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RESUMO 

 

A mosca-branca, Bemisia tabaci (Gennadius) é uma praga de distribuição global que 
afeta centenas de diferentes plantas hospedeiras incluindo grandes culturas, 
olerícolas e ornamentais. B. tabaci causa danos principalmente através da 
transmissão de vírus de plantas como os begomovirus, crinivirus, ipomovirus, 
torradovirus e carlavirus. Atualmente, B. tabaci é considerada um complexo de pelo 
menos 40 espécies crípticas que apresentam diversidade genética, biológica e 
diferentes composições de bactérias endossimbiontes facultativas. No Brasil, tanto 
espécies nativas quanto exóticas de mosca-branca são encontradas e ainda há uma 
escassez de dados genômicos destas populações e das bactérias endossimbiontes. 
Na África Oriental, altas populações de moscas-brancas estão disseminando 
diferentes vírus de plantas que causam epidemias na cultura da mandioca (Manihot 
esculenta) e com perdas na produtividade. A principal forma de manejo desses vírus 
na África é através da utilização de variedades tolerantes. Portanto, é essencial a 
identificação de novos genes de resistência para o desenvolvimento de variedades e 
um manejo eficiente das doenças. O sequenciamento de transcriptomas é uma 
ferramenta que possibilita uma análise genômica da mosca-branca, dos vírus 
transmitidos por ela, das bactérias endossimbiontes e das plantas hospedeiras dessa 
praga. Portanto, os dados genômicos obtidos dão suporte para o desenvolvimento de 
novas técnicas que podem se tornar futuras alternativas de controle de mosca-branca 
e dos vírus associados. No Capítulo 1, dados de transcriptomas foram obtidos das 
diferentes espécies de B. tabaci encontradas no Brasil, tendo sido possível a obtenção 
de genomas mitocondriais completos de espécies exóticas e nativas de mosca-
branca, além de genomas parciais do endossimbionte facultativo Hamiltonella. A 
análise filogenética revelou que as diferenças genéticas presentes no gene mtCOI 
entre as espécies nativas e as espécies exóticas se estendem ao genoma mitocondrial 
e ao endossimbionte facultativo Hamiltonella. Além disso, foi possível verificar uma 
deleção de aminoácidos somente no gene GroEL de Hamiltonella que está presente 
em populações de moscas-brancas nativas. Esse gene é conhecido por estar 
associado a transmissão de vírus de plantas. No Capítulo 2, foram sequenciados 
transcriptomas de plantas de mandioca naturalmente infectadas com vírus coletadas 
no campo em diferentes países da África. A partir desses dados, foi avaliada a 
diversidade de genes do cloroplasto e a relação com diferentes espécies de vírus. Há 
uma baixa diversidade dentre as cultivares de mandioca atualmente plantadas na 
África e não foi possível verificar nenhuma relação entre os genes de cloroplastos 
avaliados e as espécies de vírus detectadas ocorrendo naturalmente no campo. Os 
dados obtidos reforçam a necessidade da introdução de novos materiais genéticos 
para aumentar a diversidade genética das cultivares de mandioca plantadas nesses 
países, a fim de melhorar as alternativas de manejo das epidemias de vírus. 

 



Palavras-chave: Cassava mosaic virus, Cassava brown streak virus, mitocôndria, 
GroEL, New world 

 

  



	
	

	
	

ABSTRACT 

	

The whitefly, Bemisia tabaci (Gennadius) is a global pest that affects hundreds of 
different plant hosts including vegetable, fiber and ornamental crops. B. tabaci causes 
damage mainly by the transmission of plant viruses such as begomoviruses, 
criniviruses, ipomoviruses, torradoviruses, and carlaviruses. Currently, B. tabaci is 
known as a complex of at least 40 putative cryptic species that shows genetic and 
biological diversity and a different composition of bacterial facultative endosymbionts. 
In Brazil, both exotic and indigenous species of whiteflies are found and there is still a 
lack of genomic data available among these populations and also their bacterial 
endosymbionts. In East Africa, high populations of whiteflies are transmitting different 
plant viruses that are causing epidemics in cassava crops (Manihot esculenta) and 
leading to great yield losses. Currently, the management of these viral diseases in 
Africa is carried out mainly by growing cassava tolerant varieties. Therefore, is 
essential to identify new target genes for the development of new varieties for an 
efficient management of viral diseases. Transcriptome sequencing is a tool that allows 
a genomic analysis of the whitefly, whitefly-transmitted viruses, bacterial 
endosymbionts and plant hosts. Therefore, the genomic data obtained gives support 
for the development of new technics that might aid for future management alternatives 
of whiteflies and their associated viruses. In Chapter 1, transcriptome data were 
obtained from different B. tabaci species found in Brazil which allowed to obtain 
complete mitochondrial genomes from different whitefly species and draft genomes of 
the facultative endosymbiont Hamiltonella. The phylogenetic analysis revealed that the 
genetic differences among exotic and native populations present in the mtCOI gene 
extends to the mitochondrial genome and to the facultative endosymbiont Hamiltonella. 
In addition, it was verified an amino acid deletion in the GroEL gene from Hamiltonella 
present only in native populations of whiteflies. This gene is known to be associated 
with the transmission of plant viruses. In Chapter 2, transcriptome data were obtained 
from virus-infected cassava plants collected in the field in different African countries. 
The data allowed to evaluate the diversity of chloroplast genes and their relationship 
with different virus species. The data revealed a low genetic diversity among cassava 
currently grow in East Africa. In addition, there was no direct relationship between the 
evaluated chloroplast genes and the virus species detected. The obtained data 
reinforce the need of introduction of new genetic accession to increase the genetic 
diversity of the currently grown cassava in Africa in order to improve the alternatives of 
management of viral diseases. 

Keywords: Cassava mosaic virus, Cassava brown streak virus, mitochondrial, GroEL, 
New world 
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INTRODUÇÃO GERAL 
 

A mosca-branca, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) é uma 

praga extremamente invasiva que causa danos em diversas culturas de importância 

econômica em todo o mundo (DE BARRO et al., 2011). O dano causado por B. tabaci 

pode ser direto pela sucção de seiva ou indireto através de alterações fisiológicas na 

planta hospedeira, desenvolvimento de fumagina e principalmente da transmissão de 

vírus de plantas pertencentes aos gêneros Begomovirus, Carlavirus, Crinivirus, 

Ipomovirus e Torradovirus (NAVAS-CASTILLO; FIALLO-OLIVÉ; SÁNCHEZ-

CAMPOS, 2011). Atualmente, B. tabaci é classificada como um complexo de espécies 

crípticas composto de pelo menos 40 espécies com base no gene mitocondrial mtCOI 

(BOYKIN et al., 2011). As espécies do complexo B. tabaci  são morfologicamente 

indistinguíveis mas diferem entre si em diversos aspectos incluindo a gama de 

hospedeiros, a capacidade em causar desordens fisiológicas nas plantas, atração a 

inimigos naturais, resposta à pesticidas e diferentes capacidades na transmissão de 
vírus de plantas (DE BARRO et al., 2011; XU; DE BARRO; LIU, 2010).  

No Brasil, quatro diferentes espécies do complexo já foram relatadas até o 

momento. As espécies nativas das Américas, New World 1 (NW1) e New World 2 

(NW2) que são pouco invasivas e atualmente encontradas com mais frequência em 

plantas daninhas (BARBOSA et al., 2014; MARUBAYASHI et al., 2013) e as espécies 

exóticas, Middle East-Asia Minor 1 (MEAM1 ou biótipo B) e Mediterranean (MED ou 

biótipo Q), que são distribuídas globalmente e de mais difícil controle comparadas as 

espécies nativas (GAUTHIER et al., 2014; HU et al., 2011). A espécie exótica, MEAM1 

foi primeiramente relatada no Brasil na década de 1990 e implicou em surtos 

epidemiológicos de begomovirus em diferentes culturas, como o tomateiro 

(LOURENÇÃO; NAGAI, 1994). Mais recentemente, a espécie exótica MED também 

foi relatada no Brasil, primeiramente no Rio Grande do Sul (DA FONSECA BARBOSA 

et al., 2015) seguido de uma segunda introdução associada a plantas ornamentais 
(APARECIDA DE MORAES et al., 2017). 

O Brasil é um país de grande extensão territorial e alta diversidade dos sistemas 

agrícolas, o que dificulta ainda mais a identificação e rastreamento das pragas. As 

diferentes introduções de pragas exóticas de B. tabaci no país destacou ainda mais a 

importância e necessidade de dados de referência, como os genomas mitocondriais 
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completos, para prevenir e rastrear a introdução destas pragas. Além disso, 

comparações de genomas mitocondriais completos fornecem um melhor 

entendimento das relações filogenéticas entre membros do complexo de espécies B. 

tabaci (TAY et al., 2014). Atualmente, existem 20 genomas mitocondriais completos 

de mosca-branca caracterizados e disponíveis no GenBank (TAY et al., 2014, 2017a; 

THAO; BAUMANN, 2004; WANG et al., 2013).  

A complexidade de B. tabaci também depende de bactérias endossimbiontes 

as quais as funções ainda não são completamente compreendidas (PARRELLA et al., 

2014). Os endossimbiontes obrigatórios são essenciais para os insetos sobreviverem 

em dietas pobres em nutrientes (BAUMANN, 2005; FERRARI; VAVRE, 2011). Para a 

mosca-branca, o endossimbionte obrigatório é Portiera aleyrodidarum (THAO; 

BAUMANN, 2004). Além disso, insetos também abrigam com frequência 

endossimbiontes facultativos que podem ter diferentes papeis no vetor, como alterar 

a suscetibilidade inseticidas (KONTSEDALOV et al., 2008, 2009), facilitar a 

transmissão de vírus (GOTTLIEB et al., 2010; RANA et al., 2012), conferir tolerância 

à altas temperaturas (BRUMIN; KONTSEDALOV; GHANIM, 2011) e resistência a 

inimigos naturais como vespas parasitas (MAHADAV et al., 2008). Em B. tabaci, 

diferentes endossimbiontes facultativos foram descritos, incluindo Arsenophonus, 

Hamiltonella, Wolbachia, Cardinium, Fritschea e Rickettsia (GOTTLIEB et al., 2010; 

HU et al., 2011). Dentre os endossimbiontes facultativos, destaca-se a bactéria 

Hamiltonella defensa que é encontrada esporadicamente em insetos sugadores 
incluindo afídios, psilídeos e moscas-brancas (RAO et al., 2012).  

Estudos realizados anteriormente no Brasil demonstraram que diferentes 

espécies de B. tabaci como MEAM1, MED e NW2 abrigam Hamiltonella (APARECIDA 

DE MORAES et al., 2017; MARUBAYASHI et al., 2014). Mais recentemente, um 

levantamento relatou que Hamiltonella está amplamente distribuída pelo território 

brasileiro e foi encontrada em 89,5% dos espécimes de MEAM1 e 50% dos espécimes 

de MED analisados (DE MORAES APARECIDA et al., 2018). A alta incidência de 

Hamiltonella em populações de mosca-branca no Brasil pode ter implicações sérias 

para a transmissão de vírus. Foi evidenciado que a proteína GroEL produzida por 

Hamiltonella de B. tabaci MEAM1 estaria envolvida na transmissão do begomovirus 

Tomato yellow leaf curl virus, TYLCV (GOROVITS; CZOSNEK, 2013; GOTTLIEB et 

al., 2010), porém não tendo sido evidenciada interação da GroEL produzida por outros 
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endossimbiontes de B. tabaci  (MEAM1 e MED) (GOTTLIEB et al., 2010). A 

Hamiltonella pode ter diferentes papéis dependendo do vetor. No pulgão-da-ervilha, 

Acyrthosiphon pisum (Harris), Hamiltonella pode bloquear o desenvolvimento larval 

de vespas parasitas, garantindo sua sobrevivência (SU et al., 2013). Devido ao fato 

da Hamiltonella ter um importante papel na transmissão de vírus de plantas e por ser 

encontrada com alta frequência nas diferentes espécies de B. tabaci presentes no 

Brasil, há uma necessidade de conhecer a variabilidade desse endossimbionte 
facultativo. 

