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ABSTRACT

sap.

vi

RNAseq analysis of bacteriocytes dissected from SSA1-SG1, revealed three sets of genes. These 

were, (i) aminotransferases, (ii) amino acid transporters and (iii) horizontally transferred genes of 

either bacterial or fungal origin that influence amino acid provisioning in Bemisia tabaci SSA1- 

SG1. In addition to RNAseq analysis, genome-scale metabolic reconstruction unraveled the 

shared-metabolic interaction between SSA1-SG1 and its primary endosymbiont, Portiera 

aleyrodidarum. Application of constraint based metabolic modeling to this two-compartment 

model of cassava whitefly (SSA1-SG1) revealed 270 indispensable reactions, which, upon 

knockdown are predicted to cause devastating effects on both growth and survival of cassava

Cassava (Manihot esculenta Crantz), as a food security crop in Africa is devastated by many biotic 

factors which include pests and diseases. Of these, diseases caused by cassava brown streak viruses 

and cassava mosaic viruses, transmitted by whiteflies, Bemisia tabaci are causing the highest yield 

losses in Sub-Saharan Africa. The aim of this study was to understand the molecular basis of key 

processes that underpin the capacity of whiteflies to utilize phloem-sap and thereby identify gene 

targets for novel whitefly control strategies. This study was founded on a principle that phloem­

sap feeders require osmoregulation genes to maintain fluid homeostasis and metabolic interaction 

with endosymbionts for the provisioning of essential amino acids, that are deficient in the phloem-

Guts and bacteriocytes from a cassava B. tabaci population (SSA1-SG1) were dissected, their 

RNA extracted and sequenced to compare transcripts with enriched expression in the gut or 

bacteriocytes relative to the wholebody. RNAseq analysis revealed a total of 15 genes encoding 

alpha-glucosidase, family 13 with sugar processing domain (Aamy, IPR006047) and enriched 

expression in the gut. Of these, only one gene (ENSSSA1UGT002057) encoded for a protein that 

had a specific molecular signature that influence sucrose preference. This gene was selected as it 

encodes the hydrolysis of sucrose to fructose and glucose. It is, therefore, a suitable gene target 

against SSA1-SG1. In addition to sugar hydrolysis, B. tabaci maintains fluid homeostasis within 

the gut through water recycling. A water-specific aquaporin encoded by ENSSSA1UGT022145 

(Ssa03484), an AQP1 gene in SSA1-SG1 was identified. This was differentially expressed in the 

whitefly gut where it is considered to mediate water recycling from the distal to the proximal end 

of the gut, thereby maintaining fluid homeostasis within the gut.



vii

whitcfly. A total of four essential symbiosis genes (AA7\ BCAT, argil and lysA), both of intrinsic 

origin or horizontally transferred genes mediating terminal reactions in the phenylalanine, 
isoleucine, leucine, valine, arginine and lysine biosynthesis pathways were selected and validated. 
These arc proposed as candidate gene targets that can be used for future development of cassava 
management control options such as RNA interference.
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INTRODUCTION

1 https://ndb.nal.usda.fiov/ndb/search/list

1

In eastern and southern Africa, the production of cassava as a food security and cash crop has been 

affected by two on-going and devastating pandemics, cassava mosaic disease (CMD) and cassava 

brown streak disease (CBSD). CMD can be caused by at least eight different species of 

geminiviruses and is prevalent in all cassava growing countries in Africa (Legg et al., 2014a; 

Maruthi et al., 2004b). Typically, CMD is characterized by a chlorotic mosaic distortion in leaf 

shape, a reduction in leaf size, coupled with general stunting of plant growth (Fauquet and Fargette, 

1990). The CMD pandemic that affected cassava production in 11 countries in East and Central 

Africa in the 1990s (Otim-Nape et al., 2000) was associated with a synergistic interaction between

Cassava (Manihot esculenta Crantz), is one of the most important root crops in the tropics (Pujol 

et al., 2002). It is widely grown in Asia, Latin America and Africa. In Africa, the crop was 

introduced in the 17lh century by Portuguese explorers and traders from Brazil (Olsen, 2004) and 

since then, its production has continued to grow making it the second most important staple food 

in Africa after maize (Zea mays L.) (Norton, 2014). Its tubers have a dry matter of 30-40% and it 

is mainly used as a source of carbohydrates, either for human consumption or in starch production 

(Teye et al., 2014). As a source of human nutrition, it is currently estimated to support over 800 

million people in the tropics (Bums et «/.,2010). Cassava leaves are also consumed as vegetables 

in many areas, because they contain high amounts of vitamins (thiamine (Bi), vitamin C, niacin 

(B3) and riboflavin (B?)), minerals (iron, zinc, calcium, potassium) and proteins (USDA1, 2018). 

Cassava has a comparative advantage in marginal environments, because it tolerates adverse soil 

conditions and drought (El-Sharkawy, 2005). Its harvest time also ranges from 8-24 months after 

planting (Salcedo et al., 2010), which allows for piecemeal harvesting, so it is considered an 

excellent food security crop. In addition, there has been a high demand for cassava in recent years, 

especially from China and Thailand (Hersey et al., 2017). This is because cassava starch has a 

high-energy value, low amylose content and its gluten-free property gives it a comparative 

advantage over other forms of starch (Witczak et al., 2016). These attributes make cassava a 

potential cash crop that could increase farm income, thereby reducing poverty levels in the rural 

and urban areas.

https://ndb.nal.usda.fiov/ndb/search/list


2

Both CMVs and (U)CBSVs are transmitted by whiteflies within the B. tabaci species complex 

(Maruthi et al., 2005; Legg el al., 2011). B. tabaci is a cryptic species complex made up of more 

than 39 morphologically indistinguishable species (Mugerwa et al., 2018). These species have 

been distinguished most recently, based on a molecular marker consisting of the partial fragment 

of the mitochondrial cytochrome C oxidase I (mtCOl) gene and using a 3.5% species divergence 

boundary (Dinsdale et al., 2010). Of these putative B. tabaci species, Sub-Saharan Africa 1 

(SSA1), Sub-Saharan Africa 2 (SSA2) and Sub-Saharan Africa 10 (SSA10) utilize cassava in East 

Africa (Mugerwa et al., 2018).

geminiviruses (Harrison et al., 1997; Zhang et al., 2001) and an increase in cassava whitefly, 

Bemisia tabaci (sensu lain) populations in cassava producing areas (Zhou et al., 1997; Legg, 1999; 

Zhang et al., 2000; Colvin et al., 2004; Thresh and Cooter, 2005). A total yield loss of USS 1.9-2.7 

billion annually was estimated for all affected countries (Scholthof et al., 2011).

Since 2000, the re-emergence ofCBSD in Uganda (Alicai et al., 2007) has aggravated the problem. 

CBSD has been reported amongst the most serious threats to world food security (Pennisi, 2010). 

This disease is caused by viruses classified into either of two ipomovirus species, namely Cassava 

brown streak virus (CBSV) and Uganda cassava brown streak viruses (UCBSV) that cause up to 

100% yield loss in susceptible cassava genotypes (Winter et al., 2010). More virus species causing 

CBSD have been recently reported (Ndunguru et al., 2015b). In the early 2000s, it was estimated 

that CBSD caused annual yield losses of ~US S6-7 million in Malawi (Gondwe et al., 2003) and 

USS16.5 million in Tanzania (Kanju et.al., 2007). More recently, a total of USS75 million loss 

was estimated for all eight countries of East and Central Africa affected by CBSD (Manyong et 

al., 2012). It has been predicted, with the increasing disease pressure due to the emergence and 

spread of UCBSV, that this estimate is likely to rise (Ndunguru et al., 2015a).

Transect collection of whiteflies occurring ’ahead’, ‘at’ and ‘behind’ of the CMD epidemic front 

that devastated cassava production in Uganda in the 1990s, revealed two whiteflies species SSA2 

(‘Invasive’, Ug2) and SSA1 (‘Local’, Ugl) (Legg et al., 2002). These two whitefly species were 

found to be sympatric on cassava and were reported to interbreed, producing fertile Fl offspring 

(Maruthi et al., 2004a). Recent surveys have revealed that one species (SSA1-SG1) in particular 

has increased in abundance and is currently prevalent in most East African cassava growing areas 

affected by CMD and CBSD (Legg et al., 2014c; Mugerwa et al., 2019).
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Colvin et al., (2006) showed that the spread of both viral diseases and whiteflies is a complex 

problem, because the whitefly population increased significantly more rapidly on virus-infected 

cassava plants, compared to healthy plants. This was attributed to an increase in amino acids such 

as tryptophan, glutamine, tyrosine and asparagine in the phloem-sap of the diseased plants. These 

discoveries show clearly that efforts to control cassava viral diseases and their whitefly vectors 

need to be co-ordinated, because simply focusing on one aspect of the problem is unlikely to 

provide a sustainable solution. In comparison to efforts made to develop CMD-resistant cassava 

varieties, however, only limited efforts have been made to combat cassava whiteflies in sub- 

Saharan Africa. Indeed, many ‘elite’ CMD-resistant cassava genotypes are highly susceptible to 

cassava whiteflies (Omongo et al., 2012), which has contributed to the “superabundant” cassava 

whitefly phenomenon in East Africa (Legg et al., 2014b; Legg et al., 2014c).

Since the early 1990s, several consortia have been formed and a number of projects funded to 

manage whitefly problems in different cropping systems (Oliveira et al., 2001). hr late the 1990s, 

a consortium composed of scientists from the International Center for Tropical Agriculture 

(CIAT), the International Institute of Tropical Agriculture (IITA), the World Vegetable Center 

(AVRJDC), the International Potato Center (CIP) and International Centre of Insect Physiology and 

Ecology (ICIPE) was formed to understand whiteflies and whitefly-bome viruses in the tropics 

(Anderson et al., 2005). Through this collaboration, the Tropical Whitefly IPM project (TWP) 

studies were conducted on whiteflies in different cropping systems in eastern and southern Africa, 

Central America, Mexico, Caribbean and Latin America (Morales, 2007). Its major objective was 

to build a knowledge base on whiteflies, for subsequent whitefly and whitefly-bome virus disease 

management. These and other efforts contributed to the management of CMD pandemic in East 

Africa in the 1990s (Otim-Nape et al., 2000). Due to the more recent emergence of CBSD (Alicai 

et al., 2007) and the increasing whitefly populations in sub-Saharan Africa (Legg et al., 2014c), 

various studies were initiated under the African cassava whitefly project2. The goal of these studies 

was/is to understand: (i) African whiteflies systematics, (ii) factors driving cassava whitefly 

outbreaks and superabundance, (iii) the genetic basis of whitefly resistance in cassava, (iv) African 

cassava whitefly genetics. Insights from these studies, especially on whitefly biology and 

interaction between whiteflies and other organisms in the ecosystem will facilitate the

2 http://www.cassavawhitefly.org/

http://www.cassavawhitefly.org/
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development of efficient management strategies for whiteflies, not only for those that utilize 

cassava but also for whiteflies in different cropping systems.

Several methods have been applied to manage whitefly population in different cropping systems. 

These include: (i) use of pesticides (Houndete et al., 2010), (ii) cultural practices (Hilje et al., 

2001), (iii) application of biological control methods (Otoidobiga et al., 2003) and (iv) host-plant 

resistance (Ariyo et al., 2005). The “super-abundant” cassava whitefly populations in sub-Saharan 

Africa may require additional novel methods to provide a sustainable solution. Post-transcriptional 

control mechanisms like RNA interference (RNAi) have been used in the control of some pests in 

different crop production systems. For example, RNAi has been used successfully in the down­

regulation of specific gene expression in Western com rootworm (Diabrotica virgifera 

virgifera Le Conte) (Baum et al., 2007), bollworm (Helicoverpa armigera Hiibner) (Mao et al., 

2011), aphids (Myzus persicae Sulzer) (Pitino et al., 2011) and whitefly (B.tabaci, MEAM1) 

(Thakur et al., 2014). It is worth noting that these studies were proof-of-concept and therefore 

detailed studies are required to evaluate the efficacy of using RNAi in the management of 

whiteflies under field conditions. The success of RNAi as a control strategy depends on the 

development of a double-stranded RNA (dsRNA) construct, systemic delivery of dsRNA within 

the body of the target pest and identification and selection of suitable gene targets (Price and 

Gatehouse, 2008).

The search for accessory essential genes in B. tabaci is of paramount importance especially as new 

methods like RNAi are being developed for whitefly management. The term “accessory'” used here 

refers to critical genes required in specific biological systems, or for the survival of specific cell 

types (Juhas et al., 2012). Whitefly species feed solely on plant phloem-sap throughout their life 

cycle, so this presents an opportunity to identify accessory essential genes for whitefly 

management (Cohen, 2013). Phloem-sap poses two major nutritional problems that whiteflies have 

to overcome, described as the “nitrogen and sugar barriers” (Douglas, 2006). The nitrogen barrier 

to phloem-sap utilization relates to its low nitrogen quality, consisting of a ratio of essential amino 

acid to non-essential amino acid of 1:4-1:20, compared to 1:1 in animal protein. This means, 

therefore, that unless this deficiency is rectified, the growth and fecundity of phloem-sap feeding 

insects is greatly limited. An additional obstacle presented by a diet of plant phloem-sap is ‘the 

sugar barrier’. The high sugar concentration in phloem sap, of up to and often exceeding 1 M
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Previous studies conducted on other phloem-sap feeders showed that these insects possess 

physiological and molecular mechanisms that enable them to overcome the sugar barrier (Ashford 

el al., 2000; Karley el al., 2005; Jing el al., 2016). These studies showed that hemipteran insects 

possess sugar processing enzymes for example a-glucosidase that transform ingested sucrose to 

constituent monosaccharides (fructose and glucose) and through transglucosidation, to 

oligosaccharides like trehalulose, making sap movement within the insect possible without causing 

shriveling or dehydration. Furthermore, phloem-sap feeders have both genes and structural 

adaptations that allow water recycling from the distal to the proximal end of the midgut to ensure 

fluid homeostasis (Cristofoletti et al., 2003; Shakesby et al., 2009; Mathew et al., 2011). These 

two sets of genes (that mediate sugar processing and water recycling) are highly enriched in the 

gut, so are henceforth referred to as osmoregulation genes.

sucrose and a resultant osmotic pressure 2-5 times greater than the osmotic pressure of the insect 

body (ibid), results in water transfer from the body fluids to the gut content resulting in the osmotic 

collapse of the insect (Jing et al., 2016).

The nitrogen barrier, on the other hand, is overcome through shared metabolic interactions with 

endosymbionts. Phloem-sap feeders possess both primary and secondary endosymbionts, that co­

operate metabolically with the host to produce essential nutrients and amino acids that are essential 

for survival, growth and reproduction (Gunduz & Douglas, 2009). This cooperative metabolism 

has been revealed in aphids (Hansen & Moran, 2011) and whiteflies (MEAM1) (Luan et al., 2015; 

Ankrah et al., 2017). Genomic insights into essential amino acid biosynthesis revealed that there 

are critical points in this system that can be targeted for the management of these insect pests. First, 

the genes that are required for nutrient exchange across the symbiosomal membrane (Douglas, 

2014), second, the horizontally acquired genes whose function lies in essential amino-acid 

biosynthesis pathways (Husnik et al., 2013; Luan et al., 2015) and genes that deemed essential 

after perturbing a genome-scale metabolic model. These genes, henceforth called symbiosis genes, 

are required for provisioning or biosynthesis of essential nutrients and amino acids within the 

whitefly. Symbiosis genes as used in this thesis refer to genes that encode for different proteins 

that are involved in the essential amino acid biosynthesis and shared metabolic interaction between 

the whitefly and endosymbionts in the bacteriocytes. Advances in molecular techniques like 

genome-scale metabolic reconstruction coupled with constraint-based modeling offer
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What are the essential metabolic genes of cassava B. tabaci (SSA1-SG1) that co-operate with the 

primary endosymbiont? (Chapter 4)

Identification of essential osmoregulation and symbiosis gene targets was achieved by determining 

differential expression in the whitefly gut and bacteriocytes compared to the whole-insect body 

through RNAseq analysis. Bacteriocytes are special cells where the primary endosymbiont resides, 

a site of essential amino acid biosynthesis in whiteflies. Therefore, gene(s) enriched in the gut and 

bacteriocytes were selected and analyzed to determine their function. Genes selected were based 

on their unique features, such as domains and motifs that are related to either osmoregulation 

function or essential amino-acid biosynthesis or transport.

opportunities to explore the interaction between whitefly and its endosymbionts and to identify 

essential gene targets for pest management. In the recent past, a three-compartment model for 

Bemisia tabaci MEAM1, and its bacterial symbionts Portiera aleyrodidarum and Hamiltonella 

defense was reconstructed (Ankrah et al., 2017). It cannot be assumed that other species within the 

B. tabaci species complex will have exactly the same biochemical pathways, so these processes 

also merit investigation in other whitefly species, to develop specific and effective management 

options for different whitefly species. This study therefore was initiated to identify critical gene 

targets in cassava whiteflies that can be used as RNAi targets for cassava whitefly management. 

The research questions addressed in the following chapters are:

Genome-scale metabolic reconstruction coupled with constraint-based modeling was applied to 

identify key gene targets in essential amino acid biosynthesis and provisioning. Potential target 

genes include genes that encode for amino acid transporters, horizontally transferred genes and 

proteins that interact with intermediate precursors from endosymbionts for essential amino-acid 

biosynthesis in the whitefly bacteriocytes. The metabolic model was constrained to identify genes 

(essential genes), which limit growth when they are perturbed.

What are the key osmoregulation genes that encode enzymes that hydrolyze sucrose in the cassava 

whitefly (SSA1-SG1) gut? (Chapter 3)

What are the key symbiosis genes that are enriched in the cassava whitefly (SSA1-SG1) 

bacteriocyte? (Chapter 3)
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Efficacy of RNAi was studied by evaluating the performance of MEAM1 whiteflies on stably 
transformed tomato plants containing double-stranded RNA against aquaporin and the a- 
glucosidase (Sucrase) gene of MEAM1 B. tabaci. The tomato plants were transformed based on 
findings by Luo et al. (2017). The specific aim of this activity was to gain insights into how to 

develop an effective RNAi system to manage cassava whiteflies.
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Global economic importance of the whitefly, Bemisia tabaci (sensu latu)2.1
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In East Africa, whitefly contributed to the cassava mosaic disease pandemic in the 1990s, which 

caused devastating effects in cassava growing areas (Colvin et al., 2004) and to the more recent 

spread of cassava brown streak disease (Pati et al., 2015).

Whiteflies damage plants both directly and indirectly. Direct feeding causes a reduction in plant 

vigour, leaf chlorosis, general plant stunting and in some crops, it causes phytotoxic disorders like 

leaf silvering in cucurbits (Brown & Bird, 1992). When at high populations, whiteflies produce 

significant honeydew that acts as a substrate for fungal and sooty mold growth on the leaf surface, 

which reduces photosynthetic processes within the plant (Omongo et al., 2012). In addition, 

members of the B. tabaci species complex collectively transmits more than 110 plant viruses, some 

of which cause crop diseases that have been listed in the top 10 most economically damaging 

globally (Brown, 1994; Jones, 2003; Lowe et al., 2004; Maruthi et al., 2005; Scholthof et al., 

2011). These include Cotton leaf crumple virus, Squash leaf curl virus, African cotton leaf cur! 

virus, cassava mosaic begomoviruses and cassava brown streak ipomoviruses.

Members of B. tabaci species complex (Hemiptera: Stemorrhyncha: Aleyrodoidea: Aleyrodidae) 

rose to international prominence, due to their impact on agriculture as pests and vectors of plant 

viruses (Jones, 2003). Crop damage caused by B. tabaci species, either directly or indirectly, has 

been estimated in billions of USA dollars. For example, in areas affected by cassava mosaic virus 

diseases, total annual losses have been estimated at USS1.9-2.7 billion. (Scholthof et al., 2011). 

No study has yet been done to compile the estimates of damage caused by B. tabaci on crops 

globally, but the overall damage is enormous, given that some B. tabaci species such as MEAM1 

have a wide host range of more 48 plant families (Malka et al., 2018). The plant families affected 

most by B. tabaci include the Solanaceae, Malvaceae, Convolvulaceae, Brassicaceae, Asteraceae, 

Cucurbitaceae, Euphorbiaceae and Fabaceae (Hillocks et al., 2016). In tropical and sub-tropical 

countries, B. tabaci affects major food and cash crops, such as cassava (Manihot esculenta), sweet 

potato (Ipotnea batatas L) tomato (Lycopersicon esculentum M), eggplant (Solatium nielongena 

L), peppers (Capsicum spp), cotton (Gossypium hirsutum L) and tobacco (Nicotiana tabacum L) 

(Anderson et al., 2005).



Systematics of Bemisia tabaci2.2
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In addition to host-range utilization, other biological characteristics were considered and included 

in the subsequent biotype delimitation studies. These included: (i) insecticide resistance (Byrne et 

al., 2000; Denholm et al., 2008), (ii) capacity to transmit viruses especially begomoviruses (Simon 

et al., 2003), (iii) capacity to induce physiological changes like silver leafing (Costa & Brown, 

1991) and (iv) esterase profiles (Brown and Coats, 1992). These studies led to the identification of 

36 biotypes, namely: Cv, Cassava, A, G (India), Sida, AN, D, Okra, T, B, ZHJ2, S, G (Guatemala), 

B2, PCG-2, Q, BR, SY, C, T, F, E, ZHJ1, PCG-1, NA, P,M, Jatropha K, II, L, J, PK1, L (De Barro 

et al., 2011).

The identification, classification and naming of whitefly populations within the B. tabaci species 

complex has changed gradually since the first description of Aleyrodes tabaci by Panayiotis 

Gennadius (Gennadius, 1889). B. tabaci systematics has been influenced by increasing knowledge 

about the pest, aided by the development of robust diagnostic tools. Whitefly taxonomy was 

traditionally based on morphological characters of the 4th instar (Gill, 1992). However, these were 

later found to be inconsistent and plastic (Mound, 1963), so were unsuitable for distinguishing or 

classifying B. tabaci species (Resell et al., 1997). Mohanty and Basu (1986) also reported that 

morphological characters, especially of the 4th instar, were highly affected by the environment 

and physical factors such as humidity and temperature.

In the late 1950s, the biotype or host-race naming system for B. tabaci whitefly populations was 

initiated, naming whitefly populations based on the specific adaptation(s) to host plants. Bird 

(1957) conducted a study on the whitefly-transmitted virus of Jatropha gossypifolia L and 

observed that one whitefly population had a specific adaptation and transmitted virus exclusively 

to and from J. gossypifolia. This population, therefore, was named the Jatropha biotype. Another 

study by Burban et al. (1992) classified two whitefly populations as "cassava biotype" and "okra 

biotype” based on specific adaptations to different hosts. This evidence of differential host 

utilization also revealed a significant underlying genetic structure within the B. tabaci group. The 

genetic structure within B. tabaci was later confirmed by studying 18 B. tabaci populations 

collected from different geographic locations (Bedford et al., 1994).
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The naming of B. tabaci species based on morphology and allozymic characters initiated a debate 

as to whether B. tabaci was a group of cryptic species or a species complex (Bellows et al., 1994; 

Boykin, 2014). To answer this question, different molecular markers were developed to aid 

species delimitation. These included, 18S rDNA (Campbell et al., 1993), random amplification of 

polymorphic DNA (RAPDs) (DeBarro & Driver, 1997), mtCOl (Frohlich et al., 1999), cleaved 

amplified polymorphic sequences (CAPs) (Khasdan et al., 2005), PCR-RFLP (Rabello et al., 

2008) and cDNA AFLP (Guo et al., 2012). Of these, partial mtCOl gene-markers were used to 

reconstruct the first phylogeography of B. tabaci, proving that genetic, biochemical and behavioral 

polymorphism existed within B. tabaci and therefore that B. tabaci was a group of highly cryptic 

sibling species (Frohlich et al., 1999).

Acceptance of the evidence that B. tabaci comprises multiple cryptic species has been slow 

(Frohlich et al., 1999). Several additional phylogenetic studies have since been conducted, 

however, to study the genetic structure of the most economically damaging biotypes of B. tabaci 

(Abdullahi et al., 2003; Viscarret et al., 2003; Maruthi et al., 2004; Rekha et al., 2005; De la Rua 

et al., 2006). These studies used either parsimony or neighbor-joining methods, which could not 

resolve the global phylogenetic relationships between the biotypes of B. tabaci. As a result, Boykin 

et al. (2007) used Bayesian methods to determine the global relationship of B. tabaci based on 366 

partial mtCOl sequences. This revealed 12 major B. tabaci genetic groups, which were: B. tabaci 

(Italy), B. tabaci (Mediterranean), B. tabaci (Mediterranean/Asia Minor/Africa), B. tabaci (New 

World), B. tabaci (Sub-Saharan Africa non-silver leafing), B. tabaci (Uganda sweet potato), B. 

tabaci (China), B. tabaci (Australia), B. tabaci (Asia 1), B. tabaci (Indian Ocean), B. tabaci (Sub- 

Saharan Africa silver leaf) and B. tabaci (Asia II). Dinsdale et al. (2010) subsequently refined the 

global analysis of B. tabaci, also based on partial mtCOl sequences, by using quantifiable bounds 

to describe the genetic structure of the B. tabaci group. This provided a phylogenetic framework 

with the assignment of putative species. Based on a 3.5% genetic species boundary, a total of 24 

putative cryptic species were proposed. These included: Mediterranean (Q, J, L, Sub-Saharan 

Africa silver leaf), New World (A, C, D, F, Jatropha, N, R, Sida), Asian II-2 (ZHJ1), Asian II-7 

(Cv), Asian II- 8, China 2, Asian II 1 (K, P, ZHJ2), Uganda, Asia 1 (H, M, NA), 

Australia/Indonesia, Australia (AN), China 1 (ZHJ3), Indian Ocean (MS), Middle East Asia Minor 

(Bi, B2), Middle East-Asia Minor 2, Asia II-4, Asia II-5 (G), Asia II 6, Italy (T), Sub-Saharan 

Africa 1, Sub-Saharan Africa 2 (S), Sub-Saharan Africa 3 and Sub-Saharan Africa 4 (Figure 2.1).
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Figure 2.1: Evolutionary relationship of B. tabaci based on Bayesian analysis (Dinsdale et al..
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divergence; blue boxes represents 11 high-level (genetic groups) separated by 11% sequence

divergence. Biotypes are presented in the parenthesis. The figure is reproduced from De

Barro et al. (2011)
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Several reciprocal mating studies have been done to determine the extent of reproductive isolation 

between genetic groups within the B. tabaci species complex (Bedford et al., 1994; Maruthi et al., 

2001; Maruthi et al., 2004; Zang and Liu, 2007; Sun et al., 2011; Wang et al., 2011; Liu et al., 

2012). The principle behind these studies is that two whitefly populations are reproductively

After the refinement of the global mtCOl phylogenetic relationships of B. tabaci (De Barro et al., 

2011), additional reports of new species from different regions were published. Four new B. tabaci 

species (Asia 11-9, Asia 11-10, China 3 and Asia III), for example, were reported in China (Hu et 

al., 2011), one from India (Asia I - India) and Argentina (New World 2) (Alemandri et al., 2012; 

Chowda-Reddy et al., 2012). In 2013, the total number of B. tabaci putative species including a 

new species JPL earlier reported in Japan by Ueda et al. (2009) had risen to 31 (Lee et al., 2013). 

This study also revealed that six B. tabaci species (Australia, Mediterranean, New World, Sub 

Saharan Africa 1, Asia II-7 and Asia 11-1) had a genetic divergence higher than 3.5%. Therefore, 

these authors expressed a need to increase the 3.5% genetic boundary to 4.0%, to get a more 

realistic species delimitation. In addition, Firdaus et al. (2013) urged that more genes should be 

included in the analysis to resolve species delimitation amongst B. tabaci species. This is because 

the investigation of individual genes cannot provide an accurate description of genome-wide DNA 

sequence divergence. This was illustrated by the inclusion of additional sequences described in 

Ueda et al. (2009) and resulted in two new groups Japan 1 and Japan 2. Other groups reported 

included Asia II-l 1, Sub-Saharan Africa 5, Asia IV and Asia 11-12. To date, more than 39 cryptic 

B. tabaci species have been proposed (Mugerwa et al., 2018).

Ln addition to phylogenetic methods, mating compatibility studies have been conducted on many 

B. tabaci populations to test their biological species status. This is because phylogenetic methods 

can provide a molecular-identification framework, but the application of the biological species 

concept is central to the identification of species (Mayr, 1942; Suatoni et al., 2006; Liu et al., 

2012). Speciation is influenced by evolutionary processes which include (i) mutation, (ii) 

migration, (iii) natural selection and (iv) genetic drift. These processes may affect the genetics, 

physiology, morphology, behaviour and development of the affected organism within the 

population (De Queiroz, 2007). These aspects may cause reproductive isolation, which renders 

some members of the population unable to interbreed. Therefore, defining species based on their 

ability to interbreed is more robust than using only molecular markers.



2.2.1 B. tabaci species associated with African cassava production and cassava diseases
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More studies on B. tabaci species delimitation are still on-going in different cropping systems. 

Figure 2.1 shows that some lineages within B. tabaci are evolving rapidly which makes precise 

species delimitation especially at 3.5% mtCOl sequence divergence difficult. Combination of both 

molecular and mating studies, increasing the genetic species boundary and including more genes 

will improve species delimitation of closely-related B. tabaci species.

incompatible, if reciprocal crosses do not result in female progeny (Byrne & Devonshire, 1996; 

Xu et al., 2010). The relationship between phylogenetically and biologically identified cryptic 

species within B. tabaci remains to be determined, because there are examples of species showing 

mtCOl genetic divergence greater than 8% yet mating successfully (Qin et al., 2016) and 

incompatibility shown between species with less than 3.5% mtCOl sequence divergence 

(Vyskocilova et al., 2018).

The term "superabundant’' was first used for cassava B. tabaci to describe those populations in the 

cassava growing areas in Uganda (Legg et al., 2014a; Legg et al., 2011), where the insects were 

so numerous that they gave rise to symptoms of physical damage. The CMD pandemic that 

devastated cassava production causing 100% yield loss in the 1990s was associated with unusually 

high whitefly populations (Colvin et al., 2004). Legg et al. (2002) identified two distinct B. tabaci 

mtCOl genotypes called Uganda 1 (Ug 1) and Uganda 2 (Ug2) with a partial mtCOl sequence 

divergence of approximately 7.8%. These were categorized subsequently by Dinsdale et al. (2010) 

as Sub-Saharan Africa 1 (SSA1) and Sub-Saharan Africa 2 (SSA2), respectively. SSA2 was 

proposed to be an invader species with close relatives in West Africa. It was claimed to be the 

predominant population behind the “front" of the CMD epidemic, while SSA1 was restricted 

primarily to locations "ahead" of the “front" (Legg et al., 2002). Based on these observations, Legg 

et al. (2002) hypothesized that SSA2 was one of the main causes of the CMD pandemic in Uganda. 

This interpretation of the data, however, was not supported by Maruthi et al. (2001), who 

conducted a study to compare mating compatibility, life-history traits and RAPD-PCR variation 

of whitefly population in pandemic and non-pandemic zones. Results from this study revealed that 

populations collected from behind and ahead of the CMD front had similar RAPD-PCR banding 

patterns, no statistically significant difference in both fecundity and nymphal development and
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Recent surveys in cassava producing areas, especially those affected by both CMD and CBSD, 

revealed that the SSA1, in particular a sub-clade called SSA1-SG1 has continued to maintain high 

populations and has hence described as “super-abundant” (Legg et al., 2014b), while the SSA2 

population has become rare (Sseruwagi et a!., 2005; Mugerwa et al., 2012). Studies are still on­

going to determine the factors that influenced the shift in the population dynamics of these two B. 

tabaci populations.

To combat cassava viral diseases and their B. tabaci vector, efficient and durable management 

options are required. Previous studies have shown that species within the B. tabaci complex 

respond differently to management interventions (Frewin et al., 2014; Naveen et al., 2017), so 

before designing interventions, a detailed study needs to be carried out on the species of interest 

to design effective options that are well-tailored to that species. In this thesis, therefore, SSA1- 

SG1 was studied to identify essential gene targets for the management of their abundant 

populations in the cassava-producing areas of East Africa.

were not reproductively isolated. They concluded, therefore, that the CMD pandemic in East 

Africa was unlikely associated with a distinct and invasive genetic group of cassava B. tabaci.

In addition to the two whitefly species associated with CMD pandemic, a total of 11 putative 

species belonging to the sub-Saharan Africa mtCOl high level genetic group clade have been 

reported. These have been termed SSA3 to SSA13 (Abdullahi et al., 2003; Berry et al., 2004; 

Esterhuizen et al., 2013; Mugerwa et al., 2018). Of these, five reported on cassava include: SSA1, 

SSA2, SSA5, SSA8 and SSA10 (Boykin et al., 2013; Esterhuizen et al., 2013; Mugerwa et al., 

2018). SSA1 comprises five subgroups, which include Sub-Saharan Africa 1-subgroup 1 (SSA1- 

SG1), Sub-Saharan Africa 1-subgroup 2 (SSA1-SG2), Sub-Saharan Africa 1-subgroup 3 (SSA1- 

SG3), Sub-Saharan Africa 1-subgroup 4 (SSA1-SG4) and Sub-Saharan Africa 1-subgroup 5 

(SSA1-SG5) (Ghosh et al., 2015). Some of these whitefly populations exhibit significant 

biological differences in fecundity and survivorship and Mugerwa et al. (2019), for example, 

reported that SSA1-SG1 produced a significantly higher number of eggs and resulting adults, 

compared to SSA1-SG3.
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A few studies have been conducted on the efficiency of using biological control methods in the 

field management of whitefly species. Under field condition, more than half of immature nymph 

and egg mortality is due to dislodgement, parasitism and predation (Asiimwe et al., 2007b). 

Beneficial insects, therefore, have been used in the development of biological management options 

for whiteflies in different cropping systems. A classic example of the use of biological control is 

provided by the management of citrus woolly whitefly, Aleurothrixus floccosus Maskell (Umeh & 

Adeyemi, 2011). In East Africa, the most common parasitoids of B. tabaci belong to family 

Aphelinidae. These include Eretmocerus mundus Mercet, Encarsia lutea, Encarsia adrianae and 

Encarsia sophia (Otim et al., 2005). Surveys conducted in Uganda and other cassava producing

Several approaches have been taken to manage whitefly populations in different cropping systems. 

These include cultural, chemical, biological and the use of host-plant resistance. There has also 

been increasing interest in the application of molecular and biotechnological tools and strategies 

for whitefly control.

