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ABSTRACT 

Banana bunchy top virus (BBTV), a plant DNA virus in the family Nanoviridae, is 

transmitted by the banana aphid, Pentalonia nigronervosa, in a circulative non-

propagative manner. Information available on the interactions between BBTV and its 

vector is very limited. The overall goal of this work is to foster a basic understanding 

of BBTV-aphid interaction that will allow the generation of new options for the 

management of the disease. I have developed an immunofluorescence assay that 

allowed us to specifically localize BBTV into the anterior midgut (stomach) and into 

specific cells forming the principal salivary glands within the aphid vector. In order to 

examine the translocation and retention of BBTV into the aphid vector, I used time-

course experiments and transmission assays coupled with real-time PCR and 

immunofluorescence assays on dissected aphid tissues. These results indicate that 

BBTV is internalized into the anterior midgut in which it accumulates and is retained 

at concentrations higher than either in the haemolymph or in the principal salivary 

glands. I document that the anterior midgut and principal salivary glands can have 

direct contact within the aphid body, suggesting a possible haemolymph-independent 

translocation path. Through additional experiments, I have analyzed the interaction 

between GroEL proteins produced by the endosymbiotic bacterium Buchnera 

aphidicola, harbored within the aphid, and BBTV viral particles. Interaction assays 

were performed using immunocapture PCR, dot-blot, and far-western blot assays. 

However, I failed to obtain evidence of BBTV-GroEL interaction. Furthermore, I 

have used transmission assays, real-time PCR and immunofluorescence to analyze the 

localization, accumulation, and transmission efficiency of BBTV across 4 different 

lineages of Pentalonia, including Pentalonia caladii, a species colonizing heliconias, 

ginger and taro. Immunofluorescence assays showed similar BBTV translocation 

pattern among the 4 Pentalonia lineages. The results obtained showed for the first 
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time that P. caladii is a competent vector of BBTV. Finally, I used fluorescent 

markers to study the process of cellular internalization in guts and salivary glands of P. 

nigronervosa. The data obtained suggests that BBTV does not use receptor-mediated 

endocytosis as described for aphid-trasnmitted luteoviruses. Therefore, I discuss the 

possible alternative mechanisms of virus internalization. 
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Chapter 1.  Introduction and literature review 

1.1 Introduction 

 Banana bunchy top virus (BBTV) is a serious viral disease affecting banana 

plants (Musa spp.)  in many banana-growing areas in Asia, Africa, and the South 

Pacific (Dale, 1987). Banana plants infected by BBTV produce distorted leaves; new 

growth from infected plants is stunted with a “bunchy top” appearance and do not 

produce fruit (Dale, 1987). In the 1920s it almost completely destroyed the banana 

growing industry in Australia (Magee, 1927). It has spread in many countries, 

including Fiji (1927), India, Egypt (1953), the Philippines, Taiwan (1961), Tonga, 

Samoa (1967), Vietnam (1969), China (1979), and Guam (1982), (Dale, 1987). In 

Hawaii, BBTV was first observed on Oahu in 1989, then on the island of Hawaii 

(1995), Kauai (1997), Maui (2002) (Ferreira, 1991). Phylogenetic network analysis 

indicate the virus has two major phylotypes, a South Pacific/African group in 

Australia, Burundi and Fiji, and an Asian group in the Philippines, Taiwan, and 

Vietnam. BBTV isolates from Hawaii cluster within the Pacific/ African group and 

forms a monophyletic clade, indicating a single invasion of the archipelago (Almeida 

et al., 2009).  

1.2 The family Nanoviridae 

 ntil the late 1980’s, yellowing and dwarfing diseases of legumes and banana 

whose causal agents were not sap transmissible but persistently transmitted by aphids, 

were generally thought to be caused by ssRNA viruses of the family Luteoviridae 

(luteovirids) (e.g., Dale, 1987). In attempts to elucidate the etiology of these diseases, 

however, no physical or molecular evidence of luteovirid infections was obtained. 

Instead, unusually small, icosahedral particles measuring only 18-20 nm in diameter 

were consistently observed in purified preparations from diseased plants. In contrast 

to luteovirids, these particles did not contain a linear ssRNA but several circular 

ssDNA molecules, all of which were about 1 kb in size (Chu and Helms, 1988; 

Harding et al., 1991; Katul et al., 1993; Thomas and Dietzgen, 1991). In addition, 

these viruses differed with respect to particle morphology, genomic organization, 

mode of transcription, and vector species from other ssDNA viruses of the family 

Geminiviridae (geminiviruses). Because of the distinct properties of the viruses 
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associated with the legume and banana diseases they were assigned to a new family, 

the Nanoviridae (Vetten et al., 2011). 

Until now, six virus species of Nanoviridae, namely: BBTV, Abaca bunchy 

top virus (ABTV), Faba bean necrotic yellows virus (FBNYV), Faba bean necrotic 

stunt virus (FBNSV), Milk vetch dwarf virus (MDV) and Subterranean clover stunt 

virus (SCSV), have been formally described. On the basis of differences in biology 

(natural hosts, aphid vectors), genetic relationships and both genome size and 

organization members of the family Nanoviridae are subdivided into the genera 

Nanovirus and Babuvirus. Increasing evidence suggests not only that these viruses are 

quite variable in their biological and molecular properties but also that certain crops 

of the Old World harbor further, yet incompletely described nanovirids. For instance, 

a babuvirus representing the species Cardamom bushy dwarf virus (CBDV) has been 

identified from large cardamom (Amomum subulatum Roxb.) in India (Mandal et al., 

2004) and a nanovirus of the species Pea necrotic yellow dwarf virus (PNYDV) from 

pea (Pisum sativum L.) in Germany and other European countries (Grigoras et al., 

2010; Grigoras et al., 2011). Very recent data indicate that, in addition to PNYDV, 

there are other pea-infecting nanoviruses in Europe that represent at least two further 

species (Grigoras et al., 2011).  

1.3 Genome organization of BBTV 

A set of six and eight DNAs has been consistently identified from a range of 

geographical isolates of babu- and nanoviruses, respectively. Hence, a typical 

babuvirus genome consists of six ssDNAs each of about 1.06 kb (± 40 nt) whereas 

eight ssDNAs each of 1.0 kb (± 20 nt) form the nanovirus genome (Table 1.1 and Fig. 

1.1; Vetten et al., in press).



 

3 

 

 

Table 1.1. Key properties of viruses of the genera Babuvirus and Nanovirus (family Nanoviridae) (Vetten et al., in press) 

 
 Genus Babuvirus Genus Nanovirus 

ABTV BBTV CBDV FBNYV FBNSV MDV PNYDV SCSV 

Geographic distribution Borneo, 

Philippines 

Pacific Islands, 

Australia, 

southern Asia, 

Africa 

India 
Near East, North & 

East Africa, Spain 

Azerbaijan, 

Ethiopia, 

Morocco 

China, Japan 

Germany & 

SE Europe 

 

Australia, 

Tasmania 

Biological properties  
 

 
  

  
 

 Major host plants 
Musa spp. 

(abaca, banana) 
Musa spp. 

Large cardamom 

(A. subulatum) 
legumes legumes legumes legumes legumes 

 

Aphid vectors  P. nigronervosa P. nigronervosa 
P. nigronervosa, 

M.kalimpongensis 

A. craccivora, A. 

fabae, Acyrtho-

siphon pisum 

A. craccivora 
A. craccivora, 

A. pisum 
A. pisum A. craccivora  

Virion properties         

 Morphology no data icosahedral icosahedral icosahedral icosahedral icosahedral icosahedral icosahedral 

 Particle diameter (nm) no data 18-20 17-20 18 18 18 18 17-19 

 Capsid protein (kDa) no data 20 no data 20 20 no data no data 19 
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Table 1.1. (Continued) Key properties of viruses of the genera Babuvirus and Nanovirus (family Nanoviridae) (Vetten et al., in press) 
 

Genome properties         

 Number of components 
A
 6 6 (9) 1 8 (12) 8 8 (11) 8 (11) 6 (8) 

 Component sizes (nts) 1013-1099 1018-1111 No data 985-1014 980-1003 977-1022 978-1002 988-1022 

 Genome components 
B
  

   
  

  

  DNA-R (M-Rep) +
 C

 + + + + + + + 

  DNA-S (CP) + + no data + + + + + 

  DNA-C (Clink) + + no data + + + + + 

  DNA-M (MP) + + no data + + + + + 

  DNA-N (NSP) + + no data + + + + + 

  DNA-U1   (U1) − − no data + + + + + 

  DNA-U2   (U2) − − no data + + + + − 

  DNA-U3   (U3) + + no data − − − − − 

  DNA-U4   (U4) − − no data + + + + − 
 

 

A
 Numbers of identified genome components possibly forming the viral genome. Numbers in parentheses give the total number of distinct 

ssDNA components (incl. alphasatellites) described from one or various isolates of each virus. 
B
 DNA(s) encoding proteins that are either functionally equivalent and/or share significant levels of sequence similarities were placed on the 

same line. Assigned and tentative functions of the protein encoded by each genome component is given in parentheses: master replication 

initiator protein (M-Rep), capsid protein (CP), cell-cycle link protein (Clink), movement protein (MP), putative nuclear shuttle protein (NSP), 

and proteins of unknown functions (U1 to U4). 
C
   plus (+) and dash (−) indicates as to whether a     component encoding a similar protein has been identified from a virus species or not, 

respectively.  
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Figure 1.1. Genomic organization of viruses of the genera Nanovirus (green frame) and Babuvirus (red frame). Nano- and babuviruses have five 

genome components in common (DNA-R, -S, -C, -M, -N) and typically possess specific DNAs (DNA-U1, -U2 and –U4 vs. DNA-U3, 

respectively). Other DNAs that are almost invariably but inconsistently associated with nanovirid infections are considered satellite-like DNAs 

and are referred to as alphasatellites, which encode a  ep (‘para- ep’) protein capable of initiating autonomous replication only ( etten et al., in 

press). 
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Babu- and nanoviruses share a set of five homologous DNA components, whereas 

three other DNAs have been identified only from nanoviruses, and one only from 

babuviruses. The five genome components shared by babu- and nanoviruses are 

referred to as DNA-R, -S, -C, -M and -N which code for master Rep (M-Rep), 

structural (capsid), cell-cycle link (Clink), movement (MP) and nuclear shuttle (NSP) 

proteins, respectively. The functions of the nanovirus-specific components (DNA-U1, 

-U2 and -U4) and the babuvirus-specific genome component (DNA-U3) are currently 

unknown (Vetten et al., 2011). Any other DNAs, which encode a Rep protein capable 

of initiating only autonomous replication of its cognate DNA (Timchenko et al., 1999), 

are not consistently associated with nanovirid infections and thus considered satellite-

like DNAs, now also referred to as alphasatellites (Briddon et al., 2001). 

Since all nanovirids seem to be restricted to the phloem tissue of their host 

plants, they are not transmitted mechanically and through seeds. Apart from graft 

transmission, vector transmission had been the only means of experimentally 

infecting plants with nanovirids for a long time until Franz et al. (1999) used purified 

FBNYV particles and virion-derived DNA for biolistic bombardment and Timchenko 

et al. (2006) succeeded in demonstrating infectivity of cloned FBNYV DNA by 

biolistic bombardment or agroinoculation. Recently, the eight cloned DNAs of 

FBNSV have been used to reconstitute a fully infectious and aphid transmissible 

nanovirus with symptoms comparable to those of the wild type virus, confirming that 

these eight DNAs indeed form the entire nanovirus genome (Grigoras et al., 2009).  

Despite some biological similarities, nanovirids generally cause more severe 

symptoms than luteovirids. In many virus-host combinations, early infections lead to 

very severe effects, often to premature plant death. The disease caused by BBTV is 

considered the most serious viral disease of banana worldwide. SCSV and FBNYV 

are also thought to be of great economic importance as they caused serious diseases of 

subterranean clover in Australia and of faba bean in Egypt, respectively, leading to 

repeated crop failures. SCSV has been reported only from Australia, MDV only from 

Japan and China, and FBNSV only from Azerbaijan, Ethiopia and Morocco, whereas 

FBNYV appears to have a much wider geographic distribution (West Asia, Middle 

East, North and East Africa and Spain). Nanovirids are not known to occur in the 

New World.  
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1.4 Insect vectors 

Aphids (Hemiptera, Aphididae) have been identified as the sole insects that act 

as vectors of nanovirids (Table 1.1). A few aphid species, in particular the cowpea 

aphid Aphis craccivora Koch, the bean aphid A. fabae Scopoli and the pea aphid 

Acyrthosiphon pisum Harris are implicated in the spread of nanoviruses in the legume 

production areas of Europe (Grigoras et al., 2010; Ortiz et al., 2006), Africa (Katul et 

al., 1993; Franz et al., 1998), Asia (Inouye and Asatari, 1968) and Australia (Chu et 

al., 1995) (Table 1.1). A. craccivora is by far the most efficient vector of SCSV in 

Australia, being capable of transmitting the virus after short acquisition and 

inoculation feeding periods of 30 min each (Grylls and Butler, 1956; Grylls and 

Butler, 1959). SCSV was reported to be vectored also by Aphis gossypii Glover 

(Grylls and Peak, 1969), Macrosiphum euphorbiae Thomas (Smith, 1966) and Myzus 

persicae Sulzer (Grylls and Butler, 1956; O'Loughlin, 1962). However, some of these 

accounts appear questionable and should be re-examined as (i) virus isolates 

recovered by Grylls and Peak (1969) using aphid species other than A. craccivora, 

were not transmitted by A. craccivora and (ii) reliable diagnostic tools for SCSV 

identification were not yet available at that time. 

The banana aphid, Pentalonia nigronervosa Coquerel, has been repeatedly 

demonstrated to transmit BBTV to banana in several tropical and sub-tropical regions 

of the world, including Australia (Hafner et al., 1995; Magee, 1940), the South Pacific 

(Hu et al., 1996; Anhalt and Almeida, 2008) and parts of Asia (Wu and Su, 1990). 

The same aphid species is the sole known vector of ABTV in abaca (Musa textilis) 

and banana plantings in the Philippine and Malaysia, respectively (Ocfemia, 1930; 

Sharman et al., 2008; Su et al., 2003). In the Himalayan region of North India the 

“foorkey” disease of large cardamom (Amomum subulatum Roxb.) is caused by 

CBDV (Mandal et al., 2004), which has been reported to be transmitted by an aphid 

species from the genus Pentalonia and by Micromyzus kalimpongensis Basu (Varma 

and Capoor, 1964). 

Available evidence (lack of sap transmission and results of tissue blot 

immunoassays) suggests that persistently transmitted viruses, such as the luteovirids 

and nanovirids are phloem restricted (D'Arcy and Domier, 2005; Vetten, 2008). 

Therefore, only those hemipteran insects that accept a certain plant as a host, thereby 

feeding on its phloem, can potentially become a vector. The tight link between the cell 
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types that are major sites for virus replication and accumulation and the vector 

feeding requirements suggest that the host ranges of the circulative viruses, including 

the nanovirids, are critically dependent upon the vector’s host range (Gray and 

Banerjee, 1999). In addition, competent vector species may transmit nanovirids at 

different degrees of efficiency; for instance, Katul et al. (1993) reported that the pea 

aphid transmitted a Syrian isolate of FBNYV much more efficiently than the cowpea 

aphid and the bean aphid. Later, Franz et al. (1998) reported that both the pea and the 

cowpea aphids transmitted an Egyptian isolate of FBNYV at similarly high rates. 

Non-vector aphid species have also been identified; for example, the green peach 

aphid Myzus persicae Sulzer (Katul et al., 1993) and the melon aphid Aphis gossypii 

Glover (Vetten, unpublished) failed to transmit FBNYV to faba bean seedlings. 

Similarly, neither the green peach aphid nor the melon aphid were able to transmit 

BBTV to banana plants (Patel and Shukla, 2010). Altogether, these observations 

suggest that nanovirids have a high degree of vector specificity.  

Based on morphology and molecular data, Foottit and colleagues (2010) have 

recently re-classified P. nigronervosa f. caladii to a new species: P. caladii. Although 

some sexual forms of Pentalonia aphids have been reported in northeast India and 

Nepal (Bhanotar and Ghosh, 1969; Blackman and Eastop, 2000) in most subtropical 

and tropical regions, including the Pacific, both P. nigronervosa and P. caladii are 

believed to reproduce exclusively asexually. Both species have the potential of 

exploiting common hosts (Bhadra and Agarwala, 2010; Venugopal et al., 1999); 

however, in nature they differ in the range of host plants. P. nigronervosa primarily 

colonizes banana plants (Musa spp.), whereas P. caladii chiefly colonizes gingers 

(Zingiber officinale, Alpinia purpurata, Hedychium coronarium), heliconias 

(Heliconia spp.) and taro (Colocasia esculenta) plants (Foottit et al., 2010). 

Transmission experiments failed to demonstrate that taro and ginger plants (A. 

purpurata) can be infected by BBTV (Hu et al., 1996); thus it is still unclear as to 

what extent P. caladii is a competent vector of BBTV and may take an active role in 

the epidemiology of the bunchy top disease of banana. 

1.5 Transmission mode  

Several lines of evidence suggest that nanovirids are persistently transmitted 

by aphids in a non-propagative and circulative manner (Hafner et al., 1995; Franz et 

al., 1998; Anhalt and Almeida, 2008), similar to the vector-borne luteovirids and 
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geminiviruses. For instance, Hu et al. (1996) demonstrated that the banana aphid 

transmits BBTV for at least 15-20 days post-acquisition. Similarly, following a 72-h 

acquisition access period and serial transfers of individual aphids at 24-h intervals the 

pea and cowpea aphids transmitted FBNYV for up to 32 days but often in an erratic 

manner (Franz et al., 1998).  

There is a detectable latent period estimated at 20-28 h (Anhalt and Almeida, 

2008) for BBTV transmission by the banana aphid. A latent period of less than 24 h 

was observed for SCSV transmission by the cowpea aphid (Grylls and Butler, 1956, 

1959), whereas Franz et al. (1998) estimated a median latent period (LP50) of 105 and 

109 h for FBNYV in the pea and cowpea aphids, respectively. As for other viruses 

transmitted in a circulative persistent manner, the presence of a latent period seems to 

be required by the virus to cross the cellular membranes of the gut and salivary glands 

in the vector’s hemocoel ( ray and Gildow, 2003). 

Hafner and colleagues (1995) reported that while infected banana plants had 

readily detectable levels of BBTV RNA transcripts, they were not detected in 

viruliferous aphids, thus suggesting lack of viral replication in the vector. There is 

evidence that neither FBNYV nor BBTV are vertically transmitted through 

viruliferous aphids to their offspring (Hu et al., 1996; Franz et al., 1998). Aphids that 

acquire FBNYV as adults were strikingly poorer vectors than nymphs (Franz et al., 

1998); however, nymphs of the banana aphid have been reported to be less efficient 

vectors of BBTV than adults (Anhalt and Almeida 2008). Temperature seems to 

greatly affect the transmission efficiency of nanovirids; thus, BBTV is transmitted at 

higher rates at temperature regimes near 25°C rather than near 20 or 30°C (Anhalt and 

Almeida, 2008; Wu and Su, 1990). 

1.6 Helper component 

 Interestingly, all attempts to demonstrate aphid transmissibility of purified 

nanovirus particles from either artificial diets or sucrose suspensions have failed (Chu 

and Helms, 1988; Katul et al., 1993). However, purified nanovirus particles were 

shown to be infectious following inoculation of protoplasts by electroporation (Chu et 

al., 1993) or of seedlings by biolistic bombardment (Franz et al., 1999). This 

suggested that nanoviruses may require a virus encoded helper factor (HF) for aphid 

transmission that was either nonfunctional or absent in purified virus suspensions. 

Franz et al. (1999) tested the HF requirement for nanovirus transmission by 
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conducting sequential transmission complementation experiments similar to those that 

allowed to test the requirement of a virus-encoded HF for non-persistently transmitted 

potyviruses (Ng and Falk, 2006). By using FBNYV isolates from Ethiopia and Egypt, 

which are now regarded as isolates of two nanovirus species, FBNSV and FBNYV, 

respectively (Grigoras et al., 2009), Franz et al. (1999) demonstrated that pea aphids 

transmitted purified virus of one isolate (species) from artificial diets only when they 

had previously fed on plants infected with the other virus isolate (species). In 

addition, microinjected virions of one of the two isolates became transmissible when 

aphids had acquired the putative HF of the second isolate from infected plants. This 

suggested that the putative HF mediates the virus transport through the hemocoel-

salivary gland interface in the pea aphid. 

Information on the possible requirement of a virus-encoded HF is much more 

limited for babuviruses. Since Thomas and Dietzgen (1991) have not been able to 

transmit purified BBTV suspensions by using the banana aphid, this suggests that 

BBTV may also require a HF for vector transmission. There is circumstantial 

evidence supporting this notion as Fu et al. (2009) were unable to detect the DNA-N 

in two mild isolates of BBTV that were not aphid transmissible. However, the authors 

refrained from speculating about the potential role of the DNA-N encoded protein as 

HF for aphid transmission of BBTV.  

