and genome resources for
whitefly can be rapidly developed which enable exciting research. Methods and results described
in this thesis are just examples for any genome project, and would suit best to any arthropod
particularly those that contain bacterial endosymbiont(s). This concluding chapter summarises the
previous chapters and also outlines the possible future directions for improvements and describes
the exciting research studies possible.

8.1 Transcriptome provides a useful resource

Chapter 1 began by addressing the research problem and describing whiteflies that have been studied
so far and why the genome of this species is needed. As described in Chapter 2, a literature review
was conducted to study and understand research carried out on whitefly and its implications so far,
and to evaluate the research problem. Although, four transcriptomes of different whitefly species
have already been published and the data are publically available. These four transcriptomes were
compared in Chapter 3 to identify sequence and functional differences across them. The main aim
of Chapter 3 was to obtain a comprehensive transcriptome data set for the Asia I population which
could effectively be used for further analysis in this thesis.

In order to capture the complete transcriptome of the Asia I population, two different libraries
(Normalized and Unnormalized) were generated and sequenced. These combined data sets from two
libraries not only led to an excellent adult transcriptome resource but also to identifying the most
abundant and least redundant genes for this population. The transcriptome of the Asia I population
was found better in terms of functional annotations and proportion of complete transcripts than that
which has been found in other species of the B. tabaci complex including MEAM1, MED and Asia
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II 3. The strategy and methods described in Chapter 3 also proved that a better transcriptome can
be generated with low sequencing coverage, as a lower amount of sequencing data was generated
for Asia I species (290 Mbp) than MEAM1 (1.27 GB) (Wang et al., 2011), MED (3.27 GB) (Wang
et al., 2010a) and Asia II 3 species (1.24 GB) (Wang et al., 2012). One of the interesting results
reported in Chapter 3 was that the termite species, Z. nevadensis unexpectedly scored the highest
number of top-hits with the Asia I data. This is considered to be due to the higher number of short
aligned matches found between Asia I species and Z. nevadensis. Further investigations are needed
into this, and why these distantly related species share so many short aligned sequences.

Good transcriptomes from different life stages of the Asia I population should be obtained to
enable rapid identification of stage-specific genes and their expression levels. It would also enable
researchers interested in studying cross-species comparisons to identify species-specific genes. For
example, during a variety of hosts shifts between MEAM1 and MED species, significant changes in
the activity of cytochrome P450 and COEs was reported (Xu et al., 2014). As the main objective
of Chapter 3 was to obtain a transcriptome for the Asia I population, a high coverage Illumina
HiSeq 2000 RNA-seq library should in the future be prepared from various developmental stages to
generate a comprehensive transcriptome of this Asia I population. Transcriptomes do not only act
as a valuable resource for genome annotation (as described in Chapter 4 and Chapter 5) but can also
be used to construct scaffolds from genomic contigs using ERANGE (Mortazavi et al., 2010) and
SCUBAR (Elsworth, 2016), for which there was not the time or data to do in this study.

Chapter 4 described a new approach to explore gene structures in the Asia I population prior to
annotation, and where there was no reference genome available. The methods used in this chapter
provide an example applicable to other researchers to wishing to gain insights into the gene structure
of their species of interest for which genome information is lacking or poorly annotated. The
approach used existing software to align transcriptome (obtained in Chapter 3) to genome assembly
for Asia I species. At least 90% of the total span of the transcripts should aligned to a genome
assembly when used against the same species. It is unlikely to get 100% of the transcripts aligned
to a genome even where a complete genome assembly exists because many transcripts may have
been obtained as a single-coverage transcript with sequencing errors or as chimeric transcripts
(Parkinson and Blaxter, 2004). In the methods section, specific details were described of how these
alignments were filtered and selected for further analysis in Chapter 4. The results of Chapter 4
outlines distinctive gene structures of Asia I in comparison with the other insects of the same Order
or even with the distantly related species. The variation in their gene structures was only due to
one feature, namely intron size. The introns of Asia I species tend to be much longer than their
corresponding orthologs from other insects regardless of their similar CDS size. The accuracy of
assembled genomic scaffolds of Asia I were confirmed by the PE reads not only support the coding
regions (exons) of the gene but also support the longer non-coding regions (introns) with a minimum
of 50x coverage. Further, the presence of the conserved donor splice site (at 5’) motif ‘GT’ and
acceptor splice site (at 3’) motif ‘AG’ within the introns added more confidence to the accuracy of

143



CHAPTER 8

exon-intron-exon structure predictions for the Asia I genome data. These findings helped in the
understanding of the complexity of the B. tabaci genome and answered the question of why it is
a relatively large (640-690 Mbp) genome (Chen et al., 2015; Guo et al., 2015). The findings of
Chapter 4 also contributed to evaluation and annotation of genome assembly in Chapter 5, 13%
more genes were found complete when used the ‘-vrt’ option was used that allowed for much longer
introns (up to 20,000 bp). This result helped to optimise parameters during genome annotation
phase in order to obtain more accurate gene predictions for the Asia I population.

Transcript alignment can also be used to assess the contiguity of genome assembly and help to
choose a relatively better assembly when comparing more than one assembler, using the approach
outlined in this chapter and in Kumar and Blaxter (2010). The quality assessment of genome
assembly has already been addressed via comparison studies on different assemblies (IHGSC, 2001;
Earl et al., 2011) without using a reference genome, and this could help in further improvements.

8.2 Draft genome of Asia I species at low sequence coverage

Chapter 5 described the methods for assembling the whitely genome using low cost short read
sequencing at 70x coverage via partitioning reads to obtain endosymbiont-free assembly for the
Asia I population. Only one PE library was generated for Illumina sequencing using the DISCOVAR
protocol. Despite using such limited data, a draft genome assembly was essentially obtained
with multi-gene sized scaffolds for Asia I population. Prior to the assembly filtering the genomic
reads (3.44 million) correspond to endosymbionts helped to achieve Asia I genome-specific reads
(Appendix B, Figure B5.1).

The de novo assembly strategy described in Chapter 5 addresses a few issues like read quality, read
partition for endosymbionts and assembly parameters. Assembling a genome is not a one-button
solution, where raw reads can be converted directly into a final genome. From a raw set of reads,
many assemblies can be produced using different assemblers and with different parameters for
each of them. Most of the genome sequencing projects do not report all assemblies that they have
generated using different assemblers and parameters. Reporting of alternative assemblers and their
parameters could benefit future genome projects on similar species or similar input data, perhaps like
the Assemblathon study (Earl et al., 2011). There were several metrics defined in the Assemblathon
study for assembly evaluation and scaffold N50 (the scaffold size N at which 50% of the genome
assembly is in scaffolds longer than N) was highly recommended as a measure of contiguity.

To achieve a better quality genome assembly for the Asia I species, several assemblies were produced
using different assemblers and the assembly optimality criteria was defined which led to choice of
the best assembly for further analysis. Although the scaffold N50 and scaffold numbers are the
most widely used assembly metrics for assembly evaluation, they may not always correlate well
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with the actual assembly contiguity (Nagarajan and Pop, 2013). Typically, it is assumed that the
larger the N50 value the better the assembly, but the higher N50 can be achieved by discarding
short sequences from the assembly or by miss-joining scaffolds to make them longer. Another
approach that has been used to assess the assembly quality is the cumulative length plot in which the
distribution of scaffolds length is sorted from higher to lower to measure the assembly contiguity
(Gurevich et al., 2013). The cumulative length plot was used to select the best assembly as it not
only showed which assembly had the longest scaffolds but also showed which had short abundance
scaffolds along with the greatest span (total length of assembly) (Appendix A, Figure B5.2). The
N50 value of the selected assembly (Platanus assembly) was still much lower than the previously
sequenced hemipteran species because of the MP and fosmid libraries (IAGC, 2010; Xue et al.,
2014). Although the genome assembly of B. tabaci in this thesis can become more contiguous when
additional high-quality MP libraries of insert sizes 3-20 kbp used. Chapter 5 described that the
genome assembly can be obtained from low cost Illumina PE sequencing when the project focuses
on capturing multi-gene sized scaffolds.

In addition to the cumulative length plot, other approaches such as CEGMA (Parra et al., 2007,
2009) and BUSCO (Simao et al., 2015) were applied to assess the assembly completeness. It is
important to ensure biological accuracy when comparing different assemblies to determine which
assembly captures the most biological known sequences. CEGMA and BUSCO pipelines are widely
used for this purpose. Assembly with a CEGMA score above 90% would be assumed as a good
assembly and higher values (closer to 100%) indicates a more accurate and complete assembly.
CEGMA completeness was, however, low in Asia I (81.45%) compared to A. pisum (100%) (IAGC,
2010) and N. lugens (96.8%) (Xue et al., 2014). These three species belong to the same Order -
Hemiptera and the low CEGMA values may be the result of bias in methods or a biological reason
which would be interesting to explore further, or more likely due to a poorer assembly. However,
CEGMA is no longer being supported for such purposes and the recommendation more recently is
to use BUSCO. The BUSCO pipeline starts with a homology search in the given assembly for a
BUSCO consensus gene set and then gene structure prediction using Augustus. In the final step,
assessment of predicted genes using HMMER and lineage-specific profiles to classify them into four
categories: complete (C), duplicated (D), fragmented (F) and missing (M). Both approaches, i.e.
CEGMA (81.45%) and BUSCO (C: 35%, D: 1%, F: 32% and M: 32%), scored a low percentage of
complete genes in the selected Platanus assembly which indicated that the assembly was incomplete.
However, one purpose of using CEGMA and BUSCO was to identify gene structures of highly
conserved full-length genes in a given genome assembly. These gene structures can then be used for
genome annotation to train the gene predictor programs like Augustus and SNAP as described in
this chapter.

After selecting the best genome assembly for Asia I, the sequences were annotated to generate
a useful genomic resource for the whitefly community as described in Chapter 5. Any genome
sequencing project involves an annotation phase which uses the gold standard annotation of a few
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hundred genes to train the gene predictors for the whole genome. Here in this chapter, the putative
functions were assigned to protein-coding genes using the two-pass MAKER2 (Holt and Yandell,
2011) strategy, although these gene predictions may be the incomplete set and the missing genes
could be the result of poor annotation or poorly assembled scaffolds. The MAKER2 pipeline
involves ab initio gene predictions using Augustus and SNAP, and evidence based predictions which
use ESTs and proteins from the same species or closely related species. These MAKER2 predicted
gene models were assigned functions using Blast2GO (Götz et al., 2008) and InterProScan (Jones
et al., 2014), while RNA annotation was performed using tRNAscan-SE (Lowe and Eddy, 1997),
Rfamscan (Griffiths-Jones et al., 2005) and INFERNAL (Nawrocki et al., 2009).

Similar to the genome assembly programs, genome annotation pipelines need to be evaluated to
achieve best set of gene predictions. In future, I would like to develop such a platform which
allows systematically evaluation of annotation pipelines. There are two metrics that can be used for
producing competing annotations such as homology to known genes or AED score (Eilbeck et al.,
2009). Development of such a platform will allow users and developers to submit their annotations
in a competition format similar to the Assemblathon (Earl et al., 2011). This competition based
platform (“Annotathon”) will be very useful to everybody who is working on genome annotation
of eukaryotes once the metrics have been established. The submission of annotation results from
different annotation pipelines with different parameters and input sources on a range of species will
help to establish the best annotation strategy for any eukaryotic genome project.

To further improve the draft genome annotations for Asia I species, additional sequencing data will
be required like RNA-seq. The major problem with any automated genome annotation pipeline is
to predict alternatively spliced transcripts. However, RNA-seq reads represent the transcriptome
and it should be fairly easy to elucidate alternate transcripts when using RNA-seq data by splice
alignment tools such as TopHat (Roberts et al., 2011; Trapnell et al., 2012).

8.3 Additional genomes inside Asia I species

In Chapter 6, four additional genomes from the Asia I genome data were reported including a
mitogenome and three endosymbiont genomes of Portiera, Wolbachia and Arsenophonus. The
mitogenome of Asia I species was obtained as a single scaffold from the genome assembly of
Asia I species without any additional assembly. This is because the mitogenome of Asia I species
is only 15,453 bp which was expected to be assembled as a single scaffold with significant read
coverage. Despite having the same number of genes, the mitogenome of Asia I (15,453 bp) was
found slightly longer than that of two published mitogenomes of B. tabaci species including Asia
I (15,210 bp) (Tay et al., 2016) and New World I (15,322 bp) (Thao et al., 2004) but shorter than
that for the MEAM1 species (15,632 bp) (Wang et al., 2013). The variation in the sizes of these
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mitogenomes are due to the presence of control regions and non-coding intergenic regions within
their mitogenomes. The control region of Asia I species (710 bp) was longer than that in published
Asia I (467 bp) (Tay et al., 2016) and New World I (664 bp) species (Thao et al., 2004) but shorter
than that in the MED (974 bp) species mitogenome (Wang et al., 2013). The mitogenome of Asia I
will be very useful to everyone interested in population studies of B. tabaci complex and should
help improve understanding of the evolution of this complex.