Cultural practices such as intercropping, crop rotation, use of host-free periods and physical 

exclusion strategies have been applied in horticultural crop systems (Hilje et al., 2001). The 

principle behind these activities is to create an unfavourable environment for the growth of 

whitefly populations. Asiimwe et al. (2007b) reported high B. tabaci egg mortality due to 

dislodgement resulting from a combined effect of environmental factors (wind and rain) and 

physical force. Dislodgement, therefore, can be facilitated by crop arrangement and spacing. These 

approaches have been unsuccessful in African cassava production, however, because cultural 

methods require communal cooperation between fanners, which has been difficult to achieve in 

many cassava-producing areas. In addition, the B. tabaci species and sub-groups that utilize 

cassava have a wide range of alternate hosts. SSA1, for example, can utilize and colonize many 

non-cassava plant species. These include: Euphorbia heterophylla L, Manihot glaziovii Mull. Arg, 

Jatropha gossypifolia L, Phaseolus vulgaris L, Solanuni melongena L, Sida acuta Bunn, Vernonia 

amygdalina Delile, Commelina benghalensis L, Cucurbita moschata Duchesne, Solanum 

lycopersicon Mill, Abelmoschus esculenta L and Aspilia Africana C.D. Adams (Sseruwagi et al., 

2006; Mugerwa, 2018). These alternate host-plants, therefore, facilitate survival of whitefly 

populations, even during periods when cassava is unavailable.
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Smith (2005) defined host-plant resistance as the sum of all constitutive genetically inherited 

qualities that may include mechanisms like antibiosis and antixenosis. Through antibiosis, the 

plant as a host poses an adverse effect on insect biology (larval mortality, disturbance of life cycle 

and reduction in fertility of the insects), while antixenosis relates to non-preference for oviposition 

or/and feeding leading to low oviposition on resistant genotypes. Antixenosis is due to the presence 

of morphological traits (plant hairs/trichomes and waxy layer) and/or constitutively or induced 

secondary metabolites that affect insect behaviour causing mild to lethal effects on different

areas have shown that Aphelinid parasitoids of genera Eretmocenis and Encarsia occur in all 

whitefiy-infested areas (Gerling eta!., 1990; Otim etal., 2005). All these parasitoids have different 

mechanisms of attacking whitefly. E. mundus lays its eggs on the leaf underneath the B. tabaci 

nymph allowing the wasp larva to penetrate the whitefly nymph causing death, while Encarsia 

species oviposit directly within the whitefly nymph (Gelman et al., 2005). The ability of the 

natural enemy to develop faster and maintain a high population at a time when the prey population 

is still high as well as having efficient means of ovipositing and developing successfully within 

the host are the key factors required for successful biological control of the pest. In addition, 

Serangium n sp (Col., Coccinellidae) has been also reported as an effective natural enemy of 

cassava B. tabaci (Asiimwe et al., 2007a). Results from this study showed that a single Serangium 

n sp. larva consumed 1000 nymphs during its entire development. Integration of biological control 

strategies with other management options such as whitefly-resistant cassava varieties will not only 

make these methods effective, but also sustainable.

Breeding for host-plant resistance is potentially one of the most efficient method of managing 

cassava whitefly populations, especially among resource-constrained fanners. Limited studies 

have been done in screening for resistance, understanding inheritance and the genetic architecture 

of B. tabaci resistance in cassava. A number of genotypes resistant to South American whitefly 

species (Aleurotrachelus socialis Bondar) have been identified (Bellotti & Arias, 2001). These 

include: MEcu72, MEcu64, CG489-31 and CG489-34. To verify whether this resistance was 

effective against African cassava B. tabaci, Omongo et al. (2012) evaluated MEcu72 along with 

some selected Ugandan genotypes. MEcu72 and several Ugandan genotypes like Ofiimba chai, 

Nabwire 1 and Mercury showed the most promising level of resistance. More studies are required 

to characterize this resistance in order to develop breeding options/designs for B. tabaci resistance.
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In addition, use of reverse genetics tools or strategies such as RNAi may result in more efficient 

approaches for dealing with superabundant population of cassava B. tabaci. The success of these 

molecular tools depends on the effective design of constructs and selection of gene targets. In this 

study, both the identity of candidate gene targets in cassava whiteflies and the efficacy of RNAi 

against key osmoregulation genes in whiteflies are evaluated.

genotypes or indirectly by attracting natural enemies (Mithoefer & Boland, 2012). Secondary 

metabolites effective against B. tabaci include acyl sugars reported in Solatium pennelli (Liedl et 

al., 1995) and 7-epi Zingiberene in Solatium habrochaitus (Bleeker et al., 2012). There is no 

published information yet available on the mechanism of resistance against B. tabaci and 

secondary metabolites that repel or deter whiteflies from feeding or ovipositing on cassava. There 

is, therefore, a need to screen cassava genotypes to identify resistant or tolerant genotypes with 

these mechanisms, study the genetic architecture of these traits in cassava and also evaluate the 

U/CBSV transmission efficiency of different whitefly species on different cassava genotypes. The 

development of modem techniques like genome-wide association analysis and genomic selection 

can aid in the study of resistance to whitefly in cassava as a highly heterozygous crop.

Management of whiteflies in different cropping systems require species-specific management 

options that have been well-designed to manage the pest of interest without disrupting the 

ecosystem. Genetic tools for developing species-specific pest management options include RNAi 

and CRISPR/Cas9 (Bi et al., 2016). RNAi is a post-transcriptional gene silencing mechanism that 

leads to downregulation of specific gene(s) through a sequence-specific RNA degradation process. 

It was first discovered in the nematode species Caenorhabditis elegans (Fire et al., 1998). Since 

then, several studies on gene expression, gene function analysis and gene perturbation, have been 

reported. RNAi has been demonstrated as a proof of principle in the control of cyst nematodes 

(Klink et al., 2009; Sindhu et al., 2009), chewing insects including bollworm (Mao et al., 2011), 

com rootworm ( Baum et al., 2007; Baum, 2008), planthoppers (Chen et al., 2010; Zha et al., 

2011), phloem-sap feeding insects like aphids (Pitino et al. ,2011) and whitefly (Malik et al. ,2016; 

Thakur et al., 2014; Upadhyay et al., 2011). In 2007, Monsanto and DOW AgroSciences 

collaborated to develop SmartStax1 M, the first ever eight-gene-stacked com. Combination of
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Functional RNAi machinery should consist of two major components, which include both the core 

components (Argonaute protein, Dicer enzymes and RNA binding factors) and a systemic 

component (Siomi & Siomi, 2009). The RNAi mechanism is made up of three steps namely: 

initiation, guiding and cleavage. In the initiation step, the RNAi mechanism is triggered by the 

presence of double-stranded RNA (dsRNA) that is recognized by RNase III endonuclease (Dicer). 

The RNase III nuclease cleaves the dsRNA into small interfering double-stranded RNA (siRNA) 

fragments with 3’ overhangs of2 or 3 nucleotides, 5-phosphate and 3-hydroxyl termini making up 

a total of 21-25 base pairs (Hamilton & Baulcombe, 1999), with siRNA composed of two strands 

called, (i) sense (passenger strand) and (ii) antisense (guide strand) (Jinek & Doudna, 2009). The 

duplex is unwound to load the guide strand into the RNA-induced silencing complex (RISC), while 

the passenger strand is discarded. The RISC component consists of two factors: RNA-binding 

factors and argonaute ’slicers’ that together with the Dicer, form the core component of RNAi 

machinery (Lee et a!., 2004). The RNA-binding factor then guides the RISC component to identify 

a specific RNA transcript homologous to the guide strand of siRNA (Elbashir et al., 2001). Once 

identified, the RISC attaches to the target mRNA, allowing the RNase H, in an argonaute protein 

complex to cleave it into a single site 10-11 nucleotide upstream from the 5’ end of the siRNA 

(Figure 2.2) causing down-regulation of a gene (Hammond, 2005).

multiple modes of insect protection (RNAi and stacked Bt toxins) in SmartStaxIM 

in controlling a broad spectrum of both above-ground and underground pests.
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Figure 2.2; Mechanism of RNAi in the cell. The three steps include initiation, guiding and 

cleavage. RdRP that is responsible for amplification of the RNAi signal from one cell to 

another is missing in many insects. Figure reproduced from Majumdar et al., 2017.
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In addition to the core RNA machinery, some organisms exhibit a systemic component that 

amplifies the dsRNA signal from one cell to another and from one tissue to another within the 

organism (Siomi & Siomi, 2009). This is more efficient in plants and nematodes, especially C. 

elegans. These possess RNA-dependent RNA polymerase (RdRP), an enzyme responsible for the 

amplification of the RNAi signal from one cell to another, leading to a persistent and systemic 

RNA effect (Pak & Fire, 2007). Sijen et al. (2001) proposed that RdRP replicates siRNA as an 

epigenetic agent permitting their spread through the organism. Several studies conducted on 

insects have shown that RdRP is lacking in insects (Huvenne & Smagghe, 2010), even though the 

systemic spread of RNAi has been demonstrated in some beetles (Powell et al., 2017). It was
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The search for essential genes in different organisms has been increasing since the emergence of 

synthetic biology and genetic engineering. Essential genes are those that are required for normal

hypothesized, therefore, that efficient systemic RNAi does not exist in some insects. Efforts to 

identify orthologs of RdRP in insects have been initiated, especially as RNAi is becoming a tool 

of choice for pest management in various cropping systems.

Proteins like systemic interference defective-1 (SID-1) have been reported, that act as a dsRNA 

channel, facilitating uptake of dsRNA (environmental RNAi) (Winston et al., 2002). Though first 

reported in C. elegans, putative insect orthologs for the SID-1 gene have been described (Dong & 

Friedrich, 2005; Xu & Han, 2008). Earlier studies showed that SID-1 encodes for 11 helix 

transmembrane channel proteins that facilitate uptake of dsRNA, thereby mediating a systemic 

RNA effect (Jose & Hunter, 2007). Homologs of SID-1 have been identified in aphids (Xu & Han, 

2008). Efforts to identify and characterize major components of the siRNA machinery like R2D2, 

Dicer 2, Argonaute 2 and SID-1 in whitefly has been successful (Upadhyay et al., 2013). Results 

from this study showed that whitefly SID-1 had high amino acid sequence similarity (49-50%) 

with that of aphids, suggesting that whiteflies could also have systemic RNAi machinery. 

However, in the red flour beetle, Tribolium castaneum Herbst., SID-1-like genes are apparently 

not required for systemic RNAi, suggesting that this SID-1 -like gene may have a different function 

than dsRNA uptake (Tomoyasu et a!., 2008). Other studies have demonstrated that insect SID-1 

gene was homologous to TAG 130 and CUP-1 genes that encode for dietary cholesterol uptake and 

transport in C. elegans (Wyder et al., 2007; Valdes et al., 2012). Wolfrum et al. (2007) exploited 

this ability by using cholesterol-conjugated siRNA to silence gene expression in vivo. These results 

demonstrated that SID-I gene is a sterol transporter, unless a lipoplex technology for RNAi (Santel 

et al., 2006) is applied, it may not be effective in mediating movement of dsRNA or siRNA across 

membranes. Studies are needed to characterize siRNA machinery in both aphids and whiteflies to 

accelerate the development of insect-pest RNAi-based control strategies. In the meantime, 

identification of genes differentially expressed in insect body-parts like the gut or salivary glands 

will increase the efficacy of RNAi in the control of insect pests. This is because silencing such 

genes may not require systemic RNAi machinery.
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growth and development in a given organism under a given condition, whose disruption usually 

results in fitness disadvantage and/or lethality (Juhas et al., 2011). Essential genes have been 

characterized into two categories: (i) the core essential genes, which are universally required for 

every living cell and (ii) accessory essential genes that are critical in the specific biological system 

or for the survival of a specific cell type (Juhas et al., 2012). Due to the specificity, targeting 

accessory essential genes is important to minimize effects on non-target organisms. Identification 

of accessory essential genes in cassava whiteflies is of outstanding interest especially in the 

struggle to combat cassava-virus diseases and the causal viruses that are transmitted by cassava­

colonising B. tabaci.

Insect physiology includes seven important biological systems, which are: (i) nervous, (ii) 

respiratory, (iii) digestive, (iv) reproductive, (v) circulatory, (vi) endocrine and (vii) muscular, 

which are governed by numerous proteins or enzymes. A number of genes encoding these proteins 

or key enzymes have been targeted as control targets in many insect-management programs. Kola 

et al. (2015) reviewed many studies on insect management and catalogued key essential genes 

that have been targeted especially through RNAi. These include: (i) Vacuolar ATPase, (ii) 

Aminopeptidase N, (iii) Acetylcholinesterase, (iv) Vitellogenin, (v) Cytochrome P450 enzyme, 

(vi) Hydroxy-3-methyl glutaryl coenzyme A reductase, (vii) Arginine kinase, (viii) Chitin 

synthase, (ix) Catalase, (x) Tryptophan oxygenase, (xi) Allatostatin, (xii) Glutathione-S- 

transferase, (xiii) Hormone receptor gene and (xiv) Trehalose phosphate synthase. In whiteflies, 

several genes have been selected and used to assess the efficacy of RNAi. These genes varied in 

their efficiency showing that selection of genes has a very strong impact on the success of RNAi 

(Grover et al., 2019). Selection of these genes as a target depends on the effect of gene perturbation 

and efficacy of RNAi on the physiology and survival of the insect. In phloem-sap feeders, the 

digestive/osmoregulation system is the most important system to target for control of these insects. 

This is because hemipterans such as whiteflies and aphids feed solely on phloem-sap, a nitrogen 

deficient and sugar-rich diet (Douglas, 2006). Osmoregulation and symbiosis, therefore, are 

critical for the survival of the insect. The genes that, encode for proteins that mediate reactions in 

these systems are categorized as essential genes and are enriched in the gut and bacteriocytes, 

respectively. In this study, both structural and functional analyses were conducted to identify the
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accessory essential genes as potential gene targets for control of phloem-sap feeders, especially 

African cassava whiteflies.

Whiteflies feed solely on plant-phloem sap that is highly concentrated with sucrose, often 

exceeding 1 M. This results in an osmotic pressure that is two to five times greater than the osmotic 

pressure of the insect's haemolymph (Douglas, 2006). This imbalance would be expected to cause 

a continuous flow of water down the osmotic gradient from the insect haemocoel to the gut content, 

thus causing the body to dehydrate and insect to die. Since the osmotic pressure exerted by solutes 

is determined by their molarity and not their weight, phloem-sap feeders overcome the osmotic 

challenge by transforming sucrose into oligosaccharides of lower molarity (Rhodes et al., 1997) 

and water cycling. Osmoregulation has been studied in detail in the aphid (Acyrthosiphon pisum 

Hams) (Ashford et al., 2000; Cristofoletti et al., 2003). Based on these studies, aphids possess 

sugar-transforming enzymes, sucrase (a-glucosidase) especially in their proximal intestines that 

converts sucrose in the presence of water to a-D-glucose and p-D-fructose. The role of a- 

glucosidase was confirmed when aphids were fed on acarbose, an a-glucosidase inhibitor that 

inhibited sucrase activity in the gut homogenates (Karley et al., 2005). In whitefly, this enzyme 

has been identified as a-D-glucoside glucohydrolase (sucrase-transglucosidase) belonging to the 

GH-13 family (Jing et al., 2016).

The glycoside hydrolase (GH) superfamily is a large group of carbohydrate-active enzymes that 

hydrolyze glycoside bonds between two or more carbohydrates (Cantarel et al., 2009). 

Glucohydrolase family 13 formally known as an a-amylase family is the largest family of 

glycoside hydrolases and is composed of hydrolases, transglucosidases and isomerases 

(MacGregor et al., 2001). The GH-13 enzymes show sequence similarity and a conserved 

structural core composed of three domains called A, B and C. Domain A folds as a (p/a)s-barrel 

(TIM-barrel) (Abad et al., 2002), domain B is a loop inserted between the helix a3 and P3 of the 

(P/a)8-barrel (Janecek, 1997) and domain C, a C-terminal extension (Ramasubbu et al., 1996). 

Enzymes in GH-13 contain a catalytic triad that includes an aspartate (Asp 206) as a catalytic
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nucleophile, glutamate (Glu 230) that acts as a general acid/base and another aspartate (Asp 297) 

that acts in stabilizing the transition state (Uitdehaag et al., 1999). In addition to the catalytic triad, 

enzymes in GH-13 also contain an arginine residue. These enzymes use a double displacement 

catalytic mechanism to break down the glycosyl moiety bond in heterogeneous substrates.

The biochemical processes of sugar utilization have been investigated in Bemisia argentifolii (= 

B. tabaci MEAM1) (Salvucci, 2000). The difference, though, is the final sugar product in 

honeydew. Salvucci et al. (1997) showed that the honeydew of whitefly feeding on high dietary 

sucrose contained elevated levels of the disaccharide trehalulose (1-0-a-D-glucopyranosyl-D- 

fructose) and diminutive amounts of oligosaccharides. Byrne et al. (2003) estimated a total of 30% 

of the total carbohydrates found in whitefly honeydew to be trehalulose. Analysis of whitefly 

extract treated with bromoconduritol, an inhibitor of a-glucosidase activity, showed inhibition of 

both trehalulose synthase and a-glucosidase activity (Salvucci, 2000), thus confirming the role of 

trehalulose synthase in sugar transformation in whitefly. These results showed that the 

transglucosidase reaction varies according to the mode of action, producing different products. It 

is important, therefore, to study the mode of action of transglucosidase to identify key enzymes 

that are important in sugar transformation and transport within cassava whitefly B. tabaci species.

3 https://www.genome.jp/keRg-bin/show pathway?ec00500

Alpha-glucosidases are categorized into three types, I, II and III, based on substrate recognition 

(Nakai et al., 2005). The a-glucosidase family 13 type I has been observed in bacteria and insects 

(Chiba, 1997). They specifically recognize the a-glycosyl moiety and hydrolyze heterogeneous 

substrates such as sucrose. Three enzymes hydrolyze sucrose to fructose and glucose. These 

include sucrose a-glucosidase (EC 3.2.1.48), P-fructofuranosidase {Invertase) (EC 3.2.1.26) and 

a-glucosidase (EC 3.2.1.20) (KEGG database)3. Of these, transcripts for a-glucosidase (EC 

3.2.1.20) have been identified and reported to be enriched in the whitefly gut of MEAM1 (Jing et 

al., 2016). Monosaccharides arising from these transformations undergo various modifications. In 

the pea aphid, for example, fructose is assimilated across the gut walls, while glucose is 

transformed through gut transglucosidase activity into oligosaccharides that are released as 

honeydew (Ashford et al., 2000). Both the sucrase and transglucosidase activities contribute to the 

reduction of osmotic pressure of ingested phloem sap in the gut.

https://www.genome.jp/keRg-bin/show
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In general, the aquaporin channel forms a constriction pore halfway into the lipid layer (hourglass 

structure), comprised of six membrane alpha-helical domains connected by five extramembrane 

loops (Figure 2.3). In the centre of the pore is an asparagine-proline-alanine motif that forms a ring 

(Jung et al., 1994). This pore is restricted by four residues (phenylalanine, histidine, cysteine and 

arginine) that comprise the Ar/R restriction site forming a principal filter of the channel, regulating 

the flow of water through the channel. Results from earlier studies demonstrated that BtAQPl is 

located primarily in the filter chamber and anterior ileum of the hindgut (Mathew et al., 2011). A 

detailed description of the filter chamber has been reported by Ghanim et al. (2001), who 

demonstrated that a filter chamber is a highly specialized organ that allows passage of water down 

the osmotic gradient in the whitefly gut. Aquaporins, therefore, regulate osmoregulation by 

facilitating the osmotic movement of water from the distal gut to the proximal midgut ensuring 

equilibrium of the osmotic pressure between the haemolymph and the gut lumen.

Major intrinsic proteins are classified into functional categories based on the identity of amino 

acids in the aromatic/arginine (ar/R) region, which determines the size and selectivity of the MIP 

pore. Based on the crystal structure of the ar/R, member proteins like aquaporins are categorized 

as water-specific proteins and non-water specific proteins (aquaglyceroporins and glycerol 

facilitators). Water selectivity in water-specific aquaporins is achieved by a specialized structure 

of the ar/R residue that comprises four amino acids: (i) Phe at helix 2, (ii) His at helix 5, (iii) Cys

Phloem-sap feeders also overcome the osmotic challenge through water cycling in the gut through 

a specific water-channel protein, aquaporin (Campbell et a!., 2008; Shakesby et al., 2009). 

Aquaporin, a major intrinsic protein of 28kDa was first described by Preston et al.(1992). The 

major intrinsic protein (MIP) family comprises more than 800 members, categorized into three 

classes, which are: (i) the aquaporins that conduct water and ions, (ii) aquaglyceroporins, that allow 

passage of water and (iii) uncharged molecules and glycerol-facilitators that facilitate glycerol 

transport (Van Ekert et a!., 2016). In whitefly, B. tabaci (MEAM1), aquaporin 1 

(BlDRIP/BtAQPl) has been reported to transport water(Mathew et al., 2011). This water-specific 

aquaporin has been also reported in Aedes aegypti L (Drake et al., 2015), in Acyrthosiphon pisuni 

(Shakesby et al., 2009) and Drosophila melanogaster Meigen (Kaufmann et al., 2005).
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at LEi and (iv) Arg at LE2, forming a narrow constriction region of 2.8 angstrom (1 angstrom ~ 

0.1 run) (Sui etal., 2001; Thomas et al., 2002). The amino acid at LEi in ar/R filter of water-specific 

aquaporin varies in different insect species. For example in B. tabaci MEAM1, BtDRIP/BtAQPl , 

the conserved water selective ar/R selectivity filter, comprised of Phe 71, His 198, Ala 207 and 

Arg 213 (Van Ekert et al., 2016). Non-water selective aquaporins (aquaglyceroporins) such as 

Aquaporin 3 (AQP3), Aquaporin 7 (AQP7) and Aquaporin 9 (AQP9) contain different amino acids 

in the ar/R residue. These include Try at helix 2, Gly at helix 5, Try at LEi and Arg at LE2, forming 

a constriction region of 3.4 angstroms that allowed transport of uncharged dissolved molecules 

like C02, glycerol, ammonia and urea at a lower rate (ibid).

Figure 2.3: Structure of water-specific aquaporin. (a) The structural layout of AQP1 

monomer comprised of six membrane-spanning helices connected by five loops, (b) 

Functional layout of the AQP1 monomer forming a water channel. The figure was 

reproduced from Zeuthen (2001).

Ny (A



Symbiosis and amino-acid provisioning in plant phloem-sap feeders2.7

2.7.1 Primary and secondary symbionts in phloem-sap feeders
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Phloem-sap feeding insects cannot synthesize ten amino acids that are required for protein 

synthesis. These include: (i) histidine, (ii) methionine, (iii) isoleucine, (iv) phenylalanine, (v) 

leucine, (vi) lysine, (vii) threonine, (viii) tryptophan (ix) valine and (x) arginine. The problem is 

aggravated by the fact that phloem sap of most plants has a low concentration of amino acids (0.1- 

2 mg ml'1), yet phytophagous insects require amino acids for their growth, reproduction and 

development (Sandstrom & Pettersson, 1994). The reduction in the concentration of even one 

essential amino acid, therefore, can affect the growth and reproduction of the insect drastically 

(Douglas, 2006). To overcome this problem, whiteflies and other phloem-sap feeders depend on 

endosymbionts for the provisioning of essential amino acids (Douglas & Prosser, 1992; Gunduz 

& Douglas, 2009).

Whiteflies, like other phloem-sap feeders, possess both obligate intracellular (primary symbionts) 

and facultative (secondary symbionts). Primary symbionts are vertically transmitted via the female 

ovary through a process called transovarial transmission (Luan et al., 2016) and are restricted to 

the cytoplasm of a specialized insect cell known as a bacteriocyte, which acts as a medium of 

interaction between the host and symbiont (Baumann, 2005; Heddi et al., 2005). Their major role 

is to provide several essential amino-acids or metabolites for intermediate reactions for essential

Classical insect aquaporins have been further classified into four major subfamilies that are: (i) 

Pyrocoelia rufa integral protein (PRIP)-likc (Lee et al., 2001), (ii) Drosophila integral protein 

(DRIP)-like (Kaufmann et al., 2005), (iii) the big brain protein (BIB) (Campbell et al., 2008) and 

(iv) entomoglyceroporin (Eglps) (Finn et al., 2015). DRIPs and PRIPs contain sequence motifs 

like the water-specific channel comprised of asparagine-proline-alanine (NPA) boxes both in the 

loop B (cytoplasmic) and loop E (extracellular) that define the water channel. The water-selective 

aquaporin in B. tabaci MEAM1 (BtAQPl) belongs to the DRIP subfamily (Van Ekert etal., 2016). 

It is important to identify and functionally characterize aquaporins in other B. tabaci species, so in 

this study, the water-specific aquaporin was identified as a gene target for the management of 

superabundant cassava B. tabaci (SSA1-SG1) using RNAi.
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Secondary symbionts play various roles in their host, which include: (i) ability to withstand heat 

stress (Brumin el al., 2011), (ii) host range expansion (Henry et al., 2013), (iii) resistance to natural 

enemies (Mahadav et al., 2008), (iv) resistance to pathogens (Hedges et al., 2008), (v) insecticide 

resistance (Ghanim & Kontsedalov, 2009) and (vi) more efficient virus transmission (Gottlieb et 

al., 2010). Some secondary symbionts such as Rickettsia have also been reported to benefit their 

whitefly hosts by increasing their fitness by influencing reproduction, especially as a female-biased 

sex ratio, fecundity and faster development time (Asiimwe et al., 2014). Furthermore, secondary 

symbionts contribute to the nutritional requirements of their host. For example, Hamiltonella 

defensa in aphids has been reported to supply essential vitamins except for pantothenate (B5) and 

thiamine (Bl) (Degnan et al., 2009) and Heteropsylla cabana Crawford compliments Carsonella 

eucalypti in the biosynthesis of tryptophan in psyllids (Sloan & Moran, 2012b).

In addition, B. tabaci species have a diversity of secondary symbionts which include Wolbachia 

(Rickettsiales~) (Ghosh et al., 2015), Fritschea (Chlamydiales), Arsenophonus (Enterobacterioles), 

Hamiltonella (Enterobacterioles) (Thao & Baumann, 2004b), Cardinium (Bacteroidetes) and 

Rickettsia (Rickettsiales) (Gottlieb et al., 2006). Studies on Asian whitefly species have also 

revealed a secondary symbiont called Hemipteriphilus (Rickettsiales) (Bing et al., 2013). 

Secondary endosymbionts can be vertically transmitted as well as horizontally transmitted at a 

longer evolutionary time-scale, so occupy different locations within the host, for example, in the 

sheath cell of bacteriocytes, guts, and reproductive organs (Engelstadter & Hurst, 2009). Ln some 

cases, Hamiltonella, Arsenophonus, Wolbachia, Cardinium and Rickettsia have been found 

together with a primary symbiont in the bacteriocytes within the whitefly (Gottlieb et al., 2008). 

This fosters co-operation with the primary symbiont in essential amino-acid biosynthesis (Ankrah 

et al., 2017)

amino-acid biosynthesis in the host. Examples of primary symbionts include: (i) Buchnera 

aphidicola in aphids, (ii) Tremblaya princeps in mealybugs, (iii) Carsonella ruddi in psyllids and 

(iv) Portiera aleyrodidarum in the B. tabaci species complex (Thao & Baumann, 2004a).

Several studies have also demonstrated that phloem-sap feeders especially aphids and whiteflies 

have shared metabolic pathways (Russell et al., 2013; Luan et al., 2015), through which the host
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The whitefly host also contributes to this interaction. Some critical amino-acid biosynthesis genes, 

for example, for serine and proline, are missing in both the Portiera and Hamiltonella genomes 

(Rao et al., 2015). However, analysis of whitefly transcriptome sequences revealed that the 

missing reactions are performed by the whitefly itself (Wang et al., 2010). This phenomenon has 

also been also reported in the aphid-Buchnera interaction (Russell et al., 2013). This contribution 

facilitates symbiosis in at least two ways, which are: (i) the whitefly possesses genes for 

biosynthesis of non-essential amino acids like glutamate, glutamine, asparagine, serine, aspartate, 

alanine, glycine, proline, tyrosine and cysteine. These amino acids are produced in sufficient 

quantities to meet the needs of both the whitefly and the bacterial symbionts, (ii) Amino acids can 

then be transformed into essential amino acids through transamination, a process in which the 

amino group from an amino acid is transferred to an alpha-keto acid, thereby generating a new 

amino acid from an existing one. An example is amino-acid glutamate, which is a precursor of a 

number of essential amino acids, such as threonine, isoleucine, valine, leucine and lysine (Sasaki 

& Ishikawa, 1995). Glutamate is converted from glutamine, a dominant amino acid in the phloem­

sap (Sandstrom & Pettersson, 1994; Valle et al., 1998). In aphids, in silico modeling of flux 

through a metabolic network showed that four non-essential amino acids (aspartate, glutamate,

synthesizes amino acids and other metabolic products from either dietary precursors like sucrose 

or metabolites from primary endosymbionts (Douglas, 1998). Analysis of whitefly gene expression 

revealed that the whitefly genome interacts with Portiera aleyrodidanim (henceforth referred to 

as Portiera) in amino acid and carotenoid biosynthesis (Upadhyay et al., 2015). The Portiera 

genome is highly reduced (357 kb) with conserved genes encoding for mostly essential amino 

acids and carotenoids (Santos-Garcia et al., 2012; Rao et al., 2015).The majority of its metabolism 

genes (50-60%) contribute to the synthesis of the nine essential amino acids (Luan et al., 2015). 

Portiera has genes that encode for proteins involved in the terminal reaction of threonine and 

tryptophan biosynthesis, while it lacks the last reactions in the biosynthesis of seven essential 

amino acid (histidine, lysine, valine, isoleucine, leucine, phenylalanine and arginine) (Sloan & 

Moran, 2012a; Luan et al., 2015). These amino acids and metabolic intermediates are transported 

from the bacteriocyte to the whitefly. Portiera also lacks almost all the genes required for the 

synthesis of vitamins and cofactors, however these genes are found in some secondary 

endosymbionts.
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The contribution of the whitefly host in the symbiotic relationship has been facilitated by both 

nitrogen recycling (Upadhyay et al., 2015) and lateral acquisition of genes from bacteria (Luan et 

a!., 2015). These horizontally transferred genes are integrated into the whitefly genome, thereby 

compensating for gene loss in the bacterial symbiont and contributing to essential amino-acid 

biosynthesis (Husnik et al., 2013; Sloan et al., 2014). Therefore, as the bacterial symbionts lose 

genes due to relaxed functional constraints on redundant genes (Andersson et al., 1998), the host 

acquires new genes coding for critical reactions, allowing the host to alter metabolite flux through 

the shared metabolic pathway, thereby retaining control over essential amino-acid production.

serine and glutamine) are taken up by the primary symbiont, Buchnera aphidicola, as a precursor 

of essential amino acids (Gunduz & Douglas, 2009). The contribution of whitefly (MEAM1) to 

the Portiera symbiont relationship has been reported by Luan et al. (2015) and Ankrah et al. 

(2017), with inputs like pyruvate and aspartate.

The crosstalk between host and symbionts is also facilitated by amino-acid transporters (amino­

acid polyamine organocation transporters and the amino-acid transporters). Orthologs of these 

genes have been reported in the citrus mealybug, Pianococcus citri Risso (Price et al., 2011). 

Studies are required to identify these transporters in whitefly especially in the cassava B. tabaci. 

In general, identification of these key genes that (i) control essential amino-acid biosynthesis, (ii)

The lack of essential genes in the host and its primary symbiont raises a question of how the carbon 

skeleton of missing essential amino acids are produced in the whitefly. This is achieved by 

interacting with secondary endosymbionts, especially those that co-exist with Portiera in the 

bacteriocyte (Chiel et al., 2009). Hamiltonella defensa, for example, contains genes that are 

lacking in both the whitefly and Portiera for the biosynthesis of lysine (dapB) (Luan et al., 2015). 

Recent metabolic modeling studies on the MEMAX-Portiera-Hamiltonella interaction, however, 

showed that Hamiltonella produces lysine and threonine, but only in sufficient quantities to meet 

its own nutritional requirements (Ankrah et al., 2017). In addition, it also contributes multiple 

vitamins and co-factors like biotin (B7), folic acid (B9), riboflavin (B2), pyridoxine (B6) to the 

whitefly-symbiont relationship (Skaljac et al., 2010; Rollat-Famier et al., 2015). More studies are 

required to study the contribution of different secondary symbionts to the nutritional demands of 

different whitefly species. This will enable the selection of more efficient gene targets for 

controlling B. tabaci species.
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In aphids, the dynamic recruitment of amino acid transporters to the aphid/Buchneva interface has 

been studied (Duncan et al., 2014). Limited information is available on the recruitment of amino­

acid transporters on the whitefly/Portiez-o interface. Identification of key amino acid transporters

transport amino acids and metabolic intermediates and (iii) facilitate nitrogen recycling in whitefly 

will facilitate the development of effective biotechnological control strategies to combat whitefly.

The distribution of essential amino acids from the endosymbionts to the host tissues and amino 

acids from the host to the endosymbiont across the symbiosome membrane is mediated by amino­

acid transporters (Douglas, 2014; Duncan et al., 2014). A symbiosome membrane is a special 

membrane that separates the endosymbiont and the host in the bacteriocyte. Key amino-acid 

transporters reported in eukaryote cells belong to two gene families: the amino acid/ auxin 

permease (AAAP) family (transporter classification (TC) # 2.A.18) and the amino acid polyamine 

organocation (APC) family (TC # 2.A.3) (Castagna et al., 1997; Saier et al., 2016). APC amino­

acid transporters act as antiporter, uniporter and symporter, therefore, they catalyze uptake as well 

as the exchange of amino acids across the membrane, while the AAAP family uses the symport 

mechanism for single or multiple amino acids across a lipid membrane (Saier, 2000). Amino-acid 

transporters have been further classified into different systems depending on the substrate specialty 

(profile of amino-acids transported) and the transport mechanism. Based on substrate profile, 

amino-acid transporters interact with amino acids depending on the polarity and electrochemical 

properties of their side chains. Therefore, the polar cationic amino acids (lysine and arginine) are 

mediated by the y’L transport system, which in presence of Na", also mediate the neutral amino 

acids (leucine, methionine and glutamine) (Vanwinkle et al., 1985). Other transport systems for 

cationic amino acids include; B°-" (lysine, arginine, alanine and valine), b0," (lysine, arginine and 

leucine) and y+ (lysine, arginine and ornithine) (Deves et al., 1992; Dye et al., 2004). In addition, 

transport of neutral amino acids is also mediated by system L, system A (glycine, isoleucine, 

leucine, methionine, phenylalanine and proline), system ASC (alanine, threonine, serine and 

cysteine), system T (tryptophan, phenylalanine and tyrosine) and system N (glutamine, asparagine 

and histidine), while polar anionic amino acids are transported via X'c (Cystine & glutamate), 

system X’ag (aspartate and glutamate) and system X'a (Aspartate) (Bridges et al., 2012).
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enriched in the bacteriocytes is very important especially as the search for accessory essential 

genes in whiteflies has become relevant. Recently, a total of 14 putative APCs and 25 putative 

AAAPs were identified in B. tabcici MEAM1 (Xia et al., 2017), however, this study used whole 

body samples of four different life stages of whitefly to screen for amino-acid transporters. To 

identify amino-acid transporters that play a significant role at the whitefly/Porftera interface, 

amino-acid transporters enriched in the bacteriocytes should be identified and characterized.