1.7 GroEL 

Circulative plant viruses are retained for a significant part of their cycle in 

competent vector’s hemolymph.  oth aphid-transmitted luteoviruses and whitefly-

transmitted begomoviruses have been shown to bind specifically to GroEL proteins 

abundantly present in the hemolymph of the vectors (Van den Heuvel et al., 1994; 

Morin et al., 1999). GroEL is a Chaperononin like protein and is involved in 

important biological processes including protein folding and subunit assembly 

(Ohtaka et al., 1992). Interestingly, GroEL proteins are not produced by the insects 

themselves, instead they are produced by symbiotic bacteria living in the aphids 

(Buchnera aphidicola) and whiteflies (Carsonella ruddii).  

It has been shown that the binding to GroEL proteins prevents luteoviruses 

from becoming degraded in the hemolymph. In a simple experiment, administration 

of an antibiotic to aphids that suppressed the production of GroEL by killing the 

symbiotic bacteria, resulted in a fast degradation of the viral particles of the luteovirus 
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Potato leafroll virus (PLRV; Van den Heuvel et al., 1994). In other experiments, 

when whiteflies carrying the begomovirus, Tomato yellow leaf curl virus (TYLCV) 

were allowed to feed on a solution containing antibodies raised against GroEL 

proteins the transmission of the virus was dramatically reduced, suggesting the 

antibodies prevented binding of GroEL with the virus (Czosnek et al., 2001). Binding 

between the TYLCV coat protein and GroEL protein was also shown in a yeast two-

hybrid system (Czosnek et al., 2001a).  To date there is no evidence suggesting 

Nanoviridae, including BBTV, can bind to the GroEL protein within their aphid 

vectors.  

1.8 Virus localization and translocation pathway 

The translocation paths of circulative viruses, such as luteovirids and 

geminiviruses, through their competent vectors have been the focus of several studies. 

For instance, a large body of literature has shown that luteovirids are ingested along 

with the sap of the infected plants, bind to, and cross, the aphid digestive system, 

specifically the hindgut (Gildow, 1985; 1993) and, in some cases, the posterior 

midgut (Brault et al., 2005). From the gut tissues, virions transit into the aphid 

haemocoel, first into the hemolymph and then specifically penetrating the accessory 

salivary glands (ASGs; Gildow, 1982). Virions can then be discharged to the plant 

tissues along with the secreted saliva produced during the feeding process (Tjallingii, 

2006).   

The process of virion penetration of the epithelial cells of the gut and salivary 

glands is known as transcytosis and is initiated through the recognition of specific 

receptors, i.e., cell surface proteins, through which virions can initiate the process of 

membrane binding and internalisation (Tamborindeguy et al., 2010). Several lines of 

evidence indicate that luteovirids are internalised through clathrin-mediated 

endocytosis (Brault et al., 2007; Gildow, 1982, 1993). The virions are transported into 

cell compartments through a specific endocytic pathway (Brault et al., 2007; Gildow, 

1982, 1993; Gray and Gildow, 2003). The process of viral transport through different 

epithelial tissues appears to be highly specific; as a consequence, many luteovirids 

display a high level of vector specificity (Gray and Gildow, 2003). 

Begomoviruses, such as TYLCV, Tomato yellow leaf curl Sardinia virus 

(TYLCSV), Tomato mottle virus (ToMoV), and Cabbage leaf curl virus (CLCV), 

seem to share similar translocation paths within the whitefly vector, Bemisia tabaci 
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(Hemiptera, Aleyrodidae). However, internalisation of these begomoviruses occurs 

through the anterior midgut and filter chamber (Ghanim and Medina, 2007; Medina et 

al., 2006; Hunter et al., 1998). Viral particles are then released into the hemolymph 

and are finally transmitted to plants following penetration of the principal salivary 

glands (PSGs; Ghanim et al., 2001; Ghanim and Medina, 2007; Medina et al., 2006). 

A similar pattern of translocation has been described for another circulatively 

transmitted geminivirus, maize streak virus (MSV, genus Mastrevirus), through the 

leafhopper vector Cicadulina mbila (Hemiptera, Cicadellidae) (Lett et al., 2002). No 

information is available on the localization and possible translocation path of 

nanoviruses including BBTV in aphid vectors.  

1.9 Objectives 

The overall goal of my dissertation is to understand the cellular and molecular 

interaction of BBTV with the aphid vector P. nigronervosa. I have listed objectives 

that will be addressed in the following chapters: 

1) Develop an immunofluorescence technique to localize BBTV within the aphid 

vector. 

2) Examine the translocation path (tropism), compartmentalization, and retention of 

BBTV in the aphid vector. 

3) Analyze the specificity of BBTV transmission in different lineages of Pentalonia 

aphids 

4) Examine the interaction of BBTV with Buchnera-derived  ro   in the vector’s 

hemolymph. 

5) Use fluorescent markers to study the cellular compartmentalization of BBTV in 

tissues of the aphid, P. nigronervosa 

 

 

 

 

This introductory chapter has contents and figures/ Tables reported from: Vetten, H. J., 

Bressan A., Gronemborn B. 2013. Aphid transmission of viruses of the family 

Nanoviridae. In: Vector-Mediated Transmission of Plant Pathogens. Judith K. Brown 

(Eds). American Phytopathological Society Press. In press. 
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Chapter 2.  Immunofluorescence localization of Banana bunchy top virus (family 

Nanoviridae) within the aphid vector, Pentalonia nigronervosa, suggests a 

virus tropism distinct from aphid-transmitted luteoviruses 

 

2.1 Introduction 

Banana bunchy top virus (BBTV) is a phytopathogenic DNA virus of banana 

plants in several tropical regions of the world including Australia, the South Pacific, 

parts of Asia and Africa (Dale, 1987). BBTV is a member of the family Nanoviridae, 

which includes at least seven viral species clustered within two separate genera: the 

nanovirus and babuvirus (Vetten et al., 2005). The genus nanovirus includes the Faba 

bean necrotic yellows virus (FBNYV), Faba bean necrotic stunt virus (FBNSV), Milk 

vetch dwarf virus (MVDV), and Subterranean clover stunt virus (SCSV), whereas the 

genus Babuvirus includes BBTV, Abaca bunchy top virus (ABTV), and, probably, a 

third plant virus tentatively called Cardamom bushy dwarf virus (CBDV; GenBank 

AY485960). 

All virus members of the family Nanoviridae, including BBTV, are phloem-

limited, have non-enveloped small icosahedral particles that are 17-20 nm in diameter, 

and contain circular, generally monocistronic, single-stranded DNA molecules that 

are approximately 1 Kb in size. They have a multicomponent genome that, depending 

on the virus species and strain, consists of six to eleven DNA components separately 

encapsidated by a unique coat protein (Vetten et al., 2005). All viruses within the 

family Nanoviridae are transmitted by aphids, and BBTV is specifically transmitted 

by the banana aphid, Pentalonia nigronervosa Coquerel (Hemiptera, Aphididae). 

After feeding from infected banana plants, aphids can transmit BBTV 

persistently (Hu et al., 1996; Magee, 1940). A short, but significant, latent period of 

20 to 28 hrs is required for vector transmission (Anhalt and Almeida, 2008). As 

shown by the absence of the component R viral RNA, which encodes for a replication 

initiation protein, Hafner and colleagues (1995) concluded that BBTV does not 

replicate in the banana aphid. Taken together, this information suggests that BBTV, 

like FBNYV (Franz et al., 1998), is transmitted in a persistent circulative and non-

replicative manner. 
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To date, two other families of plant viruses, the Luteoviridae and 

Geminiviridae, are known to be comprised of viral species transmitted by hemipteran 

insects in a persistent circulative manner (Hogenhout et al., 2008). Luteoviruses are 

probably the best studied circulative viruses with respect to the interaction with their 

aphid vectors. During the process of transmission, viral particles, which are ingested 

along with the sap of the infected plants, bind and cross the aphid digestive system, 

specifically the hindgut (Gildow, 1985; Gildow, 1993) and, in some cases, the 

posterior midgut (Brault et al., 2005). From the gut tissues, viral particles transit into 

the aphid haemocoel, first getting released in the haemolymph and then specifically 

penetrating the accessory salivary glands (ASGs; Gildow, 1982). Virions can then be 

discharged to the plant tissues along with the secreted saliva produced during the 

feeding process (Tjallingii, 2006). Luteoviruses can display various degrees of vector 

specificity across related aphid species. For instance, it has been shown that both gut 

and, more often, salivary gland cellular membranes can act as selective barriers 

against virus transmission (reviewed by Gray and Gildow, 2003). Luteoviruses cross 

aphid cellular membranes through receptor-mediated endocytosis (Gildow, 1982; 

Gildow, 1993; Gray and Gildow, 2003). Recently, virus-binding proteins that may 

work as receptors have been identified for a few luteovirus-aphid associations (Seddas 

et al., 2004; Yang et al., 2008). 

Begomoviruses (family Geminiviridae), such as the Tomato yellow leaf curl 

virus (TYLCV), Tomato yellow leaf curl sardinia virus (TYLCSV), Tomato mottle 

virus (ToMoV), and Cabbage leaf curl virus (CLCV), seem to share similar 

translocation paths within the whitefly vector, Bemisia tabaci (Hemiptera, 

Aleyrodidae). In fact, internalization of these begomoviruses occurs through the 

anterior midgut and filter chamber where they seem to accumulate and, in some 

instances, replicate (Ghanim and Medina, 2007; Hunter et al., 1998; Medina et al., 

2006). Viral particles are then released into the haemolymph and are finally 

transmitted to plants through penetration of the principal salivary glands (PSGs; 

Ghanim et al., 2001; Ghanim and Medina, 2007; Medina et al., 2006). A similar 

pattern of translocation has been described for another circulative geminivirus, Maize 

streak virus (MSV, genus Mastrevirus), through the leafhopper vector, Cicadulina 

mbila (Hemiptera, Cicadellidae) (Ammar et al., 2009; Lett et al., 2002). Ammar et al. 

(2009) have suggested that lipid raft-mediated endocytosis may be associated with the 
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penetration and accumulation of MSV in the midgut and filter chamber of the 

leafhopper, C. mbila. 

To date, available information on BBTV-aphid interactions is very limited. 

This lack of understanding holds true for all other members of the family Nanoviridae, 

with the exception of a single scientific report showing the requirement of a viral 

helper factor for the transmission of FBNYV through the aphid vector, Acyrthosiphon 

pisum (Franz et al., 1999). In this work, we performed immunocapture PCR (icPCR) 

and developed specific immunofluorescence assays aimed at localizing BBTV in 

dissected aphid guts and salivary glands. 

2.2 Materials and Methods 

2.2.1 Aphids and virus maintenance 

A strain of BBTV collected in August of 2007 from a field-infected banana 

plant on the Island of Oahu (Hawaii; USA), was transferred to micropropagated 

bananas, cv. Williams, by aphid transmission. The virus was characterised by a TAS 

ELISA (AGDIA Inc., Elkhart, IN, USA) and by PCR assays using primer pairs 

following procedures described by Almeida et al. (2009) and by Xie and Hu (1995) 

for the detection of six BBTV DNA components (Burns et al., 1995). Sequencing of 

the PCR products identified nearly identical sequences to those produced in previous 

works (Almeida et al., 2009, Xie and Hu, 1995) and confirmed that BBTV from 

Hawaii clusters within the Middle Eastern-South Pacific clade (Hu et al., 2007). The 

virus strain was periodically transferred to new micropropagated potted plants through 

aphid transmission and maintained in a greenhouse as previously described (Anhalt 

and Almeida, 2008). A colony of aphids, which was established from an individual 

banana aphid, was maintained on healthy potted banana plants. BBTV-infected aphids 

were produced by transferring young nymphs, which were allowed to feed for ten to 

fourteen days, to BBTV-infected plants. The length of this acquisition access period 

(AAP) largely exceeds the minimum required by aphids to become viruliferous 

(Anhalt and Almeida, 2008).  

2.2.2 Transmission assay 

We analyzed the infectivity of these aphids in transmission assays using a 

modified leaf disk assay (Wijkamp and Peters, 1993). Briefly, leaf disk chambers 

were generated from 15-ml Falcon conical tubes by transversely cutting tubes 15 
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mm below the lid. Leaf disks 13 mm in diameter were excised from healthy banana 

plant leaf midribs. One millilitre of 1% melted agar solution was poured into the cap 

and a leaf disk was added on the top before the agar solidified. Three aphids were 

transferred with a small brush on each leaf disk, and the chamber was closed on the 

top with stretched Parafilm
®
. At the end of an inoculation access period (IAP) of three 

days, aphids were removed from the chambers, and the leaf disks were kept in the 

agar for another four days to allow the virus to locally replicate. Leaf disks were 

thereafter removed from the chamber, cleaned from the agar by washing in water, and 

the DNA was extracted from individual leaf disks using the CTAB procedure. The 

presence of BBTV was assessed by PCR following a routine diagnostic protocol 

described by Hu et al. (1996).  

2.2.3 Aphid dissection 

Two hours starved aphids were individually immobilised on the surface of a 

Tissue tack
®
 slide (Polysciences Inc., Warrington, PA, USA) by a small piece of 

double-sided tape. Appendages were removed with small forceps and the insect body 

was immersed in approximately 200 µl of phosphate-buffered saline (PBS; 137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4; pH 7.4) using a cylindrical 

chamber (Electron Microscopy Sciences, Hatfield, PA, USA). PBS-immersed aphids 

were then dissected with polytetrafluoroethylene (PTFE) coated stainless steel blades 

(Ted Pella Inc., Redding, CA, USA). The first cut was made transverse to the aphid 

body, posterior to the compound eyes, allowing both the salivary gland duct and the 

foregut to separate from the stylets. A second cut was made transverse to the aphid 

body, anterior to the last abdominal segment, allowing the hindgut to separate from 

the anal opening. With small pins the entire digestive system was then pulled out from 

the aphid body and allowed to adhere to the surface of the slide. The salivary glands, 

which were comprised of both PSGs and ASGs (Fig. 2.1), were generally dissected 

from the aphid body together with a portion of the brain and were allowed to bind to 

the surface of the slide. The rest of the aphid body, deprived of the digestive and 

salivary gland system, was then removed from the slide together with the double-

sided tape. Slides were washed multiple times with PBS to completely remove insect 

debris and hemolymph left after the dissection. 
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 Figure 2.1. Dark field image of salivary glands dissected from the banana aphid, 

Pentalonia nigronervosa. Asg, accessory salivary glands; b, brain; cc, cover cells; mc, 

main cells; psg, principal salivary glands. 

 

2.2.4 Immunocapture PCR (icPCR) 

Immunocapture PCR (icPCR) was first used to determine if aphid guts and 

salivary glands contained BBTV particles. Both types of organs were dissected from 

individual aphids that fed on either BBTV-infected or healthy banana plants; details 

on the dissection procedures have been reported above. In general, guts comprised of 

the entire digestive tube, from the foreguts to the hindguts, whereas the salivary 

glands comprised of both pairs of ASGs and PSGs (Fig. 2.1). Groups of twenty 

dissected guts or 100 salivary glands were transferred into tubes containing 40 µl of 

PBS, pH 7.4, and 10 mM sodium sulphite, 2% polyvinylpyrrolidone (PVP), 2% 

Tween-20, and 0.2% chicken albumin. After grinding with small pestles, 

homogenates were transferred to 50-µl polypropylene PCR tubes pre-incubated 

overnight with anti-BBTV rabbit polyclonal antibodies (Ig/G 2188; AGDIA Inc., 

Elkhart, IN, USA) diluted 1:200. Grinded tissues were incubated in these tubes at 

room temperature for 2 hrs followed by repeated PBS washing. Fifty microlitres of 

 C  mixture was then added to the tubes that contained 1 pmol of primer 73  (5’-
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GGCTTTATCCAGAAGACCAA-3’) and primer 73  (5’-

CCGTATCATGTATATTTGTTT-3’) to specifically detect      genomic 

component S. PCR was performed under the following conditions: initial denaturation 

at 94°C for 2 min, 35 cycles of denaturation at 94°C for 45 s, annealing at 53°C for 45 

s, extension at 72°C for 45 s, and a final extension for 5 min at 72°C. Bands were 

visualized following standard procedures. Experiments were repeated 3-to-5 times.  

2.2.5 Immunofluorescence localization 

For immunofluorescence localization, we initially used a paraformaldehyde 

fixation and paraffin embedding protocol followed by an immunolocalization 

procedure described by Ammar and Hogenhout, (2005). Alternatively, we attempted 

to localize BBTV particles in dissected guts and salivary glands. The dissected organs 

were then allowed to fully adhere to the surface of the slides by gently removing all of 

the PBS as well as the incubation chamber. Immediately before the organs were 

dehydrated, slides were rapidly immersed in cold (-20°C) acetone for 5 min. PBS 

containing 1% Triton X-100 was added to the slides, and a PAP pen ring (Doido 

Sangyo Co. Ltd, Tokyo, Japan) was applied around the aphid tissue to minimise the 

volume of reagents used. Slides were incubated overnight at 4°C in a humidified 

chamber made from a Petri dish and PBS-wet paper. The following morning, slides 

were washed three times in PBS and used for immunolocalization. First, slides were 

incubated for 30 min in a blocking buffer (PBS, 0.1% Triton X-100, 10% normal goat 

serum), then incubated for 2.5 hrs with primary antibodies. These were commercially 

available anti-BBTV antibodies, either rabbit polyclonal (Ig/G 2188) or mouse 

monoclonal (Ig/A24876 and Ig/A24877), supplied at an initial concentration of 1 

mg/ml (AGDIA Inc., Elkhart, IN, USA). They were applied to the slides diluted 1:500 

in PBS containing 0.1% Triton X-100 and 1% normal goat serum. Slides were then 

washed three times in PBS and incubated with secondary antibodies. Depending on 

the type of primary antibody used, the secondary antibody was either Alexa Fluor 

488-conjugated goat anti-rabbit or goat anti-mouse (Invitrogen, Carlsbad, CA, USA). 

Secondary antibodies were applied to the slides diluted 1:500 in PBS containing 0.1% 

Triton X-100 and 1% normal goat serum. Slides were washed three times in PBS, 

rinsed in water and mounted with ProLong
®

 gold anti-fade mounting medium 

containing 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) to 
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counterstain the cell nuclei. The slides were then visualised under an Olympus BX-51 

epifluorescence microscope with an Optronics MacroFire digital camera. 

To increase the sensitivity of signal detection, we used a biotin-streptavidin 

labelling system. In this case, before adding the blocking buffer, we blocked 

endogenous biotin activity, which was prominent inside the ASGs, by incubation with 

avidin (Invitrogen, Carlsbad, CA, USA) for 30 min, followed by washing three times 

with PBS, then an additional incubation with biotin (Invitrogen, Carlsbad, CA, USA) 

for another 30 min, and finally, the samples were washed with PBS. This protocol 

followed the standard scheme previously described with modification; after primary 

antibodies and PBS washing, slides were incubated for 1 hr with biotin-labelled 

(H+L) goat anti-mouse or goat anti-rabbit antibodies (Invitrogen, Carlsbad, CA, USA) 

diluted 1:500 in PBS containing 1% normal goat serum. After washing three times in 

PBS, the slides were incubated for 45 min with Alexa Fluor 488 conjugated to 

streptavidin (Invitrogen, Carlsbad, CA, USA) diluted 1:500 in PBS. Slides were 

finally washed in PBS multiple times, rinsed in water, mounted, and observed as 

previously described. Controls consisted of healthy aphids treated for 

immunofluorescence in the same manner as aphids exposed to infected plants. Other 

controls included slides prepared with aphids exposed to either infected or healthy 

plants where we omitted the application of primary and/or secondary antibodies. 

2.3 Results and discussion 

2.3.1 Transmission assay 

Using this assay, we were able to detect BBTV in 26 out of 30 inoculated leaf 

disks (86%), whereas no virus was detected from 12 other leaf disks that were 

confined with aphids that originated from healthy plants. 

2.3.2 Immunocapture PCR (ic-PCR) 

The icPCR assay successfully detected BBTV particles in both salivary glands 

(Fig. 2.2A) and guts (Fig. 2.2B), whereas no amplification was observed from organs 

sampled from healthy aphids or from PCR tubes that were not pre-incubated with 

BBTV antiserum (Fig. 2.2A and B). 
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Figure 2.2. Ethidum bromide-stained agarose gels showing results of immunocapture 

PCR of Banana bunchy top virus (BBTV) applied to dissected aphid salivary glands 

(A) and guts (B). Lines 1, PCR positive control; lines 2, PCR negative control; lines 3, 

organs dissected from aphids exposed to BBTV plants; lines 4, same as 3 but 

antibodies were omitted; lines 5, organs dissected from aphids raised on healthy 

plants; lines 6, same as 5 but antibodies were omitted; M, 1 kilobase DNA ladder. 

 

2.3.3 Immunofluorescence localization 

For immunofluorescence localization, we initially used a paraformaldehyde 

fixation and paraffin embedding protocol followed by an immunolocalization 

procedure (Ammar and Hogenhout, 2005). However, we obtained little evidence of 

BBTV labelling (not shown) when either polyclonal or monoclonal antibodies were 

used. We found the use of cold acetone applied to entirely dissected organs as a 

suitable procedure that preserved the immunogenicity of the viral particles and 

promoted the permeabilisation of tissues. Furthermore, by amplifying the signal 

detection through the use of biotin-streptavidin, we were able to observe distinct virus 

labelling at relatively low magnification (10X-40X), allowing us to readily analyze 

entire digestive and salivary gland systems for virus labelling. For instance, Figure 2.3 

shows the typical localization of BBTV in the dissected aphid digestive system using 
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biotin-streptavidin amplification with either monoclonal (Fig. 2.3A) or polyclonal 

(Fig. 2.3B) anti-BBTV antibodies.  