A importância de mosca-branca como uma praga que causa grandes danos 

econômicos e sociais se estende globalmente. O laboratório da Dra. Laura Boykin na 

“The University of Western Australia”, é uma referência no mundo em estudos de B. 

tabaci. Particularmente neste laboratório, é realizado um estudo amplo na África 

Oriental com o objetivo de diminuir os danos causados por esta praga. A pesquisa 

desenvolvida visa melhorar a economia local e aumentar a segurança alimentar 

nesses países. Dessa forma, parte do trabalho foi realizado com amostras de 

mandioca coletadas em regiões afetadas pela mosca-banca na África Oriental, aonde 

essa praga tem sido responsável pela disseminação e epidemias de diversos vírus na 

cultura da mandioca (Manihot esculenta Crantz) (HILLOCKS; JENNINGS, 2003). Nos 

países da África, a mandioca é especialmente importante pois é altamente tolerante a 

seca e os tubérculos podem ser preservados no solo por alguns anos sendo 

considerada uma importante reserva de carboidratos para atenuar a fome global 

(RAHEEM; CHUKWUMA, 2001). As principais doenças de origem viral transmitidas 

por mosca-branca para a mandioca são CBSD (cassava brown streak disease), nas 

áreas costeiras do leste e sudoeste da Africa, e CMD (cassava mosaic disease) em 

todas as regiões africanas (CALVERT; THRESH, 2002). Há relatos que essas duas 

doenças juntas podem causar perdas de produção de mais de US$ 3 bilhões todos os 

anos na África (HILLOCKS; JENNINGS, 2003; LEGG et al., 2006). No Brasil, não há 

nenhum relato de vírus de plantas transmitidos por mosca-branca ocorrendo em 
mandioca até o momento. 

 Cassava mosaic disease, CMD ocorre por toda a África e diferentes espécies 

de geminivirus foram relatadas à doença, como o African cassava mosaic virus, East 

African cassava mosaic virus e East African cassava mosaic virus – Uganda (LEGG 

et al., 2006). Quanto ao CBSD, acredita-se que esta doença era causada por duas 
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espécies distintas de vírus pertencentes ao gênero Ipomovirus: Cassava brown streak 

virus (CBSV) e Ugandan cassava brown streak virus (UCBSV). Porém, estudos 

recentes baseados na análise de 470 amostras de folhas sintomáticas coletadas na 

Tanzânia sugerem que até quatro diferentes espécies de cassava brown streak 

viruses (CBSVs) podem estar associadas com o CBSD (NDUNGURU et al., 2015). 

Incidências do CBSD são particularmente altas em áreas costais da Tanzânia e 
Moçambique, onde a mandioca é alimento básico (HILLOCKS; JENNINGS, 2003).  

O centro de origem da mandioca é a América do Sul e a maior parte da 

diversidade genética é encontrada em bancos de germoplasma nesse continente. 

Mais de 37% da diversidade de mandioca é mantida no banco de germoplasma do 

CIAT na Colômbia e no Brasil, aonde a mandioca foi domesticada há milhares de anos 

atrás, está mantido cerca de 24% da diversidade de mandioca (https://ciat.cgiar.org). 

Outros países da América do Sul (21%), América Central e Caribe (7%) e na Ásia (7%) 

também contribuem para a coleção. O germoplasma africano é conservado no banco 
de germoplasma do IITA na Nigéria (https://ciat.cgiar.org). 

O manejo e controle de doenças virais em mandioca dependem principalmente 

de cultivares tolerantes. Assim, novos genes alvos para a resistência de vírus de 

plantas são essenciais para o desenvolvimento de mandioca resistentes a vírus por 

melhoramento convencional ou engenharia genética. Sequências completas de 

genomas de cloroplastos são valiosas para decifrar as relações filogenéticas entre 

diferentes grupos taxonômicos relacionados e para aprimorar o entendimento sobre 

evolução das espécies (DANIELL et al., 2016). Outra aplicação do genoma de 

cloroplasto na agricultura é a identificação de cultivares comerciais e determinação da 
pureza deles (DANIELL et al., 2016). 

O cloroplasto é um alvo comum para a replicação de vírus de plantas, e 

reciprocamente, os componentes do cloroplasto também tem um papel ativo na 

defesa contra vírus de plantas (DE TORRES ZABALA et al., 2015), o que faz desta 

organela uma potencial fonte para a descoberta de novos genes contra patógenos 

invasores como os vírus de plantas. De fato, mais e mais fatores do cloroplasto têm 

sido identificados interagindo com componentes virais. Esses fatores estão envolvidos 

na replicação viral, movimento, sintomas ou defesa da planta, sugerindo que os vírus 

evoluíram para interagir com o cloroplasto (ZHAO et al., 2016). Mais de 800 
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sequências de genomas completos de cloroplasto estão disponíveis na base de dados 

de genomas de organelas do National Center for Biotechnology Information (NCBI), 

incluindo os da mandioca. A sequência completa do genoma do cloroplasto da 

mandioca tem 161,453bp de comprimento e inclui um par de repetições invertidas (IR) 

de 26,954bp. O genoma inclui 128 genes, 96 são copias únicas e 16 são duplicados 

na IR. Há quatro genes de rRNA (RNA ribossomal) e 30 tRNAS (RNA transportador) 
distintos, sete deles são duplicados na IR (DANIELL et al., 2008).  

O sequenciamento de transcriptomas é uma ferramenta essencial que 

possibilita uma análise genômica da mosca-branca, dos vírus transmitidos por ela, das 

bactérias endossimbiontes e das plantas hospedeiras desta praga. Dessa forma a 

tese foi dividida em dois capítulos sendo que no Capitulo 1, “Comparative 

transcriptome analysis reveals genetic diversity in the endosymbiont Hamiltonella 

between native and exotic populations of Bemisia tabaci”, redigido em inglês conforme 

as normas da revista PLOS ONE, foram sequenciados dez transcriptomas de 

espécimes de diferentes populações brasileiras e foram caracterizados os genomas 

mitocondriais completos pertencentes a três espécies diferentes (MEAM1, MED e 

NW2) do complexo B. tabaci seguido de analise filogenética. Além disso, a diversidade 

do endossimbionte facultativo Hamiltonella foi inferida analisando-se 12 genes, com 

um foco especial para a região codificadora da proteína GroEL, envolvida na 

transmissão de begomovirus.  No Capitulo 2, “Genetic diversity and SNP’s from 

chloroplast coding regions of virus-infected cassava (Manihot esculenta Crantz)”, 

redigido em inglês conforme as normas da revista PLOS ONE, o objetivo foi avaliar a 

diversidade genética de regiões codificantes do cloroplasto de mandioca de plantas 

naturalmente infectadas com vírus de diferentes variedades coletadas no campo na 
África Oriental. 
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Comparative transcriptome analysis reveals genetic diversity in the 
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Abstract 

The whitefly, Bemisia tabaci, is a species complex of more than 40 cryptic 

species and a major agricultural pest. It causes extensive damage to plants mainly by 

transmitting plant viruses. There is still a lack of genomic data available for the different 

whitefly species found in Brazil and their bacterial endosymbionts. Understanding the 

genetic and transcriptomic composition of these insect pests, the viruses they transmit 

and the microbiota is crucial to sustainable solutions for farmers to control whiteflies. 

Illumina RNA-Seq was used to obtain the transcriptome of individual whiteflies from 10 

different populations from Brazil including Middle East-Asia Minor 1 (MEAM1), 

Mediterranean (MED) and New World 2 (NW2). Raw reads were assembled using CLC 

Genomics Workbench and subsequently mapped to reference genomes. We obtained 

whitefly complete mitochondrial genomes and draft genomes from the facultative 

bacterial endosymbiont Hamiltonella for further phylogenetic analyses. In addition, 

nucleotide sequences of the GroEL chaperonin gene from Hamiltonella from different 

populations were obtained and analysed. There was concordance in the species 

clustering using the whitefly complete mitogenome and the mtCOI gene tree. On the 

other hand, the phylogenetic analysis using the 12 ORF’s of Hamiltonella clustered the 
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native species NW2 apart from the exotics MEAM1 and MED. In addition, the amino 

acid analysis of GroEL chaperonin revealed a deletion only in Hamiltonella infecting 

NW2 among whiteflies populations analysed which was further confirmed by PCR and 

Sanger sequencing. The genomic data obtained in this study will aid understanding 

the functions that Hamiltonella may have in whitefly biology and serve as a reference 

for further studies regarding whiteflies in Brazil. 

Keywords: mitochondrial; mitogenome; GroEL; chaperonin; new world 

Introduction 

The whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is an insect 

pest of significant economic importance of a wide variety of agricultural crops such as 

tomatoes, beans, cassava, cotton and ornamentals [1]. B. tabaci causes damage 

directly through feeding and indirectly through the transmission of plant pathogenic 

viruses, belonging to the genera Begomovirus, Carlavirus, Crinivirus, Ipomovirus and 

Torradovirus [2]. Currently, B. tabaci is classified as a cryptic species complex 

composed of at least 40 morphologically indistinguishable species on the basis of the 

mtCOI gene [3]. In Brazil, four B. tabaci species have been reported to date, the natives 

species from the Americas, New World 1 (NW1) and New World 2 (NW2) and the 

exotic species Middle East-Asia Minor 1 (MEAM1) and Mediterranean (MED) [4–6]. 

The exotics, MEAM1 and MED are globally distributed and the most challenging to 

control [7,8]. Species of the complex B. tabaci differ in several aspects including the 

range of host plants utilized, the capacity to cause plant disorders, attraction of natural 

enemies, response to pesticides and plant virus transmission capabilities [1,9]. Brazil 

it’s a country with extensive territory and high diversification of the agricultural systems 

which makes the identification and tracking of pests more complex. The first report of 

MED in Brazil [4] followed by a second incursion of this species associated to 

ornamentals plants [10] has highlighted the need of reference data, such as complete 

mitochondrial genome, to prevent and track the introduction of exotic pests to the 

country. In addition, full mitogenome comparisons provides a better understanding of 

evolutionary genetic relationships between members of B. tabaci [11]. Currently, there 

are 13 complete whitefly mitochondrial genomes characterized and available on 

GenBank [11–14].  



27 
	

	
	

The complexity of B. tabaci might also depend on the inherited bacterial 

endosymbionts whose functions are not fully understood [15]. The obligatory 

endosymbionts are essential for insects to live on nutritionally poor diets [16,17]. In 

whiteflies, the obligatory endosymbionts is Portiera aleyrodidarum [13]. In addition, 

insects often harbor facultative endosymbionts that can play different roles on the 

vector such as enhancing insecticide susceptibility [18,19], facilitating virus 

transmission [20,21], conferring tolerance to high-temperature [22] and resistance to 

natural enemies like parasitic wasps [23]. These bacteria have probably been acquired 

more recently than obligatory endosymbionts [16,24]. In B. tabaci, different facultative 

symbionts have been described, including Arsenophonus, Hamiltonella, Wolbachia, 

Cardinium, Fritschea and Rickettsia [8,20]. Among the facultative symbionts, 

Hamiltonella defensa is a maternally transmitted gamma-proteobacterium found 

sporadically in sap-feeding insects, including aphids, psyllids, and whiteflies [27–29]. 

Previous studies in Brazil have shown that different species of B. tabaci, such as 

MEAM1, MED and NW2 harbor Hamiltonella [10,30]. More recently, a survey has 

reported that Hamiltonella is highly distributed throughout the Brazilian territory and 

was detected in 89,5% of the MEAM1 specimens and approximately 50% of the MED 

specimens analyzed [31]. The high incidence of Hamiltonella in populations of 

whiteflies in Brazil may have serious implications to virus transmission. The GroEL 

proteins encoded by Hamiltonella has been found in Israeli B. tabaci (MEAM1) 

populations interacting with the coat protein of begomovirus and therefore facilitating 

virus transmission [20,24]. The GroEL produced by other symbionts of B. tabaci 

(MEAM1 and MED) did not interact with the virus and therefore were not involved in 

virus transmission [20]. Hamiltonella can play different roles depending on the vector 

species. In pea aphids, Acyrthosiphon pisum (Harris), Hamiltonella can block larval 

development of the solitary endoparasitoid wasps Aphidius ervi and Aphidius eadyi, 

rescuing the aphid host [32].  