In summary, the impact of B. tabaci on the economy and food security of Sub-Saharan Africa 

warrants an urgent response to manage the damage caused by cassava whiteflies. In this study, the 

two critical physiological systems of the whitefly, osmoregulation and symbiosis were investigated 

to identify accessory, essential-gene targets for the management of cassava B. tabaci SSA1-SG1 

through RNAi. Genes of interest were: (i) gene(s) that encode for proteins that mediate water 

recycling in the gut of SSA1-SG1 whiteflies, (ii) genes that encode for enzymes that mediate 

sucrose hydrolysis and transglucosidation and (iii) symbiosis genes that are enriched in the 

bacteriocytes (transaminases, amino-acid transporters and horizontally-transferred genes).
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IDENTIFICATION OF KEY OSMOREGULATION AND SYMBIONT GENES AS

3.1 INTRODUCTION
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Bemisia tabaci (sensu latu) feed solely on phloem-sap, which presents physiological challenges 

(Section 2.6 & 2.7). Understanding how phloem-sap feeders overcome these physiological 

challenges offers opportunities for identifying key gene targets and designing effective pest 

management strategies for phloem-sap feeders. The specialized food source of B. tabaci and other 

phloem-sap feeders makes them vulnerable to genetic perturbations especially when physiological 

systems, for example, those that mediate osmoregulation and amino acid provisioning are targeted 

(Douglas, 2006). Osmoregulation genes are required for the maintenance of fluid homeostasis 

within the insect body cavity. Due to the high osmotic pressure exerted by the sugar-rich diet 

ingested in the gut, osmoregulation genes, sugar processing and water recycling genes have been 

reported to be enriched in the insect gut (Karley et al., 2005; Jing et al., 2016). Symbiosis genes, 

on the other hand, are required for amino acid biosynthesis and provisioning between B. tabaci as 

a host and the symbionts in the bacteriocytes. The shared metabolic pathways between B. tabaci 

and its primary endosymbionts have been studied in B. tabaci MEAM1 (see Section 2.7.2). 

Potential symbiosis genes that play a significant role in the provisioning of amino acid especially 

in host-symbiont relationships include (i) amino acid transporters, (ii) amino acid transaminase 

and (iii) horizontally transferred genes in the bacteriocytes (Douglas, 2014; Luan et al., 2015).

TARGETS FOR CONTROLLING CASSAVA WHITEFLIES (BEMISIA TABACI) 

USING RNA INTERFERENCE.

Advances in molecular techniques especially next-generation sequencing technologies, are 

allowing the study of these physiological processes at high resolution. RNA sequencing (RNAseq), 

for example, has been used to study physiological processes at the transcriptional level in different 

organisms, allowing quantification and comparison of gene expression which facilitates 

identification of essential genes (Wang et al., 2009). In this study, the differential expression of 

genes in the cassava B. tabaci (SSA1-SG1) gut and bacteriocytes was analyzed to identify essential 

gene targets for the management of B. tabaci SSA1-SG1 population using RNA interference. 

Functional analysis of the genes enriched in gut and bacteriocytes was done to select the best gene
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targets, whose disruption would potentially have a detrimental effect on B. tabaci SSA1-SG1 
survival.
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MATERIALS AND METHODS3.2

Dissection of guts and bacteriocytes from cassava B. tabaci3.2.1

Figure 3.1: Dissected bacteriocytes and gut from the abdomen of B. tabaci (SSA1-SG1)
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Genes enriched in the gut and bacteriocytes were identified by comparing gene expression either 

(i) in the B. tabaci gut and (ii) bacteriocyte with the whole-body. The cassava B. tabaci population 

(SSA1-SG1) used in this study was derived from a single virgin female and male originally 

collected from Namulonge, Uganda, an area with superabundant B. tabaci populations and a high 

incidence of both Cassava brown streak disease and Cassava mosaic disease. The B. tabaci

population was maintained at the Natural Resources Institute, the University of Greenwich, on 

aubergine (Solanum melongena cv. Black Beauty) under insectary conditions (60% relative 

humidity, 28°C and 12h light: 12h dark regime) with 500 pmol m'2s_| PAR. light intensity. 

Approximately 300 guts and more than 10000 bacteriocytes were dissected in phosphate buffered 

saline (PBS, IX) from 300 and 500 female adult whiteflies respectively, belonging to cassava B. 

tabaci species SSA1-SG1 using fine pins and a stereomicroscope. Both guts and bacteriocytes 

were maintained in RNAlater™ stabilization solution (Invitrogen1M) to preserve their RNA 

quality. A total of 50 female adult whiteflies were also collected and immediately stored at -80°C 

for analysis of gene expression in wholebody.
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3.2.2 RNA extraction from dissected guts and bacteriocytes

3.2.3 rRNA depletion and RNAseq library preparation
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Total RNA was depleted of cytoplasmic and mitochondrial rRNA using the Ribo-Zero Gold rRNA 

removal epidemiology kit (Illumina. San Diego. USA) according to manufacturer's instruction. 

For the whole-body samples, 1 pg total RNA was used for rRNA depletion, due to limited material 

only 367 ng total RNA was used for the bacteriocyte RNA sample and 230 ng for the guts sample.

1

Total RNA was extracted from B. tabaci guts, bacteriocytes and whole bodies using TRIzoLIM 

reagent (Invitrogen™), with slight modifications made in the manufacturer’s instructions to ensure 

purity and quantity of RNA for downstream analysis for low tissue amounts. Briefly, the B. tabaci 

whole body, guts and bacteriocytes were homogenized with 500 pl TRJzoLIM. Homogenized 

samples were incubated at room temperature for 5 minutes followed by adding 100 pl chloroform. 

The mixture was then incubated for 3 minutes at room temperature and centrifuged at 12,000g for 

15 minutes at 4°C to separate the aqueous phase. The aqueous phase was then transferred to a clean 

tube and the second cleanup was done by adding 100 pl of chloroform. The mixture was vortexed 

for 15 seconds then incubated at room temperature for 3 minutes and thereafter centrifuged at 

12,000g for 10 minutes at 4°C. Phase separation was repeated and 1 pl of linear acrylamide was 

added to the aqueous phase to improve the precipitation of RNA. Ice cold isopropanol (250 pl) 

was then added and mixed by pipetting. The mixture was further incubated at room temperature 

for 10 minutes and then centrifuged at 12000g for 15 minutes at 4°C. The supernatant was removed 

and discarded using a pipette and the RNA pellet washed twice with 500 pl of 75% ethanol. 

Finally, the RNA pellet was air dried for 5-10 minutes then dissolved in DNase/RNase free water 

followed by incubating at 60°C for 10 minutes to ensure all the RNA had dissolved. Total RNA 

was further treated with ezDNase™ enzyme (InvitrogenIM) according to the manufacturer's 

instructions, to remove contaminating genomic DNA. In brief, 1 pl 10X ezDNase buffer and 1 pl 

ezDNase1 M enzyme were added to 8 pl RNA and mixed gently. RNA and ezDNase1 M mixture 

were then incubated for 2 minutes at 37°C followed by 5 minutes at 55°C in presence of 10 mM 

DTT to inactivate the enzyme. RNA quantity and integrity were confirmed using a Qubit 

fluorometer (Life Technologies).
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3.2.4 RNA sequencing and RNAseq analysis

3.2.5 Identification of osmoregulation and symbiosis genes

36

Nucleotide sequences for the differentially expressed genes in both B. tabaci gut and bacteriocytes 

were extracted using Samtools faidx tool (Li et al., 2009). Blastx search (Altschul et al., 1997) 

with a cutoff E-value of le-3 against NCBI protein reference non-redundant database (nr),

RNAseq libraries were prepared with the NEBNext Ultra II RNA Library Prep Kit (New England 

Biolabs Inc), according to the manufacturer's instructions. For the whole-body samples, 15 ng 

rRNA-depleted RNA was used as input while for the bacteriocyte and gut samples, all the rRNA- 

depleted RNA (not quantified) was used as input. The final libraries were quantified with a Qubit 

I-IS DNA assay and the size distribution was determined on a Fragment Analyzer instrument 

(Agilent Technologies, Inc. CA, USA). Equimolar amounts of each library were pooled for 

sequencing.

The RNAseq libraries were sequenced and >40 million single-end 75 nt reads were generated on 

the NEXTseq500 sequencing platform at the Cornell Genomics Facility (Biotechnology Resource 

Center). Raw reads were filtered to remove low quality reads and adaptor sequences with Cutadapt 

(-m 50 -q 20 -a AGATCGGAAGAGCACACGTCTGAACTCCAG -match-read-wildcards) (Martin, 2011). 

The cleaned RNAseq reads were aligned against the SSA1-SG1 genome using HISAT2 (Kim et 

al., 2015), which runs Bowtie2 in the background. The accepted hits were used, firstly to develop 

gene annotation file containing gene models based on RNAseq aligned reads for guts, 

bacteriocytes and whole-body using cufflinks and cuffmerge version 2.2.1 (Trapnell et al., 2010). 

Secondly, the accepted hits were assembled and aligned reads counted using featureCounts (Liao 

et al., 2014). Differential gene expression in cassava B. tabaci (SSA1 -SGI) gut and bacteriocytes 

relative to the whole-body was performed based feature counts using edgeR (Robinson et al., 

2010) with false discovery rate controls based on the Benjamini & Hochberg, (1995) method and 

trimmed mean of M-values normalization to account for library size variation between the 

samples. Up-regulated genes with log2 fold difference (logFC) based on general linear model 

(likelihood ratio test) greater than one in B. tabaci guts and bacteriocytes were selected for further 

analysis.



3.2.6 Phylogenetic analysis
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To determine the conservation of osmoregulation function of the selected genes, phylogenetic 

analyses were done to compare selected sequences to osmoregulation genes in other B. tabaci 

species and aphids (Jing et a/., 2016). Protein sequences were aligned by ClustalW (Larkin et al., 

2007) implemented in MEGA X using default parameters. The best-fit amino acid substitution 

model to describe the substitution pattern was selected based on Bayesian information criterion

Furthermore, a candidate-based search for horizontally transferred genes (HTGs) in SSA1-SG1 

was conducted. Sequences of HTGs identified in MEAM1 ( Luan et a/., 2015; Chen et al., 2016), 

were identified from the whitefly genome database5. A reciprocal blast against SSA1-SG1 genome 

and transcriptome was done to identify genes that encode for HTGs in SSA1-SG1 and their 

expression level in the bacteriocytes.

mapping and annotation of these sequences were done using Blast2GO suite (Conesa et al., 2005). 

The suite was also used to generate and characterize gene ontology terms based on BLAST output. 

Gene ontology annotation was characterized into three groups, namely molecular function, 

biological process and cellular component. Selected sequences with metabolic functions were 

further translated to protein sequences using the ExPASy molecular biology server of the Swiss 

Institute of Bioinfonnatics (Gasteiger et al., 2003). The translated protein sequences with Aamy 

domain (PF00128, IPR006047) for glycosyl hydrolases (family 13), aquaporin domain (PF00230, 

IPR000425) for osmoregulation genes and amino acid transporter domains (PF01490, 

IPR013057), amino acid/polyamine transporter I (IPR002293) and amino acid permease 

domain (IPR004841, IPR013612) for symbiont genes were selected from the blast2go output. The 

selected sequences were further analyzed using SignalP 4.0 server (Petersen et al., 2011), NCBI 

conserved domain database (Marchler-Bauer et al., 2015), HMMER V.3 (Eddy, 2011) and 

InterProScan (Zdobnov & Apweiler, 2001) to confinn the functional domain for sucrase, 

aquaporin and amino acid transport. The selected sequences were also analyzed using NCBI Batch 

web CD-search tool4 to determine if the conserved domains were complete or incomplete at N- 

tenninus or C-terminus.

4 https://www.ncbi.nlm.nih.Rov/Structure/bwrpsb/bwrpsb.CRi
5 http://www.whiteflyRenomics.orR

https://www.ncbi.nlm.nih.Rov/Structure/bwrpsb/bwrpsb.CRi
http://www.whiteflyRenomics.orR


3.2.7 Validation of selected genes using real-time quantitative PCR
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(BIC) scores, computed using MEGA X (Kumar et al., 2016; Kumar et al., 2018). The best amino 

acid substitution model with the lowest BIC score was selected and used in the phylogenetic 

reconstruction implemented in Bayesian Evolutionary Analysis Sampling Trees (BEAST version 

1.10.2) (Suchard et al. ,2018) with four gamma categories and strict molecular clock model at 1.0 

clock rate. Yule process model (Gemhard, 2008) with uniform birth rate and inverse gamma as 

the gamma shape was used to provide prior on the tree. Markov Chain Monte Carlo (MCMC) were 

set with a chain length of 10,000,000. The generated tree was visualized using FigTree VI.4.3. 

The phylogenetic trees were used to study the relationship of selected genes with experimentally 

validated osmoregulation genes in other B. tabaci and aphid species (Price et al., 2007; Shakesby 

et al., 2009; Mathew et a!., 2011) to select the most suitable gene target.

Expression of the selected genes was validated using real-time quantitative PCR. In brief, the total 

RNA for whitefly gut, bacteriocytes whole-body samples were normalized to ensure an equal 

amount of starting RNA template (120 ng). Normalized RNAs were then treated with 1 pl of the 

ezDNaseIM enzyme (Invitrogen™) for 2 minutes at 37°C to remove genomic DNA. The RNA 

sample was further incubated at 55°C for 5 minutes in the presence of 10 mM DTT to inactivate 

the enzyme. First-strand cDNA synthesis was carried out using Superscript™ III Reverse 

Transcriptase (InvitrogenIM) according to the manufacturer's instructions. A three-step 

thermocycling protocol was used with polymerase activation and DNA denaturation at 95°C for 3 

minutes followed by 40 cycles of both denaturation at 95°C and annealing/extension at 55.2°C for 

45 seconds, performed on Cl000 Thermocycler with CFX96 Real-time detection system (Bio­

Rad), using 60S ribosomal protein LI 3a (RPL13) and P-tubulin as the internal controls. A total of 

20 pl of reaction mix containing 10 pl of iQ™ SYBR® Green Supermix (2x), Ipl of forward and 

reverse primer, 1 pl of cDNA and 7pl of water was used. Melting curve analysis at the end of the 

reaction was done by increasing temperature from 55-95° C in increments of0.5°C every 5 seconds 

to assess the dissociation characteristics of double-stranded DNA during heating.



Table 3.1: Primers used in the validation of gene expression of selected genes

Tm (°C)Amplicon length (bp)Target gene Primer sequence

90 59.83ENSSSA1UGT022145 (AQP1) F - TTGTTTCGCAAGTTTGCCGT

59.82R-GACTGATTGACGCCCTGGAT

59.35F-AACACTGCGAATAGCGCATC 86ENSSSA1UGT002057 (SUC1)

60.18R-CGCCACTCTAGATGTTCGCA

110 60.86F-CGGTAAGGTCTGAAACTGCGATENSSSA1UGT002066 (SUC2)

58.76R - GTTTTGCTAGATGTGCAAGGCA

60.18F - ACTACAATTCTCGCCCTCGC 86Diaminopimelate decarboxylase

60.74(Lys/l) R-GTCATCAAAGGTCTCCCGCC

F - AAGCTCTGGTGTAAGGCACA 59.2498Arginosuccinate lyase (Arg/T)

R - AGGATGTCTTGGGTCGCTTC 59.75

Branched-chain-amino-acid F-CGTCCAGAGTCAGTGGCAA 93 59.63

aminotransferase (BCAT) R-GTTCATGGCTCCGGCTTCAG 61.37

aminotransferase F-GGTCCTACCAGTTGTGCGAA 95 59.97Aspartate

(.AAT) R-AGAATGGAGCCGAACCCAAG 60.04

60S ribosomal protein LI 3a F - CATTCCACTACAGAGCTCCA 101 60.00

(RPLI3A) R - TTTCAGGTTTCGGATGGCTT 60.00

p-Tubulin (j3-Tub) F-TGTCAGGAGTAACGACGTGTTTG 150 60.00

R-TTCGGGAACGGTAAGTGCTC 60.00

4-hydroxy- F-TGGTAAAAGACTACCAGGCGAA 118 59.37

tetrahydrodipicolinate reductase R - AGCTTGGTGTTTACAGCTGAGAG 60.81

(dapB)
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RESULTS3.3

RNAscq analysis for gut and bacteriocytes samples from cassava B. (abaci3.3.1

Mapping to SSA1-SG1 genomeSample

Percentage mapping (%)Unmapped readsMapped reads

78.0110,475,50037,170,765Whole-body

83.847,644,55839,660,655

78.1038,603,036 10,823,018

115,434,450 28,943,076Total
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Table 3.2: Mapping quality of RNAscq reads from SSA1-SG1 whole-body, bacteriocytes 
and guts samples

3.3.2 Identification of transcripts enriched in the cassava B. tabaci (SSA1-SG1) gut and 

bacteriocytes

A total of 144,377,532 sequencing reads were generated from guts, bacteriocytes and whole-body 

samples of cassava B. tabaci (SSA1-SG1) (Table 3.2). These samples had a high percentage 

mapping ranging from 78.0 to 83.8%. Of these, the bacteriocyte sample had the highest number of 

reads mapping on to the reference genome with a percentage mapping of 83.84%.

Bacteriocyte

Guts

RNAseq analysis to identify genes with enriched expression in the gut and bacteriocytes relative 

to the whole-body revealed 3178 and 3212 transcripts that are differentially expressed (both up- 

regulated and down-regulated) in the gut and bacteriocytes respectively. From these, only 

transcripts with enriched expression (LogFC >1) in the gut (1316 transcripts) and bacteriocyte 

(1909 transcripts) were selected for further analysis (Table 3.3, Figure 3.2). A considerable number 

of transcripts had a high fold difference (greater than 3) (Figure 3.3, A). A blastx search against 

the NCBI non- redundant (nr) database was done to identify the selected transcripts enriched in 

the cassava B. tabaci gut and bacteriocyte. All gut transcripts selected for further analysis (1316 

transcripts) had NCBI blast hits (Figure 3.4). The species distribution analysis of all blastx top­

hits revealed that 97.6% of the blastx top hits belonged to Bemisia tabaci. A few blast top hits
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Number of transcripts with LogFC >1

Number of transcripts with LogFC <-l

Figure 3.2: Differential gene expression in cassava B. tabaci (SSA1-SG1) gut. Volcano plot 

showing transcripts enriched in the B. tabaci SSA1-SG1 gut.

belonged to other species which included; Cryptotermes secundus Hill, Myzus persicae Sulzer, 

Halyomorpha halys Stal and Bactrocera tryoni Froggatt (Figure 3.5).

Table 3.3.- Summary statistics of RNAseq analysis for genes expressed in B. tabaci gut and 
bacteriocytes
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In addition, a total of 1316 sequences were successfully scanned against Interpro signatures to 

identify functional domains, Interpro IDs, gene ontology IDs and names. Gene ontology (GO) 

mapping of protein blast hits revealed that only 1030 sequences had functional labels. Of these, 

only 630 sequences had specific GO annotation terms. Based on these functional labels and 

Interpro IDs, functional osmoregulation genes enriched in the cassava B. tabaci (SSA1-SG1) gut 

were selected.

Figure 3.4: Tag distribution for the transcripts enriched in the cassava B. tabaci (SSA1-SG1) 

gut. A number of sequences with hits in the NCBI non-redundant database and InterproScan 

database.

Count
600 700



*4-

CO

L_

g. 
E

z 
wo

O 
CO

CO 
co

Ss 
<5

OQ 
« > cs co 
co «

o 
XI

’u 
s o>
-w K
I 
S «
Q 

£
£ 
00

"to
z
Q. 
O

>-* 
CQ 
U 
Z
o

•— 
o 
c _o
3 

X3 

h 
,50 

-5
co 

.Si
CJ 
Q. 

CO
IO 
CO 
o 
s .wo 
£

- -Q. X

| §• s - 
n -Q 1X1

X
= I f s

“ z 5
8 15
x

sapads

5
§
5
§ 
U“

§
Zr

I
8
2-
s
§

g
§
gI o

h
" s

§
8

8

?
8

8

g
§

§

§

a

£ I
i I n 11 H $ i s H1 H n § ’ 8 i i 
i Hhii = h h hop iHH

1 !



45

Direct GO count was also done to gain deeper insight into the biological roles of the transcripts 

enriched the cassava B. tabaci gut. The count showed that the highest number of transcripts encode 

for transmembrane transport proteins (95 transcripts), oxidation-reduction process (87 transcripts) 

and metabolic process (62 transcripts). This analysis also revealed a sucrose metabolic process as 

one of the top 15 biological processes in the cassava B. tabaci (SSA1-SG1) gut (Figure 3.7). In 

summary, a large percentage of transcripts (43%) enriched in the cassava B. tabaci (SSA1-SG1) 

gut encode for proteins that are involved in metabolic processes (Figure 3.7 & Figure 3.8)

Annotation of differentially expressed transcripts in the cassava B. tabaci (SSA1-SG1) gut 

revealed roles and localization of these transcripts in terms of GO terms. The transcripts were 

characterized into three categories (i) cellular component (ii) molecular function and (iii) 

biological process. Based on the cellular component, the highest number of transcripts were 

expressed in the membrane (23%) and membrane part (20%). At the molecular level, a high 

percentage of transcripts (56% and 35%) in the B. tabaci (SSA1-SG1) gut encoded for proteins 

that mediate catalytic and binding activities respectively. These genes were mostly involved in 

metabolic and cellular biological processes (Figure 3.6). In summary, most of the genes enriched 

in cassava B. tabaci (SSA1-SG1) gut encode for catalytic, binding and transporter activities 

especially for metabolic processes and they are more expressed in the membrane and intracellular 

component of the cassava B. tabaci (SSA1-SG1) gut.

3.3.3 Gene ontology categorization for the differentially expressed transcripts in B. tabaci 

gut
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An InterProScan domain distribution analysis for all transcripts enriched in the gut revealed the 

common and functional domains in the cassava whitefly gut. Based on this analysis, glycosyl 

hydrolase family 13, catalytic domain (IPR006047), was identified among the top five 

InterProScan domain for the transcripts enriched in cassava B. tabaci (SSA1-SG1) gut (Figure 

3.10). Other InterProScan domains that relate to metabolism include; Major facilitator superfamily 

domain (IPR020846), peptidase Cl A, papain C-terminal (IPR000668) and amino acid transporter, 

transmembrane (IPR013057).

Based on InterProScan IDs of the transcripts enriched in cassava B. tabaci (SSA1-SG1) gut, a total 

of 19 major superfamilies were characterized. The highest number of transcripts belonged to Major 

Facilitator Superfamily (MFS) transporter superfamily (140 transcripts) and major facilitator, 

sugar transporter-like (100 transcripts). Of the top eight superfamilies with the highest abundance 

of transcripts, three relate to metabolism and in particular, sugar metabolic processes. These 

include: MFS transporter superfamily (IPR036259), major facilitator-sugar transport like 

(IPR005828), UDP-glucuronosyl/UDP-glucosyltransferase (IPR002213), Alpha/Beta hydrolase 

fold (IPR029058) and glycoside hydrolase superfamily (IPR017853) (Figure 3.9)

3.3.4 Categorization of transcripts based on superfamilies and functional domains
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3.3.5 Identification of genes for sucrose metabolism and water recycling in cassava B. 

tabaci (SSA1-SG1) gut

Sucrose hydrolysis is mediated by a-glucosidase (EC 3.2.1.20), belonging to glycosyl hydrolase 

family 13 (IPR006047) (Jing et.al., 2016). Transcripts with glycosyl hydrolase family 13 

(IPR006047) catalytic domain were selected for functional analysis. A total of 24 transcripts 

encoding for sugar processing enzymes belonging to glycosyl hydrolase, family 13 were identified 

and characterized. These genes had high expression in the B. tabaci gut relative to the whole-body 

with log2 Counts Per Million (logCPM) ranging from 1.50 - 11.86 and fold difference ranging 

from 4.41 -52.71-fold. Of these, gene ENSSSA1UGT025983 (Ssa01347), ENSSSA1UGT002057 

(Ssa05154), ENSSSA1UGT024045 (Ssa07143), Ssa 12230, ENSSSA1UGT006139 (Ssa02431), 

ENSSSA1UGT025983 (Ssa01347) and Ssa04510 had the highest expression with logCPM 

ranging from 10.18 - 11.86 and fold difference ranging from 17.15 - 29.65-fold in the B. tabaci 

gut relative to whole-body (Table 3.3). These genes corresponded to Bta07453, Bta05386, 

Btal2682, Btal5649, Bta03439, Bta04298 and Btal4419, orthologs of a-glucosidase gene in 

MEAM1 B. tabaci (B. tabaci Genome Database)6. Another gene, ENSSSA1UGT008267 

(Ssa04743) had a relatively low expression (logCPM of 1.50) but with the highest fold differences 

(52.71-fold) in the B. tabaci gut relative to the whole-body. This gene corresponded to Bta06059, 

an a-glucosidase gene in MEAM1 B. tabaci species.

6 http://whitcllygcnomics.org
7 Genes in parenthesis arc corresponding gene in the African cassava whitcfly genome (Chen et al., 2019)

For water recycling in the gut, three genes encoding for major intrinsic protein (IPR000425) were 

identified. These were (i) ENSSSA1UGT022145 (Ssa034847), (ii) ENSSSA1UGT021259 

(Ssa02238) and (iii) ENSSSA1UGT023163 (Ssa08000) which has been identified through NCBI 

blastx as AQP1, AQP4 and AQP12 respectively. Of the three major intrinsic proteins, 

ENSSSA1UGT022145 had the highest expression in cassava B. tabaci (SSA1-SG1) gut with a 

logCPM of 8.49 and fold difference of 32.67-fold in B. tabaci gut relative to the whole-body (Table 

3.4). This gene corresponded to Bta01973, a water specific AQP1 gene in MEAM1 B. tabaci 

species.

http://whitcllygcnomics.org
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3.3.6 Structural analysis for residues of the hallmarks of the water-specific aquaporins
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Phylogenetic analysis based on Bayesian approach showed that ENSSSA1UGT022145 clustered 

with BtAQPl, indicating that ENSSSA1UGT022145 is the water specific AQP1 gene enriched in 

the cassava B. tabaci (SSA1-SG1) gut (Figure 3.11). Both ENSSSA1UGT021259 and 

ENSSSA1UGT023163 clustered with APA28759.1 and APA28762.1 respectively. This analysis 

confirmed that ENSSSA1UGT021259 (Ssa02238) is an entomoglyceroporins (AQP4) while 

ENSSSA1UGT023163 is an aquaporin 7 (QtAQP12L).

In addition to sequence identity, the selected sequences for aquaporins were further analyzed to 

identify hallmarks of the water-specific aquaporins: the aromatic/arginine (ar/R) region and the 

asparagine-proline-alanine (NPA) boxes in loop B and Loop E. This analysis revealed that gene 

ENSSSA1UGT022145 had a similar structure of ar/R and NPA as BtAQPl, an experimentally 

validated water-specific gut aquaporin gene in B. tabaci MEAM1 (Mathew et.al., 2011). Gene 

ENSSSA1UGT022145 ar/R filter comprised of phenylalanine at position 71, histidine at position 

198, alanine at position 207 and arginine at position 213 which is characteristic to water-specific 

aquaporin. Its NPA had an asparagine at position 91 in loop B and position 210 in loop E (Table 

3.5).

Both ENSSSA1UGT021259 (Ssa02238) and ENSSSA1UGT023163 (Ssa08000) showed variation 

in their ar/R filter, with ENSSSA1UGT021259 having a leucine at position 196 instead of histidine 

at position 198 and serine at position 205 instead of alanine at position 207. It also showed 

differences in its NPA structure with asparagine at position 88 in loop B and at position 208 in 

loop E. This variation has been reported to be due to a mutation in the ar/R selectivity filter of 

water-selective channel, forming entomoglyceroporins (Eglps), which are more closely related to 

the classical aquaporin 4-type channel (Finn et al., 2015). Gene ENSSSA1UGT023163 was 

truncated, therefore it lacked both ar/R region and NPA boxes.
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ENSSSA1UGT002057ENSSSA1UGT005553

ENSSSA1UGT021697ENSSSA1UGT010695

ENSSSA1UGT008267 ENSSSA1UGT000627
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1

3.3.7 Identification of a-glucosidase proteins with both the catalytic residue and predicted 

signal peptide

The phylogenetic analysis for the selected protein sequences with both predicted signal peptide 

and catalytic site residue also revealed three clusters (Figure 3.13), which may relate to the 

substrate (sucrose, maltose and other sugars) specificity of these enzymes. A total of three genes 

clustered with an experimentally validated sucrase gene (Price et al., 2007). These included; 

Ssa 12230, ENSSSA1UGT002057 and ENSSSA1UGT002066. All these had a very high level of 

expression with fold difference ranging between 17.15 - 25.99 in the cassava B. tabaci (SSA1- 

SG1) gut relative to whole-body. Based on NCBI conserved protein domain family, the three 

sequences; Ssal2230, ENSSSA1UGT002057 (Ssa05154) and ENSSSA1UGT002066 (Ssa05164) 

along with the experimentally validated sucrase had an AmyAc_Maltase (cdll328) catalytic 

domain. These are potential a-glucosidase genes in cassava B. tabaci (SSA 1-SGI) that hydrolyze 

sucrose to glucose and fructose.

(iii)

(v)

(vii)

(Bta08427), 

(Bta05340), 

(Bta06059), 

ENSSSA1UGT021237 (Bta07764), 

(Btal5649), (xi) ENSSSA1UGT006139 (Bta03439), (xii) Ssa04512 (Btal4422), (xiii) 

ENSSSA1UGT013702 (Bta06458) and (xiv) ENSSSA1UGT009050 (Bta08425). All these protein 

sequences had aspartic acid as the nucleophile and glutamic acid as the proton donor located at 

varying positions in each protein sequence except for one sequence ENSSSA1UGT013702 

(Bta06458) which had glutamic acid at position 229 and arginine as a proton donor at position 287 

(Table 3.6).

(Bta05386),

(Bta09633),

(Btal3914),

(ix) ENSSSA1UGT002066 (Bta03818), (x) Ssal2230

A total of 24 protein sequences belonging to glycosyl hydrolase family 13 were identified using 

sequence similarity methods. Analysis of amino acid residues was done to identify protein 

sequences with both predicted signal peptide and catalytic site residue, characteristic to a- 

glucosidase of GII-13. Of the 24 a-glucosidase protein sequences selected, only 14 had both a 

predicted signal peptide and catalytic site residue. These included: (i) Ssa04510 (Btal44198), (ii) 

(iv) 

(vi) 

(viii)

8 Gene in parenthesis represent a corresponding ortholog in B. tabaci MEAM1



Identification of sucrose hydrolase in cassava B. tabaci (SSA1-SG1) gut3.3.8

All selected protein sequences had variation in seven amino acid residues of the partial sequence

of the conserved region II of a-glucosidase family 13. A conserved region II is a region on the

protein sequence where the catalytic site of alpha-glucosidase begins. The protein sequences

analyzed exhibited a sequence motif DAxxxxx except for ENSSSA1UGT013702 (Ssall469)

which had a different sequence motif ETxxxxx. Partial sequences of conserved region II of all the

selected protein sequences were analyzed and compared with that of the experimentally validated

protein sequence ENSSSA1UGT002057 (Ssa05154) had the closest configuration of the seven

amino acid (DAVPYLF) to that of the experimentally validated sucrase!transglucosidase of the

pea aphid (DAVNYLF) (Price et al., 2007) (Table 3.6, Figure 3.12)

Figure 3.12: Multiple sequence alignment of selected a-glucosidase protein sequences. The

highlighted region is the partial sequence of conserved region II of a-glucosidase family 13.

The function and substrate preference of a-glucosidase enzyme is determined by the amino

acid residue at position 4 and 5 of the conserved region II. Protein sequences were aligned

using Clustal Omega9 software

9 https://www.ebi.ac.uk/Tools/msa/clustalo/
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ENSSSA1UGT028740 (Ssal2486)
NP_001119607.l_Aphid
ENSSSA1UGT002066 (Ssa05164)
ENSSSA1UGT002057 (Ssa05154)
Ssal2230(Btal5649)

RIEPYTNFYVWQDPKQLNDSHWTYPNNWRSKFA-DSAWTWSEVRKQYYYHEFAEQQNDVN 
KIEPFSDYYVWKDPIRDVHGNNTPPSNWLGVFNSGSAWEWNEERQQYYLHQFQVKQPDLN 
RVDPYTDYYNWVNGKMSENGTIQPPNNWLSYF-GGSAWTWNEKRKQYYLHQFHPKQPDLN 
KIDPYTNYYVWRDPVIDANGKKSPPNNWLSIFNSGSAWEWNEERGQYYLHQFAVQQPDLN
KVDPYTNYYVWKDAKM-VNGQRKPPTNWISEFG-GSMWKWNDERQQYFLHQFHQKQPDLN

IYTTHQPENAELIQSWRA.LLDEYAQKDG-QARLLCTESYNPPKILEQQLGNDTHPGAQIP 
TSTLDQPETYSIVRQWRQMLDSYRTREK-KTKFMMVECYS PFDKTLLYYGSNSE PGAH FP 
IYTRDQPGTYEIIKQFRKHLDDYSRKTH-TVKFMATEAYSNLTSTMKYYGTKDNPGAHFT 
IYSMDRPKTYEMIGQFRKVBDD FAKEHNTPPKVT LSEAYTSLNYTMKYYGDAKNPGSHMP 
SRTMDQPATYEMVTRFREIFDSYSKKDG-RTRVMMTEAYTTLDKTLGFYQYNGKPGAHMP

PMVDLGYDITD FRAVDPIFGTMDD FKRWQGIHERGMRTILD FVPNHTSNTCEWFKLSER 
PQNDFGYDISDYKEIDPIYGSMADFERMRDEFHKHGIKVULDFVPNHTSDEHEWFQKSIK 
PMADFGYDISDFRAIEPMFGTMEDFERLKRLFHKNGLKMILDFVPNHTSDEHDWFKKSVA 
PMAD FG YD ISNYTEINEIFGNLDDLVH LREKLHARGVKLI LD FVPNHSSNEH PWFLNS VK 
PGLDLGYDISNYTRIDPLFGTLEDLEYLRDALHKAGIRLLLDFVPNHTSDEHPWFQWSIK

199
208
200
240
205

259
268
260
300
264

318
327
319
360
323

Conserved Region II
YRDPHAHEEMQSVLRFWLDMGVDGFRVDAVEYLYEATHLMDEPLRENFNGNTSSWEALSH 
YRNPSVREEIKNTLLYWLGRGVDGFRFDAVNYLFEREDLADEPKSNKIGYLDTDYDSLTH 
YRNPLWQEMKDVLTYWMDKGVDGFRMDAVMTIMEDIKLRDEPLSGKTDVLPTDEEYLNH 
YNCKELVEEMKEVLRFWLSHGVDGFRMDAVPYLFEDSLFRNEPYVDENIKNSKMYDSLIH
YECKE L VQEMMD WRFWLD RGVDGLRLDAINFMFED PLWRDQE LLAPDLD P - N FFLS YNR

140
148
141
180
147

ENSSSA1UGT028740 (Ssal2486)
NP_001119607.l_Aphid
ENSSSA1UGT002066 (Ssa05164)
F.NSSSA1UGT002057 (Ssa05154)
Ssal2230(Btal5649)

ENSSSA1UGT028740 (Ssal2486) 
NP_001119607.l_Aphid
ENSSSA1UGT002066 (Ssa05164)
ENSSSA1UGT002057 (Ssa05154)
Ssal2230(Btal5649)

ENSSSA1UGT028740 (Ssal2486)
NP_001119607.l_Aphid
ENSSSA1UGT002066 (Ssa05164)
ENSSSA1UGT002057 (Ssa05154)
Ssal2230(Btal5649)

sucrase to identify the enzyme that specifically hydrolyzes sucrose in the whitefly gut. Only one

https://www.ebi.ac.uk/Tools/msa/clustalo/
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Identification of symbiosis genes in cassava B. tabaci (SSA1-SG1)3.3.8
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J

In B. tabaci, biosynthesis of essential amino acids requires interaction between the host and 

endosymbionts in the bacteriocyte. RNAseq analysis was conducted to identify critical genes that 

facilitate the shared metabolic interaction in B. tabaci SSA1-SG1. A total of 3212 transcripts were 

differentially expressed in both bacteriocyte and cassava B. tabaci (SSA1-SG1) whole-body 

(Table 3.3). Of these, a total of 1909 transcripts that are enriched in the cassava B. tabaci (SSA1- 

SG1) bacteriocyte were selected for further analysis. Both volcano and MA-plot showed a wide 

dispersion showing a high level of differences in gene expression between bacteriocytes and 

whole-body samples (Figure 3.14, Figure 3.15). Blastx search against NCBI non-redundant (nr) 

database was done to identify the transcripts enriched in the cassava B. tabaci (SSA1-SG1) 

bacteriocyte. Only one sequence did not have NCBI-blast hit (Figure 3.16). Top-hit species 

distribution analysis revealed that a large percentage (93%) of the top hits belonged to Bemisia 

tabaci (Figure 3.17). A small number of hits belonged to Candidatus Portiera aleyrodidarum, 

Candidatus P. aleyrodidarum BT-B-HRs, Candidatus P. aleyrodidarum MED and Candidatus P. 

aleyrodidarum BT-QVLC, resident endosymbiont in bacteriocytes of different B. tabaci species. 