 

 

Figure 2.3. Immunofluorescence localization of Banana bunchy top virus (BBTV) in 

the digestive system of the banana aphid, Pentalonia nigronervosa. Virus particles 

were localized using Alexa Fluor 488 (green), whereas cell nuclei were stained with 

DAPI (blue). A. Localization with BBTV mouse monoclonal antibodies, followed by 

biotin-streptavidin amplification. B. Localization with BBTV rabbit polyclonal 

antibodies, followed by biotin-streptavidin amplification. C. Localization as in A with 

a healthy aphid (control). Am, anterior midgut; f, foregut; h, hindgut; pm1, proximal 

part of the posterior midgut; pm2, distal part of the posterior midgut. Scale bar = 100 

µm. 

 

Interestingly, in both cases, we were able to obtain bright labelling from the 

anterior mid gut (stomach), and to a lesser extent, in the proximal part of the posterior 

midgut, alternatively referred to in the literature as the first part of the intestine 

(Ponsen, 1977). Labelling within anterior mid gut tissues was easily detected even 

when an indirect labelling procedure was used (Table 2.1), suggesting that the local 

concentration of BBTV particles is relatively high and that the anterior midgut can 

serve, like for some geminivirus (Ammar et al., 2009; Ghanim and Medina, 2007; Lett 

et al., 2002), as a site for virus accumulation. We did not obtain evidence of labelling 

in the distal part of the posterior midgut, alternatively referred to as the second part of 

the intestine (Ponsen, 1977), or hindgut tissues (Table 2.1 and Fig. 2.3A, B). No 

evidence for virus labelling was observed on slides used as controls (Table 2.1 and 

Fig. 2.3C).
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Table 2.1. Immunofluorescence localization of Banana bunchy top virus within the aphid, Pentalonia nigronervosa, digestive and 

salivary gland systems. Results are reported as proportions of the number of organs showing labelling/total number of organs examined. 

 

Labelling 

procedure
A 

 Digestive system  Salivary gland system 

 Foregut Anterior 

midgut 

Posterior 

midgut 

proximal 

part 

Posterior 

midgut 

distal part 

Hindgut  Accessory 

glands 

Principal 

glands 

Indirect 

labelling 
 0/13

B 
11/13 0/13 0/13 0/13  0/11 6/12 

Streptavidin-

biotin 

amplification 

 0/11 10/11 5/11 0/11 0/11  0/9
C
 9/10 

Controls  0/12 0/12 0/12 0/12 0/11  0/9
C 

0/11 

 

A
Cumulative number of aphids tested with either BBTV polyclonal or monoclonal antibodies. 

B
Changes along rows at the denominator 

are caused by loss of whole or portions of organ tissues during aphid dissection. 
C
Non-specific labelling was observed when streptavidin 

was used as revealed in control tissues incubated with Alexa Fluor 488-streptavidin alone 
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In P. nigronervosa, ASGs are roughly globular, small, and made up of four 

cells of uniform size and morphology (Fig. 2.1). In contrast, each PSG is bi-lobed and 

comprised of different cell types (Fig. 2.1). Ponsen (1977) described in detail the 

internal morphology of the green peach aphid, Myzus persicae, and divided the PSGs 

into two parts: the first part is composed of “cover cells” or “deckzell”, and the 

second one is composed of “main cells” or “hauptzell”. Under either a light or 

fluorescence microscope, it is possible to roughly distinguish parts containing the 

main cells and cover cells within PSGs of P. nigronervosa. For instance, Figure 2.1 

shows that cover cells have translucent appearance and are cranial; in contrast, main 

cells have a white-opaque appearance and are caudal. 

We observed specific labelling for BBTV within the PSGs of P. nigronervosa 

(Table 2.1 and Fig. 2.4). Consistent signal detection was observed after amplification 

with biotin-streptavidin (Table 2.1 and Fig 2.4C, D). BBTV was labelled as distinct 

puncta within the cytoplasm of the main cells (Fig. 2.4B and D), however, there was 

no evidence of labelling within the cover cells (Fig 2.4B and D). In addition to these 

distinct puncta, in 7 out of 24 (29%) aphids (observed after both indirect labelling and 

biotin-streptavidin amplification), the virus accumulated specifically in the cytoplasm 

of two main cells (Fig 2.4E). To our understanding, the pattern of virus labelling 

observed within the PSGs is hardly comparable with any other circulative plant virus 

localized so far within hemipteran vectors. Time course experiments would help to 

understand the dynamic of BBTV accumulation within the PSGs. There was no 

evidence for labelling within the ASGs (Table 2.1), which are sites for luteovirus 

penetration through their competent aphid vectors (Brault et al., 2007; Gray and 

Gildow, 2003). In addition, controls did not show evidence of virus labelling (Table 

2.1 and Fig. 2.4A). 
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Figure 2.4. Immunofluorescence localization of Banana bunchy top virus (BBTV) in 

salivary glands of the banana aphid, Pentalonia nigronervosa. Virus particles were 

localized using Alexa Fluor 488 (green), cell nuclei were stained with DAPI (blue). A. 

Localization as in C with a healthy aphid (control). B. Localization with BBTV rabbit 

polyclonal antibodies, followed by secondary antibodies labelled with Alexa Fluor 

488. C. Localization with BBTV mouse monoclonal antibodies, followed by biotin-

streptavidin amplification. D. Localization with BBTV rabbit polyclonal antibodies, 

followed by biotin-streptavidin amplification. E. Enlarged image from D showing two 

cells in the principal salivary glands with cytoplasmic accumulation of BBTV. Asg, 

accessory salivary glands; b, brain; cc, cover cells; mc, main cells; psg, principal 

salivary glands; sc, salivary canal. Scale bars = 50 µm, except in A, = 100 µm. 

 

 

Ultrastructural analyses have proven to be invaluable tools to analyze virus-

vector interactions. In fact, much of what is known about luteovirus-aphid interactions 

has been achieved through transmission electron microscopic observations (Brault et 

al., 2007; Gray and Gildow, 2003). Unfortunately, viruses within the family 

Nanoviridae are characterised by having very small viral particles of 17-20 nm in 

diameter that stain loosely and have a very similar morphological appearance to 

ribosomes (Vetten et al., 2005). Due to these limitations, in early assays we have not 
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been successful in identifying BBTV particles in aphid tissues through electron 

microscopy (not shown). However, the identification of aphid tissues for BBTV 

translocation and accumulation may be of great help to generate more specific assays, 

which may uncover the mechanisms through which BBTV crosses aphid cellular 

membranes. 

2.4 Conclusions 

We have reported the first evidence for the localization of BBTV, of the 

family Nanoviridae, within the aphid vector, P. nigronervosa. These results suggest a 

specific translocation path that likely differs from the one described for aphid-

transmitted luteoviruses and probably includes internalisation of viral particles 

through the anterior midgut, and the penetration and accumulation in specific cells 

forming the PSGs. 
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Chapter 3.  Tropism, compartmentalization and retention of banana bunchy top 

virus (Nanoviridae) in the aphid vector Pentalonia nigronervosa 

 

3.1 Introduction 

Plant viruses of the families Luteoviridae, Geminiviridae, and Nanoviridae 

comprise viruses transmitted by hemipteran insects in a persistent circulative manner 

(Hogenhout et al., 2008). During the process of transmission, circulative viruses are 

ingested with the sap of the infected plants, are internalized and cross the insect’s gut 

cells, from which they are translocated into the vector’s haemocoel.  fter 

internalization within the salivary glands, the virions can then be discharged into plant 

tissues along with the saliva produced during the feeding process. 

The process of the internalization and retention of circulative viruses varies 

among different vector-virus combinations (Hogenhout et al., 2008). For instance, 

aphid-transmitted luteovirids are internalized through the hindgut and, in some cases, 

the posterior midgut (Gildow, 1993; Gray and Gildow, 2003; Reinbold et al., 2003) 

and specifically penetrate the accessory salivary glands (Gildow and Rochow, 1980). 

The process of virion penetration of the epithelial cells of the gut and salivary glands 

is known as transcytosis and is initiated through the recognition of specific receptors, 

i.e., cell surface proteins, through which virions can initiate the process of membrane 

binding and internalisation (Tamborindeguy et al., 2010). Several lines of evidence 

indicate that luteovirids are internalized through clathrin-mediated endocytosis (Brault 

et al., 2007; Gildow, 1982, 1993). The virions are transported into cell compartments 

through a specific endocytic pathway (Brault et al., 2007; Gildow, 1982, 1993; Gray 

and Gildow, 2003). The process of viral transport through different epithelial tissues 

appears to be highly specific; as a consequence, many luteovirids display a high level 

of vector specificity (Gray and Gildow, 2003). 

The internalization of begomoviruses (family Geminiviridae), such as the 

tomato yellow leaf curl virus (TYLCV), occurs through the anterior midgut (AMG) 

and filter chamber of the whitefly vector Bemisia tabaci (Ghanim and Medina, 2007; 

Medina et al., 2006). Viral particles appear to be transmitted to plants after 

penetration of the principal salivary glands (PSGs) (Ghanim and Medina, 2007; 

Ghanim et al., 2001; Medina et al., 2006). A similar pattern of translocation has 
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been described for another geminivirus, maize streak virus (MSV, genus Mastrevirus) 

in the leafhopper vector Cicadulina mbila (Ammar et al., 2009; Lett et al., 2002). 

However, there is no evidence of the possible cellular mechanism involved in the 

transcytosis of geminiviruses through the vectors’ epithelial membranes. 

Circulative viruses do not replicate in their vectors (see the exception of 

TYLCV) (Czosnek et al., 2001b; Sinisterra et al., 2005); however, they show a 

persistent pattern of transmission that generally lasts for several days to weeks 

(Czosnek and Ghanim, 2002; Reynaud and Peterschmitt, 1992), indicating that the 

virions are retained in the vectors’ body while seemingly encountering little or no 

degradation. For example, MSV and other whitefly-transmitted begomoviruses appear 

to reach high concentration levels in the vectors’    s (Ammar et al., 2009; 

Czosnek and Ghanim, 2002). Although luteovirids, such as potato leafroll virus 

(PLRV, genus Polerovirus), are rapidly translocated through the epithelial cells of the 

posterior midgut, they also appear to accumulate within it (Garret et al., 1996). 

Haemolymph appears to be an important reservoir of virions because both luteovirids 

and geminiviruses can be detected at significant amounts (Garret et al., 1993; Hunter 

et al., 1998; Liu et al., 2006; Rosell et al., 1999). Many studies have reported an in 

vitro interaction of endosymbiotic bacteria-derived GroEL with circulative viruses. 

GroEL-virion interactions may prevent the proteolytic degradation of both luteovirids 

and geminiviruses in the haemolymph of their respective vectors (Filichkin et al., 

1997; Gottlieb et al., 2010; Hogenhout et al., 2000; Morin et al., 1999; Van den 

heuvel et al., 1994). However, recent findings based on the localization of GroEL in 

the pea aphid Acyrthosiphon pisum Harris and the 3-dimensional reconstruction of the 

GroEL polyprotein questions the possible protective function in vivo (Bouvaine et al., 

2011). 

Nanoviridae differ substantially from both ssDNA viruses of the family 

Geminiviridae and ssRNA viruses of the family Luteoviridae with respect to particle 

morphology, genomic organization, and mode of transcription. Nanovirids are non-

enveloped small icosahedral particles that are 17-20 nm in diameter and contain 

circular, generally monocistronic, ssDNA molecules that are approximately 1 Kb 

(Vetten et al., 2011). Nanovirids have a multi-component genome that, depending on 

the viral species and strain, consists of 6-11 DNA components separately 

encapsidated by a unique coat protein (Vetten et al., 2011). The family Nanoviridae 
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currently includes at least eight formally recognized viral species clustered within two 

separate genera: Nanovirus and Babuvirus (Vetten et al., 2005). Faba bean necrotic 

yellows virus (FBNYV) and banana bunchy top virus (BBTV) are the type species of 

the genera Nanovirus and Babuvirus, respectively. Whereas FBNYV is transmitted by 

aphids that colonize legume crops, such as the cowpea aphid Aphis craccivora Koch, 

the bean aphid A. fabae Scopoli and the pea aphid (Katul et al., 1993), BBTV is 

specifically transmitted by the banana aphid Pentalonia nigronervosa (Hu et al., 

1996; Magee, 1940; Wu and Su, 1990). 

Information on the translocation path of nanovirids within the aphid vectors 

are limited and are mostly derived from indirect evidence from transmission assays 

rather than the direct visualisation of virions (Anhalt and Almeida, 2008; Franz et al., 

1998; Hu et al., 1996). Recently, we have developed an immunofluorescence assay to 

determine the localization of BBTV within its aphid vector. We found that BBTV 

antigens specifically localized to the AMG and specific cells forming the PSGs 

(Bressan and Watanabe, 2011). In this study, we used time-course experiments to 

examine the localization and concentration of BBTV in aphids that fed only on 

infected plants (uptake assay) or aphids that were allowed access to healthy plant 

tissues after having acquired virions (retention assay). Aphids were individually 

dissected, and the guts, haemolymph and salivary glands were separately processed 

for immunofluorescence and real-time PCR assays. Transmission assays were 

performed to examine the extent to which BBTV was aphid-transmissible. We 

conducted additional immunofluorescence assays to specifically localize BBTV 

antigens on the outer surface of guts and salivary glands. Based on the results 

obtained and on the internal distribution of tissues carrying BBTV antigens, we 

propose possible translocation, compartmentalization and retention of BBTV through 

the aphid vector. 

3.2 Materials and Methods 

3.2.1 Aphid and virus maintenance 

A strain of BBTV collected in August 2007 from a field-infected banana plant 

on the Island of Oahu (Hawaii; USA) was aphid-transmitted to potted 

micropropagated bananas, cv. Williams. The virus was characterised with a TAS 

ELISA (Agdia Inc., Elkhart, IN, USA) and PCR assays using primer pairs for the 



 

 

29 

detection of six BBTV DNA components (Burns et al., 1995) according to previously 

described methods (Almeida et al., 2009; Xie and Hu, 1995). Sequencing of the PCR 

products identified nearly identical sequences as previous works (Almeida et al., 

2009; Xie and Hu, 1995) and confirmed that BBTV from Hawaii clusters within the 

Middle Eastern-South Pacific clade (Hu et al., 2007).  

A colony of banana aphids, which was established from an individual aphid, 

was maintained on healthy potted banana plants. The BBTV-infected plants used in 

this research were produced by transferring 20-30 viruliferous aphids to healthy 

potted banana plants at a growth stage of 6 leaves. Plants were pruned at their base 1 

month post-inoculation, allowing the suckers to sprout and grow for another 4 weeks. 

At that time, the suckers expressed strong symptoms of infection and were used for 

the experiments. 

3.2.2 BBTV uptake and retention assays 

We performed time-course experiments to analyze the pattern of BBTV 

uptake and retention within the banana aphid. 

For BBTV uptake assays, we transferred fourth instar nymphs from the aphid 

colony to BBTV-infected plants. The aphids were deposited at the base of the plant 

petioles near the pseudostem on which the banana aphid feeds (Magee, 1927; Robson 

et al., 2007) and readily acquires the virus (Anhalt and Almeida, 2008; Magee, 1927). 

The aphids were subsequently sampled after 1, 2, 3, 4, 7 and 16 days and processed 

for immunofluorescence localization, real-time PCR, and transmission assays. 

For BBTV retention assays, we allowed newly born first instar nymphs to feed and 

complete development on BBTV-infected banana plants. At the end of aphid 

development, which lasted for 12 days, the emerging adults were transferred to 

healthy potted banana plants. Once they were transferred to the healthy plants, the 

aphids were sampled after 2, 4, 7, 12 and 16 days. In addition, the aphids were 

sampled just before being transferred to the healthy plants (designated as day 0). The 

sampled aphids were processed for immunofluorescence localization, real-time PCR 

and transmission assays. For the retention assays, healthy banana plants were replaced 

every 4 days. We conducted a separate test to examine if during these 4 days aphids 

may have re-acquired viral particles from the plants. Newly emerged BBTV-infected 

and healthy adult aphids were placed together on the petioles of a healthy 5-leaf stage 

banana plant. To discriminate the BBTV-infected from the healthy aphids, former 
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were marked on their abdomens with a mini correction pen (Sanford, L. P., Oak 

Brook, IL, USA). After 4 days, aphids were collected from the plant and the DNA 

was extracted from single insects by using a QIAamp DNA mini kit (Qiagen Inc., 

Valencia, CA, USA.) BBTV concentration was quantified by relative real-time PCR 

as described below. Healthy aphids raised from the rearing colony were used as a 

control. All of the experiments were performed in a greenhouse with a photoperiod of 

approximately 12 h and a temperature range of 27 ± 5 °C.  

3.2.3 Dissection and haemolymph sampling 

Aphids were dissected under a stereomicroscope essentially as previously 

described (Bressan and Watanabe, 2011). Briefly, individual 1 hr starved aphids were 

immobilised on the surface of a dissecting chamber (Electron Microscopy Sciences, 

Hatfield, PA, USA) and immersed in approximately 200 l of phosphate-buffered 

saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4; pH 

7.4). PBS-immersed aphids were then dissected with a polytetrafluoroethylene 

(PTFE)-coated stainless steel blade (Ted Pella Inc., Redding, CA, USA) by cutting the 

aphid bodies behind their compound eyes and allowing both the salivary duct and the 

foregut to separate from the stylets. 

The haemolymph released after the decapitation was sampled with a glass 

capillary. The haemolymph of the banana aphid is red whereas the internal organs are 

white-translucent (Fig. 3.1), thus allowing the selective sampling of the haemolymph.  
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Figure 3.1. The banana aphid, Pentalonia nigronervosa dissected behind the 

compound eyes. Haemolymph (indicated with black arrows) is markedly red, whereas 

the internal organs are white-translucent (indicated with an asterisk). 

 

The haemolymph sample in the capillary was transferred into a 1.5 ml 

microcentrifuge tube. Using small pins, the entire digestive tract and salivary glands 

were then dissected and removed from the aphid body, were washed multiple times in 

PBS and processed for immunofluorescence localization and real-time PCR assays. 

The haemolymph samples were evaluated with real-time PCR assays only. 

3.2.4 Real-time PCR 

DNA was extracted using a QIAamp DNA mini kit (Qiagen Inc., Valencia, 

CA, USA). Briefly, the dissected guts, salivary glands, and haemolymph from 3 

aphids were pooled into individual 1.5 ml ultracentrifuge tubes containing 180 l of 

lysis buffer.  he procedure followed the manufacturer’s instruction. The DNA was 

eluted with 100 l of ultrapure water into clean 1.5 ml ultracentrifuge tubes. We first 

performed diagnostic PCR using primer pair CPXI.PRI and BBTV3C.EXP 

(Wanitchakorn et al., 2000). The DNA extracted from infected and healthy plants was 

used as a positive and negative control, respectively. We used a relative real-time 

PCR to target the BBTV DNA genomic component S and, as an internal reference, 

the banana aphid actin gene using a similar procedure described by Mason et al. 
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(2008).  he universal actin gene primers, actin1 (5′-CATCTGCTGGAAGGT-3′) and 

actin2 (5’-CTGTACGCCTCCGGTCGTACCAC-3′) (Boonham et al., 2002) were 

used to obtain a fragment of approximately 900 bp from the aphid actin gene. The 

amplicon was sequenced from both the 5′ and 3′ ends, and the sequence was analysed 

with the software Primer3 (v. 0.4.0) to design a primer pair specific for the banana 

aphid actin gene,  ct ef (5′-CGGTGATTTCCTTTTGCATT-3′) and ActPer (5′-

GTGTGACGTTGACATCAGAAAAG-3′). Similarly, a previously sequenced BBTV 

genomic component S was used to design the primer pair BBTVSf (5′-

TGGGCTAATGGATTGTGGAT-3′) and BBTVSr (5′-

CGCCTGTTTTTGGTCTTCTG-3′). The primer pairs were tested for PCR specificity 

using DNA extracted from infected and healthy plants and aphids and through melting 

curve analysis performed with a Rotor-Gene
TM

 6000 Thermal Cycler. The PCR was 

performed with SYBR
®
 Green master mix (Qiagen Inc., Valencia, CA, USA), 500 

nM of each primer, and DNA in a final volume 20 l. Each DNA sample was 

analyzed in duplicate with a Rotor-Gene
TM

 6000 Thermal Cycler. For each sample 

tested, the relative amount of BBTV DNA was normalised to the amount of actin 

DNA using the equation: E
Ct (actin)

/ E
Ct (BBTV)

, where E = the PCR efficiency of a given 

primer pair, and Ct = threshold cycle, which was automatically calculated with the IQ 

software (Rotor-Gene 6000 Series Software Version 1.7, Corbett Research, San 

Francisco, CA). The amplification efficiency was determined through linear 

regression obtained through the amplification of serially diluted DNA extracts. 

Efficiency values were calculated with the following formula: 10
(–1/slope)

. Because E = 

2.00 was achieved for both BBTV and actin primer pairs, we adopted a simplified 

equation, 2 
Ct (actin – BBTV)

, to calculate the relative abundance of BBTV DNA in each 

sample. For each time point, we tested the DNA extracted from the guts, salivary 

glands and haemolymph of 18 aphids. The differences in the BBTV DNA 

concentration among different sampling date were evaluated with a Kruskal-Wallis 

test followed by Mann-Whitney test to perform pairwise comparisons.  Statistical 

analyses were performed using the software SigmaStat Version 3.5 (San Jose, CA).  

