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1. INTRODUCTION

Banana (Musa paradisiaca) is the most consumed and produced fruit in India. The yield of
this highly remunerative fruit crop is challenged by various pests and diseases. Among the
devastating diseases infecting banana, viral diseases caused by Banana bunchy top virus
(BBTV), Banana bract mosaic virus (BBrMV), Cucumber mosaic virus (CMV), and
Banana streak virus (BSV) are economically important. Yield loss ranging from 40- 100
per cent, are incurred annually directly or indirectly due to viral infections. Direct effects
of viruses include stunting of growth, reduction in number of fingers and bunch weight.
Nevertheless, viruses predispose plants to various other biotic and abiotic stresses thus
indirectly affecting the yield (Estelitta, 1998). Since these viruses are transmitted in
vegetative propagules or micropropagules and there is a latent phase during initial stage of
infection cycle, it restricts germplasm exchange between countries. Considering the above
reasons, undoubtedly viral infections result in long-term devastating effects since the clonal

progeny of infected plants are automatically infected by the virus.

Hitherto, banana cultivars that are resistant or tolerant to these viruses have not been
reported. Considering the fact that management strategies have not been devised for these
viral diseases, early detection and roughing of infected plants are the possible solutions to

reduce economic loss especially when micropropagated.

Among the four viruses infecting banana, BBTV and BBrMV are the most invasive. BBTV
infection have reduced area under cultivation of banana in the “Old World” drastically in
the past decade. It belongs to the genus Babuvirus in the family Nanoviridae. This
icosahedral virus packs six circular ssSDNA segments in separate capsids of 18-20 nm
diameter (Wanitchakorn et al., 1997). BBrMV, a potyvirus, consist of sSRNA genome
encapsidated in a flexuous rod like particle arranged in a helical symmetry. The (+) sSRNA
virus encodes for a polyprotein which is modified after translation into peptides of various
function by its own proteases (Rodoni et al., 1997; Urcuqui-Inchima et al., 2001). This
virus which was only prevalent in the “Old World” countries, recently have been reported
in Columbia and Costa Rica (Kumar et al., 2015a). Reports suggest that the virus has not

only spread to “New World” but also expanded its host range to cardamom and flowering



ginger (Siljo et al., 2012; Wang et al., 2010). Both these viruses are the most prevalent in

Kerala.

Lately, many nucleic acid based detection methods have been developed for detection of
BBTV and BBrMV. Although these methods are rapid and more sensitive than serological
assays, the requirement of skilled personnel and sophisticated infrastructure for the same
makes them less preferable for diagnosis. Nevertheless, according to WHO a perfect
diagnostic technique would be “ASSURED” ie., Affordable, Sensitive, Specific, User
friendly, Rapid and robust, Equipment free, and Deliverable. Molecular based techniques
are indeed specific, sensitive and rapid but definitely cannot be user friendly as they require
sophisticated equipment and demand expertise. Serological based assays can be perfected
to fit in all the parameters of good diagnostic assay must have, provided, it is made more

specific and sensitive.

In case of banana, when antiserum is raised against viruses partially purified from infected
plant samples, phenols and secondary metabolites present in the host give rise to a lot of
interference (Selvarajan et al., 2010a). Inconsistent and low concentration of partially
purified virus preparation is another problem encountered. This notably challenges the
specificity of the antisera as well as considerably reduces sensitivity of the assay (Hema et
al., 2003). Development of recombinant protein for immunising the animal to raise
antiserum greatly solves the above problem and help to develop more reliable and sensitive

serological assays.

The DNA-S segment of BBTV consisting of a single Open Reading Frame (ORF) coding
for the capsid protein and the CP gene at the 3’ end of the BBrMV ssRNA coding for 34
kDa coat protein are targeted for detection in the present study. Compared to DNA viruses,
RNA viruses are mutated rapidly due to the lack of proof reading mechanism in RNA
dependent RNA polymerase replicating the genome (Domingo, 1997). Potyviruses are no
exception (Nigam et al., 2019). However, a new isolate of BBTV was identified and
characterised from Umiam, Meghalaya which was apparently a recombinant (Banerjee et
al., 2014). In this context it is inevitable to analyse BBTV and BBrMV population in Kerala
and understand the driving forces behind their evolution and devise methods for detection

taking into account evolution of viruses.



The experiments were laid out systematically according to the objectives enlisted below

To develop nucleic-acid based detection of the viruses considering their
evolution
To develop recombinant coat protein for immunodetection of BBTV and
BBrMV
To produce antiserum against any one of the recombinant coat proteins and
demonstrate the efficacy when compared to the commercially available

antiserum in various serological assays
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2. REVIEW OF LITERATURE

Viruses infecting banana

India contributes 29 per cent of total world production of banana which is most
remunerative fruit crop grown in tropical and subtropical regions of the country
(FAOSTAT, 2018). Banana is grown in 8.3 lakh ha with a productivity of 35.9 mt/ ha. It is
also the most consumed fruit in India. Tamil Nadu is the leading producer of banana in
India followed by Maharashtra, Gujarat, Andhra Pradesh and Karnataka. In Kerala, 28
thousand ha are under banana cultivation with a productivity of 14 mt/ ha, Nendran being
the most popular variety (NHB, n.d.). Other varieties like Poovan, Red banana, Njalipoovan

are also preferred in Kerala domestic markets.

A major challenge faced by banana growers in Kerala are the viral diseases that causes
considerable yield losses in addition to increase the cost of cultivation. Banana bunchy top
virus (BBTV), Banana bract mosaic virus (BBrMV), Cucumber mosaic virus (CMV) and
Banana streak virus (BSV) are major causes of economic loss (Kumar et al., 2015a;
Tripathi et al., 2016). These viruses which are primarily transmitted through suckers are
not indexed before it is distributed to the farmers at various outlets. Even with the advent
of tissue culture (TC) for micropropagation of banana, virus indexing of the planting
materials are not popularised among the farming community. Although, the quality of the
TC material is assured, the cost is more than double that of the suckers. However, the
awareness that buying quality planting material can reduce the cost of cultivation

considerably have to be advocated among the farmers.

This chapter discuss BBTV and BBrMV in detail under various sub headings.

2.1 BANANA BUNCHY TOP VIRUS

2.1.1 History and epidemiology of banana bunchy top disease

Banana bunchy top virus (BBTV) causing banana bunchy top disease (BBTD) was first
reported in Fiji in 1889 threatening its banana export industry (Magee, 1927; Simmonds,
1935; Taylor, 1969). It is one of the most devastating diseases in banana especially in
tropical regions especially South Pacific, Asia and Australia (Dale, 1987; Elayabalan et al.,
2015). Countries like India, Sri Lanka, Bangladesh, Myanmar, China, Indonesia, Japan,
Philippines, Thailand Pakistan and Malaysia in Asia (Vakili, 1969; Wardlaw, 1972; Dale,



1987; Panhwar, 1991; Kawano and Su, 1993; Khalid et al., 1993), Vietnam, Fiji, Australia,
Samoa, Hawaii, Kiribati and Tuvalu in Pacific region (Magee, 1927; Eastwood, 1946;
Vakili, 1969; Dale, 1987) and African countries like Cameroon, Angola, Rwanda, Burundi,
Congo and Egypt (Magee, 1927; Wardlaw et al., 1961; Diekmann and Putter, 1996;
Sebasigari and Stover, 1988; Oben et al., 2009; Kumar et al., 2009) are most effected by

the disease.

Hitherto, the disease is not reported from Central and South America or Western Australia
(Thomas et al., 1994; Diekmann and Putter, 1996; Kenyon et al., 1997; Thomas and Iskra-
Caruana, 2000; Kagy et al., 2001). Also, confirmation of BBTV infection in Caribbean,
Papua New Guinea and few other banana growing countries in Asia and Africa has not
been established (Karan et al., 1994; Singh, 2003; Mandal, 2010).

In India, the disease is widespread in Kerala, Gujarat, West Bengal and Tamil Nadu (Rao
et al., 2002). It has also been reported from different regions of Uttar Pradesh and recently
in Meghalaya (Vishnoi et al., 2009; Banerjee et al., 2014) (Plate 1). In Kerala, BBTV infects
banana throughout the state irrespective of the variety cultivated causing yield loss even up
to 100 %. There have been no reports of natural resistance in any of the cultivars to BBTD
till date (Magnaye and Valmayor, 1995). Banana bunchy top virus is deemed as ‘quarantine
pest’ of very high importance due to its huge destructive potential. Moreover, it is listed in
the 100 of the World’s Worst Invasive Alien Species by Invasive Species Specialist Group
(ISSG) of the World Conservation Union-International Union for conservation of nature
(IUCN) (Lowe et al., 2000).

2.1.2 Symptoms

Typical symptom of the BBTD is the rosetting of the leaves that are smaller in size than
normal, giving a bunchy appearance, from where the disease gains its name. Dark green
broken streaks on leaf veins, petiole, midribs are observed. These dot dash like patterns
sometimes resembles Morse code and are seldom seen on pseudostem (Thomas and Iskra-
Caruana, 2000). The short and narrow leaves become chlorotic and brittle which tends to
show epinasty, finally succumbs to necrosis. Banana infected at a later stage of
development produces malformed male bud or sometimes bears no fruit at all (Elayabalan
et al., 2015; Qazi, 2016). Latent infection of BBTD have been reported in Taiwan and in
Hill banana grown in Palani hills of Tamil Nadu (Diekmann and Putter, 1996; Elayabalan
etal., 2015).






2.1.3 Disease transmission

The BBTV is transmitted by banana aphids, Pentalonia nigronervosa Coquerel
(Hemiptera: Sternorrhyncha: Aphididae) persistently but is non-propagative in the aphid
vector which requires a latent period of 20-28 h before transmission (Magee, 1927; Anhalt
and Almeida, 2008). According to Hu et al., (1996) acquisition feeding period of at least 4
h and inoculation feeding of period of more than 10 min are required for successful
transmission with an efficiency of up to 76 %. Although, depending on temperature and
age of plants, susceptibility to BBTV varies and symptoms start to appear after 25 days
following the transmission (Allen, 1978). Long distance spread of the virus is by the
planting materials like suckers, corms and also through tissue-cultured plants (Drew et al.,
1989). However, mechanical transmission of BBTV from banana to banana or banana to
any other indicator plant has been unsuccessful (Magee, 1967; Hafner et al., 1995; Thomas
et al., 2003).

2.1.4 Host range

BBTV is highly specialised and reported to cause typical symptoms in most of the
cultivated varieties of banana (Musa paradisiaca) and other species in genus Musa
including M. balbisiana, M. jackeyi, M. acuminata, M. textilis, M. coccinea, M. velutina,
M. ornata (Magee, 1927, 1948; Thomas and Dietzgen, 1991; Espino et al., 1993; Thomas
and Iskra-Caruana, 2000; Furuya et al., 2003) and closely related Ensete ventricosum
(Wardlaw, 1961). However, in the account of banana aphids colonising many other plants
belonging to Araceae, Commelinaceae, Musaceae and Zingiberaceae (Blackman and
Eastop, 1984) stimulated various scientists to determine whether BBTV can infect other
hosts too. The reports of BBTV infecting Canna indica (Cannaceae) and Hedychium
coronarium (Zingiberaceae) in Taiwan was result of such studies (Geering and Thomas,
1997; Yasmin et al., 2001). Chronicles of alternative hosts of this virus require further
confirmation as crops proven to be hosts of BBTV in a region was proved to be a non host
in some other regions (Ram and Summanwar, 1984; Hu et al., 1996; Geering and Thomas,
1997).

2.1.5 Genome organisation of BBTV

Banana bunchy top virus belongs to the genus Babuvirus in the family Nanoviridae

(Harding et al., 1991; Vetten et al., 2005). It has multipartite genome of six single stranded



circular DNA (ssDNA), similar in organization and size (approximately 1 kb) designated
as DNA-R, DNA-U3, DNA-S, DNA-M, DNA-C and DNA-N (Harding et al., 1991; Burns
etal., 1995; Wanitchakorn et al., 2000a; Vetten et al., 2005) (Fig 1). Each of the six genomic
components encompasses an intergenic region (IR) and one ORF transcribed into structural

and non-structural proteins of various functions.
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Figl. Genome organisation of BBTV. Genomic components except DNA-U is
represented in the figure. The ORF is denoted as grey arrow representing its
orientation. DNA-R encoding an additional gene is represented as I, function of
which is unknown. (Source: Amin et al., 2008)

The IR of each genomic component comprises of a stem-loop common region (SL-CR), a
major common region (CR-M), a TATA box and a polyadenylation signal (Burns et al.,
1995). Role of CR-M in second strand synthesis of circular sSDNA has been established
(Hafner et al., 1997a). It consists of three relatively conserved domains viz., I, Il and 111 and
short primer sequences. IR also comprises of promoter and terminator for the ORFs
(Dugdale et al., 1998).



DNA-R encodes the master replication initiation protein or Rep protein which helps in
replication of the BBTV genomic components (Horser et al., 2001a). It comprises of
domains for origin specific endonucleolytic, nucleotidyl transferase, helicase and ATPase
activities. The closed circular sSDNA of the virus is first converted to supercoiled dsDNA.
Rep protein binds to the hairpin structure at the origin of replication (ori) which is single
stranded and introduces an endonucleolytic nick in the AT rich conserved nanonucleotide
sequence (5-AGTTATTAC-3’) within the SL-CR of IR thereby initiating rolling circle
replication (RCR) (Horser et al., 2001). Rep protein binds to the 5’ end resulting in a free
3’ end acting as a primer for cellular DNA polymerase. Replication is terminated when a
Rep-catalysed nucleotidyl transfer reaction releases a circular single-stranded virus genome
(Hafner et al., 1997b).

DNA-S codes for approximately 20 kDa coat protein (CP) which assembles to isometric
capsid that encapsidates the viral genome (Wanitchakorn et al., 1997). DNA-M and DNA-
N encode the movement protein (MP) and nuclear shuttle proteins (NSP) which localises
in cell cytoplasm and nucleus, respectively. However, it has been demonstrated that when
both these proteins are expressed together NSP moves to periphery of the nucleus by the
interaction of 29 amino acid N-terminal hydrophobic region of the movement protein. The

NSP protein does not essentially react with the coat protein (Wanitchakorn et al., 2000a).

DNA-C is translated to the cell cycle link protein (C-link) that binds to plant
retinoblastoma-like protein (Rb) through its LXCXE motif to manipulate the cell cycle.
This protein-Rb complex has the ability to switch cell in any stage to S phase in order to
enhance viral DNA replication (Aronson et al., 2000; Wanitchakorn et al., 2000a). The Rb
binding motif in mastrevirus is located in the Rep protein where as in nanovirus, it is present
in a protein encoded by another genomic component. However, the Rep protein encoded
by AC1 gene of begomovirus binds to Rb but LXCXE motif is absent in this protein (Acotto
etal., 1993; Ach etal., 1997). The functions of the DNA-U3 gene product and that encoded
by the small internal ORF of DNA-R are unidentified (Burns et al., 1995; Beetham et al.,
1997).

2.1.6 Satellite molecules associated with BBTV

Additional circular ssSDNA components have been found associated to South East Asian
isolates that encodes Rep-like proteins in addition to the master Rep protein. These proteins

are involved in self replication. The satellite is similar to that of the other BBTV genomic



components not only in size but also in the presence of CR-SL (Horser et al., 2001b; Amin
et al., 2008). However, CR-SL is not conserved as in other genomic components. Satellite
also differs as it lacks an internal ORF and CR-M. Moreover, TATA box is present at the
5’ end of the stem loop. The sequence of satellite is similar to that of geminivirus-
associated Rep- like alpha satellites however, its phylogeny is more related to that of Rep

proteins of Nanovirus than Babuvirus (Horser et al., 2001b).

2.1.7 Structure of virion

The CP of ~20 kDa size assembles into 18-20 nm icosahedral particles composed of 20
faces and 30 edges with triangulation number one (T=1) (Tsao, 2008). Each genome
component is packed in a different capsid. Harding and co-workers (1991) purified BBTV
virions using caesium sulphate density gradient centrifugation and observed a major protein
with molecular weight 20 kDa in the SDS gel profile. The assembled particles of 18-20 nm

banded as a single component with a density of 1.28 to 1.30 g/ml in caesium sulphate.

2.1.8 Phylogenetics and molecular diversity of BBTV

Banana bunchy top virus is believed to have originated from South and Southeast Asian-
Australasian region ie., from the centre of origin of banana (Perrier et al., 2011; Stainton et
al., 2012). The early reports of the virus infecting banana starting from Fiji in 1889 followed
by Egypt in 1901 (source unknown), Australia and Sri Lanka in 1913 reinstates such

theories.

Previously phylogenetic studies conducted were based on DNA-R gene sequences yielding
two groups of BBTV isolates in the world namely the South Pacific group and the Asian
group (Karan et al., 1994; Hu et al., 2007; Stainton et al., 2012; Wickramaarachchi et al.,
2016). Yu et al. in 2012 revised the grouping to the Pacific India Oceans (PIO) group
(encompasses the isolates from Australia, Egypt, Hawaii, India, Myanmar, Pakistan, Sri
Lanka and Tonga) and South East Asia (SEA) group (encompasses the isolates from China,
Indonesia, Japan, Philippines, Taiwan and Vietnam). Due to germplasm exchange of
banana planting material, the P10 group is seen to have a broader distribution worldwide
than the SEA group (Qazi, 2016).

Based on analysis of all the available sequences of BBTV genome, two theories of
evolution have been proposed. According to the latest theory the two main BBTV

ancestries could have diverged only hundreds of years ago as result of mutation and
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frequent homologous inter genomic (Hu et al., 2007; Hyder et al., 2011) and intra genomic
recombinations (Hu et al., 2007). The old theory however, states that the divergence of the

two groups date back to the evolution of banana cultivation itself (Perrier et al., 2011).

On analysing sequences of all the six genomic components of the multipartite virus in the
database, DNA-R was found to be the most conserved with more than 88 per cent
nucleotide sequence identity among the isolates, while DNA-U3 was least conserved.
DNA-S, DNA-C, DNA-N and DNA-M, recorded sequence similarity of 80 per cent among
all isolates (Stainton et al., 2012). The genetic diversity of BBTV isolates within Pakistan,
Indonesia, Africa and Oceania was reported to be low and overall genetic diversity of
BBTV isolates was calculated to be approximately 15 % (Amin et al., 2008; Selvarajan et
al., 2010b; Stainton et al., 2012; Adegbola et al., 2013; Chiaki et al., 2015). However, in
the North Eastern region of India, relatively greater diversity for BBTV was detected
(Banerjee et al., 2014). Identification of two more viruses in genus Babuvirus, Abaca
bunchy top virus infecting abaca (M. textilis) and banana (Musa sp.) and Cardamom bushy
dwarf babuvirus (CBDV) infecting cardamom are indicative of the diversity in the genus
(Sharman et al., 2008; Mandal et al., 2013).

2.1.9 Recombination in BBTV

The evolutionary and fitness advantage of segmented genome of plant viruses is testified
in various studies (Szathmary, 1992; Chao, 1988; Vetten et al., 2005; Ojosnegros et al.,
2011). The replication advantage of shorter genome over the replication of a full length
genome is undebated (Nee, 1987; Holmes, 2009). Although, there might be many other
undiscussed reasons for evolution of segmented genomes, the consequence of which is
increased genetic diversity in the virus population. Genetic reassortment mechanisms
among different isolates of virus have been reported to cause variation and lately, that
between the segments of the same virus also has been resulting in increased genetic

diversity.

Despite being a DNA virus, BBTV genome segments have exhibited high genetic variation
attributed to intergenomic recombination and seldom to intragenomic recombination.
However, intra and intergenomic recombination events have been detected in DNA-U3
segments of isolates from Pakistan (Hyder et al., 2011) and fewer incidences of
recombination are detected in DNA-S and DNA-R segments (Lefeuvre et al., 2009). In

DNA-U3 segment recombination hot spots were detected in and around stem loop region
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(Hyder et al., 2011) which are also well defined recombination hot spots in Geminiviridae
(Lefeuvre et al., 2007, 2009; van der Walt et al., 2009). It is testified by Hyder and co-
workers (2011) that in this region a nick is created by viral Rep protein (Arguello-Astorga
et al.,, 1994; Hafner et al., 1997b; Wanitchakorn et al., 2000a) while rolling circle
replication, thus subjected to high levels of recombination. This mechanism is explained to
speed up the process of adaptation and resist the fixation of lethal mutations in virus
population (Keightley and Otto, 2006).

2.2 BANANA BRACT MOSAIC VIRUS

2.2.1 History and epidemiology of banana bract mosaic disease

Banana bract mosaic disease (BBrMD) also known as “Kokkan” was first reported from
Davao island of Mindanao in Philippines in the year 1979 (Magnaye and Espino, 1990;
Thomas and Magnaye, 1996; Rodoni et al., 1997). The disease subsequently spread all over
in Philippines and also to major banana growing parts of India, Sri Lanka, Vietnam and
Western Samoa. The disease was initially reported from the ‘Old World’, but recently it
has been reported in Columbia, Ecuador and Costa Rica (Quito-Avila et al., 2013)
indicative of the spread of BBrMV which is suspected predominantly through export of

planting materials (Rodoni et al., 1999).

In India, the disease was first spotted in Kerala, however, the aetiology was unidentified
then (Balakrishnan et al., 1996). BBrMD is cosmopolitan in Kerala. The disease causes a
heavy economic loss of 40-60 per cent yearly to banana industry in Kerala alone (Cherian
et al., 2002). In India, BBrMD is reported from all the major banana growing states like
Tamil Nadu, Andhra Pradesh, Karnataka and Assam (Selvarajan and Jeyabaskaran, 2006)

(Fig. 1).

2.2.2 Symptoms

The distinguishing symptoms of BBrMD include dark reddish-brown mosaic pattern on the
bracts of the inflorescence from where the name of the virus originates. This symptom
discerns it from all the other viral diseases of banana. Initial symptoms include reddish
brown spindle shaped lesions or streaks running parallel to the veins on the pseudostem,
petioles and midrib (Rodoni et al., 1997; Thomas et al., 1997; Selvarajan and Jeyabaskaran,
2006; Kumar et al., 2015). However, symptoms on leaf lamina may or may not be
conspicuous (Thomas and Magnaye, 1996). Distinctive dark purple to red coloured mosaic
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patterns, stripes or spindle shaped streaks are observed when dead sheaths are pulled away
from the pseudostem. At severe conditions the infected leaf sheaths are seen separated from
the pseudostem by itself. Seldom observed symptoms include ‘Traveller’s palm’ like
congested and parallel arrangement of leaves and black streaks on various plant parts
(Balakrishnan et al., 1996). Mosaic patterns are visible on bunch stalks and reduction in the
bunch weight and size of fingers are observed with considerable decline in market value of
the bunch resulting in huge economic loss (Magnaye and Espino, 1990; Thangavelu et al.,
2000; Cherian et al., 2002).

2.2.3 Disease transmission

Banana bract mosaic virus, as BBTV is primarily transmitted through infected planting
material. But unlike BBTV, it is transmitted non persistently by several aphid species, apart
from P. nigronervosa, viz., Rhopalosiphum maidis, Aphis gossypii (Magnaye and Espino,
1990; Munez, 1992) and A. craccivora (Selvarajan et al., 2006). The attempts of Dhanya
(2004) to mechanically transmit BBrMV through graft and soil were unsuccessful. Vector
transmission of BBrMV, however, with Pentalonia nigronervosa Cog. resulted in 40 per
cent transmission with pre-acquisition fasting of 1 h and acquisition threshold of 30 min.
Recently, BBrMV was proved to transmit through seeds in synthetic diploid, H-201 that
were raised from embryos of infected seeds of naturally infected plants in the field. Both
in vitro and potted plants showcased typical BBrMV symptoms (Selvarajan et al., 2020a).
BBrMV transmission through seeds is extremely alarming especially in synthetic diploid
H-201 which is exclusively developed for panama wilt, nematodes and sigatoka disease

resistance breeding programme (Krishnamoorthy, 2002).

2.2.4 Host range

Banana bract mosaic virus belongs to Potyvirus genus of Potyviridae family, one of the
largest genus of plant viruses representing approximately 30 per cent of all the plant viruses
identified up to now. Its host range as a whole is broad although that of individual species
is restricted (Desbiez et al., 2014; Sharma et al., 2014). Potyvirus infects few members of
family Caricaceae, Rosaceae, Amaranthaceae, and in the order Zingiberales, apart from
crops belonging to Solanaceae, Cucurbitaceae, Leguminosae and some ornamental plants
causing considerable yield loss in tropical and subtropical countries (Hollings and Brunt,
1981; Wang et al., 2010; Kumar et al., 2015; Sharma et al., 2014; Siljo et al., 2012).

13



Studies on host range of BBrMV showed that it causes disease in all banana genotypes
especially Cardaba (ABB/BBB), Saba (BBB) and Abuhon (BB) (Thomas and Magnaye,
1996). Conversely, on screening the germplasm collection at Banana Research station,
Kannara for BBrMD revealed A genotype succumb to the disease than B genotype. The
study also highlighted that all the commonly cultivated varieties in Kerala were susceptible
to BBrMV (Dhanya, 2004).

Banana bract mosaic virus was believed to be highly specialised, as any other virus in the
genus Potyvirus, infecting Musa sp. including abaca (M. textilis), until infection on
cardamom (Elettaria cardamomum Maton) in India and flowering ginger (Alpinia
purpurata (Vieill.) K. Schum) in Hawaii was reported (Sharman et al., 2000; Wang et al.,
2010; Siljo et al., 2012).

2.2.5 Genome organisation

Banana bract mosaic virus is a positive sense single stranded (ss) RNA virus of 9,711 bp
with only one functional ORF coding for a polyprotein (Fig 2) (Allison et al., 1986;
Dougherty and Carrington, 1988; Balasubramanian et al., 2014). This is the characteristic
of Potyviridae family with only genus Bymovirus as an exception (Berger et al., 2005). The
polyprotein is post-translationally modified by its own proteases to 10 functional
polypeptides (Urcuqui-Inchima et al., 2001) and PIPO (Pretty Interesting Potyviridae ORF)
expressed by an internal frame shift (Chung et al., 2008) as in all other potyvirids. The 5’
terminal protein (\VPQ) is covalently linked to this genomic RNA and it has a poly A tail
at the 3’ terminal (Riechmann et al., 1992). The 5’ untranslated region (UTR) mediates cap-
independent translation of the polyprotein (Kneller et al., 2006).

The polyprotein precursor is cleaved at susceptible Q-S (glutamic acid- serine), Q-G
(glutamic acid- glycine), and Q-A (glutamic acid- alanine) residues by three virus
proteinases (P1, HC-Pro and Nla-Pro) into P3 protein, 6K1 protein, cytoplasmic inclusion
(CI) protein, 6K2 protein, nuclear inclusion a protein (Nla), genome linked viral protein
(VPg), nuclear inclusion b protein (N1b) and coat protein (CP) (Allison et al., 1986; Shukla
and Ward, 1988). Most of the cleavage reactions are catalysed by trans-proteolytic or
autoproteolytic mechanisms of small nuclear inclusion protein (Nla-Pro) whereas, P1 and
the helper component proteinase (HC-Pro), catalyse autoproteolysis at their respective
termini (Dougherty et al., 1988).
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Fig 2. Genome structure and organisation of BBrMV (Adopted and modified from
Sabharwal, 2017)

Other than protease activity, HC-Pro facilitates aphid transmission of the virus by
interacting with DAG (aspartic acid- alanine- glycine) motif of the capsid protein with its
PKT (proline-lysine- threonine) motif (Hull, 2009). The protein is also found to be
important in systemic movement of the virus together with 6K2. Development of symptoms
are facilitated by HC-Pro, P1 and CI. NIb is the viral RNA dependent RNA polymerase
(RdRp) whereas RNA helicase for RNA replication is Cl. 6K1 not only enables cell to cell
movement but also plays a major role in virulence (Sochor et al., 2012; Balasubramanian
etal., 2014).

Coat protein ORF is situated at the 3’ end of the ssRNA. The coat protein of Potyvirus is
proven to be multifunctional as it has significant roles in virion assembly, aphid
transmission and cell to cell and systemic movement (Sochor et al., 2012; Balasubramanian
etal., 2014).

2.2.6 Structure of virion

The approximately 10 kb genome of BBrMV is encapsidated in long flexuous rod particle
of average dimension 725 x 12 nm composed of ~2000 units of capsomeres with molecular
weight of 34 kDa arranged in a helical symmetry as in other flexuous rod shaped

potyviruses (Anindya and Savithri, 2003; Balasubramanian and Selvarajan, 2014). The
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potyvirus nucleocapsid helix consists of minimum seven and not more than nine coat
protein (CP) subunits per ring with basic pitch of is 3.3 nm (Goodman et al., 1976; Kendall
et al., 2008; Zamora et al., 2017). The coat protein structures of Watermelon mosaic virus
(WMV) and Turnip mosaic virus (TuMV) has been deciphered using cryo-electron
microscopy (Zamora et al., 2017; Cuesta et al., 2019). The CP consists of mostly a helices.
The secondary structure of N and C terminal is large coiled-coil domain which is flexible.
These surface exposed N- and C-terminal arms of CP mediate the polymerisation of CP
subunits in the virion (Anindya and Savithri, 2003). The flexuous nature of viral particles
can be attributed to the relative movements between CPs facilitated by the N and C

terminals (Zamora et al., 2017).

2.2.7 Phylogenetics and molecular diversity of BBrMV

The RdRp of RNA viruses lack proofreading activity, causing errors due to mis insertion
in the range of 1073 to 107 substitutions per nucleotide and per round of replication leading
to genetic variability (Steinhauer et al., 1992; Domingo and Holland, 1997). This high rate
of mutation and short period for replication favour formation of viral quasi species which
can easily adapt to the changes in the environment (Eigen et al., 1988). The coat protein of
BBrMV also showcases high variability due to the above reason. The mutations and
substitutions however, are fixed in the population, if they have any fitness advantage
(Domingo and Holland, 1997).

As mentioned earlier, the CP of potyvirids is multifunctional, facilitating host adaptability,
systemic movement and infection in the host and plant- to- plant transmission (Sochor et
al., 2012). However, this coat protein is also one of the most variable proteins encoded by
the potyvirid genome. It differs across the strains of same virus and different viruses of the
same genus and species (Shukla et al., 1988). Particularly, the N and C terminal is
hypervariable according to Nigam et al. (2019) and these are the regions under positive

selection.

The BBrMV population around the globe was evaluated for diversity and it was evident
that isolates displayed 0.3- 5.6 per cent and 0.3- 4.3 per cent variability in the nucleotide
and amino acid sequence level respectively (Rodoni et al., 1999). On evaluating the
diversity of Indian isolates of BBrMV, based on their CP gene, Balasubramanian and
Selvarajan (2014), establishes that the nucleotide and amino acid sequence diversity of the

Indian isolates are more than other regions from where the disease has been reported. The
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reason stated was the suspected origin of the disease from Southern part of India and its
parallel evolution with the host. On assessing the evolutionary lineages of BBrMV isolates
infecting Musa sp, cardamom and flowering ginger all seem to have diverged from a
common ancestor in the course of evolution. Besides, the studies carried out based on VPg
and HC-Pro also reinstated that a relationship with geography cannot be established.
Furthermore, unregulated movement of planting materials across the states results in
frequent gene flow among and between South Indian isolates (Balasubramanian et al.,
2014; Balasubramanian and Selvarajan, 2014; Anuradha and Selvarajan, 2018).

2.2.8 Recombination in BBrMV

Recombination occurring in RNA viruses have a major evolutionary and biological
significance (Simon-Loriere and Holmes, 2011). Recombination is one of major reasons
for genetic diversity in RNA viruses apart from mutations which occur in relatively high
frequency in Potyviridae (Tomimura et al., 2004; Gibbs and Ohshima, 2010).

Ecological implications of recombination can be, a method for the viral quasi species to
adapt to a new host by performing genetic jumps gradually through numerous rounds of
replications (Domingo and Holland, 1997). The possible explanation for host range
expansion of BBrMV can be corroborated with the frequent recombination events in the
genome. An intriguing result obtained from the study conducted by Balasubramanian and
Selvarajan (2014) was that the minor parents of two possible recombinant isolates from
Tamil Nadu were BBrMV isolates infecting cardamom both found in Southern part of

India.

Recombination in BBrMV isolates based on coat protein was analysed by Balasubramanian
and Selvarajan (2014) and eight isolates were detected as recombinants including one
isolate from Philippines (AF071590.1) and Thailand (AF071589.1). Interestingly, the
major and minor parents of Philippines and Thailand isolates were Indian isolates. Among
other six Indian isolates, one was collected from Kerala. However, study based on VPg
reported only one possible recombinant, KT852552.1, collected from Tamil Nadu and that
based on HC-Pro gene reported four isolates one of which was collected form Philippines
and the rest from India (Balasubramanian et al., 2014; Anuradha and Selvarajan, 2018).
Based on these results conclusion was drawn that BBrMV subsequently moved from India

to Philippines and later to other parts of the world (Balasubramanian et al., 2014).
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2.3 CODON USAGE BIAS OF VIRUSES

In most of the organisms evaluated so far, it have been revealed that the alternative
synonymous codons for one amino acid are not used randomly and that this non-random
usage is species or taxon specific (Grantham et al., 1981; Ikemura 1985). It was fascinating
to the scientific community that within the species itself there was a considerable
heterogenity between the genes. Soon it was establishes that the positive correlation
between degree of codon bias and level of gene expression cannot be ignored especially in
the well characterised E. coli and yeast genome (Gouy and Gautier, 1982; Bennetzen and
Hall, 1982).

Codon usage bias (CUB) can be quantified by codon bias index which measures the codon
bias based on the effeciency of translation (Bennetzen and Hall, 1982). It is the degree of
deviation from a postulated impartial pattern of usage also termed as codon preference bias
(McLachlan et al., 1984), chi square value for the deviation from random codon usage
(Sharp et al., 1986). However, codon preference statistic is based on the ratio of the
likelihood of discovering a particular codon in a highly expressed gene to the likelihood of
finding that codon in a random sequence with the same base composition (Gribskov et al.,
1984). Apart from these, Codon Adaptation Index (CAl) is a statistical index inclusive of
the role of natiral selection on codon bias proposed by Sharp and Li in 1987.

Viral genes are classic examples of foreign genes being expressed in host organims. This
implies that the codon usage in the many viruses that do not have their own translation
machineries and do not encode their own tRNA molecules should be perceptibily adapted
to the translational machinery of the host. Thus, understanding the codon usage pattern of
the host will give an insight of the expression levels of certain genes in the virus with
understanding the the arms race between the host and virus leading to evolution. It was also
established by Adams and Antoniw (2004) that mutational bias is major determinant of

codon usage variation midst plant viruses.

Many scientists have endeavoured to define reasons for codon bias in various organisms
over time. Evidently, random genetic drift (Sharp and Li, 1986; Bulmer 1991), tRNA
abundance, mRNA, protein structure (Knight et al., 2001), apart from replicational,
transcriptional, translational bias (Hershberg and Petrov 2008) and other environmental

factors (Behura and Severson, 2013) influence codon usage pattern in different organisms.
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2.4 DIAGNOSIS OF BBTD AND BBrMD

Viral diseases are effectively controlled by using resistant cultivars in the field. However,
even after multiple investigations no variety was identified as a source for resistance
breeding. Although, some tolerant cultivars were identified with low rate of infection to
BBTV (Jose, 1981; Hooks et al., 2008, 2009; Niyongere et al., 2011) and none were found
tolerant to BBrMV (Kumar et al., 2015). Moreover, resistance breeding in Musa sp. has not
been proved to be successful due to its complex polyploid genome. In the absence of
effective management strategy or resistant cultivar, use of superior quality uninfected
planting material, early diagnosis and rogueing of infected plants are the best methods to

control the spread of the viral diseases and reduce heavy crop loss.

Virus indexing plays a major role in providing high quality planting materials to the
stakeholders, especially TC plants which are produced and cultivated with a lot of added
investment. Apart from these complications, BBTV and BBrMV stay latent in the host
creating an impression of infected plant being healthy and by the time conclusive symptoms
are displayed, the management becomes impossible. Even otherwise symptomatology-

based diagnosis is not decisive as it overlaps with nutrient deficiencies (Kumar et al., 2015).

Detection of BBTV and BBrMV are primarily based on serological techniques using
polyclonal and monoclonal antibodies. The most used serological diagnostic method is
Enzyme linked Immunosorbent Assay (ELISA) (Espino et al., 1989, 1990; Wu and Su,
1990b; Thomas and Dietzgen, 1991; Thomas et al., 1997) and its variants like double and
triple antibody sandwich ELISA and plate-trapped antigen (PTA) ELISA. Detection of
BBTV in TC plants, aphids and field samples have been developed using these methods
(Wu and Su, 1990b; Thomas and Dietzgen, 1991; Geering and Thomas, 1996; Selvarajan
et al., 2010). Most recently, Lateral Flow ImmunoAssay (LFIA) was developed by
Selvarajan et al., (2020b) which can detect up to 10 ng/ ml of BBrMV.

Nucleic acid-based methods have been used for quick and specific detection of both BBTV
and BBrMV. Polymerase Chain Reaction (PCR) for detection of BBTV (Xie and Hu, 1995;
Hu et al., 1996; Thiribhuvanamala et al., 2005; Galal, 2007) and Reverse-Transcriptase
PCR (RT-PCR) for detection of BBrMV (Espino et al., 1990; Bateson and Dale, 1995;
Thomas et al., 1997; Rodoni et al., 1999; Kiranmai et al., 2005; Ha et al., 2008; Selvarajan
et al.,, 2010a) has been developed. Besides primers for amplification of all the six

components of BBTV, differential primers to differentiate PIO and SEA isolates have also
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been designed (Burns et al., 1995; Sharman et al., 2000; Mansoor et al., 2005; Stainton et
al., 2012). Additionally, Loop mediated Isothermal Amplification (LAMP) (Peng et al.,
2012), Rolling Circle Amplification (RCA) (Stainton et al., 2012) and Nucleic acid Spot
Hybridization (NASH) (Harding et al., 1991; Xie and Hu, 1995; Hafner et al., 1997;
Selvarajan and Balasubramanian, 2008) have been applied for the sensitive detection of
BBTV.

RealTime PCR (gPCR) is used to detect and quantify BBTV (Bressan and Watanabe, 2011;
Chen and Hu, 2013) as well as BBrMV (Siljo et al., 2014). Multiplex PCR to detect
infection of more than one virus in banana in a single reaction has also been standardized
in various laboratories (Sharman et al., 2000; Selvarajan et al., 2004; Liu et al., 2012).
Furthermore, Immuno Capture- RT-PCR (IC-RT-PCR), combination of serological and
nucleic acid methods is used to detect BBrMV infecting banana (Iskra-Caruana et al.,
2008).

The World Health Organisation (WHO) has designated a perfect diagnostic technique to
be “ASSURED” ie., Affordable, Sensitive, Specific, User friendly, Rapid and robust,
Equipment free, and Deliverable (Kosack et al., 2017). Although nucleic acid based assays
qualify as rapid, specific and sensitive than serological assays, the requirement of skilled
personnel and sophisticated infrastructure makes it unaffordable and complicated.
However, immunodiagnosis can be perfected to fit in all the parameters of good diagnostic

assay, provided, it is more specific and sensitive.

2.5 SERODIAGNOSTICS AND RECOMBINANT COAT PROTEIN

Sensitivity, specificity and reliability of any serodiagnostic assay depends on the quality of
antiserum used for the same. In serological assays employed for detection of banana
viruses, antisera were developed against the surface epitopes present on coat protein of the
virus/ virion. Iskra- Caruana et al., and Wu and Su developed and standardised method for
purification of BBTV virions from BBTD-affected banana plants in 1989 and 1990,
respectively. Wu and Su (1990b) purified BBTV from infected banana sample collected
from Taiwan by differential centrifugation (Wu ad Su, 1990a) and used it for immunising
BALB/c mice to develop monoclonal antibodies (MAbs) by hybridoma technology.
Antibody trapped antigen (ATA) ELISA, PTA- ELISA and immunofluorescence assays
were developed for the first time, with BBTV specific MAbs (Wu and Su, 1990b).
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Later, more methods for BBTV purification were reported by Thomas and Dietzgen (1991)
by modifying the protocol of Wu and Su (1990a). They used two step purification protocol
in which virions were partially purified by sucrose density ultracentrifugation and later
subjected to equilibrium centrifugation in caesium sulphate (Cs2SOs). These were analysed
in Sodium Dodecyl Sulphate- PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and
prominent band at 21 kDa was observed corresponding to the molecular weight of BBTV
CP. This process yielded purified preparations of the virus compared to other methods,
nevertheless, it was five days long laborious process. Partially purified virions were
injected twice in a New Zealand white rabbit intramuscularly, and antiserum was raised
and used to develop ELISA (Thomas and Dietzgen, 1991).

In the case of banana viruses, major drawbacks observed while raising antiserum against
partially purified virus is the interference of phenols and secondary metabolites present in
the host and low concentration of final preparation. This notably compromises the
specificity of the antisera as well as considerably reduces sensitivity of the assay (Hema et
al., 2003). Development of recombinant coat protein (rCP) and using highly pure protein

as antigen for immunising the animal resolves the above challenges.

Overexpression of recombinant proteins in bacterial systems and its purification in large
quantity have revolutionised biochemistry. It has created a surge in number of scientific
studies on biochemical and physical characterisation of the proteins which were otherwise
difficult to characterise by X-ray diffraction or Nuclear Magnetic Resonance (NMR)
spectroscopy (Rosano and Ceccarelli, 2014). Development of many serodiagnostic assays
against plant viruses have been developed in the last few years using recombinant

technology.

Theoretically, development of recombinant protein can be carried out by the following
steps. The gene of interest is cloned in to a suitable expression vector which is later
transformed to appropriate bacterial host. The protein is induced and overexpressed in this
host and then purified and characterised (Sgrensen and Mortensen, 2005a). However, in
practice, poor growth of the host, inclusion body (IB) formation and even not obtaining any
protein at all are some of the problems often encountered and thus standardisation of each
step is inevitable. Nevertheless, deciding expression vector and host combination is the
most significant step (Serensen and Mortensen, 2005b; Rosano and Ceccarelli, 2014).

Currently, strains of Escherichia coli (E. coli) are most preferred as expression hosts owing
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to its fast growth in cheap and readily available media and ease in transforming exogenous
DNA (Rosano and Ceccarelli, 2014). Rosetta and BL21 (DE3) strains of E. coli with pLysS
plasmid are the commonly used expression hosts. DE3 is an arrangement of T7 RNA
Polymerase gene, under the control of LacUV 5 promotor on a phage genome whereas,
pLysS is a plasmid that encodes T7 lysozyme that minimize leaky expression of the protein
(Studier and Moffatt, 1986; Dubendorff and Studier, 1991).

Wanitchakorn et al., (1997) cloned BBTV CP to pMAL-c2 vector and expressed in BL21
(DEJ) strain of E. coli. The fusion protein with maltose binding domain (MBD) was used
to raise antiserum in New Zealand white rabbit. However, apart from a specific band
corresponding to BBTV CP, non-specific bands were observed in both healthy and infected
samples in Western immunoblot with the antiserum produced against the fusion protein.
The observation that maltose binding protein (MBP) alone reacted with the antiserum is
indicative of the presence of MBP-related proteins in banana tissue with similar epitopes
that contributed to formation of polyclonal antibodies. The solution proposed was to use
cleaved BBTV CP and not the fusion protein for antiserum development.

Later, overexpression of BBTV rCP was attempted in other expression vectors like pQE30
and pET28a (+) (Abdelkader et al., 2004; Shilpa et al., 2016; Arumugan et al., 2017). In
pPQE30 expression vector, overexpressed BBTV rCP was soluble. Nevertheless, high
molecular weight non-specific proteins were present along with purified rCP. The SDS-
PAGE profile displayed prominent band at 21 kDa corresponding to coat protein of BBTV
(Abdelkader et al., 2004; Shilpa et al., 2016). In pET28a (+), however, the overexpression
of BBTV rCP was less and its solubility was not tested in the study (Arumugam et al.,
2017).

Likewise, rCP protein production of BBrMV was attempted by Rodoni et al. (1999). The
entire coding region of BBrMV CP was cloned into pProEX-1 expression vector and
transformed to E. coli M15 cells containing the pREP4 repressor plasmid. The 39 kDa
purified fusion protein was characterised by Western blot and used to raise antiserum in
New Zealand white rabbit. Conversely, BBrMV CP gene cloned to pET28a (+) and
overexpressed in E. coli BL21 (DE3) was insoluble and present in pellet fraction after
sonication. The pellet was subjected to urea denaturation and later purified using Ni- NTA

column chromatography (Selvarajan et al., 2020b).
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Correspondingly, rCP CMV and Banana streak mysore virus (BSMyV) causing infectious
chlorosis and streak disease respectively in banana have been developed for detection of
the viruses. The rCP has been overexpressed in a series of pET vectors like pET21a,
pET21d, pET28a and pMAL-c2X (Rostami et al., 2014; Sharma et al., 2014; Kim et al.,
2016; Koolivand et al., 2017). Antiserum raised against the rCP was evaluated for its
efficacy in detecting the virus in field samples. Recombinant Viral-associated protein
(VAP) of BSV was expressed in E. coli and polyclonal antibodies were raised against it in
rabbits. The antibody was found to be effective in detecting BSV in assays like Western

blot, Immunosorbent electron microscopy (ISEM) and ELISA (Selvarajan et al., 2016).

Monoclonal antibodies and polyclonal antibodies for Grapevine leafroll associated
closterovirus-3 (GLRaV-3) and Grapevine fanleaf virus (GFLV) respectively were
developed against purified viral rCPs. The CP genes of GLRaV-3 and GFLV were cloned
in to pRSET-C and pET28a (+) respectively and was overexpressed in E. coli BL21 (DE3)
and effectively used in serological assays to detect the viruses in grapevine (Ling et al.,
2000; Shibaei et al., 2018).

Furthermore, rCPs were developed for rapid, economical, easy-to-use, serological assays
for the detection of Citrus tristeza virus (CTV) (Sekiya et al., 1991), Sugarcane mosaic
virus (SCMV) (Smith et al., 1995), Tomato spotted wilt virus (TSWV) (Vaira et al., 1996),
Potato virus A (PVA) (Cefovska et al., 2002), Potato mop top virus (PMTV) (Cefovska et
al 2003), Sugarcane streak mosaic virus (SCSMV) (Hema et al., 2003; Hamdayanty et al.,
2016), Prune dwarf virus (PDV) (Jawdah et al., 2004); Potato virus Y (PVY) (Folwarczna
et al., 2008), Potato virus X (PVX) (Cerovska et al., 2010), Papaya ring spot virus (PRSV)
(Valekunja et al., 2016), Citrus psorosis virus (CPV) (Salem et al., 2018), and Citrus yellow
mosaic virus (CYMV) (Kumar et al., 2018) in field samples. The rCPs were cloned and

overexpressed in various vector/host combinations.

2.6 PURIFICATION OF rCP

Recombinant proteins are often expressed as fusion protein with a tag on the N and or C
terminal of the target protein. These tags are often linked to the target protein by a short
linker sequence containing a specific chemical (viz., Met or Asp-Pro) or protease cleavage
sites (viz., thrombin, enterokinase). Expression of fusion proteins facilitate the recovery of
high quality pure recombinant protein. Hexa-histidine tag (His-tag), glutathione-S-

transferase (GST-tag), and thioredoxin (Trx-tag) are few of the popular fusion partners
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(Lichty et al., 2005; Waugh, 2005; Esposito and Chatterjee, 2006). Tag occasionally aids
in increasing solubility of the protein which is otherwise insoluble (LaVallie et al., 1993;
Zhang et al., 1998). Alternatively, the tags may also promote insolubility, especially while
expressing short, partially structured polypeptides which need to be protected from host
proteases and for expressing proteins that are normally toxic to the host in which it is
expressed (Costa et al., 2014).

Purification of the proteins depends on various physico-chemical properties of the proteins
most important being the isoelectric point. The expression of fusion proteins with affinity
tags, has become extremely popular due to the ease of protein purification under both
nondenaturing and denaturing solvent conditions using affinity column chromatography
(Wingfield, 2016). Affinity chromatography, selects target proteins from other host
proteins by binding with immobilised lectins, dyes, nucleic acids or heparin through its tags
(Maity et al., 2013).

Most of the recombinant coat proteins expressed in E. coli vectors, reviewed in the previous
section are purified using affinity column chromatography. The immobilised matrix is
selected according to the tag linked to the target protein (Rodoni et al., 1999; Ling et al.,
2000; Hema et al., 2003; Abdelkader et al., 2004; Khan et al., 2011; Rostami et al., 2014;
Sharma et al., 2014; Wang et al., 2014; Hamdayanty et al., 2016; Arumugam et al., 2017;
Sabharwal et al., 2020).

In case of insoluble protein, the pellets obtained after slow centrifugation containing the
protein are treated with denaturants such as 6 to 8 M guanidine hydrochloride or urea. The
protein is then purified in the presence of the denaturing agent by affinity column
chromatography and later renatured by removing the denaturant through repeated dialysis
(Bennion and Daggett, 2003; Camilloni et al., 2008; Almarza et al., 2009; Koolivand et al.,
2016; Salem et al., 2018; Selvarajan et al., 2020b).

Apart from affinity column chromatography, differential centrifugation and density
gradient ultracentrifugation are also used for rCP purification if the coat protein can self-
assemble into virus like particles (VLPs) (Yusibov et al., 1996; Savithri and Murthy, 2010;
Gulati et al., 2016a; Sabharwal et al., 2019, 2020). A few instances where rCPs of plant
viruses purified by conventional protein purification methods such as ion-exchange and gel

filtration chromatography are also reported (Walls and Loughran, 2011).
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2.7 BIOPHYSICAL CHARACTERISATIONS OF VIRAL PROTEINS

Proteins that can be crystallised are characterised by X-ray diffraction or NMR
spectroscopy. However, many proteins, its truncated versions, domains are unstable and
insoluble or partially soluble due to many reasons. Thus, biophysical and biochemical
characterisation of proteins opens new avenues of understanding the secondary structure of
the protein and the implications of structure on its multifunctionality through dynamic
protein-protein or protein-nucleotide interactions. These data are correlated to detailed
molecular protein structures from crystallography and high resolution NMR (Neet and Lee,
2002; Vedadi et al., 2010). Biophysical methods include hydrodynamic methods like
analytical ultracentrifugation and viscometry, thermodynamic methods like light scattering,
microcalorimetry and surface plasma resonance and spectrometry like fluorescence
spectroscopy, circular dichroism (CD) and NMR for the characterization of the proteins
(Neet and Lee, 2002).

Hitherto, very few plant viral CPs have been characterised biophysically. Fluorescence
spectroscopy of Alfalfa mosaic virus (AMV) CP isolated from tobacco was carried out by
Kan et al. (1986). Emission spectra was calculated and maximum emission exhibited at 330
nm, a typical fluorescence of tryptophan in a hydrophobic environment and indicative of a

well folded protein.

The structure of PVX CP was interpreted to be composed of a-helices by CD spectroscopy.
It was evident from the study that the tertiary structure of PV X CP subunits in solution and

that of the intact virus particles are similar (Homer and Goodman, 1975).

The secondary structure of PVA was determined by characterisation of virion purified from
Nicotiana benthamiana. Detailed study of physico-chemical characters through UV
absorption, far and near UV CD spectra, intrinsic fluorescence spectra and differential
scanning calorimetry (DSC) melting curves, transmission electron microscopy, mass
spectroscopy and synchrotron small angle X-ray scattering (SAXS) were conducted
(Ksenofontov et al., 2013, 2018). The fluorescence spectra and Far-UV CD spectra showed
highly disordered regions in the protein probably due to the surface exposed N and C
terminal. The a-helical content in the CP was calculated to be in the range of 25 to 45 per

cent and that of  structures were predicted to be 16 %.

Characterisation of VPg, Nla-Pro encoded by Pepper vein banding potyvirus (PVBV) was

carried out by Far-UV spectroscopy and analytical ultracentrifugation. The protein coding
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genes were cloned and expressed in appropriate vectors and strains of E. coli respectively

to yield high concentration of good quality proteins for characterisation (Sabharwal, 2017).

The intrinsic and extrinsic fluorescence of rCP of Bean common mosaic virus (BCMV)
studied by Kumar et al. (2019) revealed that N and C terminal of the protein is disordered
which corroborated previous research on CP of various potyviruses. The Far UV CD
spectra of the protein discovered presence of large unstructured region in the polypeptide

which refers to N and C terminal of the CP.

2.8 APPLICATIONS OF rCP

Recombinant technology for investigations of structural and non-structural proteins of plant
viruses was indeed a breakthrough. Possibility of obtaining soluble and crystallizable
proteins have increased with the popularisation of recombinant protein development
techniques using various combinations of expression vectors and hosts. It is also possible
to manipulate the protein by expression of certain domains and truncated proteins which
are crystallised using this method (Lesley and Wilson, 2005; Vedadi et al., 2007).

The bioactivity of AMV CP was studied by protoplast infectivity assay using the rCP and
was proved to be biologically active in early event of infection. The AMV CP gene was
cloned into pTrcHisB and expressed in E. coli. Inoculation of genomic RNAs alone did not
cause infection instead inoculation of rCP with RNA resulted in infection (Yusibov et al.,
1996). It implies that the RNA binds to the rCP to form infective virion. The rCP subunits
also self assembled in vitro even in the absence of RNA to form more or less equal sized
isometric particles, however, bacilliform particles like that of AMV virions were formed
only in the presence of RNA. It was then subjected to X-ray diffraction after crystallisation.

Jacob and Usha (2002) overexpressed Cardamom mosaic virus (CdMV) CP in E. coli to
analyse self assembly of CP subunits and observed filamentous aggregates without any
association with genomic RNA. After crystallisation of Tobacco mosaic virus (TMV) using
ammonium sulphate by Stanley in 1935, Li et al. in 2012, attempted crystallisation of TMV
rCP expressed in E. coli. The protein, was slightly modified at the N and C terminal to
obtain more stability in crystallisation buffers and was characterised by size exclusion
chromatography as well as gel electrophoresis. The high-resolution crystals were subjected
to X-ray diffraction which gave a similar biophysical profile of that of TMV virion. The
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authors reported crystallisation of modified rCP to be unsophisticated compared to the

process of obtaining crystals from TMV particles.

Gulati et al., (2016a) could solve the structure of Tobacco streak virus (TSV) CP by
crystallisation of VLPs formed in vitro from rCP. The VLPs were allowed to form in vitro
and were purified by sucrose density gradient ultracentrifugation which were later
crystallised. The architecture of llarvirus particles, reasons for their capsid polymorphism
and multitasking ability have been decoded with the availability of structural data. TSV CP
gene was cloned in to pRSET- C and transformed and expressed in E. coli (DE3) BL21.

