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ABSTRACT 
 

 

Banana (genus Musa) is an important economic and food crop. Banana plants are 

attacked by many bacterial, fungal and viral pathogens. One of the most important viral 

pathogens of banana is the Banana bunchy top virus (BBTV), which causes the banana 

bunchy top disease (BBTD). In Pakistan banana industry has faced the problem of BBTV 

since late 1980s, when a severe epidemic caused drastic economical loses. The genome of 

BBTV comprises at least six integral components of circular single stranded DNA (cssDNA) 

molecules, each about 1 Kb in size. BBTV belongs to genus Babuvirus in Nanoviridae, one of 

the three cssDNA virus families. It is transmitted by black banana aphid Pentalonia 

nigronervosa Coq. Research work on BBTV of Pakistani origin was fairly limited when this 

work was started. Therefore need existed to study the virus isolates infecting the banana crop 

in Pakistan and analyze their phylogenetic relationships with other isolates and cssDNA 

viruses for comprehensive genetic characterization. As no known source of resistance to 

BBTV is available in nature, hence to control this disease, creation of artificial viral resistance 

seems to be the only available strategy. This can be achieved by gene silencing technologies 

like RNA interference (RNAi) which is very potent and has great potential to be utilized 

against BBTV. This technology requires the complete knowledge of genome sequence of the 

target virus and genetic variability associated with its population. To characterize BBTV from 

Pakistan, the DNA-R of an isolate from Tandojam area (TJ1 isolate) was amplified by PCR, 

cloned and sequenced. The phylogenetic analysis of TJ1 isolate suggested that it belongs to 

the South Pacific sub-group of BBTV. Later, primers were designed for two rounds of 

amplification of other components. The PCR assay was optimized for amplification of all the 
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components simultaneously along with actin gene as positive control. This first time reported 

multigene PCR assay is valuable tool for detection of BBTV in planting material. The 

amplified products were cloned and sequenced, and analyzed together with the other 

sequences available in the GenBank. The sequence analysis of common region stem-loop 

(CR-SL) and the significant variation in component population indicated that the master rep 

(M-Rep) of BBTV may not only initiate and terminate the replication but also regulate the 

replication of the genomic components. The analysis of common region major (CR-M) 

revealed its clustering according to the sub-groups, which correlates well with its proposed 

function i.e. conversion of cssDNA into transcriptionally active double stranded DNA 

(dsDNA). The analysis of the genomic components revealed two sub-groups of BBTV. On 

the basis of all six components, it was found that Pakistani isolates belong to the South Pacific 

sub-group. The sequence analysis of genomic components showed different level of sequence 

conservation indicating that they are under different extent of evolutionary pressure. The 

multigene phylogenetic analysis of BBTV and other cssDNA viruses showed that the 

members of Nanoviridae share common ancestral relationships among themselves as well as 

with Geminiviridae and Circoviridae. 

 

The study indicated a low level of genetic variability associated with the BBTV 

population in Pakistan, estimated by sequencing DNA-R and DNA-S of thirteen isolates 

originating from different parts of the Sindh province. The DNA-R is more conserved 

component compared to DNA-S. The low level of genetic variability has great potential for 

use of molecular approaches to create the artificial resistance against this virus. Therefore 

DNA-R; the most conserved and vital component for BBTV life cycle being involved in the 

replication of other components, was used to develop an RNAi based vector against the M-
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Rep coding region. A GFP based reporter construct was also developed which can be used in 

monitoring of the RNAi based silencing of M-Rep in easily transformable non-host plants. 

This novel strategy for confirmation of silencing alleviates the need to work only in the 

ultimate host. This strategy may also be applicable to other viruses. The RNAi and reporter 

vectors are available for use in banana transformation programs to create genetic resistance in 

banana against BBTV. 

 

The analysis of isolates belonging to the South Pacific sub-group indicated that the 

Pakistani isolates have close relationships with the Indian, Egyptian and Australian isolates. 

However, due to differences in component specific phylogenies and non-availability of 

sequences of all the components of various reported virus isolates from the South Pacific sub-

group, it is not prudent to construct a comprehensive picture of the origin of disease in 

Pakistan on molecular basis. 

 

Conclusively, during this study, complete sequence of DAN-R of TJ1 isolate from 

Pakistan and its sub-group was published for the first time*. The study also includes 

sequencing of the complete genome of TJ1 isolate, and establishes the phylogenetic 

relationships with other BBTV isolates. Based on multigene and additional Rep analysis, the 

phylogenetic relationships of cssDNA virus families were determined which indicates the 

possibilities of genetic material exchange between these families. This study further reports 

the genetic variability of BBTV population in Pakistan based on the full-length sequences of 

DNA-R and DNA-S of thirteen isolates from different locations of the Sindh province. The 

information generated during this work were utilized to develop an RNAi construct against 

the most conserved and important protein, the M-Rep along with its reporter vector. 
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Nevertheless a comprehensive picture of genetic variability may need to be extended to 

remaining components of the reported and other isolates. The construct designed in this study 

needs to be transformed into banana plants to explore its effectiveness. The RNAi constructs 

based on the similar strategy may be developed for other components/proteins of BBTV to 

exploit the possibility of multigene silencing against this virus. 

 
 
*Hyder, M. Z., S. Q. Raza, S. Hameed, S. Kahlid and S. M. S. Naqvi. 2007. Phylogenetic 

relationship of TJ1 isolate of Banana bunchy top virus from Pakistan by DNA-R sequence 

analysis. Can. J. Plant. Pathol., 29: 63-68.  
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Chapter 1 

INTRODUCTION 

 

Banana is an important economic and food crop. Banana plant belongs to genus Musa 

of the family “Musaceae”, a monocotyledonous family. There are three commercially 

important species of banana: the Musa acuminata Colla or “desert banana” which is consumed 

ripe and raw; the second is the Musa X paradisiaca (syn. Musa sapientum L.) or “plantain”, 

eaten green after cooking. The third is Musa textiles Nees, also called as Abaca, which is used 

as a fiber crop. Banana plants are vegetatively propagated and are grown in all tropical 

agriculture systems. 

 

The production of banana depends on the management of the diseases, in addition to 

the soils and the fertilizers applied (Dale, 1987). Although, many bacterial and fungal 

pathogens are economically important for banana, the most devastating pathogen remains 

Banana bunchy top virus (BBTV), which is threatening the production in all major banana 

growing areas of the world (Jones, 2000). 

 

BBTV causes banana bunchy top disease (BBTD), a disease with distinct symptoms, 

including the dark green streaks on the lower portion of the midrib, and later on the secondary 

veins of the leaf. These streaks consist of a series of "dots" and short lines often referred to as 

"morse code" streaking. Suckers that develop after infection are usually severely stunted 

resulting in leaves "bunched" at the top of the stem. Due to this bunchy appearance at the top 

of the plant, the disease was named as “banana bunchy top disease”. Later on leaves become 
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short, stiff, erect and narrow than normal, and display marginal yellowing or chlorosis which 

later turns into necrosis or burning. This leads to the situation where no fruit is produced or 

even the bunch does not emerged from the pseudostem, resulting in the drastic decrease in 

production (Dale, 1987).  

 

BBTV belongs to one of the three cssDNA virus containing families, the Nanoviridae. 

This family has two genera; the Babuvirus to which BBTV, Abaca bunchy top virus and 

probably Cardamom clump virus belong; and the genus Nanovirus having three viral species 

i.e. Faba bean yellows necrotic virus (FBNYV), Milk vetch dwarf virus (MDV) and 

Subterranean clover stunt virus (SCSV) (Vetten et al., 2005). The other two families include 

plant infecting Geminiviridae and invertebrate infecting Circoviridae. Basic molecular 

strategies and genes are similar in these ssDNA viruses indicating their evolutionary 

relationships, therefore the knowledge about one virus provides functional clue to other 

related viruses. The phylogenetic approaches can be used to study their relationships. 

 

The phylogenetics is the study of the evolutionary relationships among different 

species which have common ancestor. These relationships are shown in the form of 

phylogenetic trees composed of branches which indicate the descendents and nodes which 

represent the most recent common ancestors. Phylogenetic approaches have been used on the 

sequences of DNA and proteins to determine the ancestral relationships of living organisms in 

the form of tree of life (Forterre and Philippe 1999). These sequence-based approaches have 

also been used to study the relationships among different viruses and considered more reliable 

compared to other non sequence-based approaches (Bawden et al., 2000; McGeoch et al., 

1995; Davison, 2002). Further the multigene phylogenetic analysis is more reliable than single 



3 
 

 

gene analysis, improves the resolution of the tree and thus been used to study the relationships 

of different organisms (Nickrent et al., 2000; Kurtzman and Robnett, 2003; Dunn et al., 

2008). The multigene phylogenetic analysis was not reported for the cssDNA virus families 

which would have been study their mutual relationships in more detail.  

 

BBTV is a phloem limited virus which spreads through suckers of infected plant and 

by its sole vector the Pentalonia nigronervosa Coq. (Ocfemia, 1930; Jacqueline et al., 2007) 

which is commonly associated with banana crop. The genome of BBTV is composed of at 

least six circular single stranded DNA (ssDNA) components of about 1kB (Burns et al., 

1995). Although some additional components encoding replication associated proteins are also 

erratically found with some isolates but these are limited to the Asian sub-group (Horser et al., 

2001; Bell et al., 2002). The viral “master replication initiation protein” (M-Rep) is encoded 

by DNA-R (Harding et al., 1993; Hafner et al., 1997a). This protein although has nucleotide 

triphosphate (NTP) binding motif but shows no homology to any known DNA polymerase; it 

is similar to the Rep proteins associated with the plasmids of many gram positive and gram 

negative bacteria, which are involved in rolling-circle replication of these plasmids (Hafner et 

al., 1997a). Similar Rep proteins are also found in geminiviruses (Laufs et al., 1995) and other 

nanoviruses (Katul et al., 1995; Timchenko et al., 1999) indicating that BBTV also replicate 

through rolling-circle replication process. The coat protein which is a 20 kDa protein is 

encoded by DNA-S (Burns et al., 1995; Wanitchakorn et al., 2000a). This protein encapsidate 

individually the ssDNA components and is responsible for the interaction with the vector P. 

nigronervosa. The DNA-M encodes the movement protein of this virus, which enables it to 

spread within the plant systematically, as it has been reported to be associated with ssDNA 

and nuclear-shuttle protein (encoded by DNA-N) complex and translocate them to cell 
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periphery (Wanitchakorn et al., 2000b). To replicate the viral DNA efficiently BBTV utilizes 

its cell-cycle link protein (Clink) encoded by DNA-C which interact with retinoblastoma 

binding proteins (a family of cell-cycle regulatory proteins) by its motif LXCXE and 

manipulate the cell-cycle for enhanced viral replication (Wanitchakorn et al., 2000b). 

 

Pakistan is a banana growing country and one of its provinces, the Sindh, is the major 

contributor to banana production. Banana was first introduced in the Sindh in 1913, for 

acclimatization and testing. Many varieties were brought at different time from different 

regions of India, Sri Lanka and Bangladesh. Among them Musa acuminata Colla “Dwarf 

Cavendish” (Basrai) proved superior in Sindh’s climate and was later released for general 

cropping in late 1950s (Bhatti, 1991). This variety yielded good results in field and become 

the major cultivated variety in Sindh and now occupies about 90% of the area under banana 

cultivation (Bhatti, 1991; Khalid and Soomro, 1993). William hybrid (Giant Cavendish) is 

another variety brought from Queensland, Australia, was frist introduced in 1969 and then 

brought again in 1978 and 1985. This variety covers only about 2 % of the cultivated area 

(Khalid and Soomro, 1993). Banana production in Sindh increased from 1961 to 1990, 

providing the local markets with value-priced quality bananas and sources for revenue through 

export. However, in 1991 the production decreased tremendously in all major banana-

producing areas in Sindh due to epidemic spread of BBTV (Soomro et al., 1992). 

 

BBTV is a successful pathogen of banana and has erupted into many epidemics 

worldwide. The first written report of this disease was from Fiji in 1889. Then BBTD was 

reported from Taiwan in 1900 and from Egypt in 1901. It spreads from Fiji to Sri Lanka and 

Australia where it appeared for the first time in 1913. Thereafter BBTV was reported from 
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many countries during the 1920s. It reached India in 1940s and now present in many states of 

India (Dale, 1987). In a recent past it destroyed the banana industry in Pakistan (Soomro et al., 

1992; Hyder et al., 2007). Banana bunchy top disease was first noticed in Pakistan in 1988 in 

district Thatta, and identified in 1991 on the basis of signs and symptoms (Soomro et al., 

1992). In 1993 Khalid and Soomro, purified the virus from infected sample collected form 

district Hyderabad and detected about 20-22 nm uniform isometric virus particles by electron 

microscopy. The infected samples were also tested with DAS-ELISA, using monoclonal 

antibodies developed against a Taiwanese isolate. This study finally established the presence 

of BBTV in Pakistan. The presence of Pentalonia Nigronervosa Coq. was also established in 

the BBTD infected areas (Soomro and Khalid, 1994). Yasmin et al. (2005) partially amplified 

BBTV DNA-R from infected samples found in different regions of Sindh and determined a 

putative sub-group of Pakistani BBTV. 

 

To mitigate this problem in Pakistan although, banana micropropagation techniques 

were developed and used to provide virus free planting material (Muhammad et al., 2004) to 

the farmers, the need to utilize alternative approaches for the production of genetic resistance 

to BBTV could not be overemphasized. The gene silencing techniques like RNA interference 

(RNAi) have been shown to be very promising in creation of viral resistance in the crops 

(Voinnet et al., 2005; Watanabe et al., 2006; Fusaro et al., 2006), however their application 

requires the complete genetic characterization on the genome sequence level and the study of 

genetic variability in the viral population. Therefore, a need was realized to further 

characterize the Pakistani isolates of BBTV at the genome sequence level and assessment of 

the genetic variability associated with them, so that potential of modern molecular techniques 

may be exploited to manage this disease. It was also of interest to establish the origin of the 
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disease in the country and determine the phylogenetic relationships of Pakistani isolates with 

the other isolates and other viruses, so that the Pakistani virus can be genetically 

characterized. These information will be useful for the study of evolutionary aspect of BBTV 

and can also help in the development of effective management and quarantine strategies. 

 

The objectives of this study included PCR based amplification, cloning and 

sequencing of all the components of a Pakistani isolate of BBTV and determination of the 

phylogenetic relationships based on all genomic components. The second objective was to 

access the genetic variability in the BBTV population in Pakistan so that potentially effective 

RNAi construct might be developed. 

. 
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Chapter 2 

REVIEW OF LITRATURE 

 

2.1  BANANA 

Banana is a fruit eaten and cultivated by mankind from ancient times. It has a very 

good taste and nutritive value. It is enriched in carbohydrates, many important elements and 

vitamins. It belongs to genus Musa in the family “Musaceae” a monocotyledonous family 

with three genera, the other two genera are Ensete and Musella. There are two main species of 

bananas, the Musa acuminata Colla also called as “dessert banana” that is eaten ripe and raw 

and the Musa X paradisiaca  to which “plantain” belongs is eaten green after cooking. The 

other species of this genus which is commercially cultivated is abaca or Manila hemp (Musa 

textiles Nees). This type is grown as a fiber crop. Banana is believed to have originated in 

Southeast Asia, where it is cultivated from the time of earliest settled agriculture. The earliest 

written records of banana cultivation are from India in the epics of the Pali Buddhist canon of 

500-600 BC. There are also written records of bananas cultivation in Indonesia (of about 350 

BC) and in China (of about 200 AD) (Dale, 1987). It is propagated vegetatively mostly from 

the suckers or “bits”. Each pseudostem of banana produces one bunch before being replaced 

by the strongest sucker from the base. These suckers are also used to plant new areas. This 

mode of propagation is very intriguing when considering the systemic viral infections.  

 

Banana has become one of the world’s most important fruit crops. It is grown in all 

types of tropical agricultural systems, from small mixed, subsistence gardens to very large 

company owned monocultures. The yield depends not only on the quality of soil, fertilization 

but largely upon the control of the diseases (Dale, 1987). 
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There are many economically important diseases of banana. These include bacterial 

diseases like bacterial soft rots of rhizome, pseudostem and bacterial wilt disease. Fungal 

specie i.e. Fusarium oxysporum and F. cubense cause fusarium wilt, which is highly 

damaging disease of banana (Bentley et al., 2001). Viral diseases are even more devastating 

for banana plantation. There are six viruses that have been reported and characterized from 

Musa species to date. These include Banana bunchy top virus, Cucumber mosaic virus, 

Banana bract mosaic virus, Abaca mosaic virus, Banana mild mosaic virus and Banana streak 

virus however, additional, uncharacterized viruses have also been recognized. Some of the 

characterized viruses are economically important but among these BBTV is the most 

devastating and therefore important virus (Jones, 2000). 

 

2.2 BANANA BUNCHY TOP DISEASE, ETIOLOGY AND EPIDEMIOLOGY  

BBTV causes banana bunchy top disease (BBTD). A phloem-limited disease with 

distinctive symptoms, which are very clear in late infection but it is reasonably difficult to 

identify the newly infected plants in the field on the basis of initial symptoms. The first-

symptom-bearing leaf develops dark green streaks of variable lengths in the leaf veins, 

midribs, and petioles. This streaking and dotting is often described as “Morse code” pattern 

which is the characteristic of BBTD. After appearance of these symptoms, the subsequent 

leaves become progressively dwarf and develop marginal chlorosis or yellowing. As the 

disease develops, the leaves become more up right and make crowded-like arrangement 

forming bunch at the apex of the plant. Due to this modified arrangement of infected plant, it 

was named as banana bunchy top disease. Depending on the time of infection, plant may 

produce no fruit or even the bunch may not emerge from the pseudostem (Dale, 1987). The 
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overall affect of infection is the severe reduction in plant growth and absence of or great 

decrease in fruit production.  

 

Initially, BBTD was assumed to be caused by a luteovirus on the basis of the 

biological characteristics of the disease i.e. persistent transmission by aphids, damaged 

phloem and causing of yellowing type disease (Dale, 1986; Dale, 1987). Further evidence for 

the involvement of a luteovirus included, association of double stranded RNA with the disease 

and purification of 20 to 22 nm isometric virus like particles (VLPs) containing single 

stranded RNA from infected plants (Wu and Su, 1990). However BBTV has very recently 

been classified in the virus family Nanoviridae and genus Babuvirus, which are isometric 

virions, phloem limited and possess a multicomponent, circular single-stranded DNA genome 

(Fauquet et al., 2005).  

 

The BBTD was first reported form Fiji in 1889. The disease was probably present 

there from 1879. The BBTD disease spread rapidly across Fiji and resulted in decline of 

production (Dale, 1987). BBTD was reported from Taiwan in 1900 and from Egypt in 1901 

but the origin of these outbreaks are unknown. The disease was noticed in Sri Lanka and 

Australia for the first time in 1913. Both these infections probably originated from the import 

of diseased suckers from Fiji. Around 1925, Australian banana industry was destroyed by the 

severe epidemic of BBTD resulting in heavy economical losses. Further reports of BBTD 

infection came from the Bonin, Ellice and Wallis Islands during the 1920. Bunchy top was 

probably brought to India from Sri Lanka about 1940. The history of bunchy top in the 

Philippines dates back to 1910 when abaca bunchy top was first recorded but was not reported 

on bananas until 1960. It is also reported from Asia, India, Pacific Islands and a few countries 
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in Africa: Egypt, Gabon and Congo (Dale, 1987). The disease was observed for the first time 

in Sindh province of Pakistan in 1988 as reported by Khalid and Soomro (1993).  

 

2.3 BBTV STATUS IN PAKISTAN 

BBTV spreads by mean of its sole vector black aphid Pentalonia nigronervosa Coq,. 

or by propagation of suckers as new planting material. Therefore to track the origin of disease 

in a new plantation transfer of planting material should also be considered. Pakistan is a 

banana growing country and one of its provinces, Sindh, is the major contributor to banana 

production. Banana was first introduced in the Sindh in 1913 from Bombay (India). Later 

many varieties were brought at different times from India, Sri Lanka and Bangladesh. Among 

these, Musa acuminata Colla “Dwarf Cavendish” (Basrai) proved superior in the Sindh 

climate and was released for general cropping in late 1950s. It occupies about 90% of the area 

under banana cultivation (Bhatti, 1991; Khalid and Soomro, 1993). William hybrid, which 

covers only about 2 % of the cultivated area, was first introduced in 1969. In 1978, and again 

in 1985, a farmer privately imported this variety from Queensland, Australia (Khalid and 

Soomro, 1993). Banana bunchy top disease was first observed in Pakistan in 1988 in district 

Thatta, and identified in 1991 on the basis of symptomolgy (Soomro et al. 1992). Khalid and 

Soomro (1993) confirmed this by ELISA and electron microscopy. The presence of aphid 

vector P. nigronervosa was also confirmed in the BBTD-infected areas (Soomro and Khalid, 

1994). After it first record in 1988, BBTV epidemically covered all major banana growing 

areas of Sindh during 1989 to 1991. The confirmation of BBTV by PCR was done by Yasmin 

et al. (2005) who partially amplified BBTV DNA-R from infected samples collected from 

Karachi, Thatta, Badin, Hyderabad, Nawabshah and Naushahro Feroze (banana growing 

districts of the Sindh) and discovered a similar restriction pattern for all these isolates which 
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was identical to an Australian isolate. This led to the suggestion that Sindh contains a 

homogenous population of BBTV which has a close relationship with the Australian isolate. 

However, keeping in view the history of planting material transfer in Pakistan, other 

possible(s) origin cannot be excluded.  

 

The economic impact of BBTD epidemic in Pakistan was quite significant. The 

production of banana in Sindh increased from 1961 till 1990, which provided good quality 

banana at cheaper prices to local market as well as for export. The boom in this industry came 

during 1978 to 1988 when the export of good quality banana increased tremendously (Figure 

1). Although production continued to increase till 1991, after the first sight of BBTV in 1988, 

however, the quality became substandard, resulting in decline of banana export. The 

comparison of 16.476 million dollars foreign exchange earnings in eleven years during 1978 

to 1988, with that of 3.636 million dollars in seventeen years from 1989 to 2005, shows that 

the lose was quite drastic and persistent. 

 

2.4 PLANT ssDNA VIRUSES AND BANANA BUNCHY TOP VIRUS 

There are two families of plant viruses Nanoviridae and Geminiviridae, containing 

single stranded DNA (ssDNA) as genome. These families use similar strategies for replication 

and have many proteins performing similar functions. Insight about the function of proteins 

from one family provides the information about the function of the proteins from the other 

family. 