Chapter 6 also described the strategy used for obtaining draft genomes of endosymbionts from the
host genome sequencing reads as previously described in Siozios et al. (2013). The strategy is likely
to remain the same for any bacterial species but the programs, quality checks, illustrations and
comparative analysis presented here are the best approaches for obtaining low-cost draft genomes.
A high quality draft genome of Portiera, the primary endosymbiont of Asia I species was assembled
and annotated in this chapter. The comparative genome analysis of Portiera across three different
species including Asia I, MEAM1 and MED of B. tabaci complex revealed 98% sequence identity
and conserved gene synteny. The phylogenetic analysis of molecular marker genes (16S rRNA
of Portiera and mtCOI gene of Asia I species) from both host and endosymbiont species showed
vertical transmission of this endosymbiont. A high quality draft genome of Wolbachia, the secondary
endosymbiont of B. tabaci is also assembled and annotated in this chapter. The genome was found
similar in size to the other Wolbachia genomes from different hosts. The orthology analysis between
the complete proteomes of 21 strains of Wolbachia from different hosts revealed 621 core proteins
present in all. The most useful innovation in this chapter is using these core proteins to perform
phylogenetic analysis across 21 strains and classify them into subgroups (A, B, C, D and F). The
draft genome sequence of Arsenophonus, another secondary endosymbiont of the Asia I population
studied, was also assembled and annotated in this chapter and named Arsenophonus bemisiae. The
genome assembly of Arsenophonus bemisiae (1.8 Mbp) was found much smaller in comparison
with the other two strains of Arsenophonus including Arsenophonus nasoniae (3.67 Mbp) (Wilkes
et al., 2010) and Arsenophonus endosymbiont of N. lugens (2.95 Mbp) (Xue et al., 2014). However,
this draft genome assembly of Arsenophonus bemisiae contains 1,846 PCGs of which 1,245 PCGs
were found as core proteins when compared with the other two Arsenophonus strains. These core
proteins are conserved proteins and could represent a set of essential proteins required by this
bacteria to be able to maintain metabolic homeostasis, evolve and reproduce. This chapter can be
used as a guide to assemble endosymbiont genomes fairly straightforwardly from the host without
requiring additional laboratory procedures and sequencing. The draft assembly of an endosymbiont
genome can naturally be improved with MP sequencing as described in Chapter 5.
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8.4 Genomic framework for insecticide discovery

Chapter 7 describes the workflow that was proposed at the beginning of this research study to
establish a framework for target selection and insecticide discovery for pests and vectors, and to
ascertain how difficult developing selective insecticides might be. The whitefly, main subject of this
thesis, lacked genomic information and even transcriptomes were not complete or adequately
characterised at the start of this study, and therefore were not included into the framework.
The workflow outlined in this chapter uses experimentally-verified 2,694 essential genes of D.
melanogaster as a reference cidal target dataset to search their corresponding orthologs in the
genomes of two important insect disease vectors, the aphid A. pisum and the malarial vector
A. gambiae, for new insecticide target genes, comparing these to the equivalent sequences of a
beneficial pollinator, the honeybee, A. mellifera. There was a high degree of conservation observed
between orthologs in these four insects including the targets of many traditional insecticides. In
contrast, through systematic comparative analysis of the entire essential gene dataset by protein
family (using the Pfam database) and chemical tractability (using the ChEMBL database), several
cohorts of chemically tractable essential protein orthologs were identified in both A. pisum and
A. gambiae that were absent in A. mellifera. This essential gene dataset also contains a number
of target families, many of which already have putative lead chemicals associated with them,
which may be suitable for multi-target discovery approaches. In addition, it was also noted that
virtually all members of the essential gene dataset show distinct variability at the RNA sequence
level between insects, which suggests that targeting these and other insect essential genes through
genetic approaches like RNAi and CRISPR/Cas9 would represent a feasible alternative to chemical
insecticide development. Together, these observations support a detailed exploration of essential
gene orthologs as new targets for insecticide development.

8.5 Future recommendations

In this thesis, second-generation sequencing technologies like pyrosequencing by Roche 454 and
sequencing-by-synthesis by Illumina are described for transcriptome and genome sequencing
respectively. The main goal of this study was to obtain and characterise the transcriptome and
the genome of Asia I species along with the additional genomes within Asia I species such as
endosymbionts or the mitogenome.

Once this primary goal of characterizing transcriptome and the genome of the whitefly, B. tabaci
Asia I species has been realised, this study could be extended further to carry out three studies:

+ Transcriptome sequencing at different life stages to study their gene expressions as done in
previous studies (Wang et al., 2010a, 2011, 2012; Xie et al., 2012). It would be interesting to
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identify genes that are expressed or suppressed at different stages and that could provide deeper
insight into the host plant resistance mechanism and insecticide resistance mechanism. These
stage specific gene expression profile of Asia I species transcriptome can be compared with the
other species within the B. tabaci complex to get wider overview of whitefly developmental
biology. The expression profile of Asia I species genes could lead to development of control
strategies for this pest using RNAi (Hannon, 2002; Geley and Müller, 2004) or CRISPR-CAS9
(Doudna and Charpentier, 2014; Rathe et al., 2014; Sander and Joung, 2014).

+ Achieve “3Cs of Asia I species genome sequencing project”: The contiguity, completeness and
correctness. There are two ways to achieve this. First, genome sequencing using specific isolines
(backcrossed for 7-8 generations) with high coverage (100x) and multiple PE and MP libraries.
And second, improve current draft genome assembly via additional genome sequencing and
redo annotations with more evidence from transcriptomes. The first option requires a lot of work
in the insectary and is time-consuming to generate the isolines. The sequencing and assembly
will also be time-consuming as they have to go through all quality checks and evaluation
stages. While the second option requires less work and time frame due to the recent advances
in sequencing and post-assembly improvements. Now adays the third-generation sequencing
(Pacific Biosciences (PacBio) Single Molecule Real Time (SMRT) sequencing technology) has
been most widely established which can generate much longer reads (1-40 kbp) from the single
DNA fragment. These longer reads could overcome previous issues associated with short-read
assembly including fragmented assembly, determination of complex genomic regions, extended
repetitive regions and gene isoforms. PacBio sequencing along with the short-read sequencing
can produce highly-contiguous de novo assemblies with closed gaps as already found in previous
studies (Conte and Kocher, 2015; Chakraborty et al., 2015; Rhoads and Au, 2015).

After building a highly-contiguous assembly of the Asia I species genome, an interesting study
would be to determine the structure of it’s DNA molecule. In such a rapidly changing field,
several third-generation mapping techniques have been developed to determine the structure of
large DNA sequences without reading every single base. One of the most successful mapping
technique is the Irys system from BioNano Genomics, launched in 2010. It is an optical mapping
system which can produce larger optical maps of a chromosome spanning several megabases
in size. This system has limitations such as incomplete nicking of the DNA fragment which
cause a proportion of the restriction sites to remain unlabeled, and multiple nick sites in close
proximity result into multiple shearing which ultimately limit the overall size of optical map.
However, a hybrid approach of using optical mapping with the third-generation sequencing
techniques could show improvement in scaffolding and structural resolution (Dong et al., 2013;
Pendleton et al., 2015). For example, PacBio reads with BioNano mapping has produced one
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of the most contiguous de novo assemblies of a human genome with contig N50 of 1.4 Mbp,
scaffold N50 of 31.1 Mbp and many hundreds of novel variants (Pendleton et al., 2015).

Assembly ranking as of January 12, 2016

(1). PacBio + BioNano

(2). Illumina + Dovetail

(3). PacBio + Dovetail

(4). Illumina + BioNano

(5). PacBio only

(6). Illumina only

Erich Jarvis (Duke University Medical Center,
personal communication at PAG, 2016)

“Hi-C”, another third-generation mapping technique have been developed to construct long-range
reads spanned hundreds of kilobases or more and similar to MP from chromatin interactions
(Burton et al., 2013). The frequencies of “Hi-C” mappings can be used to infer the relative
order and orientation of assembled contigs as the chromatin interactions are highly localized
(Kaplan and Dekker, 2013). “Hi-C” technique has not been widely used as it requires a difficult
protocol (de Wit and de Laat, 2012) although it is currently under commercial development.
Moreover, the “Hi-C” protocol has been optimised more recently by Dovetail Genomics and
named “cHiCago” library which is similar to MP and uses second-generation sequencing reads
to map long spans (Putnam et al., 2016). This protocol is proprietary to Dovetail, and requires
samples to be shipped to their site for processing which could limit its establishment.

+ Integration of the Asia I species genome into the workflow described in the Chapter 7 to identify
Asia I species specific or multi-target genes that could be used for novel insecticide discovery and
non-chemical control strategies like RNAi or CRISPR/Cas9. Once the curated set of genes from
Asia I species has been obtained, the genomic framework should be able to identify potential
target genes by comparative genomic across various insects including model insect, pests and
vectors, which then could subject to structural confirmation for insecticide discovery. The target
genes could also be used for non-chemical control strategies such as RNAi and or CRISPR/Cas9
which have been most popular these days.

150



CHAPTER 8

More research work is required in the field of genome annotation evaluation where I would like to
contribute by developing automated pipelines for quantifying accuracy of genome annotation. This
assessment is necessary as the subsequent analyses rely on the genome annotation. The sequencing
and mapping technologies discussed above are I consider the most promising approaches for the
future of genomics and combined with the annotation workflow described in this thesis will make
it possible for even a graduate student to generate a highly-contiguous genome with accurate
annotations for any species.
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Table A3.1: BLASTX homology against nr database for Unnormalized library of B. tabaci.

Table A3.2: BLASTX homology against nr database for Normalized library of B. tabaci.

Table A3.3: GO assignments for Unnormalized library of B. tabaci.

Table A3.4: GO assignments for Normalized library of B. tabaci.

Table A3.5: KEGG pathway annotations for Unnormalized library of B. tabaci.

Table A3.6: KEGG pathway annotations for Normalized library of B. tabaci.

Table A3.7: MicroSatellites found in B. tabaci transcriptome.

Chapter 4: Distinctive gene structure of Asia I species

Table A4.1: Full-length transcripts with annotations from nr and Pfam databases.

Table A4.2: Genome assembly statistics for Asia I (CLC, SSPACE).

Table A4.3: Gene models were produced for a subset of 119/567 genes Asia I gff3.

Table A4.4: Gene orthologs for 119 in 10 insects.

Chapter 5: Genome sequencing of Asia I species

Table A5.1: DISCOVAR de novo assembly statistics for Asia I.
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Table A5.2: Functional annotation of MAKER2 gene models (OGS v1.0) using BLAST and GO.

Table A5.3: KEGG pathway annotation of MAKER2 gene models (OGS v1.0).

Table A5.4: MAKER2 gene models (OGS v1.0) (without BLAST hit at nr database) aligned
against ESTs.

Chapter 7: Genomic framework for insecticide discovery

Table A7.1: Drosophila essential genes retrieved from FlyBase.

Table A7.2: Drosophila essential proteins retrieved from FlyBase.

Table A7.3: DEG orthologs from A. pisum, A. gambiae and A. mellifera with PDB and ChEMBL
annotation.