Apart from using recombinant proteins as an antigen for developing antibodies and aiding
in solving their structure and it’s functional implications, it has many more advantages of
which most are unexplored. The VLPs, coat proteins that self-assemble are nano-sized,
molecules that bear a resemblance to viruses but non-infectious due to absence of viral
genome (Rold&o et al., 2010). The immunogenicity of VLPs enable it’s use as vaccines, as
they elicit an immune response from the B cells (Chen and Lai, 2013). Their organised
repetitive structure is highly preferred to be used as scaffolds for bioimaging, as biosensors,
in light-harvesting, synthesis of bionanomaterials, and as nanocarriers in drug and gene
therapy as a cheaper alternative to gold nanoparticles which are extensively used at present
(Domingo-Espin et al., 2011).

Efforts were made to form chimeric VLPs of Sesbania mosaic virus (SeMV) and to
crystallise it (Gulati et al., 2016b). The disordered N terminal was replaced by B domain of
Staphylococcus aureus protein A, which binds to the Fc region of the antibodies. The
assembly of T =1 chimeric VLPs instead of T =3 was observed. However, the bioactivity

of B domain to was intact and suggested possible biotechnological applications.

Likewise, chimeric PVBV VLPs were produced and it’s application as immunodiagnostic
and immunotherapeutic agents were explored by Sabharwal et al. (2020). The chimeric CP
was expressed in E. coli as recombinant protein and purified using nickel-nitrilotriacetic
acid (Ni?*-NTA) affinity column chromatography and sucrose density gradient. The
chimeric VLPs could internalise into mammalian cells (Sabharwal et al., 2019) and bind
to antibodies through the B domain and deliver them was proved in the study (Sabharwal
et al., 2020). The inability of antibodies to cross the cell membrane and thus limiting its use
in immunotherapy can be resolved this way (Shirbaghaee and Bolhassani, 2016).
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Materials and Methods




3. MATERIAL AND METHODS

3.1 CHEMICALS

General biochemicals and accessories such as nickel-nitrilotriacetic acid (Ni?*-NTA)
agarose beads, GSH (glutathione) Sepharose beads, isopropyl-p-D-thiogalactopyranoside
(IPTG), X-gal, Nitrocellulose membrane (NCM), electrochemiluminescence (ECL)
solution, antibiotics, gel elution Kits used in this study were obtained from Sigma-Aldrich
USA; Merck-Millipore, Germany; Calbiochem, USA; Novagen, USA; ThermoFisher
Scientific, USA and Bio-Rad, USA. Ready to use Luria Bertani (LB) broth and other
chemicals for preparing media like yeast extract, tryptone, Agar-Agar, were procured from
Hi-Media, Mumbai, India. Molecular grade chemicals like agarose, acrylamide, bis
acrylamide, tetra methyl ethylene diamine (TEMED), sodium dodecyl sulphate (SDS) and
ammonium per sulphate (APS) were procured from Promega, USA and Sigma-Aldrich,
USA. Restriction endonucleases, T4 DNA ligase, Taq polymerase and Phusion (Pfu)
polymerase were obtained from ThermoFisher Scientific, USA; New England Biolabs Inc.,
USA,; Genei, India, Meridian Bioscience, USA. Protease inhibitor cocktail were obtained
from Sigma. Few other chemicals were of analytical grade, purchased from Hi-Media and

some were purchased from local chemical companies.

Protein molecular mass markers besides 1 kb and 100 bp DNA ladder were procured from
ThermoFisher Scientific, USA; Bio-Rad, USA. Goat anti-rabbit polyclonal 1gG enzyme
bioconjugate and Goat anti-mouse monoclonal 1gG enzyme bioconjugate were procured
from ThermoFisher Scientific, USA and Calbiochem, USA. The BBTV and BBrMV
primary antibodies (commercially available ) were obtained from National Research Centre
for Banana (NRCB), Trichy and Pepper vein banding virus coat protein (PVBV CP)
specific antiserum was procured from Prof. Savithri Lab, Indian Institute of Science (11Sc),

Bengaluru.

The ELISA plate, plasticware and glassware were bought from Tarsons Pvt. Ltd., India;
Borosil Pvt. Ltd., India; Axygen Inc., USA and Cole-Parmer, USA. DNA sequencing was
carried out by AgriGenome Labs, Kochi and Eurofins, Bengaluru. Formvar coated copper
grids for electron microscopy were procured from SPI supplies, USA and electron

micrographs were taken from Electron Microscopy facility, Division of Biological
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Sciences, 11Sc, Bangalore. The sources of some infrequently used chemicals are mentioned

in the appropriate sections of the thesis.

3.2. BACTERIAL HOSTS AND VECTORS

Escherichia coli DH5a (New England Biolabs, USA) was the recipient strain for the
plasmids used in cloning. pPGEM-T easy TA cloning vector (Promega) and pUC19
(Invitrogen) were used for molecular cloning of CP genes of the viruses. E. coli strains
BL21 (DE3) and Rosetta (DE3) containing pLysS (Novagen, Germany), BL21 (DE3), C41
(kind gift from Dr. D. N. Rao Lab and Dr. Tanveer Hussain Lab, 11Sc) were used for
overexpression of coat proteins in bacteria. pPRSET-C, pGEX-4T-2 and pET32a (+) vectors
(kind gift from Prof. Savithri Lab, IISc, Bengaluru) were used for cloning and
overexpression of CPs. Tobacco etch virus (TEV) protease gene containing recombinant

plasmid was a kind gift from Dr. Gayathri Pananghat, IISER, Pune.

3.3 SURVEY AND COLLECTION OF VIRUS ISOLATES

A roving survey in 10 districts, divided into North, Central and South zones of Kerala was
conducted from 2017 October to 2018 February. The population subset in Northern zone
included districts of Kozhikode, Wayanad, Kannur and Kasaragod. From the Central zone,
Ernakulam, Thrissur and Palakkad districts were surveyed and Thiruvananthapuram,
Kollam and Kottayam were surveyed from Southern part of Kerala. Incidence of BBTD
and BBrMD were recorded during the survey. Disease incidence was calculated as follows

Number of plants infected

Per cent disease incidence (PDI) = x 100

Total number of plants observed

A questionnaire was prepared and details like variety cultivated, the stage of emergence of
the disease, association with aphid vector besides personal details were collected
(Appendix I). The survey was conducted with an objective to collect virus isolates from
various parts of the state. Young leaves of infected samples were collected and stored after
flash freezing in liquid nitrogen and stored at -80 °C until further use. Suckers from BBrMV
infected plants were collected and planted in the insect free net house at Banana Research
Station, Kannara for further investigations. As necrosis occurs at a later stage of infection,

suckers from BBTYV infected plants were not maintained in the insect free net house.
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3.4 PRELIMINARY ASSAY BY ENZYME LINKED IMMUNOSORBENT ASSAY

A total of 50 samples suspected to be infected with BBTV and BBrMV were collected and
subjected to preliminary assay by Direct Antigen Coating- Enzyme Linked Immunosorbent
Assay (DAC-ELISA) with slight variation in the standard protocol (Clark and Adams,
1977).

All buffers used for the experiment were prepared in autoclaved Milli-Q water. Coating
buffer (carbonate-bicarbonate buffer, 10X) was prepared by dissolving 15.9 g sodium
carbonate (Na.COs3), 29.3 g sodium bicarbonate (NaHCO3), and 2.8 g sodium nitrate
(NaNOs) in 500 ml water which was made up to 1 L after adjusting pH to 9.2. Similarly, 1
L of 10X Phosphate buffered saline (PBS) of pH 7.4 was prepared by dissolving 80 g
sodium chloride (NacCl), 2 g potassium dihydrogen phosphate (KH2PQOj4), 11.6 g disodium
hydrogen phosphate (Na2HPO4) and 2g potassium chloride (KCI). PBS-T (1X PBS of pH
7.4 containing 0.1 per cent v/v Tween-20) was used as washing buffer. Antibody titre of
commercially available BBTV and BBrMV specific primary antisera was determined
through DAC-ELISA against same concentration of antigen. Primary and secondary
antisera were diluted in antibody diluent buffer, PBS-TPO (PBS-T with 2 % Poly vinyl
pyrrolidone; PVP-K30 and 0.2 % bovine serum albumin; BSA). Substrate buffer (100 ml)
was prepared by dissolving 9.7 ml diethanolamine in 50 ml water, made up to final volume
after adjusting pH to 9.8 using concentrated hydrochloric acid (HCI) and stored in an amber

coloured bottle.

Antigen was isolated from 1 g of infected leaf sample in 5 ml carbonate buffer (1X) and
200 pl was coated on to the wells of 96 well polystyrene ELISA plate in duplicates
(sometimes triplicates) for 1 h at 37 °C. After washing off the excess antigen using PBS-T,
200 pl blocking buffer (5 % skim milk powder in PBS-T) was added and retained at 37 °C
for 45 min with the intention of reducing non-specific binding of the primary antibody.
Appropriately diluted commercially available virus specific antiserum (200 pl) was added
to the wells and incubated overnight at 4 °C. The excess primary antibody was washed off
with PBS-T thrice, and 200 pl of 1:10000 v/v anti-rabbit 19G conjugated with alkaline
phosphatase enzyme (secondary antibody) was added to the wells and incubated for 2 h at
37 °C. 200 pl of substrate solution (1000 ppm of para-nitro phenyl phosphate disodium salt;
PNPP dissolved in substrate buffer) was added to the wells after washing off excess

secondary antibody and incubated for 30 min in dark at room temperature. The absorbance
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was recorded at 405 nm in ELISA plate reader (BioRad). Healthy samples as negative
control and infected samples as positive control in duplicates were added in the assay. The
test samples that showed higher than double the Asos value of negative controls were
considered as positive.

3.5 TOTAL DNA ISOLATION

Total DNA was isolated from seventeen representative samples selected from those that
gave positive results in the preliminary assay using modified CTAB method standardised
in Virology lab, BRS, Kannara. In the presence of liquid nitrogen, 1g leaf sample with
midrib was pulverised to fine powder and homogenised with 10 ml pre heated 2X extraction
buffer (2 % CTAB; 100 mM Tris, pH 8.0; 1.4 M NaCl; 20 mM EDTA,; 1 % PVP and 0.1
% B-mercaptoethanol, BME) in autoclaved and prechilled pestle and mortar. The mixture
was transferred to an autoclaved Oakridge tube and incubated at 65 °C in water bath
providing intermitted mixing. Ten ml of 24:1 v/v chloroform and isoamyl alcohol was
added to the Oakridge tube and placed in an end-to-end rotor for 10 min. Post centrifugation
at 10,000 rpm for 15 min at 4 °C, the aqueous phase was collected into another Oakridge
tube. The process was repeated. To the aqueous phase collected post second round of
centrifugation, equal volume of ice cold isopropanol was added. Subsequently, incubated
it at -20 °C for 1 h after thorough mixing. The precipitated DNA was collected by
centrifugation at 10,000 rpm for 20 min at 4 °C. The pellet was washed with 70 per cent ice
cold ethanol and was blot dried. Pellet was air dried until the alcohol completely evaporated
and dissolved in autoclaved Milli-Q water. DNA was quantified in Nanodrop

(ThermoFischer Scientific). Quality was checked in 0.8 per cent agarose gel.

3.6 POLYMERASE CHAIN REACTION

Total DNA isolated from the infected tissue was used as template for Polymerase Chain
Reaction (PCR) to amplify CP gene of BBTV using reported forward and reverse primers
(Wanitchakorn et al., 2000a). The PCR reaction mixture contained 1X Taq buffer with 15
mM MgCl,, 10 mM dNTPs, 40 pmol each of BBTV CP specific forward (5 GGTTTTC
GGATTGAGCCTAC 3’) and reverse (5 TTGACGGTGTTTTCAGGAACC 3°) primers,
3 units (U) of Taq polymerase (Genei, Bangalore) and 25-30 ng of total DNA isolated was
used as template. The PCR was performed in a Master Cycler PCR machine (Eppendorf,

Germany) with initial denaturation at 94 °C for 5 min followed by 35 cycles of denaturation
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at 94 °C for 1 min, annealing at 60.8 °C for 1 min and extension at 72 °C for 1 min 30 s
with a final extension of 72 °C for 10 min. The PCR product was analysed on 1.2 per cent
agarose and purified by PCR purification kit according to manufacturer’s instructions
(ThermoFisher Scientific). The purified PCR products were sequenced by Sanger dideoxy
sequencing method using virus CP specific forward and reverse primers. Partial BBTV
DNA-S with the complete CP coding sequence of 17 BBTV isolates generated in this study
were deposited in NCBI GenBank and accession numbers MT174314- MT174330 have
been assigned.

3.7 TOTAL RNA ISOLATION

All the glassware, micropipette tips, mortar, pestle, microcentrifuge tubes, PCR tubes and
water for preparing buffers were treated with 0.1 per cent diethyl pyrocarbonate (DEPC)
overnight and double sterilised. Total RNA was isolated from twelve representative
samples that gave positive results in DAC-ELISA using RNeasy Plant MiniKit (Qiagen,
USA) according to manufacturer’s instructions. Hundred mg of leaf samples were disrupted
in presence of liquid nitrogen in mortar and pestle. RLT buffer (450 ul) was added to the
pulverised tissue after the liquid nitrogen evaporated. The homogenised lysate was
transferred to QIAShredder spin column placed in a collection tube. Supernatant was
collected after centrifugation at 10,000 rpm for 2 min at 4 °C. Ethanol (100 %) equal to
half the volume of supernatant was added to clear the lysate and nucleic acids were allowed
to precipitate. The lysate along with precipitate was transferred to RNeasy MiniSpin
column placed in a 2 ml collection tube. RNA was allowed to bind to the column and the
rest were separated by centrifugation for 15 s at 10,000 rpm. Flow through was discarded
and the column was washed with 700 pl RW1 buffer. Subsequently, the column was
washed with 500 pl RPE buffer twice. Excess wash buffer was discarded by centrifugation
at 10,000 rpm for 20 s and alcohol was allowed to evaporate at room temperature. RNA
was eluted with RNase free water added directly to the membrane. Centrifugation at 10,000
rpm for 1 min was repeated for maximum recovery of RNA. Quality of RNA was assessed

by agarose gel electrophoresis (AGE) and quantified in Nanodrop.

3.8 REVERSE TRANSCRIPTASE- POLYMERASE CHAIN REACTION

First strand cDNA was synthesised from total RNA isolated from the BBrMV infected
plants using RevertAid First strand cDNA synthesis kit (ThermoFisher Scientific). Twenty
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pl of reaction mixture was prepared by adding 4 pl of 5X reaction buffer, 10 mM dNTP
mix, 1 pl Ribolock RNAse inhibitor, 200 units of RevertAid M-MuLV RT, 5 uM Oligo
(dT)1s as the primer and 50-100 ng of template. The mix was incubated at 42 °C for 1 h for
cDNA synthesis to take place. The reaction was terminated by incubating the mix at 70 °C
for 5 min. The PCR reaction mixture contained 1X Taq buffer with 15 mM MgCl,, 10 mM
dNTPs, 40 pmol each of BBrMV CP specific forward (5 TCTGGAACGGAGTCAACC
AA 3°) and reverse (5 CTCGATCAATACCTCACAGG 3’) primers (Sankaralingam et
al., 2006), 3 U of Taq polymerase (Genei, Bangalore). One puL of the first strand cDNA
synthesis reaction mixture was used as template. PCR was performed with initial
denaturation at 94 °C for 5 min followed by 35 cycles of denaturation at 94 °C for 1 min,
annealing at 42 °C for 1 min and extension at 72 °C for 2 min with a final extension of 72
°C for 10 min. The PCR product was analysed on 1.2 per cent agarose and purified. The
purified PCR product was sequenced by Sanger dideoxy sequencing method in both
directions using BBrMV CP specific forward and reverse primers to obtain complete
sequence. The complete CP gene sequences with 3’ UTR of 12 BBrMV isolates generated
in this study were deposited in NCBI GenBank and were assigned accession numbers
MT818176-MT818187.

3.9 AGAROSE GEL ELECTROPHORESIS

Molecular grade agarose was weighed according to the concentration of the gel to be
prepared and dissolved in 1X TAE buffer (prepared from 10X TAE buffer containing 2 M
Tris, pH 8.0; 0.5 M ethylene diamine tetra acetic acid (EDTA), pH 8.0; 1 M glacial acetic
acid) by boiling. When the solution cooled down to ~ 40 °C, 2 pl of ethidium bromide
(EtBr) was added and casted. 1X TAE buffer was poured to electrophoresis tank and the
gel was placed in it. After loading samples mixed with 6X DNA loading dye (0.25 %
bromophenol blue, 0.25 % xylene cyanol, 30 % glycerol), electrophoresis was carried out
at 80 V. In order to run RNA samples, TAE buffer was prepared in DEPC treated double
autoclaved water. The casting tray, comb and electrophoresis tank were also washed

thoroughly with DEPC treated water prior to casting the gel and electrophoresis.

3.10 IN SILICO ANALYSIS OF COAT PROTEIN GENE

The PCR products (BBTV CP and BBrMV CP) after purification was sequenced by Sanger

dideoxy sequencing method in both directions using forward and reverse primers. All the
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raw sequences obtained after sequencing, were analysed for its quality score and trimmed
accordingly. Forward and reverse sequences were merged to form contig in CAP3-Prabi

online tool.

In order to assess genetic variability and phylogeny of the CP genes of BBTV and BBrMV,
apart from the sequences generated in this study, complete coding sequences of CP genes
of isolates from different parts of the world were retrieved from GenBank database
(http://www.ncbi.nim.nih.gov/) (Appendix 1V). In order to make meaningful comparisons,
only full length gene sequences were considered and partial sequences were discarded. Coat
protein gene sequences of BBTV isolates belonging to both SEA and PIO groups were
included in BBTV CP dataset. BBrMV infecting ornamental ginger and cardamom were
included in the dataset of BBrMV CP gene. The amino acid sequences were derived from
the nucleotide sequences using EXPASy Translate tool (Gasteiger et al., 2003). Rare codons
in the protein were determined by Rare codon search tool (https://www.bioline.com/
media/calculator/01_11.html).

3.10.1 Phylogenetic analysis

Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). The coding region
of BBTV CP were selected and aligned by MUSCLE (MUItiple Sequence Comparison by
Log-Expectation). Phylogenetic tree was constructed by Neighbour Joining (NJ) method
(Saitou and Nei, 1987) and evolutionary distances were computed using the Maximum
Composite Likelihood (MCL) method (Tamura et al., 2004) and were in the units of the
number of base substitutions per site. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) were shown next
to the branches (Felsenstein, 1985). The tree was drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. All
ambiguous positions were removed for each sequence pair (pairwise deletion option).
There were total of 528 positions in the final dataset. Separate tree to measure phylogeny
of Kerala isolates was constructed by NJ method and evolutionary distances were computed

using Kimura 2-parameter method (Kimura, 1980).

Similarly, coding region of BBrMV CP sequences were aligned by MUSCLE and
phylogeny were deciphered by Maximum Likelihood method (Felsenstein, 1981).

Evolutionary distances were computed using the Kimura 2-parameter method and
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represented in the units of the number of base substitutions per site. Bootstrap test with
1000 replications for signifying the confidence of the branches was conducted. Neighbour-
Join and BioNJ algorithms were applied to a matrix of pairwise distances estimated using
the MCL approach to obtain initial tree(s) for the exploratory analysis (Saitou and Nei,
1987). Later, topology was selected with superior log likelihood value. Phylogenetic tree
was constructed with coat protein gene sequences of all the isolates and that of Kerala

isolates separately.

3.10.2 Principle co-ordinate analysis

Principle coordinate analysis (PCoA) was carried out to represent the genetic relatedness
among different BBTV and BBrMV isolates based on their CP genes. The 2-dimensional
(2-D) PCoA based on a pairwise dissimilarity matrix for both datasets were performed in
DARwin v6.0.021 separately (Perrier and Jacquemoud-Collet, 2006). Dissimilarity index
was calculated by Tajima-Nei method with bootstrap value 500 (Perrier et al., 2003). The
aim of factorial methods was to give an overall representation of diversity, dependence on
geography and also host in case of BBrMV.

3.10.3 Assessment of genetic variability of BBTV based on coat protein gene

3.10.3.1 Assessment of sequence homology

Total number of 65 BBTV and 56 BBrMV CP sequences were aligned by MUSCLE
(Edgar, 2004) and the pairwise nucleotide sequence identity scores were represented as
sequence identity matrix and color-coded blocks using SDT v 1.2 software (Muhire et al.,
2014). Parameters like theoretical isoelectric point (pl), theoretical molecular weight,
extinction coefficient and stability in bacterial system of translated protein were determined
by ProtParam online tool. These amino acid sequences were also aligned by MUSCLE and

homology matrix was constructed.

3.10.3.2 Genetic variability analysis

Genetic variability analysis of BBTV and BBrMV isolates based on their coat protein gene
was carried out. The sequences aligned by MUSCLE were used to detect DNA
polymorphism in DnaSP v.6.12.01. Nucleotide diversity, Pi () and Watterson estimator or
mutation rate (0) were estimated based on the number of polymorphic sites. Pairwise rate

of non-synonymous (Ka) and synonymous (Ks) substitutions per site of isolates were
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calculated using method suggested by Nei and Gojobori (1986). The values with P < 0.05
were considered significant at 5 per cent level. Ratio of synonymous and non-synonymous
substitutions of sequence pairs in the dataset (Ka/Ks also denoted as dn/ds or o) were also
calculated using the same tool.

Statistical analysis viz., Tajima D test, Fu and Li D and F tests to evaluate significance of
molecular diversity among population subsets were carried out based on the total number
of mutation events in the population (Tajima, 1989; Fu and Li, 1993). In case of BBrMV,
apart from geography, host range was considered as a different subset.

3.10.3.3 Gene flow between population subsets

During the roving survey, the isolates were collected from different parts of Kerala (North,
South and Central zones). DNA divergence and gene flow between these population subsets
were analysed using DnaSP software, version 6.12.01. DNA divergence between Kerala
isolates which were retrieved from NCBI GenBank database and generated during this
study was also analysed in detail to understand the genetic variability occurring with time.
Apart from geography, hosts of BBrMV were also considered different population subsets.

3.10.4 Codon usage bias

The Codon Usage Bias (CUB) aids in determining the balance of selection and mutational
pressure acting on a gene (Sharp and Li, 1986; Bulmer, 1988). Effective number of codons
(Nc) (Wright, 1990) and Relative Synonymous Codon Usage (RSCU) of both BBTV and
BBrMV CP genes were calculated using E-CAI web server as indicators of CUB (Puigho
et al., 2008), with the intention of comprehending selective forces acting upon the genes.
The RSCU threshold was fixed as >1.30 and synonymous codons with values above
threshold were referred to as a high frequency codon (Hfc) in the present investigation. To
understand the host adaptability of BBrMV isolates infecting banana, flowering ginger and
cardamom, Codon Adaptation Index (CAI) (Sharp and Li, 1987) was calculated.

The Nc and neutrality plots illustrated the role of selection pressure and mutation in CUB
of CP gene. The effective number of codons (Nc) was plotted in the Y axis and G+C value
at the wobble position (GC3) was plotted in the X axis to obtain Nc plot. The average of
GC value at 1% and 2" position of the codon (GC12) was plotted against GC3 in the X axis
to obtain neutrality plot (Biswas et al., 2019).
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3.10.5 Recombination analysis

Number of potential recombination events within the dataset was investigated by
examining the aligned sequences using the MAXIMUM CHI (Maynard-Smith, 1992),
LARD (Holmes et al., 1999), GENECONV (Padidam et al., 1999), Recombination
Detection Program (RDP) (Martin and Rybicki, 2000), SISCAN (Gibbs et al., 2000),
CHIMAERA (Posada and Crandall, 2001) and BOOTSCAN (Martin et al., 2005)
recombination detection methods in RDP v 5.5. Potential recombinants and the
recombinant breakpoint positions of these isolates were inferred. Matrices were constructed

in a window size of 100 setting step size as 50 and analysed.

3.11 PRIMER DESIGNING AND STANDARDISATION OF ANNEALING
TEMPERATURE

The aim of this experiment was to design primers for nucleic acid based detection of BBTV
and BBrMV Kerala isolates. Primers specific targeting CP genes were designed, as it is the
most abundant gene in all the stages of infection apart from replicase gene. Sequences
generated from this study were aligned in CLUSTAL-omega. The most conserved region
from the DNA-S of the BBTV was selected as forward primer. In case of BBrMV, forward
primer was selected from conserved region of NIb region upstream to CP region in the
ssRNA genome. The conserved sequence from the 3° UTR of ssSRNA genome was selected
and reverse compliment was taken as reverse primer (Table 1). The theoretical annealing
temperature was calculated from the theoretical melting temperature (Tm) by substituting
number of adenine (A), thymine (T), guanine (G) and cytosine (C) in the formula 2 (A+T)

+ 4(G+C). GC content of the primers were calculated individually.

Table 1. Details of designed primers to detect BBTV and BBrMYV infection in field

samples
Name of the primer Sequence Amplicon size
BBTV DNA-S FP 5’GATTGCTTGCCCTGCAAGCC 3’ ]
890 bp
BBTV DNA-S RP 5" TCCATTAGCCCATGTCCCGTCC 3°
BBrMV NIb-CP FP 5" ATATGTGGCTTAGTGTACAGG 3’ ]
1306 bp

BBrMV NIb-CP RP 5 AAGGTGTGCACGCCAGCTAGA 3’
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The annealing temperature was determined by gradient PCR. The PCR mix was prepared
as described in 3.6. and 3.8. For amplifying BBTV CP gene using designed primers,
denaturation at 94 °C for 1 min followed by gradient of annealing temperatures between
56-71.4 °C for 1 min 15 s and extension at 72 °C for 55 s was programmed. To amplify
NIb-BBrMV CP, PCR programme with initial denaturation at 94 °C for 5 min followed by
35 cycles of denaturation at 94 °C for 1 min, annealing temperature was set between 51.4-
64.7 °C for 1 min and extension at 72 °C for 1 min 20 s with a final extension of 72 °C for

10 min.

3.12 NUCLEIC-ACID BASED DETECTION OF FIELD SAMPLES WITH
DESIGNED PRIMERS SPECIFIC TO CP GENE

Total DNA and total RNA from BBTV and BBrMV infected samples respectively collected
from germplasm field bank, experimental plots and net house of BRS, Kannara and various
fields during survey, were isolated as mentioned in the section 3.5 and 3.7. Presence of
BBTV and BBrMV in the infected samples were detected by PCR and RT-PCR
respectively using the designed primers. The PCR cocktail was prepared and PCR

amplifications were carried out according to the conditions standardised.

3.13 MOLECULAR CLONING OF BBTV AND BBrMV CP

3.13.1 Primer designing for cloning of CP gene to expression vectors

Primers were designed manually for cloning of BBTV CP and BBrMV CP gene to various
expression vectors. The complete coding region of the CP gene were identified by ExpASy
Translate tool using reference isolates MT174322 for BBTV and MT818184 for BBrMV.
Forward primers were designed from the 5’ end of the ORF. Reverse compliment of the
sequences from the 3° end of the gene was selected as the reverse primer. Appropriate
restriction enzyme site in the vector sequence were selected so as to avoid many extra
amino acids in the N terminal of the recombinant protein which might vary its properties.
It was also evaluated for any frame shift while translation of the protein due to cloning in
the sites selected. These restriction enzyme recognition site(s) were inserted at the 5’ end
of the forward primer and reverse primer to aid in cloning to multiple vectors (underlined)
(Table 2).
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Table 2. Details of designed primers for cloning BBTV and BBrMV CP gene

Name of the Amplicon
. Sequence
primer length
BBTV CP sen 5’ GGGGAATTCGCTAGCATGGCTAGGTATCCG 3’ £30b
P
BBTV CP anti 5> CCCGGATCCTCAAACATGATATG 3’
BBrMV CP sen 5 GGGGCTAGCTCTGGAACGGAGTCAACC 3’ 1080 b
p

BBrMV CPanti 5> CCCGGATCCTTACTCGATCAATACCTCAC 3’

3.13.2 Competent cell preparation

The E. coli strains used in this study were made competent for the uptake of DNA (vectors
and recombinant plasmids) using MnCl2 and CaCl; as described by Alexander (1987). Acid
salt buffer (ASB) containing 40 mM sodium acetate, 100 mM CacCl,, 70 mM MnCl, was
made in autoclaved Milli-Q and pH was adjusted to 5.5 using concentrated acetic acid. The
buffer was sterilised using 0.22 um membrane filter (Merck, USA) under aseptic condition

and pre-chilled before use.

A single colony of E. coli strain was inoculated in 50 ml of sterile 2X LB medium (4 g
casein and 2 g yeast extract, supplemented with 34 pg/ml chloramphenicol for maintaining
plysS plasmid in Rosetta and BL21(DE3) cells) in 250 ml Erlenmeyer flask and incubated
in a shaker at 37 °C overnight. Two ml of this primary inoculum was added to sterile 200
ml 2X LB medium (in 1 L Erlenmeyer flask) supplemented with appropriate antibiotic and
grown in an incubator shaker at 30 °C till the Asoo reached 0.4. The growth of the culture
was arrested by chilling for 1 h at 4 °C and the cells were harvested by centrifugation at
3,000 rpm for 15 min at 4 °C. The supernatant was discarded and the cell pellet was
resuspended in 30 ml of ASB and then kept in ice for 45 min. The ASB treated cells were
centrifuged again at 3,000 rpm for 15 min at 4 °C and pellet was resuspended in 5 ml of
ASB containing 20 per cent glycerol and stored as aliquots of 100 ul at -80 °C after flash

freezing in liquid nitrogen for future use.

3.13.3 Restriction digestion and ligation

3.13.3.1 BBTV CP

The CP gene of BBTV was amplified using designed primers with EcoR1 and Nhel

restriction enzyme recognition sites in the forward primer and BamH1 site in the reverse
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primer (BBTV CP sen and anti; Table 2) by High Fidelity Pfu polymerase for cloning. The
PCR reaction mixture contained 1X HF buffer, 10 mM dNTPs, 10 pmol each of BBTV CP
specific forward and reverse primers, 6 per cent dimethyl sulfoxide (DMSO), 2 U of Pfu
polymerase and 50 ng of template. PCR to amplify BBTV CP was performed in Thermal
cycler (Bio-Rad, USA). Annealing temperature of 38.8 °C was used for 10 cycles of
amplification and in subsequent 20 cycles annealing temperature used was 55 °C so as to
circumvent non-specific binding at low annealing temperatures (Table 3). The PCR
products were analysed on 1.2 % agarose gel and purified by PCR purification kit according
to the manufacturer’s instructions. Purified PCR product was double digested with 0.5 U
of EcoR1 and 0.5 U BamH1 site in presence of 1X red buffer for 4 h and ligated with double
digested pUC19 cloning vector.

Table 3. PCR conditions to amplify BBTV CP gene using designed primers for cloning

PCR conditions

BBTV CP specific primers

Initial denaturation

95 °C for 5 min

10 cycles of

Denaturation

95 °C for 1 min

Annealing

38.8°C 1 min

Extension

72°C for 45 s

Followed by 20 cycles of

Denaturation

95 °C for 5 min

Annealing

55°C 1 min

Extension

72°C for 45 s

Final extension

72 °C for 10 min

Cloning of BBTV CP and BBrMV CP genes to various expression vectors (pPRSET-C,
pGEX-4T-2 and pET32a (+)) were carried out to determine the appropriate vector/ host
combination to obtain maximum yield of the recombinant proteins. The BBTV CP gene
was cloned to Nhel and BamH1 sites of pRSET-C, Smal site of pGEX-4T-2 and EcoRV
and BamHJ1 sites of pET32a (+). BBTV CP gene to be cloned into double digested pET32a
(+) was digested with 5 U BamH1 alone and was not digested at all before ligating to Smal
digested pGEX-4T-2. For double digestion appropriate buffers were selected in which both

enzymes showed maximum activity.
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A molar ratio of 1:10 vector to insert was followed for ligation with 40 U of T4 DNA ligase
in the presence if 1X ligation buffer. Molar ratio (1:10) was calculated using the following

formula:

ng vector x size of insert X 10

size of the vector X 1 = ng of insert required
The ligation mix was incubated at 16 °C overnight for maximum efficiency of ligase, for
both blunt end and staggered end cloning.

3.13.3.2 Restriction free cloning to pGEX-4T-2

Primers were designed for restriction free (RF) cloning (of BBTV CP to pGEX-4T-2 to
eliminate thrombin and trypsin cleavage sites and introduce TEV protease cleavage site
between the target protein and glutathione-S-transferase (GST) tag. Forward primer, F-RF1
(5’CCATCCTCCAAAATCGGATGAGAACCTGTACTTCCAAGGTCATATGGCTA
GTATCCGAAG 3’) was designed with C terminal sequence of GST protein (bold)
followed by TEV protease cleavage site (underlined) and few N terminal sequences of
BBTV CP gene. Reverse primer, R-RF1 (5 TCAAACATGATATGTAATTCTGTTCT

GG 3’) consisted of reverse compliment of 3’ terminus sequences of BBTV CP alone.

Annealing temperature was standardised by gradient PCR.

The primer pair F-RF1 and R-RF1 were used to amplify CP gene from total genomic DNA
of BBTD infected banana. Reaction mix was prepared as mentioned earlier (section
3.12.2.1.) and PCR was performed with initial denaturation at 98 °C for 1 min followed by
30 cycles of denaturation at 98 °C for 30 s, annealing at 61.3 °C for 30 s and extension at
72 °C for 25 s with a final extension of 72 °C for 10 min. The PCR product was separated
on 0.8 per cent agarose gel and eluted using GenJet gel extraction kit (ThermoFischer

Scientific) based on manufacturer’s protocol.

The purified PCR product (PCR product 1) was used megaprimer for RF amplification
using BBTV CP/ pGEX-4T-2 clone (mentioned in the previous section) as template. The
PCR mix of volume 50 pl was prepared with 1X HF buffer, 10 mM dNTPs, 1 ug
megaprimer, 6 % DMSO, 2.5 U of Pfu polymerase and 500 ng of template. Sterile Milli-Q
water was added instead of megaprimers in a negative control. The RF reaction was as

follows: a single denaturation step (95 °C, 30 s) was performed followed by 35 cycles of:
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denaturation (95 °C, 30 s), annealing (55 °C, 1 min), and elongation (68 °C, 5 min) and a

final elongation step of 7 min at 72 °C.

3.13.3.3 BBrMV CP

For cloning BBrMV CP to pGEM-T easy vector, PCR was performed as described in
section 3.8. PCR product amplified by Taqg polymerase with an A overhang was purified
by PCR purification kit according to manufacturer’s instructions (Promega, USA). Four pl
of purified PCR product was mixed with 1 pl of pPGEM-T easy vector and 1 pl of T4 DNA
ligase in 1X ligation buffer. Ligation mix was kept at room temperature for 1 h and later
incubated at 4 °C overnight. BBrMV CP gene was amplified by Pfu polymerase from
pPGEM-T clone, using BBrMV gene specific primers (BBrMV CP sen and anti; Table 2).
BBrMV CP gene was amplified in thermal cycler (Bio-Rad) under the following
conditions; initial denaturation at 98 °C for 1 min followed by 30 cycles of denaturation at
98 °C for 30 s, annealing at 55 °C for 30 s, extension at 72 °C for 45 s and a final extension
at 72 °C for 10 min.

Subsequently, double digested PCR product was cloned at the Nhel and BamH1 site of
pPRSET-C vector and undigested PCR product was cloned into Smal site of pGEX-4T-2.
Molar ratio of 1:10 vector to insert was followed for ligation with T4 DNA ligase at 16 °C

overnight for both staggered and blunt end cloning.

3.13.4 Transformation of clones and selection

Transformation of recombinant plasmid was performed as per Studier and Moffatt (1986).
Ten pl of ligation mix was added to competent DH5a and incubated on ice for 45 min. The
cells were given heat shock for 5 min at 37 °C and transferred to ice for 3 min. One ml LB
broth was added to the cells and incubated at 37 °C for 1 h with constant shaking, for the
cells to recover. The pellet was collected by centrifugation at 10,000 rpm for 5 min, was
resuspended in 100 pl of LB broth and spread onto LB agar plates containing 50 pg/ml of
ampicillin for selection of transformed cells. For blue white screening of recombinants in
pGEM-T and pUC19 vectors, LB agar was supplemented with 80 pug/ ml X-gal, 1 mM
IPTG apart from 50 pg/ ml ampicillin.

Transformation of BBTV CP/ pGEX-4T-2 RF clone was carried out as follows. Following
the RF reaction ie., second PCR, the parental DNA strand was eliminated by Dpnl
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digestion. Nine ul from both RF and control reactions were aliquoted to 0.6 pl
microcentrifuge tubes and 1 pl of Dpnl was added and incubated at 37 °C for 2 h. The
enzyme was heat inactivated at 80 °C for 20 min on heat block after which it was
transformed into DH5a strains of E. coli.

In order to amplify plasmids and clones, approximately 20 ng of vectors or recombinant
were transformed to 100 ul of competent DH5a as mentioned above and plated on to LB
agar supplemented with ampicillin after recovery. Similarly, transformation of the clones
to various strains of E. coli for expression were carried out following the same procedure.
Chloramphenicol (34 pg/ml) was supplemented in the media for selecting transformants in

E. coli strains with pLysS plasmid.

3.13.5 Clone confirmation

Clones were confirmed by colony PCR, restriction digestion and PCR of isolated
recombinant plasmid to amplify the gene of interest and sanger sequencing with primers
specific to gene or promoter present in the vector. All the four or atleast any three methods
were performed for confirming each clone constructed in this study.

3.13.5.1 Colony PCR

Randomly selected white colonies were streaked on to LB agar plate containing ampicillin,
divided into grids and allowed to grow at 37 °C overnight. Single colony each from each
grid was picked up and dissolved in 20 ul autoclaved Milli-Q water taken in a PCR tube
and mixed well with micropipette tip. The PCR tube was incubated at 98 °C for 2 min for
denaturation. The cell debris was removed following 2 min of centrifugation at 10,000 rpm.
The supernatant (2 pl) was used as the template for conventional PCR reaction with Taq
polymerase using appropriate primers as described earlier. The PCR products were

visualised on 1.2 per cent agarose gel.

3.13.5.2 Recombinant plasmid isolation

Plasmid was isolated from randomly selected transformed white colonies by alkaline lysis
method (Green and Sambrook, 2012). Single E. coli DH5a colony was inoculated to 5 ml
LB containing 50 pg/ml ampicillin and incubated at 37 °C for 12 h or until Aeoo reached
0.6. The cells were harvested by centrifugation (10,000 rpm for 10 min) and the supernatant

was discarded. The pellet was resuspended in 150 pl of P1 solution (50 mM Tris, 10 mM
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EDTA, 100 ug/ml RNase A, pH 8.0) by vortexing. In the next step, equal volume of freshly
prepared P2 solution (1 % SDS, 0.2 N NaOH) was added to the resuspended pellet and
allowed to stand till the solution became clear. Subsequently, 200 ul of P3 solution (3.0 M
potassium acetate, pH 5.5) was added and mixed gently by inverting the tube. Insoluble
cell debris was pelleted by centrifugation at 10,000 rpm for 20 min. The supernatant was
transferred into a new tube without disturbing the pellet and equal volume of isopropanol
(500 pl) was added, mixed gently by inverting 5-6 times and incubated at 4 °C for 10 min
for precipitation. The plasmid DNA was harvested by centrifugation at 10,000 rpm for 15
min and the supernatant was discarded. After washing the pellet with 70 per cent ethanol,

the recombinant plasmid was air dried and dissolved in 20 pl sterilised water.

Plasmid was used as template for amplification of the CP gene using gene specific primers
to confirm the clones. Restriction digestion of the recombinant plasmid (5 pl of
concentrated plasmid) with appropriate endonucleases (0.5 U) was performed to confirm
the clones. In case of blunt end cloning with Smal recognition sites present in the vector,
upstream and downstream of the gene of interest was selected to release the insert.
Confirmed clone was transformed to various E. coli expression hosts for expression as

mentioned in the previous section.

The confirmed clones were designated as follows, pREST/BBTV CP, pGEX/BBTV CP,
pET/BBTV CP, pRSET/BBrMV CP and pGEX/BBrMV CP. The BBTV CP cloned in to
pGEX vector by RF cloning method was designated as ApGEX/BBTV CP.

3.14 CHECKING FOR EXPRESSION OF PROTEIN FROM RECOMBINANT
CLONES

The E. coli strains BL21(DE3) and Rosetta with pLysS and C41 were transformed with
recombinant plasmids as described earlier and induced for protein expression as follows.
PRSET clones yielded proteins with hexa histidine tag, pGEX vectors overexpressed GST
fusion protein and pET32a (+) gave rise to fusion protein with a thioredoxin (Trx) tag along
with an N terminal hexa histidine tag. Single colony was inoculated in 5 ml of LB broth
containing required antibiotic(s) and grown at 37 °C in a screw-cap inoculation vial for 4-
6 h. The culture was chilled at 4 °C for 1 h. From the culture, 2 ml was set aside as uninduced
E. coli extract and the remaining 3 ml culture was induced with 1 mM IPTG. Following
induction, the culture was further grown for 12 h at 16 °C. The induced and uninduced cells
were harvested by centrifugation and the pellet was resuspended in 100 ul sterilised water
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and lysed by sonication (1 min cycle with 2 s interval between 3 s pulse of 35 % amplitude).
The sonicated samples, (20 ul) were mixed with equal volume of 2X Laemmli sample
loading buffer (100 mM Tris, pH 6.8 containing 2 % SDS, 0.02 % bromophenol blue, 10
% BME and 20 % glycerol), boiled for 10 min and analysed on a 12 per cent polyacrylamide
gel by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli, 1970).

To obtain maximum expression of the protein, culture media (LB, yeast extract tryptone;
YT, terrific broth; TB), temperature (37 °C, 30 °C, 16 °C), period of induction (4 h, 6 h, 12
h, 14 h) and concentration of inducer (0.3 mM, 0.5 mM, 1 mM) were standardised
(preparation of culture media is explained in Appendix Il). To increase solubility of
overexpressed BBrMV rCP cloned to pRSET-C, various lysis buffers like Tris buffer (50
mM Tris, 150 mM NaCl), CAPS buffer (20 mM CAPS, 200 mM NaCl, pH 9.2) and HEPES
buffer (20 mM HEPES, pH 7.5) were used. pH of Tris buffer (8.0, 8.5) was also changed

to obtain maximum protein in solution.

The E. coli BL21(DE3) cells were used for overexpressing tobacco etch virus (TEV)
protease. In the LB broth used for culturing the transformants, only 50 pg/ml ampicillin
was added. Induction was done with 0.5 mM IPTG at 25 °C overnight at constant shaking.

Rest of the protocol was as described earlier.

The recombinant proteins were designated as follows, pREST/rBBTV CP, pGEX/rBBTV
CP, pET/'BBTV CP, pRSET/rBBrMV CP and pGEX/rBBrMV CP. The BBTV CP
expressed from ApGEX/BBTV CP was designated as ApGEX/rBBTV CP.

3.15 SODIUM DODECYL SULPHATE POLYACRYLAMIDE GEL
ELECTROPHORESIS

Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS PAGE) was carried out
using discontinuous buffer system and slab gel electrophoresis apparatus. In this study, 1.5
mm thick 12 per cent polyacrylamide (30 %; 29:1 w/w acrylamide and bisacrylamide) gel
containing 10 per cent SDS, were used for electrophoretic separation of proteins (Appendix
I1). The protein samples were mixed with an equal volume of 2X Laemmli loading buffer
and boiled for 10 min or heated at 95 °C for 10 min and were loaded into the wells of the
precast polyacrylamide gel. Electrophoresis was performed at a constant voltage of 125 V

using 25 mM Tris and 200 mM glycine buffer, pH 8.8, containing 0.1 per cent SDS. After
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the electrophoresis, the gel was either stained with Coomassie brilliant blue R 250 (CBB;

Merck) or processed for western blotting.

3.16 TRICINE-SDS-PAGE

In order to separate low molecular weight proteins (1-30 kDa) of similar size, Tricine-SDS
PAGE was performed (Schagger, 2006). The BBTV rCP fusion protein cleaved using TEV
protease was separated in 10 per cent Tricine SDS-PAGE prepared using 50 per cent
acrylamide solution in 3X gel buffer (Appendix Il). Cathode and anode buffer (both 1X)
were poured to upper and lower tanks respectively. Volume of 20 ul of TEV protease
treated protein was loaded after boiling with 2X Laemmli sample loading buffer for 10 min
in order to visualise 20 kDa BBTV rCP and 17 kDa thioredoxin (tag). Vertical
electrophoresis was carried out at constant voltage of 30 V initially which was later
increased to 100 V.

3.17 WESTERN BLOT

The cell lysates (induced or uninduced culture or soluble and insoluble fractions of induced
culture) or purified protein, was loaded on to 12 per cent gel and SDS-PAGE was
performed. The proteins bands were electrophoretically blotted on to NCM (Bio-Rad) for
3 h as per the protocol of Towbin et al. (1979). Subsequently, the blot was subjected to
Ponceau’s reversible staining to mark the protein molecular weight marker for reference.
This step was excluded when pre-stained protein molecular weight marker (Bio-Rad) was
used instead of unstained marker. Blocking of unoccupied sites of the blot was done by
incubating the blot with blocking buffer (5 % skim milk powder in PBS) for 1 h at room
temperature. The blot was washed thrice with PBS-T (PBS containing 0.1 % v/v Tween
20) followed by incubation in primary antibody of appropriate dilution (1:5000 v/v of
PVBV CP specific antibody, 1:500 v/v BBTV CP specific antibody, 1:5000 v/v of anti-
GST polyclonal and 1:5000 v/v of anti-his monoclonal antibody) at 4 °C overnight. The
blot was washed thrice with PBS-T and twice with PBS to remove unbound antibodies
followed by incubation with 1:10000 dilution of secondary antibody (goat anti-rabbit 1gG
for primary polyclonal antibody and goat anti-mouse 1gG for primary monoclonal
antibody) conjugated with horse raddish peroxide (HRP). Washing with PBS-T was
repeated to remove unbound antibody and the blot was developed by

electrochemiluminescence (ECL) with Immobilon chemiluminescent HRP substrate
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(Millipore) as per manufacturer’s protocol and visualised in a gel-doc accessory
(ImageQuant LAS 4000, GE Healthcare).

3.18 PURIFICATION OF rCP

For purification of overexpressed protein, expression hosts harbouring recombinant
plasmids were inoculated to 50 ml of bacterial growth media (LB or YT). The primary
culture was allowed to grow overnight at 37 °C. From this primary culture, 5 ml was
inoculated to 1 L culture broth with appropriate antibiotic(s) for mass multiplication and
incubated at 37 °C until Asoo reached 0.6. The culture was chilled at 4 °C for 1 h prior to
induction with 0.5 mM IPTG at 16 °C. The culture was incubated for 12-14 h under constant
shaking at 100 rpm.

3.18.1 Purification of BBTV rCP

Expression of BBTV CP in pGEX-4T-2 (conventionally cloned and RF cloned) produced
fusion protein with N terminal GST tag aiding its solubility. The clones pGEX/BBTV CP
and ApGEX/BBTV CP harbouring C41 strain inoculated in 1 L LB was induced with 0.5
mM IPTG for 14 h. The bacterial cells after induction were harvested by centrifugation at
8000 rpm for 20 min at 4 °C (JA-10 rotor, Avanti J-E centrifuge, Beckman Coulter) and
resuspended in 30 ml of lysis buffer (50 mM Tris, pH 8.0; 200 MM NaCl; 1 mM EDTA,
pH 8.0; 10 % glycerol; 5 mM BME). The cells were lysed by sonication to release the
protein. Two cycles of 5 min each with 6 s interval between 3 s pulse of 30 per cent
amplitude was given. Successively, two more cycles of 3 min each were given after an
interval of 5 min between each cycle. The cell debris was removed by centrifugation at
8000 rpm at 4 °C for 40 min. The supernatant (soluble fraction) was allowed to bind to
calibrated GSH sepharose beads (1 ml bead volume) for 5 h at 4 °C by mild rotation in an
end-to-end rotor. The protein-resin complex was packed into a column and washed twice
with 10X bed volume with wash buffer (50 mM Tris, pH 8.0, 200 mM NacCl) to remove
unbound proteins. BBTV CP-GST fusion proteins (pGEX/rBBTV CP and ApGEX/rBBTV
CP) were eluted with 100 mM Tris; pH 8.0, 200 mM NaCl and 30 mM glutathione. The
purity of protein was checked on 12 per cent SDS-PAGE.

Expression of BBTV CP in C41 E. coli cells containing recombinant pET32a(+), yielded
pET/rBBTV CP with hexa histidine and thioredoxin tags former aiding in purification and

latter aiding in increasing solubility of the protein. The induced cell pellet harvested by
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centrifugation, was resuspended in 30 ml of lysis buffer (50 mM Tris, pH 8.0 containing
200 mM NacCl; 10 % glycerol and 5 mM BME). After three cycles of sonication with 30
per cent amplitude providing 6 s interval between 3 s pulse in each cycle (two cycles of 5
min each and one cycle of 3 min), the lysed cell debris was removed by centrifugation at
8000 rpm for 30 min at 4 °C and the soluble fraction was allowed to bind to calibrated Ni?*-
NTA agarose beads (1 ml bead volume) for 6 h at 4 °C using an end-to-end rotor. The
column was packed with the protein-resin complex and flow through was discarded. The
beads were washed successively using 10X bead volume of wash buffer (50 mM Tris, pH
8.0 containing 200 mM NacCl) with 10, 25 and 50 mM imidazole. The rBBTV CP-Trx
fusion protein was eluted in 50 mM Tris, pH 8.0 containing 200 mM NaCl and 250 mM
imidazole. Elutions together with flow through, wash, soluble and insoluble fractions were
loaded in to SDS-PAGE to check purity.

3.18.2 Purification of rBBrMV CP

The BBrMV CP gene was cloned to pRSET-C and pGEX-4T-2. The pRSET/BBrMV CP
and pGEX/BBrMV CP overexpressed in Rosetta pLysS or BL21 pLysS was purified by
Ni?*-NTA chromatography and GSH sepharose affinity column chromatography
respectively. The procedure employed for purification was similar as followed for

purification of rBBTV CP with few modifications.

Lysis buffers used for Ni?*-NTA purification were Tris buffer (20 mM Tris, pH 8.0
containing 200 mM NaCl, 5 % glycerol, 1 % Triton-X-100 and 10 pL protease inhibitor
cocktail), CAPS buffer (40 mM CAPS, 200 mM NacCl, 5 % glycerol and 0.5 % Triton X-
100, pH was adjusted to 9.2 by NaOH) and HEPES buffer (20 mM HEPES, glycerol and
0.5 % Triton X-100, pH 7.5). Rosetta pLysS cells harbouring pRSET/BBrMV CP
recombinant plasmid was cultured in 1 L YT broth and induced by 0.3 mM IPTG for 12 h
at 16 °C. Induced cells were harvested by centrifugation and resuspended in 15 ml lysis
buffer and lysed by sonication for 10 min (two cycles of 5 min each). The soluble fraction
obtained after centrifugation was allowed to bind to Ni?*-NTA beads (500 pl bead volume)
for 4 h and purification was carried out at 4 °C. Appropriate wash buffer and elution buffer
were also selected according to the lysis buffer used. Elution was carried out in appropriate

buffer containing 300 mM imidazole.
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The BBrMV CP gene cloned to pGEX-4T-2 was overexpressed and purified in both BL21
and Rosetta (DE3) pLysS strain of E. coli. The induced cells harvested by centrifugation
was lysed by sonication in Tris buffer, pH 8.5 (50 mM Tris, pH 8.5 containing 150 mM
NaCl, 1 mM EDTA, 5 % glycerol, 1 % Triton-X 100, 5 mM BME and 10 pl protease
inhibitor cocktail). The GSH sepharose beads (500 ul) was added to the soluble fraction
and incubated at 4 °C in an end-to-end rotor for 4 h and subsequently packed to a column.
Washing was done with Tris buffer (50 mM Tris, pH 8.5 containing 150 mM NacCl) equal
to 10X bed volume followed by elution with 30 mM glutathione. Elutions were loaded on
to SDS-PAGE to confirm purity.

3.18.2.1 Purification of rBBrMV CP in denaturing conditions

Purification of rBBrMV CP cloned to pRSET-C and expressed in Rosetta pLysS was also
attempted at denaturing conditions in the presence of 8 M urea and 6 M guanidine
hydrochloride in order to bring the recombinant protein in to solution. Entire process of
purification was carried out at room temperature. For urea denaturation, the harvested pellet
from 1 L Rosetta pLysS harbouring pRSET/BBrMV CP cultured in YT medium was treated
with lysis buffer (20 mM Tris, pH 8.0; 200 mM NaCl; 5mM BME; 10 pl protease inhibitor
cocktail and 10 mM imidazole) supplemented with 8 M urea and incubated for 1 h by
constant stirring. Further lysis of the cells was carried out by sonication for 5 min at 30 per
cent amplitude (6 s intervals were given between 3 s pulse). Supernatant after centrifugation
(8000 rpm, 15 min) was collected and allowed to bind to Ni?*-NTA (500 pl bead volume)
for 3 h. After packing the column with protein-resin complex, washing with wash buffer
(20 mM Tris, pH 8.0; 200 MM NaCl) containing 20 mM imidazole was repeated twice. The
protein was eluted in Tris buffer (20 mM Tris, pH 8.0; 200 mM NaCl) with 300 mM
imidazole. Wash buffer and elution buffer with 8 M urea were also used for standardising
purification protocol to obtain higher yield of protein. For denaturation with 6 M guanidine
hydrochloride, CAPS buffer of pH 9.2 was used for lysis, washing and elution of the protein
instead of Tris buffer. Washing and elution were done only in the presence of denaturing

agent in this case.

3.18.3 Purification of TEV protease

The E. coli BL21(DE3) harbouring recombinant plasmid with TEV protease gene was
induced by 0.5 mM IPTG and incubated at 25 °C overnight. The pellet was harvested by
centrifugation at 8000 rpm, 4 °C for 20 min and resuspended in 30 ml lysis buffer (50 mM
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Tris, pH 8.0; 200 mM NacCl; 10 % glycerol) and sonicated with 30 per cent amplitude (3 s
on 6 secs off cycle) for 5 min. Two sonication cycles of 3 min each were given after an
interval of 5 min. Consequently, the supernatant was collected after centrifugation and was
allowed to bind to 1 ml calibrated Ni>*-NTA beads in an end-to-end rotor for 6 h at 4 °C.
The lysate-resin mix was loaded to the column, and after removing the flow through, beads
were successively washed with Tris NaCl buffer, pH 8.0 containing 10 mM, 25 mM and
50 mM imidazole to remove the unbound and weakly bound proteins. For elution, 50 mM
Tris buffer of pH 8.0, containing 200 MM NaCl and 100 mM imidazole was used. Eluted
samples were subjected to SDS-PAGE to confirm the presence of TEV protease.