 

BBTV is a multicomponent circular single-stranded DNA (cssDNA) virus. It belongs 

to the family Nanoviridae which contains Faba bean yellows necrotic virus (FBNYV), Milk  
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Figure 1: Banana production, area, yield and export from Pakistan.  

The production of banana increased from its start in 1960s with a consistent yield 

after 1970, but dropped abruptly in 1991 due to the Banana bunchy top disease 

epidemics in the entire Sindh province. The data was taken from online FAOSTAT 

databases, the crop production, area and yield data was taken from ProdSTAT 

(http://faostat.fao.org/site/567/default.aspx#ancor), while export quantity data was 

taken from TradeSTAT 

(http://faostat.fao.org/site/535/DesktopDefault.aspx?PageID=535#ancor). 
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vetch dwarf virus (MDV), Subterranean clover stunt virus (SCSV) in genus Nanovirus and 

Banana bunchy top virus as type specie and one yet to be classified virus Abaca bunchy top 

virus (ABTV) in genus Babuvirus. Coconut foliar decay virus (CFDV) belonging to this 

family has not yet been placed in any genus (Vetten et al., 2005), while the status of recently 

reported Cardamom clump virus (CCV) as a strain of BBTV or a new member specie of genus 

Babuvirus remains to be clarified. These viruses are transmitted by aphids except for CFDV 

which is transmitted by planthopper and infects monocotyledonous plant. Babuviruses infect 

monocotyledonous plants, while nanoviruses infect dicotyledonous plants. 

 

The second plant infecting viruses containing family Geminiviridae have four genera; 

Begomovirus, Mastrevirus, Curtovirus, and Topocuvirus. The geminiviruses have one or two 

2700 to 3000 nt long ssDNA components as genome. Begomoviruses infect dicotyledonous 

plants and transmitted by whitefly, while mastreviruses and curtoviruses are transmitted by 

different leafhoppers and the topocuviruses by treehopper. 

 

An animal infecting ssDNA virus family the Circoviridae also has the striking 

similarities with that of these two plant infecting virus families. The Circoviridae has two 

genera, Circovirus and Gyrovirus.  The Beak and feather disease virus (FBDV) and Porcine 

circovirus (PCV) belonging to cirovirus are proposed to be the intermediate between the 

nanoviruses and geminiviruses (Niagro et al., 1998). Gibbs and Weiller (1999) studied the 

sequences of Reps from circoviruses and suggested that N-terminal part of these Reps is 

acquired by vertebrate infecting viruses from nanovirus Reps through a possible 

recombination process.  
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 2.4.1 Genomic Components 

Nanoviruses contain six to eight ssDNA components as integral genomic components, 

DNA-R, -S, -M, -C, and -N encoding master replication initiation protein (M-Rep), capsid 

protein (CP), movement protein (MP), cell cycle link protein (Clink) and nuclear-shuttle 

protein (NSP) respectively (Harding et al., 1993; Katul et al.,1995; Burns et al., 1995; Katul et 

al., 1997; Wanitchakorn et al., 2000b; Timchenko et al., 2000; Horser et al., 2001; Merits et 

al., 2000; Sano et al., 1998). While DNA-U1, -U2, -U3, -U4 and -U5 encode the proteins for 

which any function have not yet been established.  

 

The components associated with nanoviruses contains a single open reading frame 

(ORF) in virion sense with appropriately located TATA boxes and polyadenylation signals, 

except for DNA-R of BBTV, which contains a second ORF of U5, internally located to the 

major ORF for M-Rep and CFDV for which both the M-Rep and CP proteins are proposed to 

be transcribed from the same component (Rohde et al., 1990; Beetham et al., 1997; Beetham 

et al., 1999; Gronenborn, 2004; Herrera-Valencia et al., 2007). 

 

The distribution of the components with unknown function varies among the members 

of Nanoviridae, DNA-U1 is associated with all nanovirus members, while DNA-U2 with 

FBNYV and MDV and DNA-U4 only with FBNYV. The DNA-U3 and product of DNA-U5 

ORF are only associated BBTV virus (Vetten et al., 2005). Distinct from DNA-R, some 

additional replication associated protein (Rep) encoding components (rep) are also associated 

with the isolates of babuvirus and nanovirus, but these Rep proteins can only replicate their 

cognate DNA but not any other heterologous genomic DNAs (Timchenko et al., 1999). 

Dependence for encapsidation and transmission on major genomic components and occasional 
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association with ssDNA viruses suggest the satellite nature of these rep DNAs (Vetten et al., 

2005; Timchenko et al., 2006). Similar additional rep DNAs are also found associated with 

ssDNA virus family, the Geminiviridae.  

 

The geminiviruses have monopartite or bipartite genomes. The economically most 

important geminiviruses belongs to begomorivurs group. Most of the begomoviruses have 

bipartite genome, containing two ssDNA components which are expressed in both the sense 

and complementary orientation. These components are designated as DNA A and DNA B. 

The DNA A contains the genes for replication, replication enhancement, CP and insect 

transmission, while DNA B encodes for MP. The monopartite viruses lack the DNA B and 

perhaps depend on host factors for cell-to-cell movement. In some monopartite 

begomoviruses a satellite ssDNA is also associated called DNA β, which is necessary to 

induce typical disease symptoms in the host but this DNA β depends on DNA A for 

replication, transmission and movement. Another type of satellite-like DNA is found to be 

associated with some begomoviruses-DNA β complexes (Briddon et al., 2004), which 

encodes a replication associated protein which can replicate its own DNA, similar to the Reps 

of nanoviruses. These satellite-like DNAs or DNA 1 are supposed to have a common origin 

with the Reps of nanoviruses. 

 

2.4.2 Proteins and Their Functions 

BBTV M-Rep, a 33.6 kDa protein (Harding et al., 1993) contains a conserved 

nucleotide triphosphate (NTP) binding motif GGEGKT which is also found in proteins 

involved in rolling-circle replication in a range of DNA and RNA viruses (Gorbalenya et al., 

1990). The M-Rep has neither any NTPs polymerization activity nor has sequence similarity 
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with any DNA polymerase instead these are the replication initiation proteins which have been 

demonstrated to have nicking and joining activity (Hafner et al., 1997a). The nicking activity 

is the initial step for the start of rolling-circle replication through which BBTV is proposed to 

replicate, similar to the Rep proteins involved in replication of geminiviruses (Laufs et al., 

1995). The nick in the loop sequence of cssDNA results in the availability of 3’ end which is 

then extended by host DNA polymerase using complementary stand as template, followed by 

joining of the newly synthesized unit lengths by the joining activity of this multifunctional M-

Rep protein resulting in cssDNA ready to be packed in the capsid (Laufs et al., 1995; Hafner 

et al., 1997a). 

 

Although additional Rep proteins are associated with BBTV and other nanoviruses, 

but these Rep proteins are only able to replicate their cognate DNA and not any other genomic 

DNAs (Horser et al., 2001), while the M-Rep can initiate not only the replication of their own 

DNA but also of other viral genome components hence are called the master replication 

initiation proteins (Hafner et al, 1997a; Timchenko et al., 1999; Merits et al., 2000). The 

activities of M-Rep depends on the specific interactions between conserved sequence motifs 

called iterons in the CR-SL of major genomic components and M-Rep protein, an aspect 

investigated in geminiviruses in detail (Lazarowitz et al., 1992; Arguello-Astorga et al., 

1994a; Arguello-Astorga et al., 1994b). The similar conserve motifs are not found on rep 

DNAs so only the cognate Rep can initiate the replication of these DNAs and in turn these 

Rep cannot replicate other genomic components due to the lack of this specific interaction. 

 

The U3 found only in BBTV genome is 9.0 kDa protein for which no function has yet 

been found. The DNA U3 formerly called as BBTV DNA-2 was thought to have no coding 
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capacity (Burns et al., 1995) however Beetham et al. (1999) showed that this component is 

transcribed and can encode a protein, for which no function has yet been elucidated. The CP 

of BBTV has a molecular mass of 19.3 kDa and forms 18-20 nm isometric viral particles 

(Wanitchakorn et al., 1997; Wanitchakorn et al., 2000a). The polyclonal antibodies generated 

against the purified viruses of BBTV can detects the BBTV from both Asian and South 

Pacific groups indicating that although DNA sequence variability exists between both the 

groups but serologically these are similar (Thomas and Dietzgen, 1991).  

 

A challenge to a successful systemic infection is to overcome the physical barrier 

posed by the cell wall in plants. Although cells in plants are connected through the 

plasmodesmata but this connection is too small to transport the virus particles or genome. 

Viruses use different strategies to resolve this problem. For example there exist viral 

movement proteins, which can increase the size-exclusion limit (SEL) of plasmodesmata and 

facilitate the transport of virus particles and genome to infect distant cells (Lazarowitz, 1999; 

Lazarowitz and Beachy, 1999). The DNA-M of BBTV encodes MP of 13.8 kDa. This protein 

has a hydrophobic N terminus which can associate this protein with plasma membrane. In a 

study BBTV MP fused with GFP was shown to be restricted only to the cell periphery 

(Wanitechakorn, et al., 2000b). The second aspect of cell-to-cell virus movement is to transfer 

the virus particles or genome from the nucleus where replication takes place, to the cell 

periphery. In nanoviruses nuclear-shuttle protein performs this movement. BBTV, DNA-N 

encodes a 17.4 kDa NSP, which can bind the viral ssDNA and shuttle this ssDNA out of the 

nucleus, where this NSP-DNA complex is translocated from the cytoplasm to cell periphery 

by the MP protein (Wanitechakorn, et al., 2000b). This strategy is similar to geminiviruses 

which also use two proteins performing similar functions (Sanderfoot and Lazarowitz, 1995; 
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Sudarshana, et al., 1998). Thus MP and NSP together work for the virus movement within the 

plant and are important part of virus life cycle.  

 

Viruses replicate in the nucleus using the host cell machinery and resources. As 

nanoviruses are phloem-limited and replicate in these differentiated cells therefore they need 

to take these cells in a cell-cycle phase which favor their replication the most. Indeed it has 

been shown that mammalian as well as plant viruses encode such proteins which can modulate 

the cell cycle (Lageix et al., 2007). Geminiviruses and nanoviruses encode a protein called 

cell-cycle linke (Clink) protein which modulate the cell-cycle by interacting with the cell 

cycle regulators. The key regulators belong to the retinoblastoma related protein (RBR) 

family, which can involve E2F/DP transcription factors and keep the cell-cycle at G1/S 

checkpoint (Desvoyes et al., 2006). Clink protein can bind with RBR by its motif LxCxE and 

release the cell from G1/S checkpoint, progressing towards the S phase and inducing the 

replication of viral DNA (Lageix et al., 2007). BBTV Clink is 18.9 kDa which can binds to 

the RBR proteins by its LxCxE motif and modulate the cell cycle (Wanitchakorn et al., 

2000b). Other nanoviruses also encode Clink for the same function (Aronson et al., 2000). 

 

Although BBTV and other nanoviruses encode a small number of proteins, but it 

seems that these proteins perform diverse functions as that of other ssDNA virus proteins and 

form important interactions with the host cell proteins. It has been shown for the wheat dwarf 

geminivirus that its Rep also modulate the cell-cycle by binding with RBR protein family, a 

function similar to Clink protein (Xie et al., 1995; Arguello-Astorga et al., 2004). M-Rep in 

FBNYV is also proposed to be regulating its own expression (Grigoras et al., 2008). 

Similarly, Timchenko et al. (2006) showed that these integral components are sufficient for 
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the symptom induction and virus particle production in host plant by artificially introducing 

the integral components of FBNYV to host cells. These viruses however are still not 

transmittable to other plants by their efficient vectors, indicating the presence of other 

undiscovered components/proteins or host factors necessary for transmission. 

 

2.4.3 Regulatory Regions 

The structural organization of the genomic components of the members of 

Nanoviridae is similar. They contain a conserved region similar to Geminivirus structurally 

conserved region (Fontes et al., 1994; Gutierrez, 1999), which have iterated sequences 

involved in the replication of these components (Herrera-Valencia et al., 2006). Within this 

conserved region is located a stem-loop structure with an invariant loop sequence 

TA(G/T)TATTAC, found in all Nanoviridae viruses, is the origin of replication (ori) for the 

rolling-circle replication by which these viruses are proposed to be replicated (Hafner et al., 

1997a; Timchenko et al., 1999). This conserved region is termed as common regions stem-

loop (CR-SL) (Burns et al., 1995; Katul et al., 1997). Recently it has been shown that three 

iterons F1, F2 and R1 of an iterated sequence GGGAC, are present in all the components of an 

Australian isolate of BBTV (Herrera-Valencia et al., 2006). By mutational studies these 

iterons have been shown to be the sites necessary for efficient replication of all the 

components by M-Rep, which binds with these iterons. Similar strategy is used by 

geminiviruses where this process has been described in details (Arguello-Astorga et al., 

1994a; Arguello-Astorga et al., 1994b; Fontes et al., 1994). 

 

The coding ORFs are found 3’ to CR-SL in all the components, while a second 

conserved region, called the major common region (CR-M) located 5’ to CR-SL. This region 

has different lengths in all the integral components and share 76% nucleotide homology 
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between all the components. It contains a 16 nucleotide repeat region and a GC rich box 

similar to the promoter element of wheat dwarf geminivirus (Burns et al., 1995). This region 

is the site where ssDNA primers are found associated in the virions, and primes the synthesis 

of transcriptionally active dsDNA formation after entering the host cells. These primers seem 

to be originated from DNA-C of BBTV (Hafner et al., 1997b). This strategy of priming the 

synthesis of dsDNA which is transcriptionally active by using indigenous primers is unique to 

BBTV. It has been found that no other nanovirus has been shown to use this strategy, however 

analogy is found in some of the geminiviruses which uses the same mechanism (Donson et al, 

1984). Intergenic regions of nanoviruses have been shown to have promoter activity (Rohde et 

al., 1995; Dugdale et al., 1998; Dugdale et al., 2000). In BBTV the promoter activity is 

located in the non coding region, and these promoters show a phloem limited activity, which 

is consistent with the observation that BBTV is phloem limited virus. 

 

2.4.4 Genetic Variability 

Genetic variability has been studied for BBTV. BBTV isolates are divided into two 

sub-groups based on phylogenetic analysis of its genetic diversity by Karan et al. (1994). 

These sub-groups are South Pacific group (isolates from Australia, Burundi, Egypt, Fiji, India, 

Tonga and Western Soma) and the Asian group (isolates from the Philippines, Taiwan and 

Vietnam). In South Pacific group, there is a maximum of only 3.8 percent and mean of 1.9 

percent nucleotide sequence difference within group over the full nucleotides sequence, while 

in Asian group isolates these values are 4.2 percent and 3.0 percent respectively. There is a 

minimum of 8.6 percent and mean of 9.6 percent (approximately 10 percent) nucleotide 

sequence difference between isolates from the two groups. Some parts of the sequences differ 

more than the others. M-Rep protein differs by approximately 5 percent between the two 

groups (Karan et al., 1994). Sequence analysis of BBTV DNA-R from Vietnam isolates 
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shows that the sequence variation within Vietnam is approximately double than previously 

reported for Asian BBTV isolates. Furthermore, the sequences were separated into two 

geographical subgroups that generally correlated to the Northern or Southern regions of 

Vietnam (Bell et al., 2002). Furuya et al. (2005) cloned and analyzed BBTV-R from seven 

isolates found in different regions of Japan. All these isolates have high degree of homology 

with each other and show closer relationship with the members of Asian group on the bases of 

full-length and CR-M sequence analysis. 

 

Genetic variability based on DNA-S which encodes the CP of BBTV was also 

analyzed. Wanitchakorn et al. (2000a) reported the presence of these two groups by the 

sequence analysis of BBTV DNA-S, which differ by an average of 11.8 percent over the 

entire nucleotide sequence. Karan et al. (1997) also reported the same two groups on the basis 

of sequence variability of BBTV DNA-N. These two groups differ by an average of 14.5 

percent over the entire nucleotide sequence. 

 

2.4.5 Evolution in BBTV 

Single-stranded DNA viruses are important tool for studying the evolution of viruses. 

Hughes (2004) proposed a birth-and-death type of evolution in the nanoviruses based on the 

coding region analysis of genomic components, indicating that these proteins might have 

evolved from a common ancestor and then changed by the process of mutation and 

recombination. Being multicomponents, the possibility of genetic reassortment also exists, 

which recently has been demonstrated in BBTV, where one isolate from the Asian group have 

the components similar to South Pacific isolates. The CR-M of BBTV is proposed to be 

evolving concertedly among different components (Hu et al., 2007). 
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Chapter 3 

MATERIALS AND METHODS 

 

3.1  SAMPLE COLLECTION 

The samples of BBTV infected bananas plants with clear symptom were collected 

from distinct geographical locations in the Sindh. The locations included Tandojam, Ghotki, 

Khairpur, Tando Adam, Bhitshah, Matiari, Nawabshah, Jamshoro, Hyderabad and Karachi 

which are major banana growing areas of Sindh. The isolates cloned from these locations were 

given abbreviated name after their location from which they were isolated. More than one 

isolate were obtained from some locations. Healthy banana plant samples were taken as 

negative control from the field and from tissue culture propagated plants. 

 

3.2 DNA EXTRACTION 

The DNA was extracted using the CTAB method (Khan et al., 2004) with 

modifications as follows. Approximately 0.5 g of leaf mid rib was pulverized using a pestle 

and mortar in 1.5 mL CTAB buffer (100 mM Tris-HCl pH 8.0, 2% (w/v) CTAB, 20 mM 

EDTA, 1.4 M NaCl, and 1% (v/v) β-mercaptoethanol) and incubated at 65°C for 45 minutes. 

The supernatant was extracted with an equal volume of phenol: chloroform: isoamyl alcohol 

(24:24:1) and then by chloroform. DNA was precipitated by adding 0.1 volume of 3 M 

potassium acetate and an equal volume of isopropanol to the supernatant, followed by 

incubation for five minutes at room temperature. The resultant pellet was washed with 70% 

(v/v) ethanol and dissolved in 100 µL of Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM 

EDTA, pH. 8.0) containing RNase (100 µg/mL) and stored at -20°C until used. 

. 
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3.3 PCR, CLONING, AND SEQUENCING OF GENOMIC COMPONENTS OF 

 BBTV 

 

3.3.1 Primer Design 

It has already been shown on the basis of restriction fragments length polymorphism 

(RFLP) studies that in Pakistan the BBTV isolates are closely related to the isolates of the 

South Pacific group (Yasmin et al., 2005). Therefore the primers for amplifying DNA-R were 

designed using the published data of the DNA-R of Hawaiian isolate (GenBank accession no. 

U18077). For one BBTV isolate from the Tandojam area in the Sindh (TJ1 isolate) all the 

genomic component were cloned and sequenced using two different sets of primers so that 

primer regions may also be determined. To establish the sub-group of the TJ1 isolate, the 

DNA-R was first analyzed. The first round cloning and sequencing primers for DNA-R were 

P-1 and P-2, while the complete DNA-R sequence was determined after an inverse PCR 

reaction using adjacent but outwardly extending primers DNA-R F and DNA-R R (appendix 

2). The sequence of DNA-R were analyzed and found to be belonged to the South Pacific sub-

group.  

 

After the determination of the sub-group of TJ1 isolate, the first-round primers were 

designed on the sequences from AUS isolate which also belongs to the same group and have 

close phylogenetic relationships with TJ1 isolate. The sequence data was available in the 

GenBank (appendix 1) for all the genomic components of AUS isolate. The first-round primer 

sets, DNA-U3 F and R, DNA-S F and R, DNA-M F and R, DNA-C F and R and DNA-N F 

and R were used to amplify DNA-U3, DNA-S, DNA-M, DNA-C and DNA-N respectively. 

To amplify simultaneously all the integral components and any other still unidentified 
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components the first round CR-M primers CR-M F and CR-M R were also designed in the 

common region major (CR-M) of AUS isolate. For the monitoring of proper DNA isolation 

and PCR amplification, actin gene was amplified as positive control using primer set Actin F 

and R, designed on the sequence of banana actin gene (accession number AF285176) 

available in the GenBank (appendix 2).  

 

The second-round primers were designed on the sequence data of first-round 

sequencing results and based on the TJ1 genome. The second-round primer sets, DNA-R/2 F 

and R, DNA-U3/2 F and R, DNA-S/2 F and R, DNA-M/2 F and R, DNA-C/2 F and R and 

DNA-N/2 F and R were used to amplify and clone DNA-R, DNA-U3, DNA-S, DNA-M, 

DNA-C and DNA-N respectively (appendix 2). 

 

3.3.2 PCR and Ligation 

A typical PCR reaction contained about 50 ng DNA template, Taq buffer (10 mM 

Tris-HCl, pH 8.8, 50 mM KCl and 1% (v/v) Nonidet P40) 1.5 mM MgCl2, 200 µM of each 

dNTPs, 1.5 units Taq DNA Polymerase (recombinant) (Fermentas UAB Lithuania), and 50 

pM of each primer. The PCR thermal profile for P1 and P2 primer set were pre-PCR 

denaturation at 94°C for 3 minutes followed by 35 cycles of denaturing at 94°C for 30 

seconds, annealing at 51°C for 30 seconds and extension at 72°C for 40 seconds, and a final 

extension at 72°C for 20 minutes. For all the first-round and second-round primer sets, 

including DNA-R F and R, CR-M F and R and actin F and R primer sets the PCR thermal 

profile was pre-PCR denaturation at 96°C for 3 minutes followed by 35 cycles of denaturing 

at 96°C for 20 seconds, annealing at 52°C for 20 seconds and extension at 72°C for 40 

seconds, and a final extension at 72°C for 20 minutes. After PCR, the products were analyzed 
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by electrophoresis using 1% (w/v) agrose gel in TAE buffer (40 mM Tris-acetate, 1 mM 

EDTA pH 8.1) according to Sambrook and Russell (2001), and then ligated directly into 

pTZ57R vector (InsTAclone™ PCR Product Cloning Kit, Fermentas UAB Lithuania) 

according to the manufacturer’s instructions. A typical ligation mixture contained (40 mM 

tris-HCl, 10 mM MgCl2, 10 mM DTT, 0.5 mM ATP, pH 7.8), 10% (w/v) PEG 4000, 2.5 U T4 

DNA ligase, 0.15 µg pTZ57R/T vector and about 1 µg of PCR product. The ligation mixture 

was incubated at 4°C over night and then used for electorporation into electrocompetent cells.  