153



APPENDIX B

Supplementary figures

Chapter 3: Transcriptome sequencing of Asia I species

Biological process Cellular component Molecular function

0

30

500

5000
10350

bio
ge

ne
sis

bio
log

ica
l a

dh
es

ion

bio
log

ica
l p

ha
se

bio
log

ica
l re

gu
lat

ion

ce
ll k

illin
g

ce
ll p

rol
ife

rat
ion

ce
llul

ar 
pro

ce
ss
de

ath

de
ve

lop
men

tal
 pr

oc
es

s
gro

wth

im
mun

e s
yst

em
 pr

oc
es

s

loc
aliz

ati
on

loc
om

oti
on

meta
bo

lic 
pro

ce
ss

mult
i−o

rga
nis

m pr
oc

es
s

mult
ice

llul
ar 

org
an

ism
al 

pro
ce

ss

pig
men

tat
ion

rep
rod

uc
tio

n

rep
rod

uc
tive

 pr
oc

es
s

res
po

ns
e t

o s
tim

ulu
s

rhy
thm

ic p
roc

es
s

sig
na

ling

sin
gle
−o

rga
nis

m pr
oc

es
s

vir
al 

rep
rod

uc
tio

n ce
ll

ce
ll ju

nc
tio

n

ex
tra

ce
llul

ar 
matr

ix

ex
tra

ce
llul

ar 
reg

ion

mac
rom

ole
cu

lar
 co

mple
x

mem
bra

ne

mem
bra

ne
−e

nc
los

ed
 lu

men

nu
cle

oid

org
an

elle

sym
pla

st

syn
ap

se
vir

ion

an
tio

xid
an

t a
ctiv

ity

bin
din

g

ca
tal

ytic
 ac

tivi
ty

ch
an

ne
l re

gu
lat

or 
ac

tivi
ty

ele
ctr

on
 ca

rrie
r a

ctiv
ity

en
zym

e r
eg

ula
tor

 ac
tivi

ty

gu
an

yl−
nu

cle
oti

de
 ex

ch
an

ge
 fa

cto
r a

ctiv
ity

meta
lloc

ha
pe

ron
e a

ctiv
ity

mole
cu

lar
 tra

ns
du

ce
r a

ctiv
ity

nu
cle

ic a
cid

 bi
nd

ing
 tra

ns
cri

pti
on

 fa
cto

r a
ctiv

ity

pro
tei

n b
ind

ing
 tra

ns
cri

pti
on

 fa
cto

r a
ctiv

ity

pro
tei

n t
ag

rec
ep

tor
 ac

tivi
ty

rec
ep

tor
 re

gu
lat

or 
ac

tivi
ty

str
uc

tur
al 

mole
cu

le 
ac

tivi
ty

tra
ns

lat
ion

 re
gu

lat
or 

ac
tivi

ty

tra
ns

po
rte

r a
ctiv

ity

N
um

be
r o

f c
on

tig
s

Asia I MEAM1

(A)

154



APPENDIX B. Supplementary figures

Biological process Cellular component Molecular function

0

30

500

5000

17740

bio
ge

ne
sis

bio
log

ica
l a

dh
es

ion

bio
log

ica
l p

ha
se

bio
log

ica
l re

gu
lat

ion

ce
ll k

illin
g

ce
ll p

rol
ife

rat
ion

ce
llul

ar 
pro

ce
ss
de

ath

de
ve

lop
men

tal
 pr

oc
es

s
gro

wth

im
mun

e s
yst

em
 pr

oc
es

s

loc
aliz

ati
on

loc
om

oti
on

meta
bo

lic 
pro

ce
ss

mult
i−o

rga
nis

m pr
oc

es
s

mult
ice

llul
ar 

org
an

ism
al 

pro
ce

ss

pig
men

tat
ion

rep
rod

uc
tio

n

rep
rod

uc
tive

 pr
oc

es
s

res
po

ns
e t

o s
tim

ulu
s

rhy
thm

ic p
roc

es
s

sig
na

ling

sin
gle
−o

rga
nis

m pr
oc

es
s

vir
al 

rep
rod

uc
tio

n ce
ll

ce
ll ju

nc
tio

n

ex
tra

ce
llul

ar 
matr

ix

ex
tra

ce
llul

ar 
reg

ion

mac
rom

ole
cu

lar
 co

mple
x

mem
bra

ne

mem
bra

ne
−e

nc
los

ed
 lu

men

nu
cle

oid

org
an

elle

sym
pla

st

syn
ap

se
vir

ion

an
tio

xid
an

t a
ctiv

ity

bin
din

g

ca
tal

ytic
 ac

tivi
ty

ch
an

ne
l re

gu
lat

or 
ac

tivi
ty

ele
ctr

on
 ca

rrie
r a

ctiv
ity

en
zym

e r
eg

ula
tor

 ac
tivi

ty

gu
an

yl−
nu

cle
oti

de
 ex

ch
an

ge
 fa

cto
r a

ctiv
ity

meta
lloc

ha
pe

ron
e a

ctiv
ity

mole
cu

lar
 tra

ns
du

ce
r a

ctiv
ity

nu
cle

ic a
cid

 bi
nd

ing
 tra

ns
cri

pti
on

 fa
cto

r a
ctiv

ity

pro
tei

n b
ind

ing
 tra

ns
cri

pti
on

 fa
cto

r a
ctiv

ity

pro
tei

n t
ag

rec
ep

tor
 ac

tivi
ty

rec
ep

tor
 re

gu
lat

or 
ac

tivi
ty

str
uc

tur
al 

mole
cu

le 
ac

tivi
ty

tra
ns

lat
ion

 re
gu

lat
or 

ac
tivi

ty

tra
ns

po
rte

r a
ctiv

ity

N
um

be
r o

f c
on

tig
s

Asia I MED

(B)

Biological process Cellular component Molecular function

0

30

500

5000
11250

bio
ge

ne
sis

bio
log

ica
l a

dh
es

ion

bio
log

ica
l p

ha
se

bio
log

ica
l re

gu
lat

ion

ce
ll k

illin
g

ce
ll p

rol
ife

rat
ion

ce
llul

ar 
pro

ce
ss
de

ath

de
ve

lop
men

tal
 pr

oc
es

s
gro

wth

im
mun

e s
yst

em
 pr

oc
es

s

loc
aliz

ati
on

loc
om

oti
on

meta
bo

lic 
pro

ce
ss

mult
i−o

rga
nis

m pr
oc

es
s

mult
ice

llul
ar 

org
an

ism
al 

pro
ce

ss

pig
men

tat
ion

rep
rod

uc
tio

n

rep
rod

uc
tive

 pr
oc

es
s

res
po

ns
e t

o s
tim

ulu
s

rhy
thm

ic p
roc

es
s

sig
na

ling

sin
gle
−o

rga
nis

m pr
oc

es
s

vir
al 

rep
rod

uc
tio

n ce
ll

ce
ll ju

nc
tio

n

ex
tra

ce
llul

ar 
matr

ix

ex
tra

ce
llul

ar 
reg

ion

mac
rom

ole
cu

lar
 co

mple
x

mem
bra

ne

mem
bra

ne
−e

nc
los

ed
 lu

men

nu
cle

oid

org
an

elle

sym
pla

st

syn
ap

se
vir

ion

an
tio

xid
an

t a
ctiv

ity

bin
din

g

ca
tal

ytic
 ac

tivi
ty

ch
an

ne
l re

gu
lat

or 
ac

tivi
ty

ele
ctr

on
 ca

rrie
r a

ctiv
ity

en
zym

e r
eg

ula
tor

 ac
tivi

ty

gu
an

yl−
nu

cle
oti

de
 ex

ch
an

ge
 fa

cto
r a

ctiv
ity

meta
lloc

ha
pe

ron
e a

ctiv
ity

mole
cu

lar
 tra

ns
du

ce
r a

ctiv
ity

nu
cle

ic a
cid

 bi
nd

ing
 tra

ns
cri

pti
on

 fa
cto

r a
ctiv

ity

pro
tei

n b
ind

ing
 tra

ns
cri

pti
on

 fa
cto

r a
ctiv

ity

pro
tei

n t
ag

rec
ep

tor
 ac

tivi
ty

rec
ep

tor
 re

gu
lat

or 
ac

tivi
ty

str
uc

tur
al 

mole
cu

le 
ac

tivi
ty

tra
ns

lat
ion

 re
gu

lat
or 

ac
tivi

ty

tra
ns

po
rte

r a
ctiv

ity

N
um

be
r o

f c
on

tig
s

Asia I Asia II 3

(C)

FIGURE B3.1: Gene ontology comparison across whitefly species - Asia I, MEAM1, MED and
Asia II 3. (A) Asia I and MEAM1, (B) Asia I and MED, and (C) Asia I and Asia
II 3. Each histogram summarized in three main categories: biological process,
cellular component and molecular function. The Y-axis on left side indicates the
total number of genes belongs to specific subcategory in that main category.
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FIGURE B5.1: k-mer distribution for raw and endosymbiont filtered reads from genome sequencing
using DISCOVAR protocol. The left plot illustrates k-mer distribution of raw reads
where the highest pick denotes to distinct k-mer reads for Asia I genome where
the small pick denotes to distinct k-mer reads belongs to endosymbionts. The
small pick was disappeared in the k-mer distribution of endosymbiont filtered reads
as shown in right plot where only one pick was obtained that belongs to Asia I
genome.
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FIGURE B5.2: Cumulative scaffold length distribution for DISCOVAR and Platanus assemblies of
Asia I species genome. The curve with the steepest starting curves represents the
longest scaffolds. Platanus had the longer scaffolds with larger assembly span in
comparison with DISCOVAR.
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FIGURE B5.3: Assessment of Asia I genome assemblies, Platanus and DISCOVAR de novo,
using CEGMA and BUSCO. Assembly assessment using BUSCO resulted in
four categories like complete, duplicate, fragmented and missing, while CEGMA
resulted in only two categories such as complete and partial. BUSCO results on the
left side shows Platanus assembly had 13% more complete and 23% less missing
genes than that were found in DISCOVAR de novo assembly. Similarly, CEGMA
results on the right side also shows 13.71% more complete and 3.62% more partial
genes in Platanus assembly than DISCOVAR de novo.
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FIGURE B5.4: Gene ontology distribution of MAKER2 predicted genes for Asia I genome. The
histogram summarized in three main categories: cellular component, molecular
function and biological process. The Y-axis on left side indicates the percentage of
genes belongs to specific subcategory in that main category. Whereas the Y-axis on
right side indicates the total number of genes belongs to that subcategory.
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FIGURE B5.5: Taxonomy distribution from BLASTX results of MAKER2 predicted genes for Asia
I species. Each bar represents number of BLASTX top-hits from corresponding
species listed on X-axis.
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FIGURE B6.1: Putative secondary structures of 22 tRNAs found in the mitogenome of Asia I
species. All tRNAs were folded in to the typical clover-leaf secondary structure
except two: Serine (S1,AGN) and Serine (S2,UCN) which lacks DHU arm.
All tRNAs are labelled with the abbreviations and single letter code of their
corresponding amino acids. The Watson-Crick bonds (A-T/U, G-C) are represented
by lines, while the G-U bonds are represented by dots.
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Chapter 7: Genomic framework for insecticide discovery

Go to FlyBase QueryBuilder Build a
new query

Define Query
Segment 1

Dataset –> Alleles
Phenotypic Data - Phenotypic Class
Search Text - lethal
Finish editing

Define Query
Segment2

Dataset - Genes
General Information - Annotation
Symbol
Search Text - CG�

Finish editing

Run query

Add new segment

FIGURE B7.1: Flow chart for retrieving D. melanogaster essential genes from the FlyBase using
Query-Builder tool.
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PANEL A PANEL B PANEL C

0
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1500
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BL
AS

T 
hi

ts
E−value 0 E−value 1E>100 E−value 1E<100

nr VectorBase nr AphidBase nr BeeBase
A. gambiae A. pisum A. mellifera

FIGURE B7.2: BLAST hits distribution of A. pisum, A. gambiae and A. mellifera orthologs
for D. melanogaster essential proteins. The BLAST hits were classified into
three arbitrary categories of E-value: 0, 1E>100 and 1E<100. BLAST hits were
retrieved for each essential protein from nr database and species specific databases
including VectorBase (PANEL A: A. gambiae), AphidBase (PANEL B: A. pisum)
and BeeBase (PANEL C: A. mellifera).
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(C)

Key Pfam ID Name

1 PF00004.24 AAA
2 PF00009.22 GTP EFTU
3 PF00011.16 HSP20
4 PF00012.15 HSP70
5 PF00023.25 Ank
6 PF00041.16 fn3
7 PF00056.18 Ldh 1 N
8 PF00069.20 Pkinase
9 PF00079.15 Serpin
10 PF00085.15 Thioredoxin
11 PF00089.21 Trypsin
12 PF00092.23 VWA
13 PF00111.22 Fer2
14 PF00118.19 Cpn60 TCP1
15 PF00125.19 Histone
16 PF00168.25 C2
17 PF00183.13 HSP90
18 PF00188.21 CAP
19 PF00206.15 Lyase 1
20 PF00217.14 ATP-gua Ptrans
21 PF00226.26 DnaJ
22 PF00227.21 Proteasome
23 PF00249.26 Myb DNA-binding
24 PF00313.17 CSD
25 PF00350.18 Dynamin N

Key Pfam ID Name

26 PF00397.21 WW
27 PF00400.27 WD40
28 PF00447.12 HSF DNA-bind
29 PF00515.23 TPR 1
30 PF00534.15 Glycos transf 1
31 PF00564.19 PB1
32 PF00581.15 Rhodanese
33 PF00588.14 SpoU methylase
34 PF00595.19 PDZ
35 PF00620.22 RhoGAP
36 PF00643.19 zf-B box
37 PF00679.19 EFG C
38 PF00684.14 DnaJ CXXCXGXG
39 PF00735.13 Septin
40 PF00754.20 F5 F8 type C
41 PF00931.17 NB-ARC
42 PF00982.16 Glyco transf 20
43 PF00999.16 Na H Exchanger
44 PF01025.14 GrpE
45 PF01040.13 UbiA
46 PF01145.20 Band 7
47 PF01521.15 Fe-S biosyn
48 PF01556.13 DnaJ C
49 PF01593.19 Amino oxidase
50 PF01728.14 FtsJ