3.19 CLEAVAGE OF AFFINITY TAG FROM FUSION PROTEIN

The attempt to cleave off GST tag of BBTV CP expressed in C41 harbouring
ApGEX/BBTYV CP was carried out using TEV protease overexpressed and purified in the
laboratory. Different concentration of protease (2.0, 1.0, 0.5 and 0.25 pg) was used to
cleave 100 pg of ApGEX/rBBTV CP fusion protein at 20 °C for 12 h. Attempt to remove
Trx tag from pET/rBBTV CP overexpressed in C41 was carried out by thrombin
(Millipore) (0.2 pg, 0.1 pg) at 20 °C for different time intervals (4 h, 6 h, 8 h and 12 h). the
GST tag of BBrMV fusion protein was removed using thrombin, 5 U/ mg protein. In order
to separate BBrMV rCP from GST tag, the digested protein was allowed to bind to GSH
sepharose beads and tag less recombinant protein alone was collected. On-column digestion
using 10 U/ml bead volume of thrombin to obtain the tag less protein was attempted at 25

°C for 8, 12 and 14 h to compare the best method for removal of the tag.

3.20 DIALYSIS OF PURE PROTEIN

Recombinant coat protein was dialysed to concentrate the protein and also to remove
imidazole, glutathione or proteases used for cleavage of the fusion protein in the solution.
A high buffer-to-sample volume-ratio was maintained to aid in maintaining the
concentration gradient (50 X volume of all the elutions pooled) (Walker, 2009). Dialysis
buffer corresponding to the elution buffer was prepared with 10 per cent glycerol and
without eluent. Dialysis membrane of molecular weight cut off (MWCO) of 8 kDa was
used for dialysis. The membrane was washed thoroughly with distilled water and with the
dialysis buffer. Pooled rCP was loaded into the membrane which was sealed and placed in
the buffer. The set up was kept at 4 °C overnight. Dialysis buffer was changed 2-3 times in

order to obtain required concentration of the protein.
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3.21 QUANTIFICATION OF RECOMBINANT COAT PROTEIN

The rCP (fusion proteins and untagged proteins) were quantified using Bradford’s reagent.
Protein working standards of Bovine serum albumin (BSA) of concentrations 0.1 mg/ml to
1.0 mg/ml were prepared. In to 950 pl Bradford’s reagent (Sigma) 50 ul of 0.1, 0.2, 0.4,
0.8 and 1.0 mg/ml BSA was added, allowed to react in dark. Two replications each
containing 25 pl and 50 pl of purified rCP in 950 ul Bradford’s reagent was prepared. The
volume of the samples was adjusted to 1 ml using buffer whenever necessary. Absorbance
at 595 nm of known concentration of protein was measured and standard graph was plotted.
Absorbance value of rCP was recorded and its concentration was calculated from the linear

equation in Microsoft Excel.

3.22 IN SILICO ANALYSIS OF CP

3.22.1 Fold analysis

Understanding the folding of protein is an important determinant of its function. Folding of
BBTV and BBrMV CPs were analysed using FoldIndex (Prilusky et al., 2005). The ordered
and disordered regions in the protein were predicted. The folding of fusion proteins viz.,
BBTV CP-GST, BBTV CP-Trx and BBrMV CP-GST, were also analysed separately and

mapped using the software.

3.22.2 Analysing protease cleavage sites in rCP

The peptide was analysed for presence of protease cleavage sites using PeptideCutter tool.
This analysis was done to determine the protease responsible for degradation of the protein
in solution. Sites of cleavage of trypsin, chymotrypsin and thrombin were determined and

mapped on the translated protein.

3.22.3 Secondary structure prediction

Secondary structure of the protein was predicted by PSIPRED workbench. The helices, 3
sheets, turns and coils present in the CP of BBTV and BBrMV were determined. The
prediction was based on three methods, PSIPRED (Jones, 1999), MEMSAT 2 (Nugent and
Jones, 2010) and GenTHREADER (McGuffin and Jones, 2003) from the translated amino

acid sequences of the isolates.
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3.22.4 Protein structure prediction

Threading of CP of BBTV and BBrMV was carried out in i-TASSER suite and Phyre2
software using the amino acid sequence, by comparing with most similar amino acid
sequences of protein deposited in the protein databank with solved structure (Yang et al.,
2014; Mezulis et al., 2015). The structure was evaluated by Ramachandran plot in
MolProbity web server (Williams et al., 2018). The quality of the model was assessed in
ERRAT and ProSA web servers (Colovos and Yeates, 1993; Wiederstein and Sippl, 2007).
The SuSPect analysis was carried out to predict effect of mutation in a particular position
of amino acid sequence that has an impact on the function of the protein (Yates et al., 2014)
and mutational analysis graph was plotted. The sequence profile graph representing residue
preferences in the protein at a particular sequence position was also mapped out. Structures
of the most homologous and the most diverse sequence were predicted and superimposed
using FATCAT (Flexible structure AlignmenT by Chaining Aligned fragment pairs
allowing Twists) (Li et al., 2020). The molecular models were superimposed to identify the
structural differences between the isolates that is reflected from the variation in amino acid

sequences.

3.22.5 Epitope prediction

Analysis of major and minor epitopes on the antigen (CP used for immunising animal for
antiserum production) and binding to B cells has enormous potential in diagnostics. It is
equally important to assess whether these epitopes are conserved across different variants
of the virus especially RNA viruses which are prone to mutation than DNA viruses. The
IEDB web server was used to predict continuous B cell binding epitopes on BBrMV CP
and BBTV CP based on BepiPred linear epitope prediction 2.0 method (Jespersen et al.,
2017). Epitope prediction was also done using DiscoTope 2.0 and mapped on the predicted
molecular protein structure (Kringelum et al., 2012).

3.23 BIOPHYSICAL CHARACTERISATION OF rCP

3.23.1 Assessment of self-assembly of CP by ultracentrifugation

The BBTV CP fusion protein with Trx tag was subjected to ultracentrifugation to assess
whether CP assembles itself into VLPs in vitro. Fusion protein was overexpressed in C41
strain of E. coli. The cells harbouring pET/BBTV CP recombinant plasmid was induced
with 0.5 mM IPTG for 14 h and pellets harvested by centrifugation at 8000 rpm for 20 min
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at 4 °C. The pellets were resuspended in Tris buffer (50 mM Tris, pH 8.0 containing 200
mM NaCl) and lysed by sonication. The cell debris was removed by centrifugation at 8000
rpm for 30 min at 4 °C. The supernatant was subjected to high speed ultracentrifugation at
26000 rpm for 3 h at 4 °C (MLS 50 rotor, Benchtop ultracentrifuge, Beckman coulter). The
supernatant and ultra pellet was viewed on 12 per cent SDS-PAGE. The pellet was
resuspended in 500 pl — 1 ml of Tris buffer and incubated in an end-to-end rotor overnight
at 4 °C. Linear sucrose gradient (10-40 %) were prepared and poured to ultracentrifuge
tubes and equilibrated overnight at 4 °C. The ultra pellet suspension was layered on the
linear sucrose gradient and centrifuged at 26000 rpm for 3 h at 4 °C. Fractions of 250 pl
were collected and analysed by SDS-PAGE. The peak fractions were pooled and subjected
to ultracentrifugation at 26000 rpm for 3 h at 4 °C again. The pellet obtained was
resuspended in Tris buffer and used for electron microscopy.

The purified tag less rBBrMV CP and rBBrMV CP-GST fusion protein were subjected to
ultracentrifugation at 26000 rpm for 3 h at 4 °C to assess self-assembly. The supernatant
and pellet were separated using SDS-PAGE. The pellet was dissolved in minimum volume
of Tris NaCl buffer (50 mM Tris, pH 8.0 and 150 mM NacCl) and laid over equilibrated
linear sucrose gradient poured to ultracentrifuge tubes. The resuspended ultra pellet was

also subjected to electron microscopy. Rest of the steps were followed as described earlier.

3.23.2 Electron microscopy

A concentration of 0.1 mg/ml protein (ultracentrifuged BBTV CP-Trx fusion protein and
tag less rBBrMV CP) was adsorbed on formvar coated copper grids (SPI Supplies, USA,
Code: 3440C-MB) for 2-3 min followed by staining with filter sterilised 1 per cent uranyl
acetate for 2 min. Excess stain was absorbed by tissue paper and then air dried for 5 min.
The grids were viewed in Tecnai F30 Transmission electron microscope at 120 kV
(ThermoFisher, USA) at 1,60,000X magnification at Electron microscopy facility,
Biological Sciences, 11Sc, Bengaluru.

3.23.3 Fluorescence spectroscopy

Changes in intrinsic fluorescence contributed by three amino acid residues in the
polypeptide viz., tryptophan, tyrosine and phenylalanine facilitate in monitoring structural
changes of the protein. The intrinsic fluorescence was measured using TECAN LS55
Luminescence Spectrometer (Perkin-Elmer). Spectra of rBBTV CP fusion protein with
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GST tag and Trx tag were compared. 0.1-0.5 pg protein was dissolved in 50 mM Tris, pH
8.0 and 200 mM NaCl buffer for analysis. Spectra of BBrMV CP with and without tag were
also recorded at protein concentrations of 0.1-0.5 pg in buffer containing 50 mM Tris, pH
8.5 and 150 mM NacCl. Blank was set with the same buffer without recombinant protein.
The excitation wavelength was 280 nm and the emission was scanned between 300-400

nm.

3.23.4 Mass spectroscopy of rBBTV CP

Self-assembled rBBTV CP separated in 12 per cent SDS was eluted and prepared for mass
spectroscopy as per the protocol of Gundry et al., (2010). The band at 37 kDa was cut in to
small pieces using a sterilised blade and transferred to sterile microcentrifuge tube. The
band was destained by treating the gel pieces with destaining solution (50 % v/v
acetonitrile; ACN, 50 % 25 mM ammonium bicarbonate; NH4HCO3). After removing
destaining solution, it was treated with 100 per cent ACN. After several rounds of repeating
steps one and two alternatively, 400 ul autoclaved Milli-Q water was added to the destained
gel. Water was removed and the gel was dehydrated with 400 pl 100 per cent ACN for 5
min. The solution was discarded and to the dried gel, 100 pl of 10 mM dithiothreitol (DTT)
was added and incubated at 55 °C for 45 min. The supernatant was removed and 100 pl of
freshly prepared 50 mM iodoacetamide was added to the gel and incubated in dark for 40
min at room temperature. After removing iodoacetamide, 400 ul of gel wash solution (50
% v/v acetonitrile, 25 mM NHsHCO3) was added and incubated for 15 min. This step was
repeated. The gel was again dehydrated by 400 ul of 100 per cent ACN for 10 min at room
temperature. The enzyme stock solution was diluted to 1:1000 in 25 mM NHsHCO3 From
the working stock (~20 ng/ul), 20ul was added to the gel so that the gel immerses in the
enzyme solution and incubated on ice for 1 h. Excess solution was removed and sufficient
volume of 25 mM NHsHCOs to immerse the gel was added. Incubation was performed at
37 °C overnight. The supernatant containing peptides were removed to new microcentrifuge
tube post incubation. To the gel, 50 ul gel extraction solution (50 % v/v ACN, 1 % v/v
trifluoroacetic acid) was added and vortexed at room temperature for 20 min. The solution
was removed and added to the solution of peptides previously transferred to a separate
microcentrifuge tube. To extract maximum peptide from the gel aforementioned two steps
were repeated. The pooled peptide solution was incubated at 40 °C for 30 min to concentrate
to a final volume of 20-25 pl. The peptide solution was desalted before it was subjected to
Matrix-Assisted Laser Desorption/lonization-Time Of Flight mass spectrometry (MALDI-
TOF MS).
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3.23.4.1 Data analysis

Mass spectrometry data was examined using Mascot search algorithm against UniProt
protein database. The search parameters included a maximum of 1 missed cleavage without
any fixed or variable modifications. The MS error tolerance was set at 1.2 Da and MS/MS
error tolerance at 0.6 Da. The data were searched against a decoy database and the results
were used to estimate q values using the Percolator algorithm within the Proteome
Discoverer suite. Peptides were considered identified at a q value of < 0.05.

3.24 ANTISERUM PRODUCTION AGAINST pET/rBBTV CP AND TITRE
ESTIMATION

The BBTV CP fusion protein with thioredoxin tag was used for immunising New Zealand
white rabbit to raise rCP specific antiserum. The experiment was carried out at the animal
facility, LivGen Biotechnologies, Bengaluru. Before immunisation, pre-immune bleed was
drawn and designated as control serum. Primary injection with 300 pg of antigen in
Freund’s complete adjuvant was administered to the animal. Three booster doses with 100
Mg antigen emulsified with Freund’s incomplete adjuvant was given at 10-15 days interval.
First and second bleeds were collected at an interval of five days after the third booster.
Two more booster doses were given at an interval of 15 days with 100 pg antigen
emulsified with Freund’s incomplete adjuvant 20 days after the second bleed. Third bleed

was collected one week after administering the final booster dose.

Blood samples collected from the jugular vein of immunised rabbit was left undisturbed at
room temperature until the blood clotted. The clotted blood was gently cut with the help of
sterile toothpick and refrigerated overnight for the serum to ooze out. The clear serum was
collected carefully in microcentrifuge tube and centrifuged at 1000 rpm for 15 min at 4 °C.
The fluid at the top containing the immunoglobulins were collected in sterile
microcentrifuge tube for further analysis. Bleeds after each booster dose was collected

similarly and titre was examined by DAC-ELISA.

3.24.1 Determination of reactivity of recombinant antiserum

Dot blot analysis was conducted to determine the reactivity of serum to specific protein.
One uL of purified protein (used for immunisation) was spotted on the nitrocellulose
membrane and air dried. Once the spots were dried, the membrane was blocked with a
blocking buffer composed of 0.1 per cent BSA dissolved in TBS-T buffer (20 mM Tris; pH
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8.0, 500 mM NacCl, 0.05 % Tween 20). Later, 30 uL of serum diluted to 1: 10000 (v/v) in
TBS-T was added and allowed to bind at room temperature for 1 h. Unbound serum was
washed with wash buffer (TBS-T) allowed to dry. Subsequently, 50 uL of Protein A gold
conjugate was used to visualize the antibody antigen interaction.

3.25 STANDARDISATION OF ELISA FOR BBTV DETECTION AND
COMPARISON WITH COMMERCIAL ANTISERUM

3.25.1 DAC-ELISA

The protocol followed for performing DAC-ELISA as mentioned previously in section 3.4.
Titre value of the antiserum for detecting field and tissue culture samples were determined.
Various dilutions viz., 1:100000, 1:50000, 1:25000, 1:10000, 1:5000, 1:2500, 1:1000,
1:500 was prepared in PBS-T supplemented with 2 per cent PVP and 0.2 per cent BSA.
The titre value of commercially available antiserum was determined earlier and it was kept
as a control in the experiment. The reaction between primary and secondary antibody was
studied using various dilutions of primary and secondary antibody (enzyme conjugate). The
sensitivity of ELISA was tested by diluting antigen further to 1:10, 1:20, 1:40, 1:80 with
coating buffer and detecting it at the tire value obtained from previous experiments.

3.25.2 Immuno Capture-Polymerase Chain Reaction

A concentration of 10 ng/ml of antiserum raised against rBBTV CP and commercial
antiserum in coating buffer was coated on to PCR tubes for overnight at 4 °C. Antigen was
isolated from infected sample in various buffers like PBS (supplemented with 0.05 %
Tween-20, 2 % PVP), coating buffer, extraction buffer (500 mM Tris, pH 8.0; 0.01 M
sodium sulphite; 2 % PVP; 140 mM NacCl; 0.05 % Tewwn-20) and Tris buffered saline (20
mM Tris, pH 7.5; 200 mM NacCl). One g of infected plant tissue was ground in 1 ml of
buffer and transferred to 1.5 ml microcentrifuge tubes. The supernatant was collected after
centrifugation at 8000 rpm for 10 min. To the precoated PCR tubes 200 pl of antigen was
added and incubated for 5 h at 37 °C. After washing off the excess antigen, the tubes were
heated at 80 °C for 5 min to release the genome. Release of the genome was also tested in
the presence of transfer buffer (10 mM Tris, pH 8.0; 0.05 % Tween-20) and GES buffer
(0.1 M glycine, pH 9.0; 50 mM NaCl; 1mM EDTA and 1 % BME) at 65 °C for 10 min.
The tube was transferred on to ice after heating for 3 min. The PCR was done directly in

these tubes. The PCR mix was prepared as mentioned in the methods section previously
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(3.11) and added to the tubes and centrifuged briefly. The designed BBTV DNA-S primers
were used for amplifying the gene. PCR conditions standardised earlier for these designed

primers were used for this experiment as well.

3.25.3 Dot Immuno Binding Assay

For performing Dot Immuno Binding Assay (DIBA), antigen was isolated in TBS buffer
(20 mM Tris, 500 mM NaCl; pH 7.5) in 1: 10 w/v ratio. The homogenised plant tissue with
buffer was transferred to Oakridge tubes and centrifuged at 5000 rpm for 5 min to remove
the debris. The supernatant was transferred to another tube and equal amount of chloroform
was added to it. After brief vortexing, the mix was centrifuged at 8000 rpm for 10 min to
remove chlorophyll pigment in the sample. Later, 10 pl of the clarified solution was spotted
on to Nitro cellulose membrane (NCM) activated with TBS buffer. Antigen was spotted in
1 cm? grids marked on the membrane. Separate strips for comparing the reactivity of
antiserum produced in the present study and commercial antiserum were used in the
experiment. After the membrane was air dried, blocking with 5 per cent SDM dissolved in
TBS was carried out at room temperature for 1 h giving a gentle oscillation. The membrane
was washed thrice with TBS for 5 min each to remove excess blocking buffer.
Subsequently, 1:10000 v/v of recombinant antiserum or 1:1000 v/v of commercial
antiserum diluted in TBS-SDM was added and incubated for 1 h 30 min at room
temperature. Post washing with wash buffer, secondary antibody (1:10000) also diluted in
TBS-SDM was added and allowed to react for 1 h at room temperature. 3,3’-
diaminobenzidine (DAB) was used for developing the membrane. Five pl of 30 per cent
H20, was added to 2 ml DAB (0.5 mg/ml) prior to developing the membrane. This solution
was added on to the membrane and incubated in dark for 5 min for colour development. To
estimate the sensitivity of the assay, 10 ul of antigen diluted up to 1:80 v/v was spotted on
to the membrane. The highly concentrated unclarified antigen was also spotted on to the

membrane to compare the results.

3.25.4 Triple antibody sandwich-Enzyme Linked Immunosorbent Assay

Triple antibody sandwich-Enzyme Linked Immunosorbent Assay (TAS-ELISA) was also
standardised using the recombinant antiserum. BBTV specific mouse monoclonal antibody
(Agdia) was diluted to 1:500 (v/v) in coating buffer and used as capture antibody. The
microtitre plate coated with 100 ul of capture antibody was incubated at 37 °C for 1 h. After
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washing off the excess antibody with PBS-T, the unbound regions of the wells were
blocked with 5 per cent SDM dissolved in PBS-T for 1 h at 37 °C. Post washing thrice with
PBS-T, 100 pL of antigen (1:10 w/v) extracted 1X PBS with 2 per cent PVVP was allowed
to bind to the capture antibody for 1 h at 37 °C. Various dilutions of the antigen (1:10, 1:20,
1:40 and 1:80) was allowed to bind to capture antibody so as to assess the sensitivity of the
assay. Primary antibody (1:10000 v/v PBS-TPO) was added after removing the excess
unbound antigen and allowed to react with the trapped antigen. Anti-rabbit 1gG conjugated
with alkaline phosphatase enzyme was diluted to 1: 10000 v/v in PBS-TPO was added for
detection. PNPP substrate solution (100 pl) was added and OD value was read in ELISA-

Plate reader.
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4. RESULTS

4.1 SURVEY AND SAMPLE COLLECTION

Survey was conducted in 10 out of 14 districts in Kerala (Table 4). Locations selected for
survey were divided into three population subsets viz., Northern, Central and Southern
zones (Plate 2). The main aim of the survey, was to examine if there are any variation in
symptoms caused by BBTV and BBrMV in various cultivars of banana and also to
ascertain, if there are any correlation in the symptoms with geographical area and cultivars.
Therefore, symptomatology was studied in detail during the survey. Majority of the farmers
cultivated the most popular variety Nendran followed by Njalipoovan, and Rasthali. A total

of 50 BBTD and BBrMD infected plant samples were collected during the survey.

4.2 STUDIES ON BANANA BUNCHY TOP VIRUS

4.2.1 Symptomatology and disease incidence

The BBTV infected plants showed bunchy appearance of the leaves, later the margins of
the leaves turned yellow and necrotic (Plate 3). Vein clearing and Morse code symptoms
were observed on young leaves. However, rosetting or bunching of the leaves were
observed in various stages (3-8 months old) of infected plants. Banana infected at earlier
stage of growth showcased severe stunting of growth coupled with yellowing and necrosis
from the leaf margin. Banana infected at a later stage, exhibited rosetting of leaves and
bunching was absent causing 100 % yield loss. There were no considerable variations in

the symptomatology of infected plants across various zones.

The disease incidence of BBTD was calculated as per the observations at the time of the
survey (Fig 3). Maximum incidence of BBTD was recorded at Peruvazhikadavu (5.50 %)
followed by Mala (4.80 %). Per cent disease incidence of BBTD in various blocks ranged
from 0- 4.80 per cent, maximum in Mala. Among the districts, maximum incidence of the
disease was recorded at Kozhikode (2.4 %) district followed by Thrissur district (2.36 %).
At the time of survey, in three districts viz., Thiruvananthapuram, Ernakulam and

Kasaragod, incidence of BBTV was not recorded.
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Table 4. Location details of survey conducted for the study

Zone District Block Location Latitude and longitude
Kasaragod Neeleswaram Palathadom 12°16'32.9"N 75°10'46.4"E
Kannur Thalassery Kizhakumbhagam 11°48'01.2"N 75°30'18.3"E
Kozhikode Kunnamangalam Chathamangalam 11°18'34.4"N 75°55'06.3"E
Peruvazhikadavu 11°17'22"N 75°53'43"E
Cheruppa 11°15'41"N 75°54'58"E
Urkadavu 11°15'37.2"N 75°55'07.9"E
Northern zone Ayyappankavu 11°15'41"N 75°54'53"E
Koduvally Vavoor 11°14'11.2"N 76°00'11"E
Wayanad Kalpetta Kalpetta 11°37'36.8"N 76°04'39"E
Vellarimala 11°30'39"N 76°09'09"E
Sulthan Bathery Kuppady 11°4023.6"N 76°15'50.4"E
Sulthan Bathery 11°40'22.0"N 76°15'46.1"E
Thrissur Mala Mala 10°14'11.4"N 76°16'10.2"E
Ollukkara Maraikal 10°32'14"N 76°19'09"E
Pananchery 10°32'35.5"N 76°19'18.3"E
Central zone
Wadakkanchery Naduthara 10°39'49.3"N 76°14'19.8"E
Thekkumkara 10°38'24.0"N 76°16'21.0"E
Chalakudy Kottat 10°18'38.1."N 76°19'44"E
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Southern zone

Palakkad Alathur Pullode 10°38'32.6"N 76°33'45.1"E
Kizhakanchery 10°32'14.8"N 76°29'28.3"E
Ottapalam Ottapalam 10°46'50.5"N 76°22'59.7"E
Sreekrishnapuram Karakurissi 10°53'54.1"N 76°24'20.0"E
Ernakulam Angamaly Karukutty 10°14'02.4"N 76°22'55.0"E
Kalady 10°10'24.0"N 76°25'05.3"E
Vengoor 10°09'03.0"N 76°32'39.0"E
Kottayam Erattupetta Keeriyathottam 9°41'16"N 76°47'34"E
Kollam Kottarakkara Vembayam 8°38'14.1"N 76°55'59.3"E

Thiruvananthapuram

Neyyattinkara

Kannjiramkulam

8°21'05.9"N 77°03'28.1"E

Athiyannor Russelpuram 8°26'27.2"N 77°04'05.5"E
Parassala Parassala 8°20'26.8"N 77°09'42.9"E
Nedumangad Nedumangad 8°37'20"N 76°59'28.5"E
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Fig 3. Block wise per cent incidence of banana bunchy top disease

Through detailed data collection, it was understood that in most of the places, disease was
present however, as an when the symptoms are noticed, farmers rogued off the virus
infected plants. Management practices like vector control by timely spraying of organic or
inorganic insecticides in the field was practices by most of the farmers apart from cutting
and burning the infected plants. Disease was seen to spread mainly through the suckers
which are purchased in bulk without virus indexing from Tamil Nadu. Very meagre

association of vector (Pentalonia nigronervosa) was observed in the fields.

4.2.2 Preliminary assay by DAC-ELISA

Antiserum titre of BBTV specific commercial antiserum procured from NRCB, Trichy was
determined to be 1:1000 v/v through DAC-ELISA (Plate 4). Plant extracts suspected to be
infected by virus were coated on to ELISA plate for DAC-ELISA. The extraction was done
in coating buffer as per the method mentioned in section 3.4. Absorbance value at 405 nm

more than twice that of negative control (NC) was only considered positive (Plate 4).

4.2.3 Total DNA isolation and PCR

Total DNA from 17 representative samples suspected to be infected with BBTV that gave
positive results in DAC-ELISA was isolated by modified CTAB method (Plate 5A). High
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Plate 2 Glimpses of survey conducted in northern, central and southern zones of
Kerala for data and sample collection



Plate 3 Symptoms of banana bunchy top disease recorded during the survey. A

Yellowing of the parallel veins of infected plant giving Morse code like
appearance B Reduction in size of leaf lamina C and G Rosetting of leaves,
dwarfing and absence of new flush D Necrosis starting from the leaf margin E
Absence of bunching F Virus transmitted to suckers through infected mother
plant



Plate 4 Determination of antiserum titre and DAC-ELISA of field samples
suspected to have BBTV infection. Red squares denote negative control (NC)

and blue squares denote positive control (PC)

Plate 5 Total DNA isolation and PCR A Isolated DNA separated in 0.8 % agarose gel
by electrophoresis B PCR performed using BBTV coat protein specific primers.
An amplicon of 1058 bp obtained in positive samples. M: DNA ladder; Lanes 1-

3: infected samples 4: negative control (NC) 5: positive control (PC)



molecular weight band corresponding to the genomic DNA was visible in the gel.
Contamination with RNA was also observed. Polymerase chain reaction to amplify CP
gene was carried out using reported primers (Plate 5B). An amplicon of 1058 bp was
obtained after PCR. No bands were observed in negative control and primer dimers were
also absent. Partial sequence of the DNA-S segment of BBTV was amplified using the

reported primers.

4.2.4 Sanger dideoxy sequencing of coat protein gene and submission to GenBank

The pre-processed sequences obtained after Sanger dideoxy sequencing, were searched
against the NCBI nucleotide repository and identified as CP gene of BBTV (Fig 4) having
99.81 % identity with the sequences in the database. Seventeen BBTV CP gene sequences
were submitted in NCBI and accession numbers MT174314- MT174330 was obtained
(Appendix I11).

Color key for alignment scores
W <40 W 40-50 Il 50-80 W eo0-200 W >=200
Query |
| | | | | |
1 100 200 300 400 500
it Alignments. o
Max Total Query E Per.
et Score Score | Cover value Ident hceeacn
[ Banana bunct virys isolate Bmuyl-77 segment DNA-S, complete sequence 942 942 100% 00 99.81% KU7598851
[0 Banana bunchy top virus isolate Lubum-9 segment Di plete sequence 942 942 100% 0.0 99.81% KUT593731
(O Banana bunchy top virus clone pTzBBSTri7 seqment DNA-S, complete sequence 942 942 100% 00 9981% KJS13017

(L] Banana bunchy top virus isolate Malawi 73 segment DN

942 942 100% 0.0 99.81% JO8204551

O Ba 942 942 100% 0.0 99.81% JO820
O Ea 942 942 100% 0.0 9981%
[0) Banana bunchy top virus isola 942 942 100% 0.0 9981%

942 942 100% 0.0 99.81% A

942 942 100% 0.0 99.81% AF1480431
937 937 100% 00 9961%
937 937 100% 00 9961% K
937 937 100% 00 9961%
937 937 100% 0.0 9961% KMEO74421
937 937 100% 00 9961% JN250599.1
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[ Banana bunchy top

[J Banana bunch

gment DNA-S, com

([ Banana bunchy top virus isolate BUT1 CD 2012

() Bamana bunchy plate 2557 AU 2

[J Eanana bunchy top virus isolate Bangalore (GKVK)

() Banana bunchy top virus isolate Bangalore-GKVK segment DNA3._complete sequence 937 937 100% 00 9961% JN2437531

Fig4. NCBI BLAST to identify the gene. Graphical summary and descriptions of
BBTV CP gene blasted against NCBI database
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4.2.5 Phylogenetic analysis of BBTV based on coat protein nucleotide and amino

acid sequences
Phylogeny was interpreted using Neighbour-Joining method and a tree was constructed
based on coat protein gene sequences separately for Kerala isolates (Fig 5A) and all the

isolates considered in this study (Fig 5B).
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Fig 5A. Phylogenetic tree of BBTV Kerala isolates based on CP gene. The sum of
branch length equal to 0.04722093 is shown. The percentage of replicate trees in

which the associated taxa clustered together in the bootstrap test (1000 replicates)

are shown next to the branches
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Fig 5B. Phylogenetic tree of all the BBTV Kerala isolates in the dataset. The sum of

branch length equal to 3.01480964 is shown. The bootstrap values are shown next
to the branches
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Fig 5C. Phylogenetic tree based on amino acid sequences of all BBTV isolates in the
dataset. The sum of branch length equal to 0.325 is shown. The bootstrap values
are shown next to the branches. There were total of 196 positions in the final

dataset
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From the phylogenetic tree of the Kerala isolates, grouping based on geography was
observed with few exceptions. There was a very prominent demarcation of Southern and
Northern isolates whereas those collected from Central zone paired with the isolates
collected from both North and South. The isolates collected from Northern Kerala viz.,
MT174317, MT174328, MT174315, MT174319, MT174314 and MT174318 clustered
together with MT174321 collected from Thrissur, Central Kerala. Alternatively, isolates
collected from Central zone (MT174322, MT174325, MT174323, MT174326, MT174327)
clustered together. However, MT174329 collected from Kottayam clustered with the
isolates from Central zone of Kerala. Three isolates viz., MT174330 (Kollam), MT174316
and MT174320 (Wayanad) formed outgroups and clustered together. From the branch
lengths, it was evident that accessions MT174314 and MT174317 from Kannur and
Wayanad respectively are the most divergent among the group (Fig 5A).

All the isolates from India, Sri Lanka, Myanmar, Egypt, Tonga and Fiji belonging to Pacific
Indian Oceans group clustered together (PIO group). The South East Asian isolates
consisting of isolates from China, Taiwan, Indonesia, Philippines, Japan and Vietnam
clustered together. The isolate from Thailand also clustered with these isolates however,
was separated from other SEA isolates (SEA group). Few isolates from India (Tripura,
Meghalaya, Tamil Nadu), Pakistan and Africa (Nigeria, Angola, Cameroon and Malawi)
clustered separately into another monophyletic group (P10 group I1) (Fig 5B).

All the seventeen Kerala isolates generated in this study grouped in the biggest subcluster
(subcluster Ia) in PIO group | with other Indian isolates deposited from states like Tamil
Nadu, Andhra Pradesh, Karnataka, Maharashtra, Gujarat, Bihar, Uttar Pradesh, New Delhi,
West Bengal, Arunachal Pradesh and Assam apart from Kerala. Besides Indian isolates, an
African isolate (AF148943.1), an Egyptian isolate (KT220180.1) and a Myanmarese isolate
(AB252644.1) were also grouped in the same subcluster. Accessions, EU190967.1
(Meghalaya) and AF148944.1 (Fiji) also belonged to P1O group I, but in a different
subcluster (subcluster 1b). From the branch lengths it can be inferred that the isolates in

subcluster la of P10 group I, may have evolved simultaneously.

In contrast to the tree constructed using nucleotide sequences of CP gene, the phylogenetic
tree based on amino acid sequences (Fig 5C) had only two major clusters. The evolutionary

pattern of isolates belonging to P1O group and SEA group was similar to that depicted in
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the former phylogenetic tree based. Except three Kerala isolates (MT174321, MT174325,
MT174326) all others clustered together in P10 group.

Although, major clusters were as observed in phylogenetic tree based on nucleotide
sequences, subclusters were different in the tree based on amino acid sequences. However,
BBTV isolate from Thailand (MF039868.1) was seen to be the most divergent amongst the
dataset considered for the present study in both the evolutionary trees. Interestingly, there
was no noticeable phylogenetic variance of BBTV infecting abaca (AB250956.1) collected
from Philippines, with other BBTV isolates infecting banana isolates as it clustered together

in SEA group, indicating divergence from a common ancestor.

4.2.6 Principal co-ordinate analysis

The results obtained in Principal co-ordinate analysis (PCoA) was consistent with the
phylogeny of the isolates considered in the present study (Fig 6).

Fig 6. Principal co-ordinate analysis of BBTV isolates based on the nucleotide
sequences of CP gene
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There were four major clusters comprising of two major groups corresponding to P10 and
SEA isolates and two clusters with only one isolate each. MF039868.1 isolate from
Thailand (49) and AF238877.1 China (42) formed other two groups. These two isolates
belonged to SEA group as shown in the phylogenetic analysis.

From the PCoA analysis, clustering based on geography was unambiguous. Isolate
infecting abaca collected from Philippines grouped together with other SEA isolates.
However, In PIO group isolates MN380801.1 (37), AM418566.1 (53), EU190967.1 (35),
KC466374.1 (39) collected from Tripura, Meghalaya and Pakistan respectively were seen

to be distinct from other isolates in the major cluster encompassing of P10 isolates.

4.2.7 Assessment of genetic variability of BBTV based on coat protein gene

4.2.7.1 Nucleotide and amino acid sequence homology of BBTV isolates

The nucleotide and amino acid sequences of the coat protein gene of all the seventeen
Kerala isolates were aligned using MUSCLE and sequence identity was calculated in pairs
to obtain an identity matrix (Table 5). The nucleotide sequence identity ranged from 99.2-
100 %. Majority of sequence pairs were 99.8-99.6 percent identical. Most variable among
all the isolates was MT174317 isolated from banana cv. Nendran collected from Wayanad

district.

Amino acid sequence identity also displayed similar trend with identity ranging from 98-
100 % (Fig 7). However, based on the amino acid sequence the most diverse isolate was
MT174314, with 1.2- 1.8 percent amino acid sequence variability. This isolate was
collected from an infected Nendran variety in Kannur district.

On comparing the sequence similarity of all the nucleotide sequences in the entire dataset,
it was evident that the pairwise nucleotide identity ranged from 90- 100 % (Fig 8). The
SEA as well as PIO isolates were included in the data set for comparison. Isolate from
Maharashtra with and accession number GU085262.1 belonging to PIO and that from
China, AF238877.1 a member of SEA group exhibited maximum diversity. Based on only
the coding region of coat protein gene, SEA and PIO isolates were 4-10 per cent diverse.

However, diversity among the isolates in these two groups were comparatively less.
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Table 5. Homology matrix of BBTV Kerala isolates colour coded to differentiate most similar and dissimilar sequence pairs

MTL74314 MTL74315 MTL74316 MTL74317 MTL174318 MTL74319 MTL74320 MTL74321 MTL74322 MT174323 MTL74324 MTL74325 MTL74326 MTL74327 MTL74328 MTL74329 MTL74330

MTLe31 0000 9960/ 10000
MTL35 99600000 %940
MTL2316 [00000 9960/ 10000
MTIZBT 92 B0 %2
T38| 9980 980) %980
MTIZ319 9960 %61 9960
MTI74320 00000 9960/ 10000
T L 9080) % %80
MTIZG22 60 %61 9960
MTI4323 00000 9960/ 10000
T4 90800 %0 %80
MTIZE5 960 %60 9960
MTL36 | 9980 9980/ %80

T (6080 0080 |90

MTL74328 ~ 9960 9961 9960

MTiraos [ 98600080 0980
MT174330 (0000 996010000

92 90 %60 1000 90 90 0000 % W96 99U %60 9 10000
920 061 %960 980 %961 960 998 W60 980 W8 %61 W& %0
920 980 %60 10000 9 90 0000 %60 W6 9K 9N %6 9 10000

0940 920 9920 %940 92 92 940 %920 940 940 %92 940 92

% 40-------------

020 98 10000 %960 W& %K 98

920 980 %60 1000 98 %96 10000 %8

020 W98 %60 %6l

92 9% %60 100 9K

020 W98 WA MK W& 9K %8

Cmn %m w0 w9
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Fig 7.  Amino acid sequence identity heat map denoting sequence identity of BBTV
isolates

4.2.7.2 Nucleotide diversity and mutation rate

Parameters like nucleotide diversity, Pi () and Watterson estimation or mutation rate (0)
parameters are measures of mutation rate in a population and signify the genetic diversity
in the sequence. Nucleotide diversity of CP gene of BBTV was estimated to be 0.03246
indicating a very low diversity and higher stability of the gene (Fig 9). Pi calculated for
nucleotide positions ranged from 0.04-.078. There was no particular region in the gene that
was highly variable compared to other regions. However, maximum variability was
observed between nucleotide positions 286-310 and minimum between 166-190. Mutation
rate, theta (0) indicated high mutation rate at nucleotide positions 41-65, 286-310, 499-523
and 574-591. A total of 135 mutations and 111 polymorphic sites on coding region of coat
protein were detected from the analysis. Evidently, analysis indicated low variability in the

coding region of the coat protein gene of BBTV.
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Fig 8. Pairwise sequence identity heat map denoting sequence identity of coat
protein gene of all the Kerala BBTV isolates and NCBI accessions
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Fig9. Nucleotide diversity and mutation rate estimated based on total number
mutations per site. The result is interpreted in window size 25. Error bars at 5 %
are displayed on the graph.

Out of the total number of mutations, 123 were detected as frameshift mutations caused by
insertion or deletion (In-Del). A major deletion of 45 nucleotides at the 5’ end and an
insertion of 60 nucleotides towards the 3° end of CP gene of SEA isolate collected from

Thailand (MF039868.1) was observed making it most distinct among the dataset.

Pi value of the Kerala isolates estimated separately was 0.0027 with only nine polymorphic
sites and mutations each in the seventeen sequences. The value of 6 was calculated to be
0.0052 which was much lesser than the average of the total dataset. Although nucleotide
variation was negligible, variations were observed between nucleotide positions 201 and
325. Apart from the core region of the CP, regions between 26-50 and 351-375 was also

seen to be variable, considering m and 6 values (Table 6).

DNA divergence was calculated for population subsets and it was evident that divergence
among and between the isolates collected from North, Central and South zones of Kerala
were negligible. However, diversity among the SEA isolates were greater than P10 isolates.
Although no particular region in the gene was identified to be hypervariable, net nucleotide
substitutions were higher in the 5’ and 3’ terminus of the gene followed by the core region

(Fig 10).
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Table 6. Nucleotide diversity and mutation rate of coat protein gene of BBTV Kerala

isolates

Ngg;fggr?e Midpoint | Pi () TF(f)ta N;g;fg;ige Midpoint | Pi () T?;)ta
1-25 13 | 0000 | 0000 | 276300 | 288 | 0.022 | 0.024
26-50 38 | 0009 | 0024 | 301325 | 313 | 0.005| 0.012
51-75 63 | 0.000 | 0.000 | 326-350 | 338 | 0.000 | 0.000
76-100 88 | 0.000 | 0000 | 351375 | 363 | 0.005| 0.012
101-125 113 | 0.000 | 0.000 | 376-400 | 388 | 0.000 | 0.000
126-150 138 | 0.000 | 0.000 | 401-425 | 413 | 0.000 | 0.000
151-175 163 | 0.000 | 0.000 | 426-450 | 438 | 0.000 | 0.000
176-200 188 | 0.000 | 0.000 | 451-475 | 463 | 0.000 | 0.000
201-225 213 | 0.005 | 0.012 | 476-500 | 488 | 0.000 | 0.000
226-250 238 | 0.005 | 0.012 | 501-513 | 507 | 0.000 | 0.000
251275 263 | 0.005 | 0.012
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Fig 10. DNA divergence between and among PIO and SEA populations. Number of
net nucleotide substitutions per site between populations, Da is also represented

4.2.7.3 Synonymous and non-synonymous substitutions

Pairwise rate of non-synonymous (Ka) and synonymous (Ks) mutations per nucleotide site
were calculated and ratio between rate of non-synonymous and synonymous mutations
(Ka/Ks) were obtained. Most of the pairwise Ka/Ks ratio (®) were less than 1, signifying
purifying or negative selection. However, o of few sequence pairs the PIO isolates were

more than 1 indicating positive or Darwinian selection (Table 7).

Positive selection (@ >1) or neutral selection (o ~1) was observed between isolates with
accession numbers GU085260.1, GU085261.1, JX171699.1 (Tamil Nadu), GU085262.1
(Maharashtra) and Kerala isolates generated in the present study. Nevertheless, between the

Kerala isolates, @ values were less than 1 indicative of stabilising selection.
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Table 7. Ratio of non-synonymous and synonymous mutation in CP gene sequences

between P10 isolates

Sequencel | Sequence?2 | Ka/Ks Sequence 1 Sequence 2 Ka/Ks
GU085261.1 | MT174314 1.253 GU085262.1 | MT174315 1.245
MT174316 1.253 MT174317 1.245
MT174318 0.934 MT174318 2.516
MT174320 1.253 MT174319 1.245
MT174321 0.934 MT174320 2.835
MT174322 0.934 MT174321 2.516
MT174323 1.253 MT174322 2.516
MT174324 0.934 MT174323 2.835
MT174326 0.934 MT174324 2.516
MT174327 0.934 MT174325 1.245
MT174329 0.934 MT174326 2.516
MT174330 1.253 MT174327 2516
GU085260.1 | MT174314 1.560 MT174328 1.245
MT174316 1.560 MT174329 2.516
MT174318 1.253 MT174330 2.835
MT174320 1.560 JX171699.1 MT174314 1.253
MT174321 1.253 MT174316 2.835
MT174322 1.253 MT174321 0.934
MT174323 1.560 MT174322 0.934
MT174324 1.253 MT174323 1.253
MT174326 1.253 MT174324 0.934
MT174327 1.253 MT174326 0.934
MT174329 1.253 MT174327 0.934
MT174330 1.560 MT174329 0.934
GU085262.1 | MT174314 2.835 MT174330 1.253
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4.2.7.4 Gene flow between population subsets

Gene flow between the population subsets were concluded based on the fixation index (Fsr)
ie., population differentiation. As gene flow reduces the genetic drift, population
differentiation will be insignificant. This trend was seen between the population subsets of
Kerala (Table 8).

There were variations in the Gst, Nst (genetic differentiation indices) and Fst values of the
subpopulations. However, Gene flow between PIO and SEA isolates were observed to the
least. This implied genetic differentiation between these group. The average (Dxy) and net
(Da) nucleotide substitutions per site were also highest (0.067 and 0.045 respectively)
between P10 and SEA subpopulation.

Evidently, high gene flow was observed between Northern, Central and Southern isolates
of Kerala with very low Fst and Nst values indicative of minimal genetic differentiation
between the subpopulations. Considering the phylogeography of the BBTV Kerala isolates,
it is evident that, the clustering based on geography has no strict delineation between the
subpopulations. Isolates from Central zone of Kerala clustered with BBTV strains collected

from both Northern and Southern zones.

Interestingly, there was evident gene flow between all the subpopulations in India,
especially between the South Indian states viz., Kerala and Karnataka. The gene flow
between Kerala and Tamil Nadu is also evident from the analysis. From the survey it was
learnt that most of the planting materials for banana cultivation in Kerala are procured from

Tamil Nadu substantiates the above result.

Statistical significance of nucleotide diversity analysis was carried out by three tests.
Tajima’s D as well as Fu and Li’s D and F tests gave negative values implying the presence
of rare alleles in the population. Tajima’s D test (-1.620) was statistically non-significant in
contrast to highly significant Fu and Li’s D and F tests (-3.714 and -3.458).

However, Tajima’s D test at non-synonymous sites were highly significant negative value
(-2.459). Codons with multiple evolutionary paths were detected in the analysis denoting

the PIO and SEA isolates present in the dataset.
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Table 8. Gene flow and differentiation between the population subsets

Population 1

Population 2

North Kerala

Central Kerala

North Kerala

South Kerala

Central Kerala

South Kerala

Kerala Tamil Nadu
Kerala Karnataka
Tamil Nadu Karnataka
South Indian North India
South Indian North East India
North India North East India
P10 isolates SEA isolates

Hs denotes the genetic diversity within the population, Ks denotes the rate of synonymous substitutions per site, genetic differentiation is denoted
by Nst and Gst values and gene flow is denoted by fixation index, Fst. DXy is the average number of nucleotide substitutions per site between
populations and Da denotes the number of net nucleotide substitutions per site between populations. All the values were estimated using the

DnaSP6 program with 1,000 permutation tests
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4.2.8 Codon usage bias

Codon usage bias of CP gene of BBTV was calculated in CAI-Cal web server. The overall
nucleotide composition (% A, adenine; % T/U, thymine/uracil; % C, cytosine; % G,
guanine) of CP gene was analysed (Table 9). The percentage values of A (30.626 + 0.512)
and T (26.621 + 0.440) were highest followed by G (25.497 + 0.340) and C (17.256 +
0.548). Both P10 and SEA isolates were both AT rich. Composition of A (30.428 + 0.345,
31.347 £ 0.348), T (26.680 + 0.228; 26.408 + 0.807), G (25.458 + 0.270; 25.639 + 0.493)
and C (17.434 + 0.327; 16.606 + 0.682) of PIO and SEA separately was similar to the
overall trend. Mean value of % AT was 57.247 £ 0.579 whereas that of % GC was 42.753
+ 0.579.

Apparently, the CP gene of BBTV which is AT rich is most likely to have A or T residues
in the wobble position (3™ position of the synonymous codon). To the contrary, the results
showed that G or C at the wobble position was preferred. Percentage of G at wobble
position (% G3) was 29.159 + 0.893 followed by % C3 (28.442 + 1.118), % A3 (26.656
1.181) and % T3 (15.743 £ 0.942). Interestingly, % GT3 (57.601 +£0.769) is higher than %
GA3(55.815 +1.392), % AT3 (55.098 + 1.342) and % GC3 (44.902 + 1.342). This unusual
variation from the hypothesis implies that the compositional patterns of BBTV CP gene is
complex and is anomalous from what is commonly observed in most of the AU and or GC

rich virus genes.

The effective number of codons (Nc) in the dataset was ranging from 48.60-59.50 with an
overall mean of 54.70 £ 2.65. The Nc value of PIO isolates ranged from 48.60 to 59.50 and
that of SEA isolates were between 48.80 and 53.10. The values indicate high stability of
the gene.

The CP is highly expressed gene of BBTV, and significant high codon usage bias (CUB)
was observed from the relative synonymous codon usage (RSCU) value calculated. A total
of 29 codons were observed to be desirable (UUU, UUA, UUG, CUG, CUU, AUC, GUU,
GUA, GUG, AGU, AGC, CCU, CCC, ACA, GCU, GCA, UAU, CAU, CAG, AAC, AAG
GAU, GAA, UGU, CGG, AGA, AGG, GGA, GGG) out of which 22 were identified as
high frequency codons (Hfc) (Table 10).
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Table 9. Nucleotide composition and effective number of codons of BBTV CP gene

Rarameter Length | %A | %C | %U | %G | %G+C | %0A+U | %0GC1 | %AULl | %GC2 | %0AU2 | %GC3 | %AU3 | Nc

Sequences

PI1O isolates

MT174314 513 130.21 | 17.74 | 26.71 | 25.34 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 54.50
MT174315 513 130.21 | 17.35 | 26.90 | 25.54 | 42.89 | 57.12 42.11 57.90 41.52 58.48 45.03 54.97 | 56.00
MT174316 513 130.21 | 17.74 | 26.71 | 25.34 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 54.50
MT174317 513 130.41|17.15|27.10 | 25.34 | 4250 57.51 42.11 57.90 41.52 58.48 43.86 56.14 | 54.60
MT174318 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
MT174319 51313041 | 1754 | 26.71 | 25.34 | 42.89 | 57.12 42.11 57.90 41.52 58.48 45.03 54.97 | 56.00
MT174320 513 130.21 | 17.74 | 26.71 | 25.34 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 54.50
MT174321 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
MT174322 51313041 | 1754 | 26.71 | 25.34 | 42.89 | 57.12 42.11 57.90 41.52 58.48 45.03 54.97 | 56.10
MT174323 513 130.21 | 17.74 | 26.71 | 25.34 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 54.50
MT174324 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
MT174325 513 130.21 | 17.74 | 26.71 | 25.34 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.50
MT174326 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
MT174327 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
MT174328 513 130.41 | 1754 | 26.71 | 25.34 | 42.89 | 57.12 42.11 57.90 41.52 58.48 45.03 54.97 | 56.50
MT174329 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
MT174330 513 130.21 | 17.74 | 26.71 | 25.34 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 54.50
GU125413.1 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
GU085261.1 528 | 31.06 | 17.61 | 26.14 | 25.19  42.80 | 57.20 42.05 57.96 40.91 59.09 45.46 54.55 | 56.40
GU085260.1 528 | 31.06 | 17.61 | 26.33 | 25.00 [ 42.61 | 57.39 42.05 57.96 40.91 59.09 44.89 55.11 | 59.50
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FJ664271.1 513 [ 30.02 | 17.54 | 26.90 | 25.54 [ 43.08 | 56.92 42.69 57.31 40.94 59.06 45.61 54.39 | 56.90
JX171699.1 513 [ 30.60 | 17.15 | 26.90 | 25.34 [ 4250 | 57.51 4211 57.90 40.94 59.06 44.44 55.56 | 56.10
GU125411.1 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
JN250599.1 513 130.02 | 17.54 | 26.90 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 55.70
GU125412.1 513 130.21 [ 17.35 | 26.90 | 25.54 | 42.89 | 57.12 42.11 57.90 41.52 58.48 45.03 54.97 | 56.20
GU125409.1 513 130.02 | 17.74 | 26.51 | 25.73 | 43.47 | 56.53 42.11 57.90 42.11 57.90 46.20 53.80 | 55.90
GU085262.1 528 131.25(17.24 | 26.89 | 24.62 | 41.86 | 58.14 41.48 58.52 39.77 60.23 44.32 55.68 | 58.50
GU125408.1 513 130.21 [ 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
DQ515970.2 513 (30.21 [ 17.54 | 26.71 | 25.54 [ 43.08 | 56.92 4211 57.90 41.52 58.48 45.61 54.39 | 56.00
GU125414.1 513 (30.21 [ 17.54 | 26.51 | 25.73 | 43.28 | 56.73 4211 57.90 4211 57.90 45.61 54.39 | 56.00
FJ168538.1 513 (30.21 [ 17.54 | 26.71 | 25.54 [ 43.08 | 56.92 4211 57.90 41.52 58.48 45.61 54.39 | 56.00
GU125407.1 513 (30.21 [ 17.54 | 26.71 | 25.54 [ 43.08 | 56.92 4211 57.90 41.52 58.48 45.61 54.39 | 56.00
GU125406.1 513 (30.41 | 17.15 | 27.10 | 25.34 4250 | 57.51 4211 57.90 41.52 58.48 43.86 56.14 | 54.00
EU190968.1 513 [ 30.60 | 17.54 | 26.51 | 25.34 | 42.89 | 57.12 4211 57.90 41.52 58.48 45.03 54.97 | 56.20
EU190967.1 51313041 (1715 26.32 | 26.12 | 43.28 | 56.73 42.11 57.90 41.52 58.48 46.20 53.80 | 50.90
EU190965.1 513 130.21 | 17.74 | 26.51 | 25.54 | 43.28 | 56.73 42.11 57.90 41.52 58.48 46.20 53.80 | 55.50
MN380801.1 528 |1 31.06 | 16.67 | 26.33 | 25.95 42.61 | 57.39 42.05 57.96 41.48 58.52 44.32 55.68 | 54.00
KT180290.1 528 130.87 | 17.24 | 26.89 | 25.00 | 42.24 | 57.77 42.05 57.96 40.91 59.09 43.75 56.25 | 57.00
KC466374.1 5281 30.87 | 16.86 | 26.33 | 25.95 42.80 | 57.20 41.48 58.52 40.91 59.09 46.02 53.98 | 53.90
GU125410.1 513 130.21 | 17.54 | 26.51 | 25.73 | 43.28 | 56.73 42.11 57.90 42.11 57.90 45.61 54.39 | 56.60
AF148944.1 513 (30.41 | 17.74 [ 26.71 | 25.15 42.89| 57.12 42.69 57.31 41.52 58.48 44.44 55.56 | 54.30
AB252644.1 513 (3041 | 17.35(26.71 | 25.54 | 42.89| 57.12 42.69 57.31 41.52 58.48 44.44 55.56 | 54.80
JN250595.1 528 [ 30.68 | 17.61 | 26.71 | 25.00 [ 42.61| 57.39 42.05 57.96 40.91 59.09 44.89 55.11 | 57.90
EF593169.1 528 [ 30.68 | 17.24 | 27.27 | 2481 | 42.05| 57.96 42.61 57.39 40.91 59.09 42.61 57.39 | 57.10
AMA418566.1 528 [ 30.49 [ 17.24 | 26.71 | 25.57 | 42.80 | 57.20 42.05 57.96 40.91 59.09 45.46 54.55 [ 57.90
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KT923137.1 513 [ 31.77 | 15.79 | 27.10 | 25.34 | 41.13 | 58.87 40.35 59.65 41.52 58.48 41.52 58.48 | 48.60
JF755985.1 528 [ 30.49 | 17.42 | 26.52 | 25.57 | 4299 | 57.01 41.48 58.52 40.91 59.09 46.59 53.41 | 56.80
JF755983.1 528 [ 30.49 | 17.05 | 26.52 | 25.95 4299 | 57.01 42.05 57.96 40.91 59.09 46.02 53.98 | 57.50
JF755980.1 528 130.49 | 17.42 | 26.33 | 25.76 | 43.18 [ 56.82 41.48 58.52 40.91 59.09 47.16 52.84 | 58.00
AF148943.1 513 130.21 | 17.54 | 26.71 | 25.54 | 43.08 [ 56.92 42.11 57.90 41.52 58.48 45.61 54.39 | 56.00
JF755979.1 528 |1 30.87 | 17.42 | 26.14 | 25.57 | 4299 57.01 40.91 59.09 40.91 59.09 47.16 52.84 | 57.40
Average 30.43|117.43|26.68 | 25.46 | 4289 | 57.11 42.03 57.97 41.37 58.64 45.28 54.72 | 55.80
SD 0.35| 0.33| 0.23| 0.27 0.39 0.39 0.37 0.37 0.39 0.39 0.96 096 | 170
SEA isolates

AB250956.1 513 [ 31.38 | 16.57 | 26.12 | 25.93 [ 4250 | 57.51 41.52 58.48 41.52 58.48 44.44 55.56 | 50.30
AB189068.1 513 [ 31.38 | 16.57 | 26.12 | 25.93 [ 4250 | 57.51 41.52 58.48 41.52 58.48 44.44 55.56 | 50.30
EU366171.1 513 (31.38 | 16.18 | 26.71 | 25.73 | 41.91| 58.09 40.35 59.65 41.52 58.48 43.86 56.14 | 50.60
DQ826393.1 513 (31.19 | 16.18 | 26.32 | 26.32 | 4250 | 57.51 40.94 59.06 42.69 57.31 43.86 56.14 | 51.60
AB078023.1 513 | 31.77 | 16.18 | 26.32 | 25.73 | 41.91 | 58.09 40.94 59.06 41.52 58.48 43.28 56.73 | 50.20
AF148945.1 513 1 30.80 | 16.57 | 26.51 | 26.12 | 42.69 | 57.31 42.11 57.90 41.52 58.48 44.44 55.56 | 52.80
AF246122.1 513 | 31.77 | 15.98 | 27.10 | 25.15 41.13 | 58.87 40.35 59.65 41.52 58.48 41.52 58.48 | 49.00
AF238877.1 513 | 31.38 | 16.57 | 27.68 | 24.37 | 40.94 [ 59.06 40.94 59.06 4211 57.90 39.77 60.23 | 50.80
MF688998.1 513 [ 31.58 | 16.57 | 26.90 | 24.95 4152 | 58.48 40.94 59.06 42.11 57.90 41.52 58.48 | 48.80
MG545612.1 516 | 31.59 | 16.28 | 26.36 | 25.78 | 42.05| 57.95 41.86 58.14 41.28 58.72 43.02 56.98 | 49.20
KT220180.1 513 (30.41 | 16.76 | 27.29 | 25.54 | 42.30| 57.70 41.52 58.48 41.52 58.48 43.86 56.14 | 53.10
MF039868.1 528 [ 31.44 | 18.94 | 24.05 | 25.57 | 44.51| 55.49 43.75 56.25 43.18 56.82 46.59 53.41 | 52.60
ABB848112.1 513 [ 31.38 | 16.57 | 26.12 | 25.93 [ 4250 | 57.51 41.52 58.48 41.52 58.48 44.44 55.56 | 50.30
AB848111.1 513 [ 31.38 | 16.57 | 26.12 | 25.93 [ 4250 | 57.51 41.52 58.48 41.52 58.48 44.44 55.56 | 50.30
Average 31.35( 16.61 | 26.41 | 25.64 | 42.25| 57.76 41.41 58.59 41.79 58.21 43.54 56.46 | 50.71
SD 0.35| 068 0.81| 0.49 0.82 0.82 0.82 0.82 0.53 0.53 1.61 161 132
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The wobble position of 17 of the 22 Hfc were ending in A or U indicating that the overall

nucleotide composition of high importance in codon usage bias of a highly expressed gene.