3.2.5 Immunofluorescence localization 

Immunofluorescence localization was performed in the dissected and acetone 

fixed guts and salivary glands with a biotin-streptavidin labelling procedure 

previously described (Bressan and Watanabe, 2011). The slides were visualised 



 

 

33 

under an Olympus BX-51 epifluorescence microscope with an Optronics MacroFire 

digital camera. To allow for the comparison of samples between the different tested 

time points, we standardised the time of the camera exposure to 300 milliseconds for 

AMGs and 500 milliseconds for the PSGs. In addition, we developed an 

immunofluorescence protocol to selectively determine the localization of BBTV 

antigens on or near the basal surface of the AMG and PSGs. The organs were 

dissected from aphids that fed on BBTV-infected plants for 12 days or, as a control, 

aphids collected from healthy plants. The dissected organs were allowed to fully 

adhere to the surface of the slides and were then fixed in PBS containing 4% 

paraformaldehyde for 1 hr. After extensive washing with PBS to remove the fixative, 

the slides were incubated with either PBS containing 1% Triton X-100 or PBS alone 

for 1 hr. The samples were then incubated for an additional hour in a blocking 

solution of PBS with 10% normal goat serum. Anti-BBTV mouse monoclonal 

antibodies (Ig/A24876 and Ig/A24877) diluted 1:200 in PBS and 1% normal goat 

serum were added to the slides, which were incubated overnight at 4°C. The slides 

were subsequently washed three times in PBS and incubated for 45 min with goat 

anti-mouse IgG conjugated with Alexa Fluor 555 (Invitrogen, Carlsbad, CA, USA) 

diluted 1:500 in PBS. The slides were washed three times in PBS, rinsed in water, and 

mounted with ProLong
®
 gold anti-fade mounting medium containing 4′,6-diamidino-

2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) to counterstain the cell nuclei.  

3.2.6 Transmission assays 

The transmission efficiency of BBTV was analyzed by using a leaf disk assay 

previously described (Bressan and Watanabe, 2011). Aphids were sampled during the 

uptake and retention assays and were individually transferred to healthy banana leaf 

disks for an IAP of 2 days. After removal of aphids, leaf disks were incubated for 

another 2 days to allow virus replication. Leaf disks were thereafter removed from the 

chamber, thoroughly washed with dish soap on both sides of the leaf, and rinsed in 

water. The DNA was extracted from individual leaf disks using a 

Cetyltrimethylammonium bromide (CTAB) procedure (Xie and Hu, 1995).  

The presence of BBTV was analyzed by a nested PCR assay. A first round of 

amplification was performed using 1 µl of DNA in 25 µl of master mix, containing 5 

pmol of primers 73  (5′-GGCTTTATCCAGAAGACCAA-3′) and 73  (5′-

CCGTATCATGTATATTTGTTT-3′) to specifically detect     -S. The PCR 
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products obtained from the first round of amplification were diluted 30 times and 1 µl 

of the diluted product was used in a second round of amplification, with a master mix 

containing 5 pmol of each primer CPXI.PRI and BBTV3C.EXP (Wanitchakorn et al., 

2000), to amplify an internal portion of BBTV-S produced by the direct PCR. Bands 

were visualized in 1.2 % agarose gel. Transmission experiments were replicated 3 

times. 

3.2.7 Detection of BBTV transcripts in aphids and plants 

We isolated RNA from BBTV-infected or healthy aphids and from BBTV-

infected or healthy plants using an RNeasy Mini Kit (Qiagen, Valencia, CA). Prior to 

RNA extraction, aphids that developed by feeding on a BBTV-infected plant for 12 

days were transferred to a healthy banana plant for 4 days to clear the alimentary tract 

(Sinisterra et al., 2005). Groups of 10 aphids or 20 mg of banana midribs were ground 

in a 1.5 ml tube containing 350 μl buffer    .  amples were centrifuged at high 

speed in QIAshredder columns (Qiagen, Valencia, CA). Thereafter, RNA extraction 

was performed according to manufacturer’s instructions.  amples were then reverse 

transcribed using QuantiTect Reverse Transcription kit (Qiagen, Valencia. CA, USA). 

PCR assays were performed using primers  2f (5′- CCTTCGAGTTTGGTGCATTT -

3′) and  2r (5′- CGCCATGATATTCTCCACCT -3′) to amplify a portion of 236 bp 

within the ORF of the BBTV-R, encoding for the master Rep. PCR was performed 

under the following conditions: initial denaturation at 94°C for 2 min, 30 cycles of 

denaturation at 94°C for 30 s, annealing at 51°C for 30 s, extension at 72°C for 30 s, 

and a final extension for 5 min at 72°C. Amplicons were visualized in 1.2% agarose 

gel. DNA extracted from BBTV-infected and healthy aphids were used as additional 

positive and negative controls, respectively. 

 

3.2.8 Salivary glands and anterior midgut spatial distribution 

We analyzed the internal spatial distribution of the salivary glands and AMGs 

of the banana aphid. Briefly, entire aphid adults, devoid of appendages and 

permeabilised by puncturing the exoskeleton with small glass needles, were fixed 

with 4% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4, followed by a wash in 

0.1 M sodium cacodylate, and then postfixed in 1% OsO4 in 0.1 M sodium cacodylate. 

Samples were dehydrated in a graded series of ethanol, substituted with propylene 
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oxide, and embedded in LX-112 epoxy resin (Electron Microscopy Sciences, Hatfield, 

PA, USA). Transverse 1-µm sections starting from the head of the aphids were 

produced with an Ultracut E Reichert-Jung Ultramicrotome. These were mounted on 

slides, stained with  ichardson’s stain, and observed with a compound microscope.  

3.3 Results and Discussions 

3.3.1 Uptake and internalisation 

The titre of BBTV-S, which contains an ORF coding for the coat protein (Vetten et al., 

2011), was first quantified in aphid tissues with real-time PCR assays. 
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Figure 3.2. Average concentration and standard error of banana bunchy top virus (BBTV) in the gut, salivary glands, and haemolymph 

of the banana aphid Pentalonia nigronervosa during the phase of uptake (a) and retention
 
(b). Uptake assay was performed by allowing 

4
th

 instar nymphs to feed on BBTV-infected banana plants for 1, 2, 3, 4, 7, and 16 days. Retention assay was performed by allowing 

newly born, 1
st
 instar nymphs to feed and develop on BBTV-infected banana plants for 12 days. Adults were then moved to healthy 

banana plants and were tested in immunofluorescence assays after 2, 4, 7, 12, and 16 days. Day 0 were aphids tested at the end of the 

development on infected plants, before transferring to healthy plants.
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Because of the rapid increase in the concentration of BBTV in the gut tissues, 

we examined the presence of RNA transcripts in viruliferous aphids. Although it was 

possible to detect BBTV-R viral transcripts in infected plants through RT-PCR, we 

did not find detectable levels of BBTV-R transcripts in the RNA isolated from aphids 

(Fig. 3.3).  

 

 

Figure 3.3. Ethidum bromide-stained agarose gel showing amplification of a 236 bp 

within the open reading frame of BBTV-R from cDNA and DNA isolated from aphids 

and plants. Line 1, cDNA from BBTV-infected aphids; line 2, cDNA from BBTV-

infected plants; line 3, cDNA from healthy aphids; line 4, cDNA from healthy plant; 

line 5, DNA from BBTV-infected aphids; line 6, DNA from BBTV-infected plants; 

line 7, DNA from healthy aphids; line 8, DNA from healthy plants; line 9, PCR 

negative control. 

 

This result confirms previous assays conducted by Burns and colleagues (1995), who 

did not observe detectable levels of BBTV transcripts in aphids using northern 

blotting assays. Therefore, the increase in viral DNA observed over time in the aphid 

(Fig. 3.2a) is likely the result of the progressive uptake and internalization of virions 

from the infected plants. We selected a sampling time scale for viral uptake assay that 

roughly reflected the time required for the aphids to develop from newly born first 

instar nymphs into adults; therefore, the relative viral load detected may represent an 

estimation of the level aphids may ingest and internalise during their development in 

nature. 
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In parallel with real-time PCR, we performed immunofluorescence assays to 

determine the localization of BBTV antigens. Confirming the results from a previous 

study (Bressan and Watanabe, 2011), we obtained evidence of labelling in the AMG, 

but we failed to identify BBTV antigens in the foregut, posterior midgut, or hindgut 

tissues (data not shown). Figure 3.4a shows the change in labelling intensity over time 

in acetone-fixed anterior midguts incubated with polyclonal antibodies, which were 

detected with a biotin-streptavidin enhancement procedure. Virus labelling was 

observed in the AMG as early as 1 day after aphid feeding on infected plants; the 

labelling intensity increased along with the time that aphids fed on infected plants (Fig. 

3.4a). There was no evidence of labelling in guts dissected from healthy aphids, which 

were used as controls (Fig. 3.4a). The kinetics of virus labelling in the AMG are in 

agreement with real-time PCR assays revealing a large increase in BBTV-S DNA.  
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Figure 3.4. Immunofluorescence localization of banana bunchy top virus (BBTV) in 

acetone-fixed anterior midguts of the banana aphid, Pentalonia nigronervosa during 

the phase of uptake (a) and retention
 
(b) (details on the uptake and retention assays are 

reported in the legend to Fig. 3.2). BBTV antigens were labelled with rabbit 

polyclonal antibodies, followed by biotin-streptavidin amplification and detection 

with Alexa Fluor 488 (green). Cell nuclei were stained with DAPI (blue). Scale bar = 

100 µm. 

 

Confirming previous research (Bressan and Watanabe, 2011), we did not observe the 

labelling of BBTV in the accessory salivary glands (data not shown). However, a 

detectable level of labelling was observed in the PSGs (Fig. 3.5a), in which distinct 

puncta were observed. Labelling in the PSGs became apparent after 2 days of aphid 

feeding on infected plants, and we observed stronger labelling as time progressed (Fig. 
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3.5a).  However, the degree of labelling varied between individual aphids, and a large 

proportion of salivary glands did not show obvious labelling patterns (Table. 3.1). The 

differences in the labelling intensity of guts and salivary glands are in agreement with 

real-time PCR results (Fig. 3.2). 

 

  

  

Figure 3.5. Immunofluorescence localization of banana bunchy top virus (BBTV) in 

acetone fixed principle salivary glands of the banana aphid, Pentalonia nigronervosa 

during the phase of uptake (a) and retention
 
(b) (details on the uptake and retention 

assays are reported in the legend to Fig. 3.2). BBTV antigens were labelled with 

rabbit polyclonal antibodies, followed by biotin-streptavidin amplification and 

detection with Alexa Fluor 488 (green), whereas cell nuclei were stained with DAPI 

(blue). White arrows indicate virus labelling. Scale bar = 100 µm.
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Table 3.1. Detection of banana bunchy top virus (BBTV) within the banana aphid, Pentalonia nigronervosa in time course experiments 

using immunofluorescence assays. Labeling images have been reported in Fig. 3.4 and Fig. 3.5 for the anterior midguts and principal 

salivary glands, respectively. The table combines the results from 2 replicates. 

 Uptake assay
†
  Retention assay

‡
 

 
day 1 day 2 day 3 day 4 day 7 

day 

16 
 day 0 day 2 day 4 day 7 

day 

12 

day 

16 

Anterior 

midgut 

10/16
*
  

(0.62) 

13/19 

(0.68) 

16/17 

(0.94) 

13/15 

(0.87) 

16/16 

(1.00) 

23/23 

(1.00) 
 

26/26 

(1.00) 

16/16 

(1.00) 

18/18 

(1.00) 

17/17 

(1.00) 

17/18 

(0.94) 

12/14 

(0.86) 

Principle 

salivary 

glands 

0/21 

(0.00) 

6/24 

(0.25) 

9/26 

(0.35) 

4/17 

(0.24) 

7/14 

(0.5) 

12/26 

(0.46) 
 

8/28 

(0.29) 

9/25 

(0.36) 

2/26 

(0.08) 

9/19 

(0.47) 

5/25 

(0.2) 

1/23 

(0.04) 

 

†
 Uptake assay was performed by allowing 4

th
 instar nymphs to feed on BBTV-infected banana plants for 1, 2, 3, 4, 7, and 16 days. 

‡
 Retention assay was performed by allowing newly born, 1

st
 instar nymphs to feed and develop on BBTV-infected banana plants for 12 

days. Adults were then moved to healthy banana plants and were tested in immunofluorescence assays after 2, 4, 7, 12, and 16 days. Day 

0 were aphids tested at the end of the development on infected plants, before transferring to healthy plants. 
*
 Number of dissected organs labeled for the virus over the total number of organs tested. Proportions are reported under parenthesis 
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We performed transmission experiments to examine whether the virions internalized 

into the aphid haemocoel were transmissible. The transmission experiments used the 

same sampling intervals as immunofluorescence and real-time PCR assays. Thus, 

aphids were collected after 1, 2, 3, 4, 7, and 16 days of feeding on BBTV-infected 

plants and were then transferred to healthy banana leaf disks for an inoculation access 

period (IAP) of 2 days. The average transmission rate was 0.55 after 1 day of feeding 

on infected plants (Fig. 3.6), evidencing that BBTV rapidly translocates through the 

epithelial membranes, and the relatively small amount of BBTV detected with real-

time PCR after 1 day (Fig. 3.2a) is, in many instances, large enough to sustain 

inoculation. The probability of BBTV transmission increased with the time the aphids 

fed on the infected plants, reaching very high transmission rates (Fig. 3.6a). 

 

 

Figure 3.6. Probability of banana bunchy top virus (BBTV) transmission by 

individual banana aphid, Pentalonia nigronervosa during the phase of uptake (a) and 

retention
 
(b) (details on the uptake and retention assays are reported in the legend to 

Fig. 3.2). Open dots report the observed transmission rates. Curves are from logistic 

regression analysis expressing the probability of transmission over time. 

 

3.3.2 Retention 

Retention experiments were conducted by transferring viruliferous aphids to healthy 

banana plants, which were replaced every 4 days. To test if aphids may have ingested 

additional viral particles as consequence of the plant infection, in a separate 

experiment we allowed healthy aphids to co-feed with BBTV-viruliferous aphids on a 

healthy banana plant. After a 4-day co-feeding on the same petioles, we determined 

the relative concentration of BBTV on aphids by using real time PCR. As evidence by 
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the comparison with healthy (unexposed) aphids, there was no evidence that the 

healthy aphids exposed to co-feeding may have ingested viral particles (Fig. 3.7).  

 

 

Figure 3.7. Average concentration and standard error of banana bunchy top virus 

(BBTV) in the banana aphid, Pentalonia nigronervosa. BBTV-exposed is for healthy 

aphids that co-fed for 4 days on the same healthy banana plant with BBTV-infected 

aphids and that were then tested for the relative concentration of BBTV in real time 

PCR. BBTV-unexposed is for healthy aphids not exposed to co-feeding and used as 

control. 

 

Figure 3.2 (b) represents the average concentration of BBTV-S in the guts, salivary 

glands, and haemolymph of dissected aphids that developed as first instar nymphs on 

infected plants for 12 days and were subsequently transferred to healthy plants, from 

which they were sampled as adults after 2, 4, 7, 12, and 16 days. Aphids were also 

tested before being transferred to healthy plants, designated as day 0. BBTV was 

retained at a high concentration in the guts for at least 7 days. After 12 and 16 days of 

aphid feeding on healthy plants, the titre in the gut tissues decreased significantly 

(P<0.001; Mann Whitney test) (Fig. 3.2b). The decrease in the average viral 

concentration in the gut tissues was not accompanied with a significant increase in 

levels of BBTV DNA in the haemocoel (haemolymph and salivary glands) (Fig. 3.2b), 

as observed for MSV in the leafhopper vector C. mbila (Lett et al., 2002).  
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Figure 3.4 (b) shows the typical pattern of labelling in acetone-fixed AMGs using 

polyclonal antibodies, which were detected with a biotin-streptavidin enhancement 

procedure. The kinetics of viral labelling in the AMGs were roughly in agreement 

with real-time PCR assays, revealing a decrease in the concentration of virions (Fig. 

3.2b).  BBTV antigens were detected as distinct puncta in the PSGs for at least 12 

days of aphid feeding on healthy plants (Fig. 3.5b). We also examined BBTV 

transmission by aphids that developed from first instar nymphs on infected banana 

plants for 12 days and were subsequently transferred to healthy plants. As for the 

immunofluorescence and real-time PCR assays, aphids were sampled at 0, 2, 4, 7, and 

12 days from the healthy plants and were subsequently transferred to banana leaf 

disks for an IAP of 2 days. Aphids retained the ability to transmit the virus for up to 

16 days; however, the probability of BBTV transmission decreased over time (Fig. 

3.6b). 

3.3.3 BBTV localization on the basal surface of guts and salivary glands 

The results obtained through real-time PCR and immunofluorescence assays 

strongly suggested that BBTV virions were internalized into the haemocoel through 

the AMG. To obtain more evidence to confirm the translocation of BBTV from the 

anterior midgut to the haemocoel, we performed immunofluorescence assays on 

paraformaldehyde-fixed guts either treated or not with Triton X-100 and incubated 

with BBTV monoclonal antibodies. Triton X-100 is a non-ionic surfactant that 

permeabilises the cell membranes, thus allowing antibodies to access the cell cytosol. 

By omitting Triton X-100, we prevented antibodies from penetrating the cell 

membranes and therefore selectively visualised antigens at or near the basal surface of 

the tissues, likely corresponding to the basal lamina and basal plasmalemma (Gildow, 

1993). Compared with acetone (Fig. 3.4), paraformaldehyde allowed a much better 

preservation of the dissected organs and cell structures (Fig. 3.8).   
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Figure 3.8. Immunofluorescence localization of banana bunchy top virus (BBTV) in 

paraformaldehyde fixed guts and principal salivary glands of the banana aphid, 

Pentalonia nigronervosa. BBTV antigens were localized using mouse monoclonal 

antibodies followed by secondary antibodies labelled with Alexa Fluor 555 (red). Cell 

nuclei were stained with DAPI (blue). (a) Gut or principal salivary gland from a 

BBTV-infected aphid treated with Triton X-100. (b) Gut or principal salivary gland 

from a BBTV-infected aphid not treated with Triton X-100.  (c) Gut or principal 

salivary gland from a healthy aphid treated with Triton X-100. Am, anterior midgut, 

pm; posterior midgut, cc, cover cells; f, foregut; mc, main cells; psg, principal salivary 

glands. Scale bars = 100 µm. 

 

When Triton X-100 was applied, BBTV was labelled in the cell cytoplasm 

surrounding the cell nuclei of the AMG (Fig. 3.8a). However, when Triton X-100 was 

omitted, labelling was observed as distinct puncta on the basal surface of the AMGs 

(Fig. 3.8 and Table 3.2), suggesting that some virions crossed the epithelial cells. We 

performed similar immunofluorescence assays on the salivary glands. When Triton X-

100 was applied, we observed labelling in the portion of the salivary glands 

corresponding to the main cells (Fig. 3.8a) (Bressan and Watanabe, 2011). There was 

no evidence of labelling within the cover cells. When Triton X-100 treatment was 

omitted, labelling was observed proximal to the basal surface of the principal cells, 

suggesting the selective penetration of the virions through these cells. Labelling was 
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visible as puncta, similar to that observed in the gut tissues (Fig. 3.8b).  

 

Table 3.2. Detection of banana bunchy top virus (BBTV) within the banana aphid, 

Pentalonia nigronervosa that developed on BBTV-infected plants for 12 days. 

Control were aphids collected from healthy banana plants. Labeling images have been 

reported in Fig. 3.8. The table combines the results from 2 replicates. 

 Devoid of Triton X-100   Triton X-100 

 BBTV CTL  BBTV CTL 

Anterior midgut 21/23 (0.91)
*
 0/23 (0)   8/9 (0.88) 0/7 (0) 

Principle salivary 

glands 

8/10 (0.8) 0/11 (0)  9/9 (1) 0/8 (0) 

*
Number of organs labeled for the virus over the total number of organs tested. 

Proportions are reported under parenthesis. 

 

3.3.4 Translocation path 

With the exception of our previous study (Bressan and Watanabe, 2011), data 

on BBTV-aphid interactions have been derived from transmission experiments only. 

BBTV is transmitted for at least 15-20 days post-acquisition, and there is a detectable 

latent period estimated at 20-28 hrs (Anhalt and Almeida, 2008; Hu et al., 1996; 

Magee, 1940). Similar to other plant viruses transmitted in a circulative persistent 

manner, the presence of a latent period in the vector may reflect the need for virions to 

cross the cellular membranes of their vectors (Gray and Gildow, 2003). 

As suggested by previous transmission experiments (Anhalt and Almeida, 

2008; Magee, 1940) and results from the time-course and transmission assays 

reported in this study, BBTV is rapidly translocated into the aphid haemocoel. In fact, 

we obtained high transmission rates after only 1 day of AAP followed by a 2-day IAP 

(Fig. 3.6a). In addition to rapid translocation, BBTV undergoes a process of 

accumulation within the aphid body, which appears to occur mostly in the AMG (Fig. 

3.2, 3.4, and 3.8). These results are similar to what has been observed for PLRV 

virions, which rapidly translocate through the posterior midgut of the aphid vector M. 

persicae but also accumulate within it (Garret et al., 1996). 