Furthermore, the analysis was done to identify the functional signatures of the transcripts that are 

enriched in the B. tabaci bacteriocyte. A total of 1909 sequences were successfully scanned against 

Interpro signatures to identify and characterize functional domains and GO terms. The blasted 

protein sequences with hits were then mapped against extensively curated gene ontology annotated 

proteins. Of the 1909 Interpro scanned transcripts, only 1419 had functional labels and 817 had 

specific GO annotation terms at an annotation score cutoff of 55 (Figure 3.18).
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3.3.9 Gene ontology categorization for the differentially expressed transcripts in cassava 

B. tabaci (SSA1-SG1) bacteriocyte

Biological processes were further categorized based on sequence distribution of the transcript that 

are enriched in cassava B. tabaci bacteriocyte. This categorization revealed that the top five 

biological processes in cassava B. tabaci (SSA1-SG1) bacteriocyte relate to protein metabolism 

(amino acid biosynthesis). These include cellular nitrogen compound metabolic process (26%), 

biosynthetic process (22%), transport (14%) and cellular protein modification process (8%) 

(Figure 3.19). In addition, direct gene ontology count for the transcripts enriched in cassava B. 

tabaci bacteriocyte also showed several transcripts related to protein metabolic processes which 

include: biosynthetic process (104 transcripts), cellular nitrogen compound metabolic process (94 

transcripts), cellular protein modification process (42 transcripts) and cellular amino acid 

metabolic process (37 transcripts) (Figure 3.20).

Gene ontology classification fortranscripts enriched in cassava B. tabaci (SSA1-SG1) bacteriocyte 

was based on three aspects: molecular level activities performed by gene products (molecular 

function), biological processes and the location relative to cellular structure (cellular component). 

Based on the cellular component, many transcripts were expressed in the intracellular component 

(204 transcripts), intracellular part (158 transcripts), intracellular organelle (125 transcripts) and 

membrane-bounded organelle (100 transcripts) (Figure 3.18). At the molecular level, most of the 

transcripts enriched in the B. tabaci bacteriocyte encoded for ion binding (203 transcripts), 

hydrolase activity (109 transcripts), oxidoreductase activity (94 transcripts) and transferase 

activity (68 transcripts). Several transcripts also showed molecular signatures for transmembrane 

transporter activities, catalytic activity-acting on protein and protein binding. These are important 

functions for amino acid biosynthesis and host-symbiont interaction in the bacteriocyte. Gene 

ontology for biological process showed that the largest percentage of transcripts are involved in 

metabolic processes (organic substance metabolic process, primary metabolic process, cellular 

metabolic process, nitrogen compound metabolic process). Other biological processes that relate 

to metabolism include regulation of cellular process, biosynthetic process, small molecule 

metabolism and regulation of metabolic process.
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3.3.10 Identification of potential symbiosis genes targets in cassava B. tabaci (SSA1-SG1)

72

I

Transcripts enriched in B. tabaci SSA1-SG1 bacteriocyte were analyzed to identify proteins that 

facilitate essential amino acid biosynthesis, as potential symbiont gene targets. These included (i) 

aminotransferases, (ii) amino acid transporters, (iii) horizontally transferred genes and (iv) 

receptors of intermediate metabolites for essential amino acid biosynthesis across the symbiosome 

membrane, a special membrane that separates the endosymbiont and host in the bacteriocyte. A 

total of 20 genes encoding for amino acid transporters and aminotransferases were identified and 

selected. Amino acid transporters belonged to different families which included (i) Amino 

acid/polyamine transporter l(IPR002293), (ii) cationic amino acid transporter, C-terminal 

(IPR029485), (iii) proton-dependent oligopeptide transporter (IPR000109) and (iv) sodium: 

dicarboxylate symporter (IPR001991). Amino acid transferases belonged to (i) kynurenine— 

oxoglutarate transaminase 3, KA.T_III (IPR034612), (ii) aminotransferase class 4 (IPR001544) 

and (iii) aminotransferase class V domain (IPR00192) (Table 3.7).

Among the amino acid transporters, the highest number of potential gene targets (6 genes) among 

the selected belonged to amino acid transporter, transmembrane domain (IPRO13057). Six targets 

belonging to amino acid/auxin permease family were also identified as amino acid permease, these 

amino acid transporters are more specialized in transporting cation amino acids (lysine, arginine, 

leucine, methionine and glutamine) from the cell to the extracellular matrix (Deves et al., 1992; 

Dye et al., 2004). These include, cationic amino acid transporter 3 (ENSSSA1UGT002031), high

Genes (ENSSSA1UGT021004 (Ssa04473) and ENSSSA1UGT023671 (Ssal0714)) belonging to 

aminotransferase family had the highest gene expression among the selected genes in cassava B. 

tabaci bacteriocyte. These were identified as branched-chain-amino acid aminotransferase and 

kynurenine—oxoglutarate transaminase 3 with an expression of log (base 2) Counts Per Million 

(logCPM) of 8.89 and 6.79 and fold difference of 8.41 and 4.75-fold in bacteriocytes relative to 

the whole-body respectively. These two genes corresponded to Btal0673 and Bta05157 

respectively, two aminotransferase orthologs in MEAM1 B. tabaci. Other aminotransferase 

included phosphoserine aminotransferase (ENSSSA1UGT011663 (Ssal4433)), which showed a 

relatively higher gene expression (log CPM of 7.30 and fold difference of 6.16) in the bacteriocyte 

compared to other selected genes.
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1

Another set of amino acid transporter identified contained an amino acid transporter, 

transmembrane domain (Aa_trans, IPRO13057), which is unique for the amino acid polyamine 

organocation superfamily. These amino acids included (i) transmembrane protein 104 homolog 

(ii) three, proton-coupled amino acid transporter 1, (iii) proton-coupled amino acid transporter 4 

and (iv) sodium-coupled neutral AA transporter 9 (Table 3.7). Other amino acid transporters 

identified included excitatory amino acid transporter 1 and peptide transporter family 1 belonging 

to proton-dependent oligopeptide transporter family.

In summary, based on the level of gene expression in the cassava B. [abaci bacteriocyte, eight 

genes (ENSSSA1UGT011663, ENSSSA1UGT021004, ENSSSA1UGT017527, 

ENSSSA1UGT023671, ENSSSA1UGT011941, ENSSSA1UGT030948, ENSSSA1UGT002031 

and ENSSSA1UGT011431) can be selected as potential targets whose disruption may cause 

significant effects on growth and development of cassava B. tabaci (SSA1-SG1).

affinity cationic AA transporter 1 (ENSSSA1UGT020942 and ENSSSA1UGT030948) and y'L 

amino acid transporter 2 (ENSSSA1UGT020386, ENSSSA1UGT011941 and 

ENSSSA1UGT019654). Of these, a y'L amino acid transporter 2, ENSSSA1UGT011941 

(Ssa06643) had a relatively high expression with a logCPM of 7.39 and fold difference of 8.59- 

fold relative to whole-body. This gene corresponded to Btal 1657, a y+L amino acid transporter 2 

gene in MEAM1 B. tabaci.
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3.3.11 Horizontally transferred genes of bacterial origin expressed in cassava (SSA1-SG1) 

B. tabaci species

HTGs contributing to lysine, arginine and proline biosynthesis in the bacteriocytes had relatively 

high gene expression compared to other genes identified. These included (i) 2OG-Fe (II) 

oxygenase (logCPM 11.16, 1.00-fold), (ii) 4-hydroxy-tetrahydrodipicolinate reductase (logCPM 

7.88, 5.45-fold), (iii) allophanate hydrolase (logCPM 7.04, 1.13-fold), (iv) diaminopimelate 

decarboxylase (LysA) (logCPM 6.89. 13.89 fold), (v) arginosuccinate lyase (ArgH) (logCPM 6.68, 

1.79 fold) and (vi) arginosuccinate synthase (ArgG) (logCPM 5.95, 2.10 fold). These genes 

corresponded to Bta20012, Bta20020, Bta 13949, Bta03593, Bta00063 and Bta00062, all HTGs in 

MEAM1 B. tabaci species (Table 3.8). Other genes involved in amino acid biosynthesis in the 

bacteriocyte include (i) an Acetyltransferase, (ii) amidinotransferase and (iii) histidine ammonia­

lyase (Table 3.7).

Previous studies by Luan et.al. (2015) showed that horizontally transferred genes (HTGs) are 

important for essential amino acid biosynthesis in B. tabaci. Candidate based search of HTGs 

previously identified in MEAM1 B. tabaci species (Chen et al., 2016) was done to identify HTGs 

expressed in cassava (SSA1 -SG1) B. tabaci bacteriocytes. A reciprocal blast revealed a total of 43 

HTGs of bacterial origin in SSA1-SG1 bacteriocytes. These genes had a varying level of gene 

expression in the bacteriocytes relative to the whole-body ranging from log CPM of-0.42-11.16 

and fold difference ranging from -4.73-13.89-fold.

HTGs that are important in vitamin B (biotin) biosynthesis pathway also exhibited a relatively 

high gene expression in B. tabaci bacteriocytes. These included (i) adenosylmethionine—8-amino- 

7-oxononanoate aminotransferase (bioA) (logCPM 6.69, 7.11 fold), (ii) ATP-dependent 

dethiobiotin synthetase (bioD) (logCPM 6.69, 7.11-fold), (iii) adenosylmethionine—8-amino-7- 

oxononanoate aminotransferase (bioA) (logCPM 5.16, 1.50 fold), (iv) biotin synthase (bioB) 

(logCPM 5.21, 1.41-fold) and (v) ATP-dependent dethiobiotin synthetase (bioD) (logCPM 5.16,- 

1.50-fold), corresponding to Bta01937, Btal938, Bta00841, Bta09725 and Bta00840, HTGs in 

MEAM1. SSA1-SG1 contained two copies of bioA and bioD like what was reported in MEAM1 

(Chen et al., 2016). Gene 000024F_arrow:4385697-4418725 (bioA) has a lower expression (1.50 

compared to 7.11-fold of the second bioA) in the bacteriocyte. This gene corresponded to
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A search for possible sources of all detected HTGs revealed several bacterial genera which 

included: Rickettsia, Planctomycetes, Klebsiella, Pantoea, Curtobacterium, Pseudomonas, 

Rahnella, Wolbachia, Cardinium, Photorhabdus, Bacillus, Sodalis, Cronobacter, Rhizobium, 

Methylobacterium, Parabarkholderia, Burholderia, Pectobacterium and Mucilaginibacter.

In addition, a total of 38 HTGs of fungal origin were also identified in the SSA1-SG1 B. tabaci 

bacteriocyte sequences. These genes had lower expression in the bacteriocytes compared to HTGs 

of bacterial origin identified in this study. Of the 38 genes identified, only four genes had enriched 

expression within the SSA1-SG1 bacteriocytes. These encoded for gamma-glutamyltranspeptidase 

(logCPM 3.02, 3.80-fold), aromatic peroxygenase (logCPM 7.17, 7.42-fold), major royal jelly- 

related protein (logCPM 4.73, 2.09-fold) and squalene synthase (logCPM 6.43, 2.20-fold) (Table 

3.9). Function analysis revealed that gene, ENSSSA1UGT000931 (Ssa05748) encoding for 

gamma-glutamyltranspeptidase could be a potential target. This is because gamma- 

glutamyltranspeptidase has been reported to be key in the transfer of amino acids across cellular 

membranes (Taniguchi and Ikeda, 1998)

Bta00841, a truncated (Pseudogene) in MEAM1. For bioD, Bta01938 was reported as a 

pseudogene in MEAM1, however the corresponding gene in SSA1-SG1, ENSSSA1UGT012203 

(Ssa01088) had a high expression (logCPM 6.69, 7.11-fold) in the bacteriocyte. Other HTGs with 

enriched gene expression in bacteriocytes and contributing to various pathways were 

cyclopropanc-fatty-acyl-phospholipid synthase (logCPM 9.57, 11.07-fold), crossover junction 

endodeoxyribonuclease rusA (logCPM 7.89, 1.36-fold), BH1803 protein (logCPM 7.75, 1.54- 

fold), leucine rich repeat containing proteins (logCPM 7.75, 1.54 fold), ribosome recycling factor 

(logCPM 6.48, 10.77-fold) and L-galactonate dehydratase (logCPM 5.49, 1.9-fold).
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3.3.12 Validation of expression of selected genes using real-time quantitative PCR.

Theseor

inwater

forENSSSA1UGT002057: sucrose

forENSSSA1UGT002066: sucrose

leucine

83

{AQP1) for

{SUC1)

{SUC2)

(iii)

(iv)

the whole-body.

recycling

This analysis revealed that, of the eight selected genes, seven had enriched expression either in the 

cassava whitefly gut {AQP1, SUC1 and SUC2) or bacteriocyte {ArgH, BCAT, dapB and LysA) 

compared to the whole-body (Figure 3.21). The expression of AAT was more enriched in the 

whole-body compared to the bacteriocyte. Results from RNAseq analysis and RT-qPCR were 

similar with fold differences in the gut ranging from 22.30 to 26.54-folds for RT-qPCR compared 

to 21.71 to 32.67-folds from RNAseq analysis. In the bacteriocyte, gene expression for the 

selected gene ranged from 0.57 to 10.07-folds for RT-qPCR compared to 1.79 to 13.89-folds for 

RNAseq analysis.

were, (i) 

the gut, (ii) 

hydrolysis, 

hydrolysis,

A total of eight genes were selected as critical gene targets with enriched expression in either the 

whitefly gut or the bacteriocyte compared to 

ENSSSA1UGT022145: Aquaporin 1

Alpha-glucosidase 

alpha-glucosidase

ENSSSA1UGT007134: diaminopimelate decarboxylase {LysA), essential in lysine biosynthesis, 

(v) ENSSSA1UGT003467: arginosuccinate lyase {ArglL), essential in arginine biosynthesis, (vi) 

ENSSSA1UGT021004: branched-chain-amino-acid aminotransferase {BCAT), critical in 

isoleucine, leucine and valine biosynthesis, (vii) ENSSSA1UGT008852: aspartate 

aminotransferase {AAT), essential in phenylalanine biosynthesis and (viii) ENSSSA1UGT000364: 

4-hydroxy-tetrahydrodipicolinate reductase {dapB), essential in lysine biosynthesis. The selected 

genes with enriched expression in the bacteriocyte were selected from both differentially expressed 

gene set and horizontally transferred genes (Chapter 3) and their essentiality confirmed through 

constraint-based metabolic modeling of the genome-scale model of cassava whitefly (SS A1 -SG1) 

(Chapter 4).
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Figure 3.21: Quantitative real-time PCR gene expression of selected genes in the cassava 

whitefly (SSA1-SG1) gut and bacteriocytes relative to whole-body. Gene 

ENSSSA1UGT022145 (AQP1), ENSSSA1UGT002057 (SUC1) and ENSSSA1UGT002066 

(SUC2) were selected as critical osmoregulation genes with enriched expression in the 

whitefly gut while ENSSSA1UGT008852 (/L47), ENSSSA1UGT003467 (ArgH), 

ENSSSA1UGT021004 (BCAT), ENSSSA1UGT000364 (dapB) and ENSSSA1UGT007134 

(LysA) were selected as essential symbiosis genes that mediate terminal reaction in the 

phenylalanine, arginine, leucine, isoleucine, valine and lysine biosynthesis pathways. The 

relative gene expression of the selected genes was normalized relative to the relative 

expression of two reference genes (ribosomal protein L13a and fi-tubulin) using normalized 

expression WCq method (Livak & Schmittgen, 2001).
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Aquaporins, a major intrinsic protein in insects serve as channels in the transfer of water across 

membranes (Campbell et al., 2008). They enable insects and other organisms to adapt to 

extreme conditions and to utilize special diets. The B. tabaci (SSA1-SG1) genome, for 

example, has a total of seven aquaporin genes (Figure 3.9), however, only three have enriched 

expression in the B. tabaci gut. Structural analysis of the highly expressed aquaporin gene 

ENSSSA1UGT022145 (Ssa03484) revealed that protein translated from this gene had two 

NPA motifs, conserved ar/R constriction residue and a putative conserved mercury-sensitive 

cysteine residue located two residues from the first NPA. These characteristics revealed that 

ENSSSA1UGT022145 is a water-selective channel, a classical grade of aquaporin (DRIP) that 

moderate movement of water within the gut. AQP1 has been reported to be highly expressed 

in the filter chamber of the B. tabaci (Mathew et al., 2011) where water is rapidly transferred 

between the distal and proximal gut regions (Cicero et al., 1995). Phylogenetic analysis and 

reciprocal blast analysis of the identified aquaporin genes in SSA1-SG1 and experimentally 

validated aquaporin genes in MEAM1 (Mathew et al., 2011; Jing et al. ,2016) showed that both 

ENSSSA1UGT022145 and Bta01973 (AQP1 in.MEAMl) had high sequence similarity, 

sharing 100% amino acid identity. This implies that the AQP1, a water-specific aquaporin in 

both MEAM1 and SSA1-SG1 is highly conserved and under purifying selection. The high

The superabundant populations of B. tabaci in cassava growing areas in eastern, central and 

southern African (Legg et al., 2014a; Legg et al., 2014b) and the increasing effects of viruses 

(CBSVs and begomoviruses) they transmit (Maruthi et al., 2005) require more effective 

management options. Precision methods such as RNAi that target specific genes are proposed 

to offer a useful approach to effectively manage the B. tabaci population (Grover et al., 2019). 

This work presented here was initiated to identify essential gene targets for managing the 

superabundant B. tabaci population in cassava growing areas. This study was built on a premise 

that co-downregulation of essential genes with different molecular but linked physiological 

functions would act synergistically to suppress growth of B. tabaci, thereby providing a tool to 

manage their populations in agricultural production systems. Both alpha-glucosidase family 

13 and aquaporin, genes with enriched expression in the B. tabaci (SSA1-SG1) gut, have 

similar physiological role of maintaining fluid homeostasis within the insect body cavity. These 

genes were selected as osmoregulation genes to target for the management of whitefly 

population.
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similarity of water-specific AQP1 in MEAM1 and SSA1-SG1 means that RNAi strategies 

targeting AQP1 gene will be effective in managing the population of both MEAM1 and SSA1- 

SG1, two economically important B. tabaci species.

Whiteflies also reduce osmotic pressure of the ingested phloem-sap in the gut by hydrolyzing 

sucrose to glucose and fructose and transforming excess glucose to oligosaccharides thereby 

lowering the molarity of ingested phloem sap sugars and osmotic pressure in the gut (Salvucci 

et al., 1997; Salvucci, 2000). In this study, the search for enzymes that mediate sugar 

conversion in cassava whiteflies yielded many a-glucosidases (EC 3.2.1.20) belonging to 

glycosidase hydrolase family 13. Whiteflies possess many a-glucosidases (35-48 genes) 

(Supplementary Table 6.3) though a few possess both signal peptide and catalytic site residues. 

This may imply that some a-glucosidase genes are not functional or have become pseudogenes. 

In this study, a total of 14 a-glucosidase with enriched expression in the SSA1-SG1 gut had 

both signal peptide and catalytic site residue. Many of these enzymes show sequence similarity 

and a conserved structure core with variation in amino acid residues in the conserved regions.

Differences in the amino acid residues especially in the conserved region II influences substrate 

preference of a-glucosidase in the gut. Conserved region II is the region on the a-glucosidase 

amino acid sequence that includes key residues of the catalytic site of a-glucosidase. Ngiwsara 

et al. (2012) showed that the arrangement of the first five amino acid residue in conserved 

region II influenced preference of enzyme to either sucrose or maltose and the nature of 

glucosidic linkage formed (regioselectivity) during transglucosylation. Mutation analysis 

revealed that proline (P) in the fourth position of the conserved region II followed by tyrosine 

(Y) influenced the preference of sucrose to maltose. Since the predominant sugar in phloem 

sap is sucrose (Hijaz & Killiny, 2014), both phylogenetic analysis of a-glucosidase and 

structural analysis of conserved region II was done to identify the a-glucosidase enzyme that 

hydrolyzes sucrose in SSA1-SG1 B. tabaci. Three enzymes clustered with the experimentally 

validated a-glucosidase that hydrolyzes sucrose (Price et al., 2007). Of these, only one 

(ENSSSA1UGT002057) had proline and tyrosine in the 4th and 5th position of the conserved 

region II (DAVPYLF) respectively (Figure 3.10). The role of tyrosine (Y) at position 5 of the 

conserved region II relates to sucrose preference while proline at position 4 relates to the 

formation of a-l,4-glucosidic linkage during transglucosylation process of the enzyme 

(Ngiwsara et al., 2012). These characteristics make ENSSSA1UGT002057 the best a- 

glucosidase gene target for managing SSA1-SG1 B. tabaci. A reciprocal blast of the gene
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Recently, studies have been published on the application of RNAi to downregulate 

osmoregulation genes in MEAM1 (Raza et al., 2016; Luo et al., 2017), though these two 

studies show contrasting results on the effect of RNAi on whitefly performance. The 

discrepancy in these results may be attributed to the different plants used for dsRNA delivery 

and the sucrase gene sequence used in the development of dsRNA constructs. Luo et al. (2017) 

used sequence for a-glucosidase gene, Bta03818 while Raza et al. (2016) used sequence for a- 

glucosidase gene, Bta07452, which lacked a signal peptide (Table 3.5). The absence of a signal 

peptide in Bta07452 means that the enzyme is non-functional, or the gene is a pseudogene.

HTGs on the other hand offers a selection advantage to recipient organism (Hotopp et al., 2007; 

Zakharov, 2016). HTGs been have reported in phloem sap feeders, providing recipients with 

new functionalities (Nikoh & Nakabachi, 2009; Nikoh et al., 2010; Husnik et al., 2013). In 

cassava B. tabaci (SSA1-SG1), a total of 48 and 45 genes of bacterial and fungal origin

RNAseq analysis to study metabolic interaction between cassava B. tabaci (SSA1-SG1) and 

Portiera revealed three sets of genes in this study with highly enriched expression in the 

bacteriocytes. These were (i) amino acid transferases, (ii) amino acid transporters and (iii) 

horizontally transferred genes. The gene with the highest expression in the SSA1-SG1 

bacteriocyte (ENSSSA1UGT021004) encoded for branched-chain amino acid 

aminotransferase, that mediates the terminal reaction in leucine, isoleucine and valine 

biosynthesis pathways. These three amino acids interact with transmembrane domains of 

membranous proteins and also play a crucial role in determining the structure of globular 

proteins (Brosnan & Brosnan, 2006). Gene essentiality analysis of the genome-scale metabolic 

model of cassava B. tabaci (SSA1-SG1) and Portiera (Chapter 4) revealed that this gene is 

indispensable for the survival of both the B. tabaci and its primary symbiont. These three 

characteristics (i) high expression in the bacteriocyte, (ii) mediating terminal reaction of the 

three essential amino acids and (iii) being critically essential for the growth of both B. tabaci 

and its primary endosymbiont, makes this gene, one of the best symbiosis gene targets for the 

control of cassava B. tabaci.

against the B. tabaci genome (whiteflygenoinics.org) database10

sequence similarity with a-glucosidase gene Bta05386. The high sequence similarity of this 

gene in both MEAM1 and SSA1-SG1 makes it a good gene target in the management of the 

two B. tabaci species.

10 http://www.B. tabqc/Renomics.orfi/cKi-bin/bta/blast.CRi

whiteflygenoinics.org
http://www.B._tabqc/Renomics.orfi/cKi-bin/bta/blast.CRi
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The transfer of metabolites between the B. tabaci and its primary endosymbiont among 

phloem-sap feeding insects is facilitated by amino acid transporters (Duncan et al., 2014,

respectively were identified in this study. The expression values of these genes, especially of 

bacterial origin, show that the transferred genes are active and functional, mediating reactions 

in lysine, arginine, threonine, serine, proline, histidine and biotin synthesis. These innovative 

gene transfers (Husnik & McCutcheon, 2018) provide cassava B. tabaci as a host with new 

functionality in the synthesis of essential amino acids. The gain of new gene functions in the 

shared metabolic network leads to gene redundancy of some genes which in turn has led to the 

loss of essential genes and genome reduction of the primary endosymbiont (Andersson & 

Kurland, 1998). One example is gene dapB that encode for 4-hydroxy-tetrahydrodipicolinate  

reductase (EC 1.17.1.8). This gene is missing in the genome of SSAl-SGl-E’or/iera but 

present in the genome of MEAM1 -Portiera and MED-Portiera, though as pseudogenes (Luan 

et al., 2015) (Chapter 4). Though missing in Portiera, the loss of this gene has been 

compensated for by acquiring a horizontally transferred dapB into cassava B. tabaci genome, 

exhibiting a high expression in the bacteriocyte. The acquisition of such genes has enabled B. 

tabaci as the host to alter metabolite flux in the shared metabolic pathways which allow the 

host to control the synthesis of essential amino acid.

Another way B. tabaci control synthesis and provisioning of the essential amino acid is by 

retaining HTGs that mediate terminal reaction in various amino acid biosynthesis pathways 

through purifying selection. For example, lysA that encodes for diaminopimelate decarboxylase 

that mediates terminal reaction in lysine synthesis and argH that encodes for arginosuccinate 

lyase that mediates the terminal reaction in arginine synthesis. Gene deletion analysis revealed 

that dapB, dapF, lysA and argH are indispensable genes and therefore critical for the growth 

and survival of cassava B. tabaci (SSA1-SG1) (Chapter 4). Other HTGs that mediate terminal 

reaction was bioB which mediates the final reaction in the biotin synthesis. Biotin is essential 

in the catabolism of leucine, valine and isoleucine (Massey et al., 1976). In summary, results 

in this study revealed three important insights, first, SSA1-SG1 and MEAM1 have similar 

HTGs mediating similar essential amino acid biosynthesis reactions in the bacteriocytes (Luan 

et al., 2015). Secondly, some HTGs are indispensable and mediate critical (terminal) reactions 

in some essential amino acid biosynthesis pathway, which makes them good gene targets for 

the management of B. tabaci population and lastly, the absence of dapB in SSAA-SGI-Portiera 

genome imply that SSA1-SG1 and its Portiera are co-evolving faster than MEAM1 and MED 

(Chapter 4).
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In conclusion, essential gene targets encoding for proteins with different molecular but linked 

physiological functions have been identified. Several factors have been considered, which 

include: (i) substrate specificity for sugar processing enzymes (ii) water specificity for water 

recycling mechanism in the gut (iii) reaction mediated in the essential amino acid biosynthesis 

pathways in the bacteriocyte and (iv) indispensability of the genes in the amino acid 

biosynthesis. Based on these factors, seven genes have been selected as critical genes in cassava 

B. tabaci (SSA1-SG1). These include: (i) ENSSSA1UGT022145: aquaporin (AQP1), (ii) 

ENSSSA1UGT002057: alpha glucosidase (SUC1) (iii) ENSSSA1UGT002066: alpha 

glucosidase (SUC2) (iv) dapB, dapF and lysA for lysine biosynthesis, (iv) branched chain 

amino-acid transferase for isoleucine, leucine, phenylalanine and valine biosynthesis and argH 

for arginine biosynthesis. The expression of these genes has been validated using RT-qPCR 

(Figure 3.20). It is envisaged that stacking these essential genes with similar physiological 

functions in combinatorial RNAi will lead to the management of super abundant whiteflies in 

cassava growing areas in Sub-Saharan Africa.

Douglas, 2014). In this study, a total of 16 amino-acid transporters of intrinsic (host) origin and 

one horizontally transferred gene of fungal origin (GGT1 encoding for gamma­

glutamyltransferase) (Sweiry et al., 1995; Taniguchi and Ikeda, 1998) were identified. Fewer 

amino acid transporters were identified in this study compared to those reported in MEAM1 

(Xia et al., 2017). These amino acid transporters have enriched expression in the whitefly 

(SSA1-SG1) bacteriocyte. Amino-acid transporters in the bacteriocyte catalyze uptake as well 

as exchange of amino acid across the symbiosome membrane which sustain the shared 

metabolic interaction between the whitefly and Portiera. It is worth noting that there is a 

widespread redundancy in the amino acid specificity across the different amino acid 

transporters i.e, the same amino acid can be a substrate of different transporters in different 

categories (Scalise et al., 2014). It is therefore important that more studies are conducted to 

characterize the amino-acid transporters identified in this study to identify the best gene target 

for managing B. tabaci population in cassava growing areas.
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IDENTIFICATION OF ESSENTIAL GENES TARGETS IN CASSAVA B. TABACI, 

THROUGH GENOME-SCALE METABOLIC MODELING

Whiteflies and other phloem-sap feeding insects depend on endosymbionts for essential amino 

acid and B vitamin biosynthesis (Section 2.5). This interaction demonstrates the interdependence 

among organisms for growth and survival (Douglas, 2016). The exploitation of this 

interdependency in the control of B. tabaci populations requires a comprehensive knowledge of 

both B. tabaci and endosymbiont genetics and physiology. The increasing availability of genomic 

resources of different B. tabaci species and their respective endosymbionts offers opportunities to 

study this interaction at the systems level. Genome-scale stoichiometric models coupled with 

constraints-based modeling techniques like flux balance analysis and flux variability analysis 

(Varma & Palsson, 1994) offers a complete overview of the gene-protein stoichiometric network 

and flow of flux, that can facilitate studying the interaction between B. tabaci and symbionts 

(section 2.5.2). Furthermore, other techniques, for example minimization of metabolic adjustment 

(MOMA) (Segre et a!., 2002) and regulatory on/off minimization (ROOM) (Shlomi et al., 2005) 

also offer ways to predict the outcome of genetic perturbation thereby allowing identification of 

essential genes. Genome-scale metabolic models have been used to identify essential gene targets 

for pharmaceutical applications (Hu et al., 2007; Jamshidi & Palsson, 2007) and also for efficient 

production of amino acids (Lee et al., 2007; Park et al., 2007; Pharkya et al., 2003) in different 

organisms.

The interactions of the primary endosymbionts (Portiera aleyrodidarum) and secondary 

endosymbiont (Hamiltonella defens a) in B. tabaci MEAMI has been investigated using genome­

scale metabolic modeling (Ankrah et al., 2017). This study showed that B. tabaci (MEAMI) 

interact with resident endosymbionts in the biosynthesis of essential amino acids in the 

bacteriocyte, though Hamiltonella acted as a nutritional "parasite", retaining most or all its 

essential amino acids and B vitamins that it is capable of synthesizing. The cryptic nature of B. 

tabaci species complex and varying prevalence of endosymbionts in different B. tabaci species 

necessitates that essential amino acid biosynthesis and protein provisioning in B. tabaci is studied 

in different species to identify key symbiosis genes for effective B. tabaci control in different
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This study was initiated therefore to study the interaction between cassava B. tabaci (SSA1-SG1) 

and its primary and secondary endosymbionts in the bacteriocyte using genome-scale metabolic 

modeling, to identify key gene targets responsible for amino acid provisioning in cassava B. tabaci 

SSA1-SG1. SSA1-SG1 is a superabundant B. tabaci species that has been associated with the 

spread of cassava brown streak disease and cassava mosaic disease epidemics in cassava producing 

areas, especially in East Africa (Legg et al., 2014; Legg et a!., 2015). It was hypothesized that 

identification of key symbiosis genes in SSA1-SG1 and downregulating them using RNAi in novel 

management tools will lead to the effective suppression of cassava B. tabaci SSA1-SG1 and the 

cassava diseases (CMD and CBSD) they transmit.

cropping systems. Recent studies on the prevalence of endosymbionts in cassava whiteflies 

showed that cassava B. tabaci (SSA1-SG1) did not possess Hamiltonella defensa (Ghosh et al., 

2015). Its therefore important to identify the secondary endosymbionts that co-exist with Portiera 

in the bacteriocytes of SSA1-SG1, ascertain their metabolic role especially in amino acid 

provisioning to the B. tabaci and determine whether shared metabolic patterns are conserved in 

different B. tabaci species.