The correlation analysis of various nucleotide compositions in BBTV CP gene and the
effective number of codons (Nc), was successful in establishing a strong positive
correlation between Nc and % C, % T/U, GC content at first position of the codon (GC1)
and GC content at the wobble position of the codon (GC3) (Table 11). A significant
negative correlation with % A, % G, % AU, % GA, GA3 and AU3 (AU content at the
wobble position) was also observed. The analysis confirms statistically that CUB is greatly

dependent on the nucleotide composition of the CP gene in BBTV.

The Nc plot (Fig 11) and neutrality plot (Fig 12) illustrated the effect of selection pressure
and mutation on the CUB of BBTV CP gene. The magnitude of impact of mutational
pressure and natural selection on CUB of BBTV CP was investigated by neutrality plot. In
the Nc plot all the PIO and SEA isolates were below the standard curve indicating the equal
contribution of mutation and selection pressure on the codon usage of the virus coat protein
and a major role of overall nucleotide composition in CUB. If selection pressure was major
driving force for the codon stability, the points would have been on the standard curve. This
indicated why certain synonymous codons are selected over the other by process of
mutation and selection in order to obtain a high stability of the gene as indicated by the Nc

value.

The slope (0.0197) of the regression line was close to zero and the range of GC3 was narrow
ranging from 0.398 to 0.472. The neutrality plot emphasised the role of natural selection

on codon usage bias.

85



Table 10. Relative Synonymous Codon Usage (RSCU) of BBTV CP. High frequency
codons are indicated by (*) next to RSCU value. Desirable codons are indicated
by (#) next to the codon.

Amino Acid Codon RSCU Amino Acid Codon RSCU

Phenylalanine Uuu* 1.614* | Asparagine AAU 0.472
UuC 0.386 AAC* 1.528*

Leucine UUA* 1.420* | Lysine AAA 0.674
UUG* 1.596* AAG? 1.326*

CuuU* 1.713* | Aspartic acid | GAU* 1.492*

CcucC 0.022 GAC 0.508

CUA 0.068 | Glutamic acid | GAA* 1.564*

CUG* 1.181 GAG 0.436

Isoleucine AUU 0.995 | Cysteine UGU* 1.502*
AUC* 1.107 UGC 0.498

AUA 0.898 | Arginine CGU 0.039

Valine GUU* 1.344* CGC 0.395
GUC 0.525 CGA 0.015

GUA¥ 1.057 CGG* 1.406*

GUG* 1.074 AGA? 1.701*

Serine Ucu 0.777 AGG* 2.445*
uccC 0.337 | Glycine GGU 0.486

UCA 0.900 GGC 0.420

UCG 0.957 GGA* 1.514*

AGU? 1.807* GGG* 1.579*

AGC* 1.222 | Alanine GCU* 1.011

Proline CcuU* 1.489* GCC 0.305
ccct 1.023 GCA* 2.104*

CCA 0.497 GCG 0.580

CCG 0.990 | Tyrosine UAU* 1.501*

Tryptophan ACU 0.415 UAC 0.499
ACC 0.907 | Histidine CAU* 1.469*

ACA* 2.390* CAC 0.531

ACG 0.288 | Glutamine CAA 0.207

CAG* 1.793*
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Table 11. Correlation of nucleotides compositions and effective number of codons of BBTV coat protein

%A %C %U %G  %GCl %GC2 %GC12 %GC3 Nc %AU  %GA %GU3 %GA3 %AU3

%A 1.000

%C -0.702* 1.000

%U -0.267* -0.262  1.000

%G -0.031 -0.215 -0.469* 1.000

%GC1 | -0.597 = 0.798* -0.282* -0.021 1.000

%GC2 0.032 0.061  -0.320* 0.268 0.105* 1.000

%GC12 | -0.415 & 0.627* -0.410 0.146 0.801* 0.678 1.000

%GC3 | -0.642 = 0.704* -0.450 = 0.413* 0.504* -0.105  0.311* 1.000

Nc 0.685** 0.704** 0.112** -0.247* 0.515* -0.441 0.112 0.607* 1.000

%AU 0.682* -0.820** 0.523** -0.382** -0.742 -0.215 -0.678* -0.909 -0.520** 1.000

%GA 0.828* -0.714** -0.489** 0.535** -0.516 0.177 [ -0.269* -0.311 -0.718** 0.362 1.000

%GU3 | -0.569 -0.069 0.708 = 0.051* -0.030 -0.172 -0.135 ' 0.026* 0.186* 0.085* -0.452 1.000

%GA3 0.685 | -0.550* -0.603 0.634 -0.365 0.074* -0.219 -0.063 -0.548** 0.148 0.934** -0.449** 1.000
%AU3 | 0.642* -0.705* 0.450** -0.413 -0.504* 0.105 -0.311 -1.000* -0.607** 0.909** 0.311** -0.026 0.063 1.000

* Correlation is significant at the 0.05 level,

** Correlation is significant at the 0.01 level (two-tailed). Significant values are highlighted with blue colour.
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Fig 11. Nc plot. The relationship between number of codons (Nc) and GC content at the
wobble position (GC3) of coat protein of BBTV is represented in the graph. The
dotted line represent the standard curve of expected GC3 content and Nc value
under random codon usage
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Fig 12. Neutrality plot. Investigation of the magnitude of natural selection and mutational
pressure in codon usage bias of BBTV CP. The linear regression of GC12 against
GC3 is represented in the graph by the black dotted line

4.2.9 Recombination analysis

From the molecular evolutionary analysis based on the CP gene of all the isolates, it was
evident that the mutations in BBTV population is the result of neutral selection or purifying
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selection in majority of the isolates whereas, stabilising selection is acting upon the Kerala
isolates. The role of recombination in the variability of the isolates was detected using RDP
5.0. Only one recombinant was detected from the entire dataset. The most diverse isolate
with accession number, MF039868.1 (Thailand) was detected to be recombinant with a
Pakistani isolate as major parent (AM418566.1) and Taiwanese isolate as minor parent
(DQ826393.1) (Fig 13). Recombination was detected by MaxChi and SiScan methods.

The Robinson-Fould’s matrix and Shimodaira-Hasagawa (SH) matrix (Fig 14A) helped to
visualise the effect of recombination on phylogeny. Although, from the white regions in
matrices it is evident that CP gene of BBTV mostly have low degrees of phylogenetic
compatibility, it was difficult to predict recombination hot spots. However, from the
McVean’s LD matrix, Low marginal likelihood values (<-2.52) are indicative of

recombination cold spots (Fig 14B).
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Fig 13. MaxChi plot. Major parent-minor parent plot (yellow), major parent-recombinant
plot (green) and minor parent-recombinant plot (purple) are represented. Position
of informative sites are displayed as black vertical lines on the top of the identity
plot. Appropriate p values of the peaks are displayed inside the plot with p value
cut off represented ad black dotted lines. Pink region highlights the approximate
breakpoint positions.

The dark red regions, between ~240-254 and ~469-501 in the LARD breakpoint matrix and
MaxChi breakpoint matrix indicated the probable positions of breakpoint pairs (Fig 14C).
Hudson and Kaplan’s (HK) matrix predicted the minimum number of recombination events
(RMin) separating every pair of nucleotide position in an alignment. Large changes in
RMin occurring over short genetic distances were calculated using RMin/D matrix. Red
spots along the diagonal of the HK RMin/distance (Fig 14D) correspond with

recombination breakpoint hotspot positions.
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Fig 14. Recombination matrices. A Robinson-Fould’s (RF) (lower) and Shimodaira-
Hasagawa (SH) (upper) compatibility matrices B McVean’s Linkage
disequilibirum (LD) matrix. C MaxChi Breakpoint matrix (lower) and LARD
breakpoint matrix (upper) D Hudson and Kaplan’s (HK) RMin matrix (upper) and
HK RMin/ Distance matrix (lower).
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4.2.10 Validation of designed primers for detection of BBTV

Primers specific to DNA-S of BBTV was designed so as to amplify approximately 900 bp
product comprising of 513 bp of complete BBTV CP gene and downstream untranslated
region (UTR) region (DNA-S FP and RP). The annealing temperature was deduced
experimentally by gradient PCR as 66.9 °C (Plate 6). Samples were collected from plants
that showcased typical symptoms of BBTD and total DNA was isolated. PCR amplification
was done to confirm the presence of the virus and thus validate the primers for nucleic-acid
based detection. Samples that gave positive reactions with reported primers also were
amplified using the designed primers thus confirming that it can be used for detection of

BBTV detection and routine virus indexing of banana (Plate 7).

4.2.11 Molecular cloning

For molecular cloning, competent cells of various strains of E. coli were prepared in ASB
as mentioned in the methods section (3.13.2). The competent cells were streaked on to LB
agar plate with and without antibiotics to ascertain that contamination was absent. The
colonies were examined thoroughly to differentiate the strains of E. coli.

The CP gene was amplified using designed primers at annealing temperature 38.8 °C (Plate
8). Restriction digestion sites of ECOR1 and Nhel were added on to the 5’ end and BamH1
site was added to the 3’ end of the BBTV CP gene. The CP gene digested by EcoR1 and
BamH1 was inserted to double digested pUC19 vector and transformed to DH5a (Plate 9).

The plasmid was isolated from randomly selected white colonies and loaded on to 0.8 %
gel to check difference in mobility compared to the non-recombinant plasmid. A reduced
mobility indicated presence of the insert and those plasmids were selected for restriction
digestion and PCR (Plate 10A). Double digestion with EcoR1 and BamH1 was performed
to observe the release of ~540 bp insert (Plate 10B). Similarly, 540 bp PCR product was
also observed after amplifying the CP gene using the designed primers with the
recombinant plasmid as the template (Plate 10C). Few white colonies were also screened
for positive recombinants by colony PCR using the designed primers (Plate 10D). Later,
plasmid was isolated from the positive clones and subjected to restriction digestion for
confirmation. Sanger dideoxy sequencing using M13 forward and reverse primers were
carried out and ascertained that complete coding sequence of BBTV CP was present in the
clone. After confirmation by any of the two methods, clones were selected and recombinant

plasmids were amplified by transforming to DH5a.
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Similarly, BBTV CP gene was cloned to Nhel and BamH1 sites of pRSET-C, Smal site
of pGEX-4T-2 and EcoRV and BamHL1 sites of pET32a (+) (Plate 11). Since lac Z gene
was absent in the expression vectors used, transformed white colonies were randomly
selected for colony PCR and plasmid isolation. Clones were confirmed as mentioned
earlier. Given that, the CP gene cloned to pGEX-4T-2 by blunt end restriction digestion
and cloning, checking the orientation of the gene was inevitable. Since the vector has a
BamH1 site upstream to the Smal site and BamH1 recognition site is incorporated at the
3’ end of the gene using the reverse primer, restriction digestion with BamH]1 was carried
out to confirm the orientation of the gene (Plate 11E). However, cloning to pET32a (+) was
done using EcoRV and BamH1 producing blunt end and staggered end respectively after
restriction, checking the orientation was not necessary. The clones of BBTV CP in pRSET-
C, pGEX-4T-2 and pET32a (+) were designated as pRSET/BBTV CP, pGEX/BBTV CP
and pET/BBTV CP respectively.

The BBTV CP gene was also cloned to pGEX-4T-2 by restriction free (RF) cloning to
manipulate the recognition site of protein cleavage and augment the overexpression of the
protein. Primers were designed (F-RF1 and R-RF1) such that the trypsin and thrombin
cleavage sites between the affinity tag and the gene were eliminated and TEV protease
recognition site was inserted. The primers were designed and annealing temperature was
standardised as 61.3 °C after gradient PCR (Plate 12). The 550 bp PCR product of the

primary PCR reaction was used as megaprimer for the secondary PCR.

The template used was pGEX/BBTV CP clone. After secondary PCR, 5.6 kb of product
was obtained (Plate 21C) which was transformed to DH5a after Dpnl digestion. The
control reaction without the megaprimer was also digested with Dpnl enzyme and
transformed. No colonies were grown in control plates whereas plate with transformants

with RF plasmid had plenty of colonies (Plate 13).

The randomly selected colonies were subjected to colony PCR and plasmids isolated were
subjected to PCR using the newly designed primers (Plate 14A). A PCR was also carried
out using M13 reverse and gene reverse primers to obtain an amplicon of length 1.9 kb as
expected in case of positive clone (Plate 14B). The elimination of trypsin digestion site and
insertion of TEV protease site was ascertained by restriction digestion with BamH1. The

vector was seen to be linearised in case of positive clones where the BamH1 site on the
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Plate 6 Gradient PCR for standardisation of annealing temperature of designed
primers for BBTV detection. A M: 100 bp DNA ladder; Lanes 1-12: BBTV
infected sample amplified using designed primers at annealing temperatures 56.0
°C, 56.2 °C, 56.7 °C, 57.5°C, 58.5 °C, 59.7 °C, 60.9 °C, 62.2 °C, 63.3 °C, 64.3 °C,
65.0 °C, 65.4 °C. B M: 100 bp DNA ladder; Lanes 1-12: BBTV infected sample
amplified using designed primers at annealing temperatures 64.0 °C, 64.1°C, 64.6
°C, 65.2°C, 66.0°C, 66.9°C, 67.9 °C, 68.9 °C, 69.7 °C, 70.5°C, 71.1°C, 71.4°C.
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Plate 7 Amplification of BBTV CP using designed primers from field samples
suspected to be infected with BBTV. M: 1 kb DNA ladder; Lane 1: CT1
(Kunnan), Lane 2: WYT1 (Nendran), Lane 3: BRS4 (Grand Naine), Lane 4:
KKT17 (Mysore poovan), Lane 5: CKT2 (Palayankodan), Lane 6: KNT1
(Nendran), Lane 7: PKD1 (Nendran), Lane 8: BRST9 (Nendran), Lane 9: BRST6
(Kasaka), Lane 10: TCR4 (Robusta), Lane 11: BRS10 (Chengalikodan), Lane 12:
BRS11 (Njalipoovan), Lane 13: BRS12 (Kunnan), Lane 14: BRS13
(Palayankodan), Lane 15: KOT1 (Nendran), Lane 16: TCR3 (Nendran), Lane 17:
PKD 3 (Nendran), Lane 18: WY T3 (Njalipoovan), Lane 19: WYT4 (Nendran)
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Plate 8 Standardisation of annealing temperature of the designed primers for
cloning of BBTV CP. A M: 1 kb DNA ladder, Lanes 1-8: PCR performed at
annealing temperatures 45.0 °C, 44.4 °C, 43.4 °C, 42.0 °C, 40.2 °C, 38.8 °C, 37.7
°C, 37.0 °C B PCR using Phusion polymerase with designed primers for cloning
M: 1 kb DNA ladder, Lane 1: NC, Lanes 2-6: ~540 bp amplicon

Plate 9 Blue white screening of transformants. The recombinants plated on LB
supplemented with ampicillin, X-gal and IPTG



Plate 10 Selection of positive clones and confirmation. A Plasmid isolation by alkali
lysis method and comparison of mobility with non-recombinant pUC19 vector.
M: DNA ladder, Lane 1: empty vector, Lane 2-12: Plasmid isolated from
randomly selected white colonies. B Restriction digestion of the plasmid to
observed insert release at ~540 bp. Lane 1-11: double digested pUC19, Lane 12:
undigested pUC19. Insert released from samples 1, 2, 3, 4, 5, 6, 8, 9, 11.
C Amplification of coat protein gene from the recombinant plasmids using
designed primers. Amplification of coat protein gene observed in samples 1, 2, 3
and 12. D Colony PCR of Lane 1: randomly selected blue colony, Lane 2-6:

randomly selected white colonies



Plate 11 Cloning of BBTV CP to expression vectors. A Plasmid isolation by alkali lysis
method and comparison of mobility with non-recombinant pRSET-C vector. M:
DNA ladder, Lane 1: empty vector, Lanes 2-13: Plasmid isolated from randomly
selected white colonies. B Clone confirmation by PCR using designed primers.
Amplification of coat protein gene observed in samples 1, 5, 6 and 7. C
Restriction digestion of the plasmid for clone confirmation. Lane 1: double
digested pRSET-C, Lane 9: digested empty pRSET-C. Insert released from
samples 1, 4, 6, 7 and 8. D Confirmation of BBTV CP clone in pET32a (+) by
colony PCR of randomly selected white colonies. E Clone confirmation in
pPGEX-4T-2, Lanes 1-5: by PCR with BBTV CP specific primers, Lanes 6-10:
orientation confirmation by restriction digestion with BamH1



500 bp

Plate 12 Restriction free cloning of BBTV CP to pGEX-4T-2. A Standardisation of
annealing temperature for the designed primers M: 1 kb DNA ladder, Lanes 1-8:
PCR performed at annealing temperatures 60.0 °C, 60.2 °C, 60.5 °C, 60.8 °C, 61.3
°C, 61.6°C, 61.9°C, 62.0°C. B PCR amplification of BBTV CP with new primers
C Secondary PCR using megaprimers using pGEX/BBTYV CP clone as template



Plate 13 RF clone selection A Control plate with DHS5a transformed with PCR product
of reaction without the megaprimer. B plate with transformed DH50 after
restriction free cloning of BBTV CP to pGEX-4T-2

B
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Plate 14. Confirmation of the clone ApGEX/BBTV CP A Colony PCR using primers
designed for RF cloning M: 1 kb DNA ladder, Lanes 1-12: randomly selected
colonies. Samples 1,2,4,5,6,9,10 and 11 are positive clones. B Plasmid isolated
from randomly picked colonies used as template and amplified with M13 reverse
and gene reverse primers. C Confirmation of clone by restriction digestion. The

red circle indicates release of insert from clone that was not modified by RF

cloning using megaprimers



vector, upstream to the insert, was eliminated by RF cloning and only that at the end of the
gene was intact. The plasmid released the insert if RF cloning was unsuccessful (Plate 14C).
Confirmed clone was designated as ApGEX/BBTV CP.

4.2.12 Overexpression of recombinant BBTV CP

4.2.12.1 Overexpression of pPRSET/BBTV CP and pGEX/BBTV CP

BBTV CP cloned to pRSET-C vector, was overexpressed in BL21 pLysS and Rosetta
pLysS strains of E. coli. Overexpression of 20 kDa recombinant CP was very less in both
the hosts, however, comparatively, overexpression was highest at 16 °C in both the hosts
(Plate 15). Level of expression decreased with increased temperature in Rosetta pLysS
whereas, the overexpression was least at 30 °C in BL21 pLysS. Apparently, concentration
of IPTG had no significant influence on the overexpression of the recombinant protein in

both the hosts when the culture was induced at 16 °C.

Since the overexpression of BBTV CP in pRSET-C clone was not efficient in both the
hosts, at various temperatures of induction and concentrations of IPTG, the CP gene was
cloned in to the Smal site of pGEX-4T-2. The pGEX/BBTV CP clone was transformed to
BL21 pLysS and Rosetta pLysS so as to obtain ~45 kDa fusion protein (20 kDa BBTV CP
+25 kDa GST) (Plate 16). However, the 25 kDa band corresponding to GST protein was
overexpressed and the ~20 kDa BBTV CP was cleaved from the GST tag which was
observed in the 12 % SDS-PAGE gel profile. However, the overexpression was highest in
Rosetta pLysS at 16 °C. When the temperature for induction was changed to 30 °C the 20
kDa band was not observed in the gel indicating the stability of the cleaved recombinant

protein at lower temperature only (Plate 17A).

In Western blot analysis using BBTV specific primary antibody, a band at ~20 kDa was
visible in the pGEX/BBTV CP harbouring Rosetta cell lysate induced at 16 °C and was
absent in that induced at 30 °C (Plate 17B). Western blot analysis confirms the degradation
of BBTV CP cleaved from the GST tag at higher temperature.

4.2.12.2 Overexpression of pET/BBTV CP

Since it is tedious to purify the protein without the tag by affinity column chromatography,
BBTV CP gene was cloned in to pET32a (+) at the ECORV and BamH1 sites of the double
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digested vector. The recombinant plasmid was transformed to C41 strain of E. coli apart
from Rosetta pLysS and BL21 pLysS strains for expression of recombinant protein (Plate
18). Expression in Rosetta and BL21 with pLysS plasmid was similar. In all the strains, the
protein was highly soluble.

Due to cloning, 14 amino acids from the vector were added to the N terminal of the
recombinant protein apart from the thioredoxin (Trx) tag, hexa histidine (6x His) tag and S
tag. The expected molecular weight of the recombinant fusion protein expressed using pET
32a (+) vector was ~37 kDa (20 kDa BBTV CP + ~17 kDa Trx- His-S tag protein and the

extra amino acids added from the vector sequence).

Overexpression was standardised at various IPTG concentrations and time of induction.
Temperature for induction was kept at 16 °C as from the previous experiment it was evident
that the protein is unstable at higher temperatures. Maximum overexpression was obtained
in C41 strain of E. coli induced by 0.5 mM IPTG for 14 h (Plate 19A). Western blot was
carried out using anti his monoclonal antibody with the induced and uninduced cell lysate
of C41 harbouring the pET/BBTV CP recombinant plasmid and single band at 37 kDa in

the induced fraction confirmed the overexpression of the fusion protein (Plate 19B).

4.2.12.3 Overexpression of ApGEX/BBTV CP

In the previous experiment, BBTV CP cloned to pGEX-4T-2 by conventional method and
overexpressed in various E. coli hosts was unsuccessful. Proteolysis of the overexpressed
fusion protein between the GST tag and the CP caused the separation of the target protein
from its tag making purification by affinity column chromatography unfeasible. The
problem was solved by RF cloning by modifying the region between the GST tag and the
CP disposed to trypsin cleavage. The thrombin cleavage site was also replaced to TEV

protease cleavage site in order to precisely cleave off the tag at a minimal cost.

The recombinant clone confirmed was transformed to all the three E. coli strains viz.,
Rosetta, BL21 pLysS and C 41. Overexpression of the fusion protein of molecular weight
slightly higher that 45 kDa (20 kDa BBTV CP + 25 kDa GST tag + the TEV protease
cleavage site) was standardised in all the three hosts (Plate 20). No leaky expression of the

fusion protein was observed and the uninduced fraction did not have 45 kDa band.
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Plate 15 Overexpression of pRSET/BBTV CP. M: Protein molecular weight marker,
Lanes 1-8: BBTV CP overexpressed in Rosetta harbouring pRSET/BBTVCP,
The 20 kDa protein suspected to be rBBTV CP is marked using red arrow, Lane
1: uninduced, Lanes 2-4: induced overexpression of rBBTV CP at 16 °C, 30 °C
and 37 °C, Lane 5: uninduced, Lanes 6-8: overexpression of rBBTV CP induced
by 0.3 mM, 0.5 mM and 1 mM IPTG at 16 °C, Lanes 9-16: BBTV CP
overexpressed in BL21 pLysS harbouring pRSET/BBTVCP, Lane 9: uninduced,
Lanes 10-12: overexpression induced at 16 °C, 30 °C and 37 °C, Lane 13:
uninduced, Lanes 14-16: overexpression induced by 0.3 mM, 0.5 mM and 1 mM
IPTG at 16 °C



Plate 16 Overexpression of pGEX/BBTV CP M: Protein molecular weight marker,

Plate 17

Lanes 1-6: BBTV CP overexpressed in Rosetta pLysS harbouring pGEX/BBTV
CP, The 20 kDa protein suspected to be rBBTV CP is marked using red arrow,
Lanes 1, 3 and 5: uninduced, Lanes 2, 4 and 6: induced overexpression of - BBTV
CP by 0.3 mM, 0.5 mM and 1 mM IPTG at 16 °C, Lanes 7-10: BBTV CP
overexpressed in BL21 pLysS harbouring pGEX/BBTV CP, Lanes 7 and 9:
uninduced, Lanes 8 and 10: overexpression induced at by 0.3 mM and 0.5 mM
IPTG at 16 °C

Confirmation of overexpression A Recombinant BBTV CP overexpressed in
Rosetta pLysS harbouring pPGEX/BBTVCP M: Protein molecular weight marker,
Lane 1: uninduced, Lane 2: culture induced at 30 °C by 0.5 mM IPTG. B Western
blot analysis of cell lysate of Rosetta pLysS harbouring pGEX/BBTVCP Lane 1:
induced at 16 °C Lane 2: induced at 30 °C



Plate 18 Standardisation of expression host for overexpressed pET/rBBTV CP M:
Protein molecular weight marker, Lanes 1 and 2: uninduced and induced E. coli
C41 harbouring pET/BBTV CP, Lanes 3 and 4: uninduced and induced E. coli
BL21 pLysS harbouring pET/BBTV CP, Lanes 4 and 5: uninduced and induced
E. coli Rosetta pLysS harbouring pET/BBTV CP

B
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100kDa
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Plate 19 Overexpression of pET/BBTV CP and confirmation A Recombinant BBTV
CP overexpressed in E. coli C41 harbouring pET/BBTV CP M: Protein molecular
weight marker; Lanes 1, 3 and 5: uninduced; Lanes 2, 4 and 6: culture induced at
16 °C by 0.5 mM IPTG for 8 h, 12 h and 14 h. B Western blot analysis of cell
lysate of E. coli C41 harbouring pET/BBTV CP Lane 1: uninduced; Lane 2:
induced at 16 °C



Plate 20 Standardisation of expression host for overexpressed ApGEX/rBBTV CP M:
Protein molecular weight marker, Lanes 1 and 2: induced and uninduced E. coli
C41 harbouring ApGEX/BBTV CP, Lanes 3 and 4: induced and induced E. coli
Rosetta pLysS harbouring ApGEX/BBTV CP, Lanes 4 and 5: uninduced and
induced E. coli BL21 pLysS harbouring ApGEX/BBTV CP. White arrow
represents the overexpressed 45 kDa rCP

Plate 21. Purification of rBBTV CP A Purification of recombinant protein overexpressed
in Rosetta pLysS transformed with pGEX/BBTV CP recombinant plasmid M:
protein molecular weight marker, Lanes 1-5: elutions, Lane 6: flow through, Lane
7: pellet obtained after centrifugation, Lane 8: supernatant. B Purification of
recombinant protein overexpressed in BL21 pLysS M: protein molecular weight

marker, Lane 1: supernatant, Lane 2: pellet, Lane 3: flow through, Lanes 4-8:
elutions



4.2.13 Purification of rBBTV CP

After checking the overexpression of the recombinant coat protein, in various E. coli hosts
and standardising the parameters for maximum expression like the concentration of
inducer, time and temperature for induction, purification of the overexpressed protein was
carried out as per the protocol mentioned in methods section (3.18.1). Since pPRSET/BBTV
CP failed to overexpress the recombinant protein in the E. coli hosts used in the study,
purification was not attempted. The pGEX/BBTV CP clone transformed to Rosetta and
BL21 pLysS strains, produced fairly good amount of recombinant CP. However, due to the
proteolysis between the tag and the CP, GSH sepharose affinity column chromatography
was unsuccessful (Plate 21). Only the GST protein at 25 kDa was purified by the method.

Nevertheless, ApGEX/BBTV CP clone transformed to C41 exhibited high level of
expression. This vector host pair was used for purification of BBTV rCP (Plate 22). The
recombinant protein was highly soluble and was purified without any non-specific bands.
Elutions were pooled and dialysed against 50X volume of dialysis buffer without

glutathione.

BBTV CP gene also cloned to pET32a (+) to obtain high overexpression of recombinant
protein in C 41 strain of E. coli. The protein was purified as mentioned in the methods
section and designated as pET rCP. High concentration of fusion protein of molecular
weight ~37 kDa was purified by Ni 2*-NTA column chromatography (Plate 23). Few high
molecular weight protein bands of very low concentration were also observed in the gel in
the second and third elutions. The elutions were pooled and dialysed against 50X dialysis
buffer without imidazole to remove the same from the elution buffer. Protein was also

concentrated by dialysis.

4.2.14 Cleavage of affinity tag from the fusion protein

In order to cleave the GST tag from ABBTV CP fusion protein (ApGEX/ BBTV CP), TEV
protease was overexpressed in BL21 and purified by Ni?*-NTA affinity column
chromatography (Plate 24). As expected, 27 kDa protein was purified. Few high molecular
weight proteins were also eluted along with the target protein in elutions 1-4 (Plate 24;
lanes 6-9). The elutions without non-specific proteins were pooled and concentrated by

dialysis.
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During dialysis, imidazole was also removed from the protein. The TEV protease was
quantified by Bradford’s assay. From 1 L culture of BL21 harbouring recombinant plasmid
with TEV protease gene, 1.261 mg/ ml of protease was obtained. The purified protease
containing 50 % glycerol was flash freezed in liquid nitrogen and stored at -80 °C as

aliquots in order to avoid precipitation.

Cleavage of tag was attempted at various concentrations of the target protein as well as the
protease (Plate 25). Despite using higher concentration of the protease, cleavage of the
fusion protein was ineffective. As BBTV CP degrades at higher temperature (established
in previous study) cleavage at room temperature or at 37 °C were not evaluated. The 25
kDa GST protein was seen to dissociate from the fusion protein even if not treated with
TEV protease and a similar SDS-PAGE gel profile was observed in the cleaved and
uncleaved fusion proteins. However, 19 kDa band corresponding to the BBTV CP was not

observed in the gel.

Subsequently, on column cleavage of pET rCP (BBTV CP fusion protein with Trx tag) was
attempted at various concentration of thrombin. In an on-column cleavage the tag remains
attached to the beads and only the target protein separates out. On the contrary, protein was
seen to have cleaved as there was no band at 37 kDa, however, the 19 kDa band
corresponding to BBTV CP was absent in the gel (Plate 26). In solution cleavage of pET
rCP with Trx tag was also attempted. Similar to that observed in GST tagged protein, partial
cleavage of the protein occurred with visible bands at both 37 kDa and light band at 17 kDa
corresponding to the fusion protein and the Trx tag. However, 19 kDa protein was not
present. To confirm the presence of the low molecular weight bands and to effectively
separate then from one another, Tricine-SDS-PAGE was performed (Plate 27). The gel
profile indicated that the fusion protein is completely digested by thrombin at 25 °C within

8 h. However, the 19 kDa band of was not observed in this case as well.

4.2.15 Quantification of the rCP

The rBBTV CP fusion protein with GST and Trx tags were quantified by Bradford’s assay.
Standard plot was drawn and the concentration of rCP was deduced (Fig 15). After dialysis,
5 ml of ApGEX/rBBTV CP with concentration of 1.084 mg/ ml was obtained from 1 L
culture. Whereas, 4 ml of 1.152 mg/ml of pET/rBBTV CP with Trx affinity tag was
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Plate 22 Purification of ApGEX/rBBTV CP (GST fusion protein) overexpressed in E.
coli C41. M: protein molecular weight marker, Lane 1: supernatant, Lane 2:

pellet, Lane 3: flow through, Lanes 4-6: wash, Lanes 7-11: elutions

Plate 23 Purification of pET/rBBTV CP (Trx fusion protein) overexpressed in E. coli
C41 by Ni?*-NTA affinity column chromatography. M: protein molecular
weight marker, Lane 1: supernatant, Lane 2: pellet, Lane 3: flow through, Lanes

4-6: wash, Lanes 7-10: elutions
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Plate 24 Purification of TEV protease. M: molecular weight marker. Lane 1:

supernatant, Lane 2: pellet, Lanes 3-5: wash, Lanes 6-15: elutions
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Plate 25 Cleavage of fusion protein with TEV protease. M: molecular weight marker.
Lane 1: fusion protein not treated with TEV protease, Lane 2: GST protein, Lanes
3-6: 100 pg fusion protein cleaved with 2.0 pg, 1.0 pg, 0.5 pug and 0.25 ug TEV
protease at 20 °C for 12 h
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Plate 26 On column digestion of fusion protein with thrombin to cleave off the target
protein from the tag. M: protein molecular weight marker, Lane 1: supernatant,
Lanes 2: pellet, Lane 3: flow through, Lanes 4-5: wash, Lanes 6-10: BBTV fusion
protein bound to Ni * NTA beads incubated with thrombin at 25 °C for 2 h, 4 h,
6h,8h,12h
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Plate 27 Tricine SDS PAGE profile of eluted BBTV CP fusion protein with Trx tag
incubated with thrombin. M: molecular weight marker (corresponding
molecular weights indicated outside the gel picture). Lane 1: on column digested
sample for reference, Lane 2: fusion protein digested in solution for 8 h. Lane 3:
fusion protein digested in solution for 4 h. The red arrow corresponds to the Trx
tag released after partially digestion of fusion protein



obtained from 1 L after dialysis. Considering that Trx tag is less bulky than the GST tag,

pET/rBBTV CP was used for immunisation of animals for raising polyclonal antiserum.
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Fig 15. Standard graph of different concentration of BSA. Linear equation is
displayed in the graph

4.2.16 Insilico analysis of CP

4.2.16.1 Fold analysis

FoldIndex analysis of BBTV CP and BBTV fusion protein with GST tag and Trx tags were
carried out. The results depicted that the arginine ® and lysine (K) N terminal of the BBTV
CP was disordered (Fig 16A). Even in the fusion protein was partially disordered with two
very ordered structures on either side (Fig 16 B and C). The C terminal of the GST and Trx
proteins were disordered to facilitate TEV and thrombin respectively to cleave the tag off

the fusion protein.

4.2.16.2 Analysis of protease cleavage sites in BBTV CP

In order to find the reason behind the dissociation of the BBTV rCP fusion protein from

the GST tag, the fusion protein sequences were analysed in Peptide cutter (Fig 17). The
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lysine and arginine rich N terminal of BBTV CP was predicted to be highly prone to trypsin
cleavage. Unusually, a thrombin cleavage site was also predicted between the 55" and 56™
amino acid of the BBTV CP. Thrombin, a serine protease, recognises amino acid sequence,
LVPRGS and cleaves between arginine and glycine residue. These might be the probable
reasons for the separation of the tag from the target protein in solution making it impossible

to purify the target protein using affinity column chromatography.

Thrombin cleavage at a lower temperature might also be cleaving the protein at non specific
site which is degrading the protein. However, in ApGEX/rBBTV CP fusion protein, the
thrombin cleavage site was replaced by the TEV protease site which was more specific (Fig
17B). From the fold analysis, it is evident that the GST protein as well as BBTV CP, except
for its N terminal, are highly folded and thus the trypsin cleavage sites might be inaccessible

for the proteases.

4.2.16.3 Secondary structure prediction

Secondary structure of the BBTV CP was predicted using PSIPRED (Fig 18). The protein
constituted mostly of coiled coil domains followed by extended strands and helices. The
disordered N terminal of the protein constituted mostly of coiled-coil domain. The arginine
rich N terminal consisted of a major coiled coil domain. This was predicted to be disordered

region in the protein in the FoldIndex analysis.
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Fig 16. FoldIndex analysis of BBTV CP. Predicted ordered (green) and disordered (red)
regions in A BBTV CP B ApGEX/rBBTV CP and C pET/rBBTV CP. The
protease cleavage sites are marked with dotted rectangles and the N terminal
disordered region of BBTV CP in fusion protein is marked in black rectangle.

99



Tryps

Tryps|
Tryps || Tryps
Tryps Tryps | || Tryps Tryps Tryps |
A Tryps | Tryps  Tryps  Tryps | | || Tryps  Tryps | Tryps | Tryps | | Tryps
|| | I | Il | | |
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWANKKFELGLEFPNLPYYID GDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKY
e ST T e T e atun it I ¥
Tryps Tryps
Tryps | Tryps Tryps Tryps | Tryps
Tryps Tryps || Tryps | Tryps|  Tryps | | YPs \ Tryps
| | [ | | [ [ | |
DFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFK KRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSPGIPGEFASHARYP
B R e e e e e T e s et e e e T+
Tryps
Tryps |
Tryps| |
Teyps|| |
Tryps ||| |
AT
Tryps Tryps
Teyps| [ 11] Ghroyreyps |
Teyes |11 [1] | Tryps | | Tryps
Teyes| IHE T Tryps | Tryps | | Tryps | Tryps Tryps
. [ [ | | | [
KKSTKKRRVGRRKYGSKAATSHDYSSLGSILVPENTVKVFRIEPTDKTLPRYF IWKMFML  LVCKVKPGRILHWAMIKSSWEINQPTTCLEAPGLFIKPEHSHLVKLVCSGELEAGVATGT
241 -----e-e- Fommmmeee Hommmmnnee Fomm e Fommmmmee Fommmee L et e e et SECTEELERE EEEEEESTS S ]
Tryps
Iryps|
Tryps ||
Tryps| I Tryps
11 I |
SDVECLLRKTTVLRKNVTEVDYLYLAFYCSSGVSINYQNRITYHY
361 LD RS SR et SEEL TS SELEE I - ]
Tryps
Tryps
Trygs | Tryps Tryps
Tryps Teyps | | Tryps  Trygs Tryes | Tryps Tryps
Tryps | Tryps  Tryps  Tryps I Teyps  Tryps Tryps Tryps | Teyps Tryps Tryps Teyps |

| Il |
QPTRLLLEVLEEKVEEHLYERDEGDIRNCFELGLEFPNLAYYID  GOWKLTQSMATIRYIADIMMLGGOPERAE ISNLEG
........ freseasesefuuansasanpennansanefanannnnang sssssssssfasssssasafessasasasfesasan

HLKMF EDRLCHITYLNGOHVTHPOF M

RS-

ssepesasnesany 189

Tryps
Tryps|
Teyes|| Tryps
Teyes |l Tryps
Teyps tepsl |l Tryps| Teyps
Tryps Tryes | Oes I Teyesll Tryps  Tryps
Tryes Tryps | Tryps @ I Teyes N Teyps | Teyps Tryps  Tryps  Tryps Tryps

| Il 11
CYLESSIYTAMPLQGMORTF GOGOHPPUSDENL YFQGHMARYPIICS TIICR RVGRRIVESCALT SHOVSSLESTLVPENTVICVF AT VOOAP  GRILHUAMTKSSWEINGPTTCLEAPGLF TKPY
. + + . seesans b sesssesssfassssassspranssnassge

m .
Tryps
Tryps
Tryps
Tryes Tryps
|
RCTTVLRONTEVDYLYLAFYCSSOVSINVQART TYHY
W eeereennn . femsnanese frnsssase ¥

Fig 17. Predicted protease cleavage sites of A pGEX/rBBTV CP and B A
pGEX/rBBTV CP. Thrombin cleavage site and TEV protease cleavage site are
encircled in blue and red respectively.
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Fig 18. Secondary structure of BBTV CP predicted by PSIPRED

4.2.16.4 Protein structure prediction

Threading of BBTV CP was performed by i-TASSER suite comparing with the CP of
Ageratum yellow vein virus (PDB ID- 6F2S) (Fig 19A). These residues as well as the N
terminal lysine and arginine residues were predicted to be buried by i-TASSER. Eight 8
sheets (yellow) were found in the entire structure along with the coiled coil domains
(green). The Ramachandran plot of the model drawn in MolProbity software proposed 51.8
% of all the residues were favoured and 79.2 % of all the residues were in the allowed
region. However, 35 outliers were also estimated in the analysis (Fig 19B). Overall quality
score of the model calculated by ERRAT was 75.92. The z score of the model was -4.34.
The ProSA analysis showed that knowledge-based protein folding energy of the model was

highest in the N terminal (Fig 20).
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Fig 19. Homology modelling of BBTV CP. A Homology model of BBTV CP. B
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Fig 20. ProSA energy profile of BBTV CP modelled by iTASSER. Thin and thick lines
indicate average energy over each 10 and 40 residue fragments respectively.
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4.2.16.5 Epitope prediction

Major linear epitope for B cell was present at the N terminal of BBTV CP constituting 32
amino acid residues as per Bepipred Linear Epitope Prediction 2.0 (Fig 21A). Interestingly,
a linear epitope of 80 residues was detected in pET/rBBTV CP consisting of C terminal of
the affinity tag and the N terminal of BBTV CP (Fig 21B). This might prove to be more
immunogenic than the rCP without the tag. Moreover, only minor epitopes were present in
the affinity tag other than the one associated with the N terminal of BBTV CP. This would
result in less antibodies produced against the tag.
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Fig 21. Epitope prediction of A. BBTV CP and B. pET/rBBTV CP (fusion protein)
predicted by Bepipred Linear Epitope Prediction

4.2.17 Biophysical characterisation of rBBTV CP

4.2.17.1 Assessment of self-assembly

The ability of the fusion proteins to self assemble in sucrose density gradient was assessed.
The SDS-PAGE gel images indicated that the ApGEX/rBBTV CP remained in the 10 per
cent fraction of the density gradient (Plate 28A). Although a very conspicuous band at 37
kDa was seen in the ultra pellet, it was unable to be separated in sucrose density gradient
(Plate 28B). In the gradient pET/rBBTV CP was present between 20 and 30 per cent of the
gradient. A prominent band at 37 kDa was observed in the respective fractions but along
with other E. coli proteins. These fractions containing maximum concentration of

pET/rBBTV CP was pooled and final ultracentrifugation was carried out.
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4.2.17.2 Electron microscopy

BBTV fusion protein, pET/BBTV CP apparently was self assembling in sucrose density
gradient and this was validated by electron microscopy. The Transmission electron
micrographs of suspected VLPs of pET/BBTV CP depicted icosahedral particles which
were slightly higher than the size of the BBTV CP expected on the account of presence of
the Trx-S-His tag (Plate 29). However, the preparation was not homogenous as the
purification was partial and other E. coli proteins were present which made the results

inconclusive.

4.2.17.3 Fluorescence spectroscopy

Fluorescence spectra of ApGEX/rfBBTV CP and pET/rBBTV CP with GST and Trx tag
respectively were deduced. This provided an experimental insight on the tertiary structure
of the protein. The fluorescence spectra of ApGEX/rBBTV CP evidently had two emission
maxima (Amax) at 325 nm and 345 nm (Fig 22). However, the intensity of the fluorescence
was five fold higher in pET/rBBTV CP which depicted an emission spectrum comparable
to that of globular proteins (Fig 23). The high intensity of fluorescence may be indicative

of the partial disorder in the protein.

The contribution of the tag (Trx-S-His) to the fluorescence however, cannot be neglected.
The number of tryptophan, tyrosine and phenylalanine residues predicted in pET/rBBTV
CP fusion protein were 5, 11 and 11 and that in ApGEX/rBBTV CP were 7, 24 and 15
respectively. Both their spectra indicated that some of these residues are exposed which are

contributing to the fluorescence. This validated the structure predictions carried out earlier.

4.2.17.4 Mass spectroscopy

To identify the proteins corresponding to 37 kDa (monomeric and VLP) in-gel digestion
followed by MALDI-TOF analysis was carried out as described in method section. The
MALDI-TOF of the monomeric 37 kDa BBTV CP fusion protein yielded 88 peptides and
suspected VLP yielded 77 peptides. Both the analysis gave similar results. Surprisingly, 58
per cent of the query matched with viroplasm protein of Cauliflower mosaic virus (Table
12).
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Plate 28 Assessment of self assembly of BBTV fusion protein. A Sucrose gradient
centrifugation of ApGEX/rBBTVCP. M: Protein molecular weight marker;
Fractions collected from sucrose gradient Lane 1-4: 40 %; Lanes 5-8: 30 %; Lane
9-11: 20 %; Lanes 12-14: 10 %. The 45 kDa band corresponding to
ApGEX/rBBTV CP is indicated by red arrow. B Ultra centrifugation of
pET/rBBTV CP. M: Protein molecular weight marker; Lane 1: Supernatant; Lane
2: pellet after lysis of induced culture; Lane 3: Supernatant after ultra
centrifugation; Lane 4: ultra pellet; Lane 5: Fractions between 20-30 % after
sucrose gradient ultra-centrifugation with maximum concentration of
pET/rBBTV CP pooled

Plate 29 Electron micrograph of BBTV CP VLP. The red arrows indicate the
icosahedral particles of the virus.
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Fig 22. Fluorescence spectrum of rBBTV CP with GST tag
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Fig 23. Fluorescence spectrum of rBBTV CP with Trx-H-S tag
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Table 12. Summary of the proteome analysis used for the characterisation of the VLP
and monomeric pET/BBTV CP

Per cent
Protein ID Protein description Score sequence
coverage
Cauliflower mosaic virus virion-
VAP_CAMVD _ _
associated protein 33 58 %
Capsid assembly scaffolding protein of
SCAF_BPPH2 _ _
Bacillus phage phi29 28 100 %
Movement protein of Maize streak
MP_MSVK )
virus 25 35 %
CAPSD_TCV | Turnip crinkle virus capsid protein 24 55 %

4.2.18 Antiserum production and titre confirmation

Polyclonal antibody was raised against pET/rBBTV CP fusion protein as mentioned in the
methods section. Antiserum titre was estimated by DAC-ELISA and Dot Blot with the
antigen used for immunisation. The titre after third bleed was estimated to be 1:128000
(Fig 24). Dot blot assay confirmed the reactivity of the antibody to the specific antigen
(Plate 30).

However, field samples tested at 1:128000 dilution might give false negative results if the
antigen present is very less (at early stage of the infection). Hence, the titre was confirmed
by DAC-ELISA with field sample to be 1:10000 (Table 13). It was evident from the table
that negative value in the commercial antiserum was higher when compared to that
developed in the present study and correspondingly the OD values (absorbance at 405nm;

Auos) of the infected samples also were more.
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Fig 24. Titration by ELISA. ELISA results showed that the titre of recombinant
antiserum from the 1%, 2" and 3" bleed were more than 128000

Plate 30. Dot Blot assay to study the reactivity of the antibody. A Pre-immune serum
B first test bleed C first bleed D second bleed E third bleed.
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Table 13. Determination of antibody titre by DAC-ELISA. The OD values are mean of 3 replications. For comparison, commercial antiserum

(1:1000) was also used.

Antiserum BBTV
dilution commercial
1:100000 1:50000 1:25000 1:10000 1:5000 1:1000 1:500 antiserum
Sample (1:1000
Details dilution)
Healthy sample 0.051 0.051 0.083 0.119 0.162 0.189 0.284 0.202
Infected sample 1 0.12 0.181 0.312 0.363 0.403 0.786 0.865 0.716
Infected sample 2 0.182 0.33 0.358 0.404 0.609 1.1375 1.027 1.011

Table 14. Interaction between primary and enzyme conjugate. The OD values are mean of 4 replications.

Primary
antiserum

dilution | 1:25000 1:10000 1:5000
Secondary
antibody dilution
1:20000 0.122 0.192 0.355
1:10000 0.180 0.243 0.326
1:5000 0.216 0.293 0.469
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The interaction between primary and secondary antibodies at various dilutions of was also
studied (Table 14). The Asos shown in the table are average of four replications. The Asos
higher than double negative control is highlighted in the table. Satisfactory results were
obtained at 1:10000 dilutions of primary and secondary antibodies. At lower dilutions of
primary antiserum, BBTV was detected even when higher dilutions of secondary antibody

(1:20000) was used. Noteworthy observation was that the reverse was not true.

4.2.19 Comparison of antiserum produced against rBBTV CP with BBTV specific
commercially available antiserum

4.2.19.1 DAC-ELISA

The antiserum produced in the present study was compared with the commercially
available antiserum procured from NRCB, Tiruchirapalli, Tamil Nadu. The titre value for
detection of antigen from field samples using the antiserum raised against rBBTV CP was
10-fold higher (1:10000) than commercially available antiserum which was estimated to be
1:1000 earlier. This was confirmed by DAC-ELISA (Table 13). It was evident that in
commercial antiserum non-specific binding was higher. Thus, the antibodies produced
using purified rBBTV CP fusion protein with the higher titre value could be used for
detecting the virus in the field samples using 10 fold lower concentration of the antiserum.

The sensitivity of the assay was tested by assessing the maximum dilution of antigen at
which detection was possible. Antigen isolated in carbonate buffer was diluted to 1:10,
1:20, 1:40 and 1:80 using coating buffer and added to the microtitre plate wells for binding.
Interestingly, at 1:10000 dilution standardised for primary and secondary antibodies
antigen diluted up to 1:40 was detected by the rBBTV CP specific antiserum (Table 15).

The same concentration of antigen was detected by 1:1000 dilution of commercial
antiserum. The Ausos of diluted negative control (1:10, 1:20, 1:40 and 1:80) detected using
1:10000 v/v of rBBTV CP specific antiserum was 0.103, 0.09, 0.087, 0.057. The
consistently low values of negative control at all the dilutions confirm the fact that non-
specific binding of the antiserum is negligible. However, the value of negative control when
detected using 1:1000 of commercial antiserum was 0.197 at 1:40 dilution and 0.254 in

case of undiluted sample.
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Table 15. Determination of sensitivity of DAC-ELISA. The Asos values are average of
4 replications. Asos values of the healthy sample is given in the bracket.

Antiserum 1:1000
dilution | 1:25000 | 1:10000 | 1:5000 | (Commercial
Antigen antiserum)

concentration

0.205 0.230 0.285

Undituted | o%om | (0:00) | (011 | 0862(0:399)
1:10 (8:138) (8%82) (8%(8)(1)) 0.711 (0.351)
T I S e
1:40 (8%?11) (862%) (giigi) 0.624 (0.242)
1:80 0.15 1 0185 1 0.195 | 4 375 (¢ 189)

(0.057) | (0.068) | (0.087)

4.2.19.2 Immunocapture- Polymerase Chain Reaction

Immunocapture-Polymerase Chain Reaction (IC-PCR) was conducted using both the
antisera. Equal concentration ie., 10 ng/ml of antisera was used for capturing the antigen.
However, the antigen diluted up to 1:4 was detected by rBBTV CP specific antiserum and
that diluted up to 1:2 was detected by commercial antiserum. Virus extracted in TBS buffer
performed best compared to other buffers. When heating was performed in presence of
transfer buffers, DNA release was less and amplification was not observed (Plate 31).
However, brief heating without transfer buffer amplified the gene. When heating was not
done no amplification was observed. Amplification at 900 bp was obtained in infected plant

samples.

4.2.19.3 Dot Immuno Binding Assay (DIBA)

Antigen was isolated in TBS buffer pH 7.5 for this assay. In order to remove chlorophyll
pigment from the sample, chloroform was used. This reduced the interference in result
interpretation. Secondary antibody used was anti-rabbit IgG HRP conjugate and detection
of was carried out using DAB. Positive samples showed dark brown spots and in negative
control, there was no colour developement. Evidently negative and positive samples could

be differentiated using naked eye. This serodiagnostic assay is very useful in detection of
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the virus in the field. On testing, up to 1:40 dilution of antigen was detected using 1:10000
v/v of new antiserum. The results were compared with 1:1000 v/v of commercial antiserum
(Plate 32). Validation of the assay was conducted by screening 24 samples including field
and tissue culture (TC) samples for presence of BBTV infection (Plate 33).

4.2.19.4 Standardisation of Triple antibody Sandwich ELISA

The sensitivity of the antiserum in TAS-ELISA was assessed. Mouse monoclonal antibody
procured from Agdia (diluted to 1:500 v/v) was used as capture antibody to trap the antigen.
In DAC-ELISA samples diluted up to 1:40 was detected at 1:10000 v/v of recombinant
antiserum. However, TAS-ELISA detected up to 1:80 dilution of antigen with the same
concentration of antibody (Table 16). Moreover, the experiment was completed within a

day with higher specificity and sensitivity than DAC-ELISA.