The consistent detection of BBTV DNA in the haemolymph is of interest 

because it suggests that virions can be transported to the salivary glands through the 
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haemolymph. Evidence suggests that both geminiviruses and luteovirids, such as 

TYLCV and PLRV, interact with GroEL produced by inherited endosymbiotic 

bacteria harboured within the vectors (Filichkin et al., 1997; Gottlieb et al., 2010; 

Hogenhout et al., 2000; Morin et al., 1999; Van den heuvel et al., 1994). We have 

recently detected the presence of the primary aphid endosymbiont Buchnera 

aphidicola within the banana aphid, and we have obtained the sequence of a gene 

coding for a putative GroEL protein. In addition, through a Western blotting assay, we 

detected a Buchnera GroEL homologue in the banana aphid haemolymph 

(unpublished). These results suggest that BBTV and Buchnera-derived GroEL co-

occur in the banana aphid’s haemolymph and, therefore, may potentially interact. 

Because BBTV DNA was first detected in the AMG, in which it reached 

concentrations greater than the haemolymph and salivary glands (Fig. 3.2a and Fig. 

3.4a), it is reasonable to suggest the guts are the organs through which viral particles 

are first internalized. Conversely, the kinetics of BBTV DNA in the haemolymph and 

salivary glands follow similar temporal trends over time (Fig. 3.2a). The lack of 

temporal gaps in the detection of BBTV DNA in the haemolymph and salivary glands 

may be explained by the rapid translocation of the virions through the aphid 

haemocoel. However, these data may also suggest that virions are translocated to the 

salivary glands directly from the AMG. It is interesting to highlight that (i) serial 

transverse sections obtained from a whole banana aphid showed that the main cells 

forming the PSGs (but not the accessory salivary glands) can be in direct contact with 

the AMG (Fig. 3.9) and that (ii) BBTV antigens were labelled on or near the surface 

of both the AMG and the main cells forming the PSGs, suggesting an on-going 

process of virion escape and internalization, respectively (Fig. 3.8).  
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Figure 3.9. (a) Transverse section of the banana aphid, Pentalonia nigronervosa 

showing accessory salivary glands. (b) Transverse section of the banana aphid 

showing principal salivary glands surrounding the anterior midgut. Am, anterior 

midgut; asg, accessory salivary glands; b, brain; psg, principal salivary glands. Scale 

bars = 50 µm. 

 

Recently, Cicero and Brown (2011) suggested a possibility of the direct transfer of 

squash leaf curl virus (SLCV, genus Begomovirus) from the midgut to the salivary 

glands of the whitefly B. tabaci. The authors suggested that virion translocation may 

occur when the gut of the whitefly extends to its most anterior position in the thorax, 

making direct contact with the salivary glands. A similar path of virus translocation 

has also been proposed for tospoviruses (family Bunyaviridae), which are 

propagatively transmitted by thrips (Moritz et al., 2004). 

Collectively, our results suggest that BBTV translocation through its aphid 

vector has more in common with plant viruses of the family Geminiviridae 

(transmitted by leafhoppers, treehoppers and whiteflies) than aphid-transmitted 

luteovirids. However, unlike other circulative plant viruses, there is evidence that 

nanovirids, such as FBNYV, require a virus-encoded helper factor for vector 

transmission (Franz et al., 1999), similar to non-persistently transmitted plant viruses 

of the genus Potyvirus (Ng and Falk, 2006). Franz et al. (1999) showed that the 

putative helper factor mediated viral transport through the haemocoel-salivary gland 

interface of the pea aphid. On the basis of evidence that purified virions are not aphid-

transmissible, it has been suggested that BBTV uses the same transmission strategy 
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used by FBNYV (Thomas and Dietzgen, 1991). Further studies on nanovirid-aphid 

interactions may therefore shed new and exclusive light on vector-virus interactions. 
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Chapter 4.  Absence of evidence for Buchnera GroEL interaction with Banana 

bunchy top virus (Nanoviridae) 

 

4.1 Introduction 

Plant viruses of the families Luteoviridae, Geminiviridae, and Nanoviridae 

comprise of viruses transmitted by hemipteran insects in a persistent circulative 

manner (Hogenhout et al., 2008). During the process of transmission, circulative 

viruses are ingested with the sap of the infected plants, are internalized and cross the 

insect’s gut cells, from which they are translocated into the vector’s haemocoel.  fter 

internalization within the salivary glands, the virions can then be discharged into the 

plant tissues along with the saliva produced during the feeding process.  

 Circulative plant viruses seem to translocate through the hemolymph of their 

respective vectors in order for them to reach the salivary glands (Garret et al., 1993; 

Hunter et al., 1998; Liu et al., 2006; Rosell et al., 1999). van den Heuvel and 

colleagues (1994) by first determined that the Potato leafroll virus (PLVR) 

(Luteoviridae) can bind in the hemolymph of the green peach aphid, Myzus persicae 

to GroEL, a protein of the family chaperones also known as heat shock proteins 

(Hemmingsen et al., 1988). Interestingly, GroEL is produced by the primary 

endosymbiont of aphids, Buchnera aphidicola, a member of the 

Gammaproteobacteria (Munson et al., 1991). Additional studies have reported the 

interaction of endosymbiotic bacteria-derived GroELs with both luteoviruses and 

geminiviruses (Table 4.1). 
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. 

Table 4.1. Interaction of circulative virus with GroELs produced by endosymbiotic bacteria inhabiting hemipteran vectors.

Virus (Family: 

genus) 

Vector species GroEL origin In vitro 

interaction 

In vivo 

interaction 

 

References 

Potato leafroll virus 

(PLRV)  

(Luteoviridae: 

Polerovirus) 

Myzus persicae Buchnera 

aphidicola 

Yes Yes (van den 

Heuvel et al., 

1994) 

 

PAV-Barley yellow 

dwarf virus (BYDV) 

(Luteoviridae: 

Luteovirus) 

Rhopalosiphum 

padi,  

Sitobion avenae 

 

Buchnera 

aphidicola 

Not tested Yes (Filichkin et al., 

1997) 

Barley yellow dwarf 

virus (BYDV) 

 

(Luteoviridae: 

Luteovirus) 

Acyrtosiphon pisum Buchnera 

aphidicola 

Yes No (Bouvaine et 

al., 2011) 

Tomato yellow leaf curl 

curl virus (TYLCV) 

 

(Geminiviridae

: Begomovirus) 
Bemisia tabaci 

Hamiltonella Yes Yes 

(Gottlieb et al., 

2010) 

 

Not specified Yes Yes 
(Morin et al., 

1999) 

Cotton leaf curl virus 

(CLCuV) 

(Geminiviridae

: Begomovirus) 
Bemisia tabaci 

 

Arsenophonus 

 

Yes 

 

Yes 

(Rana et al., 

2012) 
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Because the selective elimination of endosymbionts through antibiotic treatments (van 

den Heuvel et al., 1994) and neutralization assays of GroEL (Morin et al., 1999) have 

resulted with a significant reduction in viral titers and transmission (Morin et al., 

1999; van den Heuvel et al., 1994), it has been suggested that GroEL-virion 

interactions prevent the proteolytic degradation of virions in the hemolymph of their 

respective vectors (Filichkin et al., 1997; Gottlieb et al., 2010; Hogenhout et al., 2000; 

Morin et al., 1999; van den Heuvel et al., 1994). 

The structural and functional characteristics of GroEL produced by Buchnera 

seem to be similar to that of Escherichia coli since these two proteins shares more 

than 80% of sequence identity (Filichkin et al., 1997; Hara and Ishikawa, 1990; 

Ohtaka et al., 1992). GroEL is involved in intracellular folding and assembly of non-

native proteins in an ATP-dependent manner (Ellis and Vandervies, 1991). 

Crystallography of E. coli-derived GroEL has demonstrated the protein forms a 

homo-oligomer of 14 subunits arranged in two heptameric rings stacked back to back. 

Each subunit has a dimension of 60-kDa and consists of three domains: the equatorial, 

the apical, and the small intermediate domain (Braig et al., 1994). The apical domain 

has previously been implicated in polypeptide binding (Fenton et al., 1994), a process 

that may require ATP hydrolysis. The mechanism by which GroEL interacts with the 

viral particles presumably differs from its chaperone function (Bouvaine et al., 2011) 

because circulative plant virus have particle size ranging 25-30 nm in diameter (Miller 

and Rasochova, 1997) and are too large to enter through the GroEL cavity, which has 

a diameter of 4.5 Å (Braig et al., 1994). Consistently, mutational analysis and virus 

overlay assays demonstrated that the equatorial domain of GroEL is critical for PLVR 

binding (Hogenhout et al., 2000).  

As for other obligate endosymbionts of hemipteran insects, Buchnera resides 

within bacteriocytes, specialized cells lodged within the aphid body, the hemocoel 

(Houk and Griffiths, 1980; Mc Lean and Houk, 1973).  t is believed that aphid’s 

ancestor was infected with Buchnera approximately 160-200 million of years ago. As 

a result of the strict vertical transmission female-offspring, the endosymbiont shows 

patterns of co-speciation with the host (Baumann et al., 1995; Moran and Baumann, 

1994; Moran et al., 1993; Munson et al., 1991) and, as a consequence, most of aphid’s 

species host distinct strains of Buchnera. Because of the long evolutionary history and 

intracellular confinement within the insect host, Buchnera has lost several genetic 
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information and has a reduced genome size, approximately one-seventh of E. coli (4.6 

Mb) (Blattner et al., 1997). Buchnera has a nutritional function and supplies the aphid 

host with essential nutrients, such as ammino acids that are scarcely found on the 

phloem sap of plants (Mittler, 1971; Shigenobu et al., 2000). Furthermore, Buchnera 

bacteria produce copious amount of GroEL (Ohtaka et al., 1992), which can occurs at 

a high concentration extracellularly in the aphid’s hemolymph ( ilichkin et al., 1997; 

van den Heuvel et al., 1994). 

There is no evidence that virus members of the family Nanoviridae may 

interact with GroEL. Nanovirids differ substantially from both ssDNA viruses of the 

family Geminiviridae and ssRNA viruses of the family Luteoviridae with respect to 

particle morphology, genomic organisation, and mode of transcription. Nanovirids are 

non-enveloped small icosahedral particles that are 17-20 nm in diameter and contain 

circular, generally monocistronic, ssDNA molecules that are approximately 1 kb 

(Vetten et al., 2011). Nanovirids have a multi-component genome that, depending on 

the viral species and strain, consists of 6-11 DNA components separately 

encapsidated by a unique coat protein (Vetten et al., 2011). The family Nanoviridae 

currently includes at least eight formally recognised viral species clustered within two 

separate genera: Nanovirus and Babuvirus (Vetten et al., 2005). Faba bean necrotic 

yellows virus (FBNYV) and Banana bunchy top virus (BBTV) are the type species of 

the genera Nanovirus and Babuvirus, respectively. FBNYV is transmitted by aphids 

that colonise legume crops, such as the cowpea aphid Aphis craccivora Koch, the 

bean aphid A. fabae Scopoli and the pea aphid Acirthosyphon pisum (Katul et al., 

1993). BBTV is specifically transmitted by the banana aphid Pentalonia nigronervosa 

(Hu et al., 1996; Magee, 1940; Wu and Su, 1990). 

Plant virus employ two major strategies for interference and binding to insect 

receptors ( g and  alk., 2006).  he first one is referred to as “Capsid strategies” 

where the coat protein making up viral particles interact directly with insect receptors 

to mediate recognition and binding.   second one is referred to as the “ elper 

component strategy”, which involves the use of a non structural viral protein (i.e., a 

protein that is not part of the viral particle) ingested together with viral particles that 

mediate the binding between the virus particles and the surface of the vector stylets 

creating a sort of bridge between virus and vector (the bridge hypothesis) (Ng and 

Falk., 2006). To date, helper factor has been identified only from Faba bean necrotic 
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yellow virus (FBNYV) among persistent circulatively transmitted nanovirus (Franz et 

al., 1999). Franz and colleague (1999) demonstrated injected purified FBNYV was 

only transmissible by the aphid that acquired different strain of FBNYV prior to 

injection. Taken together with the studies on helper factor from nonpersistently 

transmitted Potyviruses and semi-persistently transmitted Caulimovirus (CaMV) (Leh 

et al., 2001), these studies suggest helper factor have a multifunctional rules, yet the 

nature of helper factor has not determined. There is no study show BBTV require 

helper factor. 

In a previous study we examined the localization and tropism of BBTV within 

the aphid vector and we were able to detect BBTV in the hemolymph of the aphid 

(Watanabe and Bressan, 2013). Here, we reconstruct the phylogeny and determine the 

localization of Buchnera inhabiting P. nigronervosa. Thereafter, we characterized the 

structure of Buchnera GroEL from P. nigronervosa relative to the Buchnera GroEL 

produced in M. persicae. We then tested for the presence of GroEL-derived Buchnera 

in P. nigronervosa hemolymph and performed immunocapture PCR, dot-blot, and far-

western blotting assays to test the possible interaction between Buchnera GroEL and 

BBTV. 

4.2 Materials and methods 

4.2.1 Aphids and virus maintenance 

A strain of BBTV was maintained to potted micropropagated bananas, cv. 

Williams using aphid transmission essentially as previously described (Bressan and 

Watanabe, 2011). The virus was characterized with a TAS ELISA (Agdia Inc., 

Elkhart, IN, USA) and PCR assays using primer pairs for the detection of six BBTV 

DNA components (Burns et al., 1995) according to previously described methods 

(Almeida et al., 2009; Xie and Hu, 1995). Sequencing of the PCR products identified 

nearly identical sequences as previous works (Almeida et al., 2009; Xie and Hu, 

1995) and confirmed that BBTV from Hawaii clusters within the Middle Eastern-

South Pacific clade (Hu et al., 2007). A colony of banana aphids, which was 

established from an individual aphid, was maintained on healthy potted banana plants. 

Viruliferous aphids were produced by transferring 2nd-3rd instar nymphs to BBTV-

infected plants; the insects were allowed to feed on these plants for 10-14 days. After 

that time most aphids are viruliferous and have high concentrations of viral particles 
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within their bodies (Watanabe and Bressan, 2013). 

4.2.2 Sequencing, phylogeny and localization of Buchnera 

Aphids were dissected under a stereomicroscope essentially as previously 

described (Bressan and Watanabe, 2011). Briefly, individual aphids were immobilized 

on the surface of a dissecting chamber (Electron Microscopy Sciences, Hatfield, PA, 

USA) and were immersed in 200 l of phosphate-buffered saline (PBS; 137mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4; pH 7.4). PBS-immersed aphids were 

then dissected with a polytetrafluoroethylene (PTFE) coated stainless steel blades 

(Ted Pella Inc., Redding, CA, USA) by cutting aphid bodies behind the compound 

eyes. Hemolymph oozing after the decapitation was sampled with a 25 µl injection 

glass needle connected with a mouth-suction tube. Bacteriocytes released after the 

decapitation were sampled with small pin. 

DNA from dissected bacteriocytes were isolated using QIAamp DNA mini kit 

(QIAGEN Inc., Valencia. CA, USA). Briefly, bacteriocytes dissected from 10 aphids 

were pooled into a 1.5 ml ultracentrifuge tube containing 180 l of lysis buffer. The 

procedure followed the manufacture’s instruction. DNAs were eluted with 200 l of 

ultrapure water into clean 1.5 ml ultracentrifuge tubes. One microliter of DNA extract 

was used for  C  reaction using universal primer, 10  (5′-

AGTTTGATCATGGCTCAGATTG-3′) and 1507  (5′-

TACCTTGTTACGACTTCACCCCAG-3′) to amplify  uchnera 16  r    gene. We 

design degenerated primer pair,  ro  _f1 (5′-

ATGGCCGCTAAAGATGTAAAATTTGG-3′) and  ro  -r1 (5′-

TTACATCATWCCRCCCATDCC-3′), to amplify  ro   gene from bacteriocyte 

DNA. The PCR cycles for GroEL and 16S rRNA amplification were denaturation at 

94 °C for 2 min, followed by 35 cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C 

for 1.5 min, and final extension at 72 °C for 5 min. Amplicons were visualized in 

1.2 % agarose gel stained with ethidium bromide. The amplified products were cloned 

into pCR 2.1 vector using TOPO TA cloning system
®
 (Invitrogen, Carlsbad, CA, 

USA) followed by transformation into E.coli. After verification of insert size, were 

grown at 37 °C for overnight and the plasmids were extracted by using E.Z.N.A.
®
 

 lasmid  ini kit Ι ( mega  io-Tek, Inc. Norcross, GA, USA) and sequenced at the 

Biotechnology Core Facility of the University of Hawaii at Manoa. 
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Phylogenetic analyses were performed separately for GroEL and 16S rRNA 

nucleotide sequences. Multiple alignments of the sequences were generated by using 

ClustalW available in MEGA 5. The best-fit model of sequence evolution was 

selected using jModelTest 0-2.1 (Posada, 2008); the best model was TVM+I+G and 

GTR+G for 16S rRNA and GroEL dataset, respectively. The tree topology for each 

data set was estimated by maximum likelihood using RAxML 7.0.4 with 1,000 

replicates for nonparametric bootstrap analysis (Stamatakis et al., 2008; Stamatakis et 

al., 2005). For FISH assays, we followed a general protocol described by Fukatsu et al. 

(1998) and Koga et al. (2003). We used the fluorochrome-labeled oligonucleotide 

probe Cy5- pis2a (5′-Cy5-CCTCTTTTGGGTAGATCC-3′), which specifically 

targets the 16S rRNA of Buchnera (Koga et al., 2003). 

4.2.3 Antibodies 

Antibodies produced against Buchnera GroEL from M. persicae were as 

described in van den Heuvel et al. (1994) and were provided by Dr Verbeek M. (IPO-

DLO, Wageningen, Nertherland). Western blot and dot blot assays were performed 

using sampled aphid hemolymph to examine whether antibodies raised against 

Buchnera GroEL from M. persicae reacted well against Buchnera GroEL from P. 

nigronervosa. 

We used commercially available anti-BBTV antibodies (AGDIA Inc., Elkhart, 

IN, USA), either rabbit polyclonal (Ig/G 2188) or mouse monoclonal (Ig/A24876 and 

Ig/A24877), produced against purified viral particles as described in Thomas and 

Dietz (Thomas and Dietzgen, 1991). Other antibodies were rabbit polyclonal raised 

against BBTV recombinant coat protein produced in E. coli and were provided by Dr 

Sether D.  (University of Hawaii at Manoa, Hawaii - USA). 

4.2.4 Detection of GroEL in the aphid hemolymph 

Ten microliters of sampled hemolymph or purified GroEL were boiled for 5 

min in  aemmli’s buffer and subjected to    -PAGE in the Mini-PROTEAN
®
 

  X™  recast Gel (Bio-Rad., Ercules, CA, USA) with Mini-PROTEAN
®
 Tetra 

System (Bio-Rad., Ercules, CA, USA). After electrophoresis, gels were either stained 

with Coomassie Brilliant Blue or elctroblotted to 0.2 m PVDF membrane using the 

Trans-Blot
®
 TurboTM Transfer Blotting System (Bio-Rad., Ercules, CA, USA). The 

membranes were then blocked with 5% (w/v) skimmed milk powder in PBS for 1 h. 
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The membrane was incubated with 1:500 diluted anti-GroEL rabbit polyclonal 

antibodies for 3 h at room temperature with gentle agitation, followed by PBS 

washing for 3 times of 5 min each, incubated with 1:1000 diluted anti-rabbit IgG, AP-

linked antibodies (Cell Signaling Technology, Inc. Danvers, MA, USA) in PBS for 1 

h. After washing the membrane in PBS for 3 times, immobilized conjugates were 

visualized by exposure in 1-Step
TM

 NBT/BCIP (Thermo scientific, Rockford, IL, 

USA). 

4.2.5 Immunocapture PCR 

Immunocapture PCR was first used to determine if BBTV viral particles and 

GroEL form a bound complex in the hemolymph. Hemolymph was collected from 

dissected individual aphid that fed on either BBTV-infected or healthy banana plants; 

details on the dissection procedures have been described above. Hemolymph was 

transferred into tubes containing 80 l of PBS pH 7.4, and 10mM sodium sulphite, 

2% polyvinylpyrrolidone (PVP), 2% Tween-20, and 0.2% chicken albumin. After 

vortex and spind down, half of the solution were transferred to polypropylene PCR 

tubes pre-incubated overnight with either anti-BBTV rabbit polyclonal antibodies (1 : 

200) or GroEL polyclonal antibodies (1 : 500) . Hemolymph solution was incubated 

in these tubes at room temperature for 2 h followed by repeated PBS washing. Fifty 

microliters of PCR mixture was then added to the tubes and BBTV component R was 

amplified by using primer 5 (5′-GGCGAATTCTATAAATAGACCTCCC-3′) and 

primer 7 (5′-CGGAGCGTGCGCTGTAAA-3′) (Xie and  u, 1995). Cycling condition 

was slightly modified from Xie and Hu (1995) and included a denaturation step at 

94 °C for 4 min followed by 40 cycles of denaturation at 94 °C for 1 min, annealing at 

58 °C for 2 min, extension at 72 °C for 3 min, and a final extension 72 °C for 10 min. 

Amplicons were visualized in 1.2% agarose gel. 

4.2.6 BBTV and GroEL purification 

BBTV virus was purified from laboratory-maintained BBTV-infected banana 

plants using a slightly modified procedure described by Thomas and Dietzgen (1991). 