 

3.3.3 Competent Cell Preparation, Electroporation and Screening of Clones 

Escherichia coli DH5α (supE44, ∆lacU169 (Φ80lacZ∆M15), hsdR17, recA1, endA1, 

gyrA96, thi-1, relA1) cells were used for cloning purposes in this study. The cells were 

prepared according to Sambrook and Russell (2001). Briefly, a single colony of E. coli DH5α 

was cultured over night in 3 ml Luria-Bertani (LB) medium (Tryptone 10g/L, Yeast extract 

5g/L and NaCl 10g/L, pH 7.0) in a test tube at 37°C. The culture was shifted into 100 ml LB 

medium in a 250 ml flask at 37°C, until the O.D at 600 nm became 0.4-0.7. Then the cells 

were gently pelleted down by centrifugation at 1275xg for 15 minutes using Sigma 3k30 

centrifuge (rotor: Nr 19776-H). The pellet was re-suspended in nanopure water based 15% 

(v/v) glycerol buffer. The cells were again pelleted down by centrifugation at 1275xg for 15 

minutes using Sigma 3k30 centrifuge (rotor: Nr 19776-H). This washing step was performed 

three times and after the final washing step the cells were stored in 50 µL aliquots in 

eppendorf tubes frozen in liquid nitrogen and immediately placed in -80°C. All the handling 

and centrifugation steps were performed at 4°C.  
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The electrocompetent cells were mixed with ligation mixture and were transformed by 

giving the electrical pulse of ~10 milliseconds at medium voltage (2.5 kV) by using Cell-

Porator E. coli Pulser, Life Technologies™, (GIBCO BRL USA) according to manufacturer’s 

instructions. The cells were recovered from the electroporation cuvette by immediately adding 

1 ml of liquid LB medium and mixing. The total mixture was transferred to a 1.5 ml 

eppendorf tube and incubated at 37°C for one hour on shaking incubator. After incubation 100 

µl of transformed culture was spread on solid LB medium and selected using 50 µg/ml 

ampicillin, screened for functional β-glucoronidase expression, using 40 µL of 0.1M IPTG 

(isopropyl-β-D-thiogalactopyranoside) solution per plate with 40 µL of 20 mg/mL X-Gal (5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside) solution per plate. The white colonies 

(indication of insertional inactivation of lacZ gene by cloned fragment) was picked up with 

sterile toothpicks and cultured in liquid LB medium containing 50 µg/mL ampicillin. The 

culture tubes were kept at 37°C in orbital incubated overnight with vigorous shaking for 

isolation of the plasmids. 

 

3.3.4 Plasmid Isolation 

Plasmids from the selected clones were isolated using minipreparation protocol 

according to Sambrook and Russell (2001). In brief, from overnight cultures of a single E. coli 

colony in about 10 ml Lauria-Bertani (LB) broth containing 50 µg/mL ampicillin, about 3 mL 

culture was pelleted down by centrifugation at 3300xg for 3 minutes using Sigma 1-15K 

centrifuge (rotor: Nr 12024-H) and the supernatant was removed. To resuspend the pellet, 100 

µL of solution-I containing Tris, pH 7.4-7.6, 50 mM, EDTA 1 mM, RNase 100 mg/ml was 

added. Then 150 µL of solution-II containing 0.2N NaOH, 1% (w/v) SDS was added to and 
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mixed well by inverting gently four or five times followed by addition of 200 µL of solution-

III containing Potassium acetate 3 M, pH 4.8-5.0, and mixed comprehensively. The total 

mixture was centrifuged at 17,950xg for 5 minutes using Sigma 1-15K centrifuge (rotor: Nr 

12024-H) and the supernatant was taken in fresh eppendorf tube. DNA was precipitated by 1:1 

volume of isopropanol. The mixture was centrifuged at 17,950xg for 5 minutes using Sigma 

1-15K centrifuge (rotor: Nr 12024-H), and pellet was washed with 70% (v/v) ethanol. Finally 

the plasmid DNA was dissolved in 50µL of sterile distilled water and stored at -20°C. The 

plasmid concentration and size was estimated by agarose gel electrophoresis (Sambrook and 

Russell, 2001). 

 

3.3.5 Confirmation of Cloning 

The clones were confirmed for the presence of cloned fragment by digestion with 

appropriate restriction endonucleases. A typical restriction reaction contained 10X respective 

restriction buffer, 5.0 U of appropriate enzyme (Fermentas UAB Lithuania) and about 250 ng 

plasmid. The DNA-R of TJ1 was double-digested with XbaI and HindIII, while DNA-U3 with 

EcoRI and HindIII, DNA-S, -M, -C and –N with BamHI and EcoRI enzymes. The CR-M 

library was double-digested with XbaI and AvaI enzymes.  

 

3.3.6 Sequencing of the Clones 

For sequencing, the plasmid DNA was purified by using S.N.A.P™ MiniPrep Kit 

(Invitrogen Corp., Carlsbad, Calif., USA) for DNA-R and FastPlasmid™ Mini kit (Eppendorf 

Hamburg, Germany) for all other clones. Sequencing was performed using the Dye 

Terminator Cycle Sequencing GenomeLab™ DTCS Quick Start Kit (Beckman Coulter, USA) 
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following manufacturer’s instructions, for instance approximately 250 ng of purified plasmid 

preparation was preheated to 96°C for 3 minutes to break circular plasmid DNA to linear 

DNA and then used as template with 5 pM of a single sequencing primer. The thermal profile 

for sequencing reactions were heating at 96°C for 20 seconds, annealing at 50°C for 20 

seconds and extension at 60°C for 4 minutes, this was repeated for 35 cycles. The reactions 

were stopped by adding stop solution (1.2 M sodium acetate (pH 5.2), 40 mM Na2-EDTA (pH 

8.0), 0.04% (w/v) glycogen). The products were ethanol precipitated by adding 60 µL of 95% 

(v/v) ice cold ethanol and centrifuged at 17,950xg at 4°C using Sigma 1-15K centrifuge (rotor: 

Nr 12024-H). After decanting, the supernatant the pellet was washed with 200 µL of ice-cold 

70% (v/v) ethanol three times. After drying, the pellet was resuspended in 40 µL of sample 

loading solution i.e. dimethyl sulfoxide. The reactions were capillary electrophoresed on the 

CEQ™ 8000 Genetic Analysis System (Beckman Coulter, USA). For all sequencing reactions 

M13 F and M13 R (appendix 2) insert-specific primers were used to sequence both the 

strands. 

 

3.4 PCR, CLONING, AND SEQUENCING OF DNA-R AND -S FOR THE STUDY 

 OF GENETIC VARIABILITY IN BBTV POPULATION IN PAKISTAN 

To access the genetic variability in the population of BBTV in Pakistan, one or more 

isolates were obtained from the fields having different plantation history. Some plantations 

were as old as 15 years. Isolates P.GH1 (Ghotki), P.KP1, P.KP2 (Khairpur), P.TA1, P.TA2 

(Tando Adam), P.BS1, P.BS2 (Bhitshah), P.MT1, P.MT2 (Matiari), P.NS1 (Nawabshah), 

P.JS1 (Jamshoro), P.HD1 and P.HD2 (Hyderabad) were collected and given abbreviated 

names according to their locations. 
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3.4.1 DNA Extraction 

DNA was extracted using CTAB method as described earlier in section 3.2. 

 

3.4.2 Primer Design 

To amplify the DNA-R, DNA-R F and DNA-R R and DNA-R/2 F and DNA-R/2 R 

(appendix 2) primer sets were used. For DNA-S, DNA-S F and DNA-S R and DNA-S F/2 and 

DNA-S R/2 (appendix 2) primer sets were used. 

 

3.4.3 PCR and Ligation 

PCR were performed using GoTaq® PCR Core System I (Promega Corp. Madison, 

WI, USA) according to manufacturer’s instructions. The PCR thermal profile for all the 

reactions were pre-PCR denaturation at 96°C for 3 minutes followed by 35 cycles of 

denaturing at 96°C for 20 seconds, annealing at 52°C for 20 seconds and extension at 72°C for 

40 seconds, and a final extension at 72°C for 20 minutes. PCR products were ligated directly 

into the pGEM®-T Easy Vector (Promega, Madison, WI). The ligation mixture was incubated 

at 4°C over night and then used for electorporation into electrocompetent cells. 

 

3.4.4 Competent Cell Preparation, Electroporation and Screening of Clones 

 Electrocompetent E. coli DH5α cells were prepared in a similar manner as described 

earlier (section 3.3.3). For transformation MicroPulser™ Electroporator (BIO-RED CA, USA) 

were used with electrical pulse of ~5 milliseconds at 1.5 kV. The pGEM®-T Easy Vector 

(Promega Corp. Madison, WI, USA) contains ampicillin-resistance gene and lacZ gene in the 

multiple cloning site for screening, therefore the selection and screening procedure was same 

as described earlier (section 3.3.3). 
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3.4.5 Plasmid Isolation 

 Plasmids were isolated using minipreparation protocol as described earlier in section 

3.3.4. 

 

3.4.6 Confirmation of Cloning 

 The pGEM®-T Easy Vector (Promega Corp. Madison, WI, USA) contains EcoRI on 

both sides of multiple cloning sites (MCS) hence for confirmation, the plasmids were digested 

with EcoRI and electrophoresed in 1.5% (w/v) agrose gel, in TAE buffer (40 mM Tris-acetate, 

1 mM EDTA pH 8.1). 

 

3.4.7 Sequencing of the Clones 

For sequencing plasmids were isolated with QIAGEN® Plasmid Mini Kit (QIAGEN 

Inc., Valencia, CA) and sequenced at sequencing facility of Iowa State University U.S.A., 

using M13 and gene specific primers. Both the DNA strands for at least three different clones 

were sequenced from each BBTV isolate. The consensus sequences was obtained and 

submitted in the GenBank. 

 

3.5 SEQUENCE ANALYSIS 

 

3.5.1 Compilation of Sequencing Data 

The sequence data was compiled manually with the help of Blast 2 sequences 

(Tatusova and Madden, 1999; at http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi), for 

both the strand separately for each clone. Then the sequences from both the strands were 

complementary aligned to each other. In this way sequence from one clone was determined. A 
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consensus sequence for each component was developed by aligning multiple sequence of 

every clone belonging to the same component of individual isolates by using ClustalW 

(Thompson et al., 1994). In this way all the sequence data was compiled. As the components 

of BBTV are circular without any end, so the first sequence was arbitrary and traditionally 

started from the first base of the stem-loop structure following Burns et al. (1995). The 

sequencing data was submitted in the GenBank and accession numbers are presented in the 

appendix 1 against each isolate sequenced. 

 

3.5.2 ORF, Translation, Molecular Weight, Nucleotide and Amino Acid Identities and 

 Homology Analysis 

 The analysis of open reading frames (ORF) was conducted using ORF Finder available 

at World Wide Web at (http://www.ncbi.nlm.nih.gov/gorf/gorf.html), The molecular weight of 

proteins were determined by ProtParam tool (Gasteiger et al., 2005) available on World Wide 

Web at (http://expasy.org/tools/protparam.html). The percentage identities were calculated for 

each pair of isolates and compared with each other using the online Ident and Sim program of 

the Sequence Manipulation Suite (Stothard, 2000) for DNA-R of TJ1 analysis and while for 

all other components using MetGat program (Campanella et al., 2003). Nucleotide homology 

search was conducted using the nucleotide blast program “Blastn” (Altschul, et al., 1997) 

available through World Wide Web at (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). 

 

3.6 PHYLOGENETIC ANALYSIS 

Full-length DNA sequences of all the genomic components of the isolates from the family 

Nanoviridae and some isolates from the family Geminiviridae were obtained from the 

nucleotide data base in the GenBank (Table 1) and used for different analyses. The sequences 
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of genomic components were aligned in ClustalW Sequence Alignment program (Thompson 

et al., 1994) using IUB matrix for DNA alignments in the Molecular Evolutionary Genetics 

Analysis Program (MEGA) version 4.0.1 (Tamura et al., 2007) or version 3.0 (Kumar et al., 

2004). Neighbor-Joining (NJ) analysis was carried out using Maximum Composite-likelihood 

model with uniform rates among the sites, the 1000 bootstraps replicates were used to evaluate 

the significance of generated tree.  

 

Translated amino acid sequences of the corresponding components were obtained from the 

protein data base in the GenBank, aligned in ClustalW (Thompson et al., 1994) using 

BLOSUM matrix for amino acid in the Molecular Evolutionary Genetics Analysis Program 

(MEGA) version 4.0.1 (Tamura et al,. 2007). 

 

For multigene analysis coding regions of M-Rep and CP were combined for each isolate 

and analyzed as described earlier using first and second nucleotides of each codon only as 

third-position in codon appeared saturated when viewed across the entire data set and 

inclusion of third-position nucleotides in analysis sometimes resulted in non-congruence for 

these divergent species. 

 

3.7 CONSTRUCTION OF RNA INTERFERENCE AND REPORTER VECTORS 

 AGAINST M-REP 

An RNAi vector against BBTV M-Rep transcript was made by sub-cloning the coding 

regions from the TJ1 clones in direct and reverse orientations so as to form a stem-loop 

secondary structure, triggering the RNAi response. To check the efficiency of the silencing, a 

reporter vector has also been developed, in which the coding region of M-Rep was fused in 
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frame with green fluorescent proteins (GFP) coding region so that a single mRNA of both the 

genes can be transcribed. The efficiency of the RNAi vector can be monitored by the change 

in the GFP expression. 

 

3.7.1 Construction of RNA Interference Vector Against M-Rep 

3.7.1.1 Primer design, PCR, and cloning of M-Rep coding region in direct and 

 reverse orientations in pTZ57R vector 

 Two different sets of primers were designed having restriction sites for directional 

cloning into pSTARLING vector. Rep-IR Sense Forward and Rep-IR Sense Reverse primer 

set (appendix 2) were used to amplify the direct coding region of M-Rep for direct cloning, 

while Rep-IR Antisense Forward and Rep-IR Antisense Reverse (appendix 2) primer set were 

used for reverse cloning of the same region. TJ1 full-length clone was used as template for 

amplification using these two primer sets. The PCR and ligation conditions into pTZ57R 

vector were same as described in section 3.4.3. except that annealing temperature was 54°C. 

The electroporation into E. coli DH5α cells, selection and screening was same as described in 

section 3.3.3. The plasmids were isolated for both of these clones as described in section 3.3.4.  

The restriction sites flanking the insert were double digested as described in section 3.3.5 with 

XbaI and HindIII restriction enzymes for confirmation of cloning and integrity of the 

directional cloning sites. 

 

3.7.1.2 Cloning of M-Rep coding region in direct and reverse orientations in 

 pSTARLING vector 

 The pSTARLING with maize ubiquitin promoter for high level constitutive hairpin 

RNAi production in monocot plants were obtained from CSIRO Plant Industry (Canberra 
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ACT 2601, Australia) through a Material Transfer Agreement. The vector was transformed 

into E. coli DH5α cells by electroporation and selected as described in section 3.3.3. The 

plasmid pSTARLING was isolated from E. coli DH5α cells as described in section 3.3.4. For 

direct cloning of coding region, the pSTARLING and M-Rep direct clone in pTZ57R using 

Rep-IR Sense Forward and Reverse primer set, were separately double digested with BamHI 

and AscI restriction enzymes. The digested fragment from pTZ75R and digested pSTARLING 

vector were purified from the agarose gel using Wizard® SV Gel and PCR clean-Up System 

kit (Promega Corp. Madison, WI, USA) according to the manufacturer’s instructions and 

ligated together. The ligation conditions were same as described in section 3.3.2. The ligated 

product was transformed into E. coli DH5α cells and selected on ampicillin. The cloning was 

confirmed by digestion with BamHI and AscI restriction enzymes, and the positive clones 

were designated as pSTARLING Rep IR sense clones. 

 

The pSTARLING Rep IR sense clone was digested with SnaBI and SpeI restriction 

enzymes. Similarly the pTZ57R vector containing clone product amplified using Rep-IR 

Antisense Forward and Reverse primer set was also digested with the same pair of enzymes. 

The digested insert from Rep IR Antisense pTZ57R clone and pSTARLING Rep IR sense 

were gel purified, ligated together and transformed into E. coli DH5α cells as described in 

preceding paragraph. The selected clones were confirmed by digestion with SnaBI and SpeI. 

The final clone having M-Rep coding regions in direct and inverse orientations in 

pSTARLING was further confirmed for the presence of both cloned fragment and cre intron 

using the combination of enzymes used in directional cloning. 
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3.7.2  Construction of Reporter Vector against M-Rep 

3.7.2.1 Primer design, PCR and cloning of M-Rep coding region in pTZ57R vector  for 

reporter construct 

To clone M-Rep coding region in-frame with GFP protein in pCAMBIA 1302 vector, 

primers were designed having restriction sites for directional cloning. The coding region of 

M-Rep was PCR amplified using RG Forward and RG Reverse (appendix 2) primer set. TJ1 

full-length clone was used as template for amplification. The PCR conditions were same as 

described in 3.4.3 except the primer annealing temperature was 56°C. The PCR product was 

cloned into pTZ57R vector. The PCR and ligation conditions into pTZ57R vector were same 

as described for cloning of genomic components in section 3.3.2. The electroporation into E. 

coli DH5α cells, selection and screening was same as described in section 3.3.3. The plasmids 

were isolated for both of these clones as described in section 3.3.4. The clones were confirmed 

by double-digestion with EcoRI and HindIII enzymes, which flank the restriction sites for 

directional cloning, ensuring the integrity of these sites. The digestion was performed as 

described in section 3.3.5. 

 

3.7.2.2 Cloning of M-Rep coding region in-frame with GFP in pCAMBIA 1302 vector 

 as reporter construct 

The pCAMBIA 1302 have cloning site downstream of a Cauliflower mosaic virus 

(CaMV35S) promoter for high level constitutive expression of foreign genes fused with 

mgfp5* (green fluorescent  protein from Aequoria victoria) protein. The vector was obtained 

from CAMBIA (Canberra ACT 2601, Australia) through a Material Transfer Agreement. The 

vector was transformed into E. coli DH5α cells by electroporation and selected as described in 

section 3.3.3. expect that kanamycin was used as selection agent. The plasmid pCAMBIA 
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1302 was isolated from E. coli DH5α cells as described in section 3.3.4. For cloning of coding 

region, the pCAMBIA 1302 and M-Rep coding region clone in pTZ57R were digested with 

NcoI and BglII restriction enzymes. The digested fragment from pTZ57R and digested 

pCAMBIA 1302 were purified from the agarose gel using Wizard® SV Gel and PCR Clean-

Up System kit (Promega Corp. Madison, WI, USA) according to the manufacturer’s 

instructions and ligated together. The ligation conditions were same as described in section 

3.3.2. The ligated product was transformed into E. coli DH5α cells and selected on 

kanamycin. The clones were confirmed by digestion with NcoI and BglII restriction enzymes. 
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Chapter 4 

RESULTS AND DISCUSSION 

 

The banana plants having clear symptoms of BBTD (Figure 2) were selected from the 

fields across the Sindh province (Figure 3) during January 2007, while from Tandojam during 

June 2004. The suckers from the infected plants showing BBTV infection were picked, 

sprayed with kerosene oil to kill any aphid on them and inspected carefully further transported 

to the lab where they were maintained in growth chamber on 16:8 hour day/night light cycle at 

30°C. The DNA was isolated from the leaf mid rib of these plants and used for PCR 

amplification.  

 

4.1 PCR, CLONING, AND SEQUENCING OF GENOMIC COMPONENTS OF 

BBTV 

4.1.1 Cloning of DNA-R of BBTV TJ1 Isolate and its analysis 

Primers P-1 and P-2 (appendix 2) produced a 1028 nt partial DNA-R product. Inverse 

PCR with primers DNA-R F and DNA-R R (appendix 2), designed on the basis of the 1028 nt 

partial sequence, allowed the amplification, and subsequent cloning and sequencing of the 

complete 1110 nt DNA-R of TJ1 (Figure 4). This sequence included a CR-SL region of 31 nt 

which is according to Hafner et al. (1997a) is recognized by M-Rep and involved in the 

replication of ssDNA components. It also contains a TATA box and a major ORF of 861 nt 

encoding a putative protein of 286 amino acids, in addition to a CR-M of 92 nt. CR-M serves 

as the binding site for an endogenous ssDNA primer capable of priming full-length 

complementary strand synthesis in vitro (Hafner et al., 1997b). A small ORF of 129 nt within 

the major ORF described by Beetham et al. (1997) is also present. The deduced 
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Figure 2: Symptoms of Banana bunchy top disease. 

a) The plants showing clear symptoms of BBTV infection, the suckers have 
stunted growth, erected and brittle leaves. b) The inset showing the 
characteristic “morse code” symptoms on the mid rid and on leaf blades.  

b 

a 
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Figure 3: Map of Sindh province of Pakistan showing sample collection sites. 

Major banana plantation in Pakistan is in Sindh province. Musa acuminate Colla 
“Dwarf Cavendish” which is also known as Basrai is the major cultivar. The 
areas from where BBTV isolates were collected are marked with arrows and they 
were given names according to the area of collection, the name of the location 
follows in the parenthesis. 

P.GH1 (Ghotki)  

P.JS1 (Jamshoro) 

P.HD1 & 2 
(Hyderabad) 

P.KP1 & 2 (Khairpur) 

P.NS1 (Nawabshah) 

P.TJ1 (Tandojam) 

P.BS 1& 2 (Bhitshah) 

P.TA 1& 2  
(Tando Adam) 

P.MT1 & 2 (Matyari) 

P.KHI (Karachi) 

Pakistan-India Boarder 
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Figure 4: PCR amplification and clone confirmation of DNA-R of TJ1 isolate for first 
and second rounds.  
The PCR amplified products of DNA-R of TJ1 isolate using first and second-round 
primer sets were cloned in pTZ57R and confirmed by restriction digestion. The 
approximately 1 Kb band in lane 2 and 4 represents the amplified products of 
DNA-R using P-1 & P2 and DNA-R F & R primer sets respectively. The Lane 1 
and 2 contained PCR products obtained using the same primer sets with the total 
DNA isolated from healthy plant, as negative control. Lane 5 and lane 6 contained 
the restriction digests of PCR products of P1 & P2 and DNA-R F & R primer sets 
cloned in pTZ57R vector respectively. M is Lambda DNA/HindIII DNA marker 2 
(Fermentas Lithuania UAB) 

2027 bp 

23130 bp 

~1 Kb ~1.1 Kb 

M     1      2       3    4      5     6     M 

564 bp 

4361 bp 
2027 bp 

564 bp 

23130 
bp4361 bp 

Digested pTZ57R vector 

Cloned fragments 
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amino acid sequence of the major ORF contains the GGEGKT a dNTPs binding motif 

(Harding et al., 1993). 