MATERIALS AND METHODS4.2

Dissection of bacteriocytes from cassava B. tabaci4.2.1

4.2.2 Identification of metabolic genes for both SSA1-SG1 and Portiera aleyrodidarunt

11 https://github.eom/minillinim/SaSSY/blob/mastcr/src/Asscmbler.h
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For B. tabaci (SSA1-SG1), the coding sequences were obtained from the draft genome currently 

undergoing annotation. A Blastx search (Altschul et al., 1997) with a cutoff E-value of 1 e-3 against

B. tabaci SSA1-SG1 reads were mapped using blastn to a Portiera aleyrodidarum reference 

assembly from NCBI, REfseq id NC_018677.1. Reads for the two SSAl-SGl-Porhera were 

mapped and the blast mappings were parsed and paired, taking the best hits in each case using the 

highest bit scores. Where there was a conflict, resulting from a read mapping equally to two 

locations because of the same bit score, the longest match length was picked. Matching read ids 

were then used to retrieve the original fastq reads which were paired and assembled using the Sassy 

assembler11 as described in (Kazakoff et al., 2012; Visendi et al., 2016). The generated Portiera 

genome was then uploaded to RAST (Rapid Annotation Using Subsystem Technology) server 

(Aziz et al., 2008) and annotated using RAST annotation scheme with a gene caller based on 

release70 FIGfam version. Metabolic genes with their respective enzyme commission numbers 

(EC numbers) were used for the reconstruction of the genome-scale metabolic model of Portiera.

The cassava B. tabaci population (SSA1-SG1) used in this study was derived from a single virgin 

female and male originally collected from Namulonge, Uganda, an area with superabundant B. 

tabaci populations and a high incidence of both Cassava Brown Streak Disease and Cassava 

Mosaic Disease. The B. tabaci population was maintained at the Natural Resources Institute, the 

University of Greenwich on aubergine (Solatium melongena cv. Black Beauty) under insectary 

conditions (60% relative humidity, 28°C and 12h light: 12h dark regime) with 500 pmol m'2 s'1 

PAR. light intensity. Bacteriocytes were dissected from B. tabaci SSA1-SG1 adult female flies as 

described in section 3.2.1. It is worth noting that the bacteriocyte sample used in this chapter was 

the same sample used in Chapter 3. RNA extraction, rRNA depletion, library preparation and 

sequencing were done as described in section 3.2.2, 3.2.3 and 3.3.4 respectively.

https://github.eom/minillinim/SaSSY/blob/mastcr/src/Asscmbler.h


Genome-scale reconstruction of Portiera and SSA1-SG1 metabolic models4.2.2
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On completion, the reconstruction assembly for both Portiera and B. tabaci consisted of (i) 

reaction code, (ii) reaction equation, (iii) genes, (iv) gene-protein-reaction (GPR) association, (v) 

subsystem, (vi) reaction thermodynamics (reversibility), (vii) reaction constraints, (viii) 

confidence score, (ix) EC number for each reaction, (x) Biomass objective function and (xi) 

metabolite list with both charged and uncharged formula. Refining and manual curation of the 

model were done by (i) analyzing and verifying substrate and cofactor usage for each reaction, (ii) 

adding sink and demand reaction, (iii) verifying subcellular localization for each reaction and (iv) 

adding transport and exchange reactions which represent interaction and communication between

Single compartment models for Portiera and B. tabaci (SSA1-SG1) were reconstructed following 

the procedures reported by Thiele & Palsson (2010). In brief, Enzyme Commission (EC) numbers 

for coding sequences of both Portiera and SSA1 -SG1 were used to identify enzymes and pathways 

for the selected metabolic genes in Kyoto Encyclopedia of Genes and Genomes (KEGG) 

(Kanehisa & Goto, 2000). Reconstruction assembly was assembled manually in a pathway­

pathway manner based on KEGG pathways using an Excel spreadsheet. Genes associated with 

each EC number were noted and used in constructing gene-protein-reaction (GPR) based on 

Boolean rules. Distinct proteins catalyzing the different enzymatic reaction to produce the same 

metabolite or product were considered as isozyme, therefore, an “OR" rule was applied while 

proteins from different transcripts acting together to catalyze a given reaction (complex reaction) 

were assigned with the “AND" rule. The selected enzyme was further analyzed using the BiGG 

Models, a knowledgebase of genome-scale metabolic network reconstructions (King et al., 2016) 

to determine the exact reaction stoichiometry of the biochemical reaction, chemical formula, 

changes of metabolites and reaction direction and reversibility. Other databases used to verify 

reaction stoichiometry of the biochemical reactions include EcoCyc (Keseler et al., 2013) and 

Braunschweig enzyme database (BRENDA) (Chang et al., 2015).

NCBI protein reference non-redundant database (nr), mapping and annotation for all these 

sequences was done using Blast2GO suite (Conesa et al., 2005). Coding sequences with EC 

numbers were used to construct the genome-scale metabolic reconstruction for cassava B. tabaci 

(SSA1-SG1).
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The two single compartment models generated (zKT90 and 1K.T330) were combined to form a two- 

compartment model of B. tabaci SSA1-SG1 and Portiera, that was used for analysis and 

identification of essential symbiosis genes. The reactions in single models were renamed with a 

prefix SSAl_Por for Portiera model (z'KT90) and SSAl_Bt for the B. tabaci SSA1-SG1 model 

(z'KT330). Metabolites in z'KT90 and z‘KT330 were localized in [p] and [c] compartments 

respectively. Transport reactions were assigned to ensure that dead-end metabolites from each 

compartment are exchanged between the two compartments {Portiera and bacteriocyte) and 

import essential metabolites into the compartment. Exchange reactions were also included so that 

the metabolites or products produced by the two compartments are exported to the external 

environment (5. tabaci haemolymph).

Portiera and SSA1-SG1 B. tabaci. A pseudo reaction for biomass generation was developed as 

the objective function for the model as described by (Feist & Palsson, 2010; Ankrah et al., 2017). 

Briefly, each transcript expressed in cassava whitefly was translated and the number of each amino 

acid residue for each protein translated from each transcript was calculated. Transcript abundance 

for each transcript was multiplied by the total number of amino acid residues for each protein 

translated from each transcript to determine the total amount of each amino acid translated from 

each transcript. This was then used to calculate the total amount of each amino acid expressed in 

the cassava whitefly. The amino acid quantity for each amino acid was then used to determine the 

fractional contribution of each amino acid as a ratio of each amino acid to the total amino acid

translated in the cassava whitefly. This fractional contribution was converted into fractional 

proportion of each amino acid (Mrnolmonomcr/gDw) required to fulfil the total protein requirement 

(Mmol/gDw) for cassava whitefly. These fractional proportions were then used to construct the 

objective function for the survival of cassava whitefly (SSA1-SG1) (Supplementary table 6.5). 

Stoichiometric coefficients in the objective function describe the relative abundance of essential 

building blocks, focusing on amino acid synthesis (amino acids, ATP and water) that enables 

Portiera and B. tabaci to grow and survive. This reaction was selected as the objective in the 

calculation of optimal flux distribution for the Portiera and B. tabaci SSA1-SG1 model.



Conversion of the metabolic reconstruction into a mathematical model4.2.3

S. v = 0

vlb < v < vubWith
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S corresponds to the stoichiometric matrix of size 

reactions and v to the array of metabolic fluxes with v1 

bound

The curated metabolic reconstruction was converted into the genome-scale metabolic model, a 

stoichiometric matrix using Constraint-based reconstruction and analysis (COBRA) toolbox 

(Schellenberger et al., 2011) running within MATLAB environment (Mathworks Inc., Natick, 

MA) using the Gurobi solver12. The stoichiometric matrix enables computation of metabolic 

capabilities and quantitative prediction of cellular behaviour using constraint-based approaches. 

Constraints implemented on individual reaction fluxes included defining lower and upper bounds. 

Bounds define the space of allowable flux distribution that estimate the rate at which a metabolite 

is produced or consumed by a reaction. In the Portiera model, bounds for exchange reactions were 

set to zero and 1000 mmol gDw'1 h’1 for lower and upper bound respectively to prevent metabolite 

uptake while leaving the rate of secretion of desired metabolite unconstrained. For irreversible 

reactions, the lower bound was constrained to 0 mmol gDw -h while reversible reactions were 

constrained to -1000 mmol gDw -h. In the B. tabaci metabolic model, RNAseq expression data 

were used to set the upper bounds. For reaction mediated by a single gene or many genes with 

’OR’ Boolean rule, the highest value of the expression (logjCPM) was used, while the mean of 

expression values for all the genes was used for the reactions with ‘AND' Boolean rule. Another 

constraint considered was a mass balance which assumed that each metabolite produced or 

transported into the cell is balanced by the amount of metabolite consumed within or secreted from 

the cell represented by.

12 http://www.Rurobi.com/

m x n for a system with m compounds and n 

,lb as the lower bound and vub as the upper

http://www.Rurobi.com/


4.2.4 Analysis and evaluation of the models
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Several parameters of the model were assessed. These included; the optimal steady state flux 

profile and essential reaction/genes in the Poriiera and Portiera! B. (abaci model that would best 

predict the amino acid requirement for growth of Portiera and B. (abaci. The model was analyzed 

using flux balance analysis (Varma & Palsson, 1994) to determine the steady state flux profile that 

optimizes the objective function and to simulate gene essentiality of the two-compartment model. 

This also allowed identification of network gaps, blocked reactions or dead-end metabolite and 

determine whether the model generates the precursor metabolites for reactions.

The amino acid requirement for growth of Portiera and B. (abaci (SSA1-SG1) were determined 

using flux balance analysis (FBA) with simulations performed under aerobic conditions with a 

maximum oxygen uptake rate of 20 mmol gDW’h1, fructose and glucose as carbon sources and 

ammonia as the nitrogen source. The objective function for the two-compartment model was 

developed to optimize the amino acid requirement for both Portiera and B. (abaci. FBA was also 

used to determine the effect of gene/reaction deletion on the metabolic model. Each reaction was 

perturbed, one at a time, by constraining both the upper and lower bound to zero to restrict it from 

carrying flux. Gene or reaction knock out were implemented and growth simulated using 

SingleGeneDeletion or SingleReactionDelection function of COBRA Toolbox. A reaction was 

classified as essential or critical if when removed from the model, the resultant value of biomass 

flux is zero (the network does not support growth) or non-essential if perturbation caused no effect 

on the network (Network supports growth). Genes mediating reactions in essential amino acid 

biosynthesis were selected from the set of identified essential genes as potential gene targets for 

controlling cassava B. (abaci through RNAi. Minimization of metabolic adjustment (MOMA) 

(Segre et al., 2002) and regulatory on/off minimization (ROOM) (Shlomi et al., 2005) were also 

used to confirm the essential genes selected.



RESULTS4.3

Assembly and functional annotation of Portiera genome from B. tabaci SSA1-SG14.3.1

SSA1-SG1MEDDescription MEAM1

352068 357461 347165Size (bp)

26.1 26.2GC content (%) 26.2

290 291282

66 6571

36 36 36

23* 27**
♦present in SSA1-SGI but missing in MEAM1

97

Number of coding sequences

Number of subsystems

Number of RNAs

A total of 291 coding sequences were annotated using both RAST and Blast2GO to determine the 

function of the genes in the SSA1-SG1 Portiera genome. Sequence distribution of genes in the 

SSAl-SGl-T’orrzera genome revealed that the highest percentage of genes encoded for gene 

translation (21%), ribosome biogenesis (15%) and alpha-amino acid biosynthetic processes (13%) 

(Figure 4.1). Direct Gene Ontology (GO) count of the biological processes for the coding 

sequences confirmed the contribution of Portiera in the biosynthesis and metabolism of amino 

acids in the bacteriocyte. Of the 20 top direct GO counts of biological processes, 10 related to 

amino acids biosynthesis and metabolic processes (Figure 4.2).

A single compartment metabolic model for SSAl-SGl-Por/zera was reconstructed using the 

assembled SSA1 SG\-Portiera genome. The assembled Portiera genome from cassava B. tabaci 

SSA1-SG1 was comparable in size, percentage GC content and number of coding sequences to 

Portiera genome from B. tabaci species MEAM1 and MED. It had a size of 347165 bp compared 

to 352068 bp and 357461 bp of Portiera from MEAM1 and MED respectively (Table 4.1).

Table 4. 1: Comparison of genomic features of Portiera genome from MEAM1, MED and 
SSA1-SG1

Number of unique hypothetical proteins
♦present in MEAM1 but missing in SSA1-SG1 **prcsent in MED but missing in SSAI-SG1

31***
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Comparison of Portiera from B. (abaci SSA1-SG1, MEAM1 and MED4.3.2

Unique protein/function ME AMI MED SSA1-SG1

+ +
+
+

+ +
+
+
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4-hydroxy-tetrahydrodipicolinate reductase (EC 1.17.1.8) 

Inner membrane protein translocase component YidC 

tRNA uridine 5-carboxymethylaminomethyl enzyme (GidA) 

Cytochrome O ubiquinol oxidase subunit 1

GTPase and tRNA-U34 5-formylation enzyme TrmE 

SSU ribosomal protein S6p

Although Portiera genome from MEAM1, MED and SSA1-SG1 were comparable in size, GC 

content, number of coding sequences and RNAs, comparative functional analysis was done to 

identify protein/function missing in the three Portiera genomes. A total of six unique proteins were 

identified, all of which were missing in SSA1 -SG\-Portiera (Table 4.2). These included (i) 4- 

hydroxy-tetrahydrodipicolinate reductase DapB (EC 1.17.1.8), (ii) inner membrane protein 

translocase component YidC, (iii) tRNA uridine 5-carboxymethylaminomethyl enzyme (GidA), 

(iv) cytochrome O ubiquinol oxidase subunit 1, (v) GTPase and tRNA-U34 5-formylation enzyme 

(TrmE) and (vi) SSU ribosomal protein S6p. Of these, only one metabolic enzyme (4-hydroxy- 

tetrahydrodipicolinate reductase—EC 1.17.1.8) was identified in Portiera from MEAM1 and 

MED but missing in Portiera from cassava B. tabaci SSA1-SG1 (Table 4.2). Previous study by 

(Luan et al., 2015) showed that the metabolic enzyme (4-hydroxy-tetrahydrodipicolinate 

reductase—EC 1.17.1.8) that is missing in SSA1 -SG\-Portiera is encoded by dapB, a key gene in 

the lysine biosynthesis pathway.

Table 4.2; Missing protein/function in Portiera genome from MEAM1, MED and SSA1- 
SG1

4.3.3 Single compartment models of SSAl-SGl-Porrienz and B. tabaci SSA1-SG1

The reconstructed single compartment metabolic model for SSA1-SGI-/-Wr/era comprised of 76 

intercellular reactions, 150 metabolites and a total of 90 genes hence supporting a metabolic 

network, z'KT90. The model had an optimal solution based on flux balance analysis of 6.70, 

showing that the flux through the reconstructed metabolic network maximizes growth rate,



Table 4.3: Comparison of genome-scale metabolic models of B. tabaci SSA1-SG1 and MEAM1

B. tabaci ME AMIB. tabaci SSA1-SG1Description

ZNA94ZKT90
94 332 774330 420Number of metabolic genes 90

77476 236310Number of intracellular reactions 76 233

550148 253Number of metabolites 150 251 402

Flux balance optimal solution (/r7) 12.02 26.55 0.200.316.70 25.38

6.206.17

26.58 26.71
**

Three-compartment model for B. tabaci MEAM1, Portiera and Hamiltonella (Ankrah et al., 2017)***
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resulting in a predicted exponential growth rate of 6.70 h’1. The symbiosis system in both SSA1- 

SG1 (z'KT90) and MEAM1 (/NA94) is quite conserved. Comparison of both single compartment 

model of Portiera from both SSA1 -SG1 and MEAM1 showed that the two models are quite similar 

in the number of intercellular reactions, genes and metabolites (Table 4.3).

The bulk of reactions of the biosynthesis pathways of seven essential amino acids (arginine, 

histidine, lysine, phenylalanine, isoleucine, valine and leucine) are mediated by genes in Portiera.

The primary role of Portiera in the bacteriocyte relates to amino acid biosynthesis. The 

reconstructed metabolic model for Portiera was analyzed to determine essential amino acid 

provisioning and the genes mediating critical reaction in the essential amino acid biosynthesis in 

the cassava whitefly bacteriocyte. Portiera as a primary symbiont in B. tabaci SSA1-SG1 

contributes final/tenninal reactions for the synthesis of three essential amino acids. These include 

(i) threonine, (ii) methionine and (iii) tryptophan (Figure 4.6, Figure 4.7 & Figure 4.8). Once 

synthesized, the three essential amino acids are exported to the bacteriocyte, where they are made 

available to the B. tabaci. Furthermore, Portiera also contributes to the synthesis of metabolites 

for intermediate reactions of other essential amino acids. For example, it possesses genes that 

encode for proteins required for chorismate biosynthesis, which is a precursor of aromatic amino 

acids (phenylalanine, tryptophan and tyrosine) (Figure 4.8).

Total protein (mmol/gDw)

Total cost for protein synthesis

Two compartment model for B. tabaci SSA 1-SGI and Portiera

ZKT330 ZKT420** ZNA332 ZNA774***



4.3.4 Two-compartment models of B. tabaci SSA1-SG1 and Portiera aleyrodidarum

4.3.4.1 Identification of endosymbionts in the SSA1-SG1 bacteriocyte

102

In addition, the single compartment model of Portiera revealed that Portiera lacks genes that 

encode for metabolites required in the biosynthesis of non-essential amino acids (alanine, 

asparagine, aspartic acid, cysteine, glutamic acid, glutamine, glycine, proline, serine and tyrosine). 

This implies that Portiera depends on the B. tabaci SSA1-SG1 for the provision of non-essential 

amino acids. It also requires eight host-derived metabolites for the biosynthesis of essential amino 

acids. These include, (i) 2, 3, 4, 5-tetrahydrodipicolinate (Figure 4.5), (ii) L-aspartate (Figure 4.6), 

(iii) alpha-D-ribose 5-phosphate (Figure 4.7), (iv) 5-methyltetrahydrofolate (Figure 4.7), (v) L- 

glutamine, and (vi) L-serine (Figure 4.8). These metabolites are imported across the symbiosome 

membrane by Portiera as precursors in different essential amino acid biosynthesis pathways.

Secondary endosymbionts in the bacteriocytes also make a contribution to essential amino acid 

biosynthesis, albeit little (Ankrah et al., 2017). Therefore, a preliminary study was done to identify 

endosymbionts co-existing in the SSA1-SG1 bacteriocyte. Modified primers for 16S rRNA 

(907Fmod and 1237R) (Jing et al., 2014) were used to amplify the V6-V7 region of the all 

endosymbionts in the bacteriocytes. Prior to this analysis, In silico analysis of PacBio reads of 

SSA1-SG1 (used for assembly of SSA1-SG1 genome) revealed traces of Wolbachia, therefore 

both wholebody and bacteriocyte samples of SSA1 -SGI were compared with B. tabaci MED_ASL 

and a control, which were both positive for Wolbachia and other endosymbionts. Digestion of 16S 

rRNA amplicon of the V6-V7 region using Mwol restriction enzyme showed that MEDASL had 

both Portiera (restriction bands of 331 kb) and Wolbachia (restriction band of 171 kb) while B.

Metabolites produced in these reactions are exported across a symbiosome membrane into the 

bacteriocyte for amino acid biosynthesis. Metabolites (intermediate precursors) exported across 

the symbiosome membrane include, (i) N(Omega)-(L-Arginino) succinate for arginine 

biosynthesis, (ii) L-Histidinol phosphate for histidine biosynthesis, (iii) LL-2,6- 

Diaminoheptanedioate for lysine biosynthesis, (iv) phenylpyruvate for phenylalanine biosynthesis, 

(v) (5)-3-methyl-2-oxopentanoate for isoleucine biosynthesis, (vi) 3-methyl-2-oxobutanoate for 

valine biosynthesis and (vii) 3-carboxy-4-methyl-2-oxopentanoate for leucine biosynthesis (Figure 

4.5, 4.6, 4.7 & 4.8).



+ Control SSA1-SG1_WB SSAl-SGl_BacteriocytesMED ASL

136 9 10 12 142 3 5 7 8 11L 1 4
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[abaci SSA1-SG1 had only Portiera in its bacteriocyte (Figure 4.3). Phylogenetic analysis of 

digested 16S rRNA amplicon of the V6-V7 region from SSA1-SG1 bacteriocytes confirmed that 

the dominant endosymbiont was Portiera (Figure 4.4). Based on these results, a two-compartment 

model for B. [abaci SSA1-SG1 and Portiera was constructed to identify the essential gene targets 

in the different essential amino acid biosynthetic pathways.

Figure 4.3: Identification of secondary symbionts co-existing with Portiera aleyrodidarunt in 

the cassava B. tabaci (SSA1-SG1) bacteriocyte. Restriction pattern of endosymbionts based 

on 16S for V6-V7 region generated using Mwol restriction enzyme and visualized using a 1 

kb ladder (Quick-load, New England BioLabs Inc). Lane 1 and 2, positive control for 

Wolbachia - digested, lane 3 and 4, positive control for Wolbachia - undigested PCR product, 

lane 5 and 6, MED ASL - digested, lane 7 and 8, MED - undigested PCR product, lane 9 

and 10, SSA1-SG1 whole-body - digested, lane II and 12, SSA1-SG1 whole-body - 

undigested PCR product, lane 13 and 14 SSA1-SG1 bacteriocytes - digested and lane 15 

and 16 SSA1-SG1 bacteriocyte - undigested PCR products.

15 16
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4.3.4.2 Shared metabolic interaction between Portiera and SSA1-SG1.
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Therefore, a two-compartment model (z'KT420) was reconstructed combining both the single 

compartment model for Portiera (z’KT90) and for B. tabaci (z’KT330). The naming of the two- 

compartment model (/K.T420) for cassava whitefly (SSA1-SG1) followed the standard system 

biology procedure of naming metabolic models with i representing insilico metabolic model 

containing 420 metabolic genes (Table 4.3) generated by Kaweesi Tadeo (KT).

Terminal reactions in the essential amino acid biosynthesis pathway are important because they 

influence the provisioning of amino acid. Genome-scale metabolic reconstruction of both B. tabaci 

SSA1-SG1 and its primary endosymbiont revealed that the terminal reaction of isoleucine, leucine, 

valine, histidine and phenylalanine are all mediated by genes of intrinsic origin in the host 

bacteriocyte. For example, for branched-chain amino acids, one enzyme, branched-chain amino 

acid transaminases (EC 2.6.1.42) encoded by BCAT, mediate the conversion of 3-methyl-2- 

oxobutanoate to valine, 4-methyl-2-oxopentanoate to leucine and (S)-3-Methyl-2-oxopentanoate 

to isoleucine (Figure 4.6). other genes include, hisD (EC 1.1.1.23) and aspC (EC 2.6.1.58).
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4.3.5 In silico prediction of essential amino acid synthesis rate in B. tabaci SSA1-SG1
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Robustness analysis to determine the systemic effect of varying metabolite flux through terminal 

reactions of different essential amino acids on the objective (growth of B. tabaci SSA1-SG1) 

revealed five reactions that are sensitive to fluctuation in the maximum allowable flux. These were 

(i) SSAl-Bt-IIISTD for histidine synthesis (ii) SSAl-Por-TRPSl for tryptophan synthesis (iii) 

SSAl-Bt-DAPDC for lysine synthesis (iv) SSAl-Bt-LEUTAi for leucine synthesis and (v) SSA1- 

Bt-ARGSL for arginine, all with maximum allowable flux ranging from 9.5 - 24 mmol gDW ’h'1 

(Figure 4.10 & Figure 4.11). The most crucial point in this robustness analysis is the flux at which 

the optimal flux balance solution is attained and the flux at which the model begins to deviate from 

the optimal solution, which is the optimum growth rate (Figure 4.10 and Figure 4.11). Some 

reaction especially terminal reactions within Portiera (SSAl-Por-METS, for methionine, SSA1- 

Por-THRS for threonine and SSAl-Por-TRPSl for tryptophan) exhibit different patterns, with 

relatively very low flux required to attain the optimal solution (Figure 4.11 B, C and D)

Flux balance analysis was used to predict the in-silico production rate of essential amino acids by 

the two-compartment genome-scale metabolic model of B. tabaci SSA1-SG1. The predicted 

production rate of different essential amino acids in B. tabaci SSA1-SG1 varied from 0.05 mmol 

gOW^'h’1 to 0.21 mmol gDW ’h1. Three essential amino acids had a relatively high rate of 

production in the SSA1-SG1 bacteriocytes. These were (i) phenylalanine with 0.21 mmol gDW" 

'h'1, (ii) leucine with 0.17 mmol gOW^'h’1 and (iii) lysine with 0.16 mmol gDW ’h'1 (Figure 4.9). 

Some essential amino acids, for example, histidine, methionine tryptophan and threonine were 

produced at a relatively low rate. Three of these amino acid (methionine, Threonine and 

tryptophan) are produced mainly by Portiera.
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4.3.6 Essential gene targets in different essential amino acid biosynthesis pathways in

SSA1-SG1

Single gene deletion also revealed that seven of the ten biosynthesis pathway had essential genes 

mediating their terminal reactions. Therefore, these genes were characterized as accessory 

essential genes in the provisioning of essential amino acids in the cassava B. tabaci SSA1-SG1. 

These include, (i) argH (EC 4.3.2.1) for arginine biosynthesis, (ii) lysA (EC 4.1.1.20) for lysine 

biosynthesis, (iii) Branched-chain amino acid transaminase (EC 2.6.1.42) for isoleucine, valine 

and leucine biosynthesis, (iv) hisD (EC 1.1.1.23) for histidine and (v) aspC (EC 2.6.1.58) for 

phenylalanine biosynthesis. Of these, two genes (argH and lysA) are horizontally transferred genes 

of bacterial origin while three genes (BCAT, hisD and aspC) are of intrinsic origin (Table 4.4). All 

the selected reactions except PHETA1 for phenylalanine biosynthesis were mediated by the 

protein encoded by a single gene. This is contrary to the genes that mediate metabolic inputs 

(metabolites that are exported across the symbiosome membrane) in different essential amino acid 

biosynthesis pathways (Table 4.5). Therefore, three factors, (i) indispensability of the gene, (ii) 

reaction mediated by a single gene and (iii) gene mediating a terminal reaction were considered in 

the selection of the best candidate gene targets for the management of cassava whitefly SSA1 -SGI 

(Table 4.4).

Genome-scale reconstruction of both B. tabaci SSA1-SG1 and Portiera demonstrated an 

interdependence of both cassava whitefly and its primary endosymbiont. Analysis of the shared 

metabolic interaction coupled with constraint-based metabolic modeling offered opportunities to 

identify and select critical/essential symbiosis genes that can be used as gene targets in the 

management of cassava whiteflies. Gene essentiality was simulated by constraining each reaction, 

one at a time, from carrying flux and the effect of this perturbation was assessed by comparing the 

growth rate of the perturbed network to that of wild type (Figure 4.12). Based on the growth rate, 

a total of 270 reactions were characterized as essential. Of these, 129 reactions were mediated by 

genes in Portiera while 141 reactions were mediated by genes in B. tabaci SSA1-SG1 

(Supplementary table 6.6). Essential amino acid biosynthesis pathways in B. tabaci SSA1-SG1 

had a varying number of indispensable genes. Histidine pathway had the highest number of 

indispensable genes (10 genes) (Figure 4.7) followed by lysine and leucine biosynthesis pathway 

with 9 and 6 essential genes respectively (Figure 4.5 & Figure 4.6).
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Figure 4.12: Robustness of the metabolic network “SSAl-SGl_Porrfera” iKT420 showing 

the effect of single reaction deletion on the growth rate of B. tabaci SSA1-SG1 and Portiera 

mutant relative to the wild-type, simulated using flux balance analysis. A total of 270 reaction 

deletions affected growth, therefore, were deemed indispensable/essential for the growth and 

survival of cassava B. tabaci SSA1-SG1
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Comparison of reactions mediated in both Portiera and bacteriocyte of SSA1-SG1 (z‘KT420) and 

MEAM1 (z'NA774) showed that symbiosis in these two whitefly species is conserved with slight 

differences in the simulated growth rate and in silico production rate of different essential amino 

acids. The difference in these two outputs may be attributed to the impact of the third partner 

(Hamiltonella defensa) in the bacteriocyte, a nutritional parasite in the MEAM1-bacterial 

symbiosis (Ankrah et al., 2017). Co-habitation of different endosymbionts in the same 

bacteriocytes generates constraints on both the host and primary endosymbiont (Gottlieb et al., 

2008), which affects the overall performance of either the host or the primary endosymbiont in the 

symbiotic relationship. In this case, both high growth and amino acid production rate as observed 

in this study may have a strong influence on the fitness and population dynamics of B. tabaci.

An obligatory relationship between B. tabaci and Portiera aleyrodidarum is essential for the 

survival of whiteflies on the nutritionally impoverished diet of plant phloem sap. This study was 

initiated to identify accessory essential gene targets that can be used to disrupt this relationship, 

for the management of the superabundant whitefly population in cassava growing areas. A two- 

compartment metabolic model of B. tabaci SSA1-SG1 and its primary endosymbiont Portiera was 

constructed to represent the shared metabolic interaction between the host and the bacteria in the 

biosynthesis of essential amino acid. In MEAM1, a three-compartment metabolic model of 

Hamiltonella defensa, Portiera aleyrodidarum and B. tabaci ME AMI has been constructed 

(Ankrah et al., 2017). In this study, Hamiltonella defensa was not detected in SSA1-SG1 

population tested, neither was any other secondary endosymbiont detected, either in the whole 

body or in the bacteriocyte. Several studies have been conducted on the prevalence and diversity 

of endosymbionts in different whitefly populations (Asiimwe et al., 2014; Ghosh et al., 2015; 

Tajebe et al., 2015). Key findings on cassava B. tabaci SSA1-SG1 were, (i) none of the SSA1- 

SG1 whiteflies tested had Hamiltonella defensa and (ii) a relatively large percentage (38%) of the 

tested SSA1-SG1 whiteflies were completely free of secondary endosymbiont (Ghosh et al., 2015; 

Tajebe et al., 2015). Therefore, Portiera as a sole endosymbiont in the SSA1-SG1 population the 

was tested and its host exhibited a full capacity for the biosynthesis of all essential amino acids 

required for growth and survival of the cassava whitefly.
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On the other hand, the two-partner model generated in this study contained only three final 

reactions in the biotin biosynthesis pathway mediated enzymes encoded by BioA, BioD and BioB, 

horizontally transferred genes in the bacteriocyte. One question remains, however, as to where B. 

tabaci SSA1-SG1 obtains 8-amino-7-oxononanoate, a precursor of 7,8-diaminononanoate, 

required for the last two reactions in Biotin synthesis? In MEAM1, the secondary endosymbiont, 

Hamiltonella defensa has a complete biotin biosynthesis pathway including reaction mediated 

enzymes encoded by BioA, BioD and BioB. However, constraint-based modeling revealed that it 

contributes little or nothing to B vitamins nutrition of its host (Ankrah et al., 2017). These results, 

therefore, imply (i) B. tabaci is slowly gaining an ability to synthesize B vitamins through 

horizontal gene transfer, (ii) there could be other secondary endosymbionts that are contributing 

to biotin biosynthesis but the molecular diagnostic methods used in this study as well as in other 

studies (Ghoshi et al., 2015; Tajebe et al., 2015) are not robust enough to capture all the 

endosymbionts in B. tabaci SSA1-SG1. Therefore to answer this question, more robust methods 

such as visualization using either electron microscope, confocal microscope or Fluorescence in 

situ hybridization (FISH) (KJiot et al., 2014) are recommended.

Interaction between B. tabaci and their respective endosymbionts has evolved over time. Shared 

metabolic interaction between these partners shows that whiteflies are slowly gaining genes that 

are required for the biosynthesis of essential amino acids within the bacteriocytes. These 

innovative metabolic abilities have been facilitated not only by the symbiotic relationship with 

bacterial partners but also by lateral transfer of genes of bacterial origin. In this study, two 

pathways; L-lysine (Figure 4.5) and L-phenylalanine (Figure 4.8) demonstrate host compensation 

in the bacteriocyte. First, B. tabaci SSA1-SG1 acquired a bacterial gene dapB (EC 1.17.1.8) that 

encodes for 4-hydroxy-tetrahydrodipicolinate reductase in its lysine biosynthesis pathway. In 

SSAl-SGl-Porhera, dapB is missing but the gene is still present in Portiera genome of both 

MEAM1 and MED (Table 4.2). Previous studies by Luan et al., (2015) showed that dapB is present 

in the MEAMl-Fo/V/era genome as a pseudogene with significantly reduced expression in the 

bacteriocyte compared to other genes in the same metabolic pathway. These results imply, (i) 

SSA1-SG1 is co-evolving with Portiera faster than MEAM1 and MED, or (ii) the relaxed 

functional constraint due to gene redundancy in the shared metabolic interaction in the bacteriocyte 

leads to loss of essential genes especially by the endosymbiont (Andersson & Kurland, 1998; Rao 

et al., 2015). Therefore, the loss of dapB in Portiera has enabled the horizontally acquired dapB
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Other potential targets in the SSA1-SG1 bacteriocyte are genes encoding enzymes that mediate 

terminal reactions for the biosynthesis of lysine and arginine amino acids. Both argH and lysA are 

horizontally transferred genes of bacterial origin. These genes have been subjected to selection 

pressure (purifying selection) within the bacteriocyte that has rendered them indispensable in the 

biosynthesis of arginine and lysine respectively. This acquisition of essential genes by the host 

within the bacteriocyte especially those that mediate terminal reactions enable the host not only to 

alter metabolite flux but also to control both the synthesis and allocation of essential amino acids 

between the host and the endosymbiont.

The control of amino acid biosynthesis, allocation of essential amino acid within the bacteriocyte 

and the less redundancy of genes encoding proteins mediating terminal reactions (Table 4.4) makes 

these genes ideal targets for the management of cassava whiteflies. Biological systems usually 

maintain a buffering mechanism against genetic perturbation though redundancy or feedback 

regulation. In phloem-sap feeders, maintenance of these mechanisms seems to be costly for the 

host to maintain especially for reactions that are mediated within the bacteriocyte. In B. tabaci 

SSA1-SG1, the terminal reaction of six essential amino acids in the bacteriocytes are mediated by 

a single indispensable gene (Table 4.4). These terminal reactions were for, (i) arginine synthesis, 

(ii) lysine synthesis, (iii) valine synthesis, (iv) isoleucine synthesis, (v) leucine synthesis and (vi) 

histidine synthesis. Of these, the terminal reactions of three branched chain amino acids 

(Isoleucine, valine and leucine) are mediated by a single gene (BCAT, EC 2.6.1.42) (Figure 4.6).

gene in the bacteriocyte to take over the role of synthesizing 2,3,4,5-Tetrahydrodipicolinate from 

2,3-Dihydrodipicolinate rendering the transferred gene indispensable in the biosynthesis of lysine 

in SSA1-SG1 bacteriocyte. Second, a similar compensation process is still on-going in 

phenylalanine biosynthesis pathway. B. tabaci SSA1-SG1 acquired CM (EC 5.4.99.5) encoding 

chorismate mutase, an enzyme that converts chorismate to prephenate, a precursor of 

phenylpyruvate (Figure 4.8). Essentiality analysis revealed that CMis dispensable. This is because 

there are two pathways that can lead to prephenate synthesis, one mediated within Portiera and 

the other in the bacteriocyte. Speculatively, due to this redundancy, it can be predicted that pheA 

(EC 5.4.99.5), a gene that mediates prephenate biosynthesis within Portiera will undergo 

pseudogenization, making CM in the bacteriocyte an essential gene in the biosynthesis of 

phenylalanine.
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In conclusion, four genes have been selected as the potential gene targets to disrupt six essential 

amino acid biosynthesis pathways in the B. tabaci SSA1-SG1 bacteriocyte. These include (i) BCAT 

for valine, isoleucine and leucine biosynthesis, (ii) lysA for lysine biosynthesis, (iii) argH for 

arginine biosynthesis and (iv) hisD for histidine biosynthesis. Factors considered in the selection 

of these gene include (i) essentiality of the gene, (ii) genes that encode for a protein that mediate 

terminal reactions and (iii) the terminal reactions that are mediated by the protein encoded by a 

single gene. It is envisaged that targeting the selected symbiosis genes will not only control the 

superabundant SSA1-SG1 population but also manage the spread of cassava viral diseases they 

transmit.