Infected banana mid rib and petiole tissues were diced, paced into liquid nitrogen, and 

ground to powder in a mixer. The ground powder was mixed with an extraction buffer 

(0.2 M potassium phosphate pH 7.4, containing 0.5 % w/v Na2SO3) and then stirred 

for 1 h at 4 °C. The extract was filtered though cheesecloths and ice-cold 
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Chloroform : Butanol (1 : 1, 0.1 vol) was gradually added. The mixture was stirred for 

1 h at 4 °C and then centrifuged at 8,000 g for 10 min. the supernatant was ultra 

centrifuged in a Beckman 70Ti rotor at 170,000 g for 90 min. the pellets were re-

suspended in 0.07 M sodium phosphate pH 7.2 (PB), and then stirred overnight at 

4 °C. The extract was then clarified by centrifugation at 8,000 g for 5 min and the 

supernatant was used in the assays. Purified virus preparations were examined with 

SDS-PAGE and western blot.  

Buchnera GroEL from P. nigronervosa was purified as described by (Morin et 

al., 1999). Adult aphids were homogenized in 12 ml of PBS containing 0.5% Triton 

X-100 and 0.5 mM phenylmethyl-sulfonyl fluoride. The homogenate was sonicated 

for 4 min with a FS60 Ultrasonic Cleaner (Fisher Scientific, Hanover Park, IL, USA) 

and centrifuged at 10,000g for 15 min to remove the debris. A 40% Polyethylene 

glycol 6000 (PEG 6000) solution was added to the supernatant to a final concentration 

of 8%. After 2.5 hrs on ice, the suspension was centrifuged for 20 min at 12,500 g. 

The pellet was suspended in a 50 mM Tris HCl, pH 7.5 buffer containing 35 mM KCl, 

25 mM NH4Cl, 10 mM Mg acetate and 1 mM dithiothreitol. After 3 h incubation on 

ice, the suspension was centrifuged for 15 min at 18,000g. The supernatant was laid 

onto 20 ml column of a 10–50% linear sucrose gradient in the same buffer and was 

centrifuged in a Beckman SW41 rotor for 11 hrs at 37,000 rpm. The gradient was 

fractionated into 34 of 0.5 ml aliquots, and 10 l of each fraction was subjected to 

SDS–PAGE and western blotting for analyzing the presence of GroEL. Fractions 

containing the GroEL were dialyzed against PBS overnight using Slide-A-Lyzer 

Dialysis Cassette (Thermo scientific, Rockford, IL, USA). The mass concentration of 

purified GroEL was quantified using the ND-1000 Spectrophotometer (NanoDrop 

Technologies, Inc. Wilmington, DE). 

4.2.7 Dot blot and far western blot assays 

Hemolymph sampled from a pool of 5 healthy aphids, purified GroEL at a 

concentration of 420 ng/l and purified BBTV at a concentration of 400 ng of viral 

DNA/l were used in dot blot assays. One microliter of a four-fold serial dilution 

series of each solution were spotted to nitrocellulose membranes (Bio-rad, Nercules, 

CA, USA). Membranes were blocked with Aurion blocking solution containing 

Bovine serum albumin (BSA) and Gelatin from cold water fish skin in PBS (Aurion, 

Hatfield, PA, USA) for an hour and then incubated with gentle agitation overnight 
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at 4 °C with purified BBTV particles at a concentration of 400 ng viral DNA/l in 

PBS–Tween (PBST) and 0.2% BSA. After washing the membrane 3 times with PBST, 

the membranes were incubated with either 1:400 diluted anti-BBTV rabbit polyclonal 

or mouse monoclonal antibodies for 3 h at room temperature with gentle agitation, 

followed by PBS washing for 3 times. Membranes were then incubated with 1:2000 

diluted either anti-rabbit or anti-mouse IgG, AP-linked antibodies (Cell Signaling 

Technology, Inc. Danvers, MA, USA) in PBS for 1 h. After washing membranes with 

PBST for 3 times, immobilized conjugates were visualized by incubation with 1-

Step
TM

 NBT/BCIP (Thermo scientific, Rockford, IL, USA). Experiment included two 

additional treatments, membranes incubated with primary anti-BBTV antibodies and 

with the secondary, AP-linked, antibodies without adding purified BBTV, and 

membranes incubated with the virus and with the secondary, AP-linked, antibodies. 

For the far western blotting assays, aphid hemolymph and purified GroEL were 

subjected to SDS–PAGE and protein transferring as described above. The membranes 

were analyzed as described in the dot blot assay. 

4.2.8 Modeling of Buchnera GroEL 

A structural model of GroEL was generated starting from the amino acid 

sequence of Buchnera GroEL from P. nigronervosa using the automated homology 

modeling server SWISS-MODEL (Guex and Peitsch, 1997) running at Glax 

Wellcome Experimental Research (Geneva, Switzerland) and using the 3D structure 

model of E. coli GroEL as a modeling template. The predicted 3D template was 

displayed and the regions of binding to PLRV (Hogenhout et al., 2000) were 

highlighted using the program CueMol2 2.0.0.98 – Molecular Visualization 

Framework. Buchnera GroEL from P. nigronervosa and M. persicae were overlapped 

and visualized in PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, 

LLC. Three-dimensional structure model of GroEL was constructed using the Phyre 

software (Kelley and Sternberg, 2009). 

4.3 Results 

4.3.1 Detection and localization of Buchnera from P. nigronervosa  

As in other aphid species, P. nigronervosa aphids contain bacteriocytes into 

their hemocoel. We isolated the DNA from dissected bacteriocites and amplified 

through PCR assays the 16S rRNA gene using universal eubacterial primers. The 
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generated amplicons of approximately 1500 bp was cloned into competent cells of E. 

coli. Sequencing of the inserts from the transformed plasmids resulted with a unique 

16S rRNA sequence (GenBank accession no.: XXXXXXXX), which after blasting in 

NCBI database, gave the best similarity score (96%) for a Buchnera strain from the 

pea aphid, A. pisum (GenBank accession no.: CP002301). The phylogenetic tree 

generated from 16S rRNA nucleotide sequences using maximum likelihood criterion 

confirmed that the endosymbiont clusters within the Buchnera clade (Fig. 4.1).  
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Figure 4.1. Phylogenetic trees inferred from GroEL nucleotide sequences (Log 

likelihood of the tree, -16240.33) (A) and from16S rRNA nucleotide sequences (Log 

likelihood of the tree, -9051.33) (B) of a bacteriocyte-inhibiting symbiont inhabiting 

Pentalonia nigronervosa (bolded) and from free-living and endosymbiotic bacteria of 

arthropods. Numbers near nodes indicate bootstrap values obtained from maximum 

likelihood (ML) analysis. 
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To achieve more details about the localization of the symbiont, we performed 

FISH assays using a probe specific to Buchnera in dissected aphid organs. We 

localized Buchnera bacteria in both dissected bacteriocytes and embryos (Fig. 4.2). 

These results are consistent with previous reports on the localization of Buchnera into 

other aphid species (Baumann et al., 1995; Douglas, 1989; Fukatsu et al., 2000; Mc 

Lean and Houk, 1973). 

 

 

Figure 4.2. Fluorescence in situ hybridization (FISH) of Buchnera aphidicola 

bacteria in bacteriocites (A) and embrios (B) of Pentalonia nigronervosa. Scale bars = 

50 m. 

 

4.3.2 Characterization and detection of Buchnera GroEL 

In order to characterize Buchnera GroEL, we amplified through PCR assays 

the DNA isolated from the bacteriocytes, the gene encoding GroEL using specific 

primers pair spanning the whole open reading frame. The PCR product generated was 

cloned into E. coli competent cells and the transformed plasmids were sequenced. The 

sequence obtained (GenBank accession no.: YYYYYYYY) has 88% homology at the 

nucleotide level (GenBank accession no.: AF003957) and 97% at the amino acidic 

level with Buchnera GroEL from M. persicae (GenBank accession no.: AAK52957). 

The phylogenetic tree generated from the nucleotide sequence of GroEL using 

maximum likelihood criterion evidenced that GroELs produced within several aphid 

lineages by Buchnera shares high levels of sequence homology (Fig. 4.1). 

A structural model of GroEL was generated starting from the deduced amino 

acid sequence of Buchnera GroEL from P. nigronervosa using the automated 

homology modeling server SWISS-MODEL (Guex and Peitsch, 1997) and the 
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three-dimensional (3D) structure model of E. coli GroEL as a template. The predicted 

3D structure of Buchnera GroEL from P. nigronervosa (Fig. 4.3A) is very similar to 

Buchnera GroEL from M. persicae (Fig. 4.3B). 3D structure of Buchnera GroEL from 

P. nigronervosa and M. persicae shares 100% homology when overlapped and 

visualized (Fig. 4.3C). In addition, the alignment of deducted amino acid sequences 

revealed that the GroEL residues involved in PLRV binding (R13, K15, L17, and 

R18) (Hogenhout et al., 2000) are conserved in Buchnera GroEL from P. 

nigronervosa.  

 

 

 

 

Figure 4.3. Comparative three-dimensional (3D) model of Buchnera GroEL of 

Pentalonia nigronervosa (Green) (A) and Myzus persicae (Pink) (B) using the 

automated homology modeling server SWISS-MODEL. (C) Overlapped 3D model of 

Buchnera GroEL from P. nigronervosa (Green) and M. persicae (Pink) in PyMOL 

Molecular Graphics System. Arrows indicate the biding site to Potato leafroll virus 

(PLRV).  

 

We analyzed whether Buchnera GroEL occurs in P. nigronervosa hemolymph. 

First, we analyzed the reactivity of antibodies raised against Buchnera GroEL from M. 

persicae to dot-blotted hemolymph from P. nigronervosa through dot blot assay. 

Antibodies raised against Buchnera GroEL from M. persicae recognized some protein 

of dot-blotted hemolymph from P. nigronervosa (Fig. 4.8F). In order to further 

confirm the reactivity of the antibodies, we employed western blot assays with 
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hemolyph from P. nigronervosa. Hemolymph sampled from a pool of five aphids 

were subjected to SDS–polyacrylamide gel electrophoresis and western blot using 

antibodies raised against Buchnera GroEL from M. persicae (van den Heuvel et al., 

1994). SDS page revealed the occurrence of several proteins in the aphid hemolymph 

(Fig. 4.4A). However, through western blot assays we detected a single band of 

approximately 63 kDa, which corresponds to the GroEL subunit (van den Heuvel et 

al., 1994) (Fig. 4.4B).  

 

 

Figure 4.4. Detection of Buchnera GroEL protein from Pentalonia nigronervosa 

hemolymph. (A) SDS–polyacrylamide gel electrophoresis of hemolymph proteins 

stained with Coomassie Brilliant Blue. (B) Western blot detection of Buchnera GroEL 

using antibodies rose against Buchnera GroEL from Myzus persicae. The molecular 

weight markers are indicated on the left. 

 

4.3.3 Immunocapture PCR 

If BBTV virions interact with GroEL, then BBTV-GroEL complexes may be 

trapped by using anti-GroEL antibodies (Akad et al., 2004). We therefore used an 

immune-capture PCR assay to detect this possible interaction. Hemolymph from five 

BBTV-viruliferous aphids was collected in 80 l of PBS buffer and transferred into a 
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1.5 ml tube. Half of the solution (40 l) was transferred to a PCR tube pre-incubated 

with anti-GroEL antibodies, and the other half to another tube pre-incubated with anti-

BBTV polyclonal antibody. After incubation and repeated washing steps, the tubes 

were processed for PCR. From 21 samples tested, we could readily detect BBTV in 

all of the tubes incubated with anti-BBTV antibodies, indicating that the sample 

extracted contained virions. However, BBTV was not detected from any of the 

samples using the PCR tubes pre-coated with anti-GroEL antibodies (Fig. 4.5). 

 

 

Figure 4.5. Ethidum bromide-stained agarose gels showing results of immunocapture 

PCR of Banana bunchy top virus (BBTV) applied hemolymph from five BBTV-

viruliferous aphids. Line 1, PCR negative control; line 2, PCR positive control; line 3, 

Half of hemolymph transferred to a PCR tube pre-incubated with anti-GroEL 

antibodies; line 4, the other half of hemolymph transferred to a PCR tube pre-

incubated with anti-BBTV polyclonal antibodies; M, 1 kb DNA ladder. 

 

4.3.4 Dot blot 

Additional tests were performed using purified GroEL and BBTV virions. 

GroEL proteins were purified from P. nigronervosa aphids through 

ultracentrifugation and sucrose gradient as previously described by Morin et al., 

(1999). SDS page and western blot assays were used to detect fractions containing 

purified GroEL (Fig. 4.6). 
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Figure 4.6. Purification of Buchnera GroEL from Pentalonia nigronervosa through 

ultracentrifugation of insect extracts in a 10–50% linear sucrose gradient column. (A) 

Coomassie Brilliant Blue stained SDS-PAGE of fractions 12 through 15. (B) Western 

blot detection of GroEL homologue of fractions 12 through 15. The molecular weight 

markers are indicated on the left. 

 

 BBTV was purified following a slightly modified procedure described by 

Thomas and Dietzgen (1991). The presence of BBTV virions in our preparations was 

examined through western blot (Fig. 4.7). Binding were examined by spotting on 

nitrocellulose membranes purified Buchnera GroEL or samples of aphid hemolymph 

and incubating the membranes with the virus preparation at a concentration of 400 ng 

of viral DNA/l. Results generated from four replicates did not indicate evidence of 

binding (Fig. 4.8). 
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Figure 4.7. Western blot detection of Banana bunchy top virus coat protein from a 

preparation of purified virus. 

 

 

Figure 4.8. Dot blot virus overlay assay to analyze the affinity of Banana bunchy top 

virus (BBTV) with Buchnera GroEL from Pentalonia nigronervosa. Nitrocellulose 

membrane strips with immobilized proteins of purified Buchnera GroEL (GroEL) 

(420 ng/l) and P. nigronervosa hemolymph (Hemo). Three dilutions series of 

immobilized protein were prepared: 1:1, 1:4, and 1:16. (A) Membranes were 

incubated with purified BBTV (400 ng of viral DNA/l) followed by anti-BBTV 

rabbit polyclonal antibodies and anti-rabbit IgG, AP-linked antibodies. (B) As in (A) 

except that incubation with purified BBTV was omitted. (C) As in (A) except that 

incubation with anti-BBTV antibodies was omitted. (D) Detection of purified GroEL 

by using anti Myzus persicae GroEL antibodies. (E) Detection of purified BBTV by 

using anti-BBTV polyclonal antibodies. (F) Detection of Buchnera GroEL from 

Pentalonia nigronervosa hemolymph with antibodies raised against Buchnera GroEL 

without incubating the membrane with purified BBTV. 
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4.3.5 Far Western Blot 

We conducted virus overlay assays similar to the one instrumental in 

demonstrating the interaction between GroEL and PLRV and TYLCV (Morin et al., 

1999; van den Heuvel et al., 1994). Purified Buchnera GroEL and hemolymph 

sampled from five dissected aphids were subjected to SDS–PAGE and blotted onto 

membranes. Membranes were then incubated with virus preparations and detected 

with either anti-BBTV mouse monoclonal or rabbit polyclonal antibodies. Assays 

were replicated four times. We observed weak binding of anti-mouse IgG, AP-linked 

antibodies to purified GroEL preparation (Fig. 4.9A, B, and C). Weak unspecific 

binding of purified BBTV to about 30 kDa unknown proteins from the hemolymph 

was observed but we did not obtain evidence for binding to GroEL (Fig. 4.9A). It is 

unlikely that purified BBTV bound to degraded GroEL in hemolymph since we failed 

to obtain the evidence of GroEL degradation through western blot assay against 

hemolymph from P. nigronervosa (Fig. 4.9D).  

 

 

Figure 4.9. Far western blot assay to analyze the affinity of Banana bunchy top virus 

(BBTV) with Buchnera GroEL (GroEL) and hemolymph (Hemo) from Pentalonia 

nigronervosa. (A) Membranes were incubated with a purified BBTV solution (400 ng 

of viral DNA/l), followed by anti-BBTV mouse monoclonal antibodies and anti-

mouse IgG, AP-linked antibodies. (A) Membrane incubation with anti-BBTV mouse 

monoclonal antibodies. (B) As in (A) except that incubation with purified BBTV was 

omitted. (C) As in (A) except that incubation with anti-BBTV mouse monoclonal 

antibodies was omitted. (D) SDS-PAGE and western blot images of P. nigronervosa 

hemolymph and detection of GroEL. The molecular weight markers are indicated on 

the left. 
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4.4 Discussion 

In this study we have detected and localized the primary aphid endosymbiont 

B. aphidicola within P. nigronervosa, the banana aphid, and we have obtained the 

sequence of the gene coding for the putative Buchnera GroEL protein. Through a 

western blot assay, we have detected Buchnera GroEL homologue in the hemolymph 

of the banana aphid. In this and in a previous work (Watanabe and Bressan, 2013), we 

consistently detected BBTV virions in the hemolymph of viruliferous aphids. These 

results suggest that BBTV and Buchnera-derived GroEL co-occur in the banana 

aphid’s hemolymph and, therefore, may potentially interact.  dditionally, a 3  model 

reconstruction evidenced that Buchnera GroEL from Pentalonia has a very similar 

structure of Buchnera GroEL from M. persicae and retains critical residues showed to 

bind to PLRV (Hogenhout et al., 2000). 

We adopted three different types of assays to test the possible GroEL-BBTV 

binding. Immunocapture PCR targets GroEL-virions complexes in the aphid 

hemolymph and has been instrumental to detect GroEL-begomovirus interactions 

(Akad et al., 2004). However, although Immunocapture PCR efficiently detected 

BBTV from the hemolymph of viruliferous aphids, we repeatedly failed to detect the 

viral DNA when the PCR tubes were pre-incubated with GroEL antiserum. Because 

anti-GroEL antibodies against M. persicae strongly reacted to GroEL from P. 

nigronervosa shown in western blot (Fig. 4.9D) and dot blot (Fig. 4.8D and F) assays, 

these results suggest that BBTV is unlikely interact with Buchnera GroEL neither in 

vitro nor in vivo. Further assays were adopted to examine GroEL-BBTV interaction 

under different conditions. Dot blot were performed using purified GroEL that likely 

retained their native polypeptidic conformation (van den Heuvel et al., 1994), whereas 

far western blot tested the possible interaction under denatured conditions of GroEL 

subunits. Neither of these two techniques proved evidence of direct interaction, 

although in far western blot virions appeared to bind to an unknown protein of 

approximately 30 kDa. Collectively, our experiments suggest that unless for 

luteovirids and begomoviruses (Table 4.1), BBTV likely complexes neither in vivo 

nor in vitro with GroEL. 

Hemipteran insects, including those that vector circulative viruses, may host, 

in addition to their obligate endosymbiotic bacteria, additional facultative 

endosymbionts (Moran et al., 2008). Recent data suggest that GroEL proteins 
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produced by some facultative symbionts, rather than from the obligate ones, may 

interact with begomoviruses (Table 4.1). For instance, Gottlieb et al. (2010) showed 

that Bemisia tabaci B biotype, which harbors the secondary endosymbiont 

Hamiltonella transmits TYLCV more efficiently than B. tabaci Q biotype, which 

harbors the secondary endosymbionts Wolbachia and Arsenophonus. In vivo and in 

vitro assays showed that TYLCV coat protein can interact with Hamiltonella GroEL 

but not with Wolbachia and Arsenophonus GroELs. Another study has reported that B. 

tabaci-transmitted Cotton leaf curl virus (CLCuV) (Begomovirus) has specific in 

vitro interaction with an Arsenophonus-derived GroEL. Arsenophonus localized not 

only within the bacteriocytes but also in the midgut and salivary glands of B. tabaci, 

organs implicated in the translocation of begomoviruses (Rana et al., 2012). Similarly 

to whiteflies, aphids also can harbor secondary endosymbionts (Oliver et al., 2010). 

For instance, we recently detected Wolbachia bacteria in several lineages of field 

collected Pentalonia aphids (unpublished). Although the possible role of Wolbachia-

derived GroEL has not been investigated at this time, in transmission assays we have 

obtained evidence that a lineage of Pentalonia aphids carrying Wolbachia and another 

one not carrying Wolbachia, both transmitted BBTV with a similar efficiency 

(unpublished), thus suggesting that Wolbachia is not implicated on BBTV 

transmission. 

Unlike for other circulative plant viruses, there is evidence that nanovirids 

such as FBNYV, require a virus-encoded helper factor for vector transmission (Franz 

et al., 1999), similar to non-persistently transmitted plant viruses of the genus 

Potyvirus or Caulimovirus (Blanc et al., 2011; Ng and Falk, 2006). Franz et al. (1999) 

showed that the putative helper factor mediated viral transport through the haemocoel-

salivary gland interface of the pea aphid. On the basis of evidence that purified virions 

are not aphid-transmissible, it has been suggested that BBTV uses the same 

transmission strategy used by FBNYV (Thomas and Dietzgen, 1991). Therefore, it 

may be reasonable to suggest that BBTV, and more generally the nanovirids, may not 

need to interact with GroEL probably because they likely are already complexed to 

viral non-structural proteins. In addition, immunofluorescence and TEM observations, 

suggest that BBTV may translocate, not as individual virions, but as large clusters of 

virions (Vetten et al., in press; Watanabe and Bressan 2013). This would protect 

individual virions from degradation and would also reduce interaction with additional 
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partners, such as GroEL. 