Table 16. Triple Antibody Sandwich ELISA using recombinant antiserum

Antiserum
. dilution .1 600 1:5000 | 1:10000
Antigen
dilution
L:10 0.806 0.508 0.345
1:20 0.528 0.385 0.205
1:40 0.354 0.298 0.158
1:80 0.276 0.147 0.112

4.2.20 Virus indexing of field samples and TC samples by DAC-ELISA

A total of 10 field samples that were suspected to be infected by BBTV on basis of
symptoms and 247 TC samples were indexed for presence of BBTV using the rBBTV CP
specific antiserum for validation of serodiagnostics developed. The commercial antiserum
was kept as control. All the samples tested positive for BBTV infection by commercial
antiserum at 1:1000 was tested positive by new antiserum at 1:10000 dilution. The Asos of
negative samples detected by commercial antiserum was higher than that detected by

recombinant antiserum.
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Plate 31

Standardisation of IC-PCR. M: 1 kb molecular weight marker; NC: healthy
sample; IC-PCR using recombinant antiserum Lane 1: Antigen extracted in TBS;
Lane 2: antigen extracted in extraction buffer; Lane 3: antigen extracted in PBS;
Lane 4. antigen extracted in coating buffer; Lane 6: no heating prior to
amplification. IC-PCR using commercial antiserum Lane 7: antigen extracted in
TBS but no heating prior to amplification; Lane 8: antigen extracted in PBS; Lane
9: antigen extracted in coating buffer; Lane 10: antigen extracted in extraction
buffer; Lane 11: antigen extracted in TBS



A NC 1 2 3 4 B Nc 1 2 3 4
Plate 32 Comparison of A recombinant and B commercial antiserum by DIBA. NC:
healthy sample; 1-4: different dilution of clarified antigen 1:80, 1:40, 1:20;

undiluted unclarified antigen

A Ne 1 2 3 4 B NC 5 6
9908 96

C NC 9 10 11 12 D ~Nc 13 14 15 16

Plate 33 Testing of field samples and tissue culture samples. NC: healthy sample; 1:
BRS11 (Njalipoovan); 2: BRS12 (Kunnan); 3: BRS13 (Palayankodan); 4: BRS14
(Nendran); 5: BRS15 (Chengalikodan); 6: TCR3 (Robusta); 7-10: TC
Chengalikodan; 11-16: TC Grand Naine; 17-19: TC Njalipoovan; 20-21: TC
Karpooravalli; 22: TC Myndoli; 23-24: TC Njalipoovan; Samples 8 and 14 were
detected to be negative



4.3 STUDIES ON BANANA BRACT MOSAIC VIRUS

4.3.1 Symptomatology and disease incidence

A variety of symptoms on various parts of BBrMV infected plants at various growth phases
were observed irrespective of the cultivar. Most prominent being, reddish parallel streaks
on pseudostem, petiole, midrib and dark and light red/purple mosaic pattern on the bract
(Plate 34). In the pseudostem of banana cv. Njalipoovan, red diamond shaped lesions were
seen instead of reddish streaks. There was no significant variation in symptomatology

spatially. Varietal variation on symptoms were also inconspicuous.

The disease incidence of BBrMD was calculated as per the observations at the time of the
survey (Fig 25). The highest incidence of BBrMD was recorded at Naduthara (41.82 %)
and Thekkumkara (36.58 %) in Wadakkanchery block, Thrissur.
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H Chalakudy H Alathur H Ottapalam m Sreekrishnapuram @ Angamaly
Erattupetta B Kottarakkara H Neyyattinkara H Athiyannor H Parassala

B Nedumangad

Fig 25. Block wise per cent disease incidence of BBrMD

Apart from these locations, Sreekrishnapuram block in Palakkad district also showed

moderate incidence of the disease (28.33 %). Maximum incidence was recorded in
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Kozhikode (18.56 %) followed by Thrissur (15.65 %) district. During the period when
survey was conducted, BBrMD incidence was not recorded in any of the locations in

Wayanad, Kollam and Kottayam districts.

4.3.2 Preliminary assay by DAC-ELISA

The BBrMV specific antiserum was procured from NRC Banana, Tiruchirapalli. Antiserum
titre was determined to be 1:1000 v/v through DAC-ELISA (Plate 35). Virus (antigen)
isolated from the samples suspected to be infected by BBrMV were coated on to ELISA
plate for DAC-ELISA. Absorbance value at 405 nm more than twice that of negative

control (NC) was only considered positive (Plate 35).

4.3.3 Total RNA isolation and RT-PCR

Twelve representative BBrMV infected samples that gave positive result in ELISA were
selected and total RNA was isolated. A double band corresponding to host 25 S and 18 S
RNA and other low molecular weight band were observed in the gel (Plate 36A). RNA was
incubated with Reverse transcriptase enzyme at appropriate conditions to produce cDNA.
The PCR was performed with the cDNA to amplify BBrMV CP gene (Plate 36B). An
amplicon of 1062 bp was obtained after RT-PCR corresponding the complete coding region
of the CP gene which is about 900 bp and 3’ UTR.

4.3.4 Sanger dideoxy sequencing of CP gene and submission to GenBank

The PCR products after purification and sequencing were pre-processed and subjected to
nucleotide BLAST. The sequence identity ranged from 96-97 per cent with BBrMV CP
sequences present in the NCBI nucleotide repository with 100 per cent query coverage (Fig
26). Twelve BBrMV CP gene sequences were deposited under the accession numbers

MT818176- MT818187 (Appendix I11).

114



Plate 34 Symptoms of BBrMD recorded during the survey. A Diamond shaped dark
reddish lesions on banana cv. Njalipoovan B Reddish streaks on pseudostem of
infected plant C separation of old sheath from the pseudostem D-E Traveller’s
palm like arrangement of leaves at various stages of the crop F Black streaks on
the pseudostem of infected plant G Mosaic patterns of purple/red on the bract H
Reddish streaks on the midrib of leaf



Plate 35 Determination of antiserum titre and detection of BBrMV by DAC-ELISA
A Determination of antiserum titre B1-G4: 1:200; B5-G7: 1:500; B8-G10: 1:1000
B DAC-ELISA of samples collected from field suspected to have BBrMV
infection. Red squares denote negative control (NC) and blue squares denote

positive control (PC)

Plate 36 Total RNA isolation and RT-PCR A Total RNA isolated from the infected
banana leaves electrophoretically separated in 0.8 % agarose gel B Reverse
transcriptase-PCR using BBrMV CP specific primers to obtain 1062 bp
amplicon. M: 1 kb DNA ladder Lane 1: PC, Lane 2: NC, Lanes 3-7: infected

samples
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[0 Banana bract mosaic virus isolate TN12 coat protein gene, partial cds 1472 1472 100% 00 96.23% KF3gsdred

Fig 26. NCBI BLAST to identify the gene. Graphical summary and descriptions of
BBrMV CP gene blasted against NCBI database

4.3.5 Phylogenetic analysis of BBrMV based on CP nucleotide and amino acid
sequences

From the phylogenetic analysis of the CP gene of the Kerala isolates generated in the
present study, it was evident that there is no relatedness between them based on the
geography (Northern, Central and Southern zones) (Fig 27A). The isolates MT818183 and
MT818184 clustered together with 99 per cent bootstrap support. MT818177 and
MT818187 formed outgroups with maximum branch lengths indicating that they were

evolved later than all other isolates.

Phylogeny of all the 56 isolates in the dataset was analysed. Apparently, clades formed
were irrespective of the host and geography, a trend similar to the Kerala isolates observed
earlier (Fig 27B). Apart from MT818177 and MT818187, MT818180 three Tamil Nadu
isolates viz., KF385476.1, KF385478.1 and KF385484.1 formed outgroup from the other
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isolates. KT456531.1 isolated from ginger clustered together with BBrMV isolates
infecting Musa sp. from Philippines (EU414267.1, AF071585.1, AF071586.1 and
AF071590.1), Thailand (AF071589.1), Vietnam (AF071588.1), India (MT818186,
AF071584.1 and KY369923.1) and West Samoa (AF071587.1) with high degree of

statistical confidence (Group 1) signifying divergence from a common ancestor.

The tree constructed by amino acid sequence also yielded similar results but with only one
major cluster (Fig 27C). Apparently, all the isolates considered in this study apart from the
new Kerala isolates, MT818177, MT818187 and MT818180 are closely related.

MT818179
044
—— MT818182
= MT818176
1.0
ol MT818183
10]
[ vmetses
ozl MTe181s
osa MTBIB1ES
b ﬂ—oMT818181
10
 MT818178
MT818187

MTE16180

MT818177

Fig 27A. Phylogeny of Kerala isolates evaluated in MEGA X. The tree with the highest
log likelihood (-3831.83) is shown. The percentage of trees in which the
associated taxa clustered together (bootstrap) is shown next to the branches. The
tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. Outgroups are marked in red colour.
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Fig 27B. Evolutionary analyses of BBrMV isolates in the dataset. The evolutionary
history was inferred by Maximum Likelihood method and Kimura 2-parameter
model. The tree with the highest log likelihood (-7410.50) is shown. The

bootstrap values are shown next to the branches. This analysis involved 56
nucleotide sequences and a total of 917 positions in the final dataset.
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Fig 27C.Phylogenetic tree constructed using amino acid sequences of BBrMV CP. The
statistical method used was Minimum evolution with 1000 bootstrap replications.
Initial tree was obtained by Neighbor joining method with the sum of branch

length = 1.631



4.3.6 Principal co-ordinate analysis

The result of phylogenetic analysis was substantiated by PCoA (Fig 28). The BBrMV
isolates grouped irrespective of their host and geography into one major cluster. Curiously,
two of the most divergent Kerala isolates were in separate cluster MT818177 (2)
MT818187 (12). Apart from these, KF385478.1 (29) and KF385484.1 (35) were extremely
distinct from the rest of the population that clustered together. These were collected from
Arunachal Pradesh and Andaman and Nicobar Islands as part of a study conducted earlier
at the same period of time. It is also evident that isolates collected from Old world and New

world are not diverse rather, formed a single cluster.

35"

29"

Fig 28. Principal co-ordinate analysis of 56 BBrMYV isolates. Different clusters are
represented in different coloured ellipses.

4.3.7 Assessment of genetic variability of BBrMV based on CP gene

4.3.7.1 Sequence homology of BBrMV CP gene

Nucleotide sequence homology between the Kerala isolates generated in this study ranged
between 88-100 % (Table 17) and the amino acid sequence identity varied from 63-100 %
(Fig 29). A cent per cent nucleotide and amino acid identity was observed between
MT818183 and MT818184, collected from Kozhikode, a district in Northern Kerala.
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However, homology of the isolates MT818177 and MT818187 was the least among the 56

isolates considered ranging between 91- 92 per cent indicating higher variability.

A high degree of divergence of these isolates from KF385478 and KF385484 (Tamil Nadu
isolates) was observed. The similarity of MT818177 with KF385478 was only 76.2 %.
Interestingly, the diversity of CP gene of BBrMV isolates infecting ginger and cardamom
were lesser than those infecting Musa sp. The nucleotide sequence identity of KT456531.1,
infecting flowering ginger ranged from 93-100 per cent and that infecting cardamom fell

between the same range (Fig 29).

Pairwise amino acid sequence diversity was between MT818177 and MT818187 (62 %)
most variable being the former with 62-66 per cent identity with other isolates. Amino acid
identity of 56 sequences ranges from 62-100 % (Fig 30). This clearly indicated that the
mutations in the nucleotide have been translated to the protein level indicating a low rate
of amino acid conservation. The nucleotide sequences of isolates deposited earlier from
Kerala were diverse from the isolates generated in this study indicating fixation of
mutations over time. Thus, as expected in RNA viruses, the genetic variability between the

isolates were higher.
4.3.7.2. Nucleotide diversity and mutation rate

Nucleotide diversity, Pi () signifies the genetic diversity in the sequence. Overall
nucleotide diversity (m) of the CP gene was 0.068 and mutation rate was calculated as 0.192.
From Fig 31, itis evident that the N and C terminal of the BBrMV CP gene is hypervariable

irrespective of the geography or host.
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Table 17. Homology matrix of BBTV Kerala isolates colour coded to differentiate most similar and dissimilar sequence pairs

MT818180 MT818178 MT818181 MT818185 MT818186 MT8181/6 MT818183 MT818184 MT318182 MT818179 MT818177 MT818187
MT816180 = 10000 96.60 96.10 96.80 93.40 96.00 96.80 96.80 95.60 95.20 92.20 93.10
MT818178 96.60  100.00 98.20 99.10 94.30 96.00 96.90 96.90 95.80 95.10 91.30 91.20
MT818181 96.10 98.20  100.00 99.10 93.90 95.20 96.10 96.10 95.80 94.70 91.30 91.20
MT818185 96.80 99.10 99.10  100.00 94.80 96.00 96.90 96.90 96.10 95.60 92.10 92.00
MT818186 93.40 94.30 93.90 9480 100.00 93.40 94.30 94.30 92.80 93.10 89.20 89.20
MT818176 96.00 96.00 95.20 96.00 9340 100.00 97.00 97.00 95.80 94.80 91.30 90.90
MT818183 96.80 96.90 96.10 96.90 94.30 9700 10000  100.00 96.60 95.70 92.20 91.80
MT818184 96.80 96.90 96.10 96.90 94.30 9700 10000  100.00 96.60 95.70 92.20 91.80
MT816182 95.60 95.80 95.80 96.10 92.80 95.80 96.60 96.60  100.00 94.80 91.30 90.90
MT818179 95.20 95.10 94.70 95.60 93.10 94.80 95.70 95.70 9480, 100.00 90.70 90.40
MT818177 92.20 91.30 91.30 92.10 89.20 91.30 92.20 92.20 91.30 90.70 1 100.00 88.20
MT818187 93.10 91.20 91.20 92.00 89.20 90.90 91.80 91.80 90.90 90.40 88.200 100,00
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Fig 29. Pairwise sequence identity heat map of BBrMV CP gene of all the isolates in the
dataset
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Fig 30. Amino acid sequence identity heat map of coding region of BBrMV CP Kerala

isolates
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Fig 31. Nucleotide diversity and mutation rate. Estimation was based on total number
mutations per site. The result is interpreted in window size 50. Error bar at 5 % is
displayed on the corresponding bar
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The core region is apparently stable. The Pi value for N terminal alone (1- 60 bp) was 0.142
and that of C terminal (884-900 bp) was 0.063. The mutation rate in N and C terminal was
0.194 and 0.184 respectively. The nucleotide diversity of the core region was 0.058 and
mutation rate was calculated to be 0.126.

A total number of 782 mutations were detected throughout the dataset. The core region between
363- 832 bp was detected to be highly conserved with statistically significant conservation
value of 0.545. Sixty In-Del sites and 552 polymorphic sites were detected throughout the CP
gene. The nucleotide diversity among the Kerala isolates generated in the study was compared
to old submissions in NCBI. It was evident that the former was more diverse than the latter
with Pi 0.119 which was much larger than that of the latter (0.031). The & and 6 values at the
N terminal were higher than the average of the total dataset indicating a higher level of mutation
(Fig 32). Remarkably, the nucleotide diversity among the cardamom isolates were very less

(0.024) indicating less diversity in the population when compared to those infecting Musa sp.
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Fig 32. Nucleotide diversity and mutation rate of coat protein gene of BBTV Kerala
isolates
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4.3.7.3 Synonymous and non-synonymous substitutions

Most of the substitutions were non-synonymous and Ka/Ks of most of the sequence pairs were
lesser than 1 indicating negative or purifying selections (Fig 33). Few values were close to 1
indicative of neutral selection of amino acids in BBrMV CP. The three sequence pairs viz.,
MT818181-MT818185 (Kerala isolates generated in the present study), KF385488.1 (China) -
KF385470.1 (India) and KF385488.1 -EF654655.1 (Pakistan) had Ka/Ks value more than 1.

This is indicative of positive selection and that the new genotypes are having fitness advantage.
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Fig 33. Histogram depicting the range of Ka/Ks in pairwise combinations of 56 BBrMV
isolates in the dataset

All the three statistical tests viz., Tajima’s D test, Fu and Li’s F and D tests were performed
using total number of mutations. Tajima’s D test gave a statistically significant negative value
(-2.33) which signifies abundance of rare alleles in the population. The result implied that the
population may have been subjected to a recent selective sweep, population expansion after a
recent bottleneck. Few codons with multiple evolutionary paths were detected during the
analysis. Tajima’s D value at synonymous and non-Synonymous sites were negative but non
significant in former and highly significant in the latter. Fu and Li statistics (Fu and Li’ s D and

F test) also substantiated this result as the values were also negative and highly significant.
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Fig 34. Comparing the divergence of BBrMV population infecting banana in Kerala
based on the CP gene. Comparison between isolates from A Southern (Maroon) and
Central (Green) zones B Central and Northern (Red) zones and C Northern and
Southern zones of Kerala.

The DNA diversity between subpopulations of Kerala based on geography (North, South and
Central zones) were calculated. The number of net nucleotide substitutions per site between
populations (Da) was also represented (Fig 34). From the figure it was evident that N terminal
of BBrMV CP was diverse between the population and among the population itself. Core
region is highly conserved except for central zone isolates. Number of shared mutations
between isolates from Southern- Central, Central-Northern and Northern- Southern zones were
19, 55 and 32 respectively.
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4.3.8 Gene flow between population subsets

The gene flow between subpopulations made based on geography and host were calculated.
Since only single sequences were available in Northern Kerala subset and flowering ginger
subset, they were excluded in the analysis. Pairwise low fixation index (Fst) indicated that
there is no genetic divergence between the subpopulations of Kerala (Table 18). Fixation index
(FsT) between Southern states of India viz., Kerala, Tamil Nadu, Karnataka and Andhra Pradesh
were also ~zero indicative of frequent gene flow. Remarkably, even the isolates infecting
cardamon and banana showed similar trend. The Gst of Andhra Pradesh and Karnataka was
zero indicating complete panmixis. The isolates collected from North and Central Kerala
depicted a very low value of Fstand Nst. Similar trend was observed in the case of Kerala and
Tamil Nadu isolates implying that there is a frequent gene flow through the planting materials.
This substantiates the clustering of most of the South Indian isolates together as they seem to

be diverging from a common ancestor.

Although the values were much lesser than 1, the highest Fstand Nst values were depicted by
BBrMV isolates infecting banana in India and Philippines. The highest net nucleotide

substitutions (Da) observed were also between these subpopulations.

4.3.9 Codon usage bias

Nucleotide composition of BBrMV CP gene was calculated in CAI-CAL web server (Table
19). Considering the entire data set, the gene was predominantly AU rich (55.44 £ 0.699). The
percentage of adenine (% A) and uracil (% U) were highest with an overall average of 30.93 £
0.420 and 24.50 + 0.744 respectively followed by % G and % C (24.04 + 0.349 and 20.55 +
0.538) (Table 18). Individually, the isolates infecting banana and cardamom showed a similar
trend in the nucleotide composition of the CP gene. Although, CP of flowering ginger isolate,
% G was higher than % U since only one isolate is available, validation of the deviation from
the common pattern cannot be ascertained with statistical support. Pima facie, the nucleotide
constitution was observed to play an important role in the codon usage. The percentage of A+U
at the wobble position (AU3) was the highest with an average of 63.90 + 1.817 %. Per cent
G+C at the wobble position (GC3) was the least (36.10 + 1.817 %).
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Table 18. Gene flow and differentiation between the population subsets of BBrMV isolates based on geography and host

Population 1 Population 2 Hs NsT Fst Dxy Da
North Kerala Central Kerala 0.957 0.044 0.034 -ﬂ
Kerala Tamil Nadu 0.996 0.037 0.035 0.086 0.003
Kerala Andhra Pradesh 0.994 67.703 0.013 0.128 0.143 0.069 0.010
Kerala Karnataka 0.994 69.394 0.013 0.030 0.040 0.065| 0.003
Tamil Nadu Karnataka
South India North India
South India North East India
North India North East India
Tamil Nadu Andhra Pradesh
Andhra Pradesh Karnataka
Banana India Philippines 0.999 61.963 0.045
?a'fég"m\gri:fec“r‘g BBrMV infecting Banana 0999| 60028| 0036| 0076 0084| 0050| 0.004
Eg;i'ﬁaiso'ates infecting ﬁl‘}‘;gt‘"']gdégrr‘ digr?]'g:ﬁs 0999| 76241| o0016| 009| 0107| 0073| 0.008

Hs denotes the genetic diversity within the population, Ks denotes the rate of synonymous substitutions per site, genetic differentiation is denoted
by Nst and Gst values and gene flow is denoted by fixation index, Fst. DXy is the average number of nucleotide substitutions per site between
populations and Da denotes the number of net nucleotide substitutions per site between populations. All the values were estimated using the

DnaSP6 program with 1,000 permutation tests
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Table 19. Nucleotide composition, effective number of codons and codon adaptability index of CP gene of BBrMV isolates

Parameter
Length | %A %C %U %G | %GC | %AU | %GC3 | %GA3 | %GU3 | %AC3 | %CU3 | %0AU3 | Nc CAl

Sequences

BBrMV isolates infecting banana

MT818176 900 31.00f 20.56| 24.33| 24.11 4470 5533 37.33] 52.00f 56.67| 43.33] 48.00] 62.67| 56.50| 0.715
MT818177 888| 29.73] 19.26] 27.14| 23.87| 43.10| 56.87| 41.22| 49.32| 54.73| 4527 50.68 58.78] 58.40| 0.720
MT818178 900 30.78| 20.33| 24.89| 24.00 4430, 55.67 36.00] 50.67| 57.33] 42.67| 49.33] 64.00f 52.70| 0.717
MT818179 900 30.56| 20.11| 25.78| 2356/ 43.70 56.33] 35.00f 50.33] 57.33] 42.67| 49.67| 65.00f 51.10| 0.716
MT818180 903| 31.34| 20.04| 25.03] 2359 43.60, 56.37| 35.22| 50.83] 55.15| 44.85/ 49.17| 64.78| 53.50| 0.718
MT818181 900 31.33| 20.11| 24.78) 23.78 4390, 56.11| 35.00f 50.67] 57.00f 43.00{ 49.33] 65.00f 5250/ 0.720
MT818182 900| 30.78| 21.00f 24.22| 24.00f 45.00f 55.00, 38.00] 51.00{ 55.67 44.33] 49.00f 62.00] 55.60{ 0.717
MT818183 903| 3145/ 2049 2447 2359 4410 5592 36.54| 53.49| 5581 44.19| 46.51] 63.46| 54.60, 0.704
MT818184 903| 3145 2049 2447 2359 44104 5592 36.54| 5349 5581 44.19| 46.51] 63.46| 54.60, 0.704
MT818185 900 31.00f 20.33| 24.89| 23.78 44.10, 55.89] 35.00f 50.67| 57.00f 43.00f 49.33] 65.00f 52.30{ 0.721
MT818186 900f 31.33| 20.56| 24.22| 23.89| 44404 5556 36.33] 52.00f 56.33] 43.67| 48.00] 63.67| 54.40| 0.705
MT818187 909| 30.03| 18.92| 27.28| 23.76| 42.70| 57.32| 38.61] 47.19| 55.78 44.22| 52.81| 61.39] 55.60[ 0.722
AF071582.1 900f 30.78| 20.33| 2456\ 2433 44.70, 5533 35.67| 51.67| 56.67| 43.33] 48.33] 64.33| 53.60| 0.713
AF071583.1 900 30.67| 20.33| 24.67| 24.33| 44.70 55.33] 35.00] 51.33] 56.33] 43.67| 48.67| 65.00f 54.10{ 0.712
AF071584.1 900 30.67| 21.67| 23.22| 2444 46.10, 53.89| 39.33| 51.67| 53.67| 46.33] 48.33] 60.67| 54.40| 0.724
AF071585.1 900 30.44| 2111, 23.78 24.67| 4580, 54.22| 38.00f 51.67] 55.00f 45.00{ 48.33] 62.00f 56.00| 0.714
AF071586.1 900 30.78| 20.89| 23.89| 2444 4530, 54.67) 37.67| 52.00f 56.33] 43.67| 48.00f 62.33] 55.60| 0.716
AF071587.1 900 31.33| 21.44| 2344 23.78 4520 54.78 38.00] 51.67| 53.67| 46.33] 48.33] 62.00] 55.50{ 0.712
AF071588.1 900 30.89| 21.56| 23.22| 2433 4590, 54.11, 39.00] 51.67| 54.00, 46.00] 48.33] 61.00] 54.10{ 0.722
AF071589.1 900f 30.67| 21.67| 23.11f 2456 46.20, 53.78/ 40.00f 52.00{ 54.00] 46.00{ 48.00 60.00f 53.80| 0.726
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Parameter

Length | %A %C %U %G | %GC | %AU | %GC3 | %GA3 | %0GU3 | %AC3 | %CU3 | %AU3 | Nc CAl
Sequences
AF071590.1 900| 30.67| 21.67| 23.22| 24.44| 46.10, 53.89| 40.00f 51.00f 53.00f 47.00] 49.00f 60.00] 57.10/ 0.725
KY369923.1 900 31.11| 21.00{ 23.89] 24.00f 45.00, 55.00f 36.00f 51.67| 55.00[ 45.00] 48.33] 64.00 53.70, 0.708
KF385470.1 900 30.67| 21.00f 24.67| 23.67| 44.70| 55.33| 36.00f 50.33| 55.00f 45.00] 49.67| 64.00] 55.00] 0.722
KF385473.1 900| 30.78| 20.44| 24.44] 24.33| 44.80, 55.22| 36.33] 51.67| 56.67| 43.33] 48.33] 63.67| 54.60| 0.716
KF385474.1 900| 30.78| 20.11| 24.89| 24.22| 4430 55.67 35.33] 51.33| 57.33] 42.67| 48.67| 64.67] 52.30[ 0.712
KF385475.1 900 31.00f 20.56] 24.33] 24.11| 44.70, 55.33| 35.67| 50.67| 55.67| 44.33] 49.33] 64.33] 57.00| 0.714
KF385476.1 900 31.33| 19.78] 25.11] 23.78| 43.60, 56.44| 33.00f 51.33] 57.00] 43.00] 48.67| 67.00] 52.80| 0.714
KF385477.1 900| 30.56| 20.44| 24.78] 24.22| 44.70, 55.33| 36.00f 51.00f 57.00f 43.00f 49.00{ 64.00f 50.40| 0.727
KF385478.1 900 31.56| 20.67| 24.22| 23.56| 44.20) 55.78| 32.00f 52.00 51.33] 48.67| 48.00{ 68.00[ 50.50| 0.709
KF385479.1 900 31.11| 20.56] 24.22| 24.11| 44.70, 55.33| 35.33] 51.67| 55.00[ 45.00] 48.33] 64.67| 51.50/ 0.718
KF385480.1 900 30.89| 20.33] 25.00f 23.78| 44.10, 55.89| 34.33] 51.00f 56.67| 43.33] 49.00f 65.67| 51.40f 0.714
KF385481.1 900 30.89| 20.78] 24.22| 24.11| 4490, 55.11| 36.33] 51.33 55.00f 45.00{ 48.67| 63.67| 54.80| 0.719
KF385482.1 900| 30.56| 19.78] 24.89| 24.78| 44.60| 55.44| 35.33| 51.00 57.67| 42.33| 49.00f 64.67| 53.30] 0.711
KF385483.1 900 30.67| 20.67| 24.33] 24.33| 45.00, 55.00 36.00f 51.00f 56.33] 43.67| 49.00f 64.00] 53.90| 0.715
KF385484.1 900| 32.78| 21.11| 23.44] 22.67| 43.80, 56.22| 31.00f 51.67| 49.33] 50.67| 48.33] 69.00] 51.60, 0.696
KF385485.1 900 30.78| 20.56] 24.33] 24.33| 44.90, 55.11| 36.67| 51.67| 56.33] 43.67| 48.33] 63.33] 53.40/ 0.718
KF385486.1 900 31.00f 20.44| 24.44] 24.11| 44.60| 55.44| 35.00f 51.00f 56.00f 44.00{ 49.00{ 65.00f 51.60 0.719
KF385487.1 900 30.67| 20.89| 24.11| 24.33| 45.20 54.78| 37.00f 51.33] 55.00[ 45.00] 48.67| 63.00] 55.30/ 0.720
KF385488.1 900 31.11| 19.89| 24.78] 24.22| 44.10, 55.89| 36.00f 51.33] 56.00[ 44.00] 48.67| 64.00] 53.00/ 0.726
KF385489.1 900 31.11| 20.11} 24.89] 23.89| 44.00, 56.00f 33.67| 51.00 56.67| 43.33] 49.00f 66.33] 51.90, 0.706
KF385490.1 900 30.67| 20.22| 24.89] 24.22| 44404 5556 35.00f 51.67| 56.00f 44.00] 48.33] 65.00] 54.10/ 0.713
KF385491.1 900 30.67| 20.22| 24.89| 24.22| 4440, 5556/ 35.00f 51.00f 58.00f 42.00] 49.00f 65.00 53.10/ 0.715
HM348780.1 900| 31.22| 20.56| 24.44| 23.78 44.30| 55.67| 35.67| 51.00 55.33] 44.67| 49.00f 64.33] 53.60| 0.719
HM348779.1 900 31.33| 20.11| 24.78] 23.78 43.90, 56.11| 35.00f 51.00f 56.00] 44.00] 49.00f 65.00] 52.60| 0.715
HM348782.1 900 30.89| 20.78| 24.22| 24.11 4490 5511 36.33] 51.33] 55.00f 45.00{ 48.67| 63.67| 54.80| 0.720
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Parameter

Length | %A %C %U %G | %GC | %AU | %GC3 | %GA3 | %GU3 | %AC3 | %CU3 | %0AU3 | Nc CAl
Sequences
HM348781.1 900 31.33| 20.22| 24.56| 23.89] 44.10 55.89| 34.67 51.00, 56.33| 43.67| 49.00 65.33] 53.90| 0.710
AY953427.1 900 31.33| 20.00] 24.89| 23.78] 43.80| 56.22| 34.67 51.00, 56.33| 43.67| 49.00 65.33] 52.30| 0.713
EF654655.1 900 31.22| 20.56| 24.33] 23.89] 44.40f 55.56| 35.67| 5133 55.67| 44.33| 48.67| 64.33] 54.40/ 0.718
AY494979.1 900| 30.89| 20.22| 24.78] 24.11] 4430 55.67| 35.00, 51.33] 57.67| 42.33| 48.67| 65.00 53.70| 0.713
EU414267.1 900 30.78| 20.44| 24.33| 2444 4490 5511 36.33] 52.00, 57.67| 4233 48.00f 63.67] 55.10{ 0.713
Average 30.947| 20.506| 24.515| 24.032| 44.540| 55.461| 36.076| 51.260| 55.726| 44.274| 48.740| 63.924| 53.832| 0.716
SD 0.440| 0.552| 0.775| 0.361] 0.716] 0.717| 1.888] 0.889] 1.583] 1.583 0.889] 1.888| 1.706| 0.006
BBrMV isolates infecting cardamom
HQ709162.1 900 30.89] 20.56| 24.33] 24.22| 4480 55.22| 36.33] 5133 57.00 43.00f 48.67| 63.67| 54.80| 0.722
HQ709163.1 900| 30.89| 20.44| 24.67| 24.00 44.40f 55.56| 35.67| 51.33] 56.33| 43.67| 48.67| 64.33] 54.00| 0.712
HQ709164.1 900| 30.89| 20.89| 24.11| 24.11] 45.00f 55.00 37.33] 5133 55.33| 44.67| 48.67| 6267 55.20| 0.718
HQ709165.1 900 30.78/ 20.00] 25.00] 24.22| 44.20f 55.78| 35.00 51.33| 57.67| 42.33] 48.67| 65.00[ 53.30| 0.707
HQ709166.1 900 31.00f 20.78| 24.44| 23.78| 44.60f 55.44| 35.67| 50.67| 55.67| 44.33] 49.33] 64.33| 53.40| 0.719
Average 30.89] 20.53| 2451 24.07| 44.60] 5540 36.00f 51.20] 56.40| 43.60, 48.80| 64.00 54.14| 0.72
SD 0.07f 031 0.30f 0.17[ 0.28] 0.27 0.79 0.27 0.85 0.85 0.27 0.79] 0.75] 0.01
BBrMV isolate infecting flowering ginger
KT456531.1 |  900] 30.56] 21.22| 2378 24.44] 45.70] 5433 38.00] 51.33] 54.67| 45.33] 48.67| 62.00] 55.50| 0.718
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The effective number of codon (Nc) of the gene was estimated to be 53. 89 + 1.645.
Although a high number, this value indicated presence of codon bias in the gene. The Nc
of isolates infecting banana, cardamom and flowering ginger were 53.83 + 1.706, 54.14 +
0.75 and 55.50 respectively. There was no significant difference between the Nc values of
the isolates infecting different hosts. However, Nc values ranged from 50.40 to 58.40,
lowest value recorded in KF385477.1 and the highest in MT818177. The latter, Kerala
isolate from Ernakulam (Central zone) was found to be the isolate that has been diverged
from most common ancestor and according to the branch length, apparently was evolved
recently. This can be indicative of the isolates evolving in such a way to not show codon
bias and all the synonymous codons are used equally in the gene. The least Nc value among
the Kerala isolates was recorded in the MT818179, collected from Thrissur (51.10).

Correlation analysis was conducted to statistically prove the role of nucleotide composition
in CUB (Table 20). From the analysis it is evident that Nc value is positively correlated
to percentage of C and G in the wobble position individually and together and negatively
correlated to percentage of A and U in the wobble position and AU3. The nucleotide

composition, as expected, had a determining role in the codon bias of the BBrMV CP.

Another parameter to assess codon bias was relative synonymous codon usage (RSCU).
Evidently, RSCU values of codons corroborated the results from Nc (Table 21). From the
data, apparently, bias is formed by 30 desirable codons out of which 12 high were frequency
codons with RSCU value greater than 1.40 (UUA, UUG, AUU, UCA, CCA, CGU, GGU,
GGA, ACA, GCU, GCA, GAU). Interestingly, 11 out of the high frequency codons has A
or U in the wobble position indicative of the role of nucleotide composition in codon bias

(result shown earlier).

The RSCU values of the Kerala isolates with Nc value highest and lowest (MT818177 and
MT818179) were compared to confirm the codon bias pattern. Most of the high frequency
codons were similar in both the isolates (Fig 35). However, codons UAU, AAA and UGU
were not Hfc in the former. Curiously, ACU, AGA and CGU had become high frequency
codons in MT818177. The data suggest a different pattern of evolution in this isolate which

is also found to be one of the most genetically diverse isolates in the entire dataset.

Another diverse isolate generated in this study, MT818187, collected from Kasaragod, also

showed very interesting codon usage pattern although the Nc value of the isolate was close
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Table 20. Correlation of nucleotides compositions and effective number of codons of BBrMV CP

Nc %GC %A %C %U %G %A3 %C3 %U3 %G3  %GC3  %GA3 %GU3 %AU3

Nc 1.000
%GC 0.306 1.000
%A -0.406  -0.188 1.000

%C 0.195 - 0177  1.000

%U -0.062 -0.833  -0.387 - 1.000

%G 0.319 -0.652  0.204 -0.249* 1.000

%A3 0.265 1.000

%C3 0.387 -0.130  0.114  -0.299 1.000

%U3 -0.184 -0.792  1.000

%G3 -0.218  1.000

%GC3 1.000

%GA3 -0.333 -0.311 0.200  -0.115 1.000

%GU3 -0.577* -0.607* -0.086 -0.115 1.000
%AU3 0.696* -0.778* -0.693* 0.115 0.086 1.000

* Correlation is significant at the 0.05 level;

** Correlation is significant at the 0.01 level (two-tailed). Significant values are highlighted with blue colour.
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Table 21. Relative Synonymous Codon Usage of BBrMV CP. High frequency codons
are indicated by (*) next to RSCU value. Desirable codons are indicated by (#)
next to the codon.

] Amino Acid | Codon RSCU ] Amino Codon RSCU
No. No. Acid

1. | Phenylalanine | UUU* 1.385 | 10. | Proline CCcu* 1.211

uucC 0.615 CCC 0.722

2. | Leucine UUA* 1.518* CCA* 1.785*

UUG* 2.186* CCG 0.282

CUU* 1.201 | 11. | Arginine CGU* 1.409*

CcucC 0.445 CGC 0.406

CUA 0.230 CGA 0.775

CUG 0.420 CGG 0.767

3. | Isoleucine AUU* 1.544* AGA* 1.315

AUC 0.578 AGG* 1.327

AUA 0.878 | 12. | Glycine GGU* 1.514*

4. | Valine GUU* 1.358 GGC 0.234

Guc? 1.124 GGA* 1.519*

GUA* 1.008 GGG 0.732

GUG 0.509 | 13. | Tryptophan | ACU* 1.331

5. Serine ucu?® 1.136 ACC 0.379

uccC 0.298 ACA* 1.471*

UCA* 2.511* ACG 0.819

UCG 0.054 | 14. | Alanine GCU* 1.647*

AGU 0.819 GCC 0.485

AGC* 1.183 GCA* 1.810*

6. Tyrosine UAU* 1.300 GCG 0.058

UAC 0.700 | 15. | Aspartic GAU* 1.544*

7. | Histidine CAU* 1.193 acid GAC 0.456

CAC 0.807 | 16. | Glutamic GAA 0.729

8. | Asparagine AAU* 1.266 acid GAG* 1.271

AAC 0.734 | 17. | Cysteine UGU* 1.167

9. | Lysine AAA¥ 1.292 UGC 0.833

AAG 0.708 | 18. | Glutamine | CAA? 1.188

CAG 0.812
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Fig 35. Comparison of RSCU of MT818177 and MT818187 with MT818179. The average RSCU of the dataset is depicted as line graph in
the plot.
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to the average Nc value of the dataset (55.60). RSCU of CCU coding for proline used in a
higher frequency which otherwise was considered desirable but low frequency codon (Fig
35). It was interesting to observe that codon UCG which was not used in MT818177 and
MT81819 was found in the coding region of BBrMV CP of MT818187. The average RSCU
of this codon in the entire dataset was also close to zero. Whereas, CCG which was present
in the CP gene of other isolates was absent in MT818187. Apart from this, non-synonymous

codons were used in higher frequency in this isolate compared to the average RSCU.

To understand host in which the virus is most adapted, the codon adaptability index (CAI)
was calculated (Table 19). It was surprising to note that CAl values were the same
irrespective of the hosts. The Nc plot obtained imparted knowledge on codon usage patterns
and demonstrated the role of mutation and natural selection on codon bias (Fig 36). Points
below the standard curve, is indicative of the relatively equal contribution of nucleotide
composition, mutational pressure and natural selection. If the CUB is influenced only by

G+C content of the genome, the points would have been on the stand curve.

The neutrality plot (Fig 37) emphasises the role of natural selection on CUB. The average
G+C percentage in the first and second position of the codon (GC12) in all the isolates
ranged between 48-50 per cent except for MT818177 and MT818187 in which the values
were 44 and 45 per cent respectively. However, percentage of G+C in the third position of
the codon (GC3) of the dataset was comparatively broader and ranged from 31- 41 %. There
was a significant negative correlation between GC12 and GC3 (r = 0.385, p <0.01)

suggesting mutational pressure have a prominent role in shaping CUB of BBrMV CP.

4.3.10 Recombination analysis

It was clear from molecular evolutionary analysis that all the BBrMV isolates tested, have
diverged from a common ancestor and that the mutations in CP gene in the population is
the result of negative or stabilising selection. Thus, it is imperative to understand the role

of recombination in the variability of BBrMV CP of Kerala isolates.
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GC12 against GC3 is represented in the graph by the black dotted line
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A total of 12 recombinants were detected in the dataset consisting of 56 isolates, out of
which, two were isolates from the present study. These two isolates were also the most

divergent in the population and showed variations in the codon usage patterns.

Recombination was detected by RDP, GENECONV, MaxChi and 3Seq in MT818177 (Fig
38A). Recombination in MT818187 was reinstated by MaxChi, Chimaera and SiScan (Fig
38B). The major parents of both the recombinants were undetected and the minor parents
were HM348782.1 and KF385489.1 respectively, both from Southern part of India (Andhra
Pradesh and Tamil Nadu). Recombination breakpoint distribution plots of both suspected
recombinants indicated distributions of actual detectable breakpoints in relation to
MT818177 (Fig 38C).

Distribution of detectable breakpoint pairs in the analysed gene is represented in the
breakpoint pair matrix (Fig 39A). Two breakpoint pairs were recognised between ~400-

600 nucleotides in BBrMV coat protein gene.

It was evident that the CP gene had significantly fewer (p < 0.05) breakpoint pairs. The
recombination region count matrix gave an overview of all the unique recombination
events detected in the analysis (lower hemimatrix). Six unique events were detected while
analysing 56 sequences of BBrMV coat protein (Fig 39B). Concurrent statistical test of
this matrix indicated that few pairs of sites were separated more or less frequently by

recombination than can be accounted for by chance (upper hemimatrix).

The McVean’s LD matrix detected pairs of sites amidst analysed gene with unusual linkage
disequilibrium pattern. Low marginal likelihood values (> -4.0) were indicative of
recombinant cold spots (Fig 39C). The encircled region in the matrix indicates a low rate
of recombination than expected in recombinantion hot spots within CP gene

(corresponding to the region inidctaed as hot spots from breakpoint pair matrix).

The Robinson-Fould’s matrix implies the degree to which phylogenetic tress differ from
each other which are constructed from different parts of the alignment. Like RF matrix
Shimodaira-Hasagawa (SH) matrix is also a useful tool to visualise the effect of
recombination on phylogeny. Although, the orange/red regions in matrices are indicative
of the fact that the CP of BBrMV mostly have low degrees of phylogenetic compatibility,
recombination hot spots cannot be defined (Fig 39D). However, two recombination cold
spots, one between ~1-200 nucleotides and another one between ~600-800 nucleotides

were distinguished. This is corroborated by the results from McVean’s LD matrix.
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Fig 38. RDP analysis elucidating MT818177 and MT818187 as recombinants.
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break points. C Recombination breakpoint distribution plot in relation with type
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139



- Hot p <0.01 (6)

- Hot p<0.05 (4.5)

00z
00T

-p>0.05(3)

- Cold p<0.05 (1.5)

0oy

600 800
|2 H
-1
-0

Number of
breakpoints

ooy

- Cold p <001 (0)

Position in alignment

Local p value
(number of events)

009

Position in alignment

1 200 400 600 800 200 400 600 800

-0.981 (12)

-0.736 (9)

00z

-0.491(6)

S
ones pooyi |2y [euidiey

-0.245(3)

0oy
ooy

(anjea 4 80j-) aouessip 4y pasijew.oN

-0(0)

Position in alignment

009

&
g
Position in alignment

008

Fig 39. Recombination matrices based on BBrMV CP A Recombination breakpoint
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(LD) matrix. The red circles indicate recombination rate lower than expected in
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4.3.11 Validation of designed primers for virus detection

Evidently, from the diversity analysis, BBrMV CP gene is evolving by means of mutation
and recombination. The selection pressure is acting upon the codon usage bias and many
interesting patterns were observed in the newly evolved isolates collected during the present
study. These inferences were indicative of the importance of designing primers for nucleic-
acid based detection of BBrMV considering the molecular diversity present in the
population. Since it was observed that the N and C terminal are variable compared to the

core region of the CP gene, forward primer was designed from comparatively conserved

140



NIb region and reverse primer targeted the 3> UTR (BBrMV NIb-CP FP and RP). The
annealing temperature of the designed primer pair specific amplifying partial NIb region
and complete CP region of BBrMV CP was standardised by gradient PCR. Amplicon of
1306 bp as expected was obtained in temperatures 51.6 °C, 52.3 °C, 54.9 °C, 58.3 °C, 64.1
°C, 64.7 °C. Among these, 54.9 °C was selected as annealing temperature for the primer set.
cDNA from infected samples collected from various parts of Kerala was used as template
for validation of the primers (Plate 37). Few samples that did not amplify using the reported

primers also amplified using the designed primers (Plate 38).

4.3.12 Molecular cloning

Cloning of BBrMV CP gene was carried out to various vectors as described in the methods
section. The CP gene amplified using Taq polymerase was purified using ThermoFisher
purification kit by following manufacturer’s protocol (Plate 39A). Transformants were
selected on LB supplemented with ampicillin. The clone was selected by blue white
screening. Randomly selected white colonies were subjected to colony PCR (Plate 39B).

Out of 10 colonies selected 6 were positive clones.

The positive clones that gave an amplicon of 1058 bp were selected and sub cultured.
Plasmid from the clone was isolated by alkaline lysis method. Restriction digestion with
EcoR1 released the insert from the plasmid as recognition sites of the enzymes are present

at both the upstream and downstream of the insert (Plate 39C).

The pGEM-T clone was used as the template for amplifying BBrMV CP gene using
designed primers (BBrMV CP sen and anti) to incorporate Nhel and BamH]1 sites at the 5’
and 3’ end of the gene respectively. The annealing temperature of the primers were
standardised to be 55 °C (Plate 40A). Approximately 1080 bp gene was amplified using
high fidelity Pfu polymerase in order to avoid any errors during multiplication (Plate 40B).
The gene digested with Nhel and BamH1 was then ligated to double digested pRSET-C
expression vector and transformed to DHS5a (Plate 40C). The digested plasmid showed only
the one linear band corresponding to 3 kb in contrast to three bands shown by an undigested

plasmid.

Since blue white screening was absent in pRSET-C vector, plasmid was isolated from
randomly selected white colonies (Plate 41A) and the plasmids that showed a difference in

mobility due to increase in size was subjected to PCR (Plate 41B) and restriction digestion
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(Plate 41C). Plasmid was used as template for PCR using designed primers to amplify
BBrMV CP gene. Restriction digestion using BamH1 of the plasmid that gave
amplification of the gene was also observed. Only one plasmid became linear after
digestion with BamH1. The confirmation of this clone was also carried out by sequencing
with T7 forward primer. On subjecting to NCBI-BLAST, the sequence showed maximum
homology to BBrMV CP submitted in NCBI-GenBank database. The confirmed pRSET-
C vector with BBrMV CP insert, was transformed to DH5a to amplify the clone. Plasmid
was later transformed to two E. coli strains viz., BL21 pLysS and Rosetta pLysS for

overexpression of gene.

The BBrMV CP gene was also cloned to Smal site of pPGEX-4T-2. The clone confirmation
was done by plasmid isolation and PCR (Plate 42A and B). Since blunt cloning was
performed, orientation of the gene was confirmed by restriction digestion with BamH1
(Plate 42C). As BamHL1 site was incorporated at the 3° end of the gene by primer and also
present in pGEX-4T-2 vector at the upstream to the cloning site of BBrMV CP, in positive
clone with correct orientation, the insert was released on digestion with BamH1 enzyme.
The positive clone was amplified in DH5a and subsequently transformed to BL21 pLysS

and Rosetta pLysS for overexpression of the protein.

4.3.13 Overexpression of rBBrMV CP

The rBBrMV CP was overexpressed in two strains of E. coli viz., BL21 pLysS and Rosetta
pLysS. These strains harbouring pRSET-C/BBrMV CP was grown in LB broth until it
reached the log phase and induced with 1 mM IPTG at 16 °C. Subsequently the cell lysate
of uninduced and induced culture was loaded on to 12 per cent SDS-PAGE for separation
and to understand the protein profile. In the gel, a doublet at 35 kDa corresponding to the
BBrMV CP was obtained in the induced fraction which was less in the uninduced fraction
(Plate 43A and B). In both BL21 and Rosetta cell lines, the overexpression of BBrMV CP
was similar. Nevertheless, since rare codons were present in the protein, Rosetta was used

for further standardisations.

Due to cloning of BBrMV CP between Nhel and BamH1 sites of the vector, three extra
amino acids after hexa histidine tag were added to the protein. Confirmation of the protein
was done by Western blotting as explained in the methods section. From the blot, only the

induced fraction gave a doublet band at 35 kDa when Pepper vein banding virus (PVBV),
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Plate 37 Standardisation of annealing temperature of BBrMV specific primer. M: 1
kb DNA ladder; Lanes 1-12: Amplification at annealing temperatures 51.4 °C,
51.6 °C, 52.3 °C, 53.4 °C, 54.9 °C, 56.6 °C, 58.3 °C, 60.1 °C, 61.7 °C, 63.3 °C,
64.1°C, 64.7 °C



Plate 38 Validation of primer for nucleic-acid based detection of BBrMV in banana
M: 1 kb DNA ladder; Lane 1: TCRBrl1 (Kunnan), Lane 2: KKDBr15 (Mysore
poovan), Lane 3: KKDBr19 (Nendran), Lane 4: KASBr1 (Chengalikodan), Lane
5. TCRBrl (Kunnan), Lane 6: WYDBrR1 (Nendran)*, Lane 7: TCRBr2
(Nendran), Lane 8: EKMBrl1 (Attunendran), Lane 9: TCRBr3 (Nallabontha),
Lane 10: KASBrl (Nendran), Lane 11: KANBrl (Nendran), Lane 12: TCRBr5
(Njalipoovan), Lane 13: BRSBr12 (Kunnan), Lane 14: PKDBr2 (Nendran)*,
Lane 15: BRSBrl14 (Phia), Lane 16: KKDBr20 (Mysore poovan), Lane 17:
KOLBrl (Nendran)*, Lane 18: BRSBr17 (Chengkadali), Lane 19: BRSBri18
(Njalipoovan); Lane 20: KKDBr21 (Njalipoovan)*

* Samples in which CP gene amplified in PCR using the designed primers and not in the
reported primers
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Plate 39 Cloning of BBrMV CP to pGEM-T easy vector. A Purification of PCR
product. M M: 100 bp DNA ladder; 1: Purified BBrMV CP B Colony PCR of
randomly selected white colonies. M: 100 bp DNA ladder; 1-5: positive clones;
6-7: negative C Restriction digestion of positive clone after screening by -colony
PCR. M: 1 kb DNA ladder; 1: undigested pPGEM-T empty vector; 2: digested
pGEM-T vector; 3: undigested clone 4: digested clone. The 1 kb insert released

is marked with red arrow
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Plate 40 Cloning of BBrMV CP gene to pRSET-C. A Confirmation of annealing
temperature of designed primer. M: 1 kb DNA ladder; Lanes 1-8: PCR product
amplified at various annealing temperatures viz., 65 °C, 64.3 °C, 63.1 °C, 61.3
°C, 59 °C, 57.3°C, 56 °C, 55 °C. B Amplification of 1080 bp BBrMV CP at 55
°C. C Digestion of pRSET-C and PCR product using Nhel and BamH1. M:
Marker; Lane 1: pRSET-C empty vector; Lane 2: digested pRSET-C; Lane 3:
digested PCR product
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Plate 41

BBrMV CP clone confirmation. A isolation of plasmid from randomly selected
white colonies. M: 1 kb DNA molecular weight marker; Lane 1: pRSET-C empty
vector; Lanes 2-12, 16, 21, 22, 24: plasmid with no insert; Lanes 13-15, 17-20,
23: clones with change is mobility supposedly positive. B Confirmation of clone
by PCR. M: 1 kb DNA molecular weight marker; Lanes 1-6, 9-11: positive clones
that gave amplification of the gene using designed primers; Lanes 7-8, 12:
negative clones with no amplification C restriction digestion of the clones that
gave positive amplification in PCR. M: 1 kb DNA molecular weight marker;
Lane 1: undigested pRSET-C empty vector; Lanes 2-13, 15-16: negative clones;
Lane 14: Positive clone. The single band in the positive clone is encircled in the

gel image



Plate 42
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RERAT |

Cloning of BBrMV CP to pGEX-4T-2 and confirmation. A Smal digestion
of pGEX-4T-2. M: 1 kb DNA ladder; Lane 1: undigested pGEX-4T-2; Lane 2:
digested pGEX-4T-2. B Plasmid isolated form random colonies after
transformation of vector ligated with BBrMV CP gene to DH5a. M: 1 kb DNA
ladder; Lane 1: empty pGEX-4T-2. Lanes 2-11: negative clone; Lane 12: Plasmid
with change in mobility due to increase in size. C Clone confirmation by PCR.
M: 1 kb DNA ladder; Lane 1: positive clone; Lane 2: Negative control. D Clone
confirmation by BamH1 digestion. M: 1 kb DNA ladder; Lane 1: positive clone.
Red arrow indicated 1 kb insert released on digestion; Lane 2: negative; Lane 3:
undigested pGEX-4T-2
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Plate 43. Overexpression of rBBrMV CP in A BL21pLysS M: Protein molecular weight

marker; Lanes 1, 3, 5 and 7: uninduced cell lysate; Lane 2, 4, 6 and 8: induced
cell lysate. B Overexpression of rBBrMV CP in Rosetta pLysS. M: Protein
molecular weight marker; Lanes 1, 3, 5, 7 and 9: uninduced cell lysate; Lanes 2,
4, 6, 8 and 10: induced cell lysate. The red arrow indicates the doublet band
corresponding to rBBrMV CP



also a potyvirus, CP specific antiserum was used (Plate 44A). Similarly, when anti-his
monoclonal antibody was used as primary antibody for detection of rCP with N terminal
his tag, only one band at 35 kDa was observed in the blot (Plate 44B). However, protein
overexpressed in both the hosts were insoluble.

Further, overexpression of rBBrMV CP was standardised with the intention of enhancing
solubility of the protein. The parameters influencing overexpression like, the media for
culturing the cells harbouring the recombinant vector, the concentration of inducer, time
and temperature of induction were standardised. Maximum expression was obtained when
induced at 16 °C for 12 h by 0.3 mM IPTG when cultured in YT broth (Plate 45).

Nevertheless, cell mass was observed maximum in TB. Surprisingly, more than the 75 per
cent of the rCP in all the conditions was insoluble (Plate 45). Presence and absence of
protease inhibitor cocktail did not affect the overexpression or solubility of rBBrMV CP.

As the rCP was insoluble in pRSET-C, pGEX/BBrMV CP clone was transformed to BL21
and Rosetta pLysS to asses overexpression and solubility. A 60 kDa fusion protein (34 kDa
CP along the 25 kDa GST tag) was expected after induction. From the protein profile of
the cell lysate before and after induction, evidently, a 60 kDa band was observed in the
induced fraction which was absent in the uninduced fraction (Plate 46). Unlike the previous
clone, no leaky expression was observed in this one. Western blotting with anti-PVBV CP
polyclonal antiserum as primary antibody detected the 60 kDa fusion protein (Plate 47). A
doublet band at 60 kDa as observed earlier was detected by the antiserum. In Western blot,
doublet band was observed in the induced fraction as well as in the supernatant. From the
blot it was affirmative that there was no leaky expression as well as the protein was

completely soluble.

4.3.14 Purification of rBBrMV CP

4.3.14.1 Purification of pPRSET/rBBrMV CP

For purification of rBBrMV CP, pRSET/BBrMV CP clone was transformed in to BL21
and Rosetta pLysS as both the hosts exhibited similar overexpression of the protein. The
culture was grown in YT media and induced at 0.3 mM for 12 h at 16 °C. The induced
culture harvested by centrifugation was resuspended in lysis buffer (Tris buffer, pH 8.5)
and sonicated. On sonication, it was observed that more than 75 per cent of the protein was
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insoluble (Plate 48). On performing Ni?*-NTA column chromatography, a high molecular
weight E. coli protein as well as a low molecular weight membrane protein was eluted with
the 35 kDa protein of interest. Single band was observed at 35 kDa. To confirm that this
protein is rBBrMV CP, elution was blotted on to NCM membrane and detected using
PVBYV CP specific primary polyclonal antiserum (1:5000 v/v). Even though lysis was done
in the presence of protease inhibitor cocktail, a doublet band at expected size confirmed

presence of the protein (Plate 49).