In this study, we sequenced ten transcriptomes of single whitefly specimens 

from different Brazilian populations and characterized the full mitochondrial genome 

belonging to three different species (MEAM1, MED and NW2) of the B. tabaci complex 

followed by phylogenetic analysis. In addition, the diversity of the facultative 

endosymbiont Hamiltonella was inferred analyzing 12 different ORF’s. The GroEL 

amino acid sequences of Hamiltonella from different B. tabaci species were also 
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analyzed. Our goal was to add further details concerning phylogenetic diversity of 

mitochondrial genome and Hamiltonella among Brazilian populations of B. tabaci. In 

addition, a GroEL protein analysis was carried out that may give further insights about 

the functions that Hamiltonella may have in whitefly biology. 

Methods 

Whitefly sampling 

Samples were obtained from pure colonies and straight from the field. Four 

different B. tabaci populations (153, 154, 156 and 320) were analysed, including two 

exotics species: Middle East-Asia Minor (MEAM1) and Mediterranean (MED); and a 

native species: New World 2 (NW2). Populations from colonies were previously 

identified by sequencing and analysis of the mtCOI gene using the primers C1-J-2195 
and TL2-N-3014 [33]. 

RNA extraction 

The RNA extraction of a single individual whitefly was carried out using the 

ARCTURUS PicoPure kit with modifications [34]. Extracted RNA was subjected to 

DNase treatment using the TURBO DNA free kit as described by the manufacturer 

(Ambion Life Technologies CA, USA). Subsequently, the RNA was concentrated using 

a vacuum centrifuge (Eppendorf, Germany) at 250C for one hour. The pellet was 

resuspended in 18 µl of RNase free water and stored at - 80 C waiting further analysis. 

Integrity of RNA was quantified by 2100 Bio-analyser (Aligent Technologies). 

cDNA and Illumina library preparation   

Total RNA from each individual whitefly sample was used for cDNA library 

preparation using the Illumina TruSeq Stranded Total RNA Preparation kit as 

described by the manufacturer (Illumina, San Diego, CA, USA). Later on, sequencing 

of 10 samples was carried out using the HiSeq2000 on a rapid run mode generating 

2x50 bp paired end reads. Base calling, quality assessment and image analysis were 

conducted using the HiSeq control software v1.4.8 and Real Time Analysis v1.18.61 
at the Macrogen Korea 

Trimming and de novo sequence assembly  
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The raw transcriptome data was trimmed using the software CLC Genomics 

Workbench v8.5.1 (CLCGW) with quality scores limit set to 0.01, ambiguous limit set 

to 2. Trimmed reads were then assembled into contigs using de novo sequence 

assembly tool in CLCGW. The assembly parameters consisted of mismatch cost (2), 

insertion cost (3), deletion cost (3), length fraction (0.5), similarity fraction (0.9) and 

minimum contig length of either 500 bp or 1000 bp. 

Obtaining and analysing complete mitochondrial genomes 

The whiteflies complete mitochondrial genome was obtained by mapping of 

the assembled contigs to reference genomes from GenBank using the software 

Geneious v9.1.3 [35]. For each B. tabaci species of the complex, a different reference 

mitogenome was used: KU877168 for MEAM1, JQ906700 for MED and AY521259 for 

NW2. When the mapped contigs did not covering the full length of the mitochondrial 

genome of the reference sequence, we resorted to mapping trimmed reads to the 

reference sequence and thus the whole length of the reference was covered. Mapping 

was performed with the following setting in Geneious software; minimum overlap 10%, 

minimum overlap identity 80%, allow gaps 10%, fine tuning set to iterate up to 10 times 

at custom sensitivity. A consensus between the mapped trimmed reads and the 

reference was used to form new mitochondrial genome. Improvements on the draft 

mitochondrial genomes were carried out using the software Pilon, a tool for genome 

assembly improvement [36]. Subsequently, mitochondrial genomes were annotated by 

MITOS [37]. Other whiteflies mitogenomes sequences were downloaded from 

GenBank (KJ778614, KX714967, KY951451, KF734668, KR819174, KY951448, 

JQ906700, KY951447, KU877168, KY951449. KY951450, KY951452 and AY521259) 

[11,12,14,15,38–40] and added to the analysis. Sequences obtained were aligned 

using MAFFT v7.309 [41] followed by visualization and analysis in Geneious software. 
A total of 19 sequences were aligned and analysed. 

Analysing Hamiltonella genetic diversity 

Assembled contigs as well as trimmed reads from each sample were mapped 

to a Hamiltonella reference genome (CP016303) to obtain the facultative 

endosymbiont draft genome. Mapping was performed with the following setting in 

Geneious software; minimum overlap 10%, minimum overlap identity 80%, allow gaps 

10%, fine tuning set to iterate up to 10 times at custom sensitivity. Afterward, draft 
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genomes were aligned to the reference using the whole genome alignment tool LASTZ 

version 1.02.00 [42] within Geneious v. 9.1.8. Genes with full coverage for all the 

samples were selected for further Bayesian phylogenetic analysis using the software 
ExaBayes version 1.4.1 [43]. 

Chaperonin GroEL gene analysis 

Trimmed reads were mapped onto the reference sequence for chaperonin 

GroEL gene from Hamiltonella of B. tabaci (AF130421). As the mapped contigs did not 

cover the full length of the coding region of the reference sequence AF130421, we 

resorted to mapping trimmed reads to the reference sequence to get the full coverage 

of the whole length from the reference. A consensus between the mapped trimmed 

reads and the reference was used to form new chaperonin GroEL sequences, open 

reading frames (ORF) were predicted in Geneious. In addition, other chaperonin 

GroEL sequence from A. pisum was downloaded from Genbank (CP001277) and 

added to the analysis. Sequences obtained were aligned using MAFFT v7.309 [41] 

followed by visualization and analysis in Geneious software. A total of 9 sequences 

were aligned and analysed. In addition, primers were designed (GroEL 1,354 For- 

CCTC TGCG TCAG ATTG TGGT and GroEL 1,663 Rev – TCAT ACCA TTCA TTCC 

GCCC A) for a PCR reaction (95°C for 5min, 35 cycles at 95°C for 30 secs, 59.5°C for 

30 secs, 72°C for 30 secs and 72°C for 10 min) followed by nucleotide sequencing to 
confirm the results obtained by NGS.  

Bayesian phylogenetic analyses 

All the phylogenetic analyses were run on 384 nodes on the Magnus 

supercomputer (Pawsey Centre, Western Australia). Mitochondrial genome 

phylogenetic analysis were performed by MrBayes 3.2.2. [44]. Analyses were run for 

30 million generations with sampling every 1000 generations. Each analysis consisted 

of four independent runs, utilizing four coupled Markov chains. The run convergence 

was assessed by finding the plateau in the likelihood scores (standard deviation of split 

frequencies < 0.0015). In each of the runs, the first 25% trees were discarded as burn-
in and the posterior probability is shown on each node.  

In addition, the Hamiltonella phylogenetic analysis was performed on DNA 

sequences of 12 protein-coding genes for a dataset with 9 taxa using ExaBayes 
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version 1.4.1; [43]. Bayesian analysis was carried out for four independent runs for 1 

million generations, with trees sampled every 500 generations. The run convergence 

was monitored by finding the plateau in the likelihood scores (standard deviation of 

split frequencies < 0.0015). In each of the runs, the first 25% trees were discarded as 

burn-in for the estimation of a majority rule consensus topology and posterior 

probability for each node. Bayesian run files are available from the authors upon 
request. Trees were visualized, edited and rooted using FigTree v1.4.3. 

Results 

The sequenced number of reads from the 10 samples ranged from 29,840,288 

to 64,080,188 among the ten samples and the number of contigs assembled ranged 
from 7,730 to 41,165 (Table 1). 

 

Table 1. Next generation sequencing data from single whitefly transcriptomes of 
Bemisia tabaci populations collected in Brazil. 

Sample 

ID 

Species Colony / 

Open Field 

Reference Number of 

Reads 

Number of 

Reads After 

Trimming 

CLC minimum 

contig length 

Number 

of 

contigs 

Contig 

average 

length 

153_1 MEAM1 Colony KU877168 36,449,340 36,449,269 Trimmed reads - 143.9 

500 25,640 1,240 

1000 10,079 2,087 

153_2 MEAM1 Colony N/A 44,093,422 41,041,633 Trimmed reads - 146.0 

500 31,072 1,228 

154_1 MED Colony JQ906700 37,206,396 37,206,313 Trimmed reads - 144.7 

1000 9,737 1,983 

154_2 MED Colony JQ906700 29,840,288 29,840,226 Trimmed reads - 144.1 

1000 7,730 1,947 

320_1 MED Open Field N/A 64,080,188 57,947,512 Trimmed reads - 145.5 
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500 41,165 1,240 

320_3 MED Open Field JQ906700 39,894,296 39,894,200 Trimmed reads - 145.1 

1000 9,719 1,969 

156_2 NW2 Colony AY521259 40,826,418 40,826,334 Trimmed reads - 145.2 

1000 11,961 2,232 

156_3 NW2 Colony AY521259 43,194,264 42,194,175 Trimmed reads - 145.0 

1000 12,802 2,244 

156_4 NW2 Colony N/A 48,800,318 45,102,719 Trimmed reads - 145.9 

500 34,090 1,298 

156_5 NW2 Colony N/A 24,568,460 22,491,230 Trimmed reads - 145.7 

500 21,597 1,310 

 

Hamiltonella genetic diversity 

The diversity of Hamiltonella in B. tabaci populations from Brazil was carried 

out analysing 12 ORF’s from eight single whitefly transcriptomes totalizing an 

alignment of 6,378bp length. The analysed ORF’s were: DNA transformation protein 

tfoX, porin OmpA, acyl carrier, 50S ribosomal protein L3, 50S ribosomal protein L23, 

30S ribosomal protein S17, 50S ribosomal protein L24, 50S ribosomal protein L5, 

rpsN, nucleotide exchange factor GrpE, porin and DNA-binding protein. The 

phylogenetic analysis from the sequenced accessions separate into two deeply 

divergent clades representing the native species from the Americas (NW2) and the 

exotics (MEAM1 and MED) (Fig 1). Furthermore, the identity percentages among the 
12 ORF’s from Hamiltonella were obtained (S1 Table). 

(INSERT FIG 1) 

GroEL chaperonin analysis 

The GroEL (Chaperonin 60) gene was obtained from six B. tabaci single 

whitefly transcriptomes of Brazil. In addition to the data obtained in this study, the 
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analysis also included Hamiltonella GroEL sequences downloaded from GenBank 

from the pea aphid A. pisum (CP001277) and from B. tabaci MEAM1 (CP016303). 

Analysis of the translated proteins revealed a three amino acids deletion present only 

in the B. tabaci NW2 species and in the pea aphid A. pisum (Fig 2). The deletion 

present in Hamiltonella from NW2 and pea aphid was a sequence of two glycine and 

one isoleucine. The nucleotide deletion was confirmed by PCR, which amplified an 
300bp amplicon, followed by nucleotide sequencing. 

(INSERT FIG 2) 

Mitochondrial genome 

Six complete mitochondrial genomes were obtained from three different 

species found in Brazil (NW2, MEAM1 and MED). Phylogenetic analysis of the 

complete mitochondrial genomes separated different species of the complex in distinct 

clades (Fig 3). Furthermore, the identity percentages among all the mitogenomes from 

B. tabaci were obtained (S2 Table). 

(INSERT FIG 3) 

Discussion 

In this study we present the phylogenetic relationship of B. tabaci and its 

association with the facultative endosymbiont Hamiltonella. We show the evolutionary 

differences between native populations of B. tabaci species of the Americas and 

invasive B. tabaci species. From our data the genetic differences are not confined to 

the mtCOI gene, but extend to the rest of the mitogenome and to the facultative 

endosymbiont Hamiltonella. These findings will contribute to the understanding about 

the functions that Hamiltonella may have in B. tabaci biology and will aid the correct 
identification of B. tabaci specimens. 