The essentiality and multifunctionality of BCAT makes this gene one of the best gene target in the 

management of the super abundant whitefly population in cassava growing areas. Branched-chain 

amino acids play vital roles not only in protein synthesis but also in the regulation of energy 

homeostasis and nutritional metabolism (glucose uptake and fatty acid oxidation) (Nie et al., 

2018). Therefore, it can be hypothesized that knockdown of BCAT will have a significant effect 

on the survival of SSA1-SG1. Several studies have demonstrated by using single amino acid 

deletion technique that lack of even one essential amino acid can have detrimental effects on the 

insect especially in the larval stage (Zografou et al., 1998; Wilkinson & Douglas, 2003; Chang, 

2004).

Another potential target gene is hisD, a gene mediating the synthesis of histidine from L-histidinol 

in the bacteriocyte. Histidine is a very active and versatile amino acid that is often key residue in 

enzymatic reactions and protein-protein interaction ( Uchida, 2003; Liao et al., 2013). Though the 

model predicted this reaction to be essential, the gene encoding for the enzyme that mediates the 

synthesis of histidinol dehydrogenase was not detected in both B. tabaci transcriptome and 

Portiera genome. More studies are required to identify and isolate the gene that encodes for 

histidinol dehydrogenase. Down-regulation of this gene either through RNAi will have a 

detrimental effect on the growth and survival of B. tabaci SSA1-SG1.



EFFICACY OF RNA INTERFERENCE AGAINST OSMOREGULATION GENES IN

THE MANAGEMENT OF BEMISIA TABACI

INTRODUCTION5.1
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Despite previous efforts to manage the whitefly pest problems in Sub-Saharan Africa (Section 

2.3), they have not been effective and some populations, for example SSA1-SG1, have become 

so numerous and widespread that they have been termed "super-abundant" (Legg et al., 2014). It 

is evident, therefore, that new methods especially those based on sequence-specific suppression of 

gene expression such as RNA interference (RNAi) should be explored to deal with the B. tabaci 

problem in Sub-Saharan Africa (Grover et a!., 2019). This technology has been applied in the 

management of different insect pests in a range of cropping systems, with varying degrees of 

success (Scott et al., 2013). Key factors that influence the success of RNAi as a pest control 

strategy depends on the: (i) development of dsRNA constructs, (ii) the efficiency of the dsRNA 

delivery system, (iii) cellular uptake and amplification of delivered dsRNA and (iv) efficiency of 

dsRNA processing to siRNA.

In B. tabaci, several studies provide proof of concept data that demonstrate the efficacy of RNAi 

in controlling whiteflies (Ghanim et al., 2007; Upadhyay et al., 2011; Thakur et al., 2014; Chen et 

al., 2015; Malik et al., 2016). These studies varied in the genes targeted as well as the dsRNA 

delivery method. For example, Ghanim et al. (2007) used injection as a dsRNA delivery method, 

which demonstrated that RNAi was effective on B. tabaci with 70% gene knockdown. However, 

the method is not practical in the management of whitefly populations in fanners' fields. Thakur 

et.al. (2014) and Upadhyay et al. (2011) demonstrated direct feeding of dsRNA as an efficient 

alternative method. The high success reported in these studies can be attributed to the nature of the 

insect midgut. The midgut of most insects is made of a perimicrovillar membrane, making it one 

of the sensitive portions of the insect body with an active interface in contact with the physical 

environment. The perimicrovillar membrane is made up of microvilli, stem cells and endocrine 

cells that provide channel and endocytosis apparatus for dsRNA uptake (Hakim et al., 2010; Nardi 

et al., 2019). Important processes, for example, digestion and osmoregulation, take place within 

the gut. Therefore, to increase the efficiency of RNAi in B. tabaci, essential genes with enriched 

expression within the gut are promising targets to select. This is because the reduction of gene



123

Management of whiteflies either in farmers’ fields or in the glasshouse requires an efficient dsRNA 

delivery system. Therefore, the efficacy of RNAi must be evaluated using in planta delivery 

systems. Tzin et al. (2015) used an in planta delivery system based on transient expression of 

dsRNA to evaluate the efficacy of RNAi against osmoregulation genes in phloem-sap feeders. 

More studies are required to explore the use of stably transformed plants in the control of phloem­

sap feeders. In this study, stably transformed transgenic plant, with phloem-specific promoters to 

facilitate the expression of dsRNA in phloem tissues were used to study the efficacy of RNAi in 

the control of whiteflies.

expression of these genes is less dependent

(Scott et al., 2013; Yu et al., 2013)

on the systemic spread of dsRNA in the insect body

The effectiveness of dsRNA-mediated gene silencing can also be influenced by: (i) concentration 

of dsRNA (Miller et al., 2012), (ii) mode and frequency of administration and (ii) the target gene 

selected (Ghanim et al., 2007; Wang et al., 2016; Luo et al, 2017; Mamta & Rajam, 2017). Of 

these, gene selection is the most important factor. An ideal gene target should: (i) produce mRNA 

pools with low turnover (Larsson et al., 2010) and (ii) be consistently expressed throughout the 

relevant life stages. Examples of genes-targeted in controlling insects using RNAi include, (i) 

aquaporins in aphids (Shakesby et al., 2009), (ii) immunoresponsive midgut-expressed gene 

(TsetseEP) in tsetse fly (Walshe et al., 2009), (iii) digestive and caste-regulatory genes in 

Reticulitermes flavipes (Zhou et al., 2008), (iv) molting genes in Tribolium castaneum (Konopova 

& Jindra, 2007), (v) olfactory receptors gene (o/'co) in Apolygus locorum (Zhou et al., 2014) and 

(vi) CYP6AE14 in Helicoverpa armigera (Mao et al., 2011). In B. tabaci, two candidate 

osmoregulation genes; Aquaporin 1 (AQP1), a major intrinsic protein and Sucrase 1 (SUCl) an 

alpha glucoside (family 13) have been identified in MEAM1 (Jing et.al., 2016). These genes are 

required to maintain fluid homeostasis (Mathew et al., 2011; Jing et al., 2016; Raza et al., 2016). 

In this study, the efficacy of RNAi against AQP1 and SUCl, genes with different molecular but 

linked physiological function was evaluated. Tomato plants (Solatium lycopersicum L) stably 

transformed with dsRNA against these genes were used to determine both the effect of these 

transgenic plants on survival and physiology of whiteflies.



MATERIALS AND METHODS5.2

Plant material and insects5.2.1

The B.

5.2.2 Evaluating B. tabaci performance on tomato transgenic plants
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Due to the limited number of transformed tomato plants per line (Ti), tomato seeds from different 

stably transformed plants were generated and treated with Rapidase (12ml/L of water) for 1.5-2 

hours. The treated seeds were established to generate seedlings from each line (second generation 

plants, T2) for the experiment. Seedlings were tested for the presence of target dsRNAs to ensure 

that only stably transformed plants were used. The plants were grown on compost (Cornell mix) 

supplemented with a water-soluble fertilizer and maintained in a climate-controlled greenhouse at 

25±2°C, 60% relative humidity and a 12:12h L:D for 6 weeks.

After 6 weeks, the transgenic tomato plants were transferred to the climate-controlled chamber 

(25±2°C, 60% relative humidity and a 12:12h L:D with a light intensity of 350 jimol m'2s'’ PAR). 

The experiment was set up as a non-replicated single row, with each row consisting of five plants 

per transgenic line and two clip cages were attached to each plant. A tomato leaf containing only 

3rd instar nymphs and pupae was placed in a cage containing a clean tomato plant, at two days 

before the experimental setup to ensure that only newly emerged whiteflies were used. Wet cotton 

wool was placed on the leaf stalk to avoid quick desiccation. After two days, all the emerged 

whiteflies had settled on the leaves and were acclimatized. Only whiteflies in courtship (pairs)

tabaci species, Middle East-Asia Minor (MEAM1) (GenBank accession no K.M507785) 

was collected originally from Ithaca, New York. The colony had been maintained at Cornell 

University on tomato (Solanum lycopersicutn cv Florida Lanai) at 25±2°C with 12:12h L:D at 350 

pmol m’2s_| PAR. Six types of stably transformed tomato plant (cv Florida Lanai) generated by 

Luo et.al, (2017) were obtained from the Douglas laboratory, Department of Entomology, Cornell 

University. These plants had the following transformations: (i) dsRNA against RNase (dsRNasel 

& 2) (NCBI Accession KX390872 and KX390873 respectively), (ii) dsRNA against GFP (dsGFP- 

dsRNA), (iii) dsRNA against sucrase (dsSUC) (NCBI Accession ICX390871), (iv) dsRNA against 

aquaporin (NCBI Accession KJX390870) and sucrase (dsAQP+dsSUC), (v) dsRNA against RNase 

1 & 2, aquaporin and sucrase (dsRNase+dsAQP+dsSUC) and (vi) empty vector.



5.2.3 Analysis of SUC1 and AQP1 gene expression in MEAM1 B. tabaci
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Figure 5.1: Experimental setup of the efficacy study consisting of a single row non-replicated 

plot with five tomato plants for each treatment, established in the climate-controlled growth 

chamber at Cornell University, USA.

were collected in glass vials. This was done to minimize stress or strain on whiteflies prior to the 

experiment. A total of 10 newly emerged whiteflies (5 males :5 females) were transferred into each 

cage. Data on insect survival was taken daily for six days.

The effect of RNAi on the expression of both SUC1 and AQPl genes was analyzed using 

quantitative real-time PCR (qRT-PCR). Total RNAs were extracted from MEAM 1 B. tabaci that 

survived after six days of feeding on the transgenic plants as described in Section 5.2.2. Total RNA 

for all samples were normalized to ensure an equal amount of starting RNA template (100 ng). 

Normalized RNAs were then treated with 1 pl of the ezDNase™ enzyme (Invitrogen™) for 2 

minutes at 37°C to remove genomic DNA. The RNA samples were further incubated at 55°C for 

5 minutes in the presence of 10 mM DTT to inactivate the enzyme. First-strand cDNA synthesis 

was carried out using SuperScript™ II Reverse Transcriptase (InvitrogenIM) according to 

manufacturer’s instructions. A three-step thermocycling protocol was used with polymerase



5.2.4 Honeydew collection

Amount of honeydew collected Y1 Xi-Xo Equation 1

Amount of honeydew stored for analysis Y? X,-X2 Equation 2
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The honeydew analysis was done to determine the physiological impact of RNAi on sugar 

transformation within the B. tabaci gut. Honeydew was collected from whiteflies feeding on 

transgenic plants, wild-type tomato, Arabidopsis thaliana (L.) Heynth cv Columbia and artificial 

diet. An artificial diet with 0.75 M sucrose was made following a modified protocol by Prosser & 

Douglas. (1992) and Douglas et a! (2001). A total of 200 whiteflies were placed in each cage and 

honeydew was collected after 48 h of feeding. Each cage was placed at the same level (fourth 

branch) of the plant. Honeydew was collected on aluminum foil placed at the base of the cage. 

Before the collection, the aluminum foil was washed with 80% methanol to remove any 

contaminants before being placed in an oven at 60°C for 12 h. The weight of the aluminium foil 

(Xo) was taken before it was used in the cage (Xo) using an ultrabalance (Toledo MX5). The weight 

of honeydew (y) was assessed by determining the difference in the weight of aluminum foil (Xo) 

and the weight of aluminium foil after B. tabaci depositing honeydew (Xi) (Equation 1). 

Honeydew was then washed off the aluminum foil using 300-500 pl of deionized water. 

Aluminium foil was dried and weighed again (X2) to determine the amount of honeydew washed 

off the aluminum foil (Equation 2). Honeydew samples were then stored at -20°C for sugar 

analysis. A negative control was included (foil from an empty clip cage) to correct for weight due 

to any other factors like moisture.

activation and DNA denaturation at 95°C for 3 minutes followed by 40 cycles of both denaturation 

at 95°C and annealing/extension at 55.2°C for 45 seconds, performed on a Cl000 Thermo cycler 

with CFX96 Real-time detection system (Bio-Rad), with 60S ribosomal protein LI 3a (RPL13) as 

the internal control. A total of 20 pl reaction mix containing 10 pl iQ™ SYBR11 Green Supermix 

(2x), 0.5pl of forward and reverse primer, 1 pl of cDNA and 8pl of water was used. Melting curve 

analysis at the end of the reaction was done by increasing temperature from 55-95° C in increments 

of 0.5° C every 5 seconds to assess the dissociation characteristics of dsDNA during heating.



5.2.5 Analysis of sugars in honeydew samples from whiteflies

5.2.5.1 Sucrose assays

5.2.5.2 Glucose assay

ys=x4-x3 Equation 3
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Glucose assays were conducted using Sigma Glucose Oxidase kit (GAGO20). In brief, the kit 

contains a glucose oxidase assay reagent which is a mixture of glucose oxidase reagent and O- 

dianisidine reagent and a glucose assay standard. Glucose standards were made according to Table 

5.1. The aliquoted honeydew samples were normalized by adding 4 pl water to 20 pl honeydew. 

Then 5 pl of the normalized sample, glucose standard and honeydew sample treated with Invertase 

were added to microtiter, flat-bottom 96 well plate (Laboratory Product Sales Inc, Rochester. New 

York) in triplicates for each sample. This was followed by adding 150 pl assay reagent to each 

sample. The samples were then incubated at 37°C for 30 minutes. After incubation, 150 pl of dilute 

sulphuric acid (12 N H2SO4) was added to each sample and then absorbance was read at 540 nm 

using a Bio-R AD xMark™ microplate spectrophotometer. A regression equation from the glucose 

standard curve was used to compute the content of glucose in each sample (Figure 5.2). The 

amount of sucrose in each sample was calculated using the formula

The amount of sucrose in the honeydew sample signified the activity of Sucrase (net hydrolysis of 

sucrose) that ensures osmotic balance within B. tabaci. Therefore, in this study, honeydew samples 

were analyzed to quantify the amount of sucrose in honeydew produced by B. tabaci feeding on 

different stably transformed tomato plants. Sucrose was hydrolyzed in vitro to its constituent 

monosaccharides, a-glucose and P-fructose by fl-fructofuranosidase {Invertase, Sucrase, EC 

3.2.1.26). Each sample was divided into two aliquots. One of the aliquots was treated with 

Invertase while the other was not. In principle, if the honeydew sample contains sucrose, the 

amount of glucose in the aliquoted sample treated with Invertase should be higher than the 

aliquoted sample that has not been treated with Invertase. A total of 20 pl honeydew was 

hydrolyzed to completion using 4 pl (0.4 U) Invertase (Sigma 1-4504) in 50 mmol I-1 sodium 

acetate buffer, pH 4.5 at 37°C for 30 min and the glucose produced was determined by the glucose 

method described below
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Table 5. 1: Standards required for glucose assay

Glucose stock* (pl) Buffer (pl)pg glucose in 5 pl sample

5.2.6 Quantification of higher sugars in honeydew samples
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Analysis of variance on the amount of sucrose in honeydew samples collected from different 

transgenic lines and sucrose hydrolysis rate was used to determine the effect of dsRNAs on the 

sugar transformation within the B. tabaci gut.

200
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800
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where Ys is the amount of sucrose in the honeydew sample, X4 is the amount of glucose in 

honeydew samples treated with Invertase and Xj is the amount of free glucose in samples that 

were not treated with Invertase. The sucrose hydrolysis rate was then computed using the formula;

Each honeydew sample collected from different transgenic plants, tobacco plants and artificial diet 

was divided into aliquots. One of the aliquots was used to measure sucrose content using enzymatic 

methods (Invertase) while the other aliquot was sent to the Max Planck Institute for Chemical 

Ecology (Jena, Germany) for analysis of disaccharides and higher sugars. Disaccharides and 

higher sugars were analyzed using liquid chromatography-mass spectrometry. Both percentage 

molar ratio and sugar concentration for different sugar categories in each honeydew samples were 

computed. Sugar category analyses included were fructose, glucose, disaccharides, trisaccharides, 

tetrasaccharides and pentasaccharides. Sugar concentration was computed by calculating the 

hexose units (nmol/mg) for all the sugar categories measured for each milligram of honeydew.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

*Glucose stock concentration - 1.0 mg/ml of glucose in 0.1 benzoic acid

_ , , , Sucrose in diet-Sucrose in honeydew
Sucrose hydrolysis =------------ --------- :——------------' ", Sucrose m diet



5.2.7 Determination of osmotic pressure of B. tabaci hemolymph
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Assimilation efficiencies of both whiteflies and aphids feeding on an artificial diet with known 

sucrose concentration (0.75M) were then computed using the formula:

x 100

Haemolymph osmotic pressure of B. tabaci feeding on different transgenic tomato plants was 

measured to assess the physiological consequence of RNAi against the osmoregulation genes 

(aquaporin and sucrase). Third instar nymphs collected from different transgenic tomato plants 

(SUC1, dsAQP+SUCl, dsRNase+dsAQP+dsSUC, Empty vector, Wild-type and dsRNase) were 

used to measure the impact of RNAi on the osmotic pressure in whiteflies. This was done using a 

freezing point depression method, measured on the Otago™ nanoliter osmometer. Haemolymph 

was collected from individual third instar nymphs. Each nymph was placed in water saturated non­

drying immersion oil (Cargille Laboratories, New Jersey, USA) on a microscope glass slide. Each 

nymph was pierced in-between the eyes using a very fine dissection pin to obtain the haemolymph. 

The capillary tube containing non-drying immersion oil A (Cargille laboratories, New Jersey, 

USA) was used to transfer collected haemolymph to non-drying immersion oil B (Cargille 

Laboratories, New Jersey, USA) on the cooling block of the nanoliter osmometer.

The sample in non-drying immersion oil B on the cooling block was frozen to -20°C then the 

melting temperature of the sample was noted. A standard curve was done using 100 mOSm/kg, 

500 mOSm/kg, 900 mOSm/kg, 1500 mOSm/kg and 2000 mOSm/kg osmolarity linear set 

(Advanced Instrument Inc, Norwood Massachusetts, USA). A linear equation from the standard 

curve was used to determine the haemolymph osmotic pressure for each sample (Figure 5.11). 

Analysis of variance was used to determine whether the dsRNAs in each test plant had a significant 

impact on the osmotic pressure of B. tabaci.

. ... ... . fSugar concentration in diet-Sugar concentration in honeydew\Assimilation ef ficiency = ---------- ---------- -—: - -  ---------- J11 J \ Sugar concentration m diet /



RESULTS5.3

Sucrose hydrolysis in whitcflies feeding on different sources of sucrose5.3.1
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Before evaluating the efficacy of RNAi on the survival of whiteflies, preliminary studies were 

conducted to understand sucrose hydrolysis within whiteflies feeding on different sources of 

sucrose, the role of SUC1 gene in osmoregulation and the suitability of tomato plants {Solatium 

lycopersicum) as source for B. tabaci (MEAM1). Honey dew was collected from whiteflies feeding 

on four sugar sources. These were: (i) tomato {Solarium lycopersicum cv. Florida Lanai), (ii) 

tobacco (Nicotiana tabacum L), (iii) Arabidopsis thaliana and (iv) artificial diet with known 

sucrose concentration (0.75 M). Honeydew samples from whiteflies feeding on arabidopsis and 

tomato had significantly higher sucrose content (0.001 M and 0.001 M, respectively) compared to 

the honeydew samples from whiteflies feeding on tobacco and artificial diet (0.5 mM and 0.3 mM 

respectively) (Figure 5.3). Though honeydew samples from whiteflies feeding on arabidopsis had 

significantly higher sucrose, it had significantly lower free glucose compared to honeydew samples 

from whiteflies feeding on tomato, tobacco and artificial diet. Honeydew samples from whiteflies 

feeding on tomato, tobacco and artificial diet had a relatively similar amount of free glucose, that 

was not statistically different from each other.

Sugar analysis from honeydew samples of whiteflies feeding on an artificial diet with known 

sucrose concentration (0.75 M) revealed that whiteflies hydrolyzed 97% ingested sucrose 

(Equation 4) to monosaccharides; fructose and glucose. Differences therefore in sucrose hydrolysis 

in whiteflies feeding on different sucrose sources are attributed to the sucrose sources (tobacco, 

tomato, Arabidopsis and artificial diet) rather than the insect physiology.
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5.3.2 Comparison of sucrose hydrolysis in aphids and whiteflies

132

Honeydew samples from aphids (in this case, Myzus persicae Sulzer) and whiteflies (5. tabaci 
MEAM1) feeding on tobacco and artificial diet (0.75 M) were analyzed to compare sucrose 
hydrolysis in aphids and whiteflies. Tobacco plants were used in preference to tomato because 
tomato plants were not a suitable host for Myzus persicae. There was no significant difference in 
the amount of sucrose in the honeydew samples from both aphids and whiteflies feeding on 
tobacco and artificial diet. Nearly all the sucrose (0.74 M out of 0.75 M) was hydrolyzed by both 
the aphids and whiteflies. Sugar hydrolysis of honeydew samples from an artificial diet with 
known sucrose concentration (0.75 M) revealed that free glucose in honeydew from whiteflies was 
significantly higher than that from aphids, showing that the differences in sugar assimilation and 
isomerization is attributed to insect physiology rather than the sugar sources (Figure 5.4)
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Figure 5.4: Comparison of sucrose hydrolysis in the aphid Aphis gossypii and the whitefly B. 

tabaci MEAM1 feeding on both tobacco and artificial diet with 0.75 M sucrose. Error bars 

represent standard deviation. Treatments sharing the same compact letter display are not 

significantly different at 5% significance level.

The efficacy of RNAi in the control of B. tabaci MEAM1 population on tomato plants was 

determined by evaluating the survival of B. tabaci on stably transformed tomato plants during a 

span of six days. Tomato plants were stably transformed to down-regulate the expression of either 

or both AQPl and SUC1 genes to disrupt osmoregulation within B. tabaci, thereby affecting their 

survival. Analysis of mortality among the whiteflies feeding on different transgenic tomato using 

generalized linear model (negative binomial) revealed that there was no significant difference 

(Po.05 = 0.27) in the percentage mortality recorded in whiteflies feeding on all the tested tomato 

transgenic plants. A low mortality ranging from 2-12% was observed for all the tested transgenic 

tomato lines with the highest mortality on plants with dsGFP construct (12%) followed by plants 

with dsSUC construct (10%) and dsRNase+dsAQP+dsSUC construct (7%) (Figure 5.5).
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Figure 5.5: Percentage mortality of whiteflies feeding on different tomato plants with dsRNA 

against RNase. GFP. AQP1 and SUC1 in the first experiment.
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use of new clip cages that allow in enough light (Figure 5.6B). This was based on the fact that light 

intensity influences expression of genes in plants (Petrillo et al., 2014).

whiteflies were also immobilized using carbon dioxide before transferring them into the clip cages. 

This modified methodology is henceforth referred to as the second method.

Based on these results, the experiment was re-established with slight modification in the 

experimental methods (Section 5.2.2) to validate the results obtained in the first experiment. 

Modification in the experimental methods included,

Figure 5.6: Clip cages used in the experiment A) clip cage in the first experimental setup, b) 

clip cages used in the second experimental setup. Clip B allows in light on both sides of the 

clip cage, to ensure that the cross-section of the leaf where whiteflies are feeding receives 

adequate light.

Percentage mortality of the whiteflies feeding on the tested tomato transgenic plants in the second 

experiment ranged from 24-53%. Analysis of variance of whitefly mortality on different transgenic 

tomato plants revealed a statistically significant effect in whitefly mortality in whiteflies feeding 

on tomato plants with dsAQP+dsSUC construct (Poos = 0.007), with percentage mortality of 53%, 

based on generalized linear model (negative binomial) test. This performance was almost twice 

that recorded on tomato plants wi,th dsSUC and dsRNase+dsAQP+dsSUC construct (Figure 5.7).



a

ab
ab

ab
bb

o

136

o 
o

o 
co

o 
co

o 
’4’

o
CM

o z> 
CO 
co 
-a + 
CL o 
< co
TO

CL

0
CO

“U

CD 
CO 
03 
Z 
£E 
co 

"O

Q 
Z) 
CO 
co 

■o

o 
o a? >

Q 
z> 
co 
co
+ 
CL 
O
co 

TD + 
03 
CO 
03 
Z 
QC 
co 

"O

Q.
E

LU

s 
o 
E
5= 
03

E

Figure 5.7: Percentage mortality of whiteflies B. tabaci MEAM1 feeding on different 

transgenic tomato plants with dsRNA against RNase, GFP, AQP1 and SUC1 after six days 

in the second experiment. Both plants with empty vector construct and wildtype tomato were 

used as controls. Treatments sharing the same compact letter display are not significantly 

different at 5% significance level.
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Figure 5.8; Relative gene expression of AQP1 genes in B. tabaci MEAM1 that survived after 
six days of feeding on different stably transformed tomato plants in the first experiment.
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Expression of both AQPl and SUCI gene in the surviving whiteflies after six days of feeding was 
quantified using RT-qPCR. In the first experiment, transgenic lines transformed to knockdown 
SUCI gene (dsSUC, dsAQP+dsSUC and dsRNase+dsAQP+dsSUC) had a minimal effect on the 
expression of SUCI gene in whiteflies feeding on these tomato plants, with incomplete knockdown 

not exceeding 22%. Downregulation of SUCI was observed in whiteflies feeding on tomato 
transgenic plants containing dsSUC construct and dsAQP+dsSUC construct (Figure 5.8). Tomato 
plants containing dsAQP+dsSUC construct were able to downregulate the expression of both 
AQPl and SUCI expression by 0.15±0.11 fold (15%) and 0.22±0.10 fold (22%), respectively.
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5.3.4 Analysis of SUCI and AQPl gene expression in B. tabaci feeding on different 
transgenic tomato plants
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In the second experiment, there was no significant difference in the gene expression of SUC1 in 

whiteflies feeding on tomato plants with dsRNase construct, dsSUC construct, dsAQP+dsSUC 

construct and dsRNase+dsAQP+dsSUC construct. However, plants with dsAQP+dsSUC construct 

had the lowest gene expression of SUC1 of 0.08-fold compared to 0.04 fold and 1.22 fold in 

whiteflies feeding on tomato plants with dsSUC construct and dsRNase+dsAQP+dsSUC 

construct, respectively. Furthermore, no significant effect was observed in AQP1 gene expression

Figure 5.9: Relative gene expression of SUC 1 genes in B. tabaci MEAM1 that survived 

after six days of feeding on different stably transformed tomato plants in the first 

experiment.

o

T
O
CO
■U + 
CL o <
■O

I
O
co
■8

£
O 
D 
0)

S 
c o 

■(/) 

co 
O
Q_

<D

C 
<D 
CD

>
o a.

T
<D
CZ) 
(U 
Z 
oi 
■8

I

o 
Z) oo 
8 
+ 
Q_ 
O < 
8 
4- 
0) 
CO cu z 

01 
(ft

■O



o

LO

O

139

1
[

Figure 5.10: Gene expression of AQP1 genes in B. tabaci MEAM1 that survived after six days 
of feeding on different stably transformed tomato plants in the second experiment.

in whiteflies feeding on the tested transgenic tomato line (Empty vector, dsRNase construct, 
dsSUC construct, dsAQP+dsSUC construct and dsRNase+dsAQP+dsSUC construct). However, 

whiteflies feeding on plants with the dsAQP+dsSUC construct had a reduction in AQP1 expression 
(0.09±0.28 fold) compared to an increase in the gene expression of 1,56±0.48 fold (56%) recorded 
on the empty vector. (Figure 5.9).
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Figure 5.11: Gene expression of SUC1 genes in B. tabaci MEAM1 that survived after six days 

of feeding on different stably transformed tomato plants in the second experiment. Plants 

with empty vector construct were used as control

In the first experiment, adult whiteflies feeding on different transgenic tomato plants did not 

exhibit significant effects of RNAi within the six days as hypothesized. Crawlers and nymphs 

arising from these whiteflies, therefore, were monitored to determine whether RNAi was effective
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on the next generation. Crawlers (first instar nymphs of whiteflies) emerging from eggs deposited 

by the five female whiteflies in each cage were counted. These crawlers were monitored through 

second, third and fourth instar stages. The number of fourth instar nymphs was compared to the 

crawlers to determine the survival rate, which gave an inference on the effect of RNAi on the 

development of whiteflies.

Analysis of variance revealed that there was no significant effect on the number of fourth instar 

nymphs compared to the crawlers on each test transgenic line. The number of crawlers ranged 

from 108.2-138.6 with the highest number of crawlers recorded on plants with 

dsRNase+dsAQP+dsSUC construct (138.6) followed by those with dsAQP+dsSUC construct 

(133.8). The transgenic plants with the lowest number of crawlers also had the highest level of 

instar mortality between crawler and 4lh instar stage. Plants with the dsGFP-dsRNA construct had 

the highest instar mortality (32.8%) followed by plants with dsRNase construct (26.4%) and empty 

vector (20.2%). On average, 70% of the emerged whiteflies on each transgenic line developed to 

the adult stage (Figure 5.10).
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Knock down of osmoregulation gene(s) in phloem-sap feeding insects is expected to increase 

osmotic pressure within the insect haemolymph. Therefore, haemolymph samples from third instar 

nymphs feeding on different transgenic tomato lines, empty vector and wild-type tomato plants in 

the first experiment were analyzed. Results revealed that there was no significant difference (Po.m 

= 1) in haemolymph osmotic pressure of nymphs feeding on all transgenic tomato lines compared 

to nymphs feeding on empty vector and wild-type tomato plants. Haemolymph osmotic pressure 

from nymphs feeding on all tested transgenic tomato lines ranged from 1.322 - 1.375 MPa. 

Nymphs feeding on transgenic plants containing double-stranded RNA against SUC1 and AQP1 

genes (dsAQP+dsSUC and dsRNase+dsAQP+dsSUC) had relatively higher osmotic pressure 

(1.375 MPa and 1.373 MPa respectively) compared to nymphs feeding on other transgenic lines, 

empty vector and wild-type tomato plants (Figure 5.12)

Figure 5.12: Effect of RNA interference on the development of B. tabaci MEAM1 feeding on 

different transgenic tomato plants in the first experiment. One-way ANOVA revealed that 

there was no significant difference between the number of 3rd instar nymphs and crawlers 

on different tomato transgenic plants.
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5.3.6 Effect of RNAi against SUC1 and AQPI genes on B. tabaci osmotic pressure
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Figure 5.13: Standard curve used to estimate haemolymph osmotic pressure for each
analyzed B. tabaci sample
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Figure 5.14: Haemolymph osmotic pressure for B.

transformed tomato plants. Osmotic pressure in this study was used as a physiological index 

of B. tabaci osmoregulation to study the effect of feeding whiteflies on different stably 

transformed tomato plants with different dsRNA against osmoregulation genes in the B. 

tabaci.
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A reverse trend was observed for free glucose, with significantly lower free glucose in honeydew 

from whiteflies feeding on transgenic line dsSUC (20 mM) followed by plants with the 

dsAQP+dsSUC and dsRNase+dsAQP+dsSUC constructs with 30 M and 40 M respectively. In 

summary, sugar analysis revealed that as more dsRNAs were stacked together with dsSUC, 

sucrose hydrolysis efficiency increased, yielding more free glucose (Figure 5.13).

The two preliminary studies (Section 5.3.1 and 5.3.2) showed a general trend in sucrose hydrolysis 

in B. tahaci. It was hypothesized that knockdown ofSUCl would reverse this trend, in other words, 

knockdown of SUC1 should leave a significant amount of sucrose unhydrolyzed. Sugar analysis 

of honeydew samples from whiteflies feeding on different transgenic tomato plants with dsRNA 

against SUCl (dsSUC) revealed that a significant amount of sucrose remained unhydrolyzed in 

tomato transgenic line dsSUC (6 M) compared to transgenic line with dsAQP+dsSUC construct 

and dsRNase+dsAQP+dsSUC construct with 0.4 mM and 0.8 mM respectively.

5.3.7 Sucrose hydrolysis in whiteflies feeding on different transgenic tomato lines
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Figure 5.15: Sucrose hydrolysis as a physiological change resulting from whiteflies feeding 

on different stably transformed tomato plants containing dsRNA against SUC1. Treatments 

sharing the same compact letter display are not significantly different at 5% significance 

level.
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5.3.8 Effect of RNA interference on sugar composition in B. tabaci honeydew

147

Liquid chromatography-mass spectrometry sugar analysis was also conducted to determine the 

percentage molar ratio of monosaccharides, disaccharides and higher sugars in honeydew 

samples collected from whiteflies feeding on different transgenic tomato plants. There was no 

significant difference in the molar ratio of glucose, disaccharides and pentasaccharides in 

honeydew collected from whiteflies feeding on all tested transgenic plants, compared to 

honeydew collected from whiteflies feeding on plants with empty vector. Based on the 

percentage molar ratio, B. tabaci honeydew samples tested had more disaccharides in all 
samples compared to other sugar categories, with the highest amount of disaccharide recorded 

in honeydew collected from plants with dsRNase construct.

An inverse relation between the number of hexose units (degree of polymerization) and the 

molar ratio was observed for the oligosaccharides in the honeydew samples analyzed. As the 

number of hexose units increases, the percentage molar ratio of oligosaccharide reduces, 

therefore in all honeydew samples, the amount of trisaccharides was higher than 

tetrasaccharides and pentasaccharides. Analysis of variance of percentage molar ratio among 
the tested honeydew samples showed that honeydew from whiteflies feeding on plants with 

dsSUC had a significantly higher percentage of trisaccharides (F’o.o.s = 0.03) and 
tetrasaccharides (/’o.os= 2.21x10‘6) with 14.03±2.44% and 4.01 ±0.26% respectively compared 
to all honeydew samples from whiteflies feeding on all other tested transgenic plants and plant 
with the empty vector. Furthermore, honeydew from whiteflies feeding on tomato plants with 
the dsSUC construct had a significantly lower amount of fructose (/’0.05 = 0.006) compared to 
other transgenic plants and control plant (Figure 5.14).
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Figure 5.16: The molar ratios of different sugars in honeydew samples collected from 
whiteflies feeding on different transgenic tomato plants. Error bars represent standard 

deviations.