 

Phylogenetic analysis using the NJ method with the full-length nucleotide sequence of 

different isolates resulted in six distinct clusters (Figure 5). Cluster 1 (with 100 % bootstrap 

support) consisted of the previously described South Pacific group (Furuya et al., 2005; Karan 

et al., 1994). The DNA-R sequence of the TJ1 isolate shows 97.7-99.2 % identity with the 

members of this group. Cluster 2 (with 93 % bootstrap support) consisted of isolates from 

Central and North regions of Vietnam having 89.9-90.7 % identity with the TJ1 isolate. 

Cluster 3 (with 99 % bootstrap support) consisted of Japanese, Indonesian, Philippines and. 

Taiwanese isolates. The percentage sequence identity of the members of this cluster with the 

TJ1 isolate is between 89.1-89.7 %. Similarly, cluster 4 (with 100 % bootstrap support) 

consisting of isolates from Central and North Vietnam regions, and cluster 5 (with 53 % 

bootstrap support) consisting of the North Vietnamese and one Chinese isolate, had 88.2-86.6 

% and 89.1-89.8 % nucleotide identity with the TJ1 isolate respectively. Cluster 6 (with 96 % 

bootstrap support) consisted of two isolates form China and the TJ1 isolate displays 89.6-89.8 

% identity with the members of this cluster. The Chinese isolates C.ZANG and C.NSP have 

89.0 % and 88.9 % identity respectively with the TJ1 isolate.  

 

Phylogenetic analysis was also performed separately for CR-M, the intergenic region 

and the coding sequence. The clustering pattern using the NJ method shows similar 

relationships for most of the isolates except for those from the Central and North regions of 

Vietnam, which illustrated more variability as compared to their relationship in the full-length  
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Cluster 1: Isolate from 
Pakistan, Australia, Egypt, 
India, Fiji, Hawaii and Tonga 

100 

85 

93 53 96 

100 

99 
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Cluster 4: Isolate from Central 
and South regions of Vietnam 

Cluster 2: Isolate from Central 
and North regions of Vietnam 

Cluster 5: Isolate from 
North Vietnam and 
China 

Cluster 6: Isolate from 
China 

Cluster 3: Isolate from 
Japan, Philippines, 
Taiwan and Indonesia 

Asian  
sub-group 

South-Pacific 
sub-group 

Figure 5: Unrooted NJ tree of full-length DNA-R for Banana bunchy top virus.  
The tree splits into two major sub-groups: Asian and South-Pacific. The TJ1 isolate 
belongs to the South-Pacific sub-group and is highlighted in the figure. Bootstrap 
values are shown on the branches. Bar indicates substitutions per site. Please refer to 
appendix 1 for nomenclature of the isolates. 
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comparison. CR-SL is 100 % identical in all isolates studied, except for the C.NSP isolate 

which has a mutation of C to A at nucleotide position eleven in the loop region of the stem 

loop sequence. The intergenic region has a higher similarity than CR-M and revealed 

relationships similar to the full-length sequence analysis. Similarly, the NJ tree obtained with 

the coding region sequence is similar to the full-length nucleotide NJ tree. The two Indian 

isolates I.KARN and I.REP also cluster with the South Pacific group isolates and show high 

similarity with the TJ1 isolate. Most variable among the isolates was the CR-M, while CR-SL 

and the coding regions are highly conserved regions of the DNA-R. However separate 

phylogenetic analysis of these regions follow the clustering pattern obtained with the full-

length sequence.  

 

When phylogenetic analysis was performed for the members of the South Pacific sub-

group only (Figure 6) it was found that the TJ1 isolate with 98 % bootstrap support showed a 

close relationship with the EGY isolate. Isolates TON and HAW (with 92 % bootstrap 

support) and IND and I.TN (with 72 % bootstrap support) also demonstrated a close 

relationship with each other. The branch between AUS and FIJ isolates received 71 % 

bootstrap support. The nucleotide identities of the TJ1 isolate with isolates EGY, AUS and 

IND are 99.2, 98.9 and 98.6 % respectively for the full-length sequence, while the intergenic 

region is 100 % identical for these isolates, all indicating a close relationship. 

 

In Pakistan, the presence of BBTV was established in 1993, however very little work 

on its molecular characterization was undertaken as already stated in section 1 (introduction). 

This work which bridges this gap reveals that the nucleotide sequence of DNA-R of the TJ1 

isolate has very high sequence identity  with the  DNA-R  of  BBTV  isolates  from  the  South  
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Figure 6: Unrooted NJ tree of full-length DNA-R from the isolates of South-Pacific 
sub-group of Banana bunchy top virus.  
TJ1 isolates is more closely related to the EGY, Australian and Indian isolates. 
Bootstrap values are shown on the branches. Bar indicates substitutions per site. 
Please refer to annexure 1 for nomenclature of the isolates. 

71 
98 

92 

72 

TJ1

EGY

I.TN

IND

 AUS

 FIJ

 HAW

TON

0.002

TJ1



 

 
 

45

Pacific group. Full-length sequences and CR-M sequences are respectively more than 97.7 % 

and 87.1 % identical. Their phylogenetic grouping is supported with a bootstrap value of 100 

%, showing strong homology within the members of this group. 

 

Within the South Pacific group, the TJ1 isolate is highly homologous to the Egyptian 

isolate based on full-length, CR-M, intergenic and coding regions. The order of homology 

based on full-length DNA-R of the TJ1 isolate with other South Pacific isolates is EGY, AUS, 

IND, FIJ, I.TN, HAW and TON. Yasmin et al. (2005) investigated the restriction pattern of 

partially amplified DNA-R of BBTV isolates from Sindh and found it to be the most similar to 

that of the AUS isolate. The restriction pattern of the full-length DNA-R of the TJ1 isolate 

was analyzed (data not shown) to compare it with the restriction pattern of the isolates studied 

by Yasmin et al. (2005). The results indicated that the TJ1 isolate present in the Tandojam 

area has a similar restriction pattern as the isolates infecting other banana growing areas in the 

Sindh. Therefore, based on the 99.2 % nucleotide identity and 98% bootstrap support in the 

NJ tree indicates a stronger evolutionary relationship between the TJ1 and possibly other 

BBTV isolates of the Sindh area, and EGY isolates. 

 

Historical information suggests that BBTD appeared in Australia and Sri Lanka in 

1913 due to import of planting material from Fiji, and then spread from Sri Lanka to India in 

1940 (Dale, 1987). It is thus possible that BBTV may have spread from Fiji to India through 

Sri Lanka from where it may have found its way to Pakistan and Egypt. Although no reliable 

data is available about the exchange of planting material between Egypt and Pakistan. The 

presence of the Dwarf Cavendish cultivar in Egypt under the name “Hindi” and “Sindhi” 

(Langhe, 2002) indicates that some sort of exchange of planting material may have taken 
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place between Egypt and united India (the region before its partition into Pakistan and India). 

The “Hindi” means belonging to India and “Sindhi” to Sindh (the banana growing province of 

Pakistan). A report on the presence of BBTD in Egypt in 1901 (Dale, 1987) may indicate that 

more than one isolate are present in Egypt, but this requires verification. The phylogenetic 

analysis presented in this report supports a close relationship between isolates from Pakistan 

(TJ1), Egypt (EGY), India (IND and I.TN) and Australia (AUS). However the endemic 

variability is presently unknown, since only one BBTV sequence is available from these 

countries, except India.  

 

This investigation shows that the TJ1 isolate belongs to the South Pacific group 

previously described by Karan et al. (1994) and Furuya et al. (2005). The phylogenetic 

analysis suggests that isolates from this group may have evolved from a common ancestor but 

no conclusion can be drawn regarding the origin of the Pakistan epidemic. Further insights 

may be gained by the study of other genomic components. 

 

4.1.2 Cloning of Other Genomic Components of BBTV TJ1 Isolate and Their analysis 

 After the determination of the grouping of TJ1 isolate, the first-round primers were 

designed based on the genomic sequences of all the components of AUS isolate and in their 

CR-M. The PCR was optimized so that all the first-round primers should produce specific 

bands on the same temperature and PCR conditions. The PCR conditions and thermal profile 

described in the 3.3.2 produced specific bands for all the first-round primer sets (Figure 7). 

These primers produced a very low level of non-specific bands with total DNA isolated from 

non-infected healthy plant and these non-specific bands were diminished when specific target  

 



 

 
 

47

Figure 7: PCR amplification of BBTV genomic components of TJ1 isolate and actin 
gene.  
The PCR amplification of genomic components of TJ1 isolate using first-round 
primer sets. The approximately 1 Kb band in lane 2, 4, 6, 8, 10, 12 and 14 represent 
the amplified products of DNA-R, DNA-U3, DNA-S, DNA-M, DNA-C, DNA-N 
and CR-M respectively from infected plant DNA. The Lane 1, 3, 5, 7, 9, 11 and 13 
show the amplification of first round primer sets of DNA-R, DNA-U3, DNA-S, 
DNA-M, DNA-C, DNA-N and CR-M respectively from healthy plant DNA as 
negative control. The lane 15 and 16 contains the actin gene amplified products 
from healthy and infected plant DNA respectively as positive control for 
monitoring of successful PCR. All the samples amplified on the same annealing 
temperature of 52 °C. The negative controls of healthy plant DNA contain very 
faint non-specific band and primer dimmers at the end of each lane, but non-
specific bands are not observed when specific target DNA is present. However very 
faint non-specific bands are observed in the case of DNA-S and DNA-C which 
have distinguished molecular weights. The PCR of actin gene as positive control 
produces similar bands in the infected and health DNA. M is O’RangeRuler™ 200 
bp DNA Ladder (Fermentas Lithuania UAB)  
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was present in the infected plant DNA (Figure 7). The actin gene was amplified using the 

same conditions as positive control to address the problems related to the failure of the PCR 

due to inefficient DNA isolation and or the presence of PCR inhibitors in the isolated DNA. 

The actin gene produced a specific band of about 600 bp (574 bp exactly based on the 

sequence information) in the infected and healthy plant DNA (Figure 7) indicating good 

quality of the isolated DNA and success of PCR. These primers and PCR conditions may be 

utilized for detection of BBTV infection in plant material. 

 

BBTV has been detected in the plants by using Enzyme Linked Immunosorbent Assay 

(ELISA) (Wu and Su 1990; Wu and Su 1992) and more specific and sensitive PCR assays 

(Karan et al., 1994; Hu et al., 1996; Bananej and Vahdat 2007; Anandhi et al., 2007). These 

PCR assays are based on the amplification of a single component in the BBTV genome. The 

report of a BBTV isolate having missing DNA-N with only five components by Hu et al., 

(2007) necessitate the development of PCR assay based on multiple genes for BBTV detection 

in the plant material. The primer designed and PCR conditions reported in this study can be 

used as multigene assay by the quarantine department and for research purpose for detecting 

the presence of BBTV in the imported plant material and in the field monitoring programs, 

even if certain components have sequence variations or missing.  

 

The products of first-round PCR products were cloned in pTZ57R and confirmed by 

restriction digestion (Figure 8). For CR-M all the thirty two clones obtained from a single 

plate were analyzed. The CR-M clones double-digested with XbaI and AvaI restriction 

endonucleases resulted in four different groups. The major group 1 comprises of twenty three 

clones (71.8%), while group  2  of  seven  (21.8%),  while  group 3  and 4  of  one  clone  each  
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Figure 8: Confirmation of clones of first round amplification of TJ1 genomic 
 components by restriction digestion. 
The plasmid DNA from the positive clones in pTZ57R Vector were purified using 
Wizard® SV Gel and PCR Clean-Up system (Promega Corp. Madison, USA) for 
sequencing and the same were digested with EcoRI and BamHI restriction 
endonucleases. Upper band in all the lanes shows digested vector, while the lower 
band of approximately 1 Kb in each lane shows the presence of cloned fragment. 
Lane 1 to 6 are digested DNA-R, DNA-U3, DNA-S, DNA-M, DNA-C and DNA-
N respectively. M is O’RangeRuler™ 200 bp DNA Ladder (Fermentas Lithuania 
UAB)  
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(3.1%). Ultimately, the sequencing of one clone from each group revealed that group 1 

comprises of clones of DNA-S, group 2 of DNA-M, group 3 of DNA-N and group 4 

comprises of a clone which is a variant yet to be characterized.  

 

 The disproportionate number of clones for different components obtained by 

amplification using CR-M primers, was further analyzed by Chi square test which indicated 

significant difference (P-value > 0.01). This difference in number of clones may either be due 

to the difference in either component population or in primer binding sites. Therefore, when 

sequence of these clone were analyzed for primer binding site it was found that this sequence 

was identical in DNA-S and DNA-M while, there was a single nucleotide change in the 

middle of CR-M R primer binding site in DNA-N. Even with a single nucleotide difference in 

the middle of sequence is not sufficient to explain huge difference of DNA-N (21.8%) with 

DNA-M (71.8%) and DNA-S (3.1%). The low occurrence of DNA-S (3.1%) compared to 

DNA-M (71.8%) despite having identical primer binding sites strongly suggests the 

disproportionate presence of initial template available for amplification. The disproportionate 

population of components in infected plant is probably due to the differential regulation of 

replication of each ssDNA component.  

 

The second-round primer sets were used to PCR amplify the DNA-R, DNA-U3, DNA-

S, DNA-M, DNA-C and DNA-N from the total DNA isolated from healthy and infected DNA 

(Figure 9). These products were cloned in pTZ57R. The confirmation of cloning for the 

second-round was also performed by restriction digestion (Figure 10). These confirmed clones 

of each component which were full-length because there were amplified using adjacent 

outwardly extending primers, were sequenced (see representative sequencing chromatograms 

in appendix 6). Consensus sequence of first and second-rounds was developed for each 

component and analyzed (Table 1). 
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~1.1 Kb specific PCR amplified products 

Figure 9: PCR amplification of BBTV genomic components of TJ1 isolate for second-
round.  
The PCR products of genomic components of TJ1 isolate using second-round 
primer sets were ligated in pTZ57R and confirmed by restriction analysis. The 
approximately 1 Kb band in lane 2, 4, 6, 8, 10 and12 represent the amplified 
products of DNA-R, DNA-U3, DNA-S, DNA-M, DNA-C and DNA-N respectively 
from total DNA isolated from infected plant. The Lane 1, 3, 5, 7, 9, 11 and 13 show 
the amplification products of second round primer sets with total DNA obtained 
from healthy plant as negative controls. All the samples amplified on the same 
annealing temperature of 52 °C. M is O’RangeRuler™ 200 bp DNA Ladder 
(Fermentas Lithuania UAB)  
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Figure 10: Confirmation of clones of second round amplification of TJ1 genomic 
 components by restriction digestion. 
The plasmid DNA from the positive clones in pTZ57R Vector were purified using 
Wizard® SV Gel and PCR Clean-Up system (Promega Corp. Madison, USA) for 
sequencing and the same were digested with EcoRI and BamHI restriction 
endonucleases. Upper band in all the lanes showing digested vector, while the 
lower band of approximately 1 Kb in each lane shows the presence of cloned 
fragment. Lane 1 to 6 are digested DNA-R, DNA-U3, DNA-S, DNA-M, DNA-C 
and DNA-N respectively. M is O’RangeRuler™ 200 bp DNA Ladder (Fermentas 
Lithuania UAB)  
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Table 1: Sequence analysis of genomic components of TJ1 isolate and DNA-U3 of KHI 
 isolate. 

Component
s/ORF 

Length 
(nt) 

TATA 
box 

ORF 
Position 

ORF length 
(nt) 

Poly (A) 
signals 

Amino 
acids 
(aa) 

Protein 
molecular 

weight 
(kDa) 

DNA-R 1110 51 102-962 861 (+3) 941 286 33.6 

*U-5   403-531 129 (+1)  42 5.1 

DNA-U3 1062 257 144-377 234 (+3) 489 77 9.0 

DNA-U3 
KHI 1061 257 144-377 234 (+3) 488 77 9.0 

DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-M 1047 261 282-635 354 (+3) 660 117 13.8 

DNA-C 1018 188 240-725 486 (+3) 745 161 18.9 

DNA-N 1088 222 277-741 465 (+1) 737 and 764 154 17.4 

* The U5 ORF is located within the major ORF of M-Rep on DNA-R 
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4.1.2.1 Analysis of ORFs, TATA boxes and polyadenylation sites 

The DNA-R (Figure 11a) has four ORFs in virion sense and three in complementary 

sense (Figure 11b). The largest ORF of 861 nt in +3 frame can encode a putative protein of 

286 amino acids. The deduced amino acid sequence of the major ORF contained the dNTPs 

binding motif, GGEGKT as reported by Harding et al. (1993). This component has a TATA 

box with starts at 51 nt and polyadenylation site at 941 nt. A small ORF spanning from 403-

531 nt of 129 nt length, within the major ORF in +1 reading frame is also present as 

previously described by Beetham et al. (1997). This ORF encodes 42 amino acid U5 protein 

of 5.1 kDa with unknown function. The DNA-U3 of TJ1 (Figure 11a) and KHI contained two 

ORFs in virion sense and four ORFs in complementary sense (Figure 11b). The largest ORF 

was 234 nt in +3 reading frame which can encode 77 amino acid protein. It has been shown to 

be transcribed into 9.0 kDa U3 protein, the function of which has not yet been elucidated 

(Beetham et al., 1999; Herrera-Valencia et al., 2007). These components have TATA boxes 

starting at 111 nt and polyadenylation signals at 489 for DNA-U3 of TJ1 and at 488 nt for 

DNA-U3 of KHI isolate. The DNA-S (Figure 11a) of TJ1 contained four ORFs in virion sense 

and four in complementary sense (Figure 11b). The largest of these was 528 nt long spanning 

from 213-740 nt in +3 reading frame and capable of encoding 175 aa CP of this virus with a 

molecular weight of 20.1 kDa (Wanitchakorn et al., 1997). The major ORF has TATA box 

beginning at 190 nt and a polyadenylation site at 755 nt (figure 11b). The DNA-M (Figure 

11a) of TJ1 contained three ORFs in virion sense and two in complementary sense (Figure 

11b). The largest ORF of 354 nt spanning 282-635 nt in +3 reading frame capable of encoding 

a 13.8 kDa protein with 117 amino acids, which is the movement proteins of this virus 

(Beetham et al., 1999; Wanitchakorn et al., 2000b). The DNA-M has TATA box signal which 

starts at 261 nt and polyadenylation site at 660 nt . The DNA-C (Figure 11a) of TJ1 contained 
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 Common Region Stem Loop (CR-SL)   Polyadenylation signal 

 Major Common Region (CR-M)       TATA box        Major ORF 

CP MP 

Clink NSP 

MP 

Figure 11a: Schematic representations of genomic components of TJ1 isolate.  
Diagram showing the genome organization of BBTV TJ1 isolate from Pakistan. 
The regulatory regions including proposed TATA boxes, polyadenylation 
signals, CR-SL and CR-M are shown and their starting nucleotide positions are 
indicated. The coding regions are marked with shaded arrows and their encoded 
protein names are mentioned. The diagram is not made on scale so relative 
positions may vary. M-Rep is abbreviated for master replication initiation 
protein, U3 for U3 protein, CP for coat protein, MP for movement protein, Clink 
for cell-cycle link protein, NSP for nuclear-shuttle protein and U5 is abbreviated 
for U5 protein. 

CP NSP 
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Figure 11b: Schematic representations of ORFs in genomic components of TJ1 isolate. 
Schematic representation of ORFs in the six frames of each component of TJ1 
isolate. The solid black circle represents the cssDNA component with name and 
length mentioned in the middle of each circle. The plus frame ORFs are represented 
outside the circle while minus frame ORFs are inside the circle. The +3 frame is 
represented in green, +2 in purple and +1 in yellow colors. Similarly -3 frame is 
represented in pink, -2 in sky blue and -1 in red colors. The range of nucleotides is 
mentioned in each ORF. The diagram is not made on scale. M-Rep is abbreviated 
for master replication initiation protein, U3 for U3 protein, CP for coat protein, MP 
for movement protein, Clink for cell-cycle link protein, NSP for nuclear-shuttle 
protein and U5 is abbreviated for U5 protein. 
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only one ORF in virion sense while two in complementary sense (Figure 11b). The largest 

ORF was in virion sense in +3 reading frame with 486 nt length spanning from 240-725 nt and 

capable of encoding 161 amino acid Clink protein (Aronson et al., 2000; Lageix et al., 2007) 

with molecular weight of 18.9 kDa. The major ORF of this component has a TATA box 

starting at 188 nt and polyadenylation site at 745 nt (Beetham et al., 1999; Wanitchakorn et 

al., 2000b). The DNA-N (Figure 11a) of TJ1 contained four ORFs in virion sense and one in 

complementary sense (Figure 11b). The longest ORF was in +1 reading frame with 465 nt 

length spanning 277-741 nt with associated TATA box site starting at 222 nt and two 

polyadenylation sites at 737 and 764 nt (Beetham et al., 1999; Wanitchakorn et al., 2000b). 

This can encode 154 amino acid nuclear-shuttle protein of this virus with 17.4 kDa molecular 

weight. 

 

4.1.2.2 Analysis of regulatory parts in the genomic components 

 In the genome of BBTV at least two different regions CR-SL and CR-M have been 

shown to be performing regulatory functions. The CR-SL is involved in the regulation of 

replication of components. This region also contains iterons sequences supposed to be the 

recognized by M-Rep. The CR-SL and the non-coding region of BBTV components also been 

shown to have promoter activity (Dugdale et al., 1998; Dugdale et al., 2000).  

 

The second region is CR-M which is the binding site for ssDNA primers reportedly 

prime the synthesis of transcriptionally active dsDNA (Hafner et al., 1997b). The analysis of 

both of these regions separately in all the available full-length sequences, during this study 

follows. 
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4.1.2.2.1 Analysis of CR-SL 

 CR-SL of all the components from the BBTV isolates mentioned in appendix 1, were 

analyzed including the isolates sequenced in this study for assessment of genetic variability. 

The isolates for which the sequences of all the components were available, were aligned and 

based on the sequence homology, the CR-SL was identified (shown in blue color in appendix 

1). The isolates for which sequences of all the components were not available, CR-SL was 

located based on the homology from the isolates of the same sub-group of BBTV.  