Six complete mitochondrial genomes were obtained from three different 

species of the complex B. tabaci: MEAM1, MED and NW2. Complete mitochondrial 

genomes comparisons are essential for better understanding the evolutionary genetic 

relationships between members of the B. tabaci species complex [3,11]. There are 13 

complete whitefly mitochondrial genomes characterized and available on GenBank to 

date [11,12,14,15,38–40] which is a valuable contribution to a better understanding of 
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the taxonomy of this global pest. The addition of six more full mitogenomes from B. 

tabaci to the global database will contribute for more accurate identification and will 

serve as references for further full mitochondrial genome phylogenies studies. The 

phylogenetic analysis of the full mitogenome (Fig 3) conducted in this study separated 

the species in different clades in a similar pattern compared to phylogenetic trees of 

partial fragment of the mtCOI gene [1]. This reinforces that using a partial fragment of 

the mtCOI gene to infer phylogeny in B. tabaci is a reliable way to delimitate the species 
boundaries and it represents the whole mitochondrial genome. 

A multilocus phylogenetic analysis was carried out for the facultative 

endosymbiont Hamiltonella. Previous studies in Brazil phylogenetically analyzed 

Hamiltonella based on 16S rRNA gene and found genetically homogeneous 

populations of Hamiltonella from MEAM1 and MED across Brazil [31]. Another 

phylogenetic study based on 16S rRNA gene, in Southeast Europe, have grouped 

Hamiltonella from both B. tabaci and T. vaporariorum in the same clades. Our 

phylogenetic analysis based on 12 ORF’s clustered Hamiltonella from NW2 

populations in a different clade from MEAM1 and MED populations (Fig 1) suggesting 

that native populations are infected with a genetically different Hamiltonella from 

invasive populations, reinforcing the inexistence of endosymbiont horizontal 
transmission between invasive and native species. 

The differences of Hamiltonella from native and exotic species extends to the 

GroEL gene. Our analysis revealed an amino acid deletion of two glycine and one 

isoleucine in the GroEL gene present only in Hamiltonella from native populations (Fig 

2). Glycine is a non-essential amino acid and isoleucine is an essential amino acid for 

Hamiltonella [45]. The absence of these amino acids could be affecting the 

confirmation of GroEL on populations of Hamiltonella presenting this deletion. Thus, 

this deletion in Hamiltonella could imply in biological changes in populations of 
whiteflies harbouring this facultative endosymbiont. 

It’s known that facultative bacterial endosymbionts are associated with viral 

transmission [20,21] and different members of the B. tabaci species complex may 

transmit the same viruses with different efficiencies [46]. The facultative endosymbiont 

Hamiltonella has been identified as a key driver in the transmission of begomoviruses 

[24]. Hamiltonella encodes a GroEL chaperonin homologue protein that is crucial in 
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safeguarding begomoviruses in the haemolymph [24]. Several studies have shown the 

interaction between the begomoviruses Tomato yellow leaf curl virus (TYLCV) coat 

protein (CP) and GroEL present in the haemolymph of B. tabaci [20,47]. Disturbing the 

association GroEL-TYLCV in vivo by feeding insects with an antibody raised against 

Buchnera GroEL leads to the degradation of the virus and to a markedly decrease in 

transmission efficiency of the virus [24,47,48].  

There is still a lack of knowledge regarding the interactions among vector, 

symbionts and whitefly-transmitted viruses within Brazilian populations. Previous 

surveys conducted in Brazil have found that field populations of MEAM1, MED and 

NW2 analyzed frequently harbor Hamiltonella [28, 41]. Therefore, it would be important 

to find out if there is a relationship between the diversity of H. defensa found in the 

current study and biological features of field populations of B. tabaci. The existence of 

biological and behavioral differences between the native species New World and the 

exotic MEAM1 have been reported already [5,49]. The New World B. tabaci are found 

more often colonizing weeds and wild plants [5]. In addition, previous transmission 

studies comparing NW2 and MEAM1 species, both harboring Hamiltonella, have found 

a different transmission efficiency of Brazilian whitefly-transmitted viruses between the 

species [49]. It was found that the begomovirus Euphorbia yellow mosaic virus 

(EuYMV) is transmitted more efficiently by NW2 compared to MEAM1 and that the 

crinivirus, Tomato chlorosis virus (ToCV) and the carlavirus, Cowpea mild mottle virus 

(CpMMV) are transmitted more efficiently by MEAM1 than NW2 [49]. Interestingly, 

each of these viruses has a different mode of transmission by the whitefly vector. The 

begomoviruses, EuYMV is transmitted in a persistent manner, the crinivirus, ToCV is 

transmitted in a semipersistent manner and the carlavirus, CpMMV is transmitted in a 

non-persistent mode [50,51], which is a very unusual mode of transmission among B. 

tabaci transmitted viruses. 

The reasons for a difference in transmission efficiencies by NW2 and MEAM1 

are still unknown but might be related to several factors related to the host, the viruses 

or other facultative endosymbiont found in the vector. However, the data found in this 

study of phylogenetic differences between insect symbiotic Hamiltonella from NW2 and 

MEAM1 added to the deletion of three amino acids present in the homologue GroEL 

Chaperonin protein might aid to explain the difference in the transmission efficiencies 
among native and exotic species present in Brazil if further studies were carried out. 
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The genomic data obtained in this study from the facultative endosymbionts, 

Hamiltonella and the complete mitochondrial of Brazilian B. tabaci populations is 

unprecedented and essential to serve as a reference for further studies regarding 

whiteflies in Brazil. The phylogenetic and amino acid analysis revealed genetic 

diversity between Hamiltonella from native and exotic populations that will aid for better 

understanding about the functions that Hamiltonella may have in whitefly biology. 
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Fig 1. Phylogenetic analysis from 12 ORF’s of Hamiltonella from Brazilian 
populations of Bemisia tabaci. Analysis was carried out using the software 

ExaBayes version 1.4.1. MEAM1, Middle East-Asia Minor-1; MED, Mediterranean; 
NW2, New World 2. 
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Fig 2. The chaperonin GroEL protein analysis of the Hamiltonella endosymbiont. 
Analysis was visualized on Geneious v9.1.3 and revealed a three amino acids deletion only 
in the Bemisia tabaci New World 2 species and the pea aphid Acyrthosiphon pisum.  
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Fig 3. Phylogenetic analysis of the complete mitochondrial genome of whiteflies 
populations from Brazil obtained from single whitefly transcriptomes. The alignment 

totalized 19 samples and 16073bp length including references from GenBank. Brazilian 
samples obtained in this study were highlighted in green. 
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Abstract 

Cassava is a staple food crop in sub-Saharan Africa, as is a rich source of 

carbohydrates and proteins which currently supports livelihoods of more than 800 

million people worldwide. However, its continued abundance is at stake due to vector-

transmitted diseases such as Cassava mosaic disease (CMD) and Cassava brown 

streak disease (CBSD). Currently, the management and control of viral diseases in 

cassava relies mainly on tolerant cultivars. Thus, new target genes for plant virus 

resistance are essential for the development of virus-resistant cassava by either 

conventional breeding or genetic engineering. The chloroplast is a common target of 

plant viruses for viral pathogenesis or propagation; and conversely, chloroplast and its 

components also can play active roles in plant defense against viruses. Non-infected 

and infected cassava samples were obtained from different locations in Tanzania, 
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Kenya and Mozambique. RNA extraction followed by cDNA library preparation and 

Illumina sequencing was performed. Assembling and mapping of the reads was carried 

out and 33 cassava partial chloroplast genomes were obtained. Bayesian phylogenetic 

analysis of 62 chloroplast protein-coding genes for a dataset with 39 taxa was 

performed and SNPs identified for the chloroplast dataset. Phylogenetic analysis 

revealed a genetic diversity present in cassava chloroplast partial genome among 

cassava varieties of East Africa. The results should be incorporated into identifying 

resistances genes to different viruses for breeding and obtaining new cassava varieties 

resistant to viruses. 

Introduction 

Cassava, Manihot esculenta Crantz subsp. esculenta (Euphorbiaceae) is a 

perennial woody shrub also known as manioc or tapioca. Cassava is cultivated for its 

starchy storage roots throughout tropical and subtropical regions of the world and 

provides staple food for over 800 million people in Africa (51%), Asia (29%) and South 

America (20%) (http://faostat.fao.org). Africa now produces more cassava than the rest 

of the world and it is one of the continent’s staple food crops (HILLOCKS; THRESH, 

2002). It is highly tolerant to drought and its storage roots can be preserved in soil for 

a few years, cassava is considered to be an important reserve of carbohydrates to 

relieve global famine (RAHEEM; CHUKWUMA, 2001). The use of stem cuttings as the 

usual means of propagating cassava exposes the crop to the risk of proliferating virus 

disease problems. As a result of the widespread use of unselected planting material, 

cassava’s continued abundance is threatened in all major areas of production in Africa 

by virus diseases such as Cassava mosaic disease (CMD) and Cassava brown streak 

disease (CBSD), which together were reported to cause production losses of more 

than US$3 billion every year in Africa (HILLOCKS; JENNINGS, 2003; LEGG et al., 

2006). CMD occurs throughout Africa and several different geminiviruses have been 

shown to be responsible (e.g. African cassava mosaic virus, East African cassava 

mosaic virus, East African cassava mosaic virus – Uganda) (LEGG et al., 2006). CBSD 

was thought to be caused by two distinct virus species of Ipomoviruses; Cassava 

brown streak virus (CBSV) and Ugandan cassava brown streak virus (UCBSV). 

However, recent findings based on analysis of 470 symptomatic leaf samples collected 

from Tanzania seem to suggest that up to four different species of cassava brown 

streak viruses (CBSVs) could be associated with CBSD (NDUNGURU et al., 2015). 
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Incidences of CBSD are particularly high in the coastal areas of Tanzania and 

Mozambique, where cassava is the main staple food (HILLOCKS; JENNINGS, 2003). 

These viruses are transmitted by the whitefly, Bemisia tabaci (Gennadius) which is one 

of the most serious pests of vegetable, fibre and ornamental crops worldwide and has 

been listed as one of the world’s 100 worst invasive alien species (LOWE S., BROWNE 

M., BOUDJELAS S., 2000). In East Africa, high populations of whiteflies are visible in 

cassava crops and are causing tremendous yield losses (HILLOCKS; JENNINGS, 

2003). However, a recent study suggests that aphids may play a role in the 

transmission of CBSV as well, due to an occurrence of a highly-conserved DAG motif 

which is associated to the aphid vector (ATEKA et al., 2017). Currently, the 

management and control of viral diseases in cassava relies mainly on tolerant cultivars. 

The main goal of the breeders is to obtain cultivars resistant to both diseases. Although 

high resistance for CMD has been found, only limited success has been reported for 

CBSD (TUMWEGAMIRE et al., 2018). 

Thus, new target genes for plant virus resistance are essential for the 

development of virus-resistant cassava by either conventional breeding or genetic 

engineering. Chloroplast is a common target of plant viruses for viral pathogenesis or 

propagation; and conversely, chloroplast and its components also can play active roles 

in plant defense against viruses (DE TORRES ZABALA et al., 2015). Consequently, 

this organelle is a potential source for discovering new genes against invading 

pathogens such as plant viruses. A series of typical changes followed by chlorotic 

symptoms imply the occurrence of chloroplast-virus interactions. (DARDICK, 2007; 

MOCHIZUKI et al., 2014; ZHAO et al., 2016). Many plant viruses have as a signature 

of infection the attachment of the viral particle to the chloroplast membrane which 

affects large numbers of chloroplast and photosynthesis related genes 

(BHATTACHARYYA; CHAKRABORTY, 2018; WEI et al., 2010). In other words, 

damage to the chloroplast is a fundamental step in successful infection for plant 

viruses. Indeed, more and more chloroplast factors have been identified to interact with 

viral components. These factors are involved in virus replication, movement, symptoms 

or plant defense, suggesting that viruses have evolved to interact with chloroplast 

(ZHAO et al., 2016). Currently, over 800 complete chloroplast genome sequences 

have been made available in the National Center for Biotechnology Information (NCBI) 

organelle genome database, including cassava. The complete sequence of the 
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chloroplast genome of cassava is 161,453 bp in length and includes a pair of inverted 

repeats (IR) of 26,954 bp. The genome includes 128 genes; 96 are single copy and 16 

are duplicated in the IR. There are four rRNA genes and 30 distinct tRNAs, seven of 

which are duplicated in the IR (DANIELL et al., 2008). Complete chloroplast genome 

sequences are valuable for deciphering phylogenetic relationships between closely 

related taxa and for improving our understanding of the evolution of plant species 

(DANIELL et al., 2016). A key application of the chloroplast genome in agriculture is 

the identification of commercial cultivars and the determination of their purity (DANIELL 

et al., 2016). The goal of this study was to evaluate the genetic diversity of cassava 

chloroplast coding regions from cassava plants naturally infected with viruses from 

different varieties collected from the field in East Africa. Other sequences from 

GenBank, including cassava wild relatives, were added to the phylogenetic analysis. 