1

(D)
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Key Pfam ID Name

51 PF01764.20 Lipase 3
52 PF01951.11 Archease
53 PF01965.19 DJ-1 PfpI
54 PF02518.21 HATPase c
55 PF02540.12 NAD synthase
56 PF02866.13 Ldh 1 C
57 PF03114.13 BAR
58 PF03144.20 GTP EFTU D2
59 PF03234.9 CDC37 N
60 PF03764.13 EFG IV
61 PF04055.16 Radical SAM
62 PF04117.7 Mpv17 PMP22
63 PF04564.10 U-box
64 PF04969.11 CS
65 PF05127.9 Helicase RecD
66 PF05154.11 TM2
67 PF05485.7 THAP
68 PF06047.6 SynMuv product
69 PF06325.8 PrmA
70 PF06546.6 Vert HS TF
71 PF07240.6 Turandot
72 PF07690.11 MFS 1
73 PF07719.12 TPR 2
74 PF07728.9 AAA 5
75 PF08032.7 SpoU sub bind
76 PF08238.7 Sel1
77 PF08351.6 DUF1726
78 PF08564.5 CDC37 C
79 PF08565.6 CDC37 M
80 PF08574.5 DUF1762
81 PF09320.6 DUF1977

Key Pfam ID Name

82 PF10208.4 Armet
83 PF10415.4 FumaraseC C
84 PF11701.3 UNC45-central
85 PF12171.3 zf-C2H2 jaz
86 PF12718.2 Tropomyosin 1
87 PF12756.2 zf-C2H2 2
88 PF12796.2 Ank 2
89 PF12895.2 Apc3
90 PF13174.1 TPR 6
91 PF13176.1 TPR 7
92 PF13180.1 PDZ 2
93 PF13181.1 TPR 8
94 PF13191.1 AAA 16
95 PF13207.1 AAA 17
96 PF13229.1 Beta helix
97 PF13371.1 TPR 9
98 PF13414.1 TPR 11
99 PF13424.1 TPR 12
100 PF13428.1 TPR 14
101 PF13432.1 TPR 16
102 PF13450.1 NAD binding 8
103 PF13519.1 VWA 2
104 PF13589.1 HATPase c 3
105 PF13621.1 Cupin 8
106 PF13646.1 HEAT 2
107 PF13718.1 GNAT acetyltr 2
108 PF13725.1 tRNA bind 2
109 PF13877.1 RPAP3 C
110 PF13893.1 RRM 5
111 PF14237.1 DUF4339
112 PF14259.1 RRM 6

1

(E)

FIGURE B7.3: D. melanogaster essential proteins and their orthologs were subjected to Pfam
analysis as described in the Chapter 8. Results are shown for an analysis of the
heat shock associated proteins from D. melanogaster, A. gambiae, A. pisum and A.
mellifera (A-C). A total of 112 Pfam families were identified from all four species
and listed in the table (E-F) along with their corresponding key.
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D.melanogaster M-----PAIGIDLGTTYSCVGVFQYGKVEIIANDQGNRTTPSYVAFTDSERLIGDAAKNQVAMNPKNSVFDAKRLIGRRFDDSKIQEDI 84
A.pisum M--VGRTAIGIDLGTTYSCVGIWQHGKVEVIANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPVNTVFDAKRLIGRRFDDDKTQADI 87
A.mellifera M--AKAPAVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTETERLIGDAAKNQVAMNPNNTIFDAKRLIGRRFEDPTVQADM 87
A.mellifera M--SKAPAVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPNNTIFDAKRLIGRRFDDTTVQSDM 87
A.gambiae MAAAKAPAVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPTNTIFDAKRLIGRKFDDPAIQADM 89
D.melanogaster M--SKAPAVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPTQTIFDAKRLIGRKFDDAAVQSDM 87
A.pisum M-AAKTPAVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVGFTDTERLIGDAAKNQVAMNPNNTIFDAKRLIGRRFEDATVQADM 88

D.melanogaster KHWPFKVINDNGKPKISVEFKGANKCFSPEEISSMVLTKMKETAEAYLGTTVKDAVITVPAYFNDSQRQATKDAGAIAGINVLRIINEP 173
A.pisum KHWPFKVVNDCGKPKIQVEFKGERKVFAPEEISSMVLTKMKETAEAYLGRDVTDAVITVPAYFNDSQRQATKDAGAIAGLNVMRIINEP 176
A.mellifera KHWPFTVVNDGGKPKIQVYYKGEAKTFFPEEVSSMVLVKMKETAEAYLGKTVSNAVITVPAYFNDSQRQATKDAGTISGLNVLRIINEP 176
A.mellifera KHWPFTVMNDGGKPKIKVSYKGETKTFFPEEVSSMVLTKMKETAEAYLGKIVTNAVITVPAYFNDSQRQATKDAGAIAGLNVLRIINEP 176
A.gambiae KHWPFEVESIEGKPKIAVEYKGEKKCFFPEEVSSMVLTKMKETAEAYLGKTVTNAVITVPAYFNDSQRQATKDAGTISGLNVLRIINEP 178
D.melanogaster KHWPFEVVSADGKPKIEVTYKDEKKTFFPEEISSMVLTKMKETAEAYLGKTVTNAVITVPAYFNDSQRQATKDAGTIAGLNVLRIINEP 176
A.pisum KHWPFEVISDGGKPKIRISYKGENKVFSPEEVSSMVLTKMKETAEAYLGKTVTNAVITVPAYFNDSQRQATKDSGTIAGLNVMRIINEP 177

D.melanogaster TAAALAYGLDKNLKGERNVLIFDLGGGTFDVSILTIDEGSLFEVRSTAGDTHLGGEDFDNRLVNHFAEEFKRKYKKDLRSNPRALRRLR 262
A.pisum TAAALAYGLDKNLKGERNVLIFDLGGGTFDVSVLQIDEGSIFEVKSTAGDTHLGGEDFDNRLVCHLAEEFKRKSKKDVHTNPRALRRLR 265
A.mellifera TAAAIAYGLDKKTTSERNVLIFDLGGGTFDVSILTIEDG-IFEVKSTAGDTHLGGEDFDNRMVNHFVQEFKRKYKKDLTANKRALRRLR 264
A.mellifera TAAAIAYGLDKKTAGEKNVLIFDLGGGTFDVSILTIEDG-IFEVKSTAGDTHLGGEDFDNRMVNHFVQEFKRKYKKDLSSNKRALRRLR 264
A.gambiae TAAAIAYGLDKKTAGERNVLIFDLGGGTFDVSILSIDDG-IFEVKSTAGDTHLGGEDFDNRLVNHFAQEFKRKHKKDLSTNKRALRRLR 266
D.melanogaster TAAAIAYGLDKKAVGERNVLIFDLGGGTFDVSILSIDDG-IFEVKSTAGDTHLGGEDFDNRLVTHFVQEFKRKHKKDLTTNKRALRRLR 264
A.pisum TAAAIAYGLDKKTSGERNVLIFDLGGGTFDVSILTIEDG-IFEVKSTAGDTHLGGEDFDNRMVNHFVQEFKRKYKKDVTTNKRALRRLR 265

D.melanogaster TAAERAKRTLSSSTEASLEIDALYEGHDFYSKVSRARFEELCGDLFRNTLEPVEKALKDAKMDKSQIHDIVLVGGSTRIPKVQNLLQNF 351
A.pisum TAAERAKRTLSSSSEATIEIDALMEGIDFYTRVSRARFEELCADLFRSTLQPVEKALADAKMDKGDINDVVLVGGSTRIPKIQSLLQNY 354
A.mellifera TACERAKRTLSSSTQASIEIDSLYEGIDFYTSITRARFEELCADLFRGTLEPVEKSLRDAKMDKAQIHDIVLVGGSTRIPKIQKLLQDF 353
A.mellifera TACERAKRTLSSSTQASIEIDSLFEGIDFYTSITRARFEELCADLFRSTLEPVEKALRDAKMDKAHVHSIVLVGGSTRIPKIQKLLQDF 353
A.gambiae TACERAKRTLSSSTQASIEIDSLFEGTDFYTSITRARFEELNADLFRSTMEPVEKALRDAKMDKASIHDIVLVGGSTRIPKVQKLLQDF 355
D.melanogaster TACERAKRTLSSSTQASIEIDSLFEGTDFYTSITRARFEELNADLFRSTMDPVEKALRDAKLDKSVIHDIVLVGGSTRIPKVQRLLQDL 353
A.pisum TACERAKRTLSSSTQASIEIDSLFEGVDFYTSITRARFEELNADLFRSTMEPVEKSLRDAKMDKSAVNDIVLVGGSTRIPKVQKLLQDF 354

D.melanogaster FGGKTLNLSINPDEAVAYGAAIQAAILSGDKSSEIKDVLLVDVAPLSLGIETAGGVMTKLIERNSRIPCKQSKTFTTYADNQPAVTIQV 440
A.pisum FCGKPLNLSINPDEAVAYGAAVQAAILSGDTSSAIQDVLLVDVTPLSLGIETAGGVMTKIVERNSTIPCKQTQTFTTYADNQPAVTIQV 443
A.mellifera FNGKELNKSINPDEAVAYGAAVQAAILHGDKSEEVQDLLLLDVTPLSLGIETAGGVMTALIKRNTTIPTKQTQTFTTYADNQPGVLIQV 442
A.mellifera FNGKELNKSINPDEAVAYGAAVQAAILHGDKSQEVQDLLLLDVTPLSLGIETAGGVMTTLIKRNTTIPTKQTQTFTTYSDNQPGVLIQV 442
A.gambiae FNGKELNKSINPDEAVAYGAAVQAAILHGDKSEEVQDLLLLDVTPLSLGIETAGGVMSVLIKRNTTIPTKQTQTFTTYSDNQPGVLIQV 444
D.melanogaster FNGKELNKSINPDEAVAYGAAVQAAILHGDKSQEVQDLLLLDVTPLSLGIETAGGVMSVLIKRNTTIPTKQTQTFTTYSDNQPGVLIQV 442
A.pisum FNGKELNKSINPDEAVAYGAAVQAAILHGDKSEEVQDLLLLDVTPLSLGIETAGGVMTALIKRNTTIPTKQTQTFTTYSDNQPGVLIQV 443

D.melanogaster FEGERALTKDNNVLGTFDLTGVPPAPRGVPKIDVTFDLDANGILNVTAKEQGTGNAKNITIKNDKGRLSQADIDRMLSEAEKYAEEDER 529
A.pisum FEGERAMTKDNNLLGTFDLTGIPPAPRGVPKIEVTFDMDANGILNVSAKENSSGRSKNIVIKNDKGRLSQAEIDRMLSDAERYKEEDER 532
A.mellifera YEGERAMTKDNNLLGKFELSGIPPAPRGVPQIEVTFDIDANGILNVSAVDKSTGKENKITITNDKGRLSKEDIERMVNEAEKYRSEDEK 531
A.mellifera YEGERAMTKDNNILGKFELTGIPPAPRGVPQIEVTFDIDANGILNVSAIEKSTGKENKITITNDKGRLSKEDIERMVNEAERYRNEDEQ 531
A.gambiae FEGERAMTKDNNLLGKFELSGIPPAPRGVPQIEVTFDIDANGILNVTALEKSTNKENKITITNDKGRLSKEDIERMVNEAEKYRTEDEK 533
D.melanogaster YEGERAMTKDNNLLGKFELSGIPPAPRGVPQIEVTFDIDANGILNVTALERSTNKENKITITNDKGRLSKEDIERMVNEAEKYRNEDEK 531
A.pisum YEGERAMTKDNNLLGKFELTAIPPAPRGVPQIEVTFDIDANGILNVSAIEKSTNKENKITITNDKGRLSKEDIERMVNDAEKYKNEDEK 532

D.melanogaster HRQRIAARNQLETYLFGVKEAAENG--GDRISAADKSSIVERCSEAMKWLDSNTTAEKEEYEYKLKELEQFCSPIMTKMHKGGG--DGQ 614
A.pisum QKVKIAAKNQLESYVFGVKQALDEA--GDKLTESERNTGKQECDAVVQWLDNNQLADKEEYEYKLKEIQKSCSSLMMKIH-GAG--QAG 616
A.mellifera QKETIAAKNGLESYCFNMKSTVEDEKLKDKISASDKQVVLDKCNDIIKWLDANQLADKEEYEHKQKELEAICNPIVTKLYQGTG-GMPG 619
A.mellifera QRERITAKNALESYCFNMKSTMEDEKIKDKIDSTEKEKVINKCNEVISWLDANQLAEKEEFTDKQKELESVCNPVVTKLYQGGA-TPGG 619
A.gambiae QKETISAKNALESYCFNMKATMEDDKLKDKITDSDKTLVLDKCNDTIKWLDANQLADKEEYEHRQKELESVCNPIISKLYQGAG-GAPG 621
D.melanogaster QKETIAAKNGLESYCFNMKATLDEDNLKTKISDSDRTTILDKCNETIKWLDANQLADKEEYEHRQKELEGVCNPIITKLYQGAG-FPPG 619
A.pisum QKGVIAAKNGLESYCFNMKSTMEDEKIKDKIPDSDKTTIMDKVNDTIKWLDANQLADKEEYEHKQKELESICNPIITKLYAGAGGGMPG 621