 

 The sequence comparison for CR-SL region in all the components mentioned in 

annexure 1, showed that CR-SL of DNA-R and DNA-S components from most of the isolates 

were 100 % identical. Similarly, most of DNA-M and -C have identical CR-SL sequences, 

while some of these components showed different sequences. Same was the situation with 

DNA-N, which has deletion of about 9 nucleotides starting at 10 nt from the 5’ end of the CR-

SL.  In case of DNA-U3, P.TJ1, I.BBTR1, I.KRL1 and T.SPb have identical CR-SL 

sequences, while all other DNA-U3 have different sequences. The analysis of genetic 

variability in CR-SL region revealed that CR-SL of DNA-U3 components were the most 

diverse of all (Table 2), having up to 37.7 % sequence divergence, followed by DNA-M 

having 17.4 % sequence divergence. While DNA-R, -S, -C and –N have less than 10% 

sequence divergence. Over all, variability in the Asian sub-group is more as compared to the 

South Pacific sub-group of BBTV.  

 

 The phylogenetic analysis using N-J tree also showed that generally CR-SL in most of 

the components is similar irrespective of the isolate and sub-group of the BBTV (Figure 12). 

Mostly CR-SL of DNA-R & -S, DNA-M &-C, and -N clustered together, while DNA-U3  
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Table 2: Percentage sequence identity (in blue) and divergence (in red) in the CR-SL 
among different components of Banana bunchy top virus.  

 DNA components 

 DNA-R DNA-U3 DNA-S DNA-M DNA-C DNA-N 

100-97.1 100-63.8 100-94.2 100-88.4 100-98.6 100 Within South 
Pacific 2.9-0.0 36.2-0.0 5.8-0.0 11.6-0.0 1.4-0.0 0.0 

100-90.7 100-62.3 100-95.7 98.6-85.5 100-97.1 100-98.3 Within Asian 
9.3-0.0 37.7-0.0 4.3-0.0 14.5-1.4 2.9-0.0 1.7-0.0 

100-90.7 100-62.3 100-94.2 100-82.6 100-98.6 100-96.7 
9.3-0.0 37.7-0.0 5.8-0.0 17.4-0.0 1.4-0.0 3.3-0.0 

Between 
South Pacific 
& Asian       
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 BBTV-R-V.BMT
 BBTV-R-CHI

 BBTV-S-P.KM
 BBTV-S-C.NSP
 BBTV-S-P.KP2
 BBTV-R-P.JS1
 BBTV-S-JN4
 BBTV-R-P.HL
 BBTV-R-C.ZANG
 BBTV-R-JY7
 BBTV-S-P.BS1
 BBTV-R-T.SP
 BBTV-R-JY1
 BBTV-R-JY3
 BBTV-R-I.KP
 BBTV-S-V14
 BBTV-R-VIE
 BBTV-S-BUR
 BBTV-S-P.HD1
 BBTV-R-TON
 BBTV-R-V-1b
 BBTV-R-P.NS1
 BBTV-R-P.HD1
 BBTV-M-C.ZANG
 BBTV-R-PHI
 BBTV-R-C.C4
 BBTV-R-JM6
 BBTV-R-P.HD2
 BBTV-S-V6
 BBTV-R-IG33
 BBTV-R-P.KP1
 BBTV-S-P.GH1
 BBTV-S-P.JS1
 BBTV-R-IJs11
 BBTV-S-PHI
 BBTV-R-P.TA2
 BBTV-S-P.MT1
 BBTV-R-AUS
 BBTV-S-aP34
 BBTV-S-I.LK
 BBTV-R-P.BS2
 BBTV-R-C.HAIN
 BBTV-R-P.TH
 BBTV-R-aP34
 BBTV-S-JK3
 BBTV-R-FIJ
 BBTV-R-P.KP2
 BBTV-R-P.TJ2
 BBTV-R-bP5
 BBTV-R-JM5
 BBTV-S-P.BS2
 BBTV-R-V.YB
 BBTV-R-EGY
 BBTV-S-P.KP1
 BBTV-M-AUS

 BBTV-M-E.KAL
 BBTV-R-HAW
 BBTV-S-IJs11
 BBTV-R-V6
 BBTV-R-P.TJ1
 BBTV-R-V.SL
 BBTV-R-P.BS1
 BBTV-R-bP26
 BBTV-R-P.GH1
 BBTV-S-P.TJ1
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 BBTV-R-I.LK
 BBTV-R-P.SK
 BBTV-R-JN4
 BBTV-R-P.TA1
 BBTV-R-P.MT2
 BBTV-R-P.MT1
 BBTV-R-V-1a
 BBTV-S-bP5
 BBTV-R-V.HCM
 BBTV-S-IG64
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 BBTV-U3-I.BG
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 BBTV-M-T.SP
 BBTV-U3-V-1
 BBTV-U3-AUS
 BBTV-U3-BRJT9

 BBTV-C-T.SP
 BBTV-C-C.NSP
 BBTV-C-P.TJ2
 BBTV-M-I.SL
 BBTV-M-C.HAIN
 BBTV-C-C.NS
 BBTV-M-I.BT1
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Figure 12: Unrooted N-J tree of CR-SL of all the components of 
Banana bunchy top virus. 
The phylogenetic relationships of CR-SL region of all the 
DNA components displayed are strictly irrespective of the 
sub-group of the isolates, and generally irrespective of the 
type of DNA component, i.e. the components from both the 
sub-groups of BBTV are clustered together. Components 
sequenced in this study are highlighted. Bootstrap values are 
shown on the branches. Bar indicates substitutions per site. 
Nomenclature of the components/isolates is given in appendix 
1. 
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grouped with DNA-M, -C and -N of different isolates, save very few exceptions. Over all 

bootstrapping values are small due to low genetic variability in this region.  

 

The CR-SL is the site of replication initiation and termination by the M-Rep which 

binds to the specific sequences in this region called iterons. There are three types of iterons 

identified and characterized recently in an Australian isolate (Herrera-Valencia et al., 2006), 

out of which two are forward termed as F1 and F2 and one reverse called as R. Herrera-

Valencia and other investigators (2006) performed mutational studies and showed that these 

iteron sequences are related to efficiency of the replication of DNA components. However, the 

analysis of sequence and position of the iterons in all the BBTV isolates mentioned in the 

appendix 1 were performed in this study, which revealed that in all the components F1 and F2 

start at 2nd nt and 7th nt from the last nucleotide of 3’ end of stem-loop sequence respectively, 

except for some components where the location and the sequence of these forward iterons are 

somewhat different (Table 3). These variation included sequence changes in F1 iterons from 

GGGAC to AGGAC and GAGAC, while in F2 the sequence changes are from GGGAC to 

GGACA and GGGAA. These changes also sometimes included the absence of F2 iterons or 

presence of multiple copies of F1 and F2 in the same components (Table 3). 

 

 No variation has been observed in the sequence of reverse iteron R, nevertheless the 

location varied in some components, i.e. in DNA-R, -S, -M and -C the iteron R starts at 23rd 

nt, in DNA-U3 at 94th nt and in DNA-N, it starts at 14th. The variations in the R iterons 

included either change in its location and/or presence of multiple copies or absence altogether 

in some components (Table 3).  
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Table 3: Analysis of F1, F2 and R Iterons associated with all* the components of Banana 
bunchy top virus.  

 DNA-R DNA-U3 DNA-S DNA-M DNA-C DNA-N 

Location 2nd nt 2nd nt 2nd nt 2nd nt 2nd nt 2 nt 

F1 Normal 
GGGAC 

      

F1 Variant 1 
AGGAC 

 I.BG, C.HAIN  
P.TJ1, P.TH, 

I.BT1, I.SL, V-1, 
T.SP, C.HAIN 

P.TJ1, P.TH, 
P.TJ2, HAW, 

V-1T.SP, 
C.HAIN, C.NS 

& C.NSP 

 

F1 Variant 2 
GAGAC 

 E.KAL     

Location 7th nt 7th nt 7th nt 7th nt 7th nt 7th nt 

F2 Normal 
GGGAC 

V.BMT 
(not 

present) 
     

F2 Variant 
GGACA 

 HAW     

F2 Variant 
GGAAA 

CHI      

**Location 23rd nt 94th nt 23rd nt 23rd nt 23rd nt 14th nt 

R iteron 
GTCCC   

T.SPa (28, 51 & 
64th nt)  

P.KHI and P.TJ1 
(23 & 95th nt) 

BRJT9 
(not present ) 

 I.SL (18th nt) T.SP (24th nt)  

*All the components mentioned in annexure 1 were analyzed, only variants are shown in this table. 
**The sequence of R iteron may show variation in its location in some components as mentioned in the 
parenthesis following the isolate name. 
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 The CR-SL is involved in the replication of the components through proposed rolling-

circle mechanism (Hafner et al., 1997a). The M-Rep initiate the process of replication, first by 

finding this region by possibly interacting to the iterons associated with this region (Herrera-

Valencia et al., 2006) and structurally conserved stem-loop sequence as demonstrated in 

geminiviruses (Lazarowitz et al., 1992; Fontes et al., 1994; Agruello-Astorga et al., 1994a; 

Agruello-Astorga et al., 1994b). The M-Rep introduces a nick in the loop of the stem-loop 

which provides the 3’-OH group for priming the synthesis of dsDNA by the host DNA 

polymerases (Hafner et al., 1997b). Therefore, this region should be quite conserved as 

needed in multiple interactions with M-Rep for proper replication, and indeed it has been 

shown to be the most conserved part in the sequences of DNA-R from different isolates 

(Hyder et al., 2007). This region is also conserved among all the genomic components of AUS 

isolate, having a minimum of about 62% sequence identities (38% divergence) as reported by 

Burns and colleagues (1995). The analyses of CR-SL regions in all the components of a 

particular isolates (given in blue color in appendix 1) were performed in this study, which 

shows that this region has sequence divergence of 23.2%, 31.9%, 21.7%, 34.8% and 27.5% in 

P.TJ1, E.KAL, V-1, C.HAIN and T.SP isolates respectively. The comparison of sequence 

divergence of CR-SL region of all the components in a single isolate (intragenomic) with the 

sequence divergence of CR-SL region among same component of different isolates 

(intracomponent) as shown in Table 3 reveals that intragenomic sequence divergence is quite 

high compared to intracomponent divergence except for DNA-U3. The level of intragenomic 

divergence indicate the flexibility of interactions of M-Rep with this region of all the six 

components in an isolate, while intracomponent divergence indicate the conservation of CR-

SL region for the regulation of replication of a specific component. This is highly significant 

observation of the CR-SL analyses performed in this study. The extent of flexibility of M-
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Rep, changes in the sequence and locations of iterons (Table 3) and component type based 

clustering (Figure 12) together with the disproportionate population of components (section 

4.1.2), suggest that M-Rep protein can perform its function with variable sequence context. 

The conservation of iterons locations in different components might be the way by which the 

replication of different components is regulated which will help the virus to replicate and 

express different proteins in different stages of its life cycle. 

 

4.1.2.2.2 Analysis of CR-M 

 The CR-M region was identified in all BBTV components reported so far and 

sequenced during this study (appendix 1) and their sequences were compared. It showed that 

the sequence identity varied in both the sub-groups of BBTV for each component. In the 

South Pacific sub-group the most variable component was DNA-N (maximum 22.3% 

variability), followed by DNA-R and DNA-U3 (maximum 17.5 % and 10.1 % variability 

respectively) (Table 4). The DNA-S, -M and -C were more than 90% identical in CR-M. In 

the Asian sub-group, the most variable component was DNA-U3 (maximum 35.2% sequence 

variability) followed by DNA-S (maximum 29.7% sequence variability). The DNA-R was 

87.0 % identical, while, DNA-M, -C and -N were more than 90% identical. Over all, the CR-

M were 39 % variable among all the components (minimum 61 % identical). Between both 

the sub-groups, the CR-M has 75.6 to 61.0 % sequence identity, indicating that these sub-

groups had at least 24 % sequence variability between these components in CR-M. 

 

The phylogeny was split into two sub-groups on the basis of CR-M analysis with 97% 

bootstrap support (Figure 13). All the components of TJ1 and other Pakistani isolates fall in 

the South Pacific group. Included in this group also is BBTV-V-1 isolate from Taiwan which 
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Table 4: Percentage sequence identity (in blue) and divergence (in red) in the CR-M 
among different components of Banana bunchy top virus.  

 DNA components 

 DNA-R DNA-U3 DNA-S DNA-M DNA-C DNA-N 

100-82.5 100-89.9 100-93.3 98.9-94.4 100-96.7 100-77.7 Within South 
Pacific 17.5-0.0 10.1-0.0 6.7-0.0 5.6-1.1 3.3-0.0 22.3-0.0 

100-87.0 90.9-64.8 100-70.3 98.8-96.5 98.8-92.0 98.9-93.1 Within Asian 
13.0-0.0 35.2-9.9 29.7-0.0 3.5-1.2 8.0-1.2 6.9-1.1 

71.1-61.0 70.0-64.4 70.3-62.6 72.5-65.9 75.6-66.7 75.0-64.4 
39.0-28.9 35.6-30.0 37.4-29.7 34.1-27.5 33.3-24.4 35.6-25.0 

Between 
South Pacific 
& Asian 
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Figure 13: Unrooted N-J tree of CR-M of 
all the components of Banana bunchy 
top virus. 
The CR-M region of genomic 
components split into two major clusters 
representing the isolates from two sub-
groups of BBTV. The further clustering 
within the major clusters is component 
dependant. Bootstrap values are shown 
on the branches. Components sequenced 
in this study are highlighted. Bar 
indicates substitutions per site. (a) The 
inset is the miniature N-J tree to 
describe the relation of tree on both 
pages. Please refer to annexure 1 for 
nomenclature of the isolates. 
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was suggested to be the result of genetic reassortment between the two sub-groups (Hu et al., 

2007). Within each cluster representing two sub-groups of BBTV, the pattern of clustering is 

component specific which is similar for both the sub-groups. The DNA-R, -U3, -C, -N 

showed distinct clustering while CR-M of DNA-S and -M grouped together. 

 

The CR-M associated with the BBTV has more than 65% sequence identity among the 

genomic components and proposed to be the binding site for the short ssDNA primers which 

initiate the replication of dsDNA. The sequence of these primers is believed to be originated 

from the DNA-C of BBTV, although, the process of generation of these primers remains 

unknown (Hafner et al., 1997a). The primer binding site in all the components should have at 

least required level of homology to be primed by the primers originating from the single 

component i.e. DNA-C. Indeed it has already been shown that AUS isolate has 76% sequence 

identity among the genomic components in CR-M (Burns et al., 1995). Recently, Hu et al. 

(2007) reported the concerted evolution in this region of the BBTV genome which 

interestingly is also sub-group specific. 

 

4.1.2.2.3 Role of BBTV CR-SL and CR-M 

The CR-SL and CR-M regions in BBTV genomes were believed to involve in 

regulatory functions i.e. in replication of the components and in conversion of cssDNA to 

transcriptionally active dsDNAs respectively. The analysis of CR-SL and CR-M in this study 

showed that CR-SL is more conserved region compared to CR-M. Both CR-SL and CR-M 

despite having regulatory functions, differ in their clustering patterns which reveals the 

fundamental difference in their proposed functions. The conservation in CR-SL indicate the 

specificity of M-Rep which interact with stem-loop structure as well as with iterons in this 
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region, these interactions have been shown to be quite specific as demonstrated for 

monopartite geminivirus Beet curly top virus (BCTV) (Choi and Stenger, 1995; Choi and 

Stenger, 1996) and Tomato yellow leaf curl virus (TYLCV) (Jupin et al., 1995), allowing only 

the specific virus to be replicated by its cognate Rep. The BBTV has multicomponent genome 

so its M-Rep should be specific but enough flexible to be able to interact with all its 

components. The analysis of CR-SL region of different components showed (Table 4) that it 

can interact with variable sequence contexts as much as 43.5 % variable (DNA-U3). Within 

the CR-SL M-Rep interacts with the iterons (Herrera-Valencia et al., 2006). The variable 

sequence of iterons in different isolates and change of location in different components (Table 

2) also point towards the flexibility in the interaction of M-Rep with CR-SL. This flexibility 

might allow M-Rep to regulate the replication of different components. The Rep of Tomato 

golden mosaic virus, a geminivirus has been shown to autoregulate its own expression (Stuner 

et al., 1993). Similarly, the DNA replication and expression was also proposed to be regulated 

by the different elements found in the common region of Wheat dwarf virus by the Rep of this 

virus (Hofer, 1992). These reports indicate the role of Rep as replication regulator that is 

dependent on different motifs with which it interacts. It seems that M-Rep of multicomponent 

BBTV might also regulate the replication of different components differently by interacting 

with iterons present at different locations and of different sequence in CR-SL. This view gets 

strength from the indication of the presence of disproportionate concentration of the different 

components in isolated DNA. 

 

CR-M of each component serves as biding site for an indigenous primer converting 

cssDNA into transcriptionally active dsDNA (Hafner et al., 1997b). This strategy is similar to 

that of some geminiviruses i.e. Maize streak virus (Donson et al., 1984), Digitaria streak virus 
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(Donson et al., 1987) and Wheat dwarf virus (Hayes et al., 1988) to convert their ssDNA into 

transcriptionally active dsDNA. BBTV being mulitcomponents needs to convert all of its 

components into dsDNA using this mechanism and has to make these primers from a single 

component i.e. DNA-C (Hafner et al., 1997b). This necessitate that at least some part of all the 

components should have enough homology to allow primer binding. Our analysis of CR-M 

indicated that this region is at least 64.6 % identical in all BBTV components analyzed. 

Interestingly, the level of sequence conservation in CR-M of each sub-group correlates with 

the level of conservation as observed for full-length sequences (Table 5 in section 4.1.3). This 

observation strongly suggests that CR-M region in each component has evolved according to 

the evolution in other components. 

 

4.1.3 Analysis of genomic components of TJ1 isolate 

 The analysis of the components of TJ1 was performed separately for each component 

with the components of other BBTV isolates and all nanoviruses (appendix 1). In BBTV the 

genomic components have different level of sequence conservation that depends on the sub-

group to which an isolate belongs (Table 5). In the South Pacific sub-group, DNA-R, -C, -S 

and –N are more than 95% conserved, among the isolates, DNA-C being the most conserved. 

While DNA-M was the least conserved (minimum 80.9% sequence identity) followed by 

DNA-U3 (88.1% sequence identity). In the Asian sub-group, same genomic components viz 

DNA-C -N, -R and -S are more than 90% conserved, while DNA-U3 was the least conserved 

having 74.2 % minimum sequence identity. Over all the DNA-R and -C are the most 

conserved components among the isolates while, DNA-U3 and DNA-M were the least 

conserved. The sequence variability was more in the Asian sub-group compared to the South 

Pacific sub-group for all the components. The phylogenetic analysis of DNA-R and Rep 
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Table 5: Percentage sequence identities (in blue) and divergence (in red) of full-length 
components of Banana bunchy top virus.  

 DNA components 

 DNA-R DNA-U3 DNA-S DNA-M DNA-C DNA-N 

100-97.2 91.7-88.1 100-96.0 98.7-80.9 99.5-97.0 98.9-95.0 Within South 
Pacific 2.8-0.0 11.9-8.3 4.0-0.0 19.1-1.3 3.0-0.5 5.0-1.1 

99.9-91.6 89.1-74.2 100-90.6 95.9-79.6 97.2-93.3 94.9-93.2 Within Asian 
8.4-0.1 25.8-10.9 9.4-0.0 20.4-4.1 6.7-2.8 6.8-5.1 

91.2-87.9 82.0-73.4 88.4-85.5 97.3-79.9 88.2-85.9 86.5-84.8 
12.1-8.8 26.6-18.0 14.5-11.6 20.1-2.7 14.1-11.8 15.2-13.5 

Between 
South Pacific 
& Asian 
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showed that DNA-R and Reps clustered distinctly (99% bootstraps support) (Figure 14). The 

DNA-R of babu and nanoviruses were also clustered according to their genus. In nanoviruses, 

FBNYV and MDV were more closely related compare to SCSV. The newly reported ABTV 

(Sharman et al., 2008) also clustered with BBTV. In BBTV the DNA-R also splits up 

according to the sub-groups of BBTV. All the isolates belonging to Pakistan, clustered in the 

South Pacific sub-group. The Reps were divided into two sub-groups, one containing the Reps 

of nanoviruses only (Reps sub-group 1), while other contained the Reps of nanoviruses and 

BBTV associated Reps (Reps sub-group 2). The phylogenetic analysis of DNA-U3, -S, -M, -C 

and –N separately showed that for each component, the nano and babuviruses made distinct 

clusters (Figures 14 b, c, d, e and f). The FBNYV and MDV were closely related compare to 

SCSV which seems to have diverged earlier. The South Pacific and Asian sub-groups of 

BBTV are evident for all the components analyzed and all the Pakistani isolates belonged to 

the South Pacific sub-group. 

 

 The genetic variability based on DNA-R by Karan et al. (1994) which showed the 

presence of two sub-groups was also confirmed by the analysis of DNA-S (Wanitchakorn et 

al., 2000a) and other components (Karan et al., 1997). In these studies limited number of 

isolates was used, especially for the South Pacific group.  Therefore, the analysis based on the 

complete genome of TJ1 isolate, and some other isolates from Pakistan (Amin et al., 2008) 

and India has been performed which provides more detailed information about the sequence 

variability in the South Pacific sub-group. The analysis showed that the sequence variability is 

more (Table 5) in the isolates belonging to the Asian sub-group than to the isolates from South 

Pacific sub-group as reported earlier by Karan et al. (1994), Wanitchakorn et al. (2000a) and 

Karan et al. (1997). Interestingly, it is found that different components have different levels of 
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DNA-R of 
BBTV Asian 
sub-group 

DNA-R of 
Nanoviridae  

Rep associated 
with Nanoviridae  

 BBTV-R-IG33
 BBTV-R-aP32
 BBTV-R-PHI
 BBTV-R-bP5
 BBTV-R-JY1
 BBTV-R-JM5
 BBTV-R-bP26
 BBTV-R-JN4
 BBTV-R-IG64
 BBTV-R-IJs11
 BBTV-R-JK3
 BBTV-R-JY3
 BBTV-R-aP34
 BBTV-R-JM6
 BBTV-R-TAI
 BBTV-R-T.SP
 BBTV-R-JY7
 BBTV-R-V-1b
 BBTV-R-C.ZANG

 BBTV-R-C.NS
 BBTV-R-C.C4
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 BBTV-R-V6
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 BBTV-R-HAW
 BBTV-R-V-1a
 BBTV-R-I.KP
 BBTV-R-I.LK
 BBTV-R-AUS
 BBTV-R-FIJ
 BBTV-R-TON
 BBTV-R-I.ET
 BBTV-R-IND
 BBTV-R-I.TN
 BBTV-R-EGY
 BBTV-P.TJ1
 BBTV-R-P.JS1
 BBTV-R-P.TJ2
 BBTV-R-P.NS
 BBTV-R-P.HL
 BBTV-R-P.TH
 BBTV-R-P.SK
 BBTV-R-P.CM
 BBTV-P.GH1
 BBTV-P.KP2
 BBTV-R-P.NS1
 BBTV-R-P.MT2
 BBTV-R-P.BS2
 BBTV-P.KP1
 BBTV-R-P.TA1
 BBTV-R-P.BS1
 BBTV-R-P.HD1
 BBTV-R-P.TA2
 BBTV-R-P.MT1
 BBTV-R-P.HD2

 ABTV-R-Q76
 ABTV-R-Q1108

 SCSV-R-F
 MVDV-R-N
 FBNYV-R-EV1-93
 FBNYV-R-SV 292-88

 MVDV-Rep1-N
 FBNYV-Rep9-EV1-93
 FBNYV-Rep9-SV 292-88

 MVDV-Rep3-N
 SCSV-Rep6-F

 MVDV-Rep10-N
 FBNYV-Rep7-EV1-93
 FBNYV-Rep7-SV 292-88

 FBNYV-Rep1-EV1-93
 SCSV-Rep2-F

 MVDV-Rep2-N
 FBNYV-Rep-SV 292-88

 BBTV-W2
 BBTV-S2

 CFDV-R
 BBTV-S3
 BBTV-Y
 BBTV-W1

 BBTV-W3
 BBTV-W4
 BBTV-S1

100

100

100
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 BBTV-U3-AUS
 BBTV-U3-V-1
 BBTV-U3-HAW
 BBTV-U3-BRJT9
 BBTV-U3-I.BT1

 BBTV-U3-I.BG
 BBTV-U3-TJ1
 BBTV-U3-KHI

 BBTV-U3-C.HAIN
 BBTV-U3-T.SPb
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 BBTV-S-P.TA2
 BBTV-S-P.NS1
 BBTV-S-P.JS1
 BBTV-S-P.BS1
 BBTV-S-P.KP2
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Figure 14: Phylogenetic analyses of major DNA components of the species belonging to 
family Nanoviridae.  