The results might help to correctly identify varieties commonly used in East Africa and 

aid breeders to obtain new cassava varieties resistant to viruses. 

Methods 

Cassava sampling 

The dataset consisted of 33 cassava plants including Tanzanian, Kenyan and 

Mozambican plants. In addition, six cassava and cassava relatives chloroplast 

reference genomes from GenBank have been added to the final dataset (EU117376, 

SRR2847471, SRR2847474, SRR2847450, SRR2847419 and SRR2847403) 

(DANIELL et al., 2008; WANG et al., 2014). Field samples collection was performed 

differently for each batch of samples. Tanzanian samples were collected in cassava 

fields (3–6 months old) in the major cassava growing zones of the country (Coast, 

Lake, Southern, Zanzibar and Mafia Islands) inspected for CBSD symptoms 

(NDUNGURU et al., 2015). Kenyan samples were collected in four regions of Kenya, 

namely, Nyanza, Coast, Western and Eastern, between May and October 2013. The 

crops were 6–12 months old, a growth stage of cassava when CBSD above-ground 
symptoms are clearly visible (ATEKA et al., 2017). 

RNA extraction and Next Generation Sequencing 

RNA extraction was performed from approximately 100mg of cassava leaf as 

described by the CTAB (cetyltrimethyl ammonium bromide) protocol (LODHI et al., 
1994).  
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Total RNA quality check was performed followed by cDNA libraries preparation 

using the IlluminaTruSeq Stranded Total RNA Sample Preparation kit (Illumina, San 

Diego, California). Paired end reads were generated using the Illumina MiSeq System. 

The methods used for Next Generation Sequencing were previously described 
(ATEKA et al., 2017; NDUNGURU et al., 2015). 

De novo Sequence Assembly and mapping to chloroplast genome 

The raw transcriptome data was trimmed and assembled using the software 

CLC Genomics Workbench v9.5.2, as previously described (ATEKA et al., 2017; 

NDUNGURU et al., 2015). Assembled contigs were mapped to an existent cassava 

chloroplast genome from GenBank (EU117376) (DANIELL et al., 2008) cultivar TME3 

and merged to produce a single draft genome using Geneious v9.1.3 (KEARSE et al., 

2012). Assemblies were refined by repeatedly mapping trimmed raw reads to the draft 

sequencing and adjusting as necessary. Mapping was performed with the following 

setting in Geneious software; minimum overlap 10%, minimum overlap identity 80%, 

allow gaps 10%, fine tuning set to iterate up to 10 times at custom sensitivity. A 

consensus between the mapped trimmed reads and the reference was used to form 

new draft chloroplast genomes. 

Draft chloroplast genomes were annotated using CpGAVAS (LIU et al., 2012). 

Subsequently, pairwise chloroplast alignment among the 39 cassava chloroplast 

genomes was performed using MAFFT v7.222 (KATOH et al., 2002) within the 

Geneious software. Further annotations adjustment was performed by direct 

comparison with the reference genome (EU117376). Finally, the alignment was refined 

removing regions and genes with gaps or artefacts for further phylogeny 
reconstruction. 

Virus identification 

For each sample, assembled contigs were sorted by length and the longest 

subjected to a BLAST search (blastn and blastx) (ALTSCHUL et al., 1990). In addition, 

reads were also imported into Geneious v9.1.3 (KEARSE et al., 2012) and provided 

with reference sequences obtained from Genbank (NC012698 for CBSV, GQ329864 

for CBSV-T and NC014791 for UCBSV). Mapping was performed with minimum 
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overlap 10%, minimum overlap identity 80%, allow gaps 10% and fine tuning set to 

iterate up to 10 times. 

Bayesian phylogenetic analyses 

Phylogenetic Bayesian analyses were performed on DNA sequences of 62 

protein-coding genes for a dataset with 39 taxa using ExaBayes version 1.4.1; 

(ABERER; KOBERT; STAMATAKIS, 2014) and were run in parallel across 384 nodes 

on the Magnus supercomputer (located at the Pawsey Centre, Western Australia). 

Analyses were run for 1 million generations with sampling every 500 generations. Each 

analysis consisted of four independent runs, each utilizing four coupled Markov chains. 

The run convergence was monitored by finding the plateau in the likelihood scores 

(standard deviation of split frequencies < 0.0015). The first 25% of each run was 

discarded as burn-in for the estimation of a majority rule consensus topology and 

posterior probability for each node. Bayesian run files are available from the authors 
upon request. 

Results and discussion 

In this study, we obtained draft chloroplast genomes from 33 cultivated 

cassava and wild relative species belonging to three different countries in East Africa. 

Most of the plants analysed were naturally infected by the two main viral diseases 

affecting cassava production in Africa: CBSD and CMD. It was verified a low genetic 

diversity of the chloroplast coding regions analysed among cultivated cassava 

indicating the need of enhancing the diversity of germplasm available. In addition, there 

was no direct relationship between chloroplast coding regions and determinate virus 

species. 

Illumina sequencing of libraries prepared from total DNA produced between 

2,071,164 and 23,427,360 paired-end reads with a maximum sequence length of 100 

nucleotides and minimum of 30 nucleotides for Kenyan samples, maximum sequence 

length of 300 nucleotides and minimum of 100 nucleotides for Tanzanian samples and 

100 nucleotide sequence length for the healthy sample. 
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Table 1.  Next generation sequencing data and additional information from 
cassava samples collected in Tanzania, Kenya, Mozambique and accessions 
obtained from GenBank.  

Country/ 

Sample ID 

Species/ 
Cultivar 

name 

District/ 

Region 

Virus 
species 

No. of 
reads 

obtained 

No. of 
reads 
after 

trimming 

GenBank 
Accessio

n 

Reference Additional 
Information 

Tanzania 03 

(Tz: Ser-6) 

Rumara N/A CBSV 4,988,50
2 

3,936,53
1 

N/A This study N/A 

Tanzania 04 

(Tz: Tan 19-
1) 

Kibandamen
o 

N/A CBSV 2,735,84
0 

2,279,99
8 

N/A This study N/A 

Tanzania 05 

(Tz: Tan 23) 

Mkunungu N/A UCBSV 4,978,27
2 

4,115,93
3 

N/A This study N/A 

Tanzania 06 

(Tz: Tan 26) 

Kibandamen
o 

N/A CBSV 2,732,61
8 

2,249,61
9 

N/A This study N/A 

Tanzania 07 Unknown N/A Not 
detected 

3,500,48
0 

3,031,62
5 

N/A This study N/A 

Tanzania 08 Unknown N/A Not 
detected 

5,719,72
4 

4,387,72
9 

N/A This study N/A 

Tanzania 09 

(Tz: Nya-38) 

Mkangawan
du 

N/A CBSV 2,560,54
4 

2,126,10
2 

N/A This study N/A 

Tanzania 10 

(Tz Mf-49) 

Kibembe N/A CBSV 2,088,04
0 

1,752,85
3 

N/A This study N/A 

Tanzania 11 

(Tz: Maf-51) 

Kibembe N/A UCBSV 2,071,16
4 

1,852,43
5 

N/A This study N/A 

Tanzania 12 

(Tz: Maf-58) 

Mwarabu N/A UCBSV 2,548,59
4 

2,030,99
3 

N/A This study N/A 

Kenya 01 Local Bumula 
(Western) 

CBSV & 
UCBSV 

15,573,0
22 

15,282,6
70 

N/A This study N/A 

Kenya 02 Magana Bumula 
(Western) 

CBSV-Tz 18,381,1
78 

17,703,6
20 

N/A This study N/A 
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Kenya 03 Tereka Bumula 
(Western) 

N/A 17,711,4
74 

17,024,1
15 

N/A This study N/A 

Kenya 04 Magana Teso 

(Western) 

UCBSV 22,509,9
94 

21,799,5
42 

N/A This study N/A 

Kenya 05 Magana Busia 
(Western) 

UCBSV & 
CBSV 

22,191,3
88 

21,848,1
09 

N/A This study N/A 

Kenya 07 Local Bondo 
(Nyanza) 

EACMV -
Ug 

21,488,9
68 

21,240,3
29 

N/A This study N/A 

Kenya 10 Local Bondo 
(Nyanza) 

EACMV -
Ug 

23,427,3
60 

23,129,3
32 

N/A This study N/A 

Kenya 11 Kibandamen
o 

Malindi 
(Coast) 

EACMZV, 
EACMV-

Ke, CBSV, 
UCBSV 

19,856,9
98 

19,163,1
25 

N/A This study N/A 

Kenya 12 Local Malindi 
(Coast) 

UCBSV & 
EACMV - 

Ke 

19,187,5
24 

18,865,5
88 

N/A This study N/A 

Kenya 13 Kibandamen
o 

Msambwe
ni (Coast) 

UCBSV & 
CBSV -

Kilifi 
(Kenya) 

21,512,3
36 

21,261,8
27 

N/A This study N/A 

Kenya 14 Kibandamen
o 

Msambwe
ni (Coast) 

CBSV & 
EACMV - 

Ke,  UCBS
V 

22,057,1
26 

21,755,9
91 

N/A This study N/A 

Kenya 15 Kibandamen
o 

Msambwe
ni (Coast) 

CBSV 22,124,7
06 

21,851,1
19 

N/A This study N/A 

Tanzania_D
RJL030 

Unknown N/A Healthy 7,329,12
8 

6,584,93
6 

N/A This study Tall cassava - 
Healthy 

Mozambiqu
e 4 

Ezalamalithi Namapa CBSV N/A N/A N/A This study N/A 

Mozambiqu
e 5 

Calamidade Namapa CBSV N/A N/A N/A This study N/A 

Mozambiqu
e 8 

Calamidade Nampula CBSV N/A N/A N/A This study N/A 

Mozambiqu
e 10 

Buana Gile 
District 

Not 
detected 

N/A N/A N/A This study N/A 
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Mozambiqu
e 11 

Fernando Alto 
Molocue 
District 

Not 
detected 

N/A N/A N/A This study N/A 

Mozambiqu
e 16 

Bwana Alto 
Molocue 

CBSV N/A N/A N/A This study N/A 

Mozambiqu
e 17 

Mulaleia Mocuba 
District 

Not 
detected 

N/A N/A N/A This study N/A 

Mozambiqu
e 20 

Cadri Mocuba CBSV N/A N/A N/A This study N/A 

Mozambiqu
e 23 

Mulaleia Quelimane CBSV N/A N/A N/A This study N/A 

Mozambiqu
e R1* 

Relative 
plant 

Namapa CBSV N/A N/A N/A This study N/A 

Unknown_T
ME3 

TME3 N/A N/A N/A N/A EU11737
6 

Daniell et 
al., 2008 

Derived from 
the original 

cassava 
germplasm 

transferred to 
Africa or 

recent African 
breeding 

improvement 

Tanzania_T
ree 

Cassava 

Tree 
Cassava 

N/A N/A N/A N/A SRR2847
471 

Bredeson 
et al., 2016 

Presumed to 
be an M. 

glaziovii–M. 
esculenta 

hybrid 

Australia_T
MS I50395-

Unk 

TMS 
I50395/Unk 

N/A N/A N/A N/A SRR2847
474 

Bredeson 
et al., 2016 

N/A 

Unknown_N
amikonga 

Namikonga N/A N/A N/A N/A SRR2847
450 

Bredeson 
et al., 2016 

Arose by 
introgression 
of M. glaziovii 

into M. 
esculenta, 

derived from 
the Amani 

program. It’s 
CBSD-

resistant but 
CMD-

susceptible 

Tanzania_M
anihot_glazi

ovii 

Manihot 
glaziovii 

N/A N/A N/A N/A SRR2847
419 

Bredeson 
et al., 2016 

N/A 
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Brazil_FLA4
44-1 

FLA 444-1 N/A N/A N/A N/A SRR2847
403 

Bredeson 
et al., 2016 

M. esculenta 
ssp. 

flabellifolia. 
Brazilian 

accession of 
the wild 

progenitor 
species of 
cassava 

 

Phylogeny reconstruction included 62 protein-coding genes for a dataset with 

39 taxa. The single-copy genes analyzed (54 genes) were psbA, atpA, atpF, atpH, 

atpI, rps2, rpoC1, psbM, psbD, psbC, psbZ, rps14, psaB, psaA, ycf3, rps4, ndhJ, ndhK, 

ndhC, atpE, atpB, rbcL, psaI, ycf4, cemA, petA, psbJ, psbL, psbF, psbE, petG, psaJ, 

rpl33, rpl20, clpP, psbB, psbT, psbN, psbH, petB, petD, rps11, rpl36, rps8, rpl14, rpl16, 

rps3, rpl22, psaC, ndhE, ndhG, ndhI, ndhA and ndhH. The genes duplicated in the IR 
analyzed (4 genes) were rpl2, rps7, rpl23 and rps12. 