However, to increase the solubility and yield of the protein, various parameters were
standardised. The harvested induced cells were treated with lysozyme for 2 h prior to
sonication. The time for sonication and amplitude was reduced to decrease the formation
of inclusion bodies. When the cell lysates were observed on the gel, it was evident that
rBBrMV CP was present in the insoluble fraction and many more non-specific proteins
have bound to the Ni>*-NTA beads and eluted with the protein of interest which was very

meagre (Plate 50).

Lysis buffer for purification was standardised to obtain soluble protein. Sonication of
induced cells was carried out in the presence of Tris buffer at pH 8.0, HEPES buffer at pH
7.5 and CAPS buffer at pH 9.2. Tris buffer at pH 8.0 and HEPES buffer at pH 7.5 generated
very less amount of protein (Plate 51). Although, CAPS buffer performed the best out of
all the lysis buffers, many E. coli proteins were present in the elution. The amount of protein
eluted was also higher in case of CAPS buffer. Hence, for further standardisations, CAPS

buffer was used.

4.3.14.2 Purification under denaturing conditions

Since pRSET/rBBrMV CP was insoluble, attempt was carried out to purify the protein
under denaturing conditions. For the same, lysis buffer, wash buffer and elution buffer were
supplemented with either urea (8 M) or guanidine hydrochloride (6 M). The Ni?*-NTA
purification was carried out in room temperature. Time taken for purification was much

longer when compared to the previous methods.

The gel profile of urea denaturation depicted that the protein was denatured on lysis and
that it has become soluble (Plate 52). The concentration of protein of interest in the elutions

were higher than in the previous experiments. However, the affinity of the protein has
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Plate 44 Western blot analysis of overexpressed rBBrMV CP detected using A PVBV
polyclonal antiserum, M: Protein molecular weight marker; Lane 1: induced cell
lysate; Lane 2: uninduced and B anti-his monoclonal antibody as primary
antibody, M: Protein molecular weight marker; Lanes 1, 3 and 5: uninduced cell

lysate; Lanes 2, 4 and 6: induced cell lysate.
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Plate 45 Standardisation of overexpression of rBBrMV CP M: Protein molecular
weight marker; Lanes 1 and 2: supernatant (soluble fraction) and pellet (insoluble
fraction) of Rosetta pLysS harbouring pRSET/BBrMV CP cultured in LB broth
induced with 0.3 mM IPTG at 16 °C for 12 h; Lanes 3 and 4: supernatant and
pellet of cell lysate induced with 0.5 mM IPTG at 16 °C for 12 h cultured in LB
broth; Lanes 5 and 6: supernatant and pellet of cell lysate induced with 0.3 mM
IPTG at 30 °C for 6 h cultured in LB broth; Lanes 7 and 8: supernatant and pellet
of cell lysate induced with 0.5 mM IPTG at 30 °C for 6 h cultured in LB broth;
Lanes 9 and 10: supernatant and pellet of cell lysate induced with 0.3 mM IPTG
at 16 °C for 12 h cultured in YT broth; Lanes 11 and 12: supernatant and pellet
of cell lysate induced with 0.5 mM IPTG at 16 °C for 6 h cultured in YT broth;
Lanes 13 and 14: supernatant and pellet of cell lysate induced with 0.3 mM IPTG
at 30 °C for 6 h cultured in YT broth; Lanes 15 and 16: supernatant and pellet of
cell lysate induced with 0.5 mM IPTG at 30 °C for 6 h cultured in YT broth;
Lanes 17 and 18: supernatant and pellet of cell lysate induced with 0.3 mM IPTG
at 16 °C for 12 h cultured in TB broth; Lanes 19 and 20: supernatant and pellet
of cell lysate induced with 0.5 mM IPTG at 16 °C for 12 h cultured in TB broth;
Lanes 21 and 22: supernatant and pellet of cell lysate induced with 0.3 mM IPTG
at 16 °C for 12 h cultured in TB broth; Lanes 23 and 24: supernatant and pellet
of cell lysate induced with 0.5 mM IPTG at 30 °C for 6 h. The doublet band
corresponding to rBBrMV CP in the insoluble fraction is indicated by red arrow.
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Plate 46 Standardisation of expression host for overexpression of rBBrMV CP M:
Protein molecular weight marker, BBrMV CP overexpressed in Rosetta pLysS
harbouring pGEX/BBrMVCP, The 60 kDa protein suspected to be rBBTV CP is
marked using red arrow, Lanes 2, 4, 6: culture induced by 0.3, 0.5, 1 mM, Lanes
1, 3, 5 : uninduced, Lanes 8, 10, 12: overexpression of rBBrMV CP in BL21
pLysS induction by 0.3, 0.5, 1 mM, Lanes 7, 11, 13: uninduced, Lanes 1-4:
Cultured in LB, Lanes 5-8: cultured in YT, Lanes 9-12: cultured in TB. All
cultures induced at 16 °c for 14 h

18 kDa.

Plate 47 Confirmation of fusion protein by Western blot with polyclonal PVBV
antiserum. M: Protein molecular weight ladder marked after Ponceau’s staining
of the blot. Lane 1: uninduced; Lane 2: induced, Lane 3: supernatant; Lane 4:
induced pellet
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Plate 48 Purification of rBBrMV CP by Ni?*"NTA affinity column chromatography
M: Protein molecular weight marker, Lane 1: supernatant of induced cell culture
after sonication; Lane 2: pellet (insoluble fraction); Lanes 3-4: wash; Lanes 5-6:

elutions

Plate 49 Western blot analysis of purified rBBrMV CP CP. M: Protein molecular
weight marker; Lane 1: purified rBBrMV CP



Plate 50 Increasing solubility of protein by lysozyme treatment, M: Protein molecular
weight marker; Lane 1: pellet, Lane 2: supernatant, Lanes 3-4: wash; Lanes 5-10:

elutions. Red arrow indicates the protein of interest in the pellet and elutions

B

Plate 51 Standardisation of lysis buffer for purification A Purification of rBBrMV CP
after sonication in CAPS buffer, pH 9.2; M: Protein molecular weight marker;
Lanes 1-4: elutions; Lane 5: wash; Lane 6: flow through; Lane 7: pellet; Lane 8:
supernatant B Purification of r BBrMV CP after sonication in HEPES buffer, pH
7.5; M: Protein molecular weight marker; Lane 1: supernatant; Lane 2: pellet;

Lane 3: flow through; Lane 4: wash; Lanes 5-7: elutions
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Plate 52 Standardisation of rBBrMV CP purification under denaturing conditions
M: protein molecular weight marker; Lane 1: supernatant; Lane 2: pellet; Lanes

3-5: wash; Lanes 6-12: elutions



lowered in the denaturing conditions and many more non-specific proteins were eluted with

the recombinant protein.

When washes were given without the denaturing agent and elution of the protein was done
in the absence of urea, the protein was insoluble and did not elute. Lysis with guanidine

chloride also yielded similar results.

4.3.14.3 Purification of pGEX/rBBrMV CP

Since the rCP expressed in pRSET-C was insoluble, purification was attempted after
cloning the gene to pGEX-4T-2 to the Smal site. The recombinant plasmid was
transformed in to Rosetta pLysS and BL21 pLysS and overexpression was checked. The
overexpression in both the hosts were similar so Rosetta pLysS was selected for purification
as rare codons were present in the gene. Induction was done at 16 °C for 12 h using 0.5
mM of IPTG as standardised in the previous experiment (Plate 46).

The 60 kDa band in the protein profile of the induced fraction, which was absent in the
uninduced fraction was confirmed to be the protein of interest by Western blot (Plate 47).
The protein was highly soluble. For purification Rosetta pLysS harbouring pGEX/BBrMV
CP was cultured in YT media. The cell was lysed and the supernatant containing the fusion
protein was subjected to GSH sepharose affinity column chromatography as described in

the methods section.

A single band at 60 kDa was observed in the elutions without host protein contaminations
(Plate 53A). However, the bands were faint and on storage degradation was observed.
Induction at 30 °C reduced the yield of fusion protein in elution and proteolysis was seen
to have increased (Plate 53B). The fusion protein was dialysed to remove glutathione and

the protein was concentrated by addition of 10 per cent glycerol in the dialysis buffer.

4.3.15 Cleavage of affinity tag from the fusion protein

In order to further characterise the rBBrMV CP, the affinity tag in the fusion protein was
cleaved off using thrombin. The conditions for cleavage were standardised and it was
observed that on-column cleavage of the protein was much better than in-solution cleavage.
Maximum efficiency of thrombin was observed when incubated at room temperature for 8

h, however, protein degradation was also observed. Even though lysis of the induced cells
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were carried out in the presence of protease inhibitor cocktail, protein was subjected to

partial proteolysis during the purification and tag removal processes (Plate 54A).

Western blot analysis to assess the immunogenicity of untagged rBBrMV CP as antigen
was carried out using PVBV CP specific antiserum. The antigen was highly immunogenic.
Degradation of tagged protein on storage was observed. However, all the degraded bands
were observed to be that of rCP (Plate 54B). The on-column cleavage produced more intact

bands of the protein than in solution cleavage.

4.2.16 Quantification of rBBrMV CP

The quantification of both rBBrMV CP fusion and untagged protein was carried out using
Bradford’s assay. The dialysed protein was used for the assay. Standard graph was plotted
using various concentrations of BSA (Fig 40). The concentration of fusion protein was
estimated to be 0.845 mg/ ml from 1 L culture and that of the cleaved protein was 0.342

mg/ ml.

4.2.17 Insilico analysis of BBrMV CP

4.3.17.1 Fold analysis

The folding of rBBrMV CP was studied in silico using FoldIndex analysis. It was evident
from the analysis that the protein contained two disordered region one at the N terminal
and one at the C terminal apart from other minor disordered regions in the protein (Fig 41).
The N terminal disordered region was 32 amino acids long and that in the C terminal was
47 amino acids long. Two DAG motifs present the protein were both observed in the
disordered region. In case of the fusion protein the C terminal of the tag and the N terminal
of the recombinant protein was disordered facilitating the cleavage of the affinity tag.
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Plate 53 Purification of pPGEX/rBBrMV CP in Rosetta pLysS. A induction at 16 °C M:
protein molecular weight marker; Lane 1: supernatant; Lane 2: pellet; Lane 3:
flow through; Lane 4: wash; Lanes 5-10: elutions B induction at 30 °C M: protein
molecular weight marker; Lanes 1-5: elutions; Lane 6: wash; Lane 7: flow

through; Lane 8: supernatant; Lane 9: pellet
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Plate 54 Cleavage of affinity tag from the fusion protein using thrombin. A SDS-
PAGE gel profile of cleaved protein. M: Protein molecular weight marker; Lanes
1-2: on column cleavage of thrombin for 8 h, 12 h; Lanes 3-4: cleavage of fusion
protein in solution for 8h, 12h. B Western blot analysis. M: Protein molecular
weight marker; Lane 1: uncleaved protein; Lane 2: on-column cleaved protein;

Lane 3: in-solution cleaved protein
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Fig 40. Standard graph plotted to determine the concentration of rBBrMV CP using
Bradford’s assay

>

1.0

foldIndex

1 SGTESTNDDD PSRTI AGFS ARGTQPSITT TTAPSTFGQP TTTSAPSSSS
6.3 51 TPPRASTQIA PIRDROVORG STNFIIPRIK PMTGKMRLPR YHGKTAINVE
101 FLLQYKPDQF DLSNAIATRE QYDAWCDAVK REYAIEDEEQ FTTLLGGL

0.00 |y V"""\"““M‘""T_ 151 FICTERGTSPN LNGTHSHADK GEQLVYQLKP TTENAQPTHR QIFARF SO

201 EAYITMRNVT (ERYMPRIWGAL RGLNDISLAR YAFDHYVVTS KTTNRAREAH

251 SNTRLFGLOG NLGPGEENTE RHTVEDVKRD FSLLGIHE

-8.50
-1.60
) o = o = o <=
2] > 2 > 0 =
=1 - N N o
Residue Nunber
s folded ™ unfolded
B
x 1.00 =
g 1 MSPILGYWKI KGLVQPTRLL LEYLEEKYEE HLYERDEGDK WRNKKFELGL
E 0.50 51 EFPNLPYYID GDVKLTQSMA IIRYIADKHN MLGGCPKERA EISMLEGAVL

101 DIRYGVSRIA YSKDFETLKV DFLSKLPEML KMFEDRLCHK TYLNGDHVTH

B Auad . 151 PDFMLYDALD VWLYMDPMCL DAFPKLVCFK KRIEAIPQID KYLKSSKYIA
- ey e i 201 WPLQGHQATF GGGDHPPKSD {LVPRGSPGIP GASSGTESTN DDDPSRTIDA

251 GGSARGTQPS ITTTTAPSTF GQPTTTSAPS SSSTPPRAST QIAPIRDRDV

301 DAGSTNFIIP RIKPMTGKMR LPRYHGKTAI NVEFLLQYKP DQFDLSNAIA

-0,50
351 TREQYDAWCD AVKREYAIED EEQFTTLLGG LMVWCIENGT SPNLNGTWSM
401 MDKGEQLVYQ LKPIIENAQP TFRQIMAHFS DAAEAYITMR NVTERYMPRH
100 1 451 GALRGLNDIS LARYAFDFYV VISKTTNRAR EAHTQMKAAA IRGSNTRLFG
- - r "
8 & 8 8§ 8 & B8 8 & 8§ ¥ 501 LDGNLGPGEE NTERHTVEDV KROMHSLLGM KHE

Residue Nunber
Wifolded W unfolded

Fig 41. Assessment of protein folding by FoldIndex analysis of A rBBrMV CP B fusion
protein. The blue squares are the conserved amino acids throughout all the isolates.
The black dotted square represents the thrombin cleavage site in the fusion protein.
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4.3.17.2 Secondary structure prediction

Secondary structure of rBBrMV CP was predicted in silico in PSIPRED workbench and is
graphically represented in Fig 42. Secondary structure of BBrMV consisted of coiled coil
domains, helical domains and extended strands. The secondary structure of all the isolates
displayed a similar pattern. The essentially disordered N and C terminal of the CP is with
coiled-coil domain. Four major helical domains were observed from 118-133 (H1), 138-
154 (H2), 189-219 (H3) and 244-258 (H4) and two antiparallel f sheets were present
between the H2 and H3. Two B strands in MT818185 (the most homologous isolate) is
missing in MT818187 (most diverse isolate). The confidence level of helices was high.

However, between the isolates most of the difference was detected in the N terminal.
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Fig 42. Secondary structure prediction of BBrMV CP

4.3.17.3 Structure prediction BBrMV CP

Structure of the CP of the most homologous and the most diverse isolates were predicted
by i-TASSER suite by comparing with structure of Watermelon mosaic potyvirus CP (Fig
43). The overall quality factor of the homology model of MT818187 was higher than
MT818185 (82.64 and 72.22 respectively). Nevertheless, most of the amino acids except
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N terminal and C terminal residues were below 95 per cent cut off value in ERRAT plot.
ProSA analysis showed that protein folding energy of the modelled structures were in
agreement except for the N terminal (Fig 44). The z score of homology model of MT818185
and MT818187 were -2.3 and -0.96 respectively.

13 Arg
20 Se1

30 Thr

Fig 43. Homology model of MT818185 and MT818187 predicted by i-TASSER.
A and B homology model of BBrMV CP isolate MT818185 and Ramachandran
Plot. C and D homology model of BBrMV CP isolate MT818187 and

Ramachandran Plot
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Fig 44. ProSA energy profile of CP of BBrMV isolates A MT818185 and B MT818187
modelled by iTASSER. Thin and thick lines indicate average energy over each 10
and 40 residue fragments respectively.

The homology models of most homologous and diverse isolates were aligned by FATCAT
for comparison (Fig 45). Evidently amino acid changes had reflected in structure but only
in the N and C terminal. However, the basic secondary structure was conserved throughout.
Ramachandran plot for homology models showed that 84.6 per cent of the residues were in
the favoured and allowed regions together. Surprisingly, 30 residues of MT818187 are in
the outlier where as it was 36 in the case of MT818185 isolate (Fig 43). Interestingly, the
amino acids that were associated with well established functions of the protein was
conserved throughout the isolates. The nucleotide binding site predicted in the CP was in
the armpit groove near the C terminal which was conserved in all the isolates (Fig 46). So
was the coiled coil domain in the N terminal consisting of DAG motif responsible for aphid

transmission.

Although nucleotide and amino acid differences were higher in few isolates of BBrMV,
there was not many changes in the structure of the protein. Mutational analysis graph
plotted in SusPect represented the predicted effect of mutations at a particular position in
BBrMV CP amino acid sequence. The analysis suggested that the amino acid mutations at
positions viz., 89 (proline), 105 (tyrosine), 112 (leucine), 114 (asparagine), 121 (glycine),
190 and 225 (arginine), 234 (asparagine), 235 (phenylalanine), 236 (tyrosine) and 281

(arginine) drastic affected the function of the protein. Surprisingly, these residues were all
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conserved in all the twelve isolates. Sequence profile graphs at these residues were also

analysed to find out the most preferred amino acid residue in a particular position.

4.3.17.4 Epitope prediction

It was important to identify the major and minor epitopes in the CP that is proposed as a
potential antigen for developing antiserum intended for immunodetection of the virus.
Thus, prediction by Bepipred linear epitope prediction was carried out with the amino acid
sequence of GST fusion protein and BBrMV CP untagged protein (Fig 47). Two major
epitopes were identified one each in the N and C terminal. Four minor epitopes in the core
region of the gene were also identified in the prediction. The major epitopes were also
mapped on the structure of the protein by DiscoTope 2.0 (Fig 48). Remarkably, in the GST
fusion protein, the major epitope constituted of the C terminal of the tag and N terminal of
the CP. This might increase the immunogenicity of the protein while administering to an
animal. However, since the fusion protein is also prone to proteolytic cleavage, high
chances are that the polyclonal antibody contains more of antibodies specific to the GST

protein and that targets the core region of the protein.

4.3.18 Biophysical characterisation of rBBrMV CP

4.3.18.1 Assessment of self-assembly of tagged and untagged virus

The fusion protein with a 25 kDa bulky tag, did not enter into the gradient. The 60 kDa
band was seen in the 10 per cent fraction of the gradient. This indicated that the fusion
protein did not form any virus like particles (VLPs) (Plate 55). However, the purified
untagged protein was ultra-centrifuged, a pellet was obtained which was resuspended in
Tris buffer. This was subjected to electron microscopy to understand whether VVLPs are

formed.
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Fig 45. Homology model of MT818185 and MT818187 superimposed using
FATCAT. Variable sites are given in different colours. Variability is observed in
the N and C terminal

Fig 46. Predicted model of ssSRNA- CP interaction in MT818187. Nucleotide binding
occurs in the arm pit grove between the core region and C terminal of CP. Nucleic
acid is represented as blue chain
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Fig 47. Epitope prediction of A BBrMV CP-GST fusion protein B untagged rBBrMV
CP by Bepipred Linear Epitope Prediction

Fig 48. Prediction using DiscoTope 2.0 on the molecular structure of coat protein
(MT818185). The major epitopes are marked on the molecular structure of the
coat protein in yellow
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4.3.18.2 Electron microscopy

Electron micrograph of rBBrMV CP ultra pellet suspected to have formed VLPs is shown
in the Plate 56. Octameric ring like structures were observed in the micrograph. The initial
step while assembly of virus with helical symmetry especially potyviruses are formation of
the disc like structures. Since proteolysis of the rBBrMV CP was confirmed in the earlier
experiments, the number of CP having intact N and C terminal would be less to form a

complete VLP.

4.3.18.3 Fluorescence spectroscopy

The intrinsic fluorescence spectrum of untagged rBBrMV CP measured in the 300 to 400
nm region had maximum intensity (Amax) at ~344 nm. The fluorescence of fusion protein
was compared to the untagged protein. The intensity of latter was five fold higher than the
former (Fig 49). However, Amax Of both the spectra were at approximately 340 nm. The
fluorescence spectra of both rBBrMV CP and fusion protein denotes that the protein is
folded with partial disordered region validating the FoldIndex prediction which depicted
the N and C terminal of rBBrMV CP to be disordered.
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Fig 49. Fluorescence spectra of rBBrMV CP and GST-BBrMV CP
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Plate 55 Sucrose density gradient ultracentrifugation of rBBrMV CP-GST fusion
protein M: Protein molecular weight marker; Fractions collected from sucrose
gradient Lanes 1-3: 40 %; Lanes 4-6: 30 %; Lanes 7-8: 20 %; Lanes 9-10: 10 %.
The 60 kDa band corresponding to pGEX/rBBrMVCP is indicated by red arrow



Plate 56 Electron micrograph of ultra centrifuged pure untagged rBBrMV CP



Total number of tryptophan, tyrosine and phenylalanine in the CP was 4, 9 and 10
respectively. However, in the GST fusion protein, 8, 23 and 19 of these amino acids were
present. Apparently, few of the phenylalanine, tryptophan and tyrosine residues,
responsible for fluorescence are present at the surface exposed N and C terminal which

gives the fluorescence and the rest are buried in the well folded region of the protein.

As per the experiments, it was evident that N and C terminals of untagged rBBrMV CP
was prone to proteolytic cleavage as other potyviral CP’s. Partial degradation of the protein
during purification and storage was detected. Consequently, strategies to obtain intact N
and C terminal and standardisation of formation of VLP’s in vitro have to be explored

before using it as an antigen for developing immunodiagnostics.
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5. DISCUSSION

Viral diseases are detrimental to economically important crops especially those that are
propagated through vegetative method. Diseases caused by virus in banana especially
banana bunchy top and bract mosaic diseases have been reported to be damaging not only
in the context of heavy economic losses incurred but also because of the impairment caused
to germplasm exchange and export. These viruses remain latent in the infected plants for a
long time. When the symptoms express which are confused with nutrient deficiencies,
management becomes arduous. These viruses are also notorious as they are spread through
plant parts used for propagation and insect vectors. Reports of new BBTYV isolates being
present in North Eastern part of India apparently resulted from recombination (Banerjee et
al., 2014) and BBrMV widening its host range to flowering ginger and cardamom (Siljo et
al., 2012; Zhang et al., 2016), calls for the immediate attention of research community,
especially in Kerala where these diseases are endemic.

The thesis entitled “Development of recombinant coat protein for immunodiagnosis of
banana bunchy top and bract mosaic virus” was formulated with the objective of tracing
the evolution of these viruses in Kerala, study its molecular diversity and express coat
protein in a bacterial system as a potential antigen for serodiagnostic assays. The results

obtained during this study is discussed in this chapter of the thesis.

5.1 SURVEY AND SAMPLE COLLECTION

A total of 10 districts were surveyed during 2017-18 to study the symptoms and collect
samples for further evaluations. One to two blocks per district were surveyed. The latitude
and longitude of the locations surveyed were recorded and plotted on to the map of Kerala
(Plate 57). Twenty-seven and thirty samples suspected to be infected by BBTV and BBr MV
respectively were collected during the survey.

Hitherto, surveys for studying various aspects of BBTV and BBrMV have been conducted
by various authors. In 2005, a survey was conducted to characterise the geographically
different isolates of BBTV in India (Selvarajan et al., 2010b). Rodoni et al., (1997) had
studied the geographic distribution of BBrMV isolated from all over the world and tried to
explain the evolution and relatedness of these isolates. Similarly, BBrMV virus isolates
collected from various parts of the country during 2006-2013 have been subjected to

genetic diversity and recombination analysis (Balasubramanian and Selvarajan, 2014).
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5.2 SYMPTOMATOLOGY AND DISEASE INCIDENCE

Ten districts divided into Northern, Southern and Central zones were surveyed to study
varietal variation in the symptom and whether the molecular diversity of the virus is
reflected in the phenotypic manifestation of the disease. However, no such varietal or
spatial variations were observed during the present study. All the conspicuous symptoms
of BBTD and BBrMD were observed during the study.

The symptoms observed in BBTV infected plants were characteristic discontinuous dark
green flecks and streaks of variable length resembling Morse code on the midrib, sheath
and veins of leaves and petioles (Plate 3). However, the disease is identified by the
progressively produced short and brittle leaves with wavy margin which becomes yellow
and later necrotic. These leaves that bunch together gives the disease its name (Thomas et
al., 1994; Estelitta, 1998). Previously, Nelson, (2004) had discussed in detail about these
symptoms caused by the infection of BBTV. Symptoms like stunting of the young plants
and also the propagules emerging from the infected mother plant is readily identified by
the farmers. Thomas et al., in 1994 reported that rarely, bracts of male flower buds become
leaf like and display dark green dots and streaks. Estelitta (1998) reported constriction of
newly formed bunches by the pseudostem leading to its splitting. The reduced size and
quality of bunches were reported to considerably diminish the market value of the crop.
However, this symptom was not observed during the present study. Although, the plants
infected at a later stage do not display typical bunching of leaves nor form bunches, 100
per cent yield loss is recorded in such plants (Kumar et al., 2015a). It was also reported that
BBTV infected banana was conducive for secondary infections by fungi and bacteria

causing root decay and heart rot especially in humid conditions (Estelitta, 1998).

The virus has a latent period between the inoculation to symptom expression that ranges
between 19-125 days reliant on the weather, stage of infection and cultivar as reported by
various workers (Allen, 1978; Hooks et al., 2008). However, as discussed before the young

suckers developing from the infected suckers show symptoms from the time of emergence.

The characteristic symptoms of BBrMV infecting banana identified during the survey,
irrespective of variety and geography were, reddish to dark purple parallel or diamond
shaped streaks on the bract, pseudostem and midrib of the leaves, seldom on fruits (Plate
34). Similar symptoms were observed and recorded by various authors (Rodoni et al., 1997,

Thomas et al., 1997; Selvarajan and Jeyabaskaran 2006). Necrotic streaks on pseudostem
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were seldom observed in the infected sample. However, previously, necrotic spots on fruits,
leaves and midrib were also reported apart from the pseudostem (Selvarajan and
Jeyabaskaran 2006). Traveller’s palm like arrangement of the leaves were observed during
the survey as reported by Balakrishnan et al., in 1996. There are reports of peduncle length
varying significantly in the bunches along with reduction in size of fingers and weight of
the bunches. Interestingly, reports say that the sweetness of the fruit increases in bunches
of infected plants. Unlike BBTV infected plants, 30-70 per cent yield loss have been
reported for BBrMV infected banana (Magnaye and Espino 1990; Thangavelu et al., 2000;
Cherian et al., 2002). The bunch weight, length and girth of fingers in BBrMV infected
banana were observed to reduce significantly irrespective of the variety (Estelitta et al.,
1996).

The BBrMV isolates infecting cardamom was characterised by similar symptoms.
Continuous or discontinuous spindle-shaped light green to yellow streaks along the veins
and mid rib coalesce and veins appear yellow or light green in colour. The disease was also
named as chlorotic streak due to formation of intraveinal chlorotic steaks. The spindle
shaped mottling was also recorded on the pseudostem (Siljo et al., 2012). Similarly,
BBrMV infecting flowering ginger, induced symptoms like streaking, mosaic and a severe
cupping of leaves, besides browning of flowers and reduction in their size and shelf life
(Zhang et al., 2016).

During the survey, disease incidence of BBTV and BBrMV were calculated. Per cent
disease incidence was calculated district-wise, block-wise and also zone wise. The PDI
throughout the state at the time of survey divided into North, Central and South zones was

represented as box plot (Fig 50).

The least incidence of BBTD and BBrMD were recorded in the Southern part of Kerala
(0.567 and 0.426 % respectively). Maximum BBrMD was recorded in the Central zone
(8.327 %) and that of BBTD in Northern Kerala (1.011 %). BBTD incidence was observed
highest in fields where, sanitation was not maintained. Moreover, from the details collected
during the survey, it was evident that farmers adept rouging off of the infected plants all

over Kerala as a primary management practice.

159



9.000

8.000

7.000

6.000

5.000
Il EBTD

BErMD
4.000 =

Percent disease incidence

3.000

2.000

1.000 ?

0.000

Fig 50. Per cent incidence of banana bunchy top and bract mosaic diseases in Kerala
represented as boxplot

During the survey for characterisation of BBrMV infection in cardamom, zero to 15 per
cent incidence was recorded in Kerala (Siljo et al., 2012). Increase in the host range of the

virus especially in perennial crops, will result in presence of inoculum throughout the year.

5.3 DETECTION OF THE VIRUS FROM FIELD SAMPLES

Preliminary screening of field samples was conducted by DAC-ELISA. The young leaves
of samples collected from apparently infected plants were screened in the laboratory (Plate
4 and 35). Out of 25 BBTV samples collected, 20 were tested positive and out of 30 samples
25 tested positive for BBrMV. Polyclonal antibody specific to the viruses were procured

from NRC, Banana, Trichy and used for detection of the viruses.

Initially, diagnosis of BBTV was reported to be based on serology where in the antigen was
detected based on polyclonal and monoclonal antibodies (Thomas and Dietzgen 1991; Wu

and Su, 1990b). Several variants of ELISA have been used routinely for screening virus
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free banana micropropagated plants, detection of the virus in field samples and aphid
vectors (Wu and Su, 1990b; Thomas and Dietzgen, 1991; Geering and Thomas, 1996;
Selvarajan et al., 2010a; Yasin et al., 2015). The DAC- ELISA assay is reported to detect
up to 10 ng of antigen. According to Hook et al. (2008), in artificially challenged plants,
BBTV was detected after 12—-25 days of challenge inoculation by ELISA depending on the
genotype and stage of infection. It was established that after this period of time virus
inoculum was obtained in all parts of the plant especially from the mid-rib portion of the
youngest leaf. This was also observed earlier by Estelitta, in 1998. Hence, for the present
experiment, sample for ELISA was measured from the mid rib of the youngest leaf.
Similarly, BBrMV detection is regularly carried out by ELISA (Espino et al., 1989; Espino
et al., 1990; Thomas et al., 1997). Leaf lamina with mid rib was used for isolating antigen
in coating buffer for the assay.

5.4 TOTAL DNA/RNA ISOLATION AND AMPLIFICATION OF CP GENE

Total DNA from 17 and total RNA from 12 representative samples detected to be infected
with BBTV and BBrMV respectively by DAC-ELISA were isolated and CP genes were
amplified by PCR (Plate 5B and 36B). Nucleic acid-based detection has been reported for
detection of BBTV and BBrMV using various primer sets. It was experimentally proven
that 15 days after inoculation, BBTV can be detected in PCR (Hooks et al., 2008). Primers
specific to CP gene and replicase gene have been extensively used for detection of BBTV
out of the six segments. In case of BBrMV, HC-Pro, CP and VPg are targeted for detection

in the ssSRNA genome.

Although nucleic acid based detection is highly specific and sensitive than serological
assays, it is greatly affected by the nucleotide sequence variation. Especially in case of
RNA virus like BBrMV, in which nucleotide variation is reported to be higher. This is
explained based on the lack of proof reading mechanism in RNA dependent RNA
polymerase (RdRp) replicating the genomic RNA (Domingo and Holland, 1997). It has
been established before that the CP gene of potyviruses are hypervariable especially in the
N and C terminal (Nigam et al., 2019). The reported primers used for the present study was
complimentary to 5* end of CP and 3” UTR downstream to the gene (Sankaralingam et al.,
2006). In few isolates that gave positive reaction in ELISA, CP gene amplification was

unsuccessful apparently due to higher variability in the N terminal.
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5.5 PHYLOGENETIC ANALYSIS

Phylogenetic analysis of BBTV isolates based on CP nucleotide and amino acid sequences
displayed a delineation of isolates based on geography (Fig 5). Among the Kerala isolates,
those collected from Northern and Southern parts of Kerala were strictly differentiated in
the phylogenetic analysis. However, isolates collected from the Central zone of Kerala viz.,
Ernakulam, Thrissur and Palakkad clustered together with either Northern or Southern
isolates (Fig 5A).

It has been established earlier that BBTV is divided into two clusters based on its phylogeny
and evolution to PIO group comprising of isolates from India, Myanmar, Australia,
Pakistan, Egypt, Hawaii, Sri Lanka and Tonga and SEA group including the isolates from
China, Japan, Taiwan, Indonesia, Philippines and Vietnam (Yu et al., 2012). This
categorisation was initially based on DNA-R and was proposed by Karan et al. (1994).
Subsequently, other genomic segments were also analysed and similar pattern was testified
(Vishnoi et al., 2009; Selvarajan et al., 2010b; Yu et al., 2012; Banerjee et al., 2014). All
the Kerala isolates clustered with the P1O isolates as expected. A monophyletic assembling
of BBTV isolates from Tripura based on the CP gene was in agreement with the present
study (Das and Banerjee, 2018).

In contrast to the result obtained for BBTV isolates, BBrMV isolates did not cluster
together based on geography or host (Fig 27). It was evident from the phylogenetic analysis
that they all diverged from a common ancestor at different point of time, newly evolved
being the two Kerala isolates MT818177 and MT818187 indicated by its longer branch
lengths.

Rodoni and co-workers (1999) pointed out that genetic diversity will be maximum at the
place of origin. A common ancestor for BBrMV isolates from Philippines, India and other
Asian countries, emphasised the chance of virus transmission through planting materials at
different point of time (Rodoni et al., 1999). Even the clustering of all the South Indian
BBrMV isolates evaluated in the present study indicate the virus transmission through
planting material exchange between these regions due to negligent domestic quarantine

laws and regulations.

Principle co-ordinate analysis (PCoA) also was in tandem with the phylogenetic studies of
BBTV (Fig 6) and BBrMV (Fig 28). Among the BBTYV isolates, one each from Thailand
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and China clustered separately from other SEA isolates similar to the pattern of the most

diverse Kerala isolates.

Evolutions and its complexities of Nanovirus have been explained based on the multipartite
genome organization and the unusual association of several replication-competent
components with viruses. More interestingly, nanoviruses have been suggested to have
switched hosts from plants to a vertebrate and then recombined with a vertebrate-infecting
virus, giving rise to circoviruses (Gibbs and Weiller, 1999). There are ample evidences for
the same (Fu et al., 2009).

5.6 DIVERSITY ANALYSIS OF BBTV AND BBrMV BASED ON CP GENE

Sanger dideoxy sequencing helped to identify sequences of approximately 1.1 kb length of
CP of both viruses. To obtain full length sequence of the PCR product sequencing was
carried out using the forward as well as the reverse primers. Complete nucleotide sequences
of all the six gene segments of BBTV Tamil Nadu isolate were determined by an ABI prism
Big Dye Terminator Kit (Selvarajan et al., 2010b). Similarly BBTV isolate from Pakistan
and India have also been characterised (Wanitchakorn et al., 2000b; Amin et al., 2008).
Few other researches included characterisation of one or few segments of BBTV
(Wanitchakorn et al., 1997).

Partial BBrMV genome was characterised earlier by many researchers (Balasubramanian
and Selvarajan 2012; Balasubramanian et al., 2014) and complete characterisation of
isolates from Philippines (Rodoni et al., 1997) and Trichy was also carried out
(Balasubramanian and Selvarajan, 2012). Based on these studies, the CP gene obtained was

annotated and complete coding region was identified for further studies.

There are many contradicting reports of variability of BBTV in India. The BBTV Indian
isolates have been reported to be less diverse (Kumar et al., 2015a) until a new isolate from
Umiam, Meghalaya was identified to be highly assorted from all other Indian isolates
(Banerjee et al., 2014). Similarly in 2018, Das and Banerjee stated that some isolates from
North Tripura was distinct from the reference population. Whereas, high variability and
rapid evolution of favourable mutations were expected in the genome of BBrMV, being
RNA virus. In this context, molecular diversity of BBTV and BBrMV isolates from Kerala
was assessed based on the CP gene obtained after PCR amplification and sequencing. All
the sequences of BBTV and BBrMYV isolates were aligned with isolates retrieved from the
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database using MUSCLE and further analyses were carried out. A total number of 65 and

56 isolates were considered for analysing diversity of BBTV and BBrMV respectively.

5.6.1 Sequence homology

Supposedly, the variability of BBTV is lower compared to RNA viruses infecting banana
like BBrMV and CMV, being a DNA virus. However, significant variability of 1.77 per
cent in the amino acid sequences of BBTV CP within the SEA group was reported and
correlated with evolution during the period of time the virus has been present in this region
(Wanitchakorn et al., 2000). Similarly, BBTV has been identified in India since 1943 and
thus genetic variability among isolates of the P1O groups also exists which was reported
earlier (Selvarajan et al., 2010b). Although, Kerala isolates have been included in such

studies, no studies devoted exclusively to the Kerala isolates are reported.

The nucleotide and amino acid sequence homology between the CP genes of BBTV and
BBrMV Kerala isolates were calculated and matrices were formed. Also, nucleotide
homology between the isolates in the entire dataset were used for further comparisons. It
was observed that BBTV sequence diversity was less compared to that of BBrMV.
However, certain isolates belonging to South Eastern Part of Asia, were distinct from other

isolates.

In case of BBTV, nucleotide sequence homology between the isolates ranged from 89-100
% (Fig 51A). According to ICTV, overall nucleotide sequence identity of less than 75 per
cent or greater than 15 per cent difference in amino acid sequence identity is indicative of
a distinct species in nanoviruses (Vetten et al., 2005). Thus, it is evident that all the isolates
considered in this study belong to the same species. From the table it was evident that most
of the sequence pairs had homology between 99-100 per cent which indicates the lesser
sequence variability. This dismissed the hypothesis of the Kerala isolates, belonging to P10
group, being mutated rapidly. On the contrary, in Faba bean necrotic stunt virus (FBNSV),
belonging to Nanoviridae, 7.52 x 10~* and 5.07 x 10 mutations per nucleotide were
determined for the field samples and laboratory-maintained population respectively
(Grigoras et al., 2010). Rate of evolution was determined to 1.78 x 10°
substitutions/site/year for FBNSV signifying that the molecular evolution rate of this virus
is higher compared to that determined for many RNA and DNA viruses (Duffy et al., 2008;
Jenkins et al., 2002).
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Fig 51. Sequence homology plot of A 65 isolates of BBTV and B 56 isolates of BBrMV.
The percentage pairwise identity is plotted against proportion of pairwise
identities.

Even specific studies on BBTV, revealed that the virus is constantly evolving using various
mechanisms to cope with the plant defence mechanism and increase its survivability (Hu
et al., 2007; Fu et al., 2009). Few BBTYV isolates were collected and characterised from

Tripura based on the DNA-R and -S segments to concluded that the isolates showed
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variability ranging from 2 to 7 % (Das and Banerjee, 2018). Interestingly, even though the
rate of mutation in two SEA isolates one each from China and Japan was high, they had
negligible diversity in CP gene (He et al., 2000; Furuya et al., 2005). Likewise, on
comparing isolates from different parts of the world, diversity was less than 10 % (Hu et
al., (2007). The study also highlighted that the segments DNA-S, -R and -N of various other

nanoviruses that followed similar trend.

In case of BBrMV, sequence identity varied from 76-100 % (Fig 51B). The proportion of
isolate pairs that have sequence identity between 90-100 per cent are more. Interestingly,
two Kerala isolates generated in the present study MT818177 and MT818187 were most
diverse in the whole dataset with percentage sequence identity ranging from 76-92 %. A
high degree of divergence of these isolates from KF385478 and KF385484 (Tamil Nadu
isolates) were observed. According to Adams et al. (2005), the optimal species demarcation
criterion for potyvirids is 7677 per cent nucleotide identity of CP gene. They have
established that same strains show a nucleotide identity of > 85 %. Thus, the result indicates
that the isolates, MT818177 and MT818187 may be different strains of the same species.
However, all the other isolates including the once infecting ginger and cardamom may
belong to same strain irrespective of the country from which it was isolated. This also points
out the spread of the virus from the point of origin to other parts of the world, most probably

through planting materials.

5.6.2 Nucleotide diversity and mutation rate

Nucleotide diversity, Pi (m) signifies the genetic diversity in the sequence. In population
genetics, Watterson estimator or mutation rate, theta (0) is a measure of population
mutation rate from the observed nucleotide diversity estimated by counting the number of
polymorphic sites. Mathematically, it is the product of the effective population size and the
neutral mutation rate. Nucleotide diversity and mutation rate in the coding region of BBTV
CP and BBrMV CP were assessed. Observing from figures 9 and 31, BBrMV CP, 7 and 0
were highest in the N and C terminal, however no such pattern was detected in BBTV CP.
The hypervariability of N and C terminal of CP of other viruses in Potyviridae family has
been discussed by various authors (Shukla et al., 1988; McKern et al., 1991; Nigam et al.,
2019).
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5.6.3 Ratio of non-synonymous and synonymous substitution

The ratio of rate of non-synonymous and synonymous substitutions in non-synonymous
and synonymous sites respectively (Ka/Ks) of two genes, also denoted as dn/ds or w, is
indicative of not only the mutation rate but also the selection pressure acting upon the
protein coding gene. Non-synonymous mutations if not lethal, are fixed in the population
than synonymous mutations as they mostly have a fitness advantage. This positive selection
is indicated by o value > 1. Value of o < 1 specifies negative (purifying) selection, whereas,
a value equal to or close to 1 indicates neutral mutation (Yang and Nielsen, 2002). The
Ka/Ks value was calculated for all the BBTV and BBrMV Kerala isolates by comparing

with reference isolates selected from NCBI database.

In most of the BBTV CP sequence pairs, substitutions, both synonymous and non-
synonymous were absent. Rate of synonymous substitutions were comparatively higher
among the subpopulations collected from Northern and Southern Kerala. Although, all
BBTV isolates investigated in a study by Banerjee et al. (2014) depicted more amino acid
sequence identity than nucleotide identity in CP gene segment, Ka/Ks values were
extremely low or zero indicating negative or neutral selection. Das and Banerjee (2018)
assessed the pattern of selection constrain in the coding region of BBTV CP by calculating
Ka/Ks ratio and reported negative selection in the isolates. However, they have also
reported that in the replicase gene encoded by DNA-R segment, positive or diversifying

selection is observed.

Similarly, in majority of sequence pairs of BBrMV CP, ® value were < 1 indicating
purifying selection and o of few sequence pairs were close to 1 indicative of neutral
selection of amino acids in BBrMV CP. Three pairs that had © >1 indicated Darwinian

selection which is rare in plant viruses.

The DNA diversity between populations were calculated. The number of net nucleotide
substitutions per site between populations, Da (Nei, 1987) was also represented in Fig 33.
Apparently, N terminal of BBrMV CP was diverse between the population and among the
population itself. Core region is more or less conserved except for Central zone isolates.
Number of shared mutations in between isolates from Southern- Central, Central-Northern

and Northern- Southern zones were 19, 55 and 32 respectively.
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5.6.4 Gene flow

Gene flow between the BBTV and BBrMYV populations in Kerala were calculated and very
interesting observations were drawn. In BBTV, there is clustering based on
phylogeography of the isolates which was also observed in Kerala. This can be attributed
to the founder effect wherein, after genetic drift a new isolate establishes in a new
geographical location and develops quasi species which in turn has lesser genetic variation
from the original population (Templeton, 1980; Provine, 2004) (Fig 52). The statistically
significant fixation index between Northern and Central isolates and Southern and Central
isolates signifies frequent gene flow between these zones. Statistical significance of the
diversity analysis was evaluated by Tajima D and Fu and Li’s F and D tests. A negative
Tajima value indicated recent population expansion whereas, positive value indicated high
degree of polymorphism and balancing selection or decrease in population size.
Demographic expansion of the BBTV population after a bottleneck was inferred from the
negative and significant values of Fu and Li’s D and F tests (-2.147 and -2.104
respectively). However, Tajima D test was statistically non-significant. Ka/Ks values
between most of the isolates have also indicated purifying selection earlier. During such
demographic expansions, usually, beneficial mutations increase in frequency and are fixed

in the population.

In the case of BBrMV CP, gene flow was evident between the subpopulations, so much so
that there was no delineation observed in phylogeny and genetic divergence between the
populations. All the South Indian isolates considered in the dataset depicted frequent gene
flow, substantiating their clustering in phylogeographic analysis. Tajima D test gave a
statistically significant negative value (-2.33) which signifies abundance of rare alleles in
the population post a recent selective sweep. Some codons with multiple evolutionary paths
were detected during the analysis. Tajima D value at synonymous and non-synonymous
sites were negative but non-significant in former and highly significant in latter. Fu and Li
statistics (Fu and Li’ s D and F test) also substantiated this result as the values were also
negative and highly significant. All the three tests were performed using total number of

mutations.
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Fig 52. Pictorial representation of genetic drift and founder effect

5.7 CODON USAGE BIAS

Mutational bias is major determinant of codon usage variation midst plant viruses (Adams
and Antoniw, 2004). According to them the analysis of CP gene more or less represents the
whole genome and gives an insight of the codon preferences of the same. In this context,
CUB in CP gene of BBTV and BBrMV were evaluated using various parameters like CAl,

Nc and RSCU and its implications are discussed below.

The compositional patterns of the BBTV CP gene were more complex than the commonly
observed GC- and/or AU-rich virus genes. For instance, a GC- or AU-rich genome tends
to contain codons preferentially ending with either G/C or A/U. BBrMV CP gene depicted
a similar trend which support the influence of mutational pressure than selection pressure.
Previously, an argument presented by Kumar et al. (2016) the preference of A/U-ended
codons over G/C-ended codons in an AU-rich genome of Equine influenza virus (EIV) was
that mutational pressure determined the CUB. However, BBTV CP despite being AU rich
gene, G or C was preferred in the wobble position. This kind of complexity was also
observed in CTV CP genes expressed in three different citrus species (Biswas et al., 2019).
This unequal use of nucleotides suggests the stimulation of both natural selection and
mutational pressure on the codon preferences substantiated by Nc and neutrality plots (Fig

11 and 12). Comparable results were obtained in Zika virus (ZIKV) wherein, overlapping
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influences of mutational pressure and natural selection were demonstrated (Butt et al.,

2016).

The ratio of observed frequency to expected frequency of a codon, provided, all the
synonymous codons for a particular amino acid are used equally is termed as relative
synonymous codon usage (RSCU) (Sharp and Li, 1986). Therefore, RSCU values <1.0,
1.0, and >1.0 represent negative, no bias, and positive CUB, respectively. In the present
study, a synonymous codon with RSCU values >1.30 was referred to as a high frequency
codon (Hfc). Similarly, the effective number of codons (Nc) is used as a measure of CUB
of a gene. The value ranges between 20-61, determining the degree of CUB. A very strong
CUB is indicated by Nc value equal to or lesser than 35, whereas the gene having Nc value
of 61 indicates equal usage of all synonymous codons (Wright, 1990). CUB was evident
from the RSCU and Nc values in the CP gene of both BBTV and BBrMV. The high Nc

value was indicative of stability of the gene.

The CAI of BBrMV isolated infecting banana, flowering ginger and cardamom implied
that they are equally adapted to all the three hosts (Table 18). This in turn substantiated the
phylogeny of the isolates that they have all diverged from a common ancestor. The Nc plot
and neutrality plot communicated the role of mutation and selection pressure over CUB of
BBrMV CP gene. The two most diverse isolates of BBrMV depicted a different pattern in
RSCU as well as in the neutrality plot. Few rare codons in the most homologous isolate
were optimal or preferred in these isolates and vice versa. However, more studies in depth
are required to confirm if these will be selected and fixed in the population. Further
clarification can be obtained if Hfc preferred by host is also compared with that of the

viruses.

The CUB of CP gene of PRSV and CTV was investigated to obtain similar results
(Chakraborty et al., 2015; Biswas et al., 2019). In both the studies, similar Nc plots were
obtained and it was substantiated that not only total nucleotide constraints (mutational bias)
but also transitional selection and other associated factors were responsible for shaping
CUB. However, the results were in contrast to that obtained in E. coli and yeasts wherein,
large variation in Nc at very similar GC3 values were observed (Wright, 1990; Sharp et al.,
1988).
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5.8 RECOMBINATION

Recombination has been stated as one of the main driving forces hastening plant virus
evolution (Roossinck, 2003; Garcia-Arenal et al., 2003). The evolutionary advantage of
genome segmentation in viruses have been hypothesised based on efficiency in replication
due to the shorter length of the genome and stability of virion with segmented genomes
(Nee, 1987; Chao, 1988; Szathmary, 1992; Ojosnegros et al., 2011). Apart from these
advantages, apparently an increase in genetic diversity of the virus population forming
quasi species have much more fitness gain. This consequently eliminates harmful
mutations and maintain favourable ones through various methods like genomic
reassortment (component exchange) among different isolates and or inter or by intra-

molecular recombination (Nelson et al., 2008; Hyder et al., 2011).

The Robinson-Fould’s matrix (Plate 14A) implies the degree to which phylogenetic trees
differ from each other which are constructed from different parts of the alignment. Like RF
matrix Shimodaira-Hasagawa (SH) matrix is also a useful tool to visualise the effect of
recombination on phylogeny. However, it utilises degree of statistical support for
differences between trees rather than the numbers of differences in topological features as
in RF matrix. Although, from the the orange/red regions in matrices it is evident that CP
region of BBrMV mostly have low degrees of phylogenetic compatibility, recombination
hot spots cannot be defined. However, two recombinantion events were identified from
recombinant break point matrix between 400-600 nucleotide positions. Hot spots were
identified at 400 nucleotide from region count matrx where recombinant breat point matrix
also displayed significant recombinant events. Two rombination cold spots, between ~600-
800 nucleotides were distinguished from the matrix (Fig 39). However, no such

recombination hot spots were found in recombinant region count matrix of BBTV isolates.

The McVean’s LD matrix detected pairs of sites amidst analysed gene with unusual linkage
disequilibrium pattern. Low marginal likelihood values (>-4.0) were indicative of
recombinant cold spots. In the McVean’s LD matrix of BBTV, the extremes of marginal
likelihood values were very low implying that the recombinant cold and hot spots projected
were statistically non-significant (Fig 14). On the contrary, the encircled region in the
matrix of BBrMV indicated a low rate of recombination than expected in recombinantion
hot spots within CP gene (corresponding to the region inidctaed as hot spots from

breakpoint pair matrix).
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Hudson and Kaplan’s RMin matrix estimated the minimum number of recombination
events (Rmin) separating every pair of nucleotide position in an alignment (Hudson and
Kaplan, 1985). The Rmin/Distance matrix was a distance normalised version of the RMin
matrix ie., it helped to visualise large changes in Rmin that occur over short genetic
distances (such might occur across recombination hot-spots). The RMin and RMin/D
matrices of BBTV CP gene displayed a dark red region corresponding to recombinant hot

spots between 200-400 nucleotide and 510 nucleotide positions.

MAXCHI and LARD matrices of recombination event in BBTV dataset was drawn. These
matrices were useful for identifying the statistically optimal positions of breakpoint. The
Chi squared values for different breakpoint pairs were colour coded. In LARD matrix, the
nucleotide substitution models were also accounted. The dark red colour in the matrices
represented statistically significant recombinant breakpoint pairs. Two of the most diverse
BBrMV isolates, MT818177 and MT818187 from Kerala were recombinants whereas none

of the BBTV isolates were identified as recombinants.

However, Banerjee et al., (2014) had reported a new PIO isolate which was allegedly
formed by recombination. The CP gene length was predicted to be 528 bp translating to
176 amino acid long polypeptide of 20.1 kDa in contrast to earlier reports of 19 kDa CP
encoded by 513 bp ORF. Nevertheless, most variant among the six genomic segments were
identified as DNA-U3 with sequence identity less than 92 per cent on comparison with
other PIO isolates. Two significant inter-component recombination signals were identified
in DNA-S segment of BBTV isolate from Meghalaya. Curiously, five intragenomic
recombination signals were observed in the DNA-R segment of the isolate all in the non-

coding region.

Recombination events have been detected in HC-Pro, VVPg as well as CP gene of BBrMV
earlier (Balasubramanian and Selvarajan 2014; Balasubramanian et al., 2014; Anuradha
and Selvarajan 2018). Eleven, one and twenty four recombinants were identified when CP,
VPg and HC-Pro respectively were considered to study evolution of BBrMV Tamil Nadu
isolates. However, the recombination breakpoints were scattered and hot spots were not
recognised. In previous investigations, potential recombinants were detected in HC-Pro
gene of Potato virus Y (PVY), Sugarcane streak mosaic virus (SCSMV) and Turnip mosaic
virus (TuMV) (Tian et al., 2011; Bagyalakshmi et al., 2012; Nguyen et al., 2013). A
noteworthy information put forth after investigation conducted on recombination of HC-
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Pro of BBrMV was that a potential recombinant was major parent for other recombination
events detected in this study (Balasubramanian et al., 2014). The authors, explained the
phenomenon on the basis of banana being clonally propagated and the co-existence of these
parental isolates in the same banana clone through aphid transmission resulting in
recombinants. Mutation and recombination accelerate evolution of viruses and the
population in a particular locality consists of many such strains of the virus. Any diagnostic
assay developed, whether serological or nucleic acid based, should be inclusive of these
variants that are produced from time to time. Thus, the above analyses were inevitable

before proceeding to further experiments.

5.9 PRIMER DESIGNING AND VALIDATION OF NUCLEIC-
ACID BASED ASSAY

Primers were designed considering the variability of the isolates prevalent in Kerala for
detection of BBTV and BBrMV by amplifying the CP gene which is most abundant in all
the stages of infection. In case of BBTV, the coding region did not show much variability
and so was the flanking region of the ORF. Thus, primers were designed to amplify 850 bp
comprising of 513 bp of coding region and the conserved upstream and downstream region
(Plate 7). The BBTV CP specific primers have been designed for nucleic acid-based
detection of the virus in field samples as well as in tissue culture plants (Mansoor et al.,
2005; Mahadev et al., 2013). Molecular characterisation of complete CP of BBTV from
various parts of the world have been carried out through PCR and sequencing
(Wanitchakorn et al., 1997; Furuya et al., 2005; Mansoor et al., 2005; Amin et al., 2008;
Selvarajan et al., 2010). The CP gene along with 3’ untranslated region (UTR) was
characterised to infer that the genetic variation among BBTV isolates belonging to P10 and

SEA groups are less.

However, more than 90 per cent of the variability in CP gene region in BBrMV is
concentrated in the N and C terminals as in other viruses belonging to Potyviridae family
(Nigam et al., 2019). In the initial experiment, many isolates that gave a positive result in
ELISA did not give CP gene amplification using reported primers. This might be due to the
fact that these isolates had a highly variable N terminal which was targeted by the primer.
The potyvirus sSRNA codes for a polyprotein which is post translationally modified by its
own proteases. NIb protein upstream to CP codes for RNA-dependent-RNA polymerase

responsible for RNA replication (Revers and Garcia, 2015). Nigam and co-workers (2019)
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established that this region is considerably stable and less variable. However, variation is
present at the C terminal of the NIb at the junction of NIb- CP which is also the site for Nla
cleavage. Hence the conserved NIb region was chosen for designing forward primer and
reverse primer was designed form the highly conserved 3’UTR region to give an amplicon
of length over 1300 bp (Plate 38). The primer pairs amplified certain samples which were
not amplified earlier using primers reported by Sankaralingam et al., (2006) confirming the
hypothesis. Degenerate primers have been designed for potyviruses specific to various
regions like Nla, NIb, CI etc for detection and complete genome characterisation (Ha et al.,
2008). The authors proceeded by amplifying the 5’ and central regions of the potyvirus
genome using degenerate primers, subsequently amplifying intervening and terminal
sequences by virus-specific primers. This strategy was used to obtain the entire genomic
sequences of a partially characterized BBrMV isolate from the Philippines. However, no

such characterisation has been carried out in the Kerala isolates.