 Unrooted N-J trees of (a) DNA-R and Rep components of nanoviruses, (b) DNA-U3 
of babuviruses, (c) DNA-S, (d) DNA-M, (e) DNA-C and (f) DNA-N respectively, of 
nanoviruses. The tree of DNA-R and Rep components splits into two major clusters 
representing the DNA-R and associated Rep components. In DNA-R cluster, 
nanoviruses and babuviruses are separately clustered. The two sub-groups of BBTV 
are also evident. The Rep components are divided into two major sub-groups and all 
the BBTV associated Rep components are clustered with sub-group 2 of Reps. The 
babuviruses and nanoviruses are distinctly clustered for all the major components. 
The two sub-groups of BBTV isolates are evident in all the components analyzed and 
all the Pakistani isolates belonged to the South Pacific sub-group of BBTV. 
Components sequenced in this study are highlighted. Bootstrap values are shown on 
the branches. Bar indicates substitutions per site. Please refer to appendix 1 for 
nomenclature of the isolates. 
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sequence conservation in both the sub-groups of BBTV. In South Pacific sub-group, DNA-R 

is the most conserved component compare to DNA-N in the Asian sub-group. Similarly, in 

South Pacific sub-group DNA-M is the most variable component compare to the DNA-U3 in 

the Asian sub-group indicating that the components are evolving differently in both the sub-

groups. Generally in both the sub-groups, DNA-R, -S, -C and -N are more conserved compare 

to DNA-U3 and -M indicating that these genomic components are subject to different extent 

of evolutionary pressure. 

 

 Phylogenetically, the viruses belonging to babuvirus and nanovirus are clustered 

distinctly according to their genera for all the components analyzed. In nanovirus FBNYV and 

MDV are more closely related compared to SCSV, which seems to be closer to the common 

ancestor of this family. The nanovirus seems to be more closely related to the common 

ancestor of this family compared to the babuvirus on the basis of branch lengths which splits 

these two genera in NJ tree of DNA-S, -M and –N components. It has been proposed that 

FBNYV and MDV share genetic homology based on their genome organization and the 

number of components and together they both share common ancestor with SCSV (Katul et 

al., 1998; Sano et al., 1998). Boevink et al. (1995) also proposed a common origin of SCSV, 

BBTV, CFDV, PCV and geminiviruses based on the genetic structure and proteins they 

encode. These viruses are now placed in three different ssDNA families (Vetten et al., 2005).  

 

 The analysis of DNA-R and Reps also showed that nanoviruses associated Reps are 

divided into two sub-groups i.e. Reps sub-group 1 and sub-group 2, while MDV-Rep1-N were 

not grouped within these sub-groups and possess more sequence identities to nanovirus DNA- 

R compared to these sub-groups. The sequence identities among the Reps of sub-group 1 were  
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Table 6: Percentage sequence identities (in blue) and divergence (in red) of full-length DNA-R of family Nanoviridae and 
 associated Reps. 
 BBTV-R ABTV-R SCSV-R  FBNYV-R MDV-R CFDV-

Rep 
MDV-
Rep1-N 

BBTV-
Reps 

Rep Sub-
group 2 

Rep Sub-
group 1 

100-87.9 77.9-75.1 56.3-54.7 54.4-52.1 54.1-52.4 48.3-45.8 55.7-53.9 54.4-50.2 54.4-48.1 54.6-49.3 BBTV-R 
12.1-0.0 24.9-22.1 45.3-43.7 47.9-45.6 47.6-45.9 54.2-51.7 46.1-44.3 49.8-45.6 51.9-45.6 50.7-45.4 

 87.0 57.7-56.7 54.5-54.3 54.9-53.7 47.4-46.3 52.4-52.1 53.6-50.1 53.6-49.6 54.4-50.1 ABTV-R 
 13.0 43.3-42.3 45.7-45.5 46.3-45.1 53.7-52.6 47.9-47.6 49.9-46.4 50.4-46.4 49.9-45.6 

   77.1-76.9 77.3 45.1 56.4 47.7-45.9 52.8-45.9 53.1-48.9 SCSV-R 
   23.1-22.9 22.7 54.9 43.6 54.1-52.3 54.1-47.2 51.9-46.9 

   99.2 91.5-91.4 44.4-44.3 53.7-53.6 48.5-44.9 52.4-44.9 52.7-48.6 FBNYV-R 
   0.8 8.6-8.5 55.7-55.6 46.4-46.3 55.1-51.5 55.1-47.6 51.4-47.3 

     44.3 54.5 48.7-46.0 52.3-46.0 52.9-48.9 MDV-R 
     55.7 45.5 54.0-51.3 54.0-47.7 51.1-47.1 

      44.8 50.7-49.5 50.7-45.3 46.8-43.9 CFDV-R 
      55.2 50.5-49.3 54.7-49.3 56.1-53.2 

       54.2-49.3 61.2-54.2 60.8-58.2 MDV-Rep1-N 
       50.7-45.8 45.8-38.8 41.8-39.2 

       95.8-60.0 *57.4-50.6 57.2-50.4 BBTV-Reps 
       40.0-4.2 49.4-42.6 49.6-42.8 

        95.8-50.6 62.2-52.7 Rep Sub-group 2 
        49.4-4.2 47.3-37.8 

         97.8-57.5 Rep Sub-group 1 
         42.5-2.2 

* Sequence identities of BBTV-Reps with nanoviruses Reps belonging to Rep sub-group 2 
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97.8-57.5% while among sub group 2 were 95.8-50.6%. There were 62.2-52.7 % sequence 

identities between these two sub-groups. The clustering of BBTV associated Reps with the 

Reps of genus nanovirus indicated the possibility of some sort of genetic martial transfer 

between the members of two genera of family Nanoviridae. These Reps are also similar with 

the DNA 1 satellite like molecules associated with geminiviruses and share common ancestral 

relationships (Briddon et al., 2004). This indicates the possibility for the genetic transfer from 

one ssDNA family to another, but needs more detailed analysis of these Reps from 

Nanoviridae and Geminiviridae. Similarly, many proteins encoded by the nanoviruses have 

their counterparts in the geminiviruses. If these Reps had a common origin, possibility exists 

that these proteins might also have a common origin in nanoviruses and geminiviruses, 

necessitating a detailed analysis of the proteins from both these ssDNA virus families. 

 

4.1.4 Phylogenetic Relationship of BBTV and other ssDNA Viruses 

 The three ssDNA virus families have different genome organization and they encode 

the basic proteins i.e. replication related and coat proteins differently. The Circoviridae have 

single stranded genome encoding replication related protein and coat proteins from this single 

components (Niagro et al., 1998), Geminiviridae has monopartite or bipartite genomes and in 

both the cases, the replication related protein and coat protein are transcribed from the same 

component (Bowdoin et al., 1999). While in the case of Nanoviridae which is 

multicomponent, these two proteins are transcribed from different components (Burns et al., 
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1995). In Circoviridae and Geminiviridae these proteins are distinct phylogenetically. To 

assess the relationships of the components encoding replication initiation, capsid and other 

proteins in species of Nanoviridae, the phylogenetic analysis of genomic components with 

each other was performed. The analysis for all the species showed that their genomic 

components split up into two major groups, one containing replication associated components 

including DNA-R and Rep DNAs while other group contains all other components (trees not 

shown) except for ABTV. In ABTV the DNA-R grouped with DNA-M along with other 

genomic components. The phylogenetics of the major genomic components in the nanoviruses 

showed a specific pattern in non-rep encoding components, the DNA-S and -C are closely 

related, while DNA-N and -M branched next to them, however similar trend is not found in 

babuviruses. Boevink et al., (1995) proposed the possible recombination between the M-Rep 

encoding component and capsid protein encoding component may lead towards a common 

ancestor of both the SCSV and geminiviruses. The pattern of split up of these components into 

replication related proteins and other viral proteins also support this idea. It seems that the 

common ancestor of Nanoviridae had all these components in it as the members of genus 

nanovirus still have a specific relationship of individual components in their genomes. The 

members of genus babuvirus have not preserved this pattern; even in ABTV the split of rep-

coding and non-rep coding components was not preserved. Possibly due to the evolution 

independent to each other, the genomic components of babuviruses have lost this pattern.  

 



 

 
 

82

To assess the phylogenetic relationship of BBTV and ssDNA viruses families, 

multigene analysis of coding regions of M-Rep and capsid protein from all species of 

Nanoviridae, one species from each genus of Geminiviridea and ssDNA animal viruses 

Porcine circovirus (PCV) and Beak and feather disease virus (BFDV) from Ciroviridea 

family was also performed. The multigene analysis is more reliable as reported by Kurtzman 

and Robnett et al. (2003) for yeast and for Candida species (Kurtzman et al., 2005) as it 

provides stronger phylogenetic signals compare to the single gene analysis. The multigene 

analysis showed that isolates belonging to these families split according to their family with 

high (99%) bootstrap support (Figure 15). According to the branch lengths, the geminiviruses 

and circoviruses seems to be closer to the common ancestor of these families. The BFDV and 

PCV are linking the geminiviruses and nanoviruses. It is in accordance with the study by 

Niagro et al. (1998) which proposed that BFDV and PCV genomes were likely to be the 

intermediate between the geminiviruses and species belonging to Nanoviridae. But the 

detailed analysis based on Reps of BFDV, PCV and nanoviruses by Gibbes and Weiller 

(1999) showed that the circoviruses are not a link between nanoviruses and geminiviruses 

rather they are evolved from the nanoviruses as a result of recombination with an ssRNA 

virus. Therefore, it seems that based on multigene analysis the nanoviruses and geminiviruses 

are closely related and share common ancestral relationships with each other. The analysis of 

satellite Rep encoding components also support this hypotheses and provide the evidence of 

genetic transfer between these two ssDNA viruses families. The analysis of DNA-R  and Reps  
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Figure 15: Unrooted Maximum Parsimony tree of multigene analysis of coding 
regions of M-Rep proteins and capsid proteins of Nanoviridae and some 
species of Geminivirus and Circovirus. 
The species belonging to Nanoviridae and Geminiviridae are making separate 
clusters and the BFDV and PCV of Circoviridae are link between these two 
families. Interestingly, CFDV were not clustered with the family Nanoviridae. 
The P.TJ1 isolate sequenced in this study is highlighted. Bootstrap values are 
shown on the branches. Bar indicates substitutions per site. Please refer to 
annexure 1 for nomenclature of the isolates.  
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associated with geminiviruses and nanoviruses showed that all the geminiviruses associated 

Reps clustered with the Reps sub-group 2 which includes BBTV and some nanovirus 

associated Reps (Figure 16), suggesting the common origin of these Reps and possibility of 

genetic marital and (or) DNA components transfer between these families. 

 

Interestingly, the CFDV which has not been assigned any genus in Nanoviridae 

clustered with Rep sub-group 2 (Figure 14) showing closer relationships with the additional 

Reps components (Rep sub-group 2) compared to DNA-Rs of nanoviruses. It has highest 

sequence identities with the Reps (maximum 50.7-49.5 % sequence identities) compare to 

48.3% highest sequence identity with nanovirus DNA-R (BBTV DNA-R) (Table 6). This 

indicates that phylogenetically CFDV-R is more closely related to Reps compare to DNA-R of 

any nanovirus. Merits et al. (2000) also observed that the activities associated with the Rep of 

CFDV are related with the geminiviruses associated Reps. CFDV is a unique member of 

Nanoviridae having monopartite genome as geminiviruses but phylogenetically closer to 

nanoviruses as observed in multigene analysis (Figure 15 section 4.1.4). CFDV seems to be 

the evolutionary link between the Nanoviridae and Geminiviridae, containing replication 

related protein and coat protein on the same component. The close association of CFDV with 

additional Reps associated with Nanoviridae and monopartite genome suggest the necessity of 

inclusion of another genus in the family Nanoviridae where CFDV and CFDV like viruses 

may be placed. 
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Figure 16: Unrooted N-J tree of 
DNA-R and associated Reps 
of family Nanoviridae and 
satellite Reps associated with 
Geminiviridae. 
The satellite Reps associated 
with the geminiviruses 
clustered with the Rep sub-
group 1,  indicating the 
common origin of these Reps. 
(a) The inset is the miniature 
N-J tree to describe the 
relation of tree on both pages. 
Bootstrap values are shown on 
the branches. BBTV DNA-R 
sequenced in this study are 
highlighted. Bar indicates 
substitutions per site. Please 
refer to annexure 1 for 
nomenclature of the isolates. 



 

 
 

87

4.2  ASSESSMENT OF GENETIC VARIABILITY ASSOCIATED WITH BBTV IN 

 PAKISTAN 

 The amplification using primer sets DNA-R F and DNA-R R, and DNA-S F and 

DNA-S R resulted in the PCR amplification of full-length DNA-R and DNA-S, respectively 

(figure 17 and 18). These PCR products were cloned and confirmed by restriction digestion 

(figure 19 and 20) and then sequenced for the first round. The primer sets DNA-R/2 F and R, 

and DNA-S/2 F and R were used to amplify the PCR products for the second round of DNA-R 

and DNA-S, respectively (figure 21 and 22). These products were also cloned, confirmed 

(figure 23 and 24) and sequenced. Consensus sequences were developed from the data of first 

and second-rounds for each isolate and used for further analysis. 

 

 The sequence analysis of DNA-R showed that these isolate are similar to the TJ1 

isolate and have similar TATA boxes, poly (A) signals and ORFs. The DNA-R of these 

isolates were 1111 nt long except for BS1 which has 1110 nt long DNA-R i.e. same as TJ1. 

The BS1 and TJ1 both have one nucleotide deletion at different locations in CR-M of their 

respective DNA-Rs, while the DNA-S of these isolates were similar to the DNA-S of TJ1 

isolate, having TATA boxes, poly (A) sites and ORF present at the identical locations (Table 

7). 

 

The analysis of full-length DNA-R and DNA-S of Pakistani isolates and isolates 

belonging to the South Pacific sub-group, for their regulatory and coding regions (Table 8) 

indicates that DNA-R is more conserved compare to DNA-S, and different parts of the both 

components differ in sequence conservation. The CR-M of DNA-R is more variable compared  
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Figure 17: PCR amplification of BBTV DNA-R of thirteen different isolates from 
the Sindh using first round primers. 
The PCR amplification of BBTV DNA-R from the different isolates of the Sindh 
using first-round primer sets with the previously optimized conditions. The 
approximately 1 Kb band in lane 1 to 13 represents the amplified products of 
DNA-R in each isolate. M is O’RangeRuler™ 500 bp DNA Ladder (Fermentas 
Lithuania UAB) 

M       1       2       3      4       5       6       7        8      9      10     11      12     13 

2000 bp 

500 bp 

6000 bp 

Very faint non-specific bands

~1.1 Kb PCR amplified products 
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Figure 18: PCR amplification of BBTV DNA-S of thirteen different isolates from 
the Sindh using first round primers. 
The PCR amplification of BBTV DNA-S from the different isolates of the Sindh 
using first-round primer sets with the previously optimized conditions. The 
approximately 1 Kb band in lane 1 to 13 represents the amplified products of 
DNA-R in each isolate. M is O’RangeRuler™ 500 bp DNA Ladder (Fermentas 
Lithuania UAB) 

M        1       2        3      4        5       6       7        8      9      10     11       12     13 

2000 bp 

500 bp 

6000 bp ~1.1kb PCR amplified products 

Non-specific bands 
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Figure 19: Confirmation of DNA-R clones of first round amplification of thirteen 
 isolates from Sindh by restriction digestion. 
The plasmid DNA from the positive clones in pGEM®-T Easy Vector were 
purified using Wizard® SV Gel and PCR Clean-Up system (Promega Corp. 
Madison, USA) for sequencing and the same were digested with EcoRI 
endonuclease. Upper band in all the lanes showing digested vector, while the 
lower band of approximately 1 Kb in each lane shows the presence of cloned 
fragment. Lane 1 to 13 are digested DNA-R of P.GH1, P.KP1, P.KP2, P.TA1, 
P.TA2, P.BS1, P.BS2, P.MT1, P.MT2, P.NS1, P.JS1, P.HD1 and P.HD2 isolates 
respectively. M is O’RangeRuler™ 200 bp DNA Ladder (Fermentas Lithuania 
UAB)  

M      1      2       3        4      5      6       7       8       9     10     11     12    13 

2000 bp 

1000 bp 

3000 bp 

~3 Kb digested pGEM-T easy vectors 

~1.1 Kb digested fragment 
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M      1      2       3      4       5     6       7      8      9      10     11    12    13 

2000 bp 

1000 bp 

3000 bp 

Figure 20: Confirmation of DNA-S clones of first round amplification of thirteen 
 isolates from Sindh by restriction digestion. 
The plasmid DNA from the positive clones in pGEM®-T Easy Vector were 
purified using Wizard® SV Gel and PCR Clean-Up system (Promega Corp. 
Madison, USA) for sequencing and the same were digested with EcoRI 
endonuclease. Upper band in all the lanes showing digested vector, while the 
lower band of approximately 1 Kb in each lane shows the presence of cloned 
fragment. Lane 1 to 13 are digested DNA-S of P.GH1, P.KP1, P.KP2, P.TA1, 
P.TA2, P.BS1, P.BS2, P.MT1, P.MT2, P.NS1, P.JS1, P.HD1 and P.HD2 isolates 
respectively. M is O’RangeRuler™ 200 bp DNA Ladder (Fermentas Lithuania 
UAB). 

~3Kb digested pGEM-T easy vectors 

~1.1 Kb digested fragment 
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Figure 21: PCR amplification of BBTV DNA-R of thirteen different isolates from 
the Sindh using second round primers. 
The PCR amplification of BBTV DNA-R from the different isolates of the Sindh 
using second-round primer sets with the previously optimized conditions. The 
approximately 1 Kb band in lane 1 to 13 represents the amplified products of 
DNA-R in each isolate. M is O’RangeRuler™ 100 bp DNA Ladder (Fermentas 
Lithuania UAB) 

M       1       2       3      4        5       6       7        8      9      10     11       12     13 

1000 bp 

500 bp 

1500 bp 

~1.1 Kb PCR amplified products 
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Figure 22: PCR amplification of BBTV DNA-S of thirteen different isolates from the 
Sindh using second round primers. 
The PCR amplification of BBTV DNA-S from the different isolates of the Sindh 
using second-round primer sets with the previously optimized conditions. The 
approximately 1 Kb band in lane 1 to 13 represents the amplified products of 
DNA-R in each isolate. M is O’RangeRuler™ 500 bp DNA Ladder (Fermentas 
Lithuania UAB) 

M        1       2        3      4        5       6       7         8       9      10     11       12     13 

2000 bp 

500 bp 

6000 bp ~1.1 Kb PCR amplified product 
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M      1       2       3        4      5       6      7        8       9     10     11     12    13 

2000 bp 

1000 bp 

3000 bp 

Figure 23: Confirmation of DNA-R clones of second round amplification of thirteen 
 isolates from Sindh by restriction digestion. 
The plasmid DNA from the positive clones in pGEM®-T Easy Vector were 
purified using Wizard® SV Gel and PCR Clean-Up system (Promega Corp. 
Madison, USA) for sequencing and the same were digested with EcoRI 
endonuclease. Upper band in all the lanes showing digested vector, while the lower 
band of approximately 1 Kb in each lane shows the presence of cloned fragment. 
Lane 1 to 13 are digested DNA-R of P.GH1, P.KP1, P.KP2, P.TA1, P.TA2, P.BS1, 
P.BS2, P.MT1, P.MT2, P.NS1, P.JS1, P.HD1 and P.HD2 isolates respectively. M 
is O’RangeRuler™ 200 bp DNA Ladder (Fermentas Lithuania UAB)  

~1.1 Kb digested fragments 

~3Kb digested pGEM-T easy vectors 
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M     1      2      3     4      5      6     7       8     9     10    11    12    13 
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Figure 24: Confirmation of DNA-S clones of second round amplification of thirteen 
 isolates from Sindh by restriction digestion. 
The plasmid DNA from the positive clones in pGEM®-T Easy Vector were 
purified using Wizard® SV Gel and PCR Clean-Up system (Promega Corp. 
Madison, USA) for sequencing and the same were digested with EcoRI 
endonuclease. Upper band in all the lanes showing digested vector, while the lower 
band of approximately 1 Kb in each lane shows the presence of cloned fragment. 
Lane 1 to 13 are digested DNA-S of P.GH1, P.KP1, P.KP2, P.TA1, P.TA2, P.BS1, 
P.BS2, P.MT1, P.MT2, P.NS1, P.JS1, P.HD1 and P.HD2 isolates respectively. M 
is O’RangeRuler™ 200 bp DNA Ladder (Fermentas Lithuania UAB). 