Single nucleotide polymorphisms (SNP’s) were evaluated by the number of 

differences between each of the samples, calculated by Geneious v9.1.3 

(Supplementary Figure 1). The nucleotide phylogenetic analysis clustered samples in 

three main clades, herein named as clades A, B and C (Fig 1). The clade “A” consisted 

from the wild relative species Manihot glaziovii and a relative plant from Mozambique. 

M. glaziovii (also named as India rubber tree species) was domesticated in South 

America and imported to East Africa in the early twentieth century. Since then, it has 

been used in cassava breeding programs to select the natural resistance of M. glaziovii 

to cassava pathogens, such as plant viruses (BREDESON et al., 2016; NICHOLS, 
1947). 

The clade “B” of the Phylogenetic Tree (Fig 1) was composed by two sub-

clades. The upper sub-clade containing Brazil_FLA_444-1, that is an accession from 

Brazil of a wild progenitor species of cassava, M. esculenta ssp. flabellifolia. The 

bottom sub-clade was composed by Namikonga, TME3 and three cassava plants from 

Kenya. The SNP’s analysis revealed that Namikonga, Kenya_02_Megana and 

Kenya_04_Megana are 100% identical based on the chloroplast coding-regions 

analysed. The variety Namikonga is CBSD-resistant but CMD-susceptible. It has 

emerged by introgression of the wild M. glaziovii into M. esculenta, (BREDESON et al., 

2016). Curiously, both Megana cassava plants, which are 100% identical to 
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Namikonga based on the chloroplast coding regions analysed, were naturally infected 

by CBSD, that Namikonga was presumed to be resistant. 

The clade “C” consisted mainly of cassava samples, excepted for 

Tanzania_Tree_Cassava (SRR2847471) which is supposed to be a M. glaziovii–M. 

esculenta hybrid (BREDESON et al., 2016). Other three samples 

(Kenya_11_Kibandameno, Unknown_Healthy and Australia_TMS_I50395) showed 

100% identity with Tanzania_Tree_Cassava on the SNP’s analysis (Supplementary 

Figure 1). It is known that DNA barcodes derived from the chloroplast genome can be 

used to identify varieties (DANIELL et al., 2016). The 100% identity among the 

chloroplast regions from these four cassava plants may indicate that they are all an M. 

glaziovii–M. esculenta hybrid. Curiously, Kenya_11_Kibandameno was naturally 

infected with EACMZV, EACMV-K, UCBSV and CBSV. It suggests that these M. 

glaziovii–M. esculenta related varieties are not conferring resistance to EACMZV, 
EACMV-K, UCBSV and CBSV isolates present in Kenya. 

The variety Kibandameno seems to either present high variability or to be 

misidentified in Kenya and Tanzania. The cassava plant identified as 

Kenya_11_Kibandameno showed 46 SNP’s with Kenya_15_Kibandameno 

(Supplementary Figure 1) suggesting that the identification of varieties might be 

incorrect. This also happened to the variety Megana in Kenya. Samples 

Kenya02_Megana and Kenya_04_Megana showed no SNP’s between them. 

However, 20 SNP’s were present between Kenya02_Megana and 
Kenya_05_Megana, indicating another possible variety misidentification.  

Our phylogenetic analysis suggests that chloroplast coding-regions from East-

African cassava varieties presents low genetic diversity (Fig 1). Cassava plants from 

Tanzania were more genetically similar to each other compared to plants collected in 

Mozambique and Kenya. Cassava plants from Kenya showed the most genetic 

diversity and are more closely related to Mozambique varieties. Previous studies 

reported an extraordinarily limited global chloroplast diversity of cultivated cassava 

(BREDESON et al., 2016). They suggested that this is a consequence of a limited 

chloroplast diversity relative to the wild progenitor species, in the beginning of cassava 

domestication (BREDESON et al., 2016). Apparently, there was no direct relationship 

between cassava chloroplast coding regions diversity and the natural infection of a 
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determined virus species. This may indicate that there is a need of the introgression of 

new wild relative’s plants to increase the genetic diversity of the cultivated cassava and 
find new target genes resistant to CBSD and CMD in East Africa. 
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Fig 1. Phylogenetic relationships among cassava chloroplast coding regions 
collected in East Africa clustered cassava plants in three main clades (A, B and 
C). The viruses detected on the samples are indicated in colourful letters inside grey 

squares: Ugandan cassava brown streak virus (UCBSV), Cassava brown streak virus 

(CBSV), East African cassava mosaic virus (EACMV-Ug) and East African cassava 

mosaic Zanzibar virus (EACMZV). Samples obtained from GenBank are highlighted in 
blue. 
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Supplementary Figure 1. Number of single-nucleotide polymorphisms (SNPs) 
present among cassava (Manihot esculenta) chloroplast protein-coding genes 
from 39 different varieties. Samples were labelled with countries initials or varieties 
names: T (Tanzania), K (Kenya) and M (Mozambique). 
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CONSIDERAÇÕES FINAIS 

• As diferenças genéticas entre as espécies de Bemisia tabaci se estendem do 

gene mtCOI para o genoma mitocondrial completo, bem como quanto ao 

endossimbionte facultativo Hamiltonella indicando que não há transmissão 

horizontal desse endossimbionte entre essas populações; 

• Foi encontrada uma deleção no gene GroEL somente em Hamiltonella de 

populações nativas de mosca-branca que pode ter influência na síntese da 

proteína e, consequentemente, implicações biológicas no vetor; 

• A análise do cloroplasto indicou baixa diversidade genética dos genótipos de 

mandioca da África Oriental, reforçando a necessidade de introdução de novos 

genótipos visando resistência aos principais vírus;  

• Não houve uma relação direta entre a diversidade dos genes de cloroplastos 

avaliados e as espécies de vírus detectadas no campo.  
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Abstract  

Background: Bemisia tabaci species (B. tabaci), or whiteflies, are the world’s most 
devastating insect pests. They cause billions of dollars (US) of damage each year, and 
are leaving farmers in the developing world food insecure. Currently, all publically 
available transcriptome data for B. tabaci are generated from pooled samples, which 
can lead to high heterozygosity and skewed representation of the genetic diversity. 
The ability to extract enough RNA from a single whitefly has remained elusive due to 
their small size and technological limitations.  

Methods: In this study, we optimised a single whitefly RNA extraction procedure, and 
sequenced the transcriptome of four individual adult Sub-Saharan Africa 1 (SSA1) B. 
tabaci. Transcriptome sequencing resulted in 39-42 million raw reads. De novo 
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assembly of trimmed reads yielded between 65,000-162,000 Contigs across B. tabaci 
transcriptomes.  

Results: Bayesian phylogenetic analysis of mitochondrion cytochrome I oxidase 
(mtCOI) grouped the four whiteflies within the SSA1 clade. BLASTn searches on the 
four transcriptomes identified five endosymbionts; the primary endosymbiont Portiera 
aleyrodidarum and four secondary endosymbionts: Arsenophonus, Wolbachia, 
Rickettsia, and Cardinium spp. that were predominant across all four SSA1 B. tabaci 
samples with prevalence levels of between 54.1 to 75%. Amino acid alignments of the 
NusG gene of P. aleyrodidarum for the SSA1 B. tabaci transcriptomes of samples WF2 
and WF2b revealed an eleven amino acid residue deletion that was absent in samples 
WF1 and WF2a. Comparison of the protein structure of the NusG protein from P. 
aleyrodidarum in SSA1 with known NusG structures showed the deletion resulted in a 
shorter D loop. Conclusions: The use of field-collected specimens means time and 
money will be saved in future studies using single whitefly transcriptomes in monitoring 
vector and viral interactions. Our method is applicable to any small organism where 
RNA quantity has limited transcriptome studies.  

Corresponding author: Laura M. Boykin (laura.boykin@uwa.edu.au)  

References: Sseruwagi P, Wainaina J, Ndunguru J et al. The first transcriptomes 
from field-collected individual whiteflies (Bemisia tabaci, Hemiptera: 
Aleyrodidae): a case study of the endosymbiont composition [version 3; 
referees: 2 approved] Gates Open Research 2018, 1:16 (doi: 
10.12688/gatesopenres.12783.3)  

Introduction  

Members of the whitefly Bemisia tabaci (Hemiptera: Aleyrodidae) species complex are 
classified as the world’s most devastating insect pests. There are 34 species globally1 
and the various species in the complex are morphologically identical. They transmit 
over 100 plant viruses2,3, become insecticide resistant4, and ultimately cause billions 
of dollars in damage annually for farmers5. The adult whiteflies are promiscuous 
feeders, and will move between viral infected crops and native weeds that act as viral 
inoculum ‘sources’, and deposit viruses to alternative crops that act as viral ‘sinks’ while 
feeding.  

The crop of importance for this study was cassava (Manihot esculenta). Cassava 
supports approximately 800 million people in over 105 countries as a source of food 
and nutritional secu- rity, especially within rural smallholder farming communities6. 
Cassava production in Sub-Saharan Africa (SSA), especially the East African region, 
is hampered by whitefly-transmitted DNA and RNA viruses.  

Among the DNA viruses, nine cassava-infecting cassava mosaic begomoviruses 
(CMBs) including: African cassava mosaic virus (ACMV), African cassava mosaic 
Bukina faso virus (ACMBV), African cassava mosaic Madagascar virus (ACMMV), 
East African cassava mosaic virus (EACMV), East African cassava mosaic Cameroon 
virus (EACMCV), East African cassava mosaic Kenya virus (EACMKV), East African 
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cassava mosaic Malawi virus (EACMMV), East African cassava mosaic Zanzibar virus 
(EACMZV) and South African cassava mosaic virus (SACMV) have been reported in 
SSA7. The DNA viruses cause cassava mosaic disease (CMD) leading to 28–40% 
crop losses with estimated economic losses of up to $2.7 billion dollars per year in 
SSA8. The CMD pandemics in East Africa, and across other cassava producing areas 
in SSA, were correlated with B. tabaci outbreaks9 Relevant to this study are two RNA 
ipomoviruses, in the family Potyviridae: Cassava brown streak virus (CBSV) and the 
Ugandan cassava brown streak virus (UCBSV), both devastating cassava in East 
Africa. Bemisia tabaci species have been hypothesized to transmit these RNA viruses 
with limited transmission efficiency10,11. Recent studies have shown that there are 
multiple species of these viruses12, which further strengthens the need to obtain data 
from individual whiteflies as pooled samples could contain different species with 
different virus composition and transmission efficiency. In addition, CBSV has been 
shown to have a higher rate of evolution than UCBSV13 increasing the urgency of 
understanding the role played by the different whitefly species in the system.  