Effect of RNAi on the concentration of different sugar categories in honeydew 

samples
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Analysis of concentration of honeydew samples from whiteflies feeding on different transgenic 
tomato plants revealed that there was no significant difference in concentration of fructose 

(Po.o5 - 0.05), glucose (Po.os = 0.26) and higher sugars in the honeydew samples tested. 
Honeydew samples from whiteflies feeding on tomato plants with dsSUC construct had 
relatively few hexose units per mg of honeydew for fructose, glucose and disaccharides but 
had relatively more hexose units per mg of honeydew for tetrasaccharides and pentasaccharides 
(Figure 5.15).
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5.3.10 Comparison of diet sugar utilization of whiteflies and aphids

5.3.10.1 Assimilation efficiency of whiteflies and aphids feeding on artificial diet

149

A comparison of sugar concentration of honeydew from both B. tabaci and Aphis gossypii 

feeding on an artificial diet with 0.75M sucrose concentration showed that B. tabaci honeydew 

had significantly lower hexose units per mg of honeydew (313.1±51.1 nmol/mg) compared to 

A. gossypii (612.3±67.7 nmol/mg). Results also showed that B. tabaci MEAM1 assimilated 

more dietary sugar than aphids with an assimilation rate of 79.1% compared to 59.2% for 

aphids (Table 5.2). On tobacco, the sugar concentration in honeydew is much lower for both 

whiteflies and aphids. Sugar concentration pattern for honeydew from tobacco was similar to 

that of artificial diet, with significantly lower hexose units (100.9±12.6 nmol/mg) in B. tabaci 

honeydew, compared to that in aphid honeydew (445.8±99.2 nmol/mg).

Figure 5.17: Sugar concentration (hexose units per mg of honeydew) collected from 

whiteflies feeding on different transgenic tomato plants. Error bars represent standard 

deviation.
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Comparison of the molar ratios of sugars in honeydew collected from aphids and whiteflies feeding 

on tobacco and an artificial diet with known sucrose concentration revealed that whiteflies feeding 

on tobacco produced significantly higher amounts of monosaccharides; fructose and glucose with 

percentage molar ratio of 23.26±1.89 and 23.32±1.42, respectively compared to honeydew from 

aphids (14.41 ±2.71 and 9.42±1.82, respectively). On the contrary, aphids produced significantly 

higher amount of higher sugars (tetrasaccharides and pentasaccharides), with percentage molar 

ratio of 10.26±3.92 and 2.61±1.01, respectively compared to 1,14±0.15 and 0.09±0.02 respectively 

in B. tabaci honeydew.

Analysis of honeydew collected from aphids and whiteflies feeding on an artificial diet with the 

same concentration of sucrose (0.75 M) revealed that there was no significant difference in the 

percentage molar ratio of fructose, glucose and tri saccharides in honeydew samples. Honeydew 

from whiteflies had a significantly higher amount of disaccharide, almost 50% compared to 28.9% 

in the honeydew from aphids. On the other hand, honeydew from aphids was much richer in higher 

sugars than that from whiteflies. Honeydew samples from aphids feeding on an artificial diet had 

the significantly higher amount of tetrasaccharides and pentasaccharides (16.5% and 5.6% 

respectively) compared to 4.1% and 0.4%, respectively from B. tabaci honeydew samples (Figure 

5.16). These results show that B. tabaci honeydew is composed of more monosaccharides and 

disaccharides (higher percentage of monomers), while aphids produce a high percentage of 

oligomers.

5.3.10.2 Comparison of molar ratio and concentration of sugars in aphid and B. tabaci 

honeydew samples
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Figure 5.18: Comparison of molar ratios of sugars in honeydew samples collected from 

aphids and whiteflies feeding on tobacco and artificial diet. Error bars represent standard 

deviation.
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In addition, analysis of sugar concentration in honeydew samples collected from both aphids and 

whiteflies feeding on tobacco and an artificial diet showed that honeydew collected from aphids 

was much richer in sugars compared to honeydew from whiteflies (Figure 5.17). Pairwise 

comparison of monosaccharides, disaccharides and higher sugars of aphid and whitefly honeydew 

sugars showed no significant difference in the concentration of fructose and trisaccharides per mg 

of honeydew, in both aphids and whiteflies honeydew samples from tobacco. Whiteflies feeding 

on tobacco produced honeydew with a significantly higher number of hexose units per mg of 

honeydew for glucose (11.87±1.52), compared to 6.74±1.18 in aphid honeydew sample. On the 

contrary, honeydew samples from aphids feeding on tobacco had significantly higher 

concentration for disaccharide (110.6 nmol/mg), tetrasaccharides (23.37 nmol/mg) and 

pentasaccharides (0.07 nmol/mg) compared to 19.18 per mg, 1.08 per mg and 0.02 per mg 

respectively, in B. tabcici honeydew.
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On the artificial diet, the pattern of sugar concentration for monosaccharide, disaccharide and

oligosaccharide changed, showing that the source of sugar influences the concentration of sugars
in the resulting honeydew. Comparison of the concentration of different sugars in honeydew
samples collected from whiteflies and aphids feeding on the same artificial diet with 0.75M sucrose
showed that only tetrasaccharides in aphid honeydew sample were significant, with 46.2 nmol/mg
compared to 8.64 nmol/mg in B. tabaci honeydew. In summary, aphids produce honeydew richer
in sugars than the equivalent honeydew samples from whiteflies.
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Figure 5.19: Comparison of sugar concentration in different honeydew samples collected
from aphids and whiteflies feeding on both tobacco and artificial diet. Error bars represent
standard deviation
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RNAi is a promising strategy in the management of B. tabaci in different cropping systems (Grover 

et al., 2019). The rapidly increasing population of cassava whiteflies in cassava growing areas, 

commonly associated with the B. tabaci with mtCOl sequence classified as SSA1-SG1 requires 

species-specific control methods that are environmentally friendly. In this study, the efficacy of 

using RNAi as a post-transcriptional gene silencing strategy was evaluated on the B. tabaci 

MEAM1 whitefly species.

The minimal phenotypic and physiological effect observed especially in whiteflies feeding on 

dsRNase+dsAQP+dsSUC construct imply that there were underlying factors that affected the 

expression of dsRNA and the downregulation of the expression of the osmoregulation genes 

targeted in this study. In several studies, these factors have been investigated in different pests and 

include: (i) incomplete activation of RNAi machinery within the insect leading to low or no 

expression of core RNAi genes (Dicer-2, Argonaute 2 and R2D2) (Belles, 2010), (ii) insufficient 

concentration and length of dsRNA fragment (Miller et al., 2012), (iii) delivery of dsRNA into 

insect cell and (iv) non-specific degradation of dsRNA within the target insect (Christiaens et al., 

2014; Wang et al., 2016). To understand the factors that affected the efficiency of RNAi in B. 

tabaci in this study, two possibilities are considered which are the: (i) fate of dsRNA in the whitefly 

and (ii) fate of dsRNA in the stably transformed plants.

Two experiments were conducted to evaluate the impact of different stably transformed tomato 

plants on the survival and development of whiteflies. In the first, no significant difference was 

observed in the mortality of whiteflies feeding on all transgenic plants tested, with low percentage 

mortality not exceeding 12%. When the experiment was repeated, a higher and significant 

mortality occurred for whiteflies feeding on tomato plants with the dsAQP+dsSUC construct 

(Figure 5.7). Furthermore, there was, evidence of genetic, physiological effects on osmotic 

pressure and honeydew composition, especially for whiteflies feeding on transgenic plants with 

the dsAQP+dsSUC construct. For example, dsAQP+dsSUC construct plants had reduced 

expression of both AQPl and SUC1 in both first and second experiment, although the reduction 

was not significant (Figure 5.8 and Figure 5.9).
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In B. tabaci, the molecular basis of effective RNAi has been investigated (Luo et al. 2017). Based 

on this study, the effectiveness of RNAi was influenced by non-specific endonucleases (RNase 1 

and RNase2), that degrade the dsRNA. In this study, tomato plants were stably transformed with 

phloem-specific promoters; Galactinol synthase (Cucumis tnelo, CntGAS) (Ayre et al., 2003) and 

Sucrose-H+ symporter (Arabidopsis thaliana, AtSUC2) (Dunoyer et al., 2007), and dsRNA to 

knock down expression of both RNases (RNaseI and RNase2) and the selected osmoregulation 

genes (SUC1 and AQP1) in B. tabaci. Therefore, with a premise that the dsRNAs were protected 

within the whiteflies especially those feeding on dsRNase+dsAQP+dsSUC construct, it can be 

concluded that factors that affected this study relate mostly to the fate of dsRNA in the stably 

transformed plants. Results in this study imply either (i) whiteflies did not obtain enough dsRNA 

(low concentration of dsRNA) from the transgenic plants’ phloem sap to activate the RNAi 

machinery, or (ii) it required more time to observe the phenotypic effects resulting from the 

downregulation of the osmoregulation genes.

Terenius et al. (2011) reviewed more than 148 studies on RNA interference especially in the 

control of lepidopteran insects to understand clearly the factors that limit the efficacy of RNAi and 

their implications on experimental design. These studies revealed that the major problem 

influencing the efficacy of RNAi in insects relates to the fate of dsRNA in the insect. Insects posses 

endonucleases that breakdown dsRNA before it triggers the RNA interference machinery within 

the insect. Similar conclusions have been made in several RNAi studies, for example, on (i) 

tarnished plant bug (Allen & Walker, 2012), (ii) silkworm (Liu et a!., 2012) and (iii) desert locusts 

(Wynant et al., 2014).

There are many factors that influence the expression of dsRNA within the plant, which influences 

the concentration and availability of dsRNA within the phloem-sap of the transgenic plant and the 

delivery of dsRNA from the plants. Therefore, more studies are required to investigate the fate of 

dsRNA in plants and ascertain these factors, especially in cassava as progress is made towards 

RNAi application at field level. Possible factors include: (i) position-effects (Hanin & Paszkowski, 

2003), especially when the transgene is inserted in or near heterochromatin region or region of 

repetitive DNA (Prols & Meyer, 1992), (ii) cis- or trans-inactivation of transgene, common when 

multiple transgenes driven by single promoter are inserted into the plant either at the same or 

different locus (Linn et al., 1990; Meyer et al., 1992) and (iii) methylation (Li et al., 2001) which
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renders the promoter inaccessible to the transcription initiation complex causing transgene 

silencing. (Finnegan & McElroy, 1994). One or all these factors could have influenced the 

expression of dsRNA in the transformed plants used in this study. More studies and approaches 

are required to improve the efficacy of RNA interference in control of whiteflies.

Several approaches have been suggested and implemented to improve transgene expression in 

plants (Butaye et al., 2005). Implementing these approaches while developing stably transformed 

plants against essential B. tabaci genes is more likely to improve the efficacy of RNAi in the 

control of B. tabaci as a vector and pest. These approaches include the application of a matrix 

attachment region, a non-transcribed AT-rich DNA sequence to flank the transgene prior to 

transformation thereby (i) shielding the gene from encroaching heterochromatin (Phivan et al., 

1990; Spiker & Thompson, 1996; Allen et al., 2000; Nowak et al., 2001) and (ii) increasing 

transgene expression (Allen et al., 1996; Levin et al., 2005; Wang et a!., 2007). In this study, 

matrix attachment regions were not used. Previous studies demonstrated that transgene expression 

in stably transformed tomato plants was enhanced by using a matrix attachment region (Chinn & 

Comai, 1996). Secondly, position-effects arising from the random integration of the transgene 

into the genome can be controlled through site-specific recombination (Srivastavai et al., 2004), 

for example, FLP recombinase (Buchholz et al., 1998) and Cre recombinase (Gilbertson, 2003). 

These systems allow the introduction of the transgene at a specific or favorable locus within a plant 

genome, which can improve transgene expression. The Cre-loxP system has been widely used 

especially in site-specific recombination for genetic engineering in plants (Lyznik et al., 2003).

The nature and quantity of sugar in honeydew samples collected from whiteflies feeding on 

different transgenic plants and osmotic pressure of whitefly haemolymph were used as to make 

inference about the physiological effect of RNAi on B. tabaci. It was hypothesized that 

downregulating SUCl expression would influence sucrose hydrolysis within B. tabaci thereby 

increasing osmotic pressure in the haemolymph leading to the death of the whitefly. Sugar analysis 

of honeydew samples collected from whiteflies feeding on transgenic plants with dsSUC revealed 

that a significant amount of sucrose remained unhydrolyzed, resulting in lower free glucose 

compared to plants with the dsAQP+dsSUC and dsRNase+dsAQP+dsSUC constructs (Figure 

5.13). In addition, analysis of higher sugars in honeydew collected from different transgenic plants 

showed that RNAi did not cause a significant effect on both the molar ratio and the sugar
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Phloem-sap feeders hydrolyze all the sucrose to maintain fluid homeostasis within the insect gut 

and body cavity. The most dominant sugar category in the honeydew collected from whiteflies and

The whiteflies and aphids used in this study were fed on the same dietary source (artificial diet and 

tobacco) to compare how two different phloem-sap feeders species utilize dietary sugar. An 

artificial diet with known sucrose concentration was used to estimate both hydrolysis rate and 

assimilation efficiency of the whiteflies and aphids tested. Nearly all the sucrose (0.74 M out of 

0.75 M) in the artificial diet was hydrolyzed by both whiteflies and aphids. However, a significant 

difference in the assimilation efficiency was observed, indicating that the whiteflies studied 

assimilate more dietary sugar than the aphids used in this study. This suggests that whiteflies may 

either have a higher metabolic rate compared to the aphids or the whiteflies ingest less sugar per 

unit weight compared to aphids. On the other hand, sugar density/concentration of honeydew 

obtained from whiteflies and aphids feeding on tobacco were lower for both whiteflies and aphids 

compared to that of honeydew from the artificial diet (Figure 5.4). This could either be due to the 

low insect preference to tobacco compared to an artificial diet which influences the feeding rate of 

these insects or low amount of sucrose in tobacco phloem-sap. Studies by Salvucci et al., (1997) 

showed that the amount and type of carbohydrates excreted by whiteflies in their honeydew 

depends on the concentration of sucrose in the diet.

concentration of different sugars in the honeydew, except for that collected from plants with 

dsSUC. These results imply that: (i) there was a knockdown of SUC1 gene in dsSUC (Figure 5.8 

and Figure 5.9). The gene knockdown was partial, however, so the effect was not sufficiently large 

to cause an increase in osmotic pressure (Figure 5.12) and whitefly death, (ii) As more dsRNAs 

are stacked together (combinatorial RNAi), the efficiency of single dsRNA in downregulating a 

target gene (in this case, SUC1) is reduced. Tzin et al. (2015) evaluated the effect of both single 

and combinatorial RNAi against gut osmoregulatory genes in green peach aphid (Myzus persicae) 

and potato/tomato psyllid (Bactericera cockerelli Sulc). The effect was particularly pronounced 

for insects treated with RNAi against multiple genes (combinatorial RNAi) compared to single 

genes. The difference, however, between this study and that of Tzin et.al., (2015) is the nature of 

plant trans format ion. In the latter, transgenic plants were transiently transformed while plants in 

this study were stably transformed. More studies are required to investigate the effect of stacking 

dsRNA on the efficacy of RNAi especially in stably transformed plants.
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In conclusion, results in this study have demonstrated that whiteflies, like other phloem-sap 

feeders, require inherent physiological abilities to hydrolyze sucrose to its constituent monomers 

to maintain their fluid homeostasis. Different phloem feeders assimilate sugars differently, so 

preliminary studies are required to understand sugar assimilation and identify essential genes 

encoding for key proteins required in these processes. In Chapter 3, osmoregulation genes 

(aquaporin 1 and alpha-glucosidase (family 13)) for cassava whitefly (SSA1-SG1) were identified. 

These genes show high similarity with those that mediate osmoregulation in MEAM1. The 

efficacy of RNAi against these osmoregulation genes using stably transformed tomato plants was 

tested as described above. Results showed that there were both physiological and genetic effects, 

especially in whiteflies feeding on stably transformed tomato plants with the dsAQP+dsSUC 

construct, although the effect was minimal. Further experiments are required, therefore, to

aphids was disaccharides. Previous studies reported that the dominant sugar in B. tahaci (Bemisia 

argentifolli = MEAM1) honeydew was a disaccharide, trehalulose (Salvucci et al., 1997; Byrne et 

al., 2003). Other oligosaccharides include bemisiose (trisaccharide), maltosucrose 

(tetrasaccharide) and diglucomelezitose (pentasaccharides) (Hendrix et al., 1992; Hendrix & Wei, 

1994; Wei et al., 1997). Phloem-sap feeders hydrolyze sucrose to fructose and glucose and use the 

fructose for the insect dietary needs (Ashford et al., 2000). The amount of fructose and glucose 

used for metabolism depends on the metabolic needs of the insect. Excess monosaccharides, most 

preferably the glucose moiety of sucrose is used through transglucosidation to synthesize 

disaccharides and higher sugars, which are osmotically neutral with the insect haemolymph 

(Wilkinson et al., 1997). This process is conserved in different phloem-sap feeders, though with 

different sugar conversion efficiencies. In this study, a difference was also observed in sugar 

conversion between whiteflies and aphids. Aphids convert more sugar to long-chain 

oligosaccharides especially trisaccharides, tetrasaccharides and pentasaccharides compared to 

whiteflies. This discrepancy between whiteflies and aphid's conversion efficiency may either be 

due to a high rate of food movement within the B. tabaci gut compared to aphid or the difference 

in sugar conversion resulting from different isomerization products in both whiteflies and aphids. 

Whiteflies possess monomeric enzymes, sucrose isomerases, which catalyzes the isomerization 

of excess sucrose into trehalulose and isomaltulose (Salvucci, 2003). This could explain the 

difference in the assimilation efficiency between whiteflies and aphids.
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ascertain the factors that limited the downregulation of the target osmoregulation genes in the 
whitefly. The starting point would be with the stably transformed tomato plants and to use a micro­
scale phloem-sap-extraction sensor device (Ono et al., 2017) to collect pure phloem-sap. The 

collected phloem-sap would then be tested for presence and quantity of dsRNAs using either ion 
pair reverse phase chromatography and mass spectrometry (Nwokeoji et al., 2017) or liquid 
chromatography/mass spectrometry (LC-MS analysis) (Kung et al., 2018) to determine the amount 
ofdsRNA in the phloem-sap, which would infer the level of expression of specific dsRNA in the 
transformed tomato plants. This would provide strong evidence of whether or not the limiting 
factors are related to plants or to the insect. Identifying and addressing these current knowledge 
gaps will enable future researchers to enhance the effectiveness of RNAi in the management of 
whitefly populations in different cropping systems.
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There is an increasing demand, therefore, for new methods that are both environmentally friendly 

and can selectively inhibit or downregulate target gene expression with high specificity and fidelity 

for use in integrated whitefly management programs. This study was initiated, therefore, to identify 

gene targets that can be used to manage whitefly population using RNAi, a sequence-specific and 

environmentally friendly approach to pest management.

Cassava as a food security and an increasingly economic crop in the tropics especially in Sub 

Saharan Africa is threatened by devastating plant viruses (CMVs and CBSVs) transmitted by B. 

tabaci (Section 1.1). The resurgence of whiteflies in different areas and crops have prompted 

farmers to use readily available management options (Section 2.3) to combat these whitefly pest 

problems. These methods, for example, the application of insecticides have not been effective in 

the long term, especially when used in isolation. This is because insecticides not only disrupt the 

ecosystem but some whitefly species (such as Bemisia tabaci MED) possess insecticide resistance 

genes that confer resistance to insecticide groups such as the neonicotinoids (Alon et al., 2008; 

Wang et al., 2010; Kontsedalov et al., 2012; Horowitz & Ishaaya, 2014).

For RNAi to be effective in the management of whitefly populations in African cassava growing 

regions, one of the most important factors to consider is the selection of the gene target. In chapter 

2 section 5 (Section 2.5) of this thesis, the categories of essential genes in different insects were 

reviewed. In Chapter 3, both osmoregulation and symbiosis genes in cassava B. tabaci SSA1-SG1 

were identified. The selection of these two sets of genes was because whiteflies, like other phloem­

sap feeders require special genes to: (i) hydrolyse sucrose in the phloem-sap to maintain optimum 

osmotic pressure within the gut and also for their nutritional needs, (ii) ensure water recycling 

within the gut to maintain fluid haemostasis within the body cavity and (iii) interact with 

endosymbionts within the bacteriocytes for essential amino acids biosynthesis (Douglas, 2006).

Among the osmoregulation genes identified, the candidate genes selected for sucrose hydrolysis 

belonged to a-glucosidase family 13. Alpha-glucosidase family 13 is a multi-gene family 

composed of a total of 48, 35 and 47 genes in MEAM1, MED13 and SSA1-SG1 B. tabaci species

13 ftp://parrot.genomics.cn/RiRadb/pub/10.5524/1000Qi 101000/100286/

ftp://parrot.genomics.cn/RiRadb/pub/10.5524/1000Qi_101000/100286/
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In Chapter 3, a detailed analysis starting with: (i) RNAseq analysis to identify genes with enriched 

gene expression either in the gut or bacteriocyte, (ii) functional analysis of each selected genes to 

identify those that encode for proteins with functional domains, (iii) selecting genes with 

functional domains of interest, (iv) phylogenetic analysis to compare the selected genes with 

experimentally validated genes and (v) analysis of conserved regions especially region II to 

determine the substrate specificity or preference of the candidate enzyme.

respectively (Supplementary Table 6.1, 6.2 & 6.3). Selection of a candidate gene as a gene target 

from a multi-gene family poses a challenge. For example, in previous studies by Raza et al. (2016) 

and Vyas et al. (2017), an a-glucosidase (NCBI accession KF377803.1) was selected and used as 

an RNAi target in the management of whiteflies. This gene corresponded to Bta07452, an a- 

glucosidase in MEAM1. However, functional analysis revealed that this gene lacks both signal 

peptide and catalytic site residue (Supplementary Table 6.1). This indicates that this gene was non­

functional or a pseudogene. The presence of a signal peptide is important because signal peptides 

are required for the enzyme to function as an extracellular enzyme in the gut lumen (von Heijne, 

1998). This example also demonstrates the importance of the need of a detailed analysis to select 

the best gene target from a multi-gene family.

Through this detailed approach, two candidate genes were selected as gene targets for disrupting 

sucrose hydrolysis in SSA1-SG1. One of these genes was, ENSSSA1UGT002066 (Ssa05164), 

which corresponded to NCBI accession KX390871.1, an a-glucosidase sequence selected by Jing 

et al. (2016) and used by Luo et al. (2017). This sequence corresponded to Bta03818, an a- 

glucosidase in MEAM1, which contains both signal peptide and catalytic site residue 

(Supplementary Table 6.1) and was highly similar to the experimentally validated sucrase (Price 

et al., 2007) (Figure 3.13). However, this gene lacked a proline and tyrosine at position four and 

five within the conserved region II of the a-glucosidase, that determines sucrose preference or 

specificity of the a-glucosidase enzymes in the honey bee (Ngiwsara et al., 2012). The best gene 

target identified using this detailed approach was ENSSSAHJGT002057 (Ssa05154), an ortholog 

of Bta05386, an a-glucosidase in MEAM1. This gene had all the characteristics of sucrase 1 

(SUC1) which included: (i) high expression in the gut (Figure 3.20), (ii) possessed both signal 

peptide and a catalytic site residue and (iii) protein residues for sucrose preference/specificity 

within the conserved region II of a-glucosidase (Figure 3.12). Studies are on-going to validate
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In this study, we compared assimilation efficiency of both aphids (Myzus persicae) and B. tabaci 

(MEAM1), showing that B. tabaci has a higher assimilation efficiency compared to aphids. These 

insights show that phloem-sap feeders hydrolyze sucrose the same way but have differences in 

assimilation efficiencies and transglucosidation which related to insect physiology especially the 

enzymes involved. Understanding these differences is important in selection of gene targets and 

also the designing of management options for different pests.

As mentioned above, SUC1 enzyme in B. tabaci facilitates both osmoregulation and digestion 

through hydrolysis of sucrose to glucose and fructose. Both the hydrolysis and assimilation rate 

for sucrose in whitefly was quantified (Table 5.3). Sugar analysis in honeydew samples collected 

from whiteflies showed that 97% of sucrose was hydrolyzed to glucose and fructose (Section 5.3.5) 

showing the importance of these selected genes in whitefly osmoregulation and digestion. In 

aphids (Acyrthosiphon pisum Harris,), osmoregulation has been studied in detail (Ashford et al., 

2000; Cristofoletti et al., 2003/

whether proline and tyrosine al position four and five within the conserved region II determines 

preference or specificity of a-glucosidase to sucrose in B. tabaci. Interestingly, both transcriptomic 

and RT-qPCR gene expression analysis of the selected genes (ENSSSA1UGT002057 and 

ENSSSA1UGT002066) showed that the selected genes had enriched expression in B. tabaci gut 

(Figure 3.21), so can be used as gene targets in an RNAi system to manage B. tabaci populations.

B. tabaci also regulate osmoregulation by facilitating the osmotic movement of water from the 

distal gut to the proximal midgut ensuring fluid haemostasis and equilibrium of the osmotic 

pressure between the haemolymph and the gut lumen. The osmoregulation gene 

ENSSSA1UG F022145 (Ssa03484) (AQP1\ therefore was identified and was of particular interest, 

because of its role in water recycling in the gut of SSA1 -SGI. Functional analysis showed that this 

gene encodes for a protein with a conserved fingerprint (asparagine-proline-alanine motif) that 

ensures water selectivity and an aromatic/arginine region as a proton filter. These conserved 

features give the AQP1 a two-stage filter that ensures water selectivity (de Groot & Grubmuller, 

2001). Pairwise comparison with the corresponding ortholog in MEAM1 (Supplementary figure 

6.2) showed that this gene shared a 98% similarity to Bta01973, an AQP1 in MEAM1 (Mathew et 

al., 2011). Downregulation of this gene within the B. tabaci gut will disrupt the water recycling 

from the distal gut inducing malfunctioning of osmoregulation in the whiteflics.
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Once introduced within the system, the horizontally transferred genes cause functional redundancy 

that makes one copy of the gene to undergo relaxed selection (McCutcheon & Moran, 2012) while 

the other copy may either undergo degenerative mutation that leads to a pseudogene 

(nonfunctionalization) or the two genes may undergo mutation that reduces their expression to a 

level of a single indigenous gene (subfunctionalization) (Lynch & Force, 2000). In chapter 4, 

results showed that shared metabolic interaction within B. tabaci favour nonfunctionalization, 

especially of the endosymbiont gene while preserving the horizontally transferred genes within the 

whitefly (Table 4.2, Figure 4.5).

B. tabaci require essential amino acids for their growth and survival, which are deficient in the 

phloem-sap that they utilize (Section 2.7). In Chapter 3 and Chapter 4, the essential amino acid 

provisioning in cassava whitefly SSA1-SG1 was studied. RNAseq analysis revealed three sets of 

genes with enriched expression in the SSA1-SG1 bacteriocytes. These include, (i) amino acid 

transaminase, (ii) amino acid transporters and (iii) horizontally transferred genes. Genome-scale 

metabolic reconstruction coupled with constraint-based metabolic modeling showed that amino 

acid transaminase and horizontally transferred genes played a critical role in essential amino acid 

biosynthesis. Kidwell, (1993) defined horizontal gene transfer as the non-sexual transmission of 

genetic material across a species boundary. In Chapter 3, horizontally transferred genes of B. 

tabaci SSA1-SG1 of either bacterial or fungal origin were identified (Table 3.8 and 3.9).

These phenomena have led to innovation transfers (Flusnik & McCutcheon, 2018) in which B. 

tabaci are slowly gaining genetic ability or new functionalities especially in the biosynthesis of 

essential amino acids and B vitamins. This is very important especially in the search for critical 

genes to select as gene target in novel pest control approaches. Results presented here further 

showed that these horizontally transferred genes are placed at critical points within the essential 

amino acid biosynthesis pathways. For example, genes such as argH and lysA mediate terminal 

reactions of arginine and lysine respectively (Figure 4.5), which gives the whitefly as the host 

control over essential amino provisioning within the bacteriocytes. Constraint-based metabolic 

modeling (Chapter 4) showed that many of these innovative transfers within the whitefly encode 

for proteins that are essential for the development and survival of whitefly.

Among the amino acid transferase, branched-chain amino acid transferase (BCAT) was identified 

as an indispensable gene of intrinsic origin encoding for a protein that mediated the terminal
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reaction of branched-chain amino acids (BCAA) (isoleucine, leucine and valine) within the 

cassava B. tabaci (SSA1-SG1) bacteriocyte. The mediation of the terminal reaction of the three 

essential amino acids and its indispensability makes BCAT one of the best symbiosis gene targets. 

BCAA are very important, not only in protein synthesis, but also in metabolic and regulatory roles. 

No studies have been done so far to investigate the role of branched-chain amino acids in B. tabaci, 

however, BCAA especially isoleucine have been reported to mediate glucose uptake and 

metabolism (Doi et al., 2003; Liu et al., 2017; Zhang et al., 2017). It can be envisaged that 

downregulation of both the selected a-glucosidase genes (JSUC1 and SUC2) and BCAT will not 

only not disrupt osmoregulation but will also affect essential amino acid and energy production 

within cassava B. tabaci.

Today, more than 39 morphologically indistinguishable species making up the B. tabaci cryptic 

species complex have been reported (Section 2.2). Results from this study revealed that the key 

osmoregulation and symbiosis genes selected as target genes are highly homologous/similar 

between the B. tabaci species examined. Homology search in the whitefly genome database 

revealed that the selected genes in SSA1-SG1 are highly similar compared to corresponding 

orthologs in MEAM1. For example, ENSSSA1UGT002057 shares a 96% similarity with 

Bta05386. On a broader scale, a total of 49 pairwise dN/ds comparisons was done to determine the 

selection pressure acting on different a-glucosidase genes in MED, MEAM1 and SSA1-SG1. Only 

two comparisons (4 genes), all within SSA1 -SGI had d^'/ds greater than 1 (Supplementary Table 

6.4), showing that the a-glucosidase in the three B. tabaci species are not only duplicated but are 

highly conserved. Therefore, the non-synonymous mutations within these genes were deleterious 

(except for the four genes) and therefore removed by purifying selection for a sustained function 

of the orthologs.

For protein provisioning, the structure of the metabolic models of SS Al-SGI and MEAM1 (Table 

4.3) shows that the metabolic interaction between the host (5. tabaci) and its primary 

endosymbiont (Portiera) within these two economically important B. tabaci species is highly 

similar. Furthermore, essential genes involved in this interaction are highly similar for example, 

argH (ENSSSA1UGT003467 (Ssa 15329)) shared 95% similarity with Bta00063, an arginine 

succinate lyase in MEAM1, lysA (ENSSSAHJGT007134 (Ssa05826)) shared 96% similarity with 

Bta03593, a diaminopimelate decarboxylase in MEAM1 and BCAT (ENSSSA1UGT021004
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(Ssa04473)) had 97% similarity with Bta 10673, branched-chain amino acid aminotransferase in 

MEAM1. Therefore, RNAi strategies designed to downregulate argH, BCAT and lysA should be 

effective in the management of both SSA1-SG1 and MEAM1.

For other genes however, a comparison of gene content in the three B. tabaci species (MED, 

MEAM1 and SSA1-SG1) revealed that the cassava whitefly SSA1-SG1 is evolving faster than 

MED and MEAM1. This conclusion is based on two observations, firstly, in Chapter 4, it was 

observed that primary endosymbiont of SS A1 -SG1 (SSA1 -SG1 -Portiera) has already purged itself 

of a gene (dapB) due to functional redundancy resulting from the introduced dapB, a horizontally 

transferred gene in the bacteriocyte, yet this gene is still present in the Portiera genome of MED 

and MEAM1 as a pseudogene (Table 4.2) (Luan et al., 2015/ Secondly, of the three B. tabaci 

species, only SSA 1-SGI had four a-glucosidase genes under positive selection (Supplementary 

Table 6.4). Therefore, the non-synonymous mutations within these four genes were fixed which 

may have strongly influenced the function and fitness of cassava whitefly. These and many other 

changes within SSA1-SG1 may partly explain the high relative fitness of SSA1-SG1 observed in 

the field (Mugerwa et al., 2019), though more work is needed to confirm this conclusion.

The high conservation of critical genes in different whitefly species means that RNAi transgenic 

plants can be produced using these highly conserved whitefly gene sequences to control more than 

one whitefly species at a time. Also, that, the conserved region among paralogs (duplicated genes 

within a given species) can be used to downregulate multiple genes copies simultaneously. This 

would, in turn, make the development of control strategies of different whitefly species cost- 

effective.

Now that essential genes in cassava B. tabaci (SSA1-SG1) have been identified, efforts should 

shift to the development and implementation of an efficient RNAi delivery system for controlling 

B. tabaci especially in fanner-preferred cassava varieties. In Chapter 5, the efficacy of RNAi in 

the downregulation of AQP1 and SUC1 was evaluated on B. tabaci MEAM1. Downregulation of 

AQP1 and SUC1 was effective in whiteflies feeding on tomato transgenic plants with the 

dsAQP+dsSUC construct (Figure 5.8 and Figure 5.9) although the downregulation in gene 

expression was insufficient to cause significant phenotypic effect on whitefly survival. 

Development of efficient dsRNA delivery system such as stably transformed plants that can be 

used in the management of B. tabaci population in both the field and greenhouses is of paramount
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importance. The most important factors to consider in this process include, (i) the development of 

constructs that are effective in the down-regulation of the desired gene(s), (ii) development of an 

efficient dsRNA delivery system that delivers dsRNA in the required concentration and (iii) 

protecting the dsRNA against endonucleases within the whitefly body cavity (Section 5.1).

In conclusion, the identification of essential genes within B. (abaci as gene targets in the 

management of cassava whiteflies using RNAi is the first critical step in the development of an 

effective RNAi technology. A total of three osmoregulation genes (AQP1, SUC1 and SUC2) and 

five symbiosis genes (A AT, argH, BCAT, dapB and lysA) have been selected and validated as 

potential gene targets. These genes show high similarity in both SSA1-SG1 and MEAM1, which 

offers an opportunity to design an RNAi system that is effective in the management of these two 

economically important B. (abaci species. More work is required to evaluate the impact of 

targeting these genes singly or in combination on the development and survival of B. (abaci. The 

best gene or gene combination causing the highest mortality of B. (abaci should be used in the 

development of stably transformed plants for use in the integrated whitefly management programs

There has been great progress in understanding the fate of dsRNA within the whitefly and 

measures to mitigate the degradation of dsRNA by the endonuclease (Luo ei al., 2017). What 

remains to be understood, however are the different factors that influence expression of dsRNA 

within stably transformed plants and the impact of stacking dsRNA (combinatorial RNAi) on the 

efficacy of RNAi in the management of B. (abaci. In Chapter 5, the efficacy of RNAi in the 

management of B. (abaci was evaluated. Results showed that there was a limited effect on 

whiteflies especially those feeding on stably transformed tomato plants 

(dsRNase+dsAQPI+dsSUC) on the development and survival of whiteflies. This may be because 

either: (i) the whiteflies did not obtain the dsRNA from the transgenic plants, (ii) the concentration 

ofdsRNA obtained from the plants was limited and therefore, did not activate the RNAi machinery 

or (iii) the stacking of different dsRNA in a single construct (combinatorial RNAi) affected the 

efficiency of dsRNA in downregulating a target gene (Figure 5.13). Therefore, more studies are 

required to determine: (i) the factors that influence dsRNA expression especially in stably 

transformed plants, (ii) the effective lethal dose (LC50), (iii) the whitefly stage that is most 

vulnerable to RNAi and (iv) the impact of combining different dsRNA (combinatorial RNAi) on 

the efficiency of dsRNA expression in stably transformed plants.
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in cassava growing areas. Management of cassava whiteflies will not only reduce the direct 
damage caused by high whitefly population but will also reduce the spread of viral diseases (CBSD 
and CMD) transmitted by these whiteflies. This technology, therefore, has the long-term potential 

to prevent future cassava viral-disease pandemics.