~1.1 Kb digested fragments 

~3Kb digested pGEM-T easy vectors 
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Table 7: Sequence analysis of DNA-R and DNA-S of isolates from different geographical 
 regions of the Sindh (Pakistan). 

Isolate Component Length 
(nt) 

TATA 
box 

ORF 
Position 

ORF length 
(reading 
frame) 

Poly (A) 
signals 

Amino 
acids (aa) 

Protein mol. 
weight (kDa) 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.GH1 
DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.KP1 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.KP2 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.TA1 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.TA2 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1110 51 102-962 861 (+3) 941 286 33.6 P.BS1 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.BS2 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.MT1 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.MT2 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.NS1 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.JS1 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.HD1 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1111 51 102-962 861 (+3) 941 286 33.6 P.HD2 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 

DNA-R 1110 51 102-962 861 (+3) 941 286 33.6 P.TJ1 DNA-S 1075 189 213-740 528 (+3) 755 175 20.1 
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Table 8: Percentage sequence identities (in blue) and divergence (in red) of full-length, 
different regions and translated protein of DNA-R and DNA-S among the 
isolates belonging to Pakistan and the South Pacific sub-group of Banana 
bunchy top virus.  

Component Region Full-
length CR-SL CR-M Coding 

region 
Protein 

(aa) 

100-99.3 100-98.6 100-93.7 100-99.3 100-99.3 Within 
Pakistan 0.7-0.0 1.4-0.0 6.3-0.0 0.7-0.0 0.7-0.0 

100-97.2 100-97.1 100-79.4 100-96.3 100-95.5 

DNA-R 

Within South 
Pacific 2.8-0.0 2.9-0.0 20.6-0.0 3.7-0.0 4.5-0.0 

100-98.2 100 100-96.7 100-98.5 100-95.4 Within 
Pakistan 1.8-0.0 0.0 3.3-0.0 1.5-0.0 4.6-0.0 

100-95.1 100-97.1 100-94.4 100-77.3 100-79.4 

DNA-S 

Within South 
Pacific  4.9-0.0 2.9-0.0 5.6-0.0 22.7-0.0 20.6-0.0 
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to CR-M of DNA-S in the sub-group, while the coding region is more variable in DNA-S 

compared to DNA-R in the South Pacific sub-group. This indicates that different parts of the 

genomic components are under different extent of evolutionary pressure. The genetic 

variability in Pakistan is quite low ranging from 100-99.3 % and 100-98.2 % for DNA-R and 

DNA-S respectively. 

 

Phylogenetically all the Pakistani isolates belonged to the South Pacific sub-group of 

BBTV (Figure 14). Phylogenetic analyses of all the components were performed for the 

isolates belonging to the South Pacific sub-group (Figure 25). It indicats that all the Pakistani 

isolates clustered together for all the components analyzed. Based on DNA-R analysis, 

Pakistani isolates are closely related to Egyptian isolate followed by Indian and Australian 

isolates.  This is similar to the earlier findings as discussed in section 4.1.1. Phylogeny based 

on DNA-U3 and DNA-M also indicates the close relationships of Pakistani isolates with 

Indian and Australian isolates. 

 

For DNA-M analysis, the Egyptian isolate is closer to Pakistani isolates than 

Australian isolate. The phylogeny based on DNA-S showed that Pakistani isolates are closely 

related to Fijian and Vietnam V-1 isolates and then to Indian, Australian and Burundian 

isolate. In DNA-C analysis, Pakistani isolates are closely related to Hawaiian isolate then to 

Australian and Vietnam V-1 isolate and then to Indian isolate. For DNA-N, Pakistani isolates 

are closer to Australian and Indian isolates respectively. The phylogenetic relationships 

among isolates differ based on the component type. It is expected as components are evolving 

under different level of evolutionary pressures as discussed earlier in section 4.1.2.5. This 

results in the differences of phylogenetic  relationships  based on  component  type.  Similarly, 
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Figure 25: Phylogenetic analysis of major DNA components of the isolates 
belonging to the South Pacific sub-group of Banana bunchy top virus. 

 Unrooted N-J trees of (a) DNA-R, (b) DNA-U3, (c) DNA-S, (d) DNA-M, (e) 
DNA-C and (f) DNA-N respectively, of isolates from South Pacific sub-group. 
The abbreviation used for the isolates are given in the annexure 1. Components 
sequenced in this study are highlighted. Bootstrap values are shown on the 
branches. Bar indicates substitutions per site. Please refer to annexure 1 for 
nomenclature of the isolates.
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genetic reassortment of components among the isolates of South Pacific sub-group might also 

contribute to the different phylogenetic relationships based on different components. In 

addition, information needed to accurately resolve phylogenetic relationships in fine details 

are not there, as sequence of all genomic components are not yet available for each isolate. In 

general Pakistani isolates are closely related to Egyptian, Indian and Australian isolates 

respectively in the South Pacific sub-group.  

 

As discussed earlier in section 4.1.1, historically BBTD appeared in Australia and Sri 

Lanka in 1913 possibly originating from Fiji. Later from Sri Lanka it spread to India in 1940 

(Dale, 1987), from where it may have spread to Pakistan and Egypt. It seems that problem of 

BBTV in Pakistan may have its origin in India and Australia. Amin et al. (2008) proposed 

narrow possibility of BBTV origin from India due to the cropping of banana in southern parts 

of India, which are far from the Pakistani-Indian boarder. Still the origin of Pakistani problem 

of BBTV from India cannot be ruled out as banana planting material was brought from India 

many times for cropping in the Sindh (Bhatti, 1991). The close relationships observed among 

Pakistani, Egyptian, Indian and Australian isolates indicate a common origin, which correlates 

well with the historical context of BBTD. 

 

4.3 CONSTRUCTION OF RNA INTERFERENCE AND REPORTER VECTORS 

AGAINST M-REP 

The PCR of M-Rep using Rep IR plus strand (starts from 114th nt to 917th nt of TJ1 

DNA-R) and Rep IR minus strand (region from 114th nt to 917th nt of TJ1 DNA-R) primer sets 

resulted in amplification of about 850 bp products (Figure 26a). The actual product sizes 

correlated well with the expected product sizes based on the sequence of amplified region and  
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Figure 26: PCR amplification of M-Rep coding region with Rep IR plus strand and 
minus strand primer sets, their cloning into pTZ57R vector and directional sub-
cloning of both these clones into pSTARLING vector. 

 (a) PCR amplified ~850 bp products of M-Rep coding region using Rep IR plus 
strand (Lane 1) and Rep IR minus strand (Lane 2) primer sets, (b) Cloning 
confirmation of Rep IR plus strand fragment (Lane 1) and Rep IR minus strand 
fragment (Lane 2) in pTZ57R vector by restriction digestion with XbaI and HindIII, 
upper band in both the lanes is digested pTZ57R of about 3 Kb while lower band is 
cloned ORF of DNA-R. Lane 3 shows the restriction confirmation of Rep IR plus 
strand pSTARLING clone by digestion with BamHI and AscI. Lane 4 shows the 
restriction confirmation of Rep IR minus strand fragment cloning in pSTARLING 
Rep IR plus strand clone by restriction with SnaBI and SpeI restriction enzymes. The 
upper bands in lane 3 and 4 represents the pSTARLING vector while lower bands 
plus strand and minus strand fragments. This final clone (pSTARep) was further 
analyzed for proper cloning and presence of introns (Figure 27). M is Lambda 
DNA/HindIII DNA marker 2 (Fermentas Lithuania UAB) and M1 is O’RangeRuler™ 
200 bp DNA Ladder (Fermentas Lithuania UAB). 
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primers’ length. The expected size of PCR product using Rep IR plus strand primer set was 

856 bp while for Rep IR minus strand primer set it was 852 bp. This indicated the proper 

amplification of coding region. The PCR products were subsequently cloned into pTZ57R and 

analyzed by the restriction digestion (Figure 26b). A single confirmed clone each from Rep IR 

plus strand and Rep IR minus strand was used for further sub-cloning into pSTARLING 

vector. First the Rep IR plus strand fragment was isolated from pTZ57R clone by digestion 

with BamHI and AscI enzymes and then sub-cloned into the BamHI/AscI site of pSTARLING 

(Figure 26b). Then the Rep IR minus strand fragment was isolated from pTZ57R clone by 

digestion with SnaBI and SpeI enzymes and sub-cloned into the SnaBI/SpeI cloning site of 

pSTARLING Rep IR plus strand clone. The resultant clone was confirmed by digestion with 

SnaBI and SpeI restriction enzymes (Figure 26b) and named as pSTARep. This final 

pSTARep clone containing both pSTARLING Rep IR plus strand and pSTARLING Rep IR 

minus strand fragments, was further confirmed for the presence of cre introns. Confirmation 

of cloning with proper orientation and presence of cre intron in-between the two cloning sites 

was performed by restriction digestion using a combination of enzymes and PCR. The 

pSTARep clone was PCR amplified using Rep IR plus strand and Rep IR minus strand primer 

sets. The resultant products were of about 850 bp indicating the presence of desired fragments 

in this clone (Figure 27a; lane 1 and 2). Then pSTARep was digested with the enzymes used 

for the cloning of individual Rep IR plus strand and Rep IR minus strand fragments. The 

released fragments were having the expected size as of PCR products (Figure 27a; lane 3 and 

4). The orientation of Rep IR plus strand fragment and presence of cre intron downstream of 

it, was confirmed by digestion with BamHI and SpeI enzymes which resulted in the release of 

Rep IR plus strand fragment of about 850 bp and cre intron with it. The released product of 

about 1850 bp indicated that cre intron and associated sequences were about 1000 bp and that  
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Figure 27: Confirmation of pSTARep clone and the presence of cre intron in between 
the two cloned fragments.  

 (a) Confirmation of pSTARep clone by PCR and restriction analysis. Lane 1 and 2 
contained the PCR amplified products from pSTARep using Rep IR plus strand and 
minus strand primer sets respectively. Lane 3 contained the pSTARep digested with 
BamHI and AscI restriction enzyme to release the Rep IR plus strand fragment. Lane 4 
contained pSTARep digested with SnaBI and SpeI restriction enzyme to release the 
Rep IR minus strand fragment. Lane 5 contained the pSTARep digested with BamHI 
and SpeI restriction enzyme to release the Rep IR plus strand fragment along with cre 
intron. Lane 6 contained the pSTARep digested with SnaBI and AscI restriction 
enzyme to release the Rep IR minus strand fragment along with cre intron. Lane 7 
contained the pSTARep clone digested with BamHI and SnaBI restriction enzyme to 
release the Rep IR plus and minus strand fragments along with cre intron. M1 is 
GeneRuler™ 100bp DNA ladder (Fermentas Lithuania UAB) and M2 is Lambda 
DNA/HindIII DNA marker 2 (Fermentas Lithuania UAB). (b) Schematic diagram of 
pSTARLING vector, its cloning sites for plus and minus strand fragments and other 
attributes associated with it. 
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were present downstream of the Rep IR plus strand fragment (Figure 27a; lane 5). Similarly, 

the digestion of pSTARep with SnaBI and AscI indicated the release of similar sized product 

as obtained for Rep IR plust strand digestion. This product was of Rep IR minus strand along 

with cre intron related sequence, as the size of Rep IR minus strand fragment was similar to 

Rep IR plus strand fragment so the size of digested product was also similar. This confirmed 

the cloning orientation of Rep IR minus strand and presence of cre introns upstream of this 

fragment. Finally to rule out the presence of any additional site of BamHI and SnaBI other 

than the cloning sites and to release both Rep IR plus strand and Rep IR minus strand 

fragments along with the cre intron, the pSTARep was digested with BamHI and SnaBI 

restriction enzymes, resulting the release of 2700 bp fragment which was expected only if Rep 

IR plus strand and Rep IR minus strand fragments along with cre intron are cloned in 

appropriate orientations (Figure 27a; lane 7). This final and confirmed pSTARep construct is 

ready for plant transformations.  

 

The RNA interference reported by Fire et al. (1998) has a great potential for creating 

artificial resistance in crops against viruses (for review see, Voinnet et al., 2005; Watanabe et 

al., 2006; Fusaro et al., 2006). It has been used to not only understand the basic biological 

functions as a gene silencing technique but also to silence viral genes necessary for their 

replication and infection (Baulcombe, 2004). RNAi has been used against viruses in plants but 

many plants viruses have genes which can suppress RNAi (Voinnet et al., 2005; Lakatos et 

al., 2006). Although none of the proteins encoded by the BBTV have been shown to have 

RNAi suppression potential nevertheless it needs experimental verification. 
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The RNAi is sequence specific gene silencing technique and as the sequence 

homology decreases between the target virus and inducer of RNAi, the chances of escape 

from RNAi increase, resulting in the development of resistant viruses. So the assessment of 

genetic variability is important for developing any RNAi strategy against viruses. Our 

assessment of genetic variability indicates low level of genetic variability in the Pakistani 

population of BBTV. It therefore, offers great advantage of using RNAi against this 

devastating virus. The construct made in this study is based on 804 bp coding region of M-

Rep. The M-Rep is very important gene in the life cycle of BBTV as initiator of the 

replication and then making the unit lengths of ssDNA which are encapsidated in the virion 

particles (Hafner et al., 1997a). Therefore this protein not only starts the replication but also 

participates in the formation of ssDNA subsequently needed for infection. The pSTARLING 

Rep IR sense and antisense construct made during this study, also contains introns in it, which 

enhances the effectiveness of RNAi (Wesley et al., 2001), a prerequisite for having successful 

eradication of viruses. 

 

The construct made in this study needs to be verified for its effectiveness against 

BBTV in banana. This requires an effective and reproducible banana transformation system 

which unfortunately is not available currently because in banana callus induction and 

regeneration are very difficult due to its polyploidy and excretion of phenolic compounds 

during the culturing procedure. Very few examples have been reported for successful banana 

transformation for different varieties but transformation of Musa acuminata Colla “Dwarf 

Cavendish” (Basrai), the major cultivar in Pakistan, has rarely been reported. Therefore, it is 

needed to develop an alternative to check the effectiveness of this and similar constructs 

against BBTV in some other plants which can easily be transformed like tobacco. This 
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requires that BBTV infects that plant or BBTV target protein be expressed in that plant. As no 

alternative host been reported for BBTV so far, therefore, to analyze the effects of 

pSTARLING Rep IR sense and antisense construct silencing, a reporter construct was made 

which has the same M-Rep coding region fused in frame with the reporter GFP gene. So that, 

a single protein having M-Rep at its N-terminus and mgfp (the protein of GFP gene) at its C-

terminus may be obtained. The degradation of this single mRNA due to RNAi induced by 

pSTARep construct could be monitored by the reduction in the fluorescence of mgfp. 

Therefore, the complete M-Rep coding region excluding stop codon (nucleotide position 102-

959 nt of DNA-R) was amplified by RG primer set which resulted in the amplification of 900 

bp product as expected by the sequence information and primers’ length (Figure 28, lane 1). 

The resultant product was cloned into pTZ57R vector and the clones were digested with 

EcoRI and HindIII restriction enzymes to release the cloned product (Figure 28, lane 2). The 

M-Rep coding region was isolated from the pTZ57R vector by digestion with NcoI and BglII 

restriction enzymes and directionally sub-cloned into the NcoI/BglII site of pCAMBIA 1302 

vector. The resultant clones were confirmed by digestion with NcoI and BglII enzymes 

(Figure 28, lane 3). This positive clone of pCAMBIA Rep-GFP reporter construct was 

selected for analysis by PCR. The PCR of pCAMBIA Rep-GFP clone using RG primer 

resulted in the amplification of 900 bp product (Figure 28 lane 4) as expected indicating the 

presence of M-Rep coding region cloned appropriately in pCAMBIA 1302 vector. 

 

The strategy of using a reporter construct containing GFP reporter gene is unique and 

have many advantages. Although the strategy needs transformation of experimental plant first 

with reporter construct and then by the RNAi construct but it offers direct observation as well  
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Figure 28: Confirmation of pCAMBIA 1302 Rep-GFP reporter vector. 
Lane 1 contains PCR amplified ~900 bp product of M-Rep coding region using RG 
forward and reverse primer set. Lane 2 cloning confirmation of M-Rep coding region 
into pTZ57R vector by digestion with EcoRI and HindIII restriction enzymes to 
release the cloned fragments from pTZ57R vector. Lane 3 cloning confirmation of M-
Rep coding region in pCAMBIA 1302 vector by digestion with NcoI and BglII 
restriction enzymes from pCAMBIA 1302. Lane 4 contains the PCR product for 
confirmation of Rep-GFP fused reporter construct in pCAMBIA 1302 by 
amplification using the RG primer set. M is Lambda DNA/HindIII DNA marker 2 
(Fermentas) and M1 is GeneRuler™ 500bp DNA ladder (Fermentas Lithuania UAB). 
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as confirmation of the silencing and can be used in conditions which require RNAi construct 

be transformed by the biolistic or direct transformation methods. 
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SUMMARY 

 

Banana bunchy top virus infects banana which is a delicious and nutritive fruit crop. 

BBTV is a phloem-limited virus having distinctive symptoms and spreads by its vector 

Pentalonia nigronervosa Coq. The disease causes severe reduction in plant growth and 

decrease in fruit production. BBTV is found in many banana growing countries around the 

World and has been a cause of many epidemics.  

 

BBTV virion is a 18-20 isometric particle containing about six ssDNA components of 

about 1.1 kb in size. It belongs to the family Nanoviridae. The members of Nanoviridae 

contain six to eight ssDNA components as integral genomic components, DNA-R, -S, -M, -C, 

and -N encoding master replication initiation protein (M-Rep), capsid protein (CP), movement 

protein (MP), cell cycle link protein (Clink) and nuclear-shuttle protein (NSP) respectively. 

While DNA-U1, -U2, -U3, -U4 and -U5 encode the proteins for which any function has yet to 

be established. Distinct from DNA-R, some additional replication associated protein (Rep) 

encoding components (rep) are also associated with the isolates of babuvirus and nanovirus. 

These Rep proteins can only replicate their cognate DNA but not any other heterologous 

genomic DNA. Dependence for encapsidation and transmission on major genomic 

components and occasional association with ssDNA viruses suggest the satellite nature of 

these rep DNAs.  

 

Since BBTV has caused considerable economical loss to the banana industry in 

Pakistan, there is a need to apply some biotechnological tools like RNAi to manage this 

disease. This requires the genetic characterization of this virus in detail and to 
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assess the genetic variability associated with it. To achieve this, initially the DNA-R from an 

isolate from Tandojam area of the Sindh province was amplified, cloned and sequenced for 

the first time from Pakistan. This revealed that the TJ1 isolate belongs to the South Pacific 

sub-group of BBTV. TJ1 has close phylogenetic relationships with the Egyptian, Australian 

and Indian isolates in this sub-group. These findings were in accordance with the history of 

the disease in this area.  

 

After determination of the sub-group of TJ1 isolate, primers were designed for two 

rounds each to amplify, clone and sequence other integral components. These primers were 

designed so that they may amplify all the components using similar condition and PCR 

thermal profile. The successful PCR using these primers not only resulted in amplification of 

all components in BBTV genome but also provided a sensitive assay for the detection of 

BBTV in the planting material. This multigene assay amplifies multiple components and 

hence is less prone to failure due to absence or change in the sequence of any single 

component. Together with the amplification of actin gene from banana genome using similar 

conditions, this assay is quite specific and sensitive tool for BBTV detection and is the only 

multigene assay reported so far compared to few reported single gene based assays.  

 

The PCR amplified products using two rounds of primers were cloned and sequenced, 

together with the clones obtained using CR-M primers. This resulted in the sequencing of all 

the components of TJ1 isolate, the first and the only isolate from Pakistan for which sequence 

of all the six components was ever been reported. The disproportionate amplification of 

components using CR-M common primers indicated the possibility of differences in 

concentrations of these components. The sequence analysis revealed that these components 
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have major ORFs, TATA boxes and polyadenylation signals at similar position described 

earlier for an Australian isolate. The analysis of regulatory parts of the BBTV genome 

including CR-SL and CR-M were performed in this study using all BBTV sequences available 

in the GenBank. This analysis revealed that CR-SL in different components has different level 

of sequence conservation. In this respect DNA-U3 was the most diverse (37.7% sequence 

divergence) among all the components in this region while other components have more than 

90% sequence identity. The genetic variability in CR-SL region in the isolates of the South 

Pacific sub-group was less compared to the Asian sub-group. The analysis of iterons which 

are the binding site of M-Rep for replication imitation revealed some sequence variants for F1 

and F2 iterons. Some variants for the location of R iterons were also identified for the first 

time in this study. This may indicated the possible flexibility in the specific interactions of M-

Rep with the ori of each component. The phylogenetic analysis of CR-SL revealed component 

based clustering which was independent of the sub-groups. Conclusively the flexibility of M-

Rep with its ori, phylogenetic analysis of CR-SL and disproportionate presence of different 

genomic components, strongly suggest the regulatory role of M-Rep of BBTV for specifically 

increasing the copy number of required component at certain time points during infection. 

This is the first significant observation for M-Rep of any nanovirus that it is involved in the 

regulation of replication and indicates the need to explore the multiple role of this protein in 

the life cycle of BBTV.  

 

The CR-M analysis performed in this investigation revealed that this region has 

different level of sequence conservation among the components. The phylogenetic analysis 

indicated that CR-M has sub-group specific clustering and is evolving according to the sub-

group of BBTV, while, within the sub-group the clustering is components specific. This 
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pattern of evolution is well correlated with the proposed function of this region as a primer 

binding site to convert each component into transcriptionally active dsDNA. 

 

The analysis of integral genomic components of BBTV isolates sequenced in this 

study and from GenBank revealed two sub-groups which are evident from the analysis of each 

component and the sequence variability for all the components is more in the Asian sub-group 

compare to the South Pacific sub-group. It was also noticed that the sequence conservation 

varied according to the components, hence some components are more conserved compared to 

the others. This conservation also depends on the sub-group of BBTV. DNA-R and DNA-C 

being the most conserved components while, DNA-U3 and DNA-M being the least conserved, 

indicating that genomic components of BBTV are under different extent of evolutionary 

pressure. The variations in the conservation of different components and in different parts of 

these components offer great opportunities to study the evolution of this unique 

multicomponent cssDNA virus.  

 

The family Nanoviridae is recently classified and contains many species which have 

not been assigned any genus. The phylogenetic analysis of BBTV components with other 

species of Nanoviridae performed in this study indicated that in genus nanovirus the FBNYV 

and MDV are closely related and share common ancestral relations with the SCSV all of 

which seems to be more close to the common ancestor of this family. Similarly BBTV seems 

to be even closer to the ancestor of this family compared to ABTV in genus babuvirus. 