D.melanogaster QAPNF--------------------GQQAGG---YKGPTVEEVD 635
A.pisum DVPPG--------------------AHGFPG---SRGPTVEEVD 637
A.mellifera GMPGGMPGGFPG--------AGG--GAPGGG---ASGPTIEEVD 650
A.mellifera FHPGA--------------------AGGGGG---AGGPTIEEVD 640
A.gambiae GMPGF-PGGAPG--------AGGAAGGAAGGAGSGSGPTIEEVD 656
D.melanogaster GMPGG-PGGMPG--------AAGAAGAAGAG---GAGPTIEEVD 651
A.pisum GMPGGMPGGFPGGMPGGFPGGDGGAGAPGAG----AGPTIEEVD 661

Figure 1: Multiple Alignments of HSP70 A1 orthologs

1

(A) Pfam cluster Hsp70A, sequence group A1
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D.melanogaster MKLCILLAVVAFVGL----SLGEEKKEKDKELGTVIGIDLGTTYSCVGVYKNGRVEIIANDQGNRITPSYVAFTADGERLIGDAAKNQL 85
A.gambiae MKLLKQTALVVVLAVLA--CSAEEKKEKDKDIGTVVGIDLGTTYSCVGVYKNGRVEIIANDQGNRITPSYVAFTADGERLIGDAAKNQL 87
A.mellifera MKKMKGVKALFLLGLIT--FAFAKEEKQKEDIGTVIGIDLGTTYSCVGVYKNGRAEIIANDQGNRITPSYVAFTADGERLIGDAAKNQL 87
A.pisum MDHRKSICAFWALLFLVSPIVSKEGSKSKDELGTVIGIDLGTTYSCVGVYKNGRVEIIANDQGNRITPSYVAFTKEGERLIGDAAKNQL 89

D.melanogaster TTNPENTVFDAKRLIGREWSDTNVQHDIKFFPFKVVEKNSKPHISVDTSQG-AKVFAPEEISAMVLGKMKETAEAYLGKKVTHAVVTVP 173
A.gambiae TTNPENTVFDAKRLIGREFTDHTVQHDIKLLPFKVIEKNSKPHIRVSTGQG-DKVFAPEEISAMVLGKMKETAEAYLGKKVTHAVVTVP 175
A.mellifera TTNPENTVFDAKRLIGREWSDPTVQRDIKSFPFKVIEKNSKPHIRMVINGE-EKVFAPEEISAMVLGKMKETAEAYLGKKVTHAVVTVP 175
A.pisum TTNPENTVFDAKRLIGRDWSDVNVQHDVKFFPFKVVEKNTKPHIEVETIEGTSKVFAPEEISAMVLAKMKETAEAYLGKTVTHAVVTVP 178

D.melanogaster AYFNDAQRQATKDAGVIAGLQVMRIINEPTAAAIAYGLDKKEGEKNVLVFDLGGGTFDVSLLTIDNGVFEVVATNGDTHLGGEDFDQRV 262
A.gambiae AYFNDAQRQATKDAGTIAGLVVMRIINEPTAAAIAYGLDKKDGEKNVLVFDLGGGTFDVSLLTIDNGVFEVVATNGDTHLGGEDFDQRV 264
A.mellifera AYFNDAQRQATKDAGTISGLVVMRIINEPTAAAIAYGLDKKDGEKNVLVFDLGGGTFDVSLLTIDNGVFEVVATNGDTHLGGEDFDLRV 264
A.pisum AYFNDGQRQATKDAGAIAGLTVMRIINEPTAAAIAYGLDKREGEKNVLVFDLGGGTFDVSLLTIDNGVFEVVSTNGDTHLGGEDFDQRV 267

D.melanogaster MDHFIKLYKKKKGKDIRKDNRAVQKLRREVEKAKRALSGSHQVRIEIESFFEGDDFSETLTRAKFEELNLDLFRSTLKPVQKVLEDADM 351
A.gambiae MDHFIKMYKKKKGKDIRKDNRAVQKLRREVEKAKRALSASHQVRIEIESFFEGDDFSETLTRAKFEELNMDLFRSTMKPVHKVLEDADM 353
A.mellifera MDHFTKLYKKKKGKDIRKDSRTLQKLRREVEKAKRALSVSHQVRIEIESFFEGEDFSETLTRAKFEELNMDLFRSTLKPVQKVLEDSDM 353
A.pisum MDHFIKLYKKKKGKDIRKDNRAVQKLRREVEKAKRGLSASHQVRIEIESFFEGDDFSETLTRAKFEELNMDLFRSTMKPVQKVMEDADM 356

D.melanogaster NKKDVHEIVLVGGSTRIPKVQQLVKDFFGGKEPSRGINPDEAVAYGAAVQAGVLSGEQDTDAIVLLDVNPLTMGIETVGGVMTKLIPRN 440
A.gambiae TKNDVDEIVLVGGSTRIPKVQQLVKEFFNGKEPSRGINPDEAVAYGAAVQAGVLSGEQDTDAIVLLDVNPLTMGIETVGGVMTKLIPRN 442
A.mellifera NKKDVDEIVLVGGSTRIPKVQQLVKEFFGGKEPSRGINPDEAVAYGAAVQAGVLSGEQDTDAIVLLDVNPLTMGIETVGGVMTKLIPRN 442
A.pisum NKKDIDEIVLVGGSTRIPKVQQLVKEYFNGKEPSRGINPDEAVAYGAAVQAGVLSGEQDTDAIILLDVNPLTMGIETVGGVMTKLIPRN 445

D.melanogaster TVIPTKKSQVFSTASDNQHTVTIQVYEGERPMTKDNHLLGKFDLTGIPPAPRGIPQIEVSFEIDANGILQVSAEDKGTGNKEKIVITND 529
A.gambiae TVIPTKKSQIFSTASDNQHTVTIQVYEGERPMTKDNHLLGKFDLTGIPPAPRGIPQIEVSFEIDANGILQVSAEDKGTGNREKIVITND 531
A.mellifera TVIPTKKSQIFSTASDNQHTVTIQVYEGERPMTKDNHPLGKFDLTGIPPAPRGIPQIEVTFEIDANGILQVSAEDKGTGNREKIVITND 531
A.pisum TVIPTKKSQIFSTAADNQNTVTIQVFEGERPMTKDNHLLGKFDLTGIPPAPRGVPQIEVTFEIDANGILQVSAEDKGTGNREKIVITND 534

D.melanogaster QNRLTPEDIDRMIRDAEKFADEDKKLKERVESRNELESYAYSLKNQIGDKDKLGAKLSDDEKNKLESAIDESIKWLEQNPDADPEEYKK 618
A.gambiae QNRLTPDDIERMIKDAERFADDDKKLKERVEARNELESYAYSLKNQLSSKDKLGASVSDDDKAKMEEAIDEKIKWLDENQDTEAEEYKK 620
A.mellifera QNRLTPDDIERMIKDAEKFADDDKKLKERVEARNELESYAYSLKNQLADKEKLGSKVSDSDKAKMEEAIDEKIKWLEENADTDPEEYKK 620
A.pisum QNRLTPDDIERMIKEAEKFADDDKKLKERVESRNDLESYAYSLKNQIGDKEKLGGKLSDAEKTKMEEIIDAKIKWLDENQDADPEQYKT 623

D.melanogaster QKKDLEAIVQPVIAKLYQGAGGAPPPEGGD-DADLKDEL 656
A.gambiae QKKELEDIVQPIIAKLYASSGGAPPPAGGDEDDELKDEL 659
A.mellifera QKKELTDIVQPIIAKLYQGAGGGVPPTGGD-DEDLKDEL 658
A.pisum QKTELESVVNPIISKLYASTGGVPPPPAGD-AE--KDEL 659

Figure 1: Multiple Alignments of HSP70 A2 orthologs

1

(B) Pfam cluster Hsp70A, sequence group A2
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D.melanogaster MLRVPKFLPRLARQAGVVPSHMSGASSMFRNLPGASNGIS------SQLRYKSGEVKGAVIGIDLGTTNSCLAVMEGKQAKVIENAEGA 83
A.gambiae --------------------------------------------------YRSEQVKGAVIGIDLGTTNSCVAVMEGKNAKVIENAEGA 39
A.mellifera MLTAARLLTRSCSNITCDITRKQQFSTILKNVVAPTLNMPQRFTDLQQYRYKSEGVKGAVIGIDLGTTFSCVAVMEGKQPKVIENAEGS 89
A.pisum MLSAAKYVARRATEQSLLVK---------QDIISKALCL----SPFQTRQSSTKGVQGHVIGIDLGTTNSCVAVMEGKQPRVIENSEGS 76

D.melanogaster RTTPSHVAFTKDGERLVGMPAKRQAVTNSANTFYATKRLIGRRFDDPEVKKDITNLSYKVVKASNGDAWVSSTDGKVYSPSQIGAFILM 172
A.gambiae RTTPSHVAFTKDGERLVGMPAKRQAVTNSANTFYATKRLIGRRFDDAEIKKDLANLSYKVVKASNGDAWVQGSDGKVYSPSQIGAFVLM 128
A.mellifera RTTPSYVAFSKEGERLVGMPAKRQAVTNSSNTFYATKRLIGRRFDDPEVKKDMKSVSYKIVRASNGDAWVQGGDSKMYSPSQIGAFVLM 178
A.pisum RTTPSVVAFTKDGERLAGTPAKRQAVTNTQNTFYATKRLIGRRYDDPEIQKDLKNLTFKIVKATNGDAWVQGSDGKMYSPSQIGAFVLI 165

D.melanogaster KMKETAEAYLNTPVKNAVVTVPAYFNDSQRQATKDAGQIAGLNVLRVINEPTAAALAYGMDKTEDKIIAVYDLGGGTFDISILEIQKGV 261
A.gambiae KMRETAEAYLNTPVKNAVITVPAYFNDSQRQATKDAGQIAGLNVLRVINEPTAAALAYGMDKSEDKIIAVYDLGGGTFDISVLEIQKGV 217
A.mellifera KMKETAESYLNTSVKNAVITVPAYFNDSQRQATKDAGQIAGLNVLRVINEPTAAALAYGMDKTEDRIIAVYDLGGGTFDISILEIQKGV 267
A.pisum KMKETADSFLGTNVKNAVITVPAYFNDSQRQATKDAGQIAGLNVLRVINEPTAAALAYGMEKDSDKLIAVYDLGGGTFDVSILEIQKGV 254

D.melanogaster FEVKSTNGDTLLGGEDFDNHIVNFLVAEFKKDSGIDIRKDNIAMQRLKEAAEKAKCELSSSQQTDINLPYLTMDAAGPQHMNLKLTRSK 350
A.gambiae FEVKSTNGDTLLGGEDFDNHILNYLAAEFKKDQGIDIKKDAMAMQRLKEAAEKAKCELSSSVQTDINLPYLTMDASGPKHLNLKLTRAK 306
A.mellifera FEVKSTNGDTFLGGEDFDNALVNHLVSEFKKDQGIDVTKDAMAMQRLKEAAEKAKIELSSSLQTDINLPYLTMDSSGPKHLNLKLSRSK 356
A.pisum FEVKSTNGDTLLGGEDFDNLLVNYLISEFKKEQGVDLNKDVMALQRVKEAAEKAKVELSSSLQTDINLPYITVDSSGPKHLNLKLTRAK 343

D.melanogaster LESLVGDLIKRTIQPCQKALSDAEVSKSEIGEVLLVGGMTRMPKVQSTVQELFGRQPSRSVNPDEAVAVGAAVQGGVLAGDVTDVLLLD 439
A.gambiae LETLVGDLIKRTIAPCQKAMSDAEVSKSDIGEVLLVGGMTRMPKVQSLVQEVFGRQPSRAVNPDEAVAVGAAVQGGVLAGDVTDVLLLD 395
A.mellifera FENLVADLIKRTIQPCQKALSDAEVTRSDIGEVLLVGGMTRVPKVQQTVQEIFGRQPSKAVNPDEAVAVGAAVQGGVLAGDVTDVLLLD 445
A.pisum FEGLVGDLIKRTTGPCQKAVKDAEIKLSDISDVLLVGGMTRMPKVQSLVQEIFGKQPSKAVNPDEAVAVGAAIQGGVLSGSVTDVLLLD 432

D.melanogaster VTPLSLGIETLGGVFTRLISRNTTIPTKKSQVFSTASDGQTQVEIKVHQGEREMANDNKLLGSFTLVGIPPAPRGVPQIEVVFDIDANG 528
A.gambiae VTPLSLGIETLGGVFTRLINRNTTIPTKKSQVFSTAADGQTQVEIKVHQGEREMASDNKMLGSFTLVGIPPAPRGVPQIEVVFDIDANG 484
A.mellifera VTPLSLGIETLGGVFTRLISRNTTIPTKKSQVFSTAADGQTQVEIKVHQGEREMASDNKLLGQFTLVGIPPAPRGVPQIEVTFDIDANG 534
A.pisum VTPLSLGIETMGGVFTSLISRNTTIPTKKSQVFSTAADSQTQVEIKVFQGERAIAADNKPLGQFSLVGIPPAPRGVPQIEVTFDIDANG 521