5.10 CLONING OF CP GENE TO VARIOUS EXPRESSION VECTORS

The BBTV CP gene, amplified using primer sets designed for cloning, was cloned into
various expression vectors like pRSET-C at Nhel and BamH1 sites, pGEX-4T-2 in Smal
site and pET32a (+) vector at EcoRV and BamH1 site (Plate 11 and 12). The BBTV CP
was also cloned to pGEX-4T-2 by RF cloning method (Plate 14). The BBrMV CP gene
amplified using reported primers were cloned to pGEM-T easy TA cloning vector (Plate
39). This vector was used previously for cloning and sequencing of BBrMV CP (Rodoni et
al., 1999). Later, CP gene amplified using primer set with Nhel and BamH1 sites in the 5’
and 3’ terminals were cloned in to corresponding sites in pPRSET-C and to the Smal site of
pGEX-4T-2 (Plate 40-42). The ligation reaction was set up at molar ratio 1:10 of vector

and insert. The transformed colonies were randomly picked to screen for recombinants.

In case of blunt cloning, to Smal site of pGEX-4T-2, recombinants were selected by PCR
and sequencing. However, restriction digestion to confirm the orientation was also carried
out. On digestion with BamH1, the insert which is ligated in the correct orientation was
released from the recombinant vector. The BamHL1 is present upstream to Smal site where
the gene is cloned and the 3’ end of the gene consist of the recognition site incorporated

while amplifying with the designed reverse primer.
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For expression, BBTV CP was cloned to pMAL-c2 (Wanitchakorn et al., 1997), pQE-30
(Abdelkader et al., 2004; Shilpa et al., 2016) and pET 28a (Arumugam et al., 2017)
expression vectors and BBrMV CP to pProEX-1 (Rodoni et al., 1999) and pET28a

(Selvarajan et al., 2020) expression vectors.

Thrombin is a specific protease commonly used to cleave off the affinity tag from many
fusion proteins in a wide range of pH and temperatures. The recognition site of thrombin
is LVPRGS (leucine-valine-proline-arginine-glycine-serine) which is incorporated in the
vectors between the affinity tag and the multiple cloning sites where the gene is cloned.
Thrombin cleaves between the arginine and glycine residues. However, the specificity is
not absolute (Jenny et al., 2003) and the commercially available protease is expensive. On
assessing the protease cleavage sites in BBTV CP, thrombin cleavage site was predicted
inside the protein (Fig 17). Moreover, The N terminal of the protein with arginine residues
responsible for nucleic acid binding during assembly was also prone to trypsin cleavage.
Thus, restriction free (RF) cloning of BBTV CP gene to pGEX-4T-2 was attempted to
remove thrombin cleavage site between GST tag and the CP to replace it with TEV protease
recognition site. The RF cloning also known as ligation independent cloning (LIC) has been
widely used for cloning of any target gene to any vector irrespective of restriction sites
without addition of unnecessary sequences and moreover facilitating easy molecular
manipulations (Aslanidis and Dejong, 1990; Tillett and Neilan, 1999; Unger et al., 2010;
Wang et al., 2014). Since the entire plasmid is replicated in this reaction, mega-primer
binding to a daughter molecule fails to expose a free 3'-OH for polymerase elongation, as
a result, accumulation of new product is not geometric but linear. The principle of RF

cloning is illustrated in Fig 53.

The 550 bp PCR product obtained was used as megaprimer for RF reaction and amplified
BBTV CP gene cloned to pGEX plasmid (pGEX/BBTV CP) to obtain 5.6 kb product. In
the present investigation, TEV protease site was inserted between the GST tag and CP gene
replacing thrombin site. The highly specific 27 kDa catalytic domain of nuclear inclusion
protein (Nla) of TEV, recognises the amino acid sequence ENLYFQS/G and cleaves
between glutamine (Q) and serine (S) or glycine (G) residues (Daros et al., 1999;
Nallamsetty et al., 2004). The TEV protease was overexpressed and purified in-house for

the experiment (Plate 24).
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Fig 53. Schematic representation of a typical RF cloning protocol. Hybrid primers are
designed with complementarity to the CP gene (red) and the destination expression
vector (blue). First round of PCR created a ‘mega-primer’ comprising the
complete coding sequence of CP flanked by sequences complementary to the
pGEX-4T-2. During a second round of PCR, the mega-primer initiates replication
of the destination plasmid. The plasmid is purified from a DAM+ bacterial stain,
Dpnl is used to selectively degrade parental DNA after the second PCR reaction,
leaving the unmethylated daughter products intact.

5.11 OVEREXPRESSION AND PURIFICATION

The CPs of BBTV and BBrMV cloned in to various vectors were overexpressed in different
hosts and later purified by affinity column chromatography. Hosts like BL21 (DE3) pLysS,
Rosetta (DE3) pLysS and C41 were used for overexpression of the CP and BL21 (DE3) for
overexpression of TEV protease. The cell strains denoted as DE3, lack lon and ompT
proteases, also indicated that the cell includes T7 RNA polymerase gene in it’s
chromosome under control of the lacUV- 5 promoter. Such strains produce protein on
induction with IPTG only. The advantage of cell strains with pLysS plasmid encoding for
T7 lysozyme is that it suppresses the leaky expression of T7 RNA polymerase prior to
induction. Hence the proteins governed by a T7 promoter or any inducible promoter only

is translated on induction (Sgrensen and Mortensen, 2005a; 2005b).

Viral proteins are expressed in eukaryotic system and there are certain synonymous codons
which are preferred in this system that are rare in the prokaryotes. Many errors during
translation are incurred from rare codon bias and include premature translational
termination, mistranslational amino acid substitutions and frameshift events (Kurland and
Gallant, 1996; Sgrensen et al., 2003). For instance, codons like AGA coding for arginine
are rare in prokaryote system and it is sometime replaced by lysine causing mistranslation
(Seetharam et al., 1988; Calderone et al., 1996). The codon bias problem in eukaryote and
prokaryote can be bypassed by using hosts like Rosetta which contains plasmid coding for
rare tRNAs for AGG, AGA, AUA, CUA, CCC, GGA or by substituting amino acids like
arginine in the media, while induction and overexpression of target protein. On analysing

rare codons present in BBrMV-GST fusion protein using Rare codon search online tool, 5

176



rare codons in E. coli expression system coding for arginine was found (Fig 54). The CAI
was 0.56 only. Thus, Rosetta strain of E. coli was used for overexpression and purification

of the fusion protein.

1 mspilgywki kglwgptrll ley y gdk wrnkkfelgl

51 efpnlpyyid gdvkltgqsma iiryi n mlggcpkera eismlegavl
181 dirygvsria yskdfetlkv dflsklpeml kmfedrlchk tylngdhwth
151 pdfmlydald vvlymdpmcl dafpklvcfk krieaipgid kylksskyia
281 wplggwgatf gggdhppksd lvprgspgip gassgtestn dddpsrtida
251 ggsargtgps ittttapstf ggptttsaps ssstpprast giapirdrdv
381 dagstnfiip rikpmtgkmr lpRyhgktai nvefllgqykp dgfdlsnaia
351 tReqydawcd avkreyaied eeqfttllgg lmvwciengt spnlngtwsm
481 mdkgeqlvyq lkpiienagp tfrgimahfs daaeayitmr nvterympRw
451 galrglndis laryafdfyv vtskttnRar eahtgmkaaa irgsntrlfg
t@1 ldgnlgpgee nteRhtvedv krdmhsllgm khe

Fig 54. Rare codon search. The one letter code of amino acid in red indicated those coded
by rare codon in E. coli

The C41 E. coli strain is highly efficient in expressing toxic proteins from all classes of
organisms, including eubacteria, yeasts, plants, viruses, and mammals which has been
validated through rigorous experimentation. These strains are genetically mutated to
tolerate and stabilise while expressing toxic proteins. As cell biomass on expressing BBTV
CP was less, to rule out the possibility of the rBBTV CP being toxic, C41 strain was used
for overexpression and purification. Surprisingly, there was a significant difference in level
of expression and recovery of pure protein in C41 strain than the other two strains of E. coli
evaluated (Plate 18 -20).

The attempts to overexpress BBTV CP in pRSET-C and pGEX-4T-2 was unsuccessful.
The protein expressed without bulky affinity tag in the former was unstable (Plate 16)
where as in the latter, protein was separated from the GST tag during the process of
overexpression and purification (Plate 17). This was predicted to be due to the trypsin
cleavage sites present at the junction of C terminal of the tag and N terminal of the protein.
The 25 kDa GST band was visible in the SDS-PAGE profile but, 20 kDa band was faint.

However, post purification the 20 kDa band was invisible the gel.

Overexpression of ApGEX/BBTV CP and pET/BBTV CP was successful and fusion
proteins of 45 kDa and 37 kDa respectively were obtained. On purification by GSH or Ni?*-

NTA column chromatography, pure protein without any host contamination were obtained
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(Plate 22 & 23). Interestingly, earlier successful attempt to purify BBTV CP cloned in to
PMAL-c2 vector and overexpressed in E. coli DH5a was as maltose binding protein
(MBP)-BBTV CP fusion protein (Wanitchakorn et al., 1997). Fairly pure preparations of
fusion protein were obtained and was characterised by Western blotting. Other attempts
include expression of BBTV CP cloned in to pQE30 and pET28a vectors and transformed
to M15 and BL21 cells respectively (Shilpa et al., 2016; Arumugam et al., 2017). The 21
kDa recombinant protein was overexpressed and purified using Ni?*-NTA column
chromatography in the former. However, purification of pET28a/BBTV CP in BL21 was

not attempted.

The purified ApGEX/BBTV CP was subjected to cleavage with the tetrameric TEV
protease but the affinity tag could not be removed. Since, BBTV CP was unstable above 4
°C and the activity of TEV protease below 20 °C is reported to be less, cleavage of fusion
protein might not have happened. On the contrary, Nallemsetty et al., (2004) reported that
the activity of certain variant of TEV protease at 4 °C is only three fold lesser than that at
20 °C. However, it is recognised if the fusion protein exists in form of soluble aggregates
or if the cleavage site is close to ordered structure of target protein causing steric
hinderance, the cleavage site may become unavailable for the protease making the fusion

proteins an intrinsically poor substrate for TEV protease (Kapust and Waugh, 2000).

From the FoldIndex analysis it is clear that both GST protein and BBTV CP are ordered
except the N terminus of CP (Fig 16). This region is rich in positively charged lysine (K)
and arginine (R) residues which are responsible for nucleotide binding (Kauffman and
Karypis, 2008). Hence, it can be hypothesised that the N terminus is crucial in binding to
the DNA for assembly of the virus which needs experimental validation. In the present
study, higher concentration of TEV protease also did not aid in resolving the issue. Addition
of extra residues between TEV protease cleavage site and N terminus of BBTV CP might

make the site available for proteolysis.

Purified pET/BBTV CP was dialysed and subjected to cleavage with thrombin. The
cleavage was only partial at 4 °C. Cleavage at 25 °C was successful, with higher incubation
period. Nevertheless, after cleavage the 20 kDa band was not visible in the gel. To ascertain
that the low molecular weight protein bands have not coalesced (17 kDa of Trx-S-His tag
and 20 kDa BBTV CP) to seem like a single band on SDS-PAGE, Tricine SDS-PAGE was
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performed. On running the cleaved samples on Tricine SDS-PAGE also the bands could
not be distinguished. This can be corroborated to the low stability of BBTV CP at higher

temperatures. Hence the fusion protein was used for immunisation of animal.

The BBrMV CP cloned into pRSET-C and pGEX-4T-2 were overexpressed and purified
in E. coli Rosetta strain. A doublet band at 34 kDa was observed on induction of E. coli
harbouring pRSET/BBrMV CP (Plate 43). In a previous investigation conducted by
Dhanya (2004), on comparing the gel profile of protein extracted from BBrMV infected
and healthy banana, three new bands were observed in the former. Out of which, doublet
band at approximately 32 kDa, was observed corresponding to the CP gene similar to the
present study. The difference in size in the recombinant protein may be due to the addition
of few amino acids during cloning. Formerly, CP of other potyvirids have been observed
to undergo partial degradation resulting in doublet bands in SDS-PAGE (Hiebert and
McDonald, 1973; Huttinga and Mosch, 1974; Moghal and Francki, 1976). Interestingly,
TuMV CP was seen as triplet in SDS-PAGE profile and a single band was observed in the
case of SCMV CP (Choi and Wakimoto, 1979; Gough and Shukla, 1981; Shukla et al.,
1987). The explanation for this phenomenon was put forth by various authors. The surface
exposed N and C terminal of potyvirus CP is prone to proteolytic cleavage during the
process of purification or while storage by proteases of microbial origin depending upon
the host in which they are purified (Moghal and Francki, 1976; Hiebert et al., 1984; Shukla
et al., 1988). However, the 60 kDa pGEX/rBBrMV CP fusion protein appeared as single
band in the gel profile (Plate 46). Nevertheless, post cleavage of the tag, doublet band was

observed both in the gel and Western blot.

Even though all the parameters determining solubility and yield of pRSET/rBBrMV CP
were optimised, the protein remained insoluble. Due to non-availability of soluble protein
to bind to the Ni?*-NTA beads, many non-specific E. coli proteins were eluted with the
target protein (Plate 48). The GST-BBrMV CP fusion protein (pGEX/rBBrMV CP) was
highly soluble (Plate 53). However, the yield was less. The protein on storage even in the
presence of glycerol was seen to be subjected to proteolysis. Multiple bands of the protein
were observed in the SDS gel profile. Confirmation that these bands are indeed that of the

fusion protein was done by Western blotting using anti-GST antibody.
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As discussed earlier, the surface exposed N and C terminal of potyvirus CP is prone to
proteolytic cleavage during purification or storage by proteases of host origin (Moghal and
Francki, 1976; Hiebert et al., 1984; Shukla et al., 1988). This cleavage was observed even
though protease inhibitor cocktail was added to the sonication buffer for purification. The
GST tag also contributes to degradation due to unknown reasons. The multiple bands of
the purified rBBrMV CP could also be due to this proteolytic cleavage. Proteolysis was

observed in the cleaved as well as uncleaved protein (Plate 54).

Previously, BBrMV CP cloned in pProEX-1 was transformed into E. coli M15 cells
containing the pREP4 repressor plasmid for overexpression. Fusion protein was purified
using QIA expressionist. It was reported that low levels of 39 kDa protein was obtained on
induction which was absent in the uninduced fraction (Rodoni et al., 1997). Recently, urea
denaturation of insoluble BBrMV CP was carried out by Selvarajan et al. (2020b). The cells
after induction were harvested and sonicated. The insoluble protein from the pellet was
released by resuspending in lysis buffer (100 mM NaH2PO4, 10 mM Tris HCI, pH 8.0) with
8 M urea and incubated for 1 h. After another round of centrifugation, the expressed 34
kDa CP was purified using Ni?*- NTA column chromatography. The purified protein was
quantified as 1.2 mg/ml from 1 L culture. Similar experiment was conducted in the present
study. Major difference in the methodology was that 8 M urea was added in the lysis buffer
for sonication and the same was used for washing and elution. However, contradicting
results were obtained. Many non-specific bands that of E. coli protein were obtained on

purification, hence this method was not pursued further.

Hitherto, rCP of many plant viruses have been overexpressed and purified to be used for
developing diagnostics. The SCSMV CP cloned in to pRSET- C vector was highly soluble
(Hemaet al., 2003). The solubility of PVBV CP cloned to pRSET-C, also a potyvirus, was
also high when expressed in E. coli BL21(DE3) pLysS (Sabharwal, 2017). Similarly, CP
of CMV infecting cucumber, was cloned to pRSET- B and pET21a to obtain soluble protein
(Pandey, 2015; Kim et al., 2016). Gulati et al. (2016a) had expressed Tobacco streak mosaic
virus (TSMV) CP in pRSET-C vector. From the experiments performed during the present
study and the evaluating previous works it is evident that each protein behave differently
and that the overexpression levels and yield is highly dependent on the nature of the protein

as well as the vector and host used for the same.
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5.12 PROTEIN FOLDING

The fold index analysis of pET/rBBTV CP, ApGEX/rBBTV CP with Trx and GST tags
respectively, indicated that the protein was partially disordered. The N terminal of the
protein without tag was apparently disordered as well. The untagged rBBrMV CP as
expected was partially disordered with ordered core regions. This was substantiated by

fluorescence spectroscopy results.

5.13 SECONDARY STRUCTURE PREDICTION AND HOMOLOGY
MODELLING

The protein fold, secondary and tertiary structure at certain conserved motifs are maintained
in the population which reflects virus adaptability. Usually, the protein structure is studied
by X-ray crystallography, NMR spectroscopy or cryo-electron microscopy. However,
soluble, pure protein in large quantities is required for any of these studies. Through the
present study, success have been attained in producing high quality and quantity of soluble
CPs of BBTV and BBrMV in vitro. This can pave way for future researches to solve the

structure of the virus and elucidate the multifunctionality based on the structure.

Proteins are composed of amino acids, linked to each other by peptide bonds. Within each
protein these amino acids interact with each other to form secondary structures known as
a-helices and B-sheets. Tertiary structures are result of the three-dimensional folding of a-
helices and B-sheets, which produces a variety of interactions to form the globular protein.
These interactions cause the protein to attain its final, quaternary, structure and this 3D
structure is of immense biological importance. Protein folding refers to folding of the
protein to form a unique shape. The way in which each protein folds is critical to its

structure and function.

The secondary struture of protein can be highly corroborated to its function and hence it
was predicted using PSIPRED workbench. Secondary structure of BBTV isolates were
predicted and all the seventeen isolates depicted similar secondary struture (Fig 18). For
homology modelling of BBTV CP, Ageratum yellow vein virus CP was used as template.
However, structure of none of the nanoviruses have been solved to use as a better template.
There were many gaps in the alignment of the amino acid sequences between the query and

template.
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Recently, there has been an attempt to solve the structure of BBTV CP. However, stable
soluble rCP could not be produced in the E. coli system (Sairam et al., 2020). BBTV CP
cloned into pET28a produced protein in the insoluble fraction and thus the authors
attempted ab initio structure prediction and homology modelling using iTASSER, Robetta,
Quark, Schrodinger, SwissModeler, RaptorX, Phyre and MMM. The structure quality was
assessed using QMean server and SAVES. According to the best model among the lot, the
fold was predicted to be analogous to the B-sandwich fold of the CPs of other plant viruses
consisting of two 3 -sheets packed against each other. Two short a helices between B sheets
were predicted. Moreover, the aphid binding motif EAG was predicted to be located at the
highly accessible loop between BF and BG. According to the authors the N terminal
consisted of basic amino acid residues responsible for nucleic acid binding. The same

inference have been drawn from various of the previous experiments in the present study.

The secondary structure of all the BBrMV Kerala isolates displayed a similar pattern (Fig
42). The disordered N and C terminals were composed of coiled-coil domain. Four major
helical domains were also identified. Geourjon and Deléage (1995) predicted the secondary
structure of PVBV CP and inferred that the 20 and 23 residues in the N and C terminal
respectively do not possess any secondary structure just as observed in the present study.
Despite the amino acid sequence at the N terminal being highly variable among the species

of Potyviridae family, the structure is apparently highly conserved.

Threading of BBrMV CP was done using i-TASSER suite by comparing with CP of WMV
and was in agreement with the predicted secondary structure of the protein (Fig 43). A
noteworthy observation was, even if the amino acid variations were observed between the
most diverse and most homologous isolates, it did not change the secondary structure of

the CP. Thus, the function must be conserved.

The predicted structure and nucleotide binding of BBrMV CP was in tandem with the
molecular structures of WMV, TuMV and PVY solved by cryo -electron microscopy

(Zamora et al., 2017; Cuesta et al., 2019; Kezar et al., 2019).

The CP of plant viruses is multifunctional. They take part in assembly of the genomic DNA/
RNA and form infectious particles. Potyviral CP facilitates not only infection but also

systemic movement and transmissibility. The highly conserved DAG motif (Asp-Ala-Gly),
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in the CP of BBrMV like any other potyvirus acts together with HC-Pro and arbitrates aphid
transmission. The DAG motif together with adjacent amino acids of N terminal is believed
to aid in aphid transmissibility of the virus (Nigam et al., 2019). Except MT818183 and
MT818184 all isolates contain two DAG motifs, one at proximal (16) and one at distal (67)
position of N terminal. However, deviations from DAG were also observed in two isolates
(MT818187 and MT818177). The position of motif was conserved throughout the dataset.
Although, DAG motif is believed to be highly conserved throughout Potyviridae family it
IS not universal as it varies in position and sequence (Nigam et al., 2019). Despite this,
potyviruses without a DAG motif is also transmitted by aphids (Dombrovsky et al., 2005).
This is attributed to the structural complementarity of the partially disordered N terminal
of the CP with hinge domain of HC-Pro (Kehoe et al., 2014).

The extended N and C terminal of BBrMV contributes to its flexibility as suggested in case
of other flexuous plant viruses (Agirrezabala et al., 2015; DiMaio et al., 2015; Zamora et
al., 2017). The highly proteolytic flexible surface exposed N terminal is believed to be
significant in viral transmission. It has been proposed by Harrison and Robinson (1988)
that proteolysis occurring in the region between highly conserved DAG motif in the N
terminal and core region will help release the infectious potyviral particles from vector
stylet during inoculation. Unlike the DNA binding site at the N terminal of BBTV CP, the
predicted RNA binding site in BBrMV CP was in the “armpit-shaped groove” located
between the core and the C-terminal region of CP as observed in case of PVY (Kezar et al.,
2019).

On superimposing the 3-D structure of BBrMV CP of MT818185 (most homologous
isolate) and MT818187 (most variable isolate) it was clear that the N terminal differed
whereas the core region remained the same. The RNA binding sites were predicted to be
located in the armpit grove of the CP in both isolates, were the amino acid residues D, H,
K, I (aspartic acid, histidine, lysine and isoleucine) were highly conserved, however, the
positions varied. Thus, it is evident that the multifunctionality of BBrMV CP is conserved

irrespective of the sequence variation through its molecular structure.

Ramachandran plot, ERRAT plot and ProSA energy profile clearly explained the goodness

of the model. However, while analysing the quality of the models using ProSA, z score of
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BBTV CP was -4.34. The protein folding energy plot was drawn with energies as a function
of amino acid sequence position. The knowledge-based energy of BBTV CP was also high
for the predicted model (Fig 20). In general, positive values correspond to problematic or
erroneous parts of the input structure (Wiederstein and Sippl 2007). This may be due to
some misinterpretations in the modelling based on the template used. It was observed that
the calculated z score of BBrMV isolate, MT818187 was higher than that of MT818187.
The former was close to zero indicating a better model. Thus, it can be inferred that the
mutations have some advantage and can be fixed in the population. From the graph (Fig
55), it can be inferred that the z scores of BBTV CP as well as BBrMV CP structures were

within the range of scores typically found for native proteins of similar size.

The overall quality factor of the homology models of MT818187 was higher than
MT818185 (82.64 and 72.22 respectively) and that of BBTV CP was 75.92. Nevertheless,
in both the models, most of the amino acids except N terminal and C terminal residues were
below 95 per cent cut off value in ERRAT plot (Fig 56). In BBTV residues approximately
between 25-35, 45-50, 95-100, 145 and 165 were having a very high error value. All these

amino acid residues formed loop structures on the model.

In SuSPect analysis, the 20 possible amino acid types were labelled along the x-axis with
their one-letter code. The coloured bars indicated the probability that a mutation to the
corresponding residue will affect the function of the protein or on the phenotype of the
organism. The residue with least bar height indicated the wild type. From the graph, (Fig
57) residues viz., tyrosine (105), arginine residues at positions 225 and 234 were the
residues mostly determining the function. From molecular model, the armpit grove near the
C terminal binds to the RNA and the basic amino acid like arginine are responsible for
binding and initiation of virion assembly. The residues and residue-pairs with charged and
aromatic side chains are important for protein-protein interactions. Tyrosine and
phenylalanine residues which were detected in the program to be important for the function

of the protein might be involved in this kind of interactions.
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Fig 55. Assessment of overall quality of homology model by ProSA A BBTV CP B
BBrMV CP (MT818187). In this plot, groups of structures from different sources
(X-ray, NMR) are distinguished by different colours (light and dark blue
respectively). The z score of input structure is denoted in red colour
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Fig 56. ERRAT plot for A BBTV CP and B BBrMV CP. The error value higher that the
95 % threshold is indicated as yellow and that above 99 % as red bars.
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Fig 57. Mutational analysis graph generated in SuSPect. 1-11. Proline- 89 position,
tyrosine-105, leucine-112, asparagine- 114, glycine-121, arginine- 190 and 225,
asparagine-234, phenylalanine- 235, tyrosine- 236 and arginine- 281
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5.14 BIOPHYSICAL CHARACTERIZATION OF PROTEIN

5.14.1 Western blot analysis

The antigenicity of the rCP of both BBTV and BBrMV was assessed by Western blotting
(Plate 19B and 54B). It was evident that the rCP was highly antigenic. For identification of
the fusion protein however, antibody targeting the affinity tag was also used. Further, the
epitopes were predicted using Bepipred linear epitope prediction and DiscoTope 2.0. From
the predictions it was unambiguous that the N terminal of both the CP consisted the major

virus specific epitopes (Fig 21A and 47B).

It was recognized in the case of potyviruses that the surface exposed N terminal accounts
for most of the variation at the same time, the specific epitopes of the virus are present in
this region. The core region however, consists of amino acid sequences that are conserved
throughout the family and these epitopes produces antibodies that can detect all the viruses
in Potyviridae family (Shukla et al., 1988; Jagadish et al., 1991; McKern et al., 1991).
Therefore, PVBV CP antiserum detected BBrMV CP in Western blot and did not bind non-
specifically to any other E. coli protein. It has been advocated and experimentally proven
that the potyvirids can be identified and classified based on the CP amino acid sequences
(Shukla et al., 1988).

5.14.2 Assembly of virus like particles in vitro

The virus like particles (VLPs) are the assembly of capsomeres to capsids without the
association of the genomic RNA making it non-infectious. The VLP’s can assemble in vitro
either in the presence or absence of RNA (McDonald and Bancroft, 1977). Formation of
VLPs by assembly of BBTV CP subunits were assessed by sucrose density gradient
centrifugation. In the gel profile of pellet after first ultracentrifugation of BBTV-Trx fusion
protein (pET/rBBTV CP), a prominent band at 37 kDa was observed indicating that the
monomeric capsid proteins were forming oligomers or even polymers to form VLPs. After
sucrose gradient ultracentrifugation, the 37 kDa band was observed between 20-30 per cent
sucrose gradients and were pooled. However, due to presence of many E. coli proteins the
purified preparation was heterogenous (Plate 28B). The electron micrograph depicted
isometric particles of size close to the expected size of BBTV virions (Plate 29). The

expected size of VLP was 20 nm and the size of isometric particles ranged between 21-23

187



nm may be due to the presence of 17 kDa tag. However, BBTV-GST fusion protein did not

form VLPs and was found in the 10 per cent fraction of the sucrose gradient.

Previous attempts to purify the virions from infected banana was conducted by Thomas and
Dietzgen in 1991. They encountered similar problem of co-sedimentation of various plant
protein in sucrose density gradient. The authors opinionated that it was essential to use
Cs2S04 gradients to separate BBTV particles from these impurities. It was also pointed out
that under certain storage conditions like presence of in 95 per cent ethanol or buffers with
pH < 8.5 made the purified BBTV particles unstable. They also reported freezing at -20 °C
without protectants lead to similar consequences. The BBTV VLPs after final
ultracentrifugation was stored in Tris buffer of pH 8.0 at -20 °C before electron microscopy.
This might have led to the disassembly of the protein and in identification of less VLPs in

electron micrograph.

A total of 296 octapeptide corresponding to amino acid sequences of the entire Johnson
grass mosaic potyvirus (JGMV) CP was screened for immunological properties and N-
terminal was found to be most immunodominant when intact virions are used as an
immunogen (Shukla et al., 1989). Undoubtedly, VLPs formed in vitro by self-assembly of
the CP subunits would be best candidate for raising antiserum than monomeric CP as it is
very hard to obtain the intact N and C terminal of BBrMV CP in the purified protein
preparations. Hence in vitro self-assembly to VLPs were assessed. In the electron
micrograph, ring like structures were observed. Jagadish et al. (1993) stated that during the
assembly of virions, potyviral capsomeres assembles as stacked rings after binding to the
RNA at the origin of assembly. This then grows bidirectionally towards 5 and 3’ end to
pack the entire ssSRNA. In 2003, Anindya and Savithri succeeded in establishing the role of
the surface exposed N and C terminal of PVBV CP subunits for oligomerisation and
assembly of PVBYV CP in vitro. According to them, octameric rings are formed initially by
the head to tail interactions of the N and C terminals which is later assembled to helical
aggregates. The study also substantiated that truncated capsomeres cannot form VLPs.
Proteolysis of rBBrMV CP post purification was suspected, as multiple bands were
observed in the SDS-PAGE gel profile. The failure of purified CP to assemble to complete
VLPs and only forming the intermediate disk- like structures may be attributed to partial

proteolysis of N and C terminal residues of few subunits.
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Hitherto, filamentous VVLPs of heterogenous length of rJIGMV CP overexpressed in E. coli,
yeast, insect, and mammalian systems have been reported (Jagadish et al., 1991; Hammond
et al., 1998). Similarly pRSET/rPVBV CP could self-assemble to form VLPs in sucrose
density gradient centrifugation (Joseph and Savithri, 1999; Sabharwal et al., 2019). On the
contrary, pRSET/rBBrMV CP overexpressed in various hosts in this study was highly

insoluble hence could not be analysed for self-assembly.

Although, free N and C terminal is prerequisite for self-assembly of capsid, presence of
few extra amino acids in the N terminal either due to cloning strategy or in a chimeric VLP
did not hamper the assembly (Sabharwal et al., 2020). Curiously, both BBTV and BBrMV
fusion proteins with GST tag did not assemble into VLPs possibly because the tag is a well
folded bulky peptide of 25 kDa.

5.14.3 Fluorescence spectroscopy

Fluorescence spectroscopy is a very important tool to help understand the tertiary structure
of the protein which is not or cannot be characterised by crystallography. Previously, CP
of few viruses have been characterised by florescence spectroscopy. The Amax of 30 kDa
rBCMV CP, was 345 nm similar to the spectrum of rBBrMV CP, indicating slight disorder
in the protein (Kumar et al., 2019). It is evident from previous studies that N and C terminus
of CP of potyvirids are surface exposed and disordered facilitating in oligomerisation and
assembly (Anindya and Savithri, 2003). Similar spectra were exhibited by Potato virus A

with two maxima at 314 nm and ~330 nm (Ksenofontov et al., 2013).

On comparing the fluorescence spectra of rBBrMV CP and pET/rBBTV CP, the latter
seemed to be depicting high intensity emission spectra of a globular protein. Fluorescence
spectra of ApGEX/rBBTV CP fusion protein measured between 300-400 nm displayed two
peaks one at 325 nm and 345 nm (Fig. 22). However, the intensity was less compared to
that of pET/rBBTV CP fusion protein (Fig 23). Among BBrMV CP-GST fusion protein
and untagged BBrMV CP, the latter displayed higher intensity than the former (Fig 49).
The spectra of BBrMV untagged protein pointed out that most of the protein is monomeric.

The electron micrograph also substantiated this result.

Globular proteins usually depicts fluorescence emission maximum (Amax) at 330 nm in
native condition (Kumar et al., 2019) as seen in case of Alfalfa mosaic virus (AMV) CP
(Kan et al., 1986). Therefore, the spectra of BBTV fusion protein and untagged BBrMV

189



CP indicated that protein is partially folded with some disordered region. This corroborates
the FoldIndex analysis wherein except N terminus the protein is predicted to be ordered.
These results also reinstate that the reason for absence of cleavage of the GST tag from
BBTV-GST fusion protein at TEV protease site was due to the steric occlusion created by

this folded structure.

5.14.4 Mass spectroscopy

The pET/rBBTV CP monomer was digested in-gel and subjected to MALDI-TOF analysis.
The peptides identified were analysed in MASCOT server and the results were interpreted.
Maximum score was obtained with CaMV virion-associated protein (VAP) and capsid
assembly scaffolding protein of Bacillus phage phi29. The misinterpretation of result may
be due to the fact that there are around 11 continuous trypsin cleavage sites in 25 amino
acid residues in the N terminal of BBTV CP giving rise to short peptide of 2 amino acid
length or even single amino acids which might not have been detected in the analysis (Fig
17). On analysing amino acid sequence homology of these protein with the rBBTV CP, 21-
24.68 per cent identity was observed.

Previously, identification of unknown proteins associated with PVBV CP while
internalisation into HeLa and HepG2 cells were carried out by in-gel digestion followed by
LC MS/MS analysis. The proteins were identified as vimentin protein and heat shock
proteins from Homo sapiens respectively (Sabharwal, 2017).

5.15 ANTISERUM PRODUCTION

Quality antiserum is prerequisite for any serology based detection methods. To produce
quality antiserum the antigen used for immunisation is also equally important (Hema et al.,
2003). Partial purification of BBrMV was attempted by Thomas et al., (1997) for antiserum
production. The infected tissue was powdered in the presence of liquid nitrogen
homogenised in extraction buffer (EB) containing 0.5 M borate, pH 6.8 and 0.2 per cent
v/v B-mercaptoethanol. After removing the debris, the filtrate was clarified by
centrifugation and treated with Triton X-100. The mixture was the centrifuged at ultra high
speed on 15 ml cushion of 30 per cent (w/v) sucrose in EB. Pellets resuspended in 0.25 M
borate buffer, pH 6.8 and further purified by equilibrium centrifugation in caesium
chloride; CsCl (0.44 g/ml) at 10°C for 16 h at 32,000 rpm. The fractions were analysed
and the ones with the virions were pooled and ultra pelleted. This was again resuspended
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in borate buffer and used for immunisation by series of three intramuscular injections into

rabbit. Antiserum titre of 1:10000 was obtained after the experiment.

Yet another method for purification of VLPs of BBTV from BBTD infected banana plants
were reported by Iskra-Caruana and co-workers (1989) and Wu and Su (1990a).
Monoclonal antibodies (MADbs) raised against Taiwanese isolate purified from infected
sample by Su and Wu were used to develop ELISA and immunofluorescence assays to
detect BBTV and provide for the first time a diagnostic tool for the disease in 1990. A
variant of ELISA, plate-trapped antigen (PTA) -ELISA was also developed using the MAbs
produced against the viral CP.

Thomas and Dietzgen (1991) have previously proposed another method for virion
purification from infected samples. This method was utilised for purifying BBTV virions
from infected plants with the intention of using it as antigen for raising antiserum (Estelitta,
1998; Selvarajan et al., 2010a). The average yield of BBTV was reported to be 1.62 mg/kg
of plant tissue from artificially inoculated tissue culture samples and 1.10 mg/kg tissue
when purified from infected field sample (Estelitta, 1998). Partially purified virus was
emulsified with an equal volume of Freund’s incomplete adjuvant and three intramuscular
injections were administered into a ten-week-old New Zealand white rabbit. The titre of
the antiserum was not specified however, the detection limit of DAC-ELISA with the

antiserum was up to 50 times diluted antigen preparation.

Partial purification of virus is cumbersome and demand expertise and expensive
equipments. An argument made by many researchers is that purification of the virus from
banana for antibody production is unsuitable because, banana contains high levels of
polyphenols and polysaccharides which interferes with the process of purification
(Selvarajan et al., 2016; Selvarajan et al., 2015; Yasmin et al., 2001). Low concentration of
the virus and inconsistency in the yield are other problems encountered. This notably
challenges the specificity of the antisera as well as considerably reduced sensitivity of the
assay. Development of rCP and its use in immunising the animal, greatly solves the above
problem.

During the present study, pET/rBBTV CP Trx fusion protein was administered into rabbit
to produce polyclonal antiserum that could detect purified antigen at 1:1000000 dilution of
the antiserum in DAC-ELISA. The sensitivity of the antiserum was also determined by

DIBA. The antiserum dilution of commercially available antiserum ranges between 1:500
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to 1:1000. The dilution of the antiserum produced in the present study was 100 times more
than that of the commercially available antiserum. This would indicate 100 more tests can

be carried out using 1 ml of the sera.

However, considering that the field samples will have different inoculum load at different
parts, age and stage of infection, the titre was increased to 1:10000 so that it can detect even
trace amount of antigen present in the sample. The titre value was validated using field and
tissue culture samples collected from Banana Research Station, Kannara. The antiserum
produced against the pET/rBBTV CP successfully detected the latent infection in the

asymptomatic tissue culture plantlets.

The titre value of antiserum previously produced against purified virus preparations were
reported to be 1:128 in double diffusion test and 1:512 in ring interface precipitin test
(Estelitta, 1998). Antiserum produced against BBTV-MBP fusion protein had a titre of
1:1000 and was proven to have high affinity to the 20 kDa protein. However, the antiserum
also bound to certain plant proteins present in both healthy and infected sample. MBP was
experimentally proven to be immunogenic contributing to few epitopes against which
antibodies might have been produced. The probable explanation put forth was MBP tag in
the fusion protein might be analogous to some plant protein thus giving rise to non-specific
bands in the Western blot (Wanitchakorn et al., 1997). However, in antiserum produced
against CTV-MBP fusion protein, and SCMV MBP-fusion protein such cross reactions
were not observed (Nikolaeva et al., 1995; Smith et al., 1995). The titre value of both the

antisera were around 10°°.

In another instance BBTV CP cloned into pQE30 vector and purified was used to raise
polyclonal antisera that could detect BBTV and FBNYYV in infected tissues by dot blot -
immunoassays at 1:1000 dilution (Abdelkader et al., 2004). However, positive reaction in

sap dilution up to only 1:15 was distinguishable from the negative sample.

5.16 SEROLOGICAL ASSAY FOR DETECTION OF BBTV

There are several nucleic-acid based detection method for BBTV from infected samples.
Apart from PCR, Loop mediated Isothermal Amplification (LAMPS) and Rolling circle
amplification (RCA), nucleic acid spot hybridization (NASH) using DNA probes have been
applied for the sensitive detection of BBTV since the last couple of years (Harding et al.,
1991; Xie and Hu 1995; Hafner et al., 1997; Selvarajan and Balasubramanian 2008).

However, serological detection methods are much more amicable and comparatively
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inexpensive. Also, molecular detection, does not take to account the nucleotide or amino
acid variation happening in the gene from time to time. Antigen epitope constitutes many
amino acids that are highly conserved. Antigen antibody interactions are greatly dependent
on the structure and hence serological detection is consistent, sensitive and can be used for

a longer period.

In the present study, serological assays like DAC-ELISA, TAS-ELISA and DIBA were
standardised in the laboratory with the antisera produced against rCP and the performance
was compared with the commercially available antiserum. The sensitivity of the three
serological assays is depicted in the table (Table 18). From the table it is evident that the
sensitivity of TAS-ELISA is higher than DAC-ELISA or DIBA. However, with high
quality antiserum up to 1:40 dilutions of antigen could be detected using DAC-ELISA and
DIBA which previously could only detect up to 1:20 and 1:10 respectively.

Table 22. Comparison of the sensitivity limits of DAC-ELISA, TAS-ELISA and
DIBA for the detection of BBTV

Dilutions
Test Healthy Undiluted
1:10 1:20 1:40 1:80
DAC-ELISA - +++ ++ ++ + -
TAS-ELISA - +++ ++ ++ ++ +
DIBA - +++ ++ ++ ++ -

Serial dilutions of antigen were prepared by mixing BBTV infected sap with buffer

-Negative; + Positive; ++/ +++ strong positive reaction.

Combination of both nucleic- acid and serology based assay, IC-PCR was also standardised
in the laboratory (Plate 31). However, high concentration of antibody had to be used for
capturing the antigen. Antigen diluted up to 1:10 only amplified to give 850 bp of product
using the newly designed primers (BBTV DNA-S FP and RP). The assay has to be further

perfected in order to attain maximum sensitivity.

To carry out large scale screening for episomal BSV in banana, IC-PCR was developed
(Harper et al., 1999). Twenty five ul of purified 1gG (2 ng/ml) in carbonate buffer, was
used to coat the PCR tubes and incubated at 37 °C for 2 h. Antigen (25 pl) extracted in 1:10
w/v PBS was loaded and subjected to PCR amplification. Only the virion captured by the
antibody releases the genome and act as template for amplification.
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A combination of Immuno capture and reverse transcriptase PCR have been reported to be
highly sensitive in detecting many RNA viruses like SCSMV (Hema et al., 2003),
Grapevine leafroll-associated virus 3 (GLAV-3) (Kumar et al., 2015b), potyviruses
infecting yam (Mumford and Seal, 1997), Plum pox virus (PPV) (Wetzel et al., 1992), Bean
yellow mosaic virus (BYMV), Cherry leafroll virus (CLRV), CMV, CTV, Grapevine
fanleaf virus (GFLV), Potato leafroll virus (PLRV), Pepper mild mottle virus (PMMoV)
and Tomato spotted wilt virus (TSWV) (Nolasco et al., 1993). Also, multiplex IC-RT-PCR

was developed to detect three banana viruses simultaneously (Sharman et al., 2000).

From the present study, it was evident that the BBTV and BBrMV is fast evolving. The
BBTV Kerala isolates belonging to PIO group are less diverse compared to BBrMV,
however, chances of recombination in this multipartite virus cannot be ignored. Thus, it is

essential to evaluate nucleic-acid based detection methods periodically.

The amino acid sequences of BBTV CP and that in BBrMV CP core region is highly
conserved and is a very good target for serodiagnostics. However, partial purification of
the virus from banana is tedious and each batch will be different. Recombinant CP
overexpressed in suitable bacterial host, yield highly pure protein. Recalling the results of
the experiments conducted, BBTV CP gene cloned into pET32a (+) and modified pGEX-
4T-2 vector (ApGEX/BBTV CP), yielded high concentration of pure protein. Whereas
expression in BL21 pLysS, Rosetta pLysS and C41 strains harbouring pPRSET/BBTV CP
and pGEX/BBTV CP were unsuccessful.

Nevertheless, rBBrMV CP overexpressed in both BL21 pLysS and Rosetta pLysS
transformed with pRSET/BBrMV CP recombinant clone were insoluble whereas, that
overexpressed in the E. coli strains harbouring pGEX/BBrMV CP was highly soluble.
These experiments pointed out that the quality and quantity of the rCP is greatly determined
by the vector and host used for production of the recombinant protein apart from the
properties of the protein itself.

Both the rCPs were highly antigenic and from the predictions, fusion proteins consisting of
complex epitopes, were expected to be more immunogenic. This was proven right in the
case of pET/rBBTV CP with 17 kDa Trx-S-His tag at its N terminal. The antiserum thus
raised against the fusion protein was validated for its specificity and sensitivity in both field
and TC samples and standardisation of various serodiagnostic assays were carried out in
the laboratory.
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6. SUMMARY

The present study entitled “Development of recombinant coat protein for immunodiagnosis
of banana bunchy top and bract mosaic diseases” aimed at developing recombinant coat
protein as a potential antigen for immunodiagnostic assays for detection of BBTV and
BBrMV isolates in Kerala considering their evolution. The study was conducted during the
period of 2016-2021 at Banana Research Station, Kannara, College of Agriculture,
Vellanikkara, and Indian Institute of Science Bengaluru.

Virus samples were collected from twenty representative blocks in ten districts. The
districts surveyed were Thiruvananthapuram, Kollam, Kottayam, Ernakulam, Thrissur,
Palakkad, Kozhikode, Wayanad, Kannur and Kasaragod. These locations were sub divided
into Northern, Central and Southern zones. A total number of 30 and 35 apparently BBTV
and BBrMV infected samples respectively were collected. Preliminary assay was
conducted by DAC-ELISA in the laboratory. Positive samples from ELISA, were selected
for further studies

Seventeen and twelve representative samples from BBTV and BBrMV infected samples
collected from all over Kerala that gave positive reaction in DAC-ELISA were chosen for
total DNA/RNA isolation. The quality of the DNA and RNA was checked in agarose gel
and quantified by nanodrop.

The coat protein gene of BBTV was amplified from the total DNA isolated from BBTV
infected sample using reported primer pairs to obtain an amplicon of 1058 bp. The complete
coding region of BBTV was obtained from the amplification. The total RNA isolated from
BBrMYV infected samples were converted into cDNA using Revert Aid First strand cDNA
synthesis kit. The cDNA was comparatively stable and stored at -20 °C until it was used as
template for PCR to amplify CP gene of BBrMV. Reported primers were used to amplify
the gene to obtain an amplicon of 1062 bp with the complete coding region of the virus
along the 3° UTR.

The BBTV and BBrMV CP gene of representative samples were sequenced in both
directions using gene specific forward and reverse primers. The sequences observed were
processed and contigs with full length were obtained. The sequences were blasted against

the NCBI database to ascertain the identity of the gene. These sequences were submitted in
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GenBank and accession numbers were obtained. BBTV isolates were designated as
MT174314-MT174330 and BBrMV isolates as MT818176-MT818187.

Phylogeographic and diversity analysis of BBTV and BBrMV were carried out based on
its coat protein gene. Apart from the Kerala isolates generated in the present study 65 and
56 sequences of BBTV CP and BBrMV CP respectively were retrieved from NCBI
database for meaningful comparisons. In BBrMV CP dataset, isolates infecting cardamom

and flowering ginger were also included apart from that infecting Musa sp.

Phylogenetic tree based on nucleotide and amino acids were constructed after aligning the
sequences using MUSCLE algorithm. Clustering of BBTV isolates were greatly influenced
by the geography. The major clusters included those isolates collected from India, Sri
Lanka, Myanmar, Egypt, Tonga and Fiji forming Pacific Indian Oceans (PIO) group and
those collected from China, Taiwan, Indonesia, Philippines, Japan and Vietnam forming
South East Asian (SEA) group. From the tree constructed with only Kerala isolate an
inclination to geographic demarcation was observed. The isolates collected from Northern
and Southern zones were distinct. However, central zone isolates seem to be clustering
alone or with either northern or southern zone isolates. Principle co-ordinate analysis
substantiated that the isolates were grouped based on geography. However, two SEA

isolates one each from China and Thailand were apparently very distinct from the larger

group.

The phylogeographic analysis of BBrMV CP revealed that all the isolates were derivatives
of a common ancestor. Due to this, the isolates clustered in no particular order. It was noted
that isolates from Philippines closely related to that from India, indicative of the spread of
the virus from point or origin to various parts of the world through planting materials years
ago. Kerala isolates clustered together with other South Indian isolates and closely clustered
with isolates infecting cardamom. Out of all the isolates, two Kerala isolates collected from
Ernakulam and Kasaragod respectively, MT818177 and MT818187 had the maximum
branch lengths indicating that they have evolved recently from the common ancestor. The
principal co-ordinate analysis also differentiated these two isolates as they did not cluster

together or with other BBrMV isolates considered in this study.

Parameters like nucleotide and amino acid sequence homology and diversity, gene flow
between the subpopulations and gene differentiation, nucleotide diversity and mutation rate

in the coding region of the gene, ka/ks ratio, codon usage bias were calculated and analysed
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for both BBTV and BBrMV CP as measure of genetic diversity. The nucleotide diversity
among the BBTV Kerala isolates ranged from 99.2-100 per cent and that in BBrMV isolates
ranged between 88.2-100 %. The amino acid diversity of BBTV and BBrMV were 98-100
and 65-100 per cent respectively. According to the analysis carried out, it was evident that
in both the virus populations, gene flow was frequent between the northern, central and

southern subsets. The fixation index was statistically significant indicative of this fact.

The nucleotide diversity and mutation rate were calculated for both CP genes. Interestingly,
the N and C terminal of the BBrMV CP was highly mutated and diverse compared to the
conserved core region. However, no such distinction was observed on BBTV CP. All the
isolates had more or less conserved amino acid sequence in BBTV CP. The statistical
indices for nucleotide diversity, Tajima D test, Fu and Li D and F tests also indicated that
the above results were significant. The ka/ks ratios of sequence pairs indicated purifying
selection in both BBTV CP and BBrMV CP. Surprisingly, sequence pairs with Kerala
isolates and GUO085261.1, GU085260.1, GU085262.1, JX171699.1 had Ka/Ks >1
indicating Darwinian selection which is rare event considering the results of plant viruses
analysed previously. Both CP gene exhibited strong codon usage bias which was calculated
on the basis of effective number of codons (Nc), relative synonymous codon (RSCU) and
Codon adaptation index (CAI). A strong correlation between the composition of the gene
and Nc value was detected. BBrMYV isolates infecting Musa sp, cardamom and ginger were
apparently adapted to all the three host equally. The Nc plot and neutrality plot indicated

that the mutational pressure and selection pressure contributed to CUB.

From recombination analysis, MF039868.1, BBTV isolate from Thailand was detected to
be a recombinant. This isolate was distinct from others considered for the analysis and
clustered separately in principle co-ordinate analysis. Similarly, MT818177 and
MT818187, the most diverse isolates in the dataset collected from Kerala, were also
identified as recombinants. However, the major parent was not identified but minor parents
were HM348782.1 and KF385489.1 respectively.

Considering the molecular diversity primers were designed for nucleic-acid based detection
of the virus. It was however evident that in BBTV CP diversity was less among the Kerala
isolates. However, primers were so designed complimentary to most conserved region on
the upstream and downstream of the ORF to amplify the complete gene. In case of BBrMV,
the N terminal of CP was hypervariable and so the primer was designed complimentary to
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the conserved NIb region to the 5 of the CP gene in ssSRNA. This primer set could amplify

gene from few samples that was previously undetected by the reported primers.

Cloning of BBTV CP and BBrMV CP was carried out in to multiple vectors. New sets of
primers were designed for cloning so that restriction recognition sites could be incorporated
to the gene for cloning to the vectors. BBTV CP gene amplified using the designed primers
were cloned into pUC19 at EcoR1 and BamH1 sites for maintaining the gene. It was then
cloned into expression vectors like pRSET-C at Nhel, BamH1 sites, pPGEX-4T-2 at Smal
site and pET32a (+) at EcCoRV BamH1 sites. The clones were designated as pPRSET/BBTV
CP, pGEX/BBTV CP and pET/BBTV CP Apart from conventional cloning, BBTV CP was
also cloned into pGEX-4T-2 by restriction free (ligation independent) cloning method in
order to manipulate thrombin cleavage site of the vector and designated as ApGEX/BBTV
CP. The ligated products were transformed to DH5a and selection of recombination was

carried out by PCR, restriction digestion and sequencing.

The BBrMV CP gene was cloned into pPGEM-T easy vector by TA cloning method for
multiplying and maintaining the gene. The gene was also cloned into various expression
vectors for production of recombinant coat protein. The gene was then amplified using
designed primers and restricted by Nhel and BamH21. The product was ligated to double
digested pRSET-C. BBrMV CP was also ligated into Smal site of pGEX-4T-2. As
performed for BBTV CP the selection of clone was carried out by PCR, restriction digestion
and sequencing. The orientation of BBTV CP and BBrMV CP cloned into Smal site of
pGEX-4T-2 was confirmed by restriction digestion and PCR with universal primer as
forward and gene specific primer as reverse primers. The BBrMV CP clones were
designated as pRSET/BBrMV CP and pGEX/BBrMV CP.

Recombinant coat protein of BBTV CP was produced by inducing Rosetta (DE3) pLysS,
BL21 (DE3) pLysS and C41 strains of E. coli harbouring clones pRSET/BBTV CP,
pGEX/BBTV CP, ApGEX/BBTV CP and pET/BBTV CP. While analysing the
overexpression pattern, it was clear that the protein was highly soluble in all the vectors.
However, pRSET/rBBTV CP was unstable above 4 °C and was subjected to proteolysis on
storage. Although, pGEX/rBBTV CP was expressed at 16 °C, the GST tag dissociated from
the protein and the untagged protein was apparently unstable. Nevertheless, it was
impossible to purify the untagged protein and hence this clone was not used for further
studies. ApGEX/rBBTV CP when overexpressed produced a highly stable 45 kDa fusion
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protein which was identified by Western blot. Similarly, overexpression of pET/rBBTV
CP was also highly satisfactory in C41 strain of E. coli. A 37 kDa fusion protein was
obtained after induction with 17 kDa Trx-S-His tag. Recombinant BBTV CP was purified
as GST and Trx fusion protein by GSH and Ni?*-NTA affinity column chromatography.
The antigenicity of the fusion protein was assessed by Western blotting. As cleavage of
both the affinity tags were unsuccessful and GST tag being bulkier than Trx tag, rBBTV
CP-Trx fusion protein was considered for immunisation. Moreover, the epitope prediction
of the rBBTV CP-Trx fusion protein, predicted very few epitopes in the affinity tag and a
complex major epitope at the junction of the tag and the rBBTV CP including the N
terminal of BBTV CP and C terminal of Trx tag, this fusion protein was used for

immunisation of animal to raise polyclonal antiserum.

Overexpression and purification of rBBrMV CP was carried out in Rosetta (DE3) pLysS,
BL21 (DE3) pLysS harbouring clones pRSET/BBrMV CP, pGEX/BBrMV CP. In the
former, the protein was insoluble. Various parameters influencing solubility of the
recombinant protein like, temperature and time of induction, concentration of inducer,
culture medium, buffer and pH for purification were standardised. The best result was
obtained when Rosetta (DE3) pLysS harbouring pRSET/BBrMV CP was cultured in YT
medium, and induced by 0.3 mM IPTG for 12 h at 16 °C and CAPS buffer of 9.2 pH was
used for resuspending and lysis of induced cell in the presence of protease inhibitor
cocktail. In order to increase the solubility, protein purification at denaturing conditions
were also attempted but failed to get pure protein after affinity column chromatography.
Later, Rosetta (DE3) pLysS harbouring pGEX/BBrMV CP was induced to obtain GST
fusion protein of 60 kDa. The soluble protein was assessed for its antigenicity by Western
blotting after on-column cleavage of the tag with thrombin. However, the untagged protein
was subjected to proteolysis even when purification was done in the presence of protease
inhibitor cocktail due to the proteolysis prone surface exposed N and C terminal. Since on
storage the protein was degraded, it was not carried forward for antiserum production.