Interestingly, the analysis of DNA-R and additional Rep components associated with the 

members of Nanoviridae illustrated that these components have distinct origin. The M-Rep 

encoding components i.e. DNA-R of all the nanoviruses made a distinct cluster while the Rep 
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encoding components fall in another cluster. Two sub-groups of additional Rep encoding 

components were observed; sub-group 1 containing only the Reps of nanovirus and sub-group 

2 containing the additional Reps of BBTV and nanovirus. It is concluded that this pattern of 

Reps clustering points towards the common origin of these additional Reps.  

 

The mutual phylogenetic relationships of all ssDNA families were poorly studied 

hence there was a need of detailed investigation. The three ssDNA families differ in their 

genome organization and in the way they encode the two basic viral proteins i.e. replication 

related and coat proteins. These proteins are distinct in circoviruses and geminiviruses and are 

encoded by the same component, while the nanoviruses encode these proteins from different 

components. Therefore the phylogenetic analysis of genomic components within each species 

of Nanoviridae was performed separately which indicated an interesting pattern, that is the 

replication associated components and non-replication associated components clustered 

separately (except for ABTV). The results indicated that genus nanovirus is closer to the 

ancestor of the family, while from within genus babuvirus BBTV is closer to the common 

ancestor. The detailed investigation of ssDNA containing families using the multigene 

phylogenetic analysis based on coding region of M-Rep and capsid proteins during this study 

revealed that the Nanoviridae and Geminiviridae have ancestral relationships, and that the 

BFDV and PCV of Circoviridae were evolved from the nanoviruses. This points towards the 

possibility that those genes having counterpart in both the Nanoviridae and Geminiviridae 

might have common origin or might have been transferred from one family to another. The 

analysis of additional Rep encoding components from the Geminiviridae and Nanoviridae 

showed clustering of all the geminiviruses associated satellite like Reps with the Reps of sub-

group 2, indicating the common origin of additional satellite Reps. This study therefore, for 
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the first time, thus suggests the possibility of genetic material transfer among the ssDNA virus 

families. The genes performing similar functions in each family are phylogenetically related 

and might have common origin. The CFDV which has not been placed in any genus also 

clustered with the additional Reps of sub-group 2 along with additional Reps of BBTV. CFDV 

is unique in the sense that it is monopartite like geminiviruses, however phylogenetically is 

closely related to nanoviruses which are multicomponent. This is still another significant 

revelation of this work on the basis of which inclusion of one more genus in this family is 

being suggested where CFDV might be placed. 

 

To apply RNAi against BBTV, assessment of genetic variability is a prerequisite. So 

far there is very limited work on the molecular analysis of BBTV in Pakistan, hence genetic 

variability associated with BBTV was completely unknown. Therefore it was estimated during 

the current investigation by the sequencing DNA-R and DNA-S from thirteen isolates 

collected from the different locations of Sindh. Results suggest that genetic variability is very 

low in Pakistan, indicating possibility of a single BBTV introduction in this region and make 

possible the utilization of RNAi. The sequence analysis also established that the DNA-R is 

more conserved compared to DNA-S. The sequence information generated in this study was 

also used to investigate the origin of BBTV in Pakistan by exploring the phylogenetic 

relationships among the members of South Pacific sub-group. Based on the component 

analyzed the outcome demonstrated different phylogenies owing to the genomic components 

of BBTV being subject of different evolutionary pressures/rates. Over all the outcome showed 

that Pakistani isolates are more closely related to the Egyptian, Indian and Australian isolates 

in the South Pacific sub-group, pointing to the probable origin of Pakistani BBTV problem 

from one of these countries. 



 

 
 

117

 

The M-Rep is quite conserved protein and performs the fundamental function in the 

life cycle of BBTV, i.e. initiates and terminates the replication of the genomic components. 

Therefore, it is a good target for the gene silencing technology for creation of resistance 

against this virus. To manage BBTD, an RNAi vector was constructed, based on the coding 

region of the M-Rep. A reporter vector was also constructed in which the coding region of M-

Rep was fused in-frame with the GFP reporter gene, to ultimately help in direct confirmation 

of the silencing. This strategy of gene silencing confirmation is novel and has the potential to 

be applied for other genes and viruses. Further, the lower genetic variability associated with 

the Pakistani BBTV population increases the chances of successful use of RNAi to create 

resistance against BBTV in Pakistan. 
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APPENDICES 
 
 

 
Appendix 1: Origin and accession numbers for genetic components of isolates used in the  
  study 
 

 Geographical origin Accession Numbers 

Isolate Region Country DNA-R DNA-U3 DNA-S DNA-M DNA-C DNA-N 

Banana bunchy top virus (BBTV) 
AUS - Australia NC_003479 NC_003475 NC_003473 NC_003474 NC_003477 NC_003476 

BUR  Burundi   AF148943    

C.C4 - China  U97525  U97526 U97527   

C.HAIN Hainan China  AY450396 AY606084 AY494786 AY494788 AY606085 AY494787 

C.HAIN2 Hainan China   AY337715    

C.NS Guangdong China  AF238874  AF238876  AY266417 AF238878 

C.NSP Guangdon China  AF238875  AF238877  AY264347 AF238879 

C.ZANG Zhangzhou China  AF110266  AF330706 AF349568   

CHI   China DQ246123  AF246122    

C.m  China    AF246124   

EGY - Egypt AF416465      

E.KAL Kalubia Egypt AF102780 AF102781 AF102782 AF102783 AF102784 AF148139 

FIJ - Fiji AF416466  AF148944    

HAW Hawaii USA U18077 U18078   U18079  

IND - India AF416470      

IND2  India  EU140341 AY272038  AY267898 AY273170 

I.TN Tamil Nadu India  AY845437  AY534140 AY845635 AY845636 AY845637 

I.TN2 Tamil Nadu India   AY953428    

I.ET Etawah India DQ656119      

I.KP Kanpur India DQ656118      

I.BH Bihar India DQ640742  DQ996466    

I.LK Lucknow India DQ256267 EU402601 EF687856  EU051379  

I.KARN Karnataka India AM055641      

I.REP - India AY222303      

I.HP Hajipur India EF584545      

I.MR Maharastra India DQ640742      

I.BR Baharaich India DQ785571      

I.BB Barabanki India DQ285570  DQ515970 EF153738   

I.BT1 Hessaraghatta India  AY960129  AY948439  AY948438 

BRJT9  India  AY884173     

BBTR1  India  AY884172     

I.BG Bangalore India  EU046323     

I.SL  India    AY953429   

IG33 - Indonesia  AB186924  AB186927    

IG64 - Indonesia  AB186925  AB186928    

IJSI1 - Indonesia AB186926 ` AB186929    

JK3 Kume Japan  AB108453  AB108450    

JM5 Miyako Japan  AB108454      

JM6 Kurima Japan  AB108455      
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JN4 Okinawa Japan AB108452  AB108449    

JY1 Ishigaki Japan  AB108456  AB108451    

JY3 Taketomi Japan  AB108457      

JY7 Iriomote Japan  AB108458      

J.AK Arakawa Japan   AB078023    

P.TJ1 Tandojam Pakistan AY996562 GQ214699 EF593169 EU095948 EF5207220 EF529519 

P.GH1 Ghotki Pakistan FJ859722 FJ859748 FJ859735    

P.KP1 Khairpur Pakistan FJ859723  FJ859736    

P.KP2 Khairpur Pakistan FJ859724  FJ859737    

P.TA1 Tandoadam Pakistan FJ859725  FJ859738    

P.TA2 Tandoadam Pakistan FJ859726  FJ859733    

P.BS1 Bhitshah Pakistan FJ859727  FJ859740    

P.BS2 Bhitshah Pakistan FJ859728  FJ859741    

P.MT1 Matiari Pakistan FJ859729  FJ859742    

P.MT2 Matiari Pakistan FJ859730  FJ859743    

P.NS1 Nawabshah Pakistan FJ859731  FJ859744    

P.JS1 Jamshoro Pakistan FJ859732 FJ859749 FJ859745    

P.HD1 Hyderabad Pakistan FJ859733 FJ859750 FJ859746    

P.HD2 Hyderabad Pakistan FJ859734  FJ859747    

P.KHI Karachi Pakistan  AY996563     

P.TJ2 Tandojam Pakistan AM418536  AM418540  AM418564  

P.HL Hala Pakistan AM418539      

P.TH Thatta Pakistan AM418538  AM418566 AM418541 AM418569 AM418568 

P.CM Chamber Pakistan AM418537      

P.SK Sarkand Pakistan AM418535      

P.NS Nawabshah Pakistan AM418534      

P.NR Nasarpur Pakistan   AM418567    

P.KM Kisanamari Pakistan   AM418565    

bP5 Luzon Philippines AB189067  AB189068    

PHI - Philippines AF416469  AF148068    

bP26 Negros Island Philippines AB250955  AB250958 AB250961   

aP34 Luzon Philippines AB250954  AB250957 AB250960   

aP32 Luzon Philippines AB250953  AB250956 AB250959   

TAI - Taiwan AF416468  AF148942    

V-1a  Taiwan EF095162(a) 
EF095161(b) 

EF095163 EF095164 EF095165 EF095166  

T.SP (Severe 
phenotype) 

 Taiwan DQ826390 DQ826391 (a) 
DQ826392 (b) 

DQ826393 DQ826394 DQ826395 DQ826396 

TON - Tonga AF416467      

VIE - Vietnam AF416464  AF148945    

V.BN Bac Ninh 
Region Vietnam  AF416474      

V.BMT Buon Ma Thout 
Region Vietnam  AF416476      

V.DN Da Nang 
Region Vietnam  AF416477      

V.DPP Dien Phien Phu 
Region Vietnam  AF416473      

V.HCM Ho Chi Minh 
City Region Vietnam  AF416478      

V.HUE Hue Region Vietnam  AF416475      
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V.SL Son La Region Vietnam  AF416472      

V14 North of Hanoi Vietnam   AB113660  AB113662    

V6 Hanoi Region Vietnam   AB113659  AB113661    

V.YB Yen Bai Region Vietnam  AF416479      

Additional Reps assciated with BBTV 

W1 (L32166); W2 (L32167); W3 (U12586); W4 (U12587); Y (U02312); S1 (AF216221); S2 (AF216222); S3 (AF416471); TW3 S2 (EU366174)  

Abaca bunchy top virus (ABTV) 
ABTVQ767 Sarawak Malaysia  EF546813 EF546809 EF546810 EF546811 EF546812 EF546808 

ABTVQ1108 Tabiguian Philippines EF546807 EF546803 EF546804 EF546805 EF546806 EF546802 

Subterranean clover stunt virus (SCSV) 
SCSV F   NC_003812  NC_003817 NC_003813 NC_003815 NC_003816 

SCSV F unknown components and associated additional Reps 

U1 (NC_003819); Rep6 (NC_003818); Rep2 (NC_003814) 

Milk vetch dwarf virus (MDV) 
MDV 9 Kagoshima Japan   AB044387    

MDV N   AB027511/ 
NC_003648 

 AB009046/
NC_003646 

AB000927/
NC_003645 

AB000923/
NC_003641 

AB000925/N
C_003643 

MDV N unknown components and associated additional Reps 

U1 (NC_003642); U2 (NC_003644); U4 (AB255373); Rep10 (NC_003647); Rep1 (NC_003638); Rep2 (NC_003639); Rep3 (NC_003640) 

Coconut foliar decay virus (CFDV) 
CFDV   NC_001465      

Faba bean nectrotic yellows virus (FBNYV) 
FBNYV ALS  Lorestan Iran   AM493899   AM493898 

FBNYV ETP  Ethiopia    AF159705   

FBNYV 
KRM Kermanshah Iran   AM493900   AM493901 

FBNYV EV1-
93 

 Egypt NC_003560/
AJ132180 

 NC_003563
/AJ132183 

NC_003562
/AJ132182 

NC_003559
/AJ132179 

NC_003566/ 
AJ1321864 

FBNYV EV1-93 unknown components and associated additional Reps 

U1 (AJ1321810; U2 (AJ132184); U4 (AJ749902); C6 (NC_003564); C3 (NC_003561); Rep9 (NC_003567); Rep7 (NC_003565); Rep1 (NC_003558); 
Rep9 (AJ132187); Rep7 (AJ132185) 

FBNYV SSV 
292-88   Y11405  Y11408 Y11407 AJ005967 AJ005965 

FBNYV SSV 292-88 unknown components and associated additional Reps 

U1 (Y11406); U2 (Y11409); Rep (X80879); Rep9 (AJ005966); Rep7 (AJ005964). 

Geminiviridae species 
Beet curly top virus, BCTV (AF379637); Bean yellow dwarf virus, BYDV (AM849096); Tomato leaf curl Gujarat virus, TmLCGV-RS-1 
(AY190290); Cotton leaf curl Multan virus, CLCMV-RS-33AF (AJ496461); Ageratum yellow vein virus, AYVV-RS-G129 (AM940137) 

Circoviridae species 
Porcine circovirus, PCV (AY660574); Beak and feather disease virus, BFDV (AF071878) 

Tobacco leaf curl virus (TbLCV) associated satellite Reps 

TbLCV-Y276 (AJ888455); TbLCV-Y273 (AJ888454); TbLCV-Y143 (AJ579361).  

Tomato yellow leaf curl virus (TmYLCV) associated satellite Reps 

TmYLCV-Y72 (AJ579360); TmYLCV-Y70 (AJ579359); TmYLCV-Y89 (AJ579358); TmYLCV-Y87-1 (AJ579357); TmYLCV-Y39 (AJ579356); 
TmYLCV-Y38 (AJ579355); TmYLCV-Y36 (AJ579354); TmYLCV-Y8-1 (AJ579353); TmYLCV-Y241 (AJ888452); TmYLCV-Y240 (AJ888451); 
TmYLCV-Y248 (AJ888450); TmYLCV-Y244 (AJ888449); TmYLCV-Y261 (AJ888448); TmYLCV-Y71 (AJ888447); TmYLCV-Y8-2 (AJ888446); 
TmYLCV-Y87-2 (AJ888445). 

Tobacco curly shoot virus (TCSV) associated satellite Reps 

TCSV-Y290 (AJ888453); TCSV-Y115 (AJ579346); TCSV-Y35 (AJ579345); TCSV-Y146 (AJ579352); TCSV-Y137 (AJ579351); TCSV-Y135 
(AJ579350); TCSV-Y132 (AJ579349); TCSV-Y130 (AJ579348); TCSV-Y99 (AJ579347). 

Nanovirus-like particle associated with Geminiviruses 

NLP-U95-1 (AJ512964); NLP-SB32-1 (AJ512963); NLP-SB22-10 (AJ512962); NLP-SB17-1 (AJ512961); NLP-SB45-2 (AJ512960); NLP-F92-1 
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(AJ512959); NLP-SB5-2 (AJ512958); NLP-G2-8 (AJ512957); NLP-NOB-1 (AJ512956); NLP-NOB-2 (AJ512955); NLP-NOB-3 (AJ512954); NLP-
SB21-1 (AJ512953); NLP-F22-2 (AJ512952); NLP-F21-3 (AJ512951); NLP-SB9-1 (AJ512950); NLP-NOB-4 (AJ512949); NLP-SB41-5 (AJ512948); 
NLP-Rep (AJ238493); NLP-2 (AJ132345); NLP-1 (AJ132344). 

Ageratum yellow vein virus (AYVV) associated Nanovirus-like DNA 1 

AYVV-Rep (AJ416153); AYVV-Rep-C1 (Y14167); AYVV-Rep-C1V2 (Y14168). 

Note: The isoaltes used for the initially study of DNA-R were underlined. BBTV E.KAL isolate have deletion in its genomic components, while V-1 
has missing DNA-N as reported by Hu et al. (2007). In phylotentic analyis related to whole family of the viruses the isolates name were preceeded 
with the component name and then the specie abbriviation, separated by the (-) i.e. BBTV-R-TJ1 indicates that DNA-R of TJ1 isolate beloning to 
BBTV. Specie names are given in red and associated Rep/additional Rep are in green color. The BBTV isolate having complete genome sequence 
available are shown in blue color. The isolates components sequenced in this study are highlighted. 
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Appendix 2: Name, sequence and thermal profile of the primers used in the study. 

Usage Name of 
Primer Sequence 5’- 3’direction 

Length 
of 
primer 
(bp) 

Annealin
g 
Tempera
ture 
used(°C) 

 P1 GAATGGAATAATTCAAAGCGG 21 52 

P2 ACAGTCTACATATATCCAATG 21 52 

DNA-R F ATGGCGCGATATGTGGTATG 20 52 

DNA-R R TCTGTCGTCGATGATGATCTTG 22 52 

DNA-U3 F GCGTAGCTAGAAGTTTACAC 20 52 

DNA-U3 R ATACGCTTCGTAGTTTCCTC 20 52 

DNA-S F GGAAGAATGTAACGGAGGTCG 21 52 

DNA-S R TCAACACGGTTGTCTTCCTCA 21 52 

DNA-M F GAGAAATGGAGTTCTGGG 18 52 

DNA-M R TTCCGACGAGTGATTTCG 18 52 

DNA-C F CCATGCCTGACGATGTCAAG 20 52 

DNA-C R CAGACGATTCCCAGAACTCC 20 52 

DNA-N F GATGGATTGGGCGGAATCA 19 52 

DNA-N R GCTTCTGCTTTGCTTTCGC 19 52 

CR-M F AAGACGCTATGACAAAWGTAC 21 52 

CR-M R GTATTTCATAGCGTGTTGTATG 22 52 

Actin F ACTGTTCCTATATACGAAGG 20 52 

First-round 
Primers 

Actin R GAAAAGTGCTGAGCGAAG 18 52 

Second-round DNA-R/2 F CCAAATGGAGGAGAAGGAAAG 21 52 
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DNA-R/2 R GCCATAGACCCAAATTATTCTCCG 24 52 

DNA-U3/2 F TTGTGCTGAGGCGGAAGAT 19 52 

DNA-U3/2 R CCACCTTCACAGAAGAGAG 19 52 

DNA-S/2 F GTATCCGAAGAAATCCATC 19 52 

DNA-S/2 R CTAGCCATTTGTTGTCTG 18 52 

DNA-M/2 F GGATGATCAAGGAAGACG 18 52 

DNA-M/2 R CTTCTATTTGGTTGAGAAGG 20 52 

DNA-C/2 F GTTCTCTCTTCTTCATCG 18 52 

DNA-C/2 R CTCATCACAATAGAGATCTG 20 52 

DNA-N/2 F GAGCAGAGACATGGAAGTTAG 21 52 

Primers 

DNA-N/2 R CAATCTATTCCTGGCGCAAC 20 52 

M13 F TGTAAAACGACGGCCAGT 18 50 Sequencing 
Primers M13 R CAGGAAACAGCTATGACC 18 50 

 

Rep-IR plus 
strand 
Forward 

 

GAATTC(EcoRI)TCTAGA(XbaI)GGATCC(

BamHI)GTGGTATGCTGGATGTTCAC(M

-Rep) 

 

38 

 

54 

Rep-IR plus 
strand Reverse 

CTGCAG(PstI)AAGCTT(HindIII)GGTACC(

KpnI)TTAATTAA(PacI)GGCGCGCC(AscI)C
TTCGGAAGGAAGTTAGCC(M-Rep) 

53 54 

 

Rep-IR minus 
strand 
Forward 

 

GAATTC(EcoRI)TCTAGA(XbaI)ACTAGT(S

peI)TACGTA(SnaBI)GGTACC(KpnI)GTGGT
ATGCTGGATGTTCAC(M-Rep) 

 

50 

 

54 

RNAi 
construct 
primers 

Rep-IR minus 
strand Reverse 

CTGCAG(PstI)AAGCTT(HindIII)ACTAGT(

SpeI)CTTCGGAAGGAAGTTAGCC(M-

Rep) 

 

37 54 

Reporter 
construct RG Forward GAATTC(EcoRI)TCTAGA(XbaI)CCATGG(

NcoI)CGCGATATGTGGTATGCTG(M-

37 56 
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Rep) 

primers 
RG Reverse 

CTGCAG(PstI)AAGCTT(HindIII)ACTAGT(

SpeI)CAGATCT(BglII)CCGCAAGAAAC 
CAACTTTATTCG(M-Rep) 

48 56 

PCR thermal cycling parameters for the primers: 
 

P1 and P2 Primer set:  
Pre-PCR denaturation at 94°C for 3 minutes, then 35 cycles of denaturation at 94°C for 30 
seconds, annealing at 51°C for 30 seconds and extension at 72°C for 40 seconds, followed by final 
extension at 72°C for 20 minutes. 

 

First and second-round Primer sets:  
Pre-PCR denaturation at 96°C for 3 minutes, then 35 cycles of denaturation at 96°C for 20 
seconds, annealing at 52°C for 20 seconds and extension at 72°C for 40 seconds, followed by final 
extension at 72°C for 20 minutes. 

 

Sequencing primer set:  
For 35 cycles, denaturation at 96°C for 20 seconds, annealing at 50°C for 20 seconds and 
extension at 60°C for 4 minute. 

 

RNAi construct Primer sets:  
Pre-PCR denaturation at 96°C for 3 minutes, then 35 cycles of denaturation at 96°C for 20 
seconds, annealing at 54°C for 20 seconds and extension at 72°C for 40 seconds, followed by 
final extension at 72°C for 20 minutes. 

 

Reporter construct Primer set:  
Pre-PCR denaturation at 96°C for 3 minutes, then 35 cycles of denaturation at 96°C for 20 
seconds, annealing at 56°C for 20 seconds and extension at 72°C for 40 seconds, followed by final 
extension at 72°C for 20 minutes. 

Note: Primers used for RNAi vector development contains restriction enzymes sites which are 
followed by the name of restriction enzymes in parenthesis. 
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Appendix 3: Map of pCAMBIA 1302  

Schematic representation of pCAMBIA 1302 vector, showing the position of important 
genes and regulatory parts. Image is taken from CAMBIA web site at 
http://www.cambia.org/daisy/cambia/2047/version/1/part/4/data/pCAMBIA1302.pdf 
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Appendix 4: Map of pTZ57R and its multiple cloning sites 

Schematic representation of pTZ57R vector, showing the position of important genes 
and regulatory parts. Below is the sequence and restriction enzymes site which have 
their position in multiple cloning sites. Image is taken from Fermentas web site at 
http://www.fermentas.com/techinfo/nucleicacids/mapptz57r.htm 
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Appendix 5: Map of pGEM-T Easy vector 
 

Schematic representation of pGEM-T Easy vector, showing the position of important 
genes and restriction sites. Image is taken from Promega web site at 
http://www.promega.com/catalog/catalogproducts.aspx?categoryname=productleaf_10
39 