D.melanogaster IVHVSAKDKGTGKEQQIVIQSSGGLSKDEIENMIKKAEEYATADKQKRELIEIVNQGESIVHDTETKMEEFKSQLPAEECEKLKKEIAD 617
A.gambiae IVHVSARDKGTGKEQQIVIQSSGGLSKDEIENMIKNAEQYAQADKQKKDRIEAVNQAEGIVHDTETKMEEFKDQLPKEECDKLREEIAK 573
A.mellifera IVHVSARDKGTGKEQQIVIQSSGGLSKDEIENMVKNAEQYAKQDKIKKERVEAVNQAEGIIHDTESKLEEFKAQLPQDECDKLRDLVGK 623
A.pisum IVHVSARDKGTGREQQISIQSSGGLSKDEIENMVKNAEQYAQQDQVKKDRVEALNQADSIVNDTESKLTEYQVHIPEEDASNIRELIKE 610

D.melanogaster LRTLLANKETA--DLEEVRKATSSLQQSSLKLFELAYKKMSAERESNAGAGSSDSSSSSDTSGEAKKEEKN 686
A.gambiae VREILANKEEA--DPEEVRKTTSALQQSSLKLFEMAYKKMASEREGSSGSSSGSSSSTGSEEAE-KKENKN 641
A.mellifera MRGTLAKKDDT--EPEEIKRQTNELQQASLKLFEMAYKKMAAERE-----GQSQSQSQQQEEKPEKKEEKN 687
A.pisum VREKIAQAQASEQDPEELKASTQKLQQASLKMFEVAYKKMAAKREQENSGNQNQSGDGQTTEQETTKKEQ- 680

Figure 1: Multiple Alignments of HSP70 A3 orthologs

1

(C) Pfam cluster Hsp70A, sequence group A3
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D.melanogaster ---MSVIGIDFGNESCYVAAARSGGIETLANDYSLRATPSFVAFDGKKRIIGVAAKNQQVTNMKNTVGGFKRLLGRKFNDPHVQHELTS 86
A.gambiae ---MSVIGIDFGNDSSYVAVAKAGGIETIANDYSLRATPSFVAFAGRNRVLGVAAKNQQVTNMNNTIGNFKELLGRKFDDPRAQEELRS 86
A.pisum MAAMSVIGIDFGNESCYVAVARAGGIETIANDYSLRATPSCVAFSPRNRIIGVAAKNQMVTNMKNTVHGFKRLLGRSFDDPFVKQELKH 89
A.mellifera MAAMSVIGIDFGNESCYVAVARAGGIETIANDYSLRSTPSCVAFSGKNRILGVAAKNQMVTNMKNTIHGFKRLLGRKYNDPQVQRELQM 89
D.melanogaster ---MSVIGIDFGNESCYVAAARSGGIETLANDYSLRATPSFVAFDGKKRIIGVAAKNQQVTNMKNTVGGFKRLLGRKFNDPHVQHELTS 86

D.melanogaster IPARVEARGDGSIGIKVNYLGEDQHFGPEQLTAMLFTKLKETSAAAMQTQVNDCVIACPVFFTNAERKALLDAAQIAGLNVLRLMNETT 175
A.gambiae LPYHTEALQDGGIGIRVNYLDEEHVFSPEQITAMLFTKLKEDAFKELKTQINDCVITVPSYFTNAQRQALLDAANISGLNVLRLMNETT 175
A.pisum LHFGVGKCDNNKIGINVNYLNEQQTFSVEQITGMLLTKLKEISEVTLKTKVNDCVISVPSYFTNAERKALLDSASIAGLNVLRLFNETS 178
A.mellifera LPFKVTHQSDGSIGIHVQYLGEEHIFSPEQITAMLFTKLKDISETALQTIVNDCVISVPSYFTQAERQALLDAARIAGLNVLRLFNETT 178
D.melanogaster IPARVEARGDGSIGIKVNYLGEDQHFGPEQLTAMLFTKLKETSAAAMQTQVNDCVIACPVFFTNAERKALLDAAQIAGLNVLRLMNETT 175

D.melanogaster ATALAYGFYKNDL--FEDKPRNVIFVDFGHSSLQASACAFTKGKLKMLASTWD-QIGGRDIDLALGDYFAKEFQERYKINAKTNARANL 261
A.gambiae ATALSYGFYKQDLPAPEEKPRNVIFVDCGHASLQVSACAFHKGNLKMLASCSDS-VGGRDFDLVLATHFNKEFQTKYKIDASSKKRAFL 263
A.pisum ATALSYGIYKQDLPNPEEKPRNVVFVDCGYTSLQVFICAFNKGKLKMLASTFDSQLGGREFDFILAEHFSKDFKTRYNIDPRTNARAFL 267
A.mellifera ATALCYGIYKQDLPAPETPPRNVVFVDCGYASLQVSICAFHKGKLKMIASAADSQLGGRNIDSILAEHFCKEFQSRYNIDPHTNPRAYI 267
D.melanogaster ATALAYGFYKNDL--FEDKPRNVIFVDFGHSSLQASACAFTKGKLKMLASTWD-QIGGRDIDLALGDYFAKEFQERYKINAKTNARANL 261

D.melanogaster RLLTEIEKLKKQMSANSTKLPLNIECFLDDIDVSSSMQRSQMEELCAPVLQRVEQTFKRLLAESKLQLDDIHSVEIVGGSSRIPSVKQL 350
A.gambiae RLMAEVEKLKKNMSANSTKLPLNIECFMNEIDVHSSMQRSEMEELSSHLLKRIETTMRKLLLDSKLALEEIHSVEIVGGSSRIPAIKHL 352
A.pisum RLLTEVEKIKKQMSANSTKLPMNIECFMDDKDVHGDIKRAEFEELAMYLFNRVEVTLEQCLKDSKLSKDDIYSVEIVGGSSRIPYIKNL 356
A.mellifera RLLGEVEKLKKQMSANSTTLPLNIECFMDEKDVHGEMKRADMEAMCAHLFKRVESTLRQCLEDSKLKLEDIHSVELAGGFSRVPAIKRL 356
D.melanogaster RLLTEIEKLKKQMSANSTKLPLNIECFLDDIDVSSSMQRSQMEELCAPVLQRVEQTFKRLLAESKLQLDDIHSVEIVGGSSRIPSVKQL 350

D.melanogaster IEQVFNKPASTTLNQDEAVSRGAALQCAIMSPAVRVREFGVTDIQNYAVKVLWDSEGSAAPGEIEIFPQYHASPFSRLLTINRKGPFNV 439
A.gambiae IEQIFGKPASTTLNQDEAVSRGAALQCAILSPAVRVREFSCTDVQAYPVLISWTDTDG--PHEMKVFEQYHAAPFCRLLTVHRKEPMTI 439
A.pisum IEKIFGKTPSTTLNQDEAVARGCALQCAMLSPAVRVRDFSVTDIQSFPIELLWDPSDNSDDGRAEVFPKNHAVPFSKMLSFYRLAPFTV 445
A.mellifera VEEVFGRTVSTTLNQDEAVARGCALQCAMLSPAVRVRDFSVTDIQPYPLKLTWDPT-QGEEGEMEIFGHNHPVPFSKTLTFYRSNPFTL 444
D.melanogaster IEQVFNKPASTTLNQDEAVSRGAALQCAIMSPAVRVREFGVTDIQNYAVKVLWDSEGSAAPGEIEIFPQYHASPFSRLLTINRKGPFNV 439

D.melanogaster SIVYG-QQVPYPDQTIGVWKVKDVKPTERGEGQDVKLKVRINNNGIVLISSATLVEKKEAEEAAAAAEQAASEE--------------K 513
A.gambiae KVHYEPNSIPYPDPFIGTYHVKGIKPDANGEAQEVKVKVRINNNGIITVSSATMYERKESEEPSSPTPTSNGDQ----QKTGDANQSSP 524
A.pisum KAHYS-GPIPYADSYIGQFTVRDVKPTADGASQKVKVKARINLHGIFSISSATLLEKAELLEETPPSEPMESNE--------------- 518
A.mellifera TASYSVPPSSYPQTHIGTYTIKNVKPTPEGELSKVKVKVRVNLNGILTVVSASLIEKRELTQQEKEEEEKQQQQHQQQQNNMDVDQQQD 533
D.melanogaster SIVYG-QQVPYPDQTIGVWKVKDVKPTERGEGQDVKLKVRINNNGIVLISSATLVEKKEAEEAAAAAEQAASEE--------------K 513

D.melanogaster PGD---QTNNTGEPADGQ--QE---------------------------------------GADKKKKASKATELPLECTTHGFSPVDL 558
A.gambiae QGD---ESGKVGEPMDIQ-------------------------------------------EDKKKKVTTKQVELTIDSNTHGFVHTEL 567
A.pisum ---------NEPQPAEPE-----------------------------------------EKKEEKKKSVTKTIDLRIESLTHGYSTMDL 557
A.mellifera KKDKPDQEAQANEPPAPEVSMDKTRRNSDADDGGRGARGSAPSYSSRILSWLSSSDDKNDENKGKKKVPIRTIDLPVEMREYGLSQRDF 622
D.melanogaster PGD---QTNNTGEPADGQ--QEAYCENEDDNNTSTASSPGGQGWAQRVKGWFGS-------GADKKKKASKATELPLECTTHGFSPVDL 590

D.melanogaster SNYTQQESKMIGNDQKETERIDAKNALEEFVYDMRNKLQ-GGPFERYVVEAEREKIVSQLNDLENWLYEDGEDCERDIYTSRLQALHQK 646
A.gambiae CKYFEEEMKMIANDRQEKERIDARNALEEQVYEIREKIQEDGALHDYIDPQDASAICRELEETENWLYEEGESCEKGVYKERLEKMRAK 656
A.pisum NNYIEQEGKMVASDRQEKERIDVRNSLEEYIYDMRSRVSSEDDLASYIIDADRQKIVKQLEELEAWLYEEGEECIKNIYTEKLDLLKTV 646
A.mellifera DAAVEKEAKMIAEDKQEKERVDARNALEEYVYDLRAKLSEEDQLSTFVTEIDKEALCRTLDETENWLYEEGEDCQRQIYSERLTRLKSQ 711
D.melanogaster SNYTQQESKMIGNDQKETERIDAKNALEEFVYDMRNKLQ-GGPFERYVVEAEREKIVSQLNDLENWLYEDGEDCERDIYTSRLQALHQK 678

D.melanogaster TDPIKLRASDYEQGPAAFDELKNSIAIARLAVAEFRK---GVPKYDHLTETEFINISETADKAQSWLDANLPKFTQSPRTADSPVQISA 732
A.gambiae IDPVRNRCEEFNGQEQAFTDLGHAVQQTLKAVEQYRA---KEPKYEHLTETEMINITEAAQKAQKWYEEARSKLVGARKTEDPPVKLAD 742
A.pisum GEPIKRRKVEYTTFPSIKDQAIQLISKAERDIDAFHK---GSEQFNHLDSAEVDKLAETLNNAKSWLEEKSAKVTASPLFKDIPIKLDE 732
A.mellifera GEPIKERRVEFEGRGHALDDLSAALQLAKKGVDLIRASSGKDDKYSHLTEEEVKKVEKAVHEKWTWLEEKRVLLASTPRTQQPPVTVAQ 800
D.melanogaster TDPIKLRASDYEQGPAAFDELKNSIAIARLAVAEFRK---GVPKYDHLTETEFINISETADKAQSWLDANLPKFTQSPRTADSPVQISA 764

D.melanogaster VRQEVQTLNSCVSSVINRAKPKPTPAKTATPPKDEANAEQNGGEPAANSGDKMDVDNNG----QSAAGNDPSMEVE 804
A.gambiae IRHETVTLTTCTNSVLNRPKPKP-----PTPPADQ-NQQNGSSATGAASQDTHAPGNDNQDSNTPKQTTEDSMDVE 812
A.pisum FVREKHNIEENVSKVLYKPKPAPK----VEPPPPPKEEEKKETEPM-----------------ETEQPVENGNDA- 786
A.mellifera IRGEKLTLDSIVLPILNKPKPK------IEPPKEEKPKDKTGEDHQKNQNSQ---GDGHIQTNQQQQPQEEKMDVE 867
D.melanogaster VRQEVQTLNSCVSSVINRAKPKPTPAKTATPPKDEANAEQNGGEPAANSGDKMDVDNNG----QSAAGNDPSMEVE 836

Figure 1: Multiple Alignments of HSP70 B orthologs
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(D) Pfam cluster Hsp70B, sequence group B
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D.melanogaster -------------------------------------MPE------------EAETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNA 40
A.gambiae -------------------------------------MPE----------PQEGETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNS 42
A.mellifera MSKPTQRASSFNKLLSVRYCVYKFLKCILTLVYLNIKMSTEME-----TKAEDVETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNS 84
A.pisum -------------------------------------MPEDVTM----TATDDVETFAFQAEIAQLMSLIINTFYSNKEIFLRELVSNS 48
H.sapiens -------------------------------------MPEETQTQDQPMEEEEVETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNS 52