Furthermore, a previous work has showed that BBTV localizes into and on the 

basal surface of the main cells forming the principal salivary glands and the anterior 

midgut. Interestingly, these organs can get in direct contact into the aphid haemocoel 

(Bressan and Watanabe, 2011; Watanabe and Bressan, 2013). We have therefore 

suggested that at least some BBTV virions may be able to translocate directly from 

anterior midgut to the salivary gland cells. If this is the case, this may be an additional 

explanation of why BBTV may not require protection towards the hostile environment 

of the hemolymph. Recently, Cicero and Brown (2011) suggested a possibility of the 

direct transfer of Squash leaf curl virus (SLCV, genus Begomovirus) from the midgut 

to the salivary glands of the whitefly B. tabaci. The authors suggested that virion 

translocation may occur when the gut of the whitefly extends to its most anterior 

position in the thorax, making direct contact with the salivary glands. Hence, this 

possible translocation path may occur for the begomoviruses, in addition to the 

nanovirids. 

It should be noted that while a large body of literature have documented the 

interaction of GroEL with circulatively transmitted plant viruses (Table 4.1), there is 

also evidence that question the role of GroELs in vivo. For instance, Bouvaine et al. 

(2011) have recently re-investigated BYDV-aphid interaction. Through an 

immunohistochemistry assay, the authors found that in the pea aphid, GroEL localizes 

within Buchnera cells, which are primarily confined to the bacteriocytes. Whereas no 

evidence for GroEL labeling was observed in the hemolymph, where virions and 

GroEL are supposed to interact. The same authors suggest that the polypeptide 

structure of GroEL is not functional with the binding sites of luteovirids (Filichkin et 

al., 1997; Hogenhout et al., 2000; van den Heuvel et al., 1997). In fact, while virions 

appear to be too large to enter through the GroEL cavity, the GroEL equatorial 

domain, demonstrated to be critical for PLVR binding (Hogenhout et al., 2000), seem 

not to be available for virion binding as it binds to the other GroEL subunits to create 

the polypeptidic structure. Evidence obtained in this study strongly suggest that 

Buchnera GroEL from P. nigronervosa show binding activity neither in vivo nor in 

vitro to BBTV. 
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Chapter 5.  The localization, concentration, and transmission efficiency of 

Banana bunchy top virus in four asexual lineages of Pentalonia aphids 

5.1 Introduction 

Banana crop (Musa sp.) is cultivated in more than 120 countries and is an 

important staple crop for millions of people in several developing regions of the world 

(Jones, 2000). Bunchy top disease, caused by Banana Bunchy top virus (BBTV) is 

one of the most important constraints on banana production in several countries of 

Asia, Africa, and the Pacific, including Hawaii (Bhadra and Agarwala, 2010; Dale et 

al., 1992; Kumar et al., 2011). Typical bunchy top symptoms include chlorosis of the 

leaf margins, narrowing and bunching of successive leaves, morse code dashes, 

hooking along the midrib of the leaves, and dark green streaking of petioles (Dale et 

al., 1992). The virus can move systemically to infect the entire banana corm and any 

new shoots derived from the corm (Dale and Harding, 1998). In the field, plant 

symptoms are expressed 25-85 days after the initial infection with BBTV (Hooks et 

al., 2008). 

BBTV belongs to the family Nanoviridae, which contains at least eight 

formally recognised viral species within two genera, the Nanovirus and the Babuvirus 

(Vetten et al., 2005). The babuviruses include BBTV, Abaca bunchy top virus 

(ABTV), and Cardamom bushy dwarf virus (CBDV), whereas the genus Nanovirus 

includes viral species that infect legume crops such as Faba bean necrotic yellows 

virus (FBNYV) and Faba bean necrotic stunt virus (FBNSV). The BBTV genome is 

composed of up to 12 single-stranded circular DNA components of approximately 1 

kb of nucleotides each. Each genomic component is separately encapsidated, within 

non-enveloped icosahedral particles of 18-20 nm in diameter (Vetten et al., 2005). All 

known Nanoviridae are aphid-transmitted, and BBTV is specifically transmitted by 

Pentalonia nigronervosa Coquerel, the banana aphid. 

BBTV is transmitted through the aphid vector in a persistent circulative 

path (Dale et al., 1992; Magee, 1927). The virus may be acquired and transmitted 

within a minimum acquisition access period (AAP) and inoculation access period 

(IAP) of 4 h and 15 min, respectively (Hu et al., 1993). There is a detectable latent 

period for transmission in the aphid, estimated at 20-28 h (Anhalt and Almeida, 2008; 

Hu et al., 1993). Banana Bunchy top virus is retained in the vector after moulting, 
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and no transovarial transmission has been reported (Magee, 1927). Previously, we 

have obtained direct evidence of the translocation path of BBTV through the aphid 

vector. Using immunofluorescence and immunocapture PCR procedures, we showed 

that BBTV antigens localize to the anterior midgut (AMG) and specific cells of the 

principal salivary glands (PSGs) (Bressan and Watanabe, 2011). In addition, we 

reported that BBTV rapidly translocates within the aphid vector; the viral particles 

first localize to the AMG, where they accumulate and are retained at higher 

concentrations than in either the haemolymph or the PSGs (Watanabe and Bressan, 

2013). We have suggested 2 possible translocation paths; the first considers the 

movement of virions from the AMG to the PSGs through the haemolymph, while the 

second considers the direct translocation from the AMG to the PSGs because the 

tissues that form these organs can come into direct contact within the haemocoel 

(Watanabe and Bressan, 2013). 

These pieces of evidence show that BBTV, and potentially other members of 

the family Nanoviridae, uses a very different translocation path than the aphid-

transmitted luteovirids (Brault et al., 2007; Gray and Gildow, 2003). Indeed, the 

hindguts rather than the AMG have been shown to be the first site of internalization of 

the luteovirids, including Barley yellow dwarf virus (Luteoviridae, Luteovirus; 

BYDV), Cereal yellow dwarf virus (Luteoviridae, Polerovirus; CYDV), Beet western 

yellow virus (Luteoviridae, Polerovirus; BWYV) and Potato leafroll virus 

(Luteoviridae, Polerovirus; PLRV); the posterior midgut has been shown to be the site 

of internalization, in addition to the hindgut, for the latter two poleroviruses (Gildow, 

1993; Reinbold et al., 2001; Reinbold et al., 2003). Unlike BBTV, the luteovirids 

cross the accessory salivary glands tissues of competent aphid vectors. 

Pentalonia nigronervosa was previously reported to contain two forms: 

“typica” and “caladii” ( astop, 1996).  ased on morphology and molecular data, 

Foottit and colleagues (2010) have recently re-classified P. nigronervosa f. caladii as 

a new species, Pentalonia caladii. Although some sexual forms of Pentalonia aphids 

have been reported in northeast India and Nepal (Blackman and Eastop, 2000), both P. 

nigronervosa and P. caladii are believed to reproduce exclusively asexually in most 

subtropical and tropical regions, including the Pacific. Both species have the potential 

to exploit common hosts (Bhadra and Agarwala, 2010; Venugopal, 1995); however, 

in nature, they differ in their ranges. Pentalonia nigronervosa primarily colonises 
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banana (Musa spp.) and taro (Colocasia esculenta) plants, whereas P. caladii chiefly 

colonises ginger (Zingiber officinale, Alpinia purpurata, Hedychium coronarium), 

heliconia (Heliconia spp.) and taro plants (Foottit et al., 2010). Recently, a population 

genetics study of Pentalonia aphids using microsatellite markers found that, in Hawaii, 

P. nigronervosa and P. caladii include distinct genotypes, demonstrating the 

occurrence of intraspecific genetic variation (Galambao, 2011). 

While aphids display intra- and interspecific variation in luteovirid vector 

competence (Bourdin et al., 1998; Symmes and Perring, 2007), it is currently 

unknown whether distinct genotypes of Pentalonia spp. exhibit variations in the 

transmission competency of BBTV. In addition, although transmission experiments 

have failed to demonstrate that taro and ginger plants (A. purpurata), both of which 

are among the preferred hosts of P. caladii, can be infected by BBTV (Hu et al., 

1996), the extent to which P. caladii is a competent vector of BBTV and may play an 

active role in the epidemiology of banana bunchy top disease is still unclear. 

In this study, we have tested the competency of 4 asexual lineages of 

Pentalonia aphids collected from taro, red ginger, heliconia, and banana plants for the 

transmission of BBTV. In addition, we examined the concentration and localization of 

BBTV in these lineages using real time PCR and immunofluorescence assays. Our 

work has two goals: first, to determine the competence of P. caladii in the 

transmission of BBTV, and second, to identify potential cellular barriers of BBTV 

transmission. 

5.2 Experimental Section  

5.2.1 Aphid collection, rearing and identification 

In the spring of 2010, we collected Pentalonia aphids from 4 different plants, 

banana, red ginger (Alpinia purpurata), heliconia and taro, on the island of Oahu, 

Hawaii (Table 5.1). To establish the 4 greenhouse-reared linages, one apterous female 

from each colony was placed on a detached host plant leaf within a self-watering 

acrylic cage (Tashiro, 1967). The first instar nymphs produced by each aphid were 

transferred to potted individual banana plants, with the exception of the lineage from 

the taro plant, which reproduced very slowly on banana plants and therefore was 

reared on taro, its original host. All plants were contained within poly-organza mesh 

fabric cages (Super Poly Organza, Hyman Hendler and Sons, Los Angeles, CA) and 
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maintained in a greenhouse (26 ± 5 °C). The colonies were maintained by periodically 

transferring aphid-infested leaves to new un-infested plants. 

Table 5.1. Pentalonia aphids collection and identification as species and as Multi 

Locus Genotype (MLG). 

Host Plant Collection Date Coordinates Species MLG 

Banana  7 April 2010 
N 21 16.995 W 157 

42.025 
P. nigronervosa P3 

Ginger  7 May 2010 
N 21 18.883 W 157 

48.422 
P. caladii P4 

Heliconia  7 May 2010 
N 21 19.033 W 157 

49.919 
P. caladii P2 

Taro  7 May 2010 
N 21 20.235 W 157 

43.317 
P. caladii P7 

 

The 4 aphid lineages were identified at the species level by sequencing of a 

portion of the Cytochrome Oxidase subunit I (COI) gene as described by Foottit et al. 

(2010) (Table 5.1). Asexual lineages were further characterised at the intraspecific 

level using 9 microsatellite markers (M62, S24, Ago66, S17b, S16b, S23, AF169, AF-

4, and AF-1) and assigned to multilocus genotypes (MLGs) using GenoType and 

GenoDive software, as previously described (Galambao, 2011; Meirmans and Van 

Tienderen, 2004). Aphids were used in experiments after a rearing period of 9-12 

months. 

5.2.2 Plant and virus maintenance 

Banana plants (cv Williams) were generated from tissue culture by the Seed 

 ab of the  niversity of  awai’i at  anoa, College of  ropical  griculture and 

Human Resources (CTAHR). Taro plants were obtained from a local nursery at 

Waimanalo on the island of Oahu (Hawaii; USA). All plants were grown in pots 

containing Sunshine Mix 4 (Sun Gro Horticulture Distribution, Vancouver, Canada), 

vermiculite and perlite at ratio of 3:2:1 and were kept in a greenhouse with natural 

light and a temperature range of 26 ± 5°C. 

A strain of BBTV collected in August 2007 from a field-infected banana plant 

on the Island of Oahu (Hawaii; USA) was transmitted to potted micropropagated 

banana plants using an aphid vector. The virus was characterised with TAS ELISA 
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(Agdia Inc., Elkhart, IN, USA) and PCR assays using primer pairs for the detection of 

6 BBTV DNA components (Burns et al., 1995) according to previously described 

methods  (Almeida et al., 2009; Xie and Hu, 1995). Sequencing of the PCR products 

showed that the sequences of this strain were nearly identical to those in previous 

works (Almeida et al., 2009; Xie and Hu, 1995) and confirmed that BBTV from 

Hawaii clusters with the Middle Eastern-South Pacific clade of BBTV (Hu et al., 

2007). 

5.2.3 Transmission assays 

Transmission assays were conducted to examine whether all 4 Pentalonia 

lineages were capable of transmitting BBTV to potted banana plants. Fourth instar 

aphids of each lineage were sampled from the rearing colonies and allowed to feed on 

BBTV-infected plants for a 4-day acquisition access period (AAP). At the end of the 

AAP, groups of 3 aphids of each lineage were transferred to healthy banana plants at 

the 3-5 leaf stage for an inoculation access period (IAP) of 7 days. Ten plants were 

assayed per treatment, and the experiment was replicated 4 times. At the end of the 

IAP, aphids were removed from the plants, which were then sprayed with an aqueous 

solution containing 0.0120% Imidacloprid (Bayer Rose and Flower Insect Killer, 

Research Triangle Park, NC) and transferred to insect-proof cages (BioQuip; 35.5 × 

35.5 × 70 cm) in the greenhouse. Plants were visually inspected on a weekly basis for 

symptom development and for a period of 85 days; those plants not displaying typical 

bunchy top symptoms were further analysed for the presence of BBTV by diagnostic 

PCR as described in Watanabe and Bressan (2013). 

To obtain a more precise assessment of transmission competency, the 

transmission of BBTV was additionally analyzed using a leaf disk assays and 

individual aphids as previously described (Bressan and Watanabe, 2011). Leaf disk 

chambers were generated by transversely cutting 15-ml Falcon conical tubes 15 mm 

below the lid. Leaf disks of 13 mm in diameter were excised from healthy banana 

plant leaf midribs. A 1 ml aliquot of 1% melted agar solution was poured into the cap, 

and a leaf disk was placed on top of the agar before it solidified. The aphids were 

allowed to feed on BBTV-infected plants for 4-day AAP and then individually 

transferred to healthy banana leaf disks. The tops of the chambers were sealed with 

stretched Parafilm
®
. At the end of the 2-day IAP, aphids were removed from the 

chambers, and the leaf disks were kept in the agar, inside a sealed humid chamber 
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to prevent dehydration, for another four days to allow the virus to replicate locally 

(Bressan and Watanabe, 2011). Transmission assays were carried out in a growth 

chamber at 25°C with a photoperiod of 12:12 L:D. Leaf disks were then removed 

from the chamber, thoroughly washed with dish soap on both sides of each leaf, and 

rinsed in water. The DNA was extracted from individual leaf disks using the 

cetyltrimethylammonium bromide (CTAB) method (Xie and Hu, 1995). The presence 

of BBTV was analyzed by nested PCR as described in Watanabe and Bressan (2013). 

The first round of amplification was performed using 1 μl of     in 25 μl of master 

mix containing 5 pmol of primers 73  (5′-GGCTTTATCCAGAAGACCAA-3′) and 

73  (5′-CCGTATCATGTATATTTGTTT-3′) to specifically detect     -S. The 

PCR products obtained from the first round of amplification were diluted 30-fold, and 

1 μl of the diluted product was used as the template for a second round of 

amplification, with a master mix containing 5 pmol of each primer CPXI.PRI and 

BBTV3C.EXP (Wanitchakorn et al., 2000) to amplify an internal portion of the 

BBTV-S produced by the direct PCR. Bands were visualized in a 1.2% agarose gel. 

Leaf disk transmission experiments were replicated 3 times.  

For both plant and leaf disk assays, BBTV transmission was expressed as the 

proportion of BBTV-infected leaf disks or plants divided by the total number of 

aphid-inoculated leaf disks or plants across the 4 lineages. Proportions were arcsin 

transformed and compared using one-way analysis of variance (ANOVA) followed by 

 ukey’s test for post-hoc comparisons. Statistical analyses were performed in 

SigmaStat Version 12.0 (SPSS, Inc., Chicago, IL). 

5.2.4 Aphid dissection 

Aphids were dissected under a stereomicroscope to examine the localization 

and titre of BBTV in the haemolymph, salivary glands, and gut tissues. Briefly, 

individual aphids were immobilized on the surface of a dissecting chamber (Electron 

Microscopy Sciences, Hatfield, PA, USA) and immersed in approximately 200 l of 

phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 

2 mM KH2PO4, pH 7.4). The PBS-immersed aphids were then dissected with a 

polytetrafluoroethylene (PTFE)-coated stainless steel blade (Ted Pella Inc., Redding, 

CA, USA) by cutting the aphid bodies behind the compound eyes and allowing both 

the salivary duct and the foregut to separate from the stylets. The haemolymph 

released after decapitation was sampled with a glass capillary tube. The 
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haemolymph of the banana aphid is red, whereas the internal organs are white-

translucent, thus allowing the selective sampling of the haemolymph. The 

haemolymph sampled was transferred into a 1.5 ml microcentrifuge tube. Using small 

pins, the entire digestive tract and salivary glands were then dissected and removed 

from the aphid body. The organs were washed multiple times in PBS and processed 

for immunofluorescence localization and real-time PCR assays. The haemolymph 

samples were evaluated with real-time PCR assays only. 

5.2.5 BBTV quantification 

To quantify the relative concentration of BBTV, we first isolated DNA from 

the aphid tissues using a QIAamp DNA mini kit (Qiagen Inc., 370 Valencia, CA, 

USA). Briefly, the dissected guts, salivary glands, and haemolymph from 3 aphids 

were pooled into individual 1.5 ml ultracentrifuge tubes containing 180 l of lysis 

buffer and processed according to the manufacturer’s instructions.  he     was 

eluted with 100 l of ultrapure water into clean 1.5 ml ultracentrifuge tubes. We used 

a relative real-time PCR method to target the BBTV DNA genomic component S and, 

as an internal reference, the banana aphid actin gene (Mason et al., 2008; Watanabe 

and Bressan, 2013). Briefly, PCR was performed with SYBR
®
 Green master mix 

(Qiagen Inc., Valencia, CA, USA), 500 nM of each primer (Table 5.2), and DNA in a 

final volume of 20 μl.  ach     sample was analysed in duplicate with a  otor-

GeneTM 6000 Thermal Cycler.  

 

Table 5.2. Sequences of the primers used for real-time PCR 

Target 

gene 

Primer 

name 

 equence (5’ 3’) Length 

(nt) 

Product 

size (bp) 

Actin ActPef CGGTGATTTCCTTTTGCATT 20 104 

 ActPer GTGTGACGTTGACATCAGAAAAG 23  

BBTV BBTVSf TGGGCTAATGGATTGTGGAT 20 91 

 BBTVSr CGCCTGTTTTTGGTCTTCTG 20  
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For each sample tested, the relative amount of BBTV DNA was normalized to 

the amount of actin DNA using the following equation: ECt (actin)/ECt (BBTV), 

where E = the PCR efficiency of a given primer pair, and Ct = threshold cycle, which 

was automatically calculated by the IQ software (Rotor-Gene 6000 Series Software 

Version 1.7, Corbett Research, San Francisco, CA). The amplification efficiency was 

determined via linear regression through the amplification of serially diluted DNA 

extracts. Efficiency values were calculated with the following formula: 10
(–1/slope)

. 

Because E = 2.00 was achieved for both the BBTV and actin primer pairs, we adopted 

a simplified equation, 2 
Ct (actin – BBTV)

, to calculate the relative abundance of the BBTV 

DNA in each sample. For each time point, we tested the DNA extracted from the guts, 

salivary glands and haemolymph of 18 aphids from each clonal lineage. The 

differences in the BBTV DNA concentrations among the 4 lineages were evaluated 

with the Kruskal-Wallis test followed by the Mann-Whitney for pairwise comparisons. 

5.2.6 BBTV localization 

Dissected organs were first allowed to fully adhere to the slide surface and 

then fixed in PBS containing 4% paraformaldehyde for 1 hr. After extensive washing 

with PBS to remove the fixative, the slides were incubated with PBS containing 1% 

Triton X-100. The samples were then incubated for an additional hour in a blocking 

solution of PBS supplemented with 10% normal goat serum. Anti-BBTV mouse 

monoclonal antibodies (Ig/A24876 and Ig/A24877) were diluted 1:500 in PBS 

containing 1% normal goat serum and added to the slides, which were then incubated 

overnight at 4°C. The slides were subsequently washed three times in PBS and 

incubated for 45 min with Alexa Fluor 555-conjugated goat anti-mouse IgG 

(Invitrogen, Carlsbad, CA), diluted 1:500 in PBS. The slides were washed three times 

in PBS, rinsed in water, and mounted in ProLong
®

 gold anti-fade mounting medium 

containing 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) to 

counterstain the cell nuclei. The slides were visualized under an Olympus BX-51 

epifluorescence microscope with an Optronics MacroFire digital camera. 

5.3 Results and Discussion 

5.3.1 Aphid identification 

Based on a BLAST search of GenBank using the Cytochrome Oxidase I gene 

sequence fragments obtained, the aphid lineage isolated from the banana was 
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identified as P. nigronervosa, whereas the other lineages, originally collected from 

ginger, heliconia, and taro, were identified as P. caladii (Table 5.1). Based on 9 

microsatellite markers, each lineage was assigned to a distinct multilocus genotype 

(MLG) (Table 5.1). 

5.3.2 BBTV quantification 

The titer of BBTV-S, which contains an ORF encoding the coat protein 

(Vetten et al., 2011), was quantified in aphid tissues using real-time PCR assays. 