/APPENDIX

Cleavage site Catalytic site residue**D-Score*SignalGene ID

Nucleophile Proton Donorpeptide

D(227)E(20)E E(289)0.532Bta07764

T(22)Q D(236)0.804 E(325)Bta03994

T(23)E D(226)0.819 E(297)Bta03992

0.649 A(22)D D(225) E(296)Bta03991

A(19)Q0.839 D(23O) E(451)Bta06327

A(22)Q0.791 D(227) E(292)Bta03439

A(24)E0.450 D(233) E(300)Btal 5649

0.700 A(24)V D(268) E(337)BtaO5386

0.800 G(17)V D(229) E(284)Btal 1977

A(19)Q0.783 D(223) E(277)Btal 1978 +

0.809 A(20)D D(227) E(295)Btal 1358

E(279)0.749 A(23)D D(225)Btal2678

E(290)0.802 G(20)V D(231)Bta08425

E(287)D(227)Bta08427 0.807 S(18)E

E(296)Bta03818 D(228)0.712 C(16)R

E(298)Bta05518 D(230)0.727 C(20)E+

E(296)Btal 4422 D(228)0.799 Q(23)S

E(294)Btal2578 D(226)+ 0.742 A(19)L

E(299)Bta04306 D(228)0.648 G(21)S
R(287)Bta06458 E(229)0.765 G(20)G
E(244)Bta08431 D(185)0.845 G(20)V
E(318)Bta09696 D(231)0.742 A(25)Q

Bta04042 0.610 G(22)R
Btal3913 0.103

E(310)Bta07453 D(243)0.211
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Supplementary table 6.1: Genes for MEAM1 B. tabaci species encoding proteins with 
characteristic catalytic site residue and signal peptide for a-glucosidase enzyme

Discrimination score (D-scorc) for best-predicted signal peptide for predicted proteins ofGH13 family

-Catalytic site residue in each GHB sequence. The position of the residue is indicated by the number in the parentheses. 

Presence or lack of signal peptide denoted as + or - respectively



Supplementary Table 6.1 continued

Catalytic site residue**Cleavage siteD-Score*SignalGene ID

Proton DonorNucleophilepeptide

D(183)G(21)H E(250)0.739Bta05340

G(20)V D(231) E(290)0.802Bta08425 +
G(20)V D(231) E(290)0.811Bta08426

0.416Bta07452

D(233)0.369 E(300)Btal0022

D(281)0.105 E(369)Bta01478

D(244)0.349 E(312)Bta05396

0.232 D(253) E(321)Bta05397

0.101 D(202) E(269)Bta02810

0.358 D(261) E(315)Btal 1979

0.249 D(226) E(294)Btal 2624

G(275)0.144 D(331)Btal 2683

0.118 D(288) E(344)Btal 2682

D(216) E(284)0.110Btal0152

0.152 D(280) E(342)Bta04421

E(296)Btal4419 0.425 D(230)

E(308)Bta04298 D(241)0.154

Bta04297 E(348)D(280)0.106

Bta03112 D(233)0.135 D(166)

Btal 3238 E(302)D(235)0.199

Btal3239 E(220)D(157)0.099

Bta09634 0.763 G(20)E

Bta06059 E(212)D(147)0.098
* Discrimination score

169

(D-scorc) for best-predicted signal peptide for predicted proteins of GUI 3 family

••Catalytic site residue tn each GH13 sequence. The position of the residue is indicated by the number in the parentheses.



T

p rc •c

vO 
Cl

cn 
ci

ci Cl oo \O r>
o o o’ o o

-t-

C1 
izi

O' 
•C s 
<3 
co

m
m
O
O' 
o

cc

re
kr»g
O

5

> ex > >rr' X <cr~- o o o
cm £2, Cl 

O S' O O

P 
CM cs

oo 
Cl

>C
CM

O' 
CM

O

5

§ 00 
•n
ci

oo

(g

m 
oo 
O 
CM

J2 £
5
1

£

O'*

Cl m
s 
co

-K 
o> 
s o 
0

m oo •c 
CM 
o
< 
H 
CO

ci oo 
c>
g 
<

3
00

o

Q

c 
0) 
0

o
2
Q.
Q 
CL

CL 
O 
2 2 
5 z

o

oo

■o <□ 
=5 

.E *-
o 
Q

CM 
\©

— E

£? s c 
Q 
E
K 
CL 
9

C/3

* * *
□
2’55
u 
o •s
•a a u

o
o<

s ci

oo 
'C s 
O<

C?
?!

<O

O

§ 
Cl

•C
re

O

CM

I g 
o <

2 
o

§

1

3
o

OO

■o

o

E

s
o

s
1

g
oo

o m m g 
o<
C2

s 
o

E

8 
oo
o

i
s

\d s
o

oo 
CM 
OO

8 
© 
.<

CM 
Ol
C£)

L 
o

CO 
o

OO

OO 
m

ffi

<o

5;

Q u 
O 
CJ 

V)

Q

I

I 
Si 

I
o

3

I
I 
I
o

o 

I
•"S 
<y 
0£

>

u

a 

.1° 
CZ)

i
c
'o

I
I
£

1
I
!■

I

1
I

. I»I
-s 
E

I
1 
£• 

I
i
o

1
£

i
i =

5
1

I
=.
a

=

j 
s
I 
h 
£ c3

S' rn

S’ if

= b

£ §
ft. Q

P ..
O 'O OO
Cl CM CM

O
— C" M2>
Zl
§ ° “o o o

£ m m in m tn

® s 8 s i
§ 5 s 8 §< <. <. <: <
a: e £ a

OS! 
I 1 ? 1 
£ £ i= -

-? “t"

m m cm
E' E

-S ‘-' x“s z-»< <—x-•»
CMC^. — — 'sOxrjOC^O'OO’OOOXD
CM'OCT' '■O '/^sx5Or^G'000«0'^-

CMCM — — — CM — O-CMCMCMCMCMCM —
X—X -^_X 's_»x X >»X x s^x ^_x- x—X -^xc-\ r\ r> r\ r> r\ fT-. r\ r\ r\ r\
_4 B—« »—« U—I . *—■ >X i B—" B 4 B—. B—.

m c~Cl CMCM —
O O

'—' '—'o O cl Cl Tj-o cn © -^r tt Tt-— CM CM Cl Cl
Q S’ M W S'

CM re Cl
S' 2? ' '

tT © .. 3 S ..w S' S' S'



I

oc

VO 
mo

co cm
O -3-
CM CM

'o
CM

co 
CM8 to

CM

O'
O

cm

+

oo CM

vo
CM

OO

o

8

L

VO
OO
<O
>o

£

m 
VO

1
co

8 
o

C*-> 
m cn 

Cl
cn
CM

8 
in

2 co

•o 
m
CM

O'

vO
*O

s

g
S
<

§

CM
CM

CM 
CM g
C3 

£

O2 
<

m 
CM 
CM,
Q

5
CM

CM^

<

Q 
HM 

e 
0

<2
’2
o 
fc£
>
Q

u

CM 
to

§
co

Ov 
co
3
8
cc

8 
£

CM

2 £
s 
J3 £

g
<~O1
£

Q 
E 
5*

*** 
CJ□
’c/2 
<□ 
U

2
*5
y

£
o

q

3 
K 
oj 
ex

"cl o 
ja 
7J
z

o
o
Q 
c 
o
©

S 
o

a
E
O
0

to

VO 

o

VO

CM

G 2
<

cn

o

g 
p
O2
<

oo
VOoo
o

8 co
Cv
VO

o

s 
8 g
V>

<

oc
•O

vo

1

oo
o

2 
© 
CJ 

(Z)

Q

§ 
<o
rTi

8
CM
CM

&

•a 
E

Q 
3 

75 
’«j
Q 
k

2 
"S 
eu

■5
« 
Q
Q

Jg 
2 
O 
2 
3
X 
Q

X

Z) 

.S 
2 o
cu 
&£ 
=

T5 
© 
Q s 
Q

Z5 

.2
Q 
Q. 
z

•*W

■Q s

zz 
U2

VO

OO 
co 
cm

s2
< 
cy:

C72
Z 
X§

g

ci

z^-x 

d 
2J

£
O

§
i s

J
CZ)

c- -^r 
cm c-n

O 
O' 
O

<—s z—X
[■"- O'
CM CM
CM CM

c

Ov VO 
m a s 

o a 
p p

O 2 
<

2av a 
oj cn

en 
oo 
O' 
VO —s s
§
< 
C/5 
cz:

gj 2
5 ?
sco

8 s 
o r- 
\O

p
52 
< zn

d d
UJ UJ

§ 
s 
§ 
i

m vo
io tt
r- oo
o a

z-*x z--X
m r-'
O' O'
CM CM

oo C"~ c*"> O'
O cm m m
CM CM CM CM

Q Q Q Q

<7
IO O' O'
vr cm cm

S' M S'

S' S'
8 8 8 8....
S S S S S Ss s' S'

r- o 
o r-~ 
<O C-
o o

vo O vo O
cm m m en

, . CM CM CM CM
s_z ^_Z x^_Z

Q Q Q Q Q Q

<
vo O tt irv 'O

— CM CM CM
< C/5 O < C/5 <

CM

Mg
l § g

OO — >o c.
CM Tt vo cq
CM CM CM cs|

8

111

>^<7)O/LxJu:,XZV2c-GnCZJ
Z*~S "S Z^-X z-Z~S z—> Z—•. ^2* z—*. Z--—X
Ttoo^to—.o — — ocn —

(3 CL C- e Ci. CL dz^<□<0^00

□ 
CZ3

< 
CZ2 <z>
>2 §
E C^j 

O 2 
o 

m cj 

« =
£i 8 

fr12 
12 
4) Q. 

S Q. 
U _ 
Q. « 
cu a □ or

oc r-
Ov O' 
CM CM

8 8
£ x

8
O O CO
o p p

o b E
2 2 2
% % % % % £ £
on ca> cz> zn <z> cz:

§ § § § §

/—V z—
QV CO

.. .. J 8 ..
'----- -  < Z '___ ' '—Z
Q Q ttJ Q Q

'b- CM
CM OO 
vo m
CM ”3-

2 5S £

•Tt o o
CM CM CM
S__Z x__z< < < < <

OC rr o rs-
r- tt m m
io C" vo
o o a o

oo 
CM

a



3

3 •n

Q

O' 
oo

O'

o

+

OC

3 
oo 
CM

cn
CM

•a,
CM

3
o

CM

S

o
2
Q-
t)
Ct

£ s.

§

cn 
CM 
OC 
o’

oo 

g

oo
«n
cm
a s

CM 

g

«a?

S'

rn

El

|

'A
CM

CLA^

i?

1

s
CM

3 
cc

jj
12
Ct 
o

—
CJ
5
Z

o 
•n s 
g
X X

»n
O'

o

o

hz<>

o 
m 
>a>

§
X

o
'A
CM

<

so
3 £

* o 
c
o o

o 
o
o
£3
ffi

OO a 
irr

CM

I

Q >—«
<y

□

*
u 
o 
CJ 

co
I

Q

o 
o
Q 
s 
o 
o u

Pm
l

S 
cm 
CM

■a 
CM 

CL S'
3

* * *
O □ 

12 ’35
CJ 

a 
%
Z) 

•w

•5 
« u

s
CM

a
OC

£

sD

md
o

cn 
CM

£ 
d

o
OO

o

rn 
'A 
cm

o

2 
g

I 
i

m 
r^

O'

rj 
so 
o’

o
OC 

o

S'
CM

OC

'A

1
OC

OC

o 
3
EC

3 
oo

o

oo

o

OC 

oo 
o 
3 
22

OC

o 
o

CL

O'

o 
o

•A)

oc

o
oo
O

'O 
oo IQ

O'
CM

CM

\O
O'
sD
O
o

o
en 
»r> 
o
5

m 
>A,

O

5

3 o
o
H 
O —-;
<

£ 
oo

O

5
< 
QC

3

I
i

o
’5
<u
0£*>
CJ

u

•A§

i

T5 
U 
5 

.E *- 
s 
o a

co
\O 

jy 

Z 
a 
h
r?
E 
U 

E
cL 
Ct 
E

(Z)

O' 
•A> 
O' 
m 
O

O

<
CA 
CA z

CL

'A 
tn 
>AJ g
E
< 
CA

O 

E 2 
< 
CA 
CA 
CA z

g
!

I

I

CM
OO

S' S'

Is
i
I „
§ §

§

L.
X §

O'I
h

g

§ §

3? oc
O oo 
m cm

KO 
CM 
OO o
H 
O 2 
< 
an ca
CA CA 
CA CA 

§ §

S 3 !2 S 
g S
B
i

< a 
“S3

o O'

<d a -r
cm m
CM CM CM

S' S' S'

<© bo’ O'
— CM --u o <

2. •=. S.
S 5 S
<

X—Z*^V

^rcMO'CMr'MDOKO
cm cn <m -=3- cm cm m mCM CM CM CM C-l CM CM CM'^z' x_zQQQQG0GQ

B.. d§ 5 S

i 2 >O' O' r-

< < o

= s
8 §

s
i I ip
i



os
CM

O

s§
CO

•o cm
in C'l

I

Q
3
ct oCt

£ 3 cc

S' 
cn

O
cn in o
£

3

*CJ & O o

—
12 ct o CJ
"2 □
Z

s § co

cm

5
S
£

Q
GJ 
gj 
0

1co

3 
d

***
gj
□
’co 
gj

GJ
’55
eQ

O c o Q 
c o 
o u

o 
cn 
o

O
< CO GO CO 
g

T5GJ5 
C

+*

o GJ
CO 
\d 
_GJ
2 
a 
H

2 gj 
E
Q. Ct 
5
CO

oo oc cm

£ 
o

m
•t

iCQ

sO
C'l 
o

mOO O m
cs £

rn oo 'O C'l
£3 £

o’

o
OO CM <§
X

S
o

s o

Rl
E-

ni 

a
3
o

Os rn ni
o

m <n
o

CQ

3CM

Os

c
g

i
5
!

Os C'l en sO 
o HO 2 
< GO GO CO §

3

I 
s

Q U O GJ CO
Q

i
I
o +

I
I 
I 
*5 s
o 

i

J

a
=

i
1
i c!

o

I
£

I

§

o'
Pl
S'

JO 
o 
o 
E
< co 
GO CO Z

1 !g
I
i5
I

GJ
•a
CJ bJD cs> a— □

3§I
i

Os CM CM
O

E
< GO CO co z

m oo »n «n o

5
< co

OC m m 
s

g 
Os oc
o 
s
< GO COCO Z

■nI
I
■2

s
!

i

5
oI
I
<2

_& §
i
I
J
I

I

oo

M S'

'n Os
O 
p 
O
< co co co CO co z

>—y '

Q. Q

oo oo m — cn m
Lt] CO

in oc mvr oc osCM CM —'—z     V—Xc q a c



n

TI

175

6.1: 
SSA1-SG1.

Supplementary figure 6.1: Phylogenetic 
MEAM1 and SSA1-SG1. Phylogenetic : 
implemented in Bayesian Evolutio

- BTA000C06.' (B.tabac .MED)
I -Btai5649<B tabad.MEAM1)
| S_300122r_T_13963(Ssa 122301
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lBtaO7764(B tabad.MEAMI) 

|-------------Bta04042(B tabaa.MFAMI)1_______ r BtaO4421(B tabad.MEAMI)

11-NSSSA1UG1023876 (Ssa009?6)
1BTA009935 *(3 tabac MED)

| 1 Bia 1* 3581B labaa MEAM1)
[| - BTA03CC93 * (3 tabac _MED)
| —ir Btai2578(B labaa.MEAMI)

*• ENSSSA1UG1001387 (Ssa 10306) 
------------S_00(XM5F_T_19505(Ssa045^0) 
J------- BTA017167.'(3 .tabac .MED)
1___ r BlaO534CiB tabad.MEAMI)

L ENSSSA1UGT010695 (SsaCSSU)

-----------Bta 132361 B.tabad.MEAM 1) 
-BTA011261 .‘(3 tabac MFD) 
irBia 144221 B.tabaa MEAM1)

S_OXO45r_T_19393(Ssa045 * 2)
___ I '_____ rBTA01716Z1(B.tabac MED)

| 1 ENSSSA1UG1008267 (SM04743)
1 rBtaO3439(B.labaa.MEAMI)

1 ENSSSA1UGT006?39 (Ssa0243l)

— ENSSSA1UGTOOC627 (Ssa02431) 
j BTA002582 ’(3 tabac MED) 
PBlal *978(B.tabad_MEAM1) 
L ENSSSA1UGT004067 (SsaC0237) 

f BTA002583 • (3 tabac .MED) 
J Biai -977(B labaa MEAM1) 

- LNSSSA1UG1003959 (Ssa00231) 
- BI AC-34410 2(8 tabac MeD) 
j BTA029782. ‘ (3 tabac _MED)

— ------------ ? Bta 12678,B labad VEAM1)
L ENSSSA1UGI023957 (Ssa07148)

___ iBla36458iB tabad MEAM1)
1 LNSSSA1UG1013702 (Ssa 1*469) 

-------------------- B1A004330 * 13ta06059)

: relationship of all the alpha-glucosidase 
analysis was conducted using Bajcsian m 

nary Analysis Sampling Trees (BEAST vcrsioi



Supplementary Table 6.4 continued

dy/ds SelectiondydsOrtholog 1 N-subOrtholog 2 S-sub
pressure

Negative selectionENSSSA1UGT005553 5.40 4.06 0.75Bta08427 462.9 1280.1

BTAO 18902.1 Bta07764 72.9 1286.1 0.009 0.006 0.63 Negative selection

Bta04042 83.8Bta04421 1377.2 1.03 0.32 0.31 Negative selection

Bta04421 ENSSSA1UGT023876 488.2 1242.8 35.93 3.99 0.11 Negative selection

67.2BTA009935.1 Btal 1358 1738.8 0.014 0.003 0.19 Negative selection

BTA030093.1 Btal2578 74.7 1722.3 0.19 0.05 0.26 Negative selection
ENSSSA1UGT004887 83.9Btal2578 1713.1 0.12 0.03 0.23 Negative selection

BTA017167.1 Bta05340 76.3 1549.7 0.98 0.23 0.24 Negative selection
S 000197F 8848 Bta05340 75.0 1554.0 0.15 0.04 0.25 Negative selection
BTA01716.1 Btal3236 86.6 1698.4 1.27 0.26 0.21 Negative selection
BTA011261.1 Bta14422 94.5 1678.5 0.22 0.04 0.18 Negative selection
Ssa04512 Btal 4422 453.9 1355.1 5.28 4.34 0.82 Negative selection
BTA017162.1 ENSSSA1UGT008267 65.2 1476.8 0.12 0.03 0.23 Negative selection

ENSSSA1UGT006139Bta03439 438.2 1262.8 4.57 4.23 0.93 Negative selection
BTA002582 Btal 1978 78.0 1680.0 0.05 0.02 0.40 Negative selection

ENSSSA1UGT004067Btal 1978 72.0 1677.0 0.25 0.06 0.24 Negative selection
BTA002583.1 Btal 1977 71.2 1215.8 0.015 0.014 0.97 Negative selection

ENSSSA1UGT003959 Btal 1977 0.21 Negative selection0.08 0.0254.7 1754.3
BTA004410.2 Bta 11977 Negative selection0.290.3580.7 1707.3 1.17

BTA029782.1 Neutral mutationBta12678 00.0020.0001654.7106.3
Negative selectionENSSSA1UGT023957 0.23Bta12678 0.020.101747.497.6
Negative selectionENSSSA1UGT013702 0.20Bta06458 5.9429.191219.8532.2

N-sub - Number of non-synonymous

dN Non-synonymous substitution rate ds

177

Synonymous substitution rate

S-sub - Number of synonymous substitution sites 
substitution sites
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Supplementary table 6.6: List of essential reactions in a two-compartment metabolic 
model ofSSAl-SGl

Reaction_________
SSAlPorOCBT 
SSAl_Por_METS 
SSAIPorPRPPS 
SSAl_Por_ATPPRT 
SSAl_Por_PRATPP 
SSAl_Por_PRAMPC 
SSAl_Por_PRMICI 
SSAl_Por_IG3PS 
SSAlPorJGPDH 
SSAl_Por_HSTPT 
SSAlPorASPK. 
SSAl_Por_ASAD 
SSAl_Por_DHDPS 
SSAl_Por_THDPS 
SSAl_Por_SDPTA 
SSAl_Por_SDPDS 
SSAl_Por_HSD 
SSAl_Por_HSK 
SSAlPorTHRS 
SSAl_Por_DDPA 
SSAlPorDHQS 
SSAlPorDHQTi 
SSAl_Por_SHK3Dr 
SSAl_Por_SHKK 
SSAl_Por_PSCVT 
SSAl_Por_CHORS 
SSAl_Por_ANS 
SSAlPorANPRT 
SSAl_Por_PRAIi 
SSAl_Por_IGPS 
SSAlPorPPNDH 
SSAl_Por_ACHBS 
SSAl_Por_KARA2 
SSAl_Por_DHAD2 
SSAl_Por_ACLS 
SSA1 _Por_KARAl 
SSAl_Por_DHADl 
SSAl_Por_IPPS 
SSAlJPorJPPMIb 
SSAlPorJPPMIa 
SSA1 Por IPMD

Reaction_____________
SSAl_Por_OMCDC 
SSAl_Por_PDH 
SSAlPorAKGDH 
SSAl_Por_ATPS4rpp 
SSAl_Por_CYTBO3_4pp 
SSAl_Por_NADH16pp 
SSAlPorPSYl 
SSAl_Por_PSY2 
SSAl_Por_PDSl 
SSAl_Por_PDS2
SS A1 _Por_ZC AROTDI-11 
SS A1 _Por_ZCAROTDH2 
SSAl_Por_LCYBZC 
SSAl—PorJIEMEOS 
SSAl_Por_LIPOS 
SSAl_Por_MTHFR2 
SSAl_Por_DPR
SS A1 _Por_CLPNS 160pp 
SSAl_Por_DM_LIPOPB 
SSAl_Por_DM_GLYC 
SSA1 _Por_O2tex 
SSAl_Por_H2Otex 
SSAl_Por_CO2tcy 
SSAl_Por_UP_2DHP 
SSAl_Por_UP_PYR 
SSAl_Por_UP_2OBUT 
SSAl_Por_UP_E4P 
SSAl_Por_UP_PEP 
SSAl_Por_UP_R5P 
SSAl_Por_UP_PG160 
SSAl_Por_UP_GGDP 
SSAl_Por_UP_FRDP 
SSAl_PorJJP_OCTAPB 
SSAl_Por_UP_PYDX5P 
SSAl_Por_UP_THMPP 
SSAl_Por_UP_FMNH2 
SSAl_Por_UP_THDP 
SSAl_Por_UP_MLTHF 
SSAl_Por_UP_COA 
SSAl_Por_UP_PHEME 
SSA1 Por UP NADP

Flux (mmol gDW1 h1) 
0.16531

0.165312 
0.209024 
3.89506

0.493353 
0.493353 
4.93E-06 
4.93E-06 
4.93E-06 
4.93E-06 
4.93E-06 
2.47E-06 
2.47E-06 
2.47E-06 
2.47E-06 
0.046402 
2.91 E-06 
0.000318 
2.47E-06 
0.000318 
0.246684 
-2.83424
1.77185 

2.91 E-06 
0.992473 
0.113294 
0.277102 
0.554204 
0.116569 
0.000636 
9.87E-06 
2.47E-06 
2.47E-06 
2.47E-06 
2.47E-06 
2.47E-06 
0.159891 
0.046402 
0.049135 
2.47E-06 
2.61 E-05 

Flux (mmol gDW 1 h ')
0.111152
0.046402
0.116569
0.049133
0.049133
0.049133
0.049133
0.049133
0.049133
0.049133
0.260487
0.260487
0.159891
0.159891
0.159891
0.159891
0.100596
0.100596
0.100596
0.277102
0.277102
0.277102
0.277102
0.277102
0.277102
0.277102
0.067436
0.067436
0.067436
0.067436
0.209666
0.113294
0.113294
0.113294
0.310706
0.310706
0.310706
0.16531
0.16531
0.16531
0.16531



Supplementary table 6.6: Continued

Flux (mmol gDW* h ')ReactionFlux (mmol gDW'1 h1)Reaction
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0.000109 
0.001809 
0.000643 
0.000643 
0.001809 
0.255983 
0.006216 
0.010014 
0.006709 
4.93E-06 
0.046402 
0.111152 
0.013436 
0.356567 
0.017419 
0.235647 
0.015866 
0.007604 
0.083706 
0.006368 
0.010652 
0.004045 
0.021221
0.02112 

0.021646 
0.007694 
0.01781 

0.159891 
0.067436 
0.283837 
2.91 E-06 
0.209666 
0.145396 
0.113294 
0.16531 

0.049133 
4.93E-06 
0.198622 
0.046402 
0.049133 
0.159891

0.159891 
0.082103 
0.049133 
0.065903 
0.088147 
0.039207 
0.817173 
0.135612 
0.159891 
0.159891 
0.159891 
0.842491 
0.015376 
998.112 

0.217739 
0.111152 
0.111152 
0.111152 
4.93E-06 
0.113294 
0.113294 
0.049133 
0.049133 
0.113294
0.16531 

0.209666 
0.104398 
0.145393 
0.104398 
0.104398 
0.104398 
0.238214 
0.195203 
0.195203 
2.47E-06 
0.000135 
0.000135 
2.61 E-05 
2.91 E-06 
2.91 E-06 
2.91 E-06

SS A1 _Por_EF_26D  AP-LL 
SSAl_Por_EF_ARGSUC 
SSAl_Por_EF_HISP 
SSAl_Por_EF_TRP-L 
SSAl_Por_EF_THR-L 
SSAl_Por_EF_MET-L 
SSAlBtASPTA 
SSAl_Bt_ASNSl 
SSAl_Bt_DHDPRy 
SSAl_Bt_DAPE 
SSAl_Bt_DAPDC 
SSAl_Bt_GLNS 
SSAlBtCBPS 
SSAl_Bt_P5CR 
SSAl_Bt_P5CDr 
SSAl_Bt_GSC 
SSAlBtORNTAr 
SSAl_Bt_ARGSL 
SSAl_Bt_METAT 
SSAlBtCYSTS 
SSAl_Bt_CYSTGL 
SSAl_Bt_HISTP 
SSAl_Bt_HISTD 
SSAl_Bt_ILETA 
SSAlBtLEUTAi 
SSAl_Bt_PHETAl 
SS A1 BtPHETHPTOX 
SSAl_Bt_VALTA 
SSAl_Bt_GTPCI 
SSAl_Bt_PTHPS 
SSAl_Bt_SPR 
SSAl_Bt_GHMT2r 
SSAl_Bt_MTHFD 
SSAl_Bt_MTHFC 
SSAlBtRBFK 
SSAlBtANNA 
SSAlBtDNGAL 
SSAlBtNADK 
SSAlBtMOHMT 
SSAlBtPANTS 
SSA1 Bt PNTK

SSAl_Por_UP_NADH 
SSAl_Por_UP_DATP 
SSAlPorUPDCTP 
SSAl_Por_UP_DGTP 
SSAl_Por_UP_DTTP 
SSAl_Por_UP_ADP 
SSAl_Por_UP_CTP 
SSAl_Por_UP_GTP 
SSAl_Por_UP_UTP 
SSAl_Por_UP_AMET 
SSAl_Por_UP_HCYS-L 
SSAl_Por_UP_ORN 
SSAl_Por_UP_ASN-L 
SSAl_Por_UP_ASP-L 
SSAl_Por_UP_CYS-L 
SSAl_Por_UP_GLN-L 
SSAl_Por_UP_GLY 
SSAl_Por_UP_PRO-L 
SSAl_Por_UP_SER-L 
SSAl_Por_UP_TYR-L 
SSAl_Por_UP_ARG-L 
SSAl_Por_UP_HIS-L 
SSAl_Por_UP_ILE-L 
SSAl_Por_UP_LEU-L 
SSAl_Por_UP_LYS-L 
SSAl_Por_UP_PHE-L 
SSAl_Por_UP_VAL-L 
SSAl_Por_EF_SUCC 
SSAl_Por_EF_G3P 
SSAl_Por_EF_PPI 
SSAl_Por_EF_PANT-R 
SSAl_Por_EF_PHPYR 
SSAl_Por_EF_3MOB 
SSAl_Por_EF_3MOP 
SSAl_Por_EF_4MOP 
SSAl_Por_EF_SUCCOA 
SSAl_Por_EF_DAD-5 
SSAl_Por_EF_AMP 
SSAl_Por_EF_THF 
SSAl_Por_EF_AICAR 
SSA1 Por EF 23DHDP
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Reaction Flux (mmol gDW'1 h'1)Flux (mmol gDW'1 h'1)Reaction
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SSAl_Bt_PPNCL2 
SSAlBtPPCDC 
SSAl_Bt_PTPATi 
SSAl_Bt_DPCOAK 
SSAl_Bt_ALASm 
SSAl_Bt_PPBNGS 
SSAl_Bt_HMBS 
SSAl_Bt_UPP3S 
SSAl_Bt_UPPDCl 
SSAlBtCPPPGO 
SSAl_Bt_PPPGO 
SSAl_Bt_FCLT 
SSAl_Bt_GLUK 
SSAl_Bt_GAPD 
SSAl_Bt_PGK 
SSAl_Bt_PGM 
SSAlBtJENO 
SSAl_Bt_PYK
SSAl_Bt_PDH 
SSAlBtPCr 
SSAlBtCS 
SSAl_Bt_ACONTa 
SSAl_Bt_ACONTb 
SSAl_Bt_SUCOAS 
SSAl_Bt_SUCDi 
SSAl_Bt_FUM 
SSAl_Bt_MDH 
SSAl_Bt_PGL 
SSAl_Bt_RPI 
SSAl_Bt_CYOO6m 
SSAl_Bt_CYOR(q9)m 
SSAlBtTRDR 
SSAl_Bt_PPA 
SSAl_Bt_ACACTlr 
SSAl_Bt_HMGCOAS 
SSAl_Bt_HMGCOARx 
SSAl_Bt_MEVKlx 
SSAl_Bt_PMEVKx 
SSAlJBtDPMVDx 
SSAl_Bt_IPDDI 
SSA1 Bt DM ATT

2.91 E-06 
2.91 E-06 
2.91 E-06 
2.91 E-06 
1.97E-05 
9.87E-06 
2.47E-06 
2.47E-06 
2.47E-06 
2.47E-06 
2.47E-06 
2.47E-06 

1.88671 
3.92792 
3.92792 
3.92792 
3.92792 
3.37372 

0.666063 
0.978394 
0.665922 
0.665922 
0.665922 
0.049113 
0.209004 
0.504702 
0.504702 
0.531102 
0.440854 

1.66454 
3.32908 

0.004903 
0.565679 
4.69E-05 
4.69E-05 
4.69E-05 
4.69E-05 
4.69E-05 
4.69E-05 
1.23E-05 
1.23E-05

SSAl_Bt_GRTT 
SSAl_Bt_FRTT 
SSAl_Bt_HCO3E 
SSAl_Bt_CAT 
SSAl_Bt_ASPCT 
SSAl_Bt_DHORTS 
SSAl_Bt_DHORD2 
SSAlBtORPRT 
SSAl_Bt_ORPDC 
SSAl_BtJJMPK 
SSAl_Bt_ATUD 
SSAlJBtATCM 
SSAl_Bt_ATCD 
SSAl_Bt_ATDCD 
SSAl_Bt_ATDGD 
SSAl_Bt_ATGD 
SSAl_Bt_NDPK 
SSAlBtATDTD 
SSA1_Bt_PRDPAR 
SSAl_Bt_PPRGL 
SSAl_Bt_FPGFT 
SSAl_Bt_PRFGS 
SSAl_Bt_PRFGCL 
SSAl_Bt_PRAIC 
SSAl_Bt_PRAIS 
SSAl_Bt_AIAL 
SSAl_Bt_FPAIF 
SSAlBtICH 
SSAlJBtJMPD 
SSAlJBt_GMPS(glu) 
SSAl_Bt_AGPT 
SSAlBtDGOTO 
SSAlBtADSS 
SSAl_Bt_AAL(fum) 
SSAl_Bt_ATAM 
SSAlBtDAOTO 
SSAl_Bt_DCDT 
SSAlBtTMDS 
SSAlBtDTMPK
SSA1 Bt DM ALA-B

1.23E-05 
9.87E-06 
1.10492 

1.23E-06 
0.015376 
0.015376 
0.015376 
0.015376 
0.015376 
0.015376 
0.013567 
2.91 E-06 
-0.00064 
0.000643 
0.000643 
0.173724 
0.001809 
0.001809 
0.125234 
0.125234 
0.125234 
0.125234 
0.125234 
0.125234 
0.125234 
0.125234 
0.174367 
0.174367 
0.115055 
0.115055 
0.115055 
0.000643 
0.059312 
0.059312 
0.537788 
0.001809 
0.000643 
0.001809 
0.001809
2.9 IE-06 

SSA1 Bt DM PG 160 0.000636,
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Flux (mmol gDW’1 h1)Reaction
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2.47E-06 
0.104398 
2.01563 

-0.34944 
-3.69554 
0.159695 
2.47E-06 
2.47E-06 
2.47E-06 
0.000135 
4.93E-06 
0.104398 
0.312566 
0.104398 
4.93E-06 
-2.01563
3.43033 

-0.34944 
-3.69554 
-0.1597 

-2.47E-06 
-2.47E-06 
-2.47E-06 
-0.00013

SSAlBtDMOCTAPB
SSAl_Bt_DM_DHBPT
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SSAl_Bt_EF_dad-5 
SS A1 _Bt_EF_pppi 
BtGROW 
EX_pppi(e) 
EX_dad-5(e) 
EX_o2(e)
EX_h(e)
EX_pi(e) 
EX_nh4(e) 
EX_hcys-L(e) 
EXthmpp(e) 
EX_ribflv(e) 
EX_pdx5p(e)
EX nicmt(e)__________
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