D.melanogaster SDALDKIRYESLTDPSKLDSGKELYIKLIPNKTAGTLTIIDTGIGMTKSDLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSA 129
A.gambiae SDALDKIRYESLTDPSKLESGKELFIKIIPNKEAGTLTLIDTGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSA 131
A.mellifera SDALDKIRYESLTDPSKLDNGKELFIKIIPNKNDGTLTIIDTGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSA 173
A.pisum SDALDKIRYESLTDPSKLESGKDLHIKIIPNAEEKTLTIIDTGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSA 137
H.sapiens SDALDKIRYESLTDPSKLDSGKELHINLIPNKQDRTLTIVDTGIGMTKADLINNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSA 141

D.melanogaster YLVADKVTVTSKNNDDEQYVWESSAGGSFTVRADNSEPLGRGTKIVLYIKEDQTDYLEESKIKEIVNKHSQFIGYPIKLLVEKEREKEV 218
A.gambiae YLVADKVVVTSKNNDDEQYVWESSAGGSFTVRPDSGEPLGRGTKIVLHIKEDQLEYLEESKIKQIVNKHSQFIGYPIKLLVEKEREKEV 220
A.mellifera YLIADKVTVISKHNDDEQYLWESSAGGSFTVRHDNGETLGRGTKIVLHVKEDQAEYLEESKIKEIVKKHSQFIGYPIKLVVQKEREKEL 262
A.pisum YLVADKVTVVSKHNDDEQYLWESAAGGSFTIRTDPGEPLGRGTKIVLQIKEDQAEFLQQEKITSIIKKHSQFIGYPIKLIVENERTKEV 226
H.sapiens YLVAEKVTVITKHNDDEQYAWESSAGGSFTVRTDTGEPMGRGTKVILHLKEDQTEYLEERRIKEIVKKHSQFIGYPITLFVEKERDKEV 230

D.melanogaster SDDEADDEKKEGDEK---KEMETDEPKIEDVGEDEDADKK--DKDAKKKKTIKEKYTEDEELNKTKPIWTRNPDDISQEEYGEFYKSLT 302
A.gambiae SDDEAEEEKKE--EK---EEKKDDEPKLEDAEDDE--DKK--D---KKKKTVKVKYTEDEELNKTKPIWTRNADDISQEEYGEFYKSLT 297
A.mellifera SEDEAEEEEEE-------KKEDDGKPKIEDVDENEEAPEE--EGKKKKKKTIKEKYTEDEELNKTKPIWTRNSDDITQEEYGEFYKSLT 342
A.pisum SDDEAEEEKKEEVEG---ETEEDKKPKIEDVGEDEDEDKKDEDKDKKKKKTIKEKYLDEEVLNKTKPIWTRNPDDISQDEYGEFYKSLT 312
H.sapiens SDDEAEEKEDKEEEKEKEEKESEDKPEIEDVGSDEEEEKK--DGDKKKKKKIKEKYIDQEELNKTKPIWTRNPDDITNEEYGEFYKSLT 317

D.melanogaster NDWEDHLAVKHFSVEGQLEFRALLFIPRRTPFDLFENQKKRNNIKLYVRRVFIMDNCEDLIPEYLNFMKGVVDSEDLPLNISREMLQQN 391
A.gambiae NDWEDHLAVKHFSVEGQLDFRALLFVPRRMPFDLFENKKKKNNIKLYVRRVFIMDNCEELIPDYLNFIKGVVDSEDLPLNISREMLQQN 386
A.mellifera NDWEDHLAVKHFSVEGQLEFRALLFIPKRMPFDLFENKKRKNNIKLYVRRVFIMDNCEQLIPEYLNFIKGVVDSEDLPLNISREMLQQN 431
A.pisum NDWEDHLAVKHFSVEGQLEFRALLFIPKRAPYDMFENKKKKNNIKLYVRRVFIMDNCEDLMPEYLNFIKGVVDSEDLPLNISREMLQQN 401
H.sapiens NDWEDHLAVKHFSVEGQLEFRALLFVPRRAPFDLFENRKKKNNIKLYVRRVFIMDNCEELIPEYLNFIRGVVDSEDLPLNISREMLQQS 406

D.melanogaster KVLKVIRKNLVKKTMELIEELTEDKENYKKFYDQFSKNLKLGVHEDSNNRAKLADFLRFHTSASGDDFCSLADYVSRMKDNQKHVYFIT 480
A.gambiae KILKVIRKNLVKKCLELFEELAEDKETYKKFYDQFSKNLKLGVHEDSQNRQKLADLLRFNTSASGDEYCSLNDYVGRMKENQTQIYFIT 475
A.mellifera KILKVIRKNLVKKCIELFEELAEDKDNYKKFYEQFSKNIKLGIHEDSSNRNKLSDLLRYHTSSSGDEVCSLKDYVGRMKENQKHIYFIT 520
A.pisum KILKVIRKNLVKKCLELFEELAEDKDNYKKLYEQFSKNLKLGIHEDSQNRKKLSDLLRFHSSASGDESCSLKEYVARMKPNQTHIYYIT 490
H.sapiens KILKVIRKNLVKKCLELFTELAEDKENYKKFYEQFSKNIKLGIHEDSQNRKKLSELLRYYTSASGDEMVSLKDYCTRMKENQKHIYYIT 495

D.melanogaster GESKDQVSNSAFVERVKARGFEVVYMTEPIDEYVIQHLKEYKGKQLVSVTKEGLELPEDESEKKKREEDKAKFESLCKLMKSILDNKVE 569
A.gambiae GESIDQVKNSAFVERVKKRGFEVIYMTEPIDEYVIQQLKEYKGKQLVSVTKEGLELPEDEAEKKKREEDKAKFENLCKVMKSVLESKVE 564
A.mellifera GESKDQVANSSFVERVKKRGFEVVYMTEPIDEYVVQQMKEFDGKQLVSVTKEGLEFPEDEDEKKKREEDKAKYENLCKVMKNILDNKVE 609
A.pisum GESREQVSNSSFVERVKKRGFEVIYMTEPIDEYVVQQMKEYDGKNLVSVTKEGLDLPETDEEKKKREDDQSRFEKLCKVVKDILDKKVE 579
H.sapiens GETKDQVANSAFVERLRKHGLEVIYMIEPIDEYCVQQLKEFEGKTLVSVTKEGLELPEDEEEKKKQEEKKTKFENLCKIMKDILEKKVE 584

D.melanogaster KVVVSNRLVDSPCCIVTSQFGWSANMERIMKAQALRDTATMGYMAGKKQLEINPDHPIVETLRQKADADKNDKAVKDLVILLFETSLLS 658
A.gambiae KVMVSNRLVDSPCCIVTSQYGWSANMERIMKAQALRDSSAMGYMAGKKHLEINPDHAIIETLRQRAEADKNDKAVKDLVILLFETALLS 653
A.mellifera KVVVSNRLVDSPCCIVTSQYGWTANMERIMKAQALRDTSTMGYMAAKKHLEINPDHTIIETLHQKAETDKNDKAVKDLVILLFETALLS 698
A.pisum KVVISNRLVESPCCIVTSQYGWTANMERIMKAQALRDSSTMGYMSAKKHLEINPDHPIIETLRQKAEADSNDKAVRDLVMLLFETSLLS 668
H.sapiens KVVVSNRLVTSPCCIVTSTYGWTANMERIMKAQALRDNSTMGYMAAKKHLEINPDHSIIETLRQKAEADKNDKSVKDLVILLYETALLS 673

D.melanogaster SGFSLDSPQVHASRIYRMIKLGLGIDEDEPMTTDDAQS--------AGDAPSLVEDTEDASHMEEVD 717
A.gambiae SGFSLDEPGTHASRIYRMIKLGLGIDEDEPMTTEESSSGAAAAAPASGDAPPLVDDSEDLSHMEEVD 720
A.mellifera SGFTLDEPQVHAARIYRMIKLGLGIDEEESVPEEQTTE----------EIPPLEGDTEDSSRMEEVD 755
A.pisum SGFGLEDPQVHASRIHRMIKLGLGIDEDLPVAEEKSAEVEA-------SEPVVEADAEDSSRMEEVD 728
H.sapiens SGFSLEDPQTHANRIYRMIKLGLGIDEDDPTADDTSAAVTE-------EMPPLEGD-DDTSRMEEVD 732

Figure 1: Multiple Alignments of HSP90A orthologs
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(E) Pfam cluster Hsp90A
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D.melanogaster M---KYFLL--VGLLLLAGINQIAADD-----EAATTETIDLDL-GSFKEGSRTDAETLKREEEAIQLDGLNVAQLKEIREKAKKFTFQ 78
A.gambiae M---KYLLLLVVGVFLVSGIHQVRADD-----DDDTLPMVDNDL-GASKEGSRTDAEAVKREEEAIKLDGLNVAQIKELREKSEKFTFQ 80
A.mellifera M---RKALILLSILFFLTGF--VRAENL----VEEDIGTVENDL-SASREGSRTDNEVIQREEEAIKLDGLNVAQIKELREKAEKFTFQ 79
A.pisum MLELKYLILVVLALTLSPITERCVAEDLDGEGEILNTFTVGATIDGGSKDGAVTDDKAAINAEERIKLDGLNAAQLKELKEQAETFTFQ 89

D.melanogaster TEVNRMMKLIINSLYRNKEIFLRELISNASDAIDKIRLLALSNSKELETNPELHIRIKADKENKALHIMDSGIGMTHQDLINNLGTIAK 167
A.gambiae AEVNRMMKLIINSLYRNKEIFLRELISNASDALDKIRLLSLTDPSVLDSNRNLEVKIKADKEGKVLHIIDTGIGMTKQDLVNNLGTIAK 169
A.mellifera TEVNRIMKLIINSLYRNKDIFLRELISNASDALDKIRLLSLTDKNVLDTNPELAIRIKSDKENKILSITDSGIGMAKHELINNLGTIAK 168
A.pisum AEVNRMMKLIINSLYRNKEIYLRELISNASDALDKIRLLALSNTNLLDATNELSIRIKVNKESGMLHITDTGIGMTREDLVKNLGTIAK 178

D.melanogaster SGTADFLAKMQDPSKSEGLDMNDMIGQFGVGFYSAFLVADRVVVTTKHNDDKQYIWESDANSFSITEDPRGDTLKRGSVISLYLKEEAQ 256
A.gambiae SGTADFLSKMQDKEKADGQDVNDMIGQFGVGFYSAFLVADRVVVTTKHNDDKQYIWESDAASFSIVEDPRGNTLERGSQVSLHLKEEAL 258
A.mellifera SGTAEFLGKMQE--TSNTQDLNDMIGQFGVGFYSAFLVSHTVVVTSKHNEDNQHIWQSDSSSYSIVEDPRGNTLKRGTTVSLHLKDEAL 255
A.pisum SGTAEFLSSLNS-GEGQDKNMNDMIGQFGVGFYSAFLVADKVLVTTKHNDDKQYIWESDANSFSIVEDPRGPTLKRGTQISLQLKEEAI 266

D.melanogaster DFLEEDTVRELIRKYSQFINFPIRMWSSKTVE-EEVPVEEEA--KPEKSE------D--DVEDEDAKVEEAE---DEKPKTKKVSKTTW 331
A.gambiae DFLEDDTVKQLIKKYSQFINFPIYMWTSKEVE-EEVAVEEEATEKPAKSE------DSTDEEEEDVKVEEEEATDSDKPKTKKVKKTVW 340
A.mellifera DFLEEDTIKNLVKKYSQFINFPIYLWSSKVIQVDEEEEEEEKRVKEDESEKKDSIEDKVD-EEEDAKVEDVE---EEK-KTKKVDKTVW 339
A.pisum DNLEINTLKNLVKKYSQFINFPIYLWSSKTETVDEPIEEDEQPENEEKS------------EDDDAAVEDAK---EETPKTKKVDKTVW 340

D.melanogaster DWTLINDSKPIWTRKPAEVTEDEYTSFYKSLTKDSSEPLTQTHFIAEGEVTFKSLLYVPKVQPSESFNRYGTKSDNIKLYVRRVFITDE 420
A.gambiae NWEIMNDSKPIWTRKVSDVTDEEYTEFYKSLTKDTSEPLTHTHFIAEGEVTFKSLLFVPKVQPSESFNKYGTKADNIKLYVRRVFITDE 429
A.mellifera DWELLNDSKPIWTLKPSEVEDKDYNDFYKVLTKDTQDPLAKIHFVAEGEVTFKSLLFIPKVQPSDSFNRYGTKADNIKLYVRRVFITDK 428
A.pisum DWEILNNHKPIWTRKPDDVEANEYNEFYKALTKDTKDPLTYTHFNAEGEVSFKSLLYVPSAQPSDTFNKYGTVTDNIKLYVRRVFITDE 429