Endosymbionts and their role in B. tabaci  Viral-vector interactions within B. tabaci are 
further influenced by bacterial endosymbionts forming a tripartite interaction. B. tabaci 
has one of the highest numbers of endosymbiont bacterial infections with eight different 
vertically transmitted bacteria reported14–17. They are classified into two categories; 
primary (P) and secondary (S) endosymbionts, many of which are in specialised cells 
called bacteriocytes, while a few are also found scattered throughout the whitefly body. 
A single obligate P-endosymbiont P. aleyrodidarum is systematically found in all B. 
tabaci individuals. Portiera has a long co-evolutionary history with all members of the 
Aleyrodinae subfamily16. In this study, we further explore genes within the P. 
aleyrodidarum retrieved from individual whitefly transcriptomes, including the 
transcription termination/antitermination protein NusG. NusG is a highly conserved 
protein regulator that suppresses RNA polymerase, pausing and increasing the 
elongation rate18,19. However, its importance within gene regulation is species 
specific; in Staphylococcus aureus it is dispensable20,21.  

The S-endosymbionts are not systematically associated with hosts, and their 
contribution is not essential to the survival and reproduction. Seven facultative S-
endosymbionts, Wolbachia, Cardinium, Rickettsia, Arsenophonus, Hamiltonella 
defensa and Fritschea bemisae and Orientia-like organism have been detected in 
various B. tabaci populations14,22–25. The presence of S-endosymbionts can 
influence key biological parameters of the host. Hamiltonella and Rickettsia facilitate 
plant virus transmission with increased acquisition and retention by whiteflies25. This 
is done by protection and safe transit of virions in the haemolymph of insects through 
chaperonins (GroEL) and protein complexes that aid in protein folding and repair 
mechanisms20.  

Application of next generation sequencing in pest management of B. tabaci 

 The advent of next generation sequencing (NGS) and specifically transcriptome 
sequencing has allowed the unmasking of this tripartite relationship of vector-viral-
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microbiota within insects24,26–28. Furthermore, NGS provides an opportunity to better 
understand the co-evolution of B. tabaci and its bacterial endosymbionts26. The 
endosymbionts have been implicated in influencing species complex formation in B. 
tabaci through conducting sweeps on the mitochondrial genome27. Applying 
transcriptome sequencing is essential to reveal the endosymbionts and their effects on 
the mitogenome of B. tabaci, and predict potential hot spots for changes that are 
endosymbiont induced.  

Several studies have explored the interaction between whitefly and 
endosymbionts29,30 and have resulted in the identification of candidate genes that 
maintain the relationship31,32. This has been explored as a source of potential RNAi 
pesticide control targets32–34. RNAi-based pest control measures also provide 
opportunities to identify species-specific genes for target gene sequences for knock-
down. However, to date all transcriptome sequencing has involved pooled samples, 
obtained through rearing several generations of isolines of a single species to ensure 
high quantities of RNA for subsequent sequencing. This remains a major bottle neck 
in particular within arthropoda, where collected samples are limited due to small 
morphological sizes32. In addition, the development of isolines is time consuming and 
often has colonies dying off mainly due to inbreeding depression34.  

It is against this background that we sought to develop a method for single whitefly 
transcriptomes to understand the virus diversity within different whitefly species. We 
did not detect viral reads, probably an indication that the sampled whitefly was not 
carrying any viruses, but as proof of concept of the method, we validated the utility of 
the data generated by retrieving the microbiota P-endosymbionts and S-
endosymbionts that have previously been characterised within B. tabaci. In this study 
we report the endosymbionts present within field-collected individ- ual African 
whiteflies, as well as characterisation and evolution of the NusG genes present within 
the P-endosymbionts.  

Methods  

Whitefly sample collection and study design  

In this study, we sampled whiteflies in Uganda and Tanzania from cassava (Manihot 
esculenta) fields. In Uganda, fresh adult whiteflies were collected from cassava fields 
at the National Crops Resources Research Institute (NaCRRI), Namulonge, Wakiso 
district, which is located in central Uganda at 32°36’E and 0°31’N, and 1134 meters 
above sea level. The whiteflies obtained from Tanzania were collected on cassava in 
a countrywide survey conducted in 2013. The samples: WF2 (Uganda) and WF1, 
WF2a, and WF2b (Tanzania) used in this study were collected on CBSD-symptomatic 
cassava plants. In all the cases, the whitefly samples were kept in 70% ethanol in 
Eppendorf tubes until laboratory analysis. The whitefly samples were used for a two-
fold function; firstly, to optimise a single whitefly RNA extraction protocol and secondly, 
to unmask RNA viruses and endosymbionts within B. tabaci as a proof of concept. In 
addition, we obtained a NusG sequence from a Brazilian NW2 isolate (De Marchi, 
unpublished) and other downloaded and published NusG sequences from GeneBank) 
to ensure phylogenetic representation across whitely species.  
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Extraction of total RNA from single whitefly  

RNA extraction was carried out using the ARCTURUS® PicoPure® kit (Arcturus, CA, 
USA), which is designed for fixed paraffin-embedded (FFPE) tissue samples. Briefly, 
30 μl of extraction buffer were added to an RNase-free micro centrifuge tube containing 
a single whitefly and ground using a sterile plastic pestle. To the cell extract an equal 
volume of 70% ethanol was added. To bind the RNA onto the column, the RNA 
purification columns were spun for two minutes at 100 x g and immediately followed 
by centrifugation at 16,000 x g for 30 seconds. The purification columns were then 
subjected to two washing steps using wash buffer 1 and 2 (ethyl alcohol). The 
purification column was transferred to a fresh RNase-free 0.5 ml micro centrifuge tube, 
with 30 μl of RNAse-free water added to elute the RNA. The column was incubated at 
room temperature for five minutes, and subsequently spun for one minute at 1,000 x 
g, followed by 16,000 x g for one minute. The eluted RNA was returned into the column 
and re-extracted to increase the concentration. Extracted RNA was treated with DNase 
using the TURBO DNA free kit, as described by the manufacturer (Ambion, Life 
Technologies, CA, USA). Concentration of RNA was done in a vacuum centrifuge 
(Eppendorf, Germany) at room temperature for 1 hour, the pellet was suspended in 15 
μl of RNase-free water and stored at -80°C awaiting analysis. RNA was quantified, and 
the quality and integrity assessed using the 2100 Bioanalyzer (Agilent Technologies, 
CA, USA). Dilutions of up to x10 were made for each sample prior to analysis in the 
bioanalyzer.  

cDNA and Illumina library preparation  

Total RNA from each individual whitefly sample was used for cDNA library preparation 
using the Illumina TruSeq Stranded Total RNA Preparation kit as described by the 
manufacturer (Illumina, CA, USA). Subsequently, sequencing was carried out using 
the HiSeq2000 (Illumina) on the rapid run mode generating 2 x 50 bp paired-end reads. 
Base calling, quality assessment and image analysis were conducted using the HiSeq 
control software v1.4.8 and Real Time Analysis v1.18.61 at the Australian Genome 
Research Facility (Perth, Australia).  

Analysis of NGS data using the supercomputer  

Assembly of RNA transcripts: Raw RNA-Seq reads were trimmed using 
Trimmomatic. The trimmed reads were used for de novo assembly using Trinity35 with 
the following parameters: time -p srun --export=all -n 1 -c ${NUM_THREADS} Trinity -
- seqType fq --max_memory 30G --left 2_1.fastq --right 2_2.fastq --SS_lib_type RF --
CPU ${NUM_THREADS} --trimmomatic -- cleanup --min_contig_length 1000 -output 
_trinity min_glue = 1, V = 10, edge-thr = 0.05, min_kmer_cov = 2, path_reinforcement_ 
distance = 150, and group pairs distance = 500.  

BLAST analysis of transcripts and annotation: BLAST searches of the transcripts 
under study were carried out on the NCBI non-redundant nucleotide database using 
the default cut-off on the Magnus Supercomputer at the Pawsey Supercomputer 
Centre Western Australia. Transcripts identical to known bacterial endosymbionts were 
identified and the number of genes from each identified endosymbiont bacteria 
determined.  
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Phylogenetic analysis of whitefly mitochondrial cytochrome oxidase I (COI): The 
phylogenetic relationship of mitochondrial cytochrome oxidase I (mtCOI) of the whitefly 
samples in this study were inferred using a Bayesian phylogenetic method 
implemented in MrBayes (version 3.2.2)36. The optimal substitution model was 
selected using Akaike Information Criteria (AIC) implemented in the Jmodel test37.  

Sequence alignment and phylogenetic analysis of NusG gene in P. aleyrodidarum 
across B. tabaci species: Sequence alignment of the NusG gene from the P-
endosymbiont P. aleyrodidarum from the SSA1 B. tabaci in this study was compared 
with another B. tabaci species, Trialeurodes vaporariorum and Alerodicus dispersus 
using MAFFT (version 7.017)38. The Jmodel version 237 was used to search for 
phylogenetic models with the Akaike information criterion selecting the optimal that 
was to be implemented in MrBayes 3.2.2. MrBayes run was carried out using the 
command: “lset nst=6 rates=gamma” for 50 million generations, with trees sampled 
every 1000 generations. In each of the runs, the first 25% (2,500) trees were discarded 
as burn in.  

Analysis and modelling the structure of the NusG gene The structures for Portiera 
aleyrodidarum BT and B. tabaci SSA1 whitefly were predicted using Phyre239 with 
100% confidence and compared to known structures of NusG from other bacterial 
species. All models were prepared using Pymol (The PyMOL Molecular Graphics 
System, Version 1.5.0.4).  

Results  

RNA extraction and NGS optimised for individual B. tabaci samples 

 In this study, we sampled four individual adult B. tabaci from cassava fields in Uganda 
(WF2) and Tanzania (WF1, WF2a, WF2b). Total RNA from single whitefly yielded high 
quality RNA with concentrations ranging from 69 ng to 244 ng that were used for library 
preparation and subsequent sequencing with Illumina Hiseq 2000 on a rapid run mode. 
The number of raw reads generated from each single whitefly ranged between 
39,343,141 and 42,928,131 (Table 1). After trimming, the reads were assembled using 
Trinity resulting in 65,550 to 162,487 transcripts across the four SSA1 B. tabaci 
individuals (Table 1).  

Comparison of endosymbionts within the SSA1 B. tabaci samples  

Comparison of the diversity of bacterial endosymbionts across individual whitefly 
transcripts was conducted with BLASTn searches on the non-redundant nucleotide 
database and by identifying the number of genes from each bacterial endosymbi- ont 
(Supplementary Table 1). We identified five main endosym- bionts including: P. 
aleyrodidarum, the primary endosymbionts and four secondary endosymbionts: 
Arsenophonus, Wolbachia, Rickettsia sp, and Cardinium spp (Table 2). P. 
aleyrodidarum predominate across all four SSA1 B. tabaci study samples based on 
number of core gene families identified for WF1 (74.82%), WF2 (72.18%), WF2a 
(53.17%) and WF2b (71.70%). This was followed by Arsenophonus, Wolbachia, 
Rickettsia sp, and Cardinium spp, which occurred at an average of 18.0%, 5.9%, 1.6% 
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and <1%, respectively across all four study samples (Table 2). The secondary 
endosymbiont Hamiltonella had the least number of core genes (n=1) and was 
detected in only one of the SSA1 B. tabaci (WF2a) samples.  

Table 1. Summary statistics from De novo Trinity assemble of Illumina paired 
end individual whitefly transcriptomes.  

 WF1  WF2  WF2a  WF2b  

Total Number of reads  39,343,141  42,587,057  42,513,188  42,928,131  

Number of reads after 
trimming for quality  

34,470,311 
(87.61%)  

39,898,821 
(93.69%)  

40,121,377 
(94.37%)  

40,781,932 
(95.00%)  

Transcripts  65,550  73,107  162,487  104,539  

Number of endosymbiont 
contigs matching core genes  417  446  568  569  

All transcript Contigs (N50)  505  525  1,084  1,018  

Only longest Contigs (N50)  468  484  707  746  

 

Table 2. Number of Contigs matching the core genes of bacteria endosymbionts 
across the four SSA1 whitefly transcriptome.  