The recombinant coat proteins were characterised experimentally by sucrose gradient
ultracentrifugation, electron microscopy and fluorescence spectroscopy apart from Western
blot analysis. rBBTV CP with Trx tag apparently formed VLPs. The fusion protein with
GST tag did not participate in VLP formation. However, in rBBrMV CP without the tag,
octameric ring like structures which are apparently the intermediate of assembly were seen

in electron micrograph. Since the N and C terminal of these untagged protein were
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subjected to proteolysis, the complete VLP formation could not be accomplished in vitro.
Fluorescent spectra indicated partial disordered region in the otherwise ordered protein and

substantiated the FoldIndex analysis.

Purified tagged rBBTV CP was used for antiserum production. After periodic
administration of the antigen into white New Zealand rabbit antiserum was separated from
the blood of the animal. The tire was determined as 1:128000 against the antigen used for
immunisation. Field sample with high antigen titre was detected by this dilution of
antiserum. Inorder to develop a more inclusive assay, the antiserum dilution was
standardised as 1:10000. Over 250 field and tissue culture samples were screened for
presence of the virus using DAC-ELISA with recombinant antiserum. The antiserum
produced against the recombinant coat protein was successful in detecting infection in
asymptomatic TC plantlets. On comparing, the titre of commercial antiserum was 1:1000
only and many non-specific reactions could be predicted from the high absorbance value
in negative samples. The recombinant antiserum was also used for standardising serological
assays like TAS-ELISA, DIBA and IC-PCR. The sensitivity of each assay was determined.

DIBA was perfected to be used for in-field detection of the virus.
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Future scope of Reseawchv




/. FUTURE SCOPE

Increase stability of rBBrMV CP and use VLPs produced in vitro for production of
antibody

Amalgamate nanotechnology to serodiagnostic assays in order to increase its

sensitivity
Perfect DIBA for infield diagnosis of the disease

Solve the structure of BBTV CP and BBrMV CP
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Appendix |

Model of questionnaire for the study “Development of recombinant coat protein
for immunodiagnosis of banana bunchy top and bract mosaic diseases”

Name & Address : Location details
Weather parameters
Stage of the crop
Propagation
Varieties

Disease & symptoms

Leaf lamina & petiole

Midrib

Pseudostem

Bract

Bunches

Variability if any

Vector : [ |Present [ | Absent Stage: Nymph[ |  Adull_]

Observations

Similar symptoms observed before inthe field [ [y [ | N
Month/ Season:

Yield reduction: [ _JY[ | N

Management strategies employed

Preventive measures taken, if any

Signature



Appendix 11

1. Preparation of Yeast extract Tryptone broth
Yeast extract -12¢9

Tryptone -69
Dissolved in 500 ml water
2. Terrific Broth

TB solution A was prepared by adding 24 g yeast extract, 12 g tryptone and 4 ¢
glycerol to 900 ml water. It was autoclaved at 121 °C for 15 min.

TB solution B was prepared by adding 2.3 g potassium dihydrogen phosphate
(KH2PO4) and 16.4 g dipotassium hydrogen phosphate (K2HPOa4) in 100 ml water.
It was sterilised by 0.22 pum syringe filter and added to TB-A under aseptic

condition while inoculating culture.

3. SDS PAGE

Acrylamide solution (30 %)
Acrylamide -299¢
Bis acrylamide -1g

Dissolved in 100 ml water

Sealing gel was prepared by mixing 6 ml water and 6 ml acrylamide solution and
200 ul APS and 15 ul TEMED

Composition of stacking and resolving gel

Components Big gel Small gel
Stacking gel

Acrylamide solution 1.17 ml 67 pl
Sterile distilled water 4.7 ml 2.7 ml
Tris (pH 6.8) 875.0 ul 0.5 mi
10% SDS 70 ul 40 pl




10% APS 70 pl 40 pl
TEMED 5ul 10 pl
Resolving gel

Acrylamide solution 10.0 ml 4.25 ml
Sterile distilled water 8.2 mi 3.5ml
Tris (pH 8.8) 6.3 ml 2.5 ml
10% SDS 250 ul 150 pl
10% APS 250 pl 150 pl
TEMED 20 ul 30 ul

5X running buffer was prepared by adding 15.1 g Tris 94 g glycine and 1 % SDS
in 1 I water. pH was adjusted to 8.3.

. Tricine SDS PAGE

Acrylamide solution
Acrylamide -48¢
Bis acrylamide -15¢g

Dissolved in 100 ml water

10X Anode buffer, pH 8.9
1 M Tris

Dissolved in 1 | water

10X Cathode buffer, pH 8.25
1 M Tris

1 M Tricine

1% SDS

Dissolved in 1 | water

3X Gel buffer, pH 8.45

3 M Tris

0.3 % SDS

Dissolved in 100 ml water



pH of the buffers was adjusted by concentrated HCI

Composition of stacking and resolving gel

Components Stacking gel (4 %) | Resolving gel (10 %)
Acrylamide solution 1ml 6 ml

3X Gel buffer 3ml 10 ml

Glycerol (80 %) - 0.6 mi

Water 7.4 ml 13.4 ml

APS 90 100

TEMED 9 10

Total volume ~12 ml ~30 ml

5. Transfer buffer
5X Tris glycine buffer - 20 ml
20 % methanol -20ml

Volume was made upto 100 ml using water

6. Staining solution

Methanol -40 ml
Acetic acid -10 ml
CBB R- 250 -0.1g

Total volume was made up to 100 ml using distilled water

7. Destaining solution

Methanol - 40 ml
Acetic acid -10 ml

Total volume was made up to 100 ml using distilled water

8. Reagents and solutions for sample preparation for mass spectroscopy
Destaining solution
50 % v/v acetonitrile (ACN) -2.5ml
50 % 25 mM ammonium bicarbonate (NHsHCO3. ABC) -2.5ml



Prepare 50mM ABC and dilute it with Acetonitrile in 1:1 ratio to obtain 25 mM
ABC

Stock solution of 1 M Dithiothreitol (DTT) and lodoacetamide was prepared in 50
mM ABC. Required concentration of the reagents were prepared in 50 mM ABC.

Gel extraction solution (10 ml)
50 % v/iv ACN -5ml
1 % v/v trifluoroacetic acid - 0.1 ml
49 % water -4.9 ml



Appendix 11
Sequence details of BBTV CP gene of Kerala isolates generated in the present

study

>MT174314 KAN1_Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAAGCCAAATAACATAC
AACACGCTATGAAATACAAGACGCTATGACAAAAGTACGGGTATCTGATTAG
GTATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAA
TGTTTAATAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGA
GGTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGA
GTATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGAT
GTCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGC
TCGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCG
TTTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGG
GAACCGTCCCAAATTCAAACTTCGATGGCTTGCCCTGCAAGCCATCTAGAAGT
CTATAAATACCAGTGTCTAGATAGTGATTCAGACAACAAATGGCTAGGTATC
CGAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCA
AGGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGA
AAACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGA
TATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAG
AATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACA
ACCTGTCTGGAACCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGT
TAAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCA
GATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAG
AGGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAAC
TACCAGAACAGAATTACATATCATGTTTGA

> MT174315 KKD1_Mysorepoovan
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGTACGGGTATCTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGGGAGAG
TATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TTTAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCCG
AAGAAATCCATCAAGAAGAGGCGGGTTGGGCGTCGGAAGTATGGCAGCAAG
GCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAAA
ACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGATAT
TTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGAAT
ACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAACCT
GTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTTAAA
CTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAGATG
TTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGAGGT
GGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACTACC
AGAACAGAATTACATATCATGTTTGA



>MT174316_WYD1 Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAATGTACGGGTATCTGATTAGG
TATCGTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACTAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGATACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATAACGGGCCCAAAGGGCCCGT
CTAGTAGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAATTTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAACCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

> MT174317_WYD2_Nendran
TATGTTTATGTAAACATAAACTTCTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGTACGGGTATCTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAAAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGTAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTTGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

>MT174318_WYD3_Njalipoovan
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGTACGGGTATCTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACTAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT



TTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACTGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTTTCTAGATAGTGATTCAGACAACAAATGGCTAGGTATCCG
AAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAAG
GCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAAA
ACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGATAT
TTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGAAT
ACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAACCT
GTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTTAAA
CTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAGATG
TTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGAGGT
GGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACTACC
AGAACAGAATTACATATCATGTTTGA

>MT174319 WYD4_ Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGTACGGGTATCTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCAACAA
CCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

> MT174320_WYD5_Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAATGTACGGGTATCTGATTAGG
TATCGTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACTAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGATACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATAACGGGCCCAAAGGGCCCGT
CTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
ACCCGTCCCAATTTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAACCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT



AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

>MT174321_TCR1_Kunnan
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGTACGGGTATATGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTTGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTAGATGGGTTTTGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

> MT174322_TCR2_Palayangodan
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGTACGGGTATTTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAAAAAACAAATATACATGATACGGATAGTTGAATACATAAACAACAAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGAAACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAAAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

> MT174323_TCR3_Nendran

TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAATAACGGGTATCTGATTAGG
TATCGTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT



GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTTGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCCGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAACCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

> MT174324_TCR4_Chengalikodan
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACAAAC
AACACGCTATGAAATACAAGACGCTATGACAAAAGAACGGGTATCTGATTAG
GTATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAA
TGTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGA
GGTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGA
GTATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGAT
GTCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGC
TCGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCG
TTTTGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGG
GAACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGT
CTATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATC
CGAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCA
AGGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGA
AAACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGA
TATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAG
AATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACA
ACCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGT
TAAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCA
GATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAG
AGGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAAC
TACCAGAACAGAATTACATATCATGTTTGA

> MT174325_TCR5_Kasaka
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGAACGGGTATTTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGAAACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTTGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAATTTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA



GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTCGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

> MT174326_PKD1_Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGAACGGGTATCTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTTGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

>MT174327_PKD2_Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGAACGGGTATCTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTTGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA



>MT174328_PKD3_ Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAAAGTACGGGTATCTGATTAGG
TATCCTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTAGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

>MT174329_KOT1_Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAATGTACGGGTATCTGATTAGG
TATCTTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATAAATAAACAACGAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATAACACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATATAGGGCCCAAAGGGCCCGT
TTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAAATTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAAGCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

>MT174329_KOL1_Nendran
TATGTTTATGTAAACATAAACTATTGTATGGAATGAAATCCAAATAACATACA
ACACGCTATGAAATACAAGACGCTATGACAAATGTACGGGTATCTGATTAGG
TATCGTAACGATCTAGGGCCGAAGGCCCGTGAGCAATATGCGTCGAAATAAT
GTTTAACAAACAAATATACATGATACGGATAGTTGAATACATAAACAACTAG
GTATACAATACAACAAACTGTTGTAAAGAAATAAAAAATAAGAAGAGAGAG
TATATTTGTGTCGGATAAGCATGATACCCACCACTTTAGTGGTGGGTCAGATG
TCCCGAGTTAGTGCGCCACGTAAGCGCTGGGGCTTATTATTACCCCCAGCGCT
CGGGACGGGACATGGGCTAATGGATTGTGGATAACGGGCCCAAAGGGCCCGT



CTAGATGGGTTTGGGCTTATGGGCTTTATCCAGAAGACCAAAAACAGGCGGG
AACCGTCCCAATTTCAAACTTCGATTGCTTGCCCTGCAAGCCATCTAGAAGTC
TATAAATACCAGTGTCTAGATAGTAGTTCAGACAACAAATGGCTAGGTATCC
GAAGAAATCCATCAAGAAGAGGCGGGTTGGGCGCCGGAAGTATGGCAGCAA
GGCGGCAACGAGCCACGACTACTCGTCGTTAGGGTCAATATTGGTTCCTGAA
AACACCGTCAAGGTATTTCGGATTGAGCCTACTGATAAAACATTACCCAGAT
ATTTTATCTGGAAAATGTTTATGCTTCTTGTGTGCAAGGTGAAGCCCGGAAGA
ATACTTCATTGGGCTATGATCAAGAGTTCTTGGGAAATCAACCAGCCGACAA
CCTGTCTGGAACCCCCAGGTTTATTTATTAAACCTGAACATAGCCATCTGGTT
AAACTGGTATGTAGTGGGGAACTTGAAGCAGGAGTCGCAACAGGGACATCAG
ATGTTGAATGTCTTTTGAGGAAGACAACCGTGTTGAGGAAGAATGTAACAGA
GGTGGATTATTTATATTTGGCATTCTATTGTAGTTCTGGAGTAAGTATAAACT
ACCAGAACAGAATTACATATCATGTTTGA

Sequence details of BBrMV CP gene of Kerala isolates generated in the present

study

>MT818176_TVMBr5_ Rasakadali
TCTGGAACCGGGAGTCAACCAACGATGATGACCAAGCGCACTATTGATGCAG
GTGGCAGTGTAAGAGGAACTCAACCATCAACAACCACTACAACAGCTCAAAG
CACATTTGGACAACCCACGACTATGTCAGCTCCATCTTCATCAAGCACGCCAC
CCAGAGCTTCTACGCAAATTGCCCCAGTTCGGGATCGTGACGTTGATGCTGGT
AGTACAAACTTCATCATCCCTCGAATTAAACCGATGACTGGGAAAATGCGTCT
TCCAAAGTATCGAGGAAAAACTGCAATTAACGTCGAGTTCTTGCTCCAATATA
AGCCTGATCAGTTTGATTTGTCGAATGCTATCGCAACTAGGGAGCAATATGAC
GCATGGTGTGATGCTGTAAAACGTGAGTATGCCATAGAGGACGAAGAACAGT
TCACAACCTTGTTAGGTGGTTTAATGGTATGGTGCATAGAGAATGGGACATCA
CCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTAATTT
ACCAGTTAAAGCCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAATTATG
GCACATTTTTCTGATGCCGCTGAGGCATATATAACAATGCGCAATGTCACGGA
GAGATATATGCCCAGGTGGGGAGCACTTAGAGGATTGAATGACATAAGCTTA
GCCCGATATGCATTTGATTTTTACGTAGTCACATCAAAAACTACAAACAGGGC
TAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAAACACT
CGGCTGTTCGGTTTGGATGGAAATCTTGGACCTGGCGAAGAGAATACAGAGA
GGCATACTGTTGAAGATGTGAAGCGTGATATGCACTCTCTGCTTGGGATGAA
ACATGAATAAATAAATAGTTATCTGGAGCTTGCTCCCTATAATTATGTGTGCT
TTATGATATTGTGATAATCGTAGTGTGAGCTTCTCACCTAAGTACCTACATGT
ATTGTGTGTGGTATTTGTATATCGCCTCTCGCC

>MT818177_EKMBrl_Nendran
TCTGGAACTGGAGTCATTCATGATGATGAATCCATCTATATTGATGCATGTGC
ATGTGCTAGGACTCAACTATCATTAATCATACATCAGTCTCATGCACATTTGG
ACACTCATCACTACGTCAGCTGCATCTCTCAGCACGTCAACCAGAGCTTCGAC
GCAAATTGCACAGTTCGGGATCGTGACGTTGACGCTGGTAGTCAAACTTTATT
CATCCCTCGAACTAAACCGATGACTTGGGATAAATGCGTCTCCAATGGTATCG
AGGGAAAACTGCAATTAATGTCGAGTTCTTGCTTCAATATAAGCCTGATCAGT
TTGATTTGTCAAGTGCTATCGCAATTTAGGGAGCAATATGATGCATGGTGTGA
TGCTGTAAAACGTGAGTGTGCCATAGAGGACGAAGAACAGTTCTCATCCTTG
TTAGGTGGTTTGATGGTATGGTGCATAGAGAATGGGTCATCTCCAAATTTAAA
TGGCACATGGAGTATGATGGACAAGGGTGAGCAGTTAGTTTACCAGTTAAAG
CCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAATTATGGCACATTTTTCT
GATGCTGCTGAGGCAAAAATAACAATGCGCAATGTCACGAAAAGATATATGC



CCAGGTGGGGAGCACTTAGAGGATTGAATGACATAAGCTTAGCCCGATATGC
ATTCGATTTTTACGTAGTCACATCAAAAACTACAAACAGGGCTAGAGAAGCA
CACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAACACTCGGTTATTCGGT
TTGGACGGAAATCTTGGACCTGATGAAGAGATCACAGAGAGGCATACTGAAT
GAAGATGTGAAGCGTGATATGCACTCTCTGCTGGATGAACATGATAATAATA
GTATCCGGAGCTGCTCCTATATAGTGGGCTTAAGAATGGATATTGAGTGAGCT
CTCACTAGTACTACTGAGTGAGTGCATTAATATCGCATATGCAAGGACCGCCT
GGGAAGGTATATGATCAA

>MT818178_TCRBr1_Kunnan
TCTGGAACGGAGTCAACCAACGATGATGACCCAAGCCGCACTATTGATGCAG
GTGGTAGTGCAAGAGGAACTCAACCATCAATAACCACCACAACAGCTCCGAG
CACATTTGAACAACCCACGACTATGTCAGCTCCATCTTCATCAAGCACGCCAC
CCAGAGCTTCCACGCAAATTGCACCAGTTCGGGATCGTGACGTTGATGCTGGT
AGTACAAACTTCATTATCCCTCGAATTAAACCGATGACTGGGAAAATGCGTCT
CCCAAGGTATCATGGAAAAACTGCAATTAATGTCGAGTTCTTGCTTCAATATA
AGCCCGATCAGTTTGATTTGTCAAATGCTATCGCAACTAGGGAGCAATATGAT
GCATGGTGTGATGCTGTCAAACGTGAGTATGCCATAGAGGACGAGGAACAGT
TCACAACTTTGTTAGGTGGTTTGATGGTATGGTGCATAGAGAATGGGACATCA
CCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTAGTTT
ACCAGTTAAAGCCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAATTATG
GCACATTTTTCTGATGCTGCTGAGGCATACATAACAATGCGCAACGTCACGGA
AAGATATATGCCTAGGTGGGGAGCACTTAGAGGATTGAATGACATAAGCTTA
GCCCGATATGCATTTGATTTTTATGTAGTCACATCAAAAACTACAAACAGGGC
TAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAAACACT
CGGTTATTCGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAACACAGAGA
GGCATACTGTTGAAGATGTGAAGCGTGATATGCACTCTCTGCTTGGGATGAA
ACATGAATAAATAAATAGTTATCTGGAGCTTGCTCCCTATAATTATGTGTGCT
TTATGATATTGTGATAATTGTAGTGTGAGCTTCTCACCTAAGTACCTACATGT
ATTGTGTGTGGTATTTATATTTTCACAATAAACAAAGGGACCGCCTGTGAGGT
ATTGATCGAG

>MT818179 TCRBr2_Rasakadali
TCTGGAACGGAGTCAACCAATGATGATGACCCAAGTCGCACTATTGATGCAG
GTCGCAGTGCTAGACGAACTCAACCATCAATAACCACTACAACAGCTCCAAG
CACATTTGGACAACCCACGACCACGTTAGCTCCATCTTCATCAAGTACGCCAC
CCAGAGCTTCCACGCAAATTGCACCAGTTCGGGATCGTGACGTTGACGCTGGT
AGTACAAACTTTATCATCCCTCGGATTAAACCGATGACTGGGAAAATGCGTCT
CCCAAGGTATCGAGGAAAAACTGCAATTAATGTCGAGTTCTTGCTTCAATATA
AGCCTGATCAGTTTGATTTGTCAAATGCTATCGCAACTAGGGAGCAATATGAT
GCATGGTGTGATGCTGTAAAACGCGAGTATGCCATGGAGGACGAAGAACAGT
TCACAACCTTGTTAGGTGGTTTGATGGTATGGTGTATAGAAAATGGAACATCA
CCAAACTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTAGTTT
ACCAGTTAAAGCCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAATTATG
GCACATTTTTTTGATGCTGTTGAGGCATACATAACAATGCTCAATGTCACGGA
GAGGTATATTCCCAGGTGGGGAGCACTTAGAGGATTGAATGACATAAGCTTA
TCCCGATATGCATTTGATTTTTACGTAGTCACATCAAAAATTACAAACAGGGC
TAGAGAAGCACACACGCAGATGAAATCTGCAGCTATTCGTGGGTCAAACACT
CGGTTATTCGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAATACAGAGA
GGCATACTGTTGAAGATGTGAGGCGTGATATGCACTCTCTGCTTGGTATGAAA
CATGAATAAATAAATAGTTATCTGGAGCTTGCTCCCTATAATTATGTGTGCGT
TATGATATTGTGATAATTGTAGTGTGAGCTTCTCACCTAAGTACCTACTATGT
ATTGTGTGTGGTATTTTATATATTACCTGTCA



>MT818180 TCRBr3_Nallabontha
TCTGGAACGGAGTCAACCAATGATGATGACCCAATCTGCCCTATTGATGCAG
GTGGCAGTGCAAGAGGAACTCAACCCTCAATAACCACTACAACAGCTCCAAG
TACATTTGGACAACCCACAAATATGTCAGCTCCATCATCATCAAGCACTCCAC
CCAGAGGTTCCACGCAAATTGCACCAGTTCGGGATCGTGACGTTGATGTTGGT
AGTACAAACTTCATCATCCCTCGAATTAAACCGATGACTGGGAAAATGCGTCT
CCCCAAAGGTATCGAGGAAAAACTGCAAATTAATGTCGAGTTCTTGCTTCAAT
ATAAGCCTGATCAGTTCGATTTGTCAAATGCTATTGCAACTAGGGAGCAATAT
GATGCATGGTGTGATGCTGTAAAACGTGAGTATGCCATAGAGGACGAAGAAC
AGTTCACAACCTTGTTAGGTGGTTTGATGGTATGGTGCATAGAGAATGGGAC
ATCACCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTA
GTTTACCAGTTAAAGCCTATTATTGAAAACGCTCAACCTACTTTTCGGCAAAT
TATGGCACATTTTTCTGATGCTGCTGAGGCATACATAACAATGCGCAATGTCA
CGGAGAGATATATGCCCAGGTGGGGAGCACTTAGAGGATTGAATGACATAAG
CTTAGCCCGATATGCATTTGATTTTTACGTAGTCACATCAAAAACTACAAACA
GGGCTAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAAA
CACTCGGTTATTCGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAACACA
GAGAGGCATACTGTTGAAGATGTGAAGCGTGATATGCACTCTCTGCTTGGGA
TGAAACATGAATAAATAAATAGTTATGTGGAGCTTGCTCCCTATAAGATGTGT
GCTTTATGATATGGTATAATGTAGTGTGAGCTTCTCACCTATGTAC

>MT818181 TCRBr5_ Njanlipoovan
TCTGGAACGGGGAACACCAATGATGATGACCCAAGCCGCACTATTGATGCAG
CTGGCAGTGCAAGAGGAACTCAACCATCAATAACCACTACAACAGCTCCAAG
CACATTTGGACAACCAACGAATACGTCAGCTCCATCTTCATCAAGCACGCCAC
CCAGAGCTTCCACACAAATTGCACAAATTCGGGATCGTGACGTTGATGCTGGT
AGTACAAACTTCATTATCCCTCGAATTAAACCGATGACTGGGAAAATGCGTCT
CCCAAGGTATCATGGAAAAACTGCAATTAATGTCGAGTTCTTGCTTCAATATA
AGCCCGATCAGTTTGATTTGTCAAATGCTATCGCAACTAGGGAGCAATATGAT
GCATGGTGTGATGCTGTCAAACGTGAGTATGCCATAGAGGACGAGGAACAGT
TCACAACTTTGTTAGGTGGTTTGATGGTATGGTGCATAGAGAATGGGACATCA
CCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTAGTTT
ACCAGTTAAAGCCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAATTATG
GCACATTTTTCTGATGCTGCTGAGGCATACATAACAATGCGCAACGTCACGGA
AAGATATATGCCTAGGTGGGGAGCACTTAGAGGATTGAATGACATAAGCTTA
GCCCGATATGCATTTGATTTTTATGTAGTCACATCAAAAACTACAAACAGGGC
TAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAAACACT
CGGTTATTCGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAACACAGAGA
GGCATACTGTTGAAGATGTGAAGCGTGATATGCACTCTCTGCTTGGGATGAA
ACATGAATAAATAAATAGTTATCTGGAGCTTGCTCCCTATAATTATGTGTGCT
TTATGATATTGTGATAATTGTAGTGTGAGCTTCTCACCTAAGTACCTACATGT
ATTGTGTGTGGTAGTTGATATTTTCACAATAAACAAAGGGACGCAGTAGATTT
TGATCACTA

>MT818182_PKDBrl Nendran
TCGGGAACGGAGATCACCATGATTGATGACCCAAGCCGAACTATTGATGCAG
GTGGCAGTGCAAGAGGAACTCAACCATCAATAACCACTACAACAGCTCCAAG
CACTTTTGGACAACCCACGACTACGTCAGCTCCATCTTCATCAAGCACGCCAC
CCAGAGCTTCCACGCAAATTACACCAGTCCGGGATCGTGACGTTGATGCTGGT
AGTACAAACTTTATCATCCCCCGAATTAAACCGATGACTGGGAAAATGCGTCT
CCCAAGGTATCGTGGAAAAACTGCAATTAACGTCGAGTTCTTGCTCCAATATA
AGCCTGATCAGTTTGACCTGTCAAACGCTATCGCAACTAGGGAGCAATATGA
TGCATGGTGTGATGCTGTAAAACGTGAGTATGCCATAGAGGACGAAGAACAG
TTCACAACCTTGTTAGGTGGTTTGATGGTATGGTGCATAGAGAATGGGACATC
ACCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTAATT



TACCAGTTAAAGCCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAATCAT
GGCACATTTTTCTGATGCTGCTGAGGCATACATAACAATGCGCAATGTCACGG
AGAGATATATGCCCAGGTGGGGAGCACTTAGAGGATTGAATGACATAAGCTT
AGCCCGATATGCATTTGATTTTTACGTAGTCACATCAAAAACTACAAACAGGG
CTAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAAACAC
TCGGTTATTCGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAATACAGAG
AGGCATACTGTTGATGATGTGAAGCGTGATATGCACTCTCTGCTTGGGATGAA
ACATGAATAGATAAATAGTTATCTGGGGCTTGCTCCTTATAATTATGTGTGCT
TTATGATATTGTGATTATTGTAGTGTGAGCTTCTCACCTAAGTACCTACATGTA
TTGTGTGTGGTATGTATATATTCGCATATATAAGGGACCGCCTGTGAGAGTGG
ATCGAC

>MT818183_KKDBr12_Mysorepoovan
TCTGGAACCGAGAGTCAATCAACGATGATGACCCAAGCTGCACTAATGATGC
AGGTGGTAGTGCAAGAAGAACTCAACCATCAACAAACCACTACAACAGCTCC
AAGCACATTTGGACAACCCACAACTACGTCAGCTCCATCTTCATCAAGCACGC
CACCCAGAGCTTCCACGCAAATTGCACCAGTTCGGGATCGTGACGTTGATGCT
GGTAGTACAAACTTTACCATCCCTCGAATTAAACCGATGACTGGGAAAATGC
GTCTCCCAAGGTATCGTGGAAAAACTGCAATTAACGTCGAGTTCTTGCTTCAA
TATAAGCCTGATCAGTTTGATTTGTCAAATGCTATCGCAACTAGGGAGCAATA
TGATGCATGGTGTGATGCTGTAAAACGTGAGTATGCCATAGAAGACGAAGAA
CAGTTCACAACCTTGTTAGGTGGTTTGATGGTATGGTGCATAGAGAATGGGAC
ATCACCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTA
GTTTACCAGTTAAAACCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAAT
TATGGCACATTTTTCTGATGCCGCTGAGGCATACATAACAATGCGCAATGTCA
CGGAGAGATATATGCCCAGGTGGGGAGCACTTAGAGGATTGAATGACATAAG
CTTAGCCCGATATGCATTTGATTTTTACGTAGTCACATCAAAAACTACAAACA
GGGCTAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAAA
CACTCGGTTATTCGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAATACA
GAGAGGCATACTGTTGAAGATGTGAAGCGTGATATGCACTCTCTGCTTGGGA
TGAAACATGAATAAATAAATAGTTATCTGGAGCTTGCTCCCTATAATTATGTG
TGCTTTATAATATTGCGGTAATTGTAGTGTGAGCTTCTCACCTAAGTACCTAC
ATGTATCGTGTGTGGTATTTATATATTCGCAATATGCAAAGGGACCGCCTGTG
AGTATTG

> MT818184 KKDBr15_ Nendran
TCTGGAACCGAGAGTCAATCAACGATGATGACCCAAGCTGCACTAATGATGC
AGGTGGTAGTGCAAGAAGAACTCAACCATCAACAAACCACTACAACAGCTCC
AAGCACATTTGGACAACCCACAACTACGTCAGCTCCATCTTCATCAAGCACGC
CACCCAGAGCTTCCACGCAAATTGCACCAGTTCGGGATCGTGACGTTGATGCT
GGTAGTACAAACTTTACCATCCCTCGAATTAAACCGATGACTGGGAAAATGC
GTCTCCCAAGGTATCGTGGAAAAACTGCAATTAACGTCGAGTTCTTGCTTCAA
TATAAGCCTGATCAGTTTGATTTGTCAAATGCTATCGCAACTAGGGAGCAATA
TGATGCATGGTGTGATGCTGTAAAACGTGAGTATGCCATAGAAGACGAAGAA
CAGTTCACAACCTTGTTAGGTGGTTTGATGGTATGGTGCATAGAGAATGGGAC
ATCACCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTA
GTTTACCAGTTAAAACCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAAT
TATGGCACATTTTTCTGATGCCGCTGAGGCATACATAACAATGCGCAATGTCA
CGGAGAGATATATGCCCAGGTGGGGAGCACTTAGAGGATTGAATGACATAAG
CTTAGCCCGATATGCATTTGATTTTTACGTAGTCACATCAAAAACTACAAACA
GGGCTAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAAA
CACTCGGTTATTCGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAATACA
GAGAGGCATACTGTTGAAGATGTGAAGCGTGATATGCACTCTCTGCTTGGGA
TGAAACATGAATAAATAAATAGTTATCTGGAGCTTGCTCCCTATAATTATGTG
TGCTTTATAATATTGCGGTAATTGTAGTGTGAGCTTCTCACCTAAGTACCTAC



ATGTATCGTGTGTGGTATTTATATATTCGCAATATGCAAAGGGACCGCCTGTG
AGTATTG

> MT818185 KKDBr19 Nendran
TCTGGAACGGAGTCAACCAATGATGATGACCCAAGCCGCACTATTGATGCAG
GTGGCAGTGCAAGAGGAACTCAACCATCAATAACCACTACAACAGCTCCAAG
CACATTTGGACAACCCACGACTACGTCAGCTCCATCTTCATCAAGCACGCCAC
CCAGAGCTTCCACACAAATTGCACCAATTCGGGATCGTGACGTTGATGCTGGT
AGTACAAACTTCATTATCCCTCGAATTAAACCGATGACTGGGAAAATGCGTCT
CCCAAGGTATCATGGAAAAACTGCAATTAATGTCGAGTTCTTGCTTCAATATA
AGCCCGATCAGTTTGATTTGTCAAATGCTATCGCAACTAGGGAGCAATATGAT
GCATGGTGTGATGCTGTCAAACGTGAGTATGCCATAGAGGACGAGGAACAGT
TCACAACTTTGTTAGGTGGTTTGATGGTATGGTGCATAGAGAATGGGACATCA
CCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAATTAGTTT
ACCAGTTAAAGCCTATTATTGAGAACGCTCAGCCTACTTTTCGGCAAATTATG
GCACATTTTTCTGATGCTGCTGAGGCATACATAACAATGCGCAACGTCACGGA
AAGATATATGCCTAGGTGGGGAGCACTTAGAGGATTGAATGACATAAGCTTA
GCCCGATATGCATTTGATTTTTATGTAGTCACATCAAAAACTACAAACAGGGC
TAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGGTCAAACACT
CGGTTATTCGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAACACAGAGA
GGCATACTGTTGAAGATGTGAAGCGTGATATGCACTCTCTGCTTGGGATGAA
ACATGAATAAATAAATAGTTATCTGGAGCTTGCTCCCTATAATTATGTGTGCT
TTATGATATTGTGATAATTGTAGTGTGAGCTTCTCACCTAAGTACCTACATGT
ATTGTGTGTGGTATTTATATTTTCACAATAAACAAAGGGACCGCCTGTGAGGT
ATTGATCGAG

> MT818186 KANBr2_Nendran
TCTGGAACGGAGTCAACCAATGATGATGACCCAAGGCCGCACATTGATGCAG
GTGGCAGCGCAAGAGGAACTCAACCATCAATAACCACTACAACAGCCCCAAG
CACATTTGGACAACCCACGACCACGTCAGCTCCATCTTCATCAAGCACGCTAC
CCAGAGCCTCCACGCAAATTGCGCCAGTTCGGGATCGTGATGTTGATGCTGGT
AGTACAAATTTTATTATCCCTCGAATCAAATCAATGACAGGGAAAATGCGTCT
CCCAAGGTATCGGGGAAAAACTGCAATTAATGTTGAGTTCTTGCTTCAATACA
AGCCTGACCAGTTTGATTTGTCAAATGCTATCGCAACTAGGGAGCAATATGAT
GCATGGTGTGATGTCGTAAAACGTGAGTATGCCATAGAGGACGAAGAACAGT
TCACAACTTTGTTAGGTGGTCTGATGGTATGGTGCATAGAGAATGGGACATCA
CCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAGCAAATAGTTT
ACCAGCTAAAGCCTATTATTGAGAACGCTCAACCTACTTTTCGGCAGATTATG
GCACATTTTTCTGATGCCGCTGAGGCATACATAACGATGCGCAATGCCACGG
AGAGATATATGACCACGTGGGGAGCACTCAAAGAATTGAATGACATAAGCTT
AGCCCGATATGCATTCGATTTTTATGTAGTCACATCAAAAACTACAAACAGGG
CTAGAGAAGCACACACGCAGATGAAAGCTGCAGCTATTCGTGGATCAAACAC
TCGTTTATTTGGTTTGGATGGAAATCTTGGACCTGGTGAAGAGAATACAGAGA
GGCATACTGTTGAAGATGTGAAGCGTGATATGCATTCTCTGCTTGGGATGAAA
CATGAATAAATAAATAGTTATCTGGAGCTTGCTCCCTATAATTATGTGTGCTT
TATGATATTGTGATAATTATAGTGTGAGCTTCTCACCTAAGTACCTACATGTA
TTGTGTGTGGTATTTATA

> MT818187_KASBr1_Nendran
TCGGGAACGGATTCATCCAATGATGATGATCTAAGCCGTGGCATTGATGCAG
GTGGCAGTGTTAGCGGAACTCAACCAGGAATCACCACTAATCACTACTACAG
CTCCAAGTACATTGGATCAATCACATCTACGTCAGCTGCATCTTCAATCAAGC
ACGGCATCCATGAGCTTTCATGCAAATTGCACCAGGTCGGGATTCGTGACGTT
GATGTTGTTAGTACAAACTTCATCATCCCTCGAATTATATCGATGACTGGGAA



AATGCGTCTCTCAAGGTATCGAGGAAAATCTGCAATTAATGTCGAGTTCTTGC
TTAATTATAAGCCTGATCAGTTCGATTTGTCAAATGCTATTGCAACTAGGGAG
CAATATGATGCATGGTGTGATGCTGTAAAACGTGAGTATGCCATAGAGGACG
AAGAACAGTTCACAACCTTGTTAGGTGGTTTGATGGTATGGTGCATAGAGAA
TGGGACATCACCAAATTTGAATGGTACATGGAGTATGATGGATAAGGGTGAG
CAATTAGTTTTCCAGTTAAAGCCTATTATTGAAAACGCTCAACCTTCTTTTCGG
CAAATTATGGCACATTTTTCTGATGCTGCTGAGGCATACATAACAATGCGCAA
TGTCACGGAGAGATATATGCCCAGGTGGGGAGCTCTTAGAGGTTTGAATGAT
ATAAGCTTAGCCCGATATGCATTTGATTTTTTTGTAGTCACATCAAAAACTAC
AAACAGGGCTAGAGAAGCACTCACGCAGATGAAAGCTGCAGCTATTCGTGGG
TCAAACACTCGGTTATTCGGTTTGGATGGAAATCATGGACCTGGTGAAGAGA
ACACAGAGAGGCACTCTGTCGAAGACAGAAGCGTGATAACCACTCTTATGTT
TCTGATGAAACATGAATAAATAAACAGTTATCTGGCGATCATACCTATATTTA
CGTGTGCTTTATGATATTGGGATAAATGGAGCAGACCTTCAAGCCTAAGTCCA
CCACAGGTATGATGTCGGTAC




Appendix 1V

Details of BBTV CP gene sequences retrieved from GenBank

Sl. No | Accession Location Country
number
1 GU125413.1 Kerala India
2 GU085261.1 Tamil Nadu India
3 GU085260.1 Tamil Nadu India
4 FJ664271.1 Tamil Nadu India
5 JX171699.1 Coimbatore India
6 GU125411.1 Karnataka India
7 JN250599.1 Karnataka India
8 GU125412.1 Andhra Pradesh India
9 GU125409.1 Maharashtra India
10 GU085262.1 Maharashtra India
11 GU125408.1 Gujrat India
12 DQ515970.2 Uttar Pradesh India
13 GU125414.1 Bihar India
14 FJ168538.1 Bihar India
15 GU125407.1 Delhi India
16 GU125406.1 West Bengal India
Arunachal
17 EU190968.1 Pradesh India
18 EU190967.1 Meghalaya India
19 EU190965.1 Assam India
20 MN380801.1 Tripura India
21 KT180290.1 Tripura India
22 KC466374.1 Umiam India
23 GU125410.1 Andaman India
24 AF246122.1 China
25 AF238877.1 China
26 MF688998.1 China




27 MG545612.1 China

28 AF148944.1 Fiji

29 AB252644.1 Myanmar
30 JN250595.1 Sri Lanka
31 KT220180.1 Egypt

32 MF039868.1 Thailand
33 AB848112.1 Indonesia
34 AB848111.1 Indonesia
35 EF593169.1 Pakistan
36 AM418566.1 Pakistan
37 AB250956.1 Philippines
38 AB189068.1 Philippines
39 EU366171.1 Taiwan
40 DQ826393.1 Taiwan
41 AB078023.1 Japan

42 AF148945.1 Vietnam
43 KT923137.1 Brazil

44 JF755985.1 Nigeria
45 JF755983.1 Angola
46 JF755980.1 Malawi
47 AF148943.1 Burundi Africa

48 JF755979.1 Cameroon




Details of BBrMV CP gene sequences retrieved from GenBank

Sl. No | Accession number | Location Country Host

1 AF071582.1 Kerala India Musa sp.
2 AF071583.1 Tamil Nadu India Musa sp.
3 AF071584.1 Tamil Nadu India Musa sp.
4 AF071585.1 Tamil Nadu India Musa sp.
5 AF071586.1 Coimbatore India Musa sp.
6 AF071587.1 Karnataka India Musa sp.
7 AF071588.1 Karnataka India Musa sp.
8 AF071589.1 Andhra Pradesh India Musa sp.
9 AF071590.1 Maharashtra India Musa sp.
10 KY369923.1 Maharashtra India Musa sp.
11 KF385470.1 Gujrat India Musa sp.
12 KF385473.1 Uttar Pradesh India Musa sp.
13 KF385474.1 Bihar India Musa sp.
14 KF385475.1 Bihar India Musa sp.
15 KF385476.1 Delhi India Musa sp.
16 KF385477.1 West Bengal India Musa sp.
17 KF385478.1 Arunachal Pradesh India Musa sp.
18 KF385479.1 Meghalaya India Musa sp.
19 KF385480.1 Assam India Musa sp.
20 KF385481.1 Tripura India Musa sp.
21 KF385482.1 Tripura India Musa sp.
22 KF385483.1 Umiam India Musa sp.
23 KF385484.1 Andaman India Musa sp.
24 KF385485.1 China Musa sp.
25 KF385486.1 China Musa sp.
26 KF385487.1 China Musa sp.
27 KF385488.1 China Musa sp.
28 KF385489.1 Fiji Musa sp.




29 KF385490.1 Myanmar Musa sp.
30 KF385491.1 Sri Lanka Musa sp.
31 HM348780.1 Egypt Musa sp.
32 HM348779.1 Thailand Musa sp.
33 HM348782.1 Indonesia Musa sp.
34 HM348781.1 Indonesia Musa sp.
35 AY953427.1 Pakistan Musa sp.
36 EF654655.1 Pakistan Musa sp.
37 AY494979.1 Philippines | Musa sp.
38 EU414267.1 Philippines | Musa sp.
39 HQ709162.1 Kerala (Wayanad) India Cardamom
40 HQ709163.1 Kerala (Idukki) India Cardamom
41 HQ709164.1 Karnataka India Cardamom
42 HQ709165.1 Karnataka India Cardamom
43 HQ709166.1 Karnataka India Cardamom
44 KT456531.1 Hawaii Flowering ginger




Appendix V

Vector maps

Xmnl 2009
74
Scal 1890 Nael 2707 [ =2 11 start

\ Aatll 20
f1ori Sphl 26
BstZl | 31
v |

stZl
Amp' Notl | 43
pGEM®-T Easy lacZ Sacll | 49
Vector EcoRI | 52

(3.015bp)

Spel 64
EcoRI 70
Notl 77
BstZI 77
Pstl 88
ori Sall 90
Ndel 97
Sacl 109
BstXI| 118
Nsil 127
141

T spe

Fig I. Vector map of pPGEM-T easy vector
(2655) BseYl PspFl (2659)
(2550) AlwNI pBR3220r.F (118..137)
/
\ /

Afilll - Pcil (273)

L4440 (371 . 388
BspQl - Sapl (390)

M13/pUC Reverse (584 . 606
M13 Reverse (603 . 519

/| Hindil (632
| / BfuAl -

I

1y
// Sall (650)

\ / Accl (651)

|\ Hincll (652)

~ . Xbal (656)

- BamHI (662)

—— Aval - BsoBI - TspMI

~. BmeT110! (668)

(2071) Ahdl

puc19

(2005) Bsal — 2686 bp

(2002) Bpml —
(1086) BsrFl —

\ \ Kpnl (675)

\\ \\
\\ " Banil - Sacl (681)
\\ Apol - EcoRl (683)
\ M13 Forward (689 .. 706

(1924) NmeAlll

. Kasl (844)
Narl (825)
Sfol (846)
PluTl (848)

" _Ndel (897)

BstAPI (901)

pRS-marker (914 ..933

T Pfol (1032)

(1673) Tsol
N\ PGEX 3' (1033 ..10%5)

S — - [ ; Eco01091 (1091)

(1590) Scal | ! pBRforEco (1093 . 1111)
/ / \
1502  1521) Amp-R \ Zral (1150)
QE02.., 2320 S \ Aatil (1152)
(1471) Xmnl
Sspl (1266)

Fig 1. Vector map of pUC19

- Xmal (667)

M13/pUC Forward (698 .. 720)



(38) Xbal Ndel (38)

[2832) BspQI - Sapl |

(271%) Nspl
[2715) AfIII - Peil | \ | NheI (138)
S/ BmiT (14n)
{ ’ / _|T7 tag (gene 10 leader)

| Xpress™ tag
_BspDI * - ClaI * [155)

. BamHI (200)

—— Aval - BsoBI - PaeR7I - XhoI (203]
 BmeT110I [210)

——— BglII (213)

——— pstI (221

~ T Pwull (222)

T imcs

" Acc65I [223)
~ Btgl - Kpnl - Ncol (223%)
 EcoRI (234)

—_ BstBI (228)

HindIII (241)

. . BlpI (233)
. EcoD100I (326)

(2415) PspFI .
[2411] BseYI .

(2308) AlwNI -

. BspEL * (376)
NgoMIV (373)
. Nael (381)
" BanlI (613)
. BtgZI (579)
. BsaAl (584)
Dralll [587)

Psil (512)

/ ;
(1827) AhdI .~ VNN
(1787) Bmrl “
(1758) BpmI ™,
J Xmnl [1227)
\ BsaMI (1287)
Tatl [1344)
Scal (1348)

(1680) NmeAIIT

Fig I11. Vector map of pRSET-C

(4870} Bigl BfuAl - BspMI (&2}
(4762) Bsu36l | lac operator
| . EcolNI (268}

| |~ MscI (453)

(4312) PluTI BstBI [&55)

(4310) Sfol | | Swal [s85)
(4309) Narl *_ 5, I

(4308) Kasl ——

[4175) Hpal

(1118) EcoRV .~

(4080} BssHII

(B85 .. B91)

pGEX 5' Sequencing Primer (885

,ﬂﬁ'\.‘"
g‘!\e’

. PaeR7I - PspXI - Xhol (355
"~ Eagl - Mokl (561}

‘\anl (1037)

plGEX 3' Sequencing Primer
PFIFT - Tth111l (1140)

\ BsaAl (1147}

\ Zral (1
AatIl ¢

(3a80) Apal - BanlI
(3376} PspOMI —
(3850) BstEIT

o
)
su':l'?d3

pGEX-4T-2
4970 bp

PR promoter
pr
|

(3665 Miul —

L K

S

e Am
T

[3352) BStAPI
(3251) PAMI
PstI (1323)
" Bsal (2089
! AhdI (2155
12544} AlwNI

Fig IV. Vector map of pGEX-4T-2



(80} BIpI GxHis

B N Awval - BsoBI - PaeR7I - PspXI - XhoI [138)
(3658) Dralll ' BmeT110I (159
(5530) Psil / /' Eagl - NotI [(188)
| /0 /"  HindIIl (173)
/ _ Salt (17%)

" " _ EcoS53kI (1B8)
< 7 Sacl (190)
© . EcoRI (152)
-~ _ BamHI [138)
EcoRV [205)
~ Ncol [212]

__ — — — enterokinase site

— AccaSI (234)
KpnI (238)

~  BglII (241)

" BstBI [258)

(4995) Scal .

(48835) Pwul

[4760) PstI - S-Tag
" [thrombin site
T MscI (351)
(4576) Bsal —

" RsrII (529)
RES
" XbaI (729)

(4515) Ahdl —

pET-32a(+) -

5900 bp . T7 promoter
SgrAl [840)
sphr (995]

_ EcoNI (1035)

BstAPI (1204)
. Mlul [1521)
BT * (1535)
S BstEII [1702)
“. PspOMI (1728)

Apal [1732)
BssHII (1932)

Hpal (2027)

(4038) AhwNI

(3622) Pl
(3506) BspQI - Sapl

 [2393) Bstz17I
[3287) PAIFT - Tthi11il

PshAT (2368)

FspAI (2503)
PpuMI [2528)

Fig V. Vector map of pET-32a(+)



DEVELOPMENT OF RECOMBINANT COAT PROTEIN FOR
IMMUNODIAGNOSIS OF BANANA BUNCHY TOP AND BRACT
MOSAIC DISEASES

by

DARSANA DILIP K.C.
2016-21-024

ABSTRACT OF THE THESIS
Submitted in partial fulfillment of the

requirement for the degree of

DOCTOR OF PHILOSOPHY IN AGRICULTURE

Faculty of Agriculture

Kerala Agricultural University

DEPARTMENT OF PLANT PATHOLOGY
COLLEGE OF AGRICULTURE
VELLANIKKARA, THRISSUR - 680 656
KERALA, INDIA
2021



ABSTRACT

The present investigation was undertaken to develop recombinant coat protein (rCP) of
Banana bunchy top virus (BBTV) and Banana bract mosaic virus (BBrMV) for
immunodetection of the viruses. The experiments were conducted at the Virology Lab,
Banana Research Station, Kannara; Department of Plant Pathology, College of Agriculture,
Vellanikkara, Kerala Agricultural University and Indian Institute of Science, Bengaluru
during the period of 2016-2020.

A roving survey in 10 districts of Kerala, divided into population subsets viz., North,
Central and Southern zones were conducted for sample collection. After a preliminary
DAC-ELISA, 17 and 12 representative samples respectively were selected and carried
forward for further evaluations. The CP gene of BBTV was amplified from the total DNA
isolated using reported primers by Polymerase Chain Reaction (PCR) and that of BBrMV
by Reverse Transcriptase-PCR (RT-PCR). The CP gene sequences of these isolates were
determined and submitted in the NCBI-GenBank Database. The 17 BBTV isolates were
designated as MT174314-MT174330 and the 12 BBrMV isolates as MT818176-
MT818187.

It was inevitable to evaluate the molecular diversity of the viruses prior to devising nucleic-
acid based and serological detection methods. The phylogeographic analysis depicted a
clear demarcation of BBTV Kerala isolates based on geography whereas no such clustering
was observed in the case of BBrMV isolates. Being an RNA virus, the molecular diversity
of BBrMV (ranging between 1-12 %) was higher than BBTV. However, the 5° and 3’
terminal of BBrMV CP gene was hypervariable and found unsuitable to be targeted for
nucleic-acid based detection. Hence, forward primer was designed from the NIb region of
sSRNA genome of BBrMV and reverse primer from 3° UTR region upstream and
downstream to the CP gene respectively. For nucleic-acid based detection of BBTV, highly
conserved non-coding region of DNA-S upstream and downstream to the CP ORF was
targeted. The primers were validated by detecting virus from the field samples collected

from various parts of the state.

The rCPs were chosen as a potential antigen for raising antibodies in order to develop

serodiagnostic assays for the early detection of the viruses. The BBTV CP gene was cloned



in to three expression vectors viz., pPRSET-C, pGEX-4T-2 and pET32a(+) and transformed
to expression hosts like BL21 (DE3) pLysS, Rosetta (DE3) pLysS and C41 strains of E.
coli after amplification in DH5a. The 20 kDa recombinant BBTV CP (rBBTV CP) cloned
in to pRSET-C, and overexpressed in various E. coli hosts had a hexa histidine (6X His)
tag at the N terminal. Similarly, a 37 kDa fusion protein (pET/rBBTV CP) was
overexpressed from pET/BBTVCP clone had a thioredoxin (Trx) tag (17 kDa) along with
the 6X His tag. Whereas, a 45 kDa fusion protein (0 GEX/rBBTV CP) with GST tag was
overexpressed from pGEX/BBTVCP clone. These affinity tags in the fusion rCP enabled
purification from other E. coli proteins. Although pRSET/rBBTV CP was soluble, the 20
kDa protein was highly unstable and partially degraded during purification at 4 °C.
Curiously, pGEX/rBBTV CP dissociated from its GST affinity tag and the rCP without the
tag degraded. On evaluating the protease cleavage sites in the fusion protein, trypsin
cleavage sites were present between the C terminal of GST and N terminal of BBTV CP
which might be the reason for cleavage of the ~20 kDa protein from its affinity tag. Thus,

it was impossible to purify the protein from the pool of E. coli proteins.

Restriction free (RF) cloning of BBTV CP to pGEX-4T-2 was attempted not only to replace
these trypsin cleavage sites but also the thrombin cleavage site present in the vector with
Tobacco etch virus (TEV) Nla protease site. Thrombin is a specific enzyme used to cleave
off the tag from the fusion protein after purification. However, its specificity is not
universal. Furthermore, the commercially available enzyme is costly. TEV protease on
other hand was produced in the laboratory and was highly specific. However, the cleavage
using TEV protease was unsuccessful apparently because of a steric hindrance contributed
by the two extremely ordered regions flanking the TEV cleavage site present in the
disordered region of the fusion protein. pET/rBBTV CP was highly soluble like
ApGEX/rBBTVCP.

Likewise, BBrMV CP gene was cloned into pRSET-C and pGEX-4T-2 to obtain
PRSET/rBBrMV CP and pGEX/rBBrMV CP of size 34 kDa and 60 kDa respectively. The
34 kDa pRSET/rBBrMV CP was insoluble. Overexpression and purification of the protein
was standardized in various conditions to increase solubility. On the contrary,
pGEX/rBBrMV CP was highly soluble and was purified by GSH Sepharose affinity
column chromatography. 360 pg/ml of untagged protein was obtained from 1 | culture.
However, like any other potyviral CP, the exposed N and C terminal of BBrMV CP was
also prone to proteolytic cleavage. It partially degraded when incubated with thrombin at



room temperature for GST tag cleavage. All these bands were detected by potyviral CP
specific antibody in Western blot. Further on storage complete degradation of the protein
was observed. Further standardisation of the protocol is necessary to either stabilise
monomeric CP or develop BBrMV VLPs in vitro for immunising animal in order to raise

the antiserum.

The immunogenicity of the antigens (rBBTV CP and rBBrMV CP) was confirmed by
Western blot using BBTV CP specific and potyvirus CP specific antibody procured from
NRC, Banana and 1ISc, Bangalore respectively. The rCPs were also characterized by
fluorescence spectroscopy, sucrose gradient ultra centrifugation and electron microscopy.
The fluorescent spectra of tagged and tag less rBBrMV CP deviated from 330 nm which is
typical for a partially disordered protein. However, the spectra of pET/rBBTV CP and
ApGEX/rBBTV CP were different. The former depicted the spectra of a mostly globular
protein. There were two Amax for the fluorescence spectra of ApGEX/rBBTV CP.

The epitope prediction of BBTV CP with Trx tag gave interesting insights. A single linear
epitope of 80 residues were detected in pET/rBBTV CP comprising of C terminal of the
affinity tag and the N terminal of BBTV CP. This was expected to increase the

immunogenicity of the antigen and administered for production of antiserum.

The titre value of polyclonal antiserum produced against the 37 kDa pET/rBBTV CP was
evaluated by DAC-ELISA and was found to be 1:128000. Titre value for serological assays
of field samples was standardized as 1:10000 to be more inclusive for detecting virus even
at early stages of infection. A total of 247 tissue culture samples and 10 field samples were
screened for the presence of the virus using the antiserum and was compared with the
procured antiserum. Seemingly, the latter non-specifically reacted with plant proteins
which gave a higher absorbance value in negative control and correspondingly high
absorbance in the infected samples. The polyclonal antiserum raised against rBBTV CP
was used to standardize serological detection assays like IC-PCR, DIBA and TAS-ELISA
apart from DAC-ELISA. DIBA and TAS-ELISA were the most sensitive assays which
could detect up to 1:80 dilution of the antigen.

In conclusion, due to the higher nucleotide variability of the CP gene, serological detection
is preferred over nucleic acid based assays. However, the quality of antigen used for raising
the antibody plays a major role in serodiagnostics. Hence, high quality rCPs of both BBTV

and BBrMV were developed in the laboratory in various vector/host systems. The



PET/rBBTV CP overexpressed in C41 strain of E.coli (1.1 mg/ ml obtained from 1 L
culture) was used for immunisation of the animal. A highly sensitive antiserum specific to
BBTV with a titre ten fold higher than that of the commercially available antiserum was
obtained. Using this antiserum raised against rBBTV CP, various serodiagnostic assays
were standardised in the laboratory. Among these, TAS-ELISA was the most sensitive,

detecting antigen even at higher dilution.
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