D.melanogaster FNDMMPNYLSFIRGVVDSDDLPLNVSRETLQQHKLIKVIKKKLVRKVLDMLKKIDKEAYEKFWKEFSTNIKLGVMEDPSNRSRLAKLLR 509
A.gambiae FNDMMPNYLSFIRGVVDSDDLPLNVSRETLQQHKLIKVIKKKLVRKALDMIKKIDKEQYEQFWKEYSTNIKLGIMEDPSNRSRLAKLLR 518
A.mellifera FTDMMPNYLSFIRGIVDSDDLPLNVSRENLQQHKLIKVIKKKLIRKVLDMIKKIPKEDYEKFWKEYSTNIKLGVIEDAQNRARLSKLLL 517
A.pisum FTDLLPKYLSFLQGIVDSDDLPLNVSREVLQQHKLLKIIKKKLIRKALDMLKKLDPESYKKFWAEYSTNIKLGIIEDPSNRARLAKLLR 518

D.melanogaster FQTSNGKG--VTSLAEYKERMKAKQEHIYYIAGANRAEVEKSPFVERLLSKGYEVLYLVEAVDEYCISALPEFDGKKFQNVAKEGFQLN 596
A.gambiae FQSSSTKNKEYTSLSDYVARMKPKQDNIYFIAGPNRAEIEKSPFVERLLSRGYEVLFLVEAVDEYSISALPEFDGKRFQNVAKEGFTLN 607
A.mellifera FQSSTQKD--FTSLSDYVTRMKSSQQYIYYIAGSSEEEVKKSPFVERLDKKGYEVLYLTEAVDEYAISALPEFDGKKFQNVAKEGFSLD 604
A.pisum FQSSVEDT--PTSLADYVKRMSEKQEHIYYIAGSSKAELERSPFVEGIIRKGYEVLYLIEAVDEYTLSAIPEFEGKKFQNVAKEGVSLT 605

D.melanogaster ESEKSKKNFESLKSTFEPLVKWLNDVALKDQISKAQVSERLSNSPCALVAGVFGWTGNMERLAMSNAHQKSDDPQRTYYLNQKKTLEIN 685
A.gambiae ESEESKARFEELKTEYEPLLKWLNDVALKDKIAKAQLSERLSNSPCALVASMFGWTGNMERLALANAHQKTDDPQRHYYLNQKKTLEIN 696
A.mellifera EGEKAKERMEQLKTTFEPLVKWLNDV-LKDHISKAQVSERLTDSPCALVASMFGWTGNMERLAISNAHQKTDDPQKNYYLNQKKTLEIN 692
A.pisum DN---KEKAEELKVQFEPLTKWFGENALKDQISKAVVSDRLAESPCALVAGMFGWTGNMERLALSNAHQKADDPQREFYLKQRKSLEIN 691

D.melanogaster PRHPLMRELLRRVEADEADDTAKDMAVMMFRTATLRSGYMLQETSQFADSIEQMMRQTLGVSQDEQVEFDEEEEDDAEETATGSQESGN 774
A.gambiae PRHPLMRELLRRVEVDSDDIVAKDMAVLMFNTATLRSGFQLPETADFADSVERMMRQTLGVSLDEQ----PEQEEFVDEPAAGGEEGGA 781
A.mellifera PRHPLIRELLRRVEVDTTDQTAKDIALMMFRTATLRSGYMLRETASFADSVEQLMRKTLGISLDEV----PEEEEIQEEESGPTEKQDS 777
A.pisum PRHPLIKDLLRRVRDDPEDQKAKDIAVMLFRTATLRSGFMLQESADFAESVEALMRQSLGIPLDEKVSYD-------DEESVGEQQ--- 770

D.melanogaster AD--DEEEEQ------QHDEL 787
A.gambiae AA--DEDEESIDADGGDHDEL 800
A.mellifera EKIIDMDANEDDQDEEKHDEL 798
A.pisum -------VEEEEEDKEEHDEL 784

Figure 1: Multiple Alignments of HSP90B orthologs

1

(F) Pfam cluster Hsp90B

FIGURE B7.4: Multiple alignments for all D. melanogaster essential protein orthologs identified
within the Hsp70 and Hsp90 Pfam clusters and colored only identical residues
(A-F). Note that multiple NCBI nr database entries for these clusters may share
identical Pfam scores, appearing as superimposed orthologs, as seen in Figure B7.3.
These overlapping relationships are clearly differentiated by multiple alignment.
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Pérez-Brocal V., Gil R., Ramos S., Lamelas A., Postigo M., Michelena J., Silva F., Moya
A., and Latorre A. (2006). “A Small Microbial Genome: The End of a Long Symbiotic
Relationship?” Science, 314(5797): 312–313. URL http://science.sciencemag.org/content/314/
5797/312.

Permpoon R., Aketarawong N., and Thanaphum S. (2011). “Isolation and characterization
of Doublesex homologues in the Bactrocera species: B. dorsalis (Hendel) and B. correcta
(Bezzi) and their putative promoter regulatory regions.” Genetica, 139(1): 113–127. URL
http://dx.doi.org/10.1007/s10709-010-9508-2.

Perring T. (2001). “The Bemisia tabaci species complex.” Crop Protection, 20: 725–737.

Perry T., Batterham P., and Daborn P. (2011). “The biology of insecticidal activity and resistance.”
Insect Biochemistry and Molecular Biology, 41(7): 411–422. URL http://www.sciencedirect.
com/science/article/pii/S0965174811000622.

Pertea G., Huang X., Liang F., Antonescu V., Sultana R., Karamycheva S., Lee Y., White J.,
Cheung F., Parvizi B., Tsai J., and Quackenbush J. (2003). “TIGR Gene Indices clustering
tools (TGICL): a software system for fast clustering of large EST datasets.” Bioinformatics, 19(5):
651–652. URL http://bioinformatics.oxfordjournals.org/content/19/5/651.abstract.

Pimentel D., Zuniga R., and Morrison D. (2005). “Update on the environmental and economic
costs associated with alien-invasive species in the United States.” Ecological Economics,

212



BIBLIOGRAPHY

52(3): 273 – 288. URL http://www.sciencedirect.com/science/article/pii/S0921800904003027.
Integrating Ecology and Economics in Control BioinvasionsIEECB S.I.

Prabhaker N., Toscano N., and Henneberry T. (1998). “Evaluation of insecticide rotations and
mixtures as resistance management strategies for Bemisia argentifolii (Homoptera: Aleyrodidae).”
Journal of Economic Entomology, 91.

Price A., Jones N., and Pevzner P. (2005). “De novo identification of repeat families in large
genomes.” Bioinformatics, 21(suppl 1): i351–i358. URL http://bioinformatics.oxfordjournals.
org/content/21/suppl 1/i351.abstract.

Price D. and Gatehouse J. (2008). “RNAi-mediated crop protection against insects.” Trends in
Biotechnology, 26(7): 393–400. URL http://dx.doi.org/10.1016/j.tibtech.2008.04.004.

Price M., Dehal P., and Arkin A. (2010). “FastTree 2 – Approximately Maximum-Likelihood
Trees for Large Alignments.” PLoS ONE, 5(3): 1–10. URL http://dx.doi.org/10.1371%2Fjournal.
pone.0009490.

Pruitt K., Tatusova T., Klimke W., and Maglott D. (2009). “NCBI Reference Sequences: current
status, policy and new initiatives.” Nucleic Acids Research, 37: D32–D36. URL http://nar.
oxfordjournals.org/content/37/suppl 1/D32.abstract.

Punta M., Coggill P., Eberhardt R., Mistry J., Tate J., Boursnell C., Pang N., Forslund K.,
Ceric G., Clements J., Heger A., Holm L., Sonnhammer E., Eddy S., Bateman A., and Finn
R. (2012). “The Pfam protein families database.” Nucleic Acids Research, 40.
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Tamames J., Gil R., Latorre A., Peretó J., Silva F., and Moya A. (2007). “The frontier between
cell and organelle: genome analysis of Candidatus Carsonella ruddii.” BMC Evolutionary Biology,
7: 181–181. URL http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2175510/.

Tariq M., Kim H., Jejelowo O., and Pourmand N. (2011). “Whole-transcriptome RNAseq
analysis from minute amount of total RNA.” Nucleic Acids Research, 39(18): e120. URL
http://nar.oxfordjournals.org/content/early/2011/07/06/nar.gkr547.abstract.

Tay W., Elfekih S., Court L., Gordon K., and Barro P. D. (2016). “Complete mitochondrial
DNA genome of Bemisia tabaci cryptic pest species complex Asia I (Hemiptera: Aleyrodidae).”
Mitochondrial DNA, 27(2): 972–973. URL http://dx.doi.org/10.3109/19401736.2014.926511.
PMID: 24960562.

Tazi J., Bakkour N., and Stamm S. (2009). “Alternative splicing and disease.” Biochimica et
Biophysica Acta (BBA) - Molecular Basis of Disease, 1792(1): 14 – 26. URL http://www.
sciencedirect.com/science/article/pii/S0925443908001932.

Teixeira L., Ferreira A., and Ashburner M. (2008). “The Bacterial Symbiont Wolbachia Induces
Resistance to RNA Viral Infections in Drosophila melanogaster.” PLoS Biol, 6(12): 1–11. URL
http://dx.doi.org/10.1371%2Fjournal.pbio.1000002.

Tene B. F., Poupardin R., Costantini C., Awono-Ambene P., Wondji C., Ranson H., and
Antonio-Nkondjio C. (2013). “Resistance to DDT in an Urban Setting: Common Mechanisms
Implicated in Both M and S Forms of Anopheles gambiae in the City of Yaounde Cameroon.”
PLoS ONE, 8(4): 1–9. URL http://dx.doi.org/10.1371%2Fjournal.pone.0061408.

Tennessen J., Baker K., Lam G., Evans J., and Thummel C. (2011). “The Drosophila
Estrogen-Related Receptor Directs a Metabolic Switch that Supports Developmental Growth.”
Cell Metabolism, 13(2): 139–148. URL http://dx.doi.org/10.1016/j.cmet.2011.01.005.

221



BIBLIOGRAPHY

Terrapon N., Li C., Robertson H., Ji L., Meng X., Booth W., Chen Z., Childers C., Glastad
K., Gokhale K., Gowin J., Gronenberg W., Hermansen R., Hu H., Hunt B., Huylmans A.,
Khalil S., Mitchell R., Munoz-Torres M., Mustard J., Pan H., Reese J., Scharf M., Sun
F., Vogel H., Xiao J., Yang W., Yang Z., Yang Z., Zhou J., Zhu J., Brent C., Elsik C.,
Goodisman M., Liberles D., Roe R., Vargo E., Vilcinskas A., Wang J., Bornberg-Bauer E.,
Korb J., Zhang G., and Liebig J. (2014). “Molecular traces of alternative social organization in a
termite genome.” Nature Communications, 5: 3636. URL http://dx.doi.org/10.1038/ncomms4636.

TGSC T. G. S. C. (2008). “The genome of the model beetle and pest Tribolium castaneum.” Nature,
452(7190): 949–955. URL http://dx.doi.org/10.1038/nature06784.

Thao M., Baumann L., and Baumann P. (2004). “Organization of the mitochondrial genomes of
whiteflies, aphids, and psyllids (Hemiptera, Sternorrhyncha).” BMC Evolutionary Biology, 4(1):
1–13. URL http://dx.doi.org/10.1186/1471-2148-4-25.

Thao M., Baumann L., Hess J., Falk B., Ng J., Gullan P., and Baumann P. (2003).
“Phylogenetic Evidence for Two New Insect-Associated Chlamydia of the Family Simkaniaceae.”
Current Microbiology, 47(1): 46–50. URL http://dx.doi.org/10.1007/s00284-002-3953-9.

Thao M. and Baumann P. (2004). “Evidence for Multiple Acquisition of Arsenophonus by
Whitefly Species (Sternorrhyncha: Aleyrodidae).” Current Microbiology, 48(2): 140–144. URL
http://dx.doi.org/10.1007/s00284-003-4157-7.

Thiel T., Michalek W., Varshney R., and Graner A. (2003). “Exploiting EST databases for the
development and characterization of gene-derived SSR-markers in barley (Hordeum vulgare L.).”
Theoretical and applied genetics, 106(3): 411–422.

Thierry M., Becker N., Hajri A., Reynaud B., Lett J., and Delatte H. (2011). “Symbiont
diversity and non-random hybridization among indigenous (Ms) and invasive (B) biotypes of
Bemisia tabaci.” Molecular Ecology, 20(10): 2172–2187. URL http://dx.doi.org/10.1111/j.
1365-294X.2011.05087.x.

Thompson W. (2011). The Whitefly, Bemisia tabaci (Homoptera: Aleyrodidae) Interaction with
Geminivirus-Infected Host Plants: Bemisia tabaci, Host Plants and Geminiviruses. SpringerLink
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