  
Number of Contigs matching core genes of respective 
endosymbionts using BLAST  

 Endosymbionts  WF1  WF2  WF2a  WF2b  

Primary  Portiera  312 (74.82%)  322 (72.18%)  302 (53.17%)  408 (71.70%)  

Secondary  

Hamiltonella  NA  NA  1 (0.002%)  NA  

Rickettsia  11 (2.64%)  8 (1.79%)  147 (25.88%)  NA  

Wolbachia  32 (7.67%)  25  71 (12.5%)  46 (8.08%)  

Cardinium  NA  NA  9 (1.58%)  6 (1.05%)  

Fritschea  NA  NA  NA  NA  

Arsenophonus  62 (14.87%)  91 (20.40%)  38 (6.69%)  109 (19.16%)  

 Total  417  446  568  569  
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Phylogenetic analysis of single whitefly mitochondrial cytochrome oxidase I (COI) 

 B. tabaci is recognized as a species complex of 34 species based on the 
mitochondrion cytochrome oxidase I1,38,39. We therefore used cytochrome oxidase I 
(COI) transcripts of the four individual whitefly to ascertain B. tabaci species status and 
their phylogenetic relation using reference B. tabaci COI GenBank sequences found 
at http://www.whiteflybase.org. All four COI sequences clustered within Sub-Saharan 
Africa 1 clade (SSA1) species with greater than 99% identity (www.whiteflybase.org).  

Sequence alignment and Bayesian phylogenetic analysis of NusG gene 

 Nucleotide and amino acid sequence alignments of the NusG in P. aleyrodidarum 
were conducted for several whitefly species including: B. tabaci (SSA1), Mediterranean 
(MED) and Middle East Asia Minor 1 (MEAM1), New World 2 (NW2), T. vaporariorum 
(Greenhouse whitefly) and Aleurodicus dispersus. The alignment identified 11 missing 
amino acids in the NusG sequences for the SSA1 B. tabaci samples: WF2 and WF2b, 
T. vaporariorum (Greenhouse whitefly) and Aleurodicus dispersus. However, all 11 
amino acids were present in samples WF1 and WF2a, MED, MEAM1 and NW2 (Figure 
1). Bayesian phylogenetic relationships of the NusG sequences of P. aleyrodidarum 
for the different whitefly species clustered all four SSA1 B. tabaci (WF1, WF2, WF2a 
and WF2b) within a single clade together with ancestral B. tabaci from GenBank 
(Figure 2). The SSA1 clade was supported by posterior probabilities of 1 with T. 
vaporariorum and Aleurodicus, which formed clades at the base of the phylogenetic 
tree (Figure 2).  

Structure analysis of Portiera NusG genes 

 Structures of the NusG protein sequence of the primary endosymbiont P. 
aleyrodidarum in the four SSA1 B. tabaci samples were predicated using Phyre2 with 
100% confidence, and compared to known structures of NusG from other bacterial 
species including (Shigella flexneri, Thermus thermophilus and Aquifex aeolicus; (PDB 
entries 2KO6, 1NZ8 and 1M1H, respectively) and Spt4/5 from yeast (Saccharomyces 
cerevisiae; PDB entry 2EXU)18,40,41. The 11-residue deletion was found in a loop 
region that is variable in length and structure across bacterial species, but is absent 
from archaeal and eukaryotic species (Figure 3 and Figure 4A). The effect of the 
deletion appears to shorten the loop in NusG from the African whiteflies (WF2 and 
WF2b). A model of bacterial RNA polymerase (orange surface representation; PDB 
entry 2O5I) bound to the N-terminal domain of the Thermus thermophilus NusG shows 
that the loop region is not involved in the interaction between NusG and RNA 
polymerase (Figure 4B).  
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Figure 1. Sequence alignment of nucleotide sequences of NusG gene in P. aleyrodidarum 
across whitefly species sequences using MAFFT v 7.017.  

 

 

Figure 2. Bayesian phylogenetic tree of NusG gene of P. aleyrodidarum across whitefly 
species using MrBayes -3.2.2.  
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Figure 3. Primary endosymbiont Portiera aleyrodidarum whole genome from GenBank 
CP003868 showing the section of the NusG gene included in the analyses (position 76,922).  
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Figure 4. Structure analysis of NusG from P. aleyrodidarum in B. tabaci and other 
endosymbionts. A. Phyre2 based structure prediction of NusG from Candidatus Portiera 
aleyrodidarum in B. tabaci SSAI whitefly and comparisons to the structures of NusG from other 
bacterial species as indicated and of Spt4/5 from yeast. NusG is coloured in grey, the loop region 
in magenta and the 11-residue deletion is shown in green in the C. Portiera aleyrodidarum 
structure. B. A model of bacterial RNA polymerase (orange surface representation) bound to the 
N-terminal domain of the T. thermophiles NusG (grey cartoon representation).  
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Discussion  

In this study, we optimised a single whitefly RNA extraction method for field-collected 
samples. We subsequently successfully conducted RNA sequencing on individual 
Sub-Saharan Africa 1 (SSA1) B. tabaci, revealing unique genetic diversity in the 
bacterial endosymbionts as proof of concept. This is the first time a single whitefly 
transcriptome has been produced.  

NusG deletion and implications within P. aleyrodidarum in SSA B. tabaci  

We report the presence of the primary endosymbionts P. aleyrodidarum and several 
secondary endosymbionts within SSA1 transcriptome. Furthermore, P. aleyrodidarum 
in SSA1 B. tabaci was observed to have a deletion of 11 amino acids on the NusG 
gene that is associated with cellular transcriptional processes within another bacteria 
species. On the other hand, P. aleyrodidarum from NW2, MED and SSA1 (WF2a, 
WF1) B. tabaci species did not have this deletion (Figure 1). The deleted 11 amino 
acids were identified in a loop region of the N-terminal domain of NusG protein, 
resulting in a shortened loop in the SSA1 WF2b sample. This loop region has high 
variability in both structure and length across bacterial species, and is absent from 
archaea and eukaryotic species.  

NusG is highly conserved and a major regulator of transcription elongation. It has been 
shown to directly interact with RNA polymerase to regulate transcriptional pausing and 
rho- dependent termination15,20,42,43. Structural modelling of NusG bound to RNA 
polymerase indicated that the shortened loop region seen in the WF2b sample is 
unlikely to affect this inter- action. Rho-dependant termination has been attributed to 
the C-terminal (KOW) domain region of NusG, therefore a shortening of the loop region 
in the N-terminal domain is also unlikely to affect transcription termination. Yet, there 
has been no function attributed to this loop region of NusG, and thus the effect of 
variability in this region across species is unknown. However, the deletion could 
represent the results of evolutionary species divergence. Further sequencing of the 
gene is required across the B. tabaci species complex to gain further understanding of 
the diversity.  

Why the single whitefly transcriptome approach?  

The sequencing of the whitefly transcriptome is crucial in understanding whitefly-
microbiota-viral dynamics and thus circumventing the bottlenecks posed in sequencing 
the whitefly genome. The genome of whitefly is highly heterozygous42. Assembling of 
heterozygous genomes is complex due to the de Bruijn graph structures predominantly 
used43. To deal with the heterozygosity, previous studies have employed inbred lines, 
obtained from rearing a high number of whitefly isolines35,44. However, rearing whitefly 
isolines is time consuming and often colonies may suffer contaminations, leading to 
collapse and failure to raise the high numbers required for transcriptome sequencing.  

We optimised the ARCTURUS® PicoPure® kit (Arcturus, CA, USA) protocol for 
individual whitefly RNA extraction with the dual aim of determining if we could obtain 
sufficient quantities of RNA from a single whitefly for transcriptome analysis and 
secondly, determine whether the optimised method would reveal whitefly microbiota 
as proof of concept. Using our method, the quantities of RNA obtained from field-
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collected single whitefly samples were sufficient for library preparation and subsequent 
transcriptome sequencing. Across all transcriptomes over 30M reads were obtained. 
The amount of transcripts were comparable to those reported in other arthropoda 
studies from field collections32. However, we did not observe any difference in 
assembly qualities32; probably due to the fact that our field- collected samples had 
degraded RNA based on RIN, and thus direct comparison with 32 was inappropriate.  

Degraded insect specimen have been used successfully in previous studies45. This is 
significant, considering that the majority of insect specimens are usually collected 
under field conditions and stored in ethanol with different concentrations ranging from 
70 to 100%46–48 rendering the samples liable to degradation. However, to ensure good 
keeping of insect speci- men to be used for mRNA and total RNA isolation in molecular 
studies, and other downstream applications such as histology and 
immunocytochemistry, it is advisable to collect the samples in an RNA stabilizing 
solution such as RNAlater. The solution stabilizes and protects cellular RNA in intact, 
unfrozen tissue, and cell samples without jeopardizing the quality, or quantity of RNA 
obtained after subsequent RNA isolation. The success of the method provided an 
opportunity to unmask vector-microbiota-viral dynamics in individual whiteflies in our 
study, and will be useful for similar studies on other small organisms.  

Endosymbionts diversity across individual SSA1 B. tabaci transcriptomes  

In this study, we identified bacterial endosymbionts (Table 2) that were comparable to 
those previously reported in B. tabaci49 and more specifically SSA1 on cassava23,37. 
Secondary endosym- bionts have been implicated with different roles within B. tabaci. 
Rickettsia has been adversely reported across putative B. tabaci species, including the 
Eastern African region23,50,51. This endo- symbiont has been associated with influencing 
thermo tolerance in B. tabaci species49. Rickettsia has also been associated with 
altering the reproductive system of B. tabaci, and within the females. This has been 
attributed to increasing fecundity, greater survival, host reproduction manipulation and 
the production of a higher proportion of daughters all of which increase the impact of 
virus49. In addition, Rickettsia and Hamiltonella play a role in plant virus transmission 
in whiteflies25 by protecting the safe transit of virions in the haemolymph of insects 
through chaper- onins (GroEL) and protein complexes that aid in protein folding and 
repair mechanisms20. However, Hamiltonella was reported to be absent in the 
indigenous whitefly populations studied elsewhere15,50,52–54 and in Malawi, Nigeria, 
Tanzania and Uganda50,55 as also confirmed in our study. Arsenophonus, Wolbachia, 
Arsenophonus and Cardinium spp have been detected within MED and MEAM1 
Bemisia species14,50. In addition, 50 and 22 reported Arsenophonus within SSA1 B. 
tabaci in Eastern Africa that were collected on cassava. These endosymbionts have 
been associated with several deleterious functions within B. tabaci that include 
manipulating female-male host ratio through feminizing genetic males, coupled with 
male killing56,57.  

Within the context of SSA agricultural systems, the role of endo- symbionts in 
influencing B. tabaci viral transmission is important. Losses attributed to B. tabaci 
transmitted viruses within different crops are estimated to be in billions of US dollars46. 
Bacterial endosymbionts have been associated with influencing viral acquisition, 
transmission and retention, such as in tomato leaf curl virus58,59. Thus, better 
understanding of the diversity of the endosymbionts provides additional evidence on 
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which members of B. tabaci species complex more proficiently trans- mit viruses, and 
thus the need for concerted efforts towards the whitefly eradication.  

Conclusions  

Our study provides a proof of concept that single whitefly RNA extraction and RNA 
sequencing is possible and the method could be optimised and applicable to a range 
of small insect transcriptome studies. It is particularly useful in studies that wish to 
explore vector-microbiota-viral dynamics at individual insect level rather than pooling 
of insects. It is useful where genetic material is both limited, as well as of low quality, 
which is applicable to most agriculture field collections. In addition, the single whitefly 
RNA sequencing technique described in this study offers new opportunities to 
understand the biology, and relative economic importance of the several whitefly 
species occurring in ecosystems within which food is produced in Sub- Saharan Africa, 
and will enable the efficient development and deployment of sustainable pest and 
disease management strategies to ensure food security in the developing countries. 
However, this method still requires further optimisation to recover viral reads, 
especially in cases with very low viral titre as observed in this study. Finally, future 
studies could use freshly collected whiteflies on CBSD-affected plants to increase the 
detection of the causal viruses.  
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