Figure 5.1 shows the average concentration of BBTV relative to the aphid actin gene 

in the gut, salivary glands, and haemolymph for the 4 aphid lineages fed from BBTV-

infected banana plants for 4 or 10 days. Consistent with previous results (Watanabe 

and Bressan, 2013), the relative amounts of BBTV seemed to be greater in the gut 

tissues than in the salivary glands and haemolymph in all 4 lineages (Fig. 5.1). 

 

 

Figure 5.1. Average concentration and standard error of Banana bunchy top virus 

(BBTV) in the gut (a), salivary glands (b), and haemolymph (c) of Pentalonia 

nigronervosa and P. caladii derived from 3 different host plants: taro, heliconia, and 

red ginger.  
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Irrespective of the time of aphid feeding on the infected plants, there were no 

significant differences in the concentration of BBTV in the gut, salivary glands, or 

haemolymph across the 4 lineages (Kruskal-Wallis, Ps > 0.05). The concentration of 

BBTV increased significantly in the haemolymph (Mann-Whitney U = 15,  P = 0.001) 

and salivary glands (Mann-Whitney U = 17, P = 0.002) of aphids that fed for 4 or 10 

days on virus-infected plants. However, we did not observe an increase of BBTV in 

the gut (Mann-Whitney U = 44, P = 0.112), suggesting that most of the retention sites 

were saturated after the first 4 days of feeding. 

The average titer of BBTV in the salivary glands increased by 15.5-, 3.68-, 

3.61-, 2.39-fold of P. nigronervosa and P. caladii from taro, heliconia, and ginger, 

respectively (Fig. 5.1). The average titer of BBTV in the haemolymph was also 

increased by 8.9-, 2.6-, 3.2-, 10.1-fold in P. nigronervosa and P. caladii from taro, 

heliconia, and ginger, respectively (Fig. 5.1). The relative concentration of BBTV in 

the guts increased by 1.4-, 2.2-, 1.2-, and 1.5-fold in P. nigronervosa and P. caladii 

from taro, heliconia, and ginger, respectively (Fig. 5.1). Those differences were not 

significantly different (Kruskal-Wallis, Ps > 0.05). 

5.3.3 BBTV localization 

In parallel with real-time PCR, we performed immunofluorescence assays to 

determine the localization of BBTV antigens. The localization of BBTV in the gut 

tissues appeared to be similar across the different aphid lineages tested over time (Fig. 

5.2). After 4 days, labelling was observed in the cytoplasm surrounding the cell nuclei 

of the AMGs (Fig. 5.2), and the number of labelled cells increased in all 4 aphid 

lineages after 10 days of feeding on the BBTV-infected plants. Confirming previous 

research (Watanabe and Bressan, 2013), we did not observe BBTV labelling in the 

accessory salivary glands of any aphid lineage (data not shown). Detectable levels of 

labelling were observed in the PSGs from all aphid lineages, in which distinct puncta 

were observed after 4 days of aphid feeding on BBTV-infected plants (Fig. 5.3), and 

the labelling became more prominent after 10 days (Fig. 5.3). However, the degree of 

labelling varied between individual aphids, and a large proportion of salivary glands 

did not show obvious labelling patterns (Table 5.4).
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Figure 5.2. Immunofluorescence localization of Banana bunchy top virus (BBTV) in paraformaldehyde-fixed anterior midguts of 

Pentalonia nigronervosa and P. caladii aphids derived from 3 different host plants: taro, heliconia, and red ginger. BBTV antigens were 

labelled with mouse monoclonal antibodies and detected with Alexa Fluor 555 conjugated secondary antibodies (red). Cell nuclei were 

stained with DAPI (blue). Scale bar = 100 µm. 
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Figure 5.3. Immunofluorescence localization of Banana bunchy top virus (BBTV) in paraformaldehyde-fixed principal 

salivary glands from Pentalonia nigronervosa and P. caladii derived from 3 different hosts: taro, heliconia, and red ginger. 

BBTV antigens were labelled with mouse monoclonal antibodies and detected with Alexa Fluor 555 conjugated secondary 

antibodies (red). Cell nuclei were stained with DAPI (blue). Scale bar = 50 µm. 

 

 

 

 

 



 
 

84 

 

 

Table 5.3. Detection of Banana bunchy top virus within 4 different aphid lineages fed on BBTV-infected plants for 4 or 10 

days using immunofluorescence assays. Images of the labelling of the anterior midguts and principal salivary glands are shown 

in Figure 5.2 and Figure 5.3, respectively. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

a 
Number of dissected organs labelled with the virus / total number of organs tested. Proportions are reported in parentheses.

Host plant Species MLG 

4 days of feeding on BBTV-

infected plants
a
 

10 days of feeding on BBTV-

infected plants
a
 

Anterior 

midgut 

Principal 

salivary 

glands 

Anterior 

midgut 

Principal 

salivary 

glands 

Banana P. nigronervosa

  

P3 15/27 (0.56) 3/17 (0.18) 21/25 (0.84) 12/24 (0.5) 

Heliconia P. caladii P2 8/21 (0.38) 2/17 (0.12) 34/46 (0.74) 19/33 (0.58) 

Ginger P. caladii P4 8/27 (0.30) 3/17 (0.29) 8/19 (0.42) 1/11 (0.09) 

Taro P. caladii P7 10/19 (0.53) 1/12 (0.08) 5/17 (0.29) 5/18 (0.28) 
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5.3.4 Transmission assays 

We examined the transmission of BBTV across the 4 aphid lineages using whole 

plant and leaf disk assays. Plant assays demonstrated that the 4 aphid lineages were all 

competent vectors and transmitted BBTV with similar efficiencies (F3, 12 = 0.35, P = 

0.78) (Fig. 5.4). However, in the leaf disk assays, the transmission efficiency varied 

significantly among lineages (F3, 24 = 3, P = 0.049). In fact, the Tukey tests revealed that 

transmission rate of P. caladii derived from heliconia was significantly lower than that of 

P. nigronervosa (Fig. 5.4A) but not significantly different from P. caladii derived from 

taro and ginger. 

 

 

 

Figure 5.4. Transmission of Banana bunchy top virus (BBTV) by Pentalonia 

nigronervosa and P. caladii derived from taro, heliconia, and red ginger, as measured by 

(A) leaf disk assays and (B) whole plant assays. 

 

 

 

Different biotypes of hemipteran insects have shown differences in the 

transmission efficiency of circulatively transmitted plant viruses. For instance, 

experimental evidence has shown that the greenbug Schizaphis graminum, the bird cherry-

oat aphid Rhopalosiphum padi and the English grain aphid Sitobion avenae display intra-

specific variation in the transmission efficiency of BYDV-MAV or -PAV isolates 

(Bencharki et al., 2000; Dedryver et al., 2005). Gottlieb et al. (2010) showed that the B 
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biotype of Bemisia tabaci transmits Tomato yellow leaf curl virus (Geminiviridae, 

Begomovirus; TYLCV) more efficiently than the Q biotype. Interestingly, differences in 

TYLCV transmission seem to be related to the presence of specific secondary bacterial 

endosymbionts that facilitate TYLCV transmission by producing GroEL proteins that 

specifically bind to the viral particles and inhibit their proteolysis in the vector 

haemolymph. In a previous study, we identified Buchnera aphidicola-derived GroEL in 

the haemolymph of P. nigronervosa, but we did not obtain evidence of an interaction 

between BBTV and GroEL, suggesting that the virus may not depend upon GroEL for its 

transmission (unpublished data). 

Several aphid-transmitted luteovirids are vectored with a high degree of specificity 

(Gray and Gildow, 2003; Symmes and Perring, 2007). During the process of transmission, 

luteovirids cross two epithelial cell layers in the aphid vector: the gut, at the level of the 

hindgut and posterior midgut, and the accessory salivary glands (Reinbold et al., 2003; 

Tamborindeguy et al., 2010). Because non-transmissible luteovirids may fail to cross 

either of these cellular epithelia in non-aphid vectors, these tissues have been referred to as 

‘transmission barriers’ ( amborindeguy et al., 2010).  or example, transmission electron 

microscopy has shown that, in non-vector aphids, BYDV-MAV can be detected at the 

basal lamina of the hindgut, but no viral particles are detected in the cytoplasm of the cells 

that form the accessory salivary glands, suggesting that the virus is not transmissible 

because it cannot cross the basal lamina and/or basal plasmalemma of the salivary glands 

(Gildow, 1993; Gildow and Gray, 1993).  

It has been proposed that luteovirid uptake occurs via clathrin-mediated 

endocytosis, which involves the formation of clathrin-coated invaginations on the plasma 

membrane that recruit cell-surface receptor(s) (Brault et al., 2007). Several aphid proteins 

potentially involved in virus internalization have been identified in the green peach aphid 

Myzus persicae and the greenbug Schizaphis graminum, namely actin, GAPDH, Rack-1, 

cyclophilin, and luciferase (Seddas et al., 2004; Yang et al., 2008). In addition, a 

transcriptomic analysis of aphid intestinal genes carrying the Pea enation mosaic virus 

(PEMV, Luteoviridae, Enamovirus) showed limited levels of down- and up-regulation, 

suggesting that the virus hijacks a constitutive endo-exocytosis mechanism without 

significantly perturbing aphid cell metabolism (Brault et al., 2010; Tamborindeguy et 
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al., 2010). Recently, several additional marker proteins associated with luteovirid 

transmission in the aphid vector and its endosymbiont Buchnera aphidicola have been 

identified through proteomic analysis coupled with differential gene electrophoresis 

(DIGE) assays (Cilia et al., 2012; Cilia et al., 2011). To date, the cellular mechanisms of 

nanovirid internalization in aphid cells have not been characterised. However, the 

involvement of a virus-encoded helper factor has been suggested based on evidence that 

purified viral particles are not aphid-transmissible and the successful completion of the 

transmission by aphids through transmission complementation assays (Franz et al., 1999). 

5.4 Conclusions  

In this study, we performed transmission assays combined with real-time PCR and 

immunofluorescence to examine the extent to which the accumulation, tropism, and 

transmission competencies of BBTV varied across 4 asexual lineages of Pentalonia aphids. 

The aphid lineage established from the banana plant was identified as P. nigronervosa, 

whereas the lineages originally collected from ginger, heliconia, and taro plants were all 

identified as P. caladii. Each lineage was assigned to a distinct MLG based on 9 

microsatellite markers. The results obtained showed that the 4 lineages are competent 

vectors of BBTV, although the P. caladii derived from heliconia transmitted BBTV to the 

banana leaf disks at a very low rate. As revealed by real-time PCR and 

immunofluorescence assays, BBTV reached higher concentrations in the gut tissues than 

in either the haemolymph or the salivary glands. In addition, immunofluorescence assays 

demonstrated that the localization of the BBTV antigen was similar across the 4 aphid 

lineages, suggesting that the virus has a similar translocation path in all 4 lineages. 

The results reported in this study showed for the first time that P. caladii is a 

competent vector of BBTV. Pentalonia caladii colonises tropical flowers and ornamental 

plants including ginger, heliconia and taro (Blackman and Eastop, 2000; Waterhouse, 

1987). In addition, ginger, heliconia and taro plants often grow in close proximity to 

banana fields in Hawaii. Transmission experiments have failed to demonstrate that taro 

and ginger plants serve as hosts for BBTV (Hu et al., 1996), and the P. caladii aphids 

colonizing those plants may not play an active role in the transmission of BBTV, even 

when the aphids disperse from their primary hosts to banana plants. However, P. caladii is 
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a competent vector of BBTV, it is capable of colonizing banana plants (Greenwell and 

Bressan, 2013) and, as shown in this work, is capable of acquiring the virus from infected 

banana plants and transmitting it to other banana plants. This later possibility implies that 

P. caladii aphids may extensively colonise banana crops. The current information 

available from population genetic studies suggests that P. caladii displays a strong host 

plant preference (Foottit et al., 2010; Galambao, 2011). Therefore, banana-banana 

transmission of BBTV by P. caladii may not be very common; however, more extensive 

field surveys and host preference studies are needed to test this hypothesis.  

In summary, the data presented here, along with previous research (Bourdin et al., 

1998; Symmes and Perring, 2007), suggest that P. nigronervosa is likely to have a greater 

epidemiological importance in the spreading of BBTV than P. caladii; although P. caladii 

is a competent vector, its ecology may limit its vector activity in the field. 
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Chapter 6.  Use of fluorescent markers to study the sub-cellular localization of a 

circulatively transmitted plant virus, Banana bunchy top virus in guts and 

salivary glands of Pentalonia nigronervosa 

 

6.1 Introduction 

Aside from a few model insects, the cell physiology of arthropods is still little 

understood when compared with that of vertebrates. This holds true considering that 

arthropods are very diversified and have divergent life histories and feeding adaptations. 

The availability of next generation sequencing has rapidly increased the availability of 

genomic information across several arthropod lineages (Adams et al., 2000; Holt et al., 

2002; Richards et al., 2010; Richards et al., 2008); in comparison, the validation of the 

gene functions still requires large efforts and can be very time-consuming. Recently, there 

has been an increased availability in the market of fluorescent cellular markers that allow 

to visualize specific cellular compartments, and cellular processes in both living or fixed 

cells and tissues (Table 6.1). Several of these markers have the potential to be used across 

a broad range of tissues and organs, including non-model organisms (Wei et al., 2007)
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Table 6.1 List of Markers and antibodies used for this study 

 

 

Name of product Organism target Cellular 

compartment / 

process target 

Supplier 

BBTV mouse monoclonal 

antibodies (Ig/A24876 and 

Ig/A24877) 

BBTV coat protein (Watanabe and Bressan, 2013) Not applicable Agdia, Inc. 

Anti-EEA1 antibody – 

Early Endosome marker 

(ab2900) 

Human mammary gland epithelial cells (MCF-10A) (O'Donnell et al., 2008) 

Vero cell (Vonderheit and Helenius, 2005) 

EEA (early 

endosome antigen) 

1, a hydrophilic 

peripheral membrane 

protein transiently 

associated with the 

cytoplasmic face of 

early endosomes 

Abcam
®

 

Transferrin from Human 

serum, Alexa Fluor
®
 488 

(T13342) 

Norden laboratory feline kidney (NLFK) cell(Hueffer et al., 2004) Transferrin receptor Invitrogen
TM

 

Molecular 

Probes
®
 

Vybrant
®
 Lipid Raft 

Labeling kit (V-34403) 

Human lekemic cell (McGraw et al., 2012) 

Chinese hamster ovary cell (Gianni and Campadelli-Fiume, 2012) 

Lipid raft 

subdomains, 

glucosphingolipid 

ganglioside 

Invitrogen
TM

 

Molecular 

Probes
®
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Table 6.1 (Continued) List of Markers and antibodies used for this study 

 

 

 

 

 

LysoTracker
®
 Green DNA-

99 (L7528) 

human glioblastoma grade III astrocytoma U373-MG, human glioblastoma, astrocytoma U87-

MG, and human lung carcinoma A549. normal human dermal fibroblasts (NHDF), normal 

human astro- cytes (NHA), and normal human umbilical vein endothelial (HUVEC) cells 

(Wiranowska et al., 2011) 

HeLa cells (human epitheloid cervix carcinoma cell line), MCF-7 cells (human breast 

adenocarcinoma cell line), Cos-7 cells (African Green Monkey fibroblast-like kidney cell line), 

and RAW 264.7 cells (mouse leukemic monocyte macro- phage cell line) (Fan et al., 2012) 

Lysosome (acidic 

cellular organelle) 
InvitrogenTM 

Molecular 

Probes
®
 

BODIPY
®
 493/503 

(D3922) 

Huh-7 cell (Miyanari et al., 2007) 

Baby hamster kidney cells (BHK-21), Human hepatocellular liver carcinoma cell line (HepG2), 

C6/36 HT mosquito cells (Samsa et al., 2009) 

Lipid droplet InvitrogenTM 

Molecular 

Probes
®
 

Dextran, Alexa Fluor
®
  

488, 10 Kd, MW, anionic, 

fixable (D22910) 

BSC-40 (African green monkey), HeLa (human) cells (Schmidt et al., 2011) 

Baby Hamster Kidney (BHK)-21 cell (Gold et al., 2010) 

Macropinosomes 

(Fluid-phase marker) 
InvitrogenTM 

Molecular 

Probes
®
 



 
 

92 

For instances, LysoTracker
®
 (Invitrogen, Carlsbad, CA), a fluorescent acidotropic 

marker that accumulate in the cellular compartments with low internal pH, has been 

widely used to localize the lysosomes (Wiranowska et al., 2011). Dextrans are hydrophilic 

polysaccharides characterized by a range of molecular weights and low toxicity (Nouvel et 

al., 2002). Fluorescently-labelled dextrans (Invitrogen, Carlsbad, CA) are routinely used 

for analyzing macropinocytosis and fluid-phase endocytosis of different cells and tissues 

(Masedunskas and Weigert, 2008). Also, Dextran tends to concentrate into the late 

endosomes, and therefore, is commonly used as marker of these organelles (Zhang et al., 

2006).  

Fluorescent markers are also powerful tools for visualizing the processes of 

pathogens trafficking in cells (Miyanari et al., 2007; Samsa et al., 2009). For instance, 

Samsa and colleagues (2009) used BODIPY
®
 (Invitrogen, Carlsbad, CA), a fluorescent 

marker of lipid droplets (Spangenburg et al., 2011), to investigate the sub-cellular 

localization of the capsid protein of Dengue virus (DENV) (family Flaviviridae, genus 

Flavivirus) in mammalian cell lines. Through co-localization assays, the authors found 

that virions accumulate around lipid droplets derived from the endoplasmic reticulum 

(Samsa et al., 2009).  

In several studies, fluorescent markers have been used together to antibodies that 

target to proteins associated to specific cell compartments. For instance, the entry pathway 

of Rice Dwarf virus (RDV; family Reoviridae, genus Phytoreovirus) on cell lines derived 

from Nephotettix cincticeps has shown to follow a receptor-mediated, clathrin-dependent 

endocytosis. Using early endosome antibodies (EEA1) and LysoTracker
®

, the authors 

found the virus first internalizes into the early endosomes and then is sequestered in a low-

pH-dependent endosomal compartment (Wei et al., 2007).  

In this work, we tested several fluorescent markers and antibodies (Table 6.1) to 

understand the physiological processes of cells forming the principal salivary glands and 

guts tissues of the banana aphid, Pentalonia nigronervosa, an important insect pest, for 

which there are limited genomic information available. Pentalonia nigronervosa transmits 

Banana bunchy top virus (BBTV; family Nanoviridae, genus Babuvirus), a viral pathogen 

of banana plants (Musa sp), in a persistent circulative manner, implying the translocation 

of the viral particles through the epithelial tissues forming the guts and the salivary 
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glands (Watanabe and Bressan, 2013).  

In aphids, the salivary glands are paired organs comprised of both the accessory 

salivary glands (ASGs) and the principal salivary glands (PSGs) joined by a salivary duct 

(Fig. 6.1A). In P. nigronervosa and several other aphid species, ASGs are roughly 

globular, small, and made up of four cells of uniform size and morphology. In contrast, 

each PSG is bi-lobed and comprised of different cell types (Fig. 6.1A). Ponsen (1972, 

1977) described in detail the internal morphology of the green peach aphid, Myzus 

persicae, and divided the    s into two parts: the first part is composed of “cover cells” 

or “deckzell”, and the second one is composed of “main cells” or “hauptzell”.  ased on 

cell morphology and staining, the cover cells include two cell types, whereas the main 

cells include as many as eight different cell types. The portion of the PSGs containing the 

main cells and cover cells are readily discernable in P. nigronervosa (Fig. 6.1A). 

 

 

Figure 6.1. Dark field image of salivary glands (A) and digestive system (B) dissected 

from the banana aphid, Pentalonia nigronervosa. Asg, accessory salivary glands; b, brain; 

cc, cover cells; mc, main cells; psg, principal salivary glands; Am, anterior midgut; f, 

foregut; h, hindgut; pm1, proximal part of the posterior midgut; pm2, distal part of the 

posterior midgut. 
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Through the salivary glands aphids secrete two types of saliva; gelling saliva and 

watery saliva (Louis et al., 2012; Mutti et al., 2008). The gelling saliva forms a supportive 

sheet around the stylets (Louis et al., 2012). The watery saliva contains various enzymes, 

which have mainly two broad activities, namely oxidoreductases and hydrolases. These 

enzymes function as lubrication of the sylets, maintaining favorable oxidative-redution 

(redox) conditions and detoxification of phenolics and other chemicals that are present in 

the plant tissues (Louis et al., 2012; Mutti et al., 2008; Ponsen, 1977). Additional studies 

have evidenced that aphids saliva contain effectors-like peptides that can modify the plant 

physiology to the advantage of aphids. Similarly to other aphid species such as the pea 

aphid, Acyrthosiphon pisum (Cristofoletti et al., 2003), the digestive system of P. 

nigronervosa is made of a single cell layer, and can be divided into the foregut, anterior 

midgut, posterior midgut, and hindgut (Fig. 6.1B). The anterior midgut has cells with an 

apical complex network of lamellae (apical lamellae) associated with modified 

perimicrovillar membranes (Cristofoletti et al., 2003), which extend into the lumen and 

bound to aminopeptidase, cysteine proteinase and -glucosidase enzymes. These enzymes 

promote the digestion of the ingested sap and function as an osmoregulator and facilitator 

for amino acid absorption (Cristofoletti et al., 2003). Adsorption of digested nutrients are 

believe to occur only at the posterior midguts and hindguts. 

In previous studies, we have shown that ingested BBTV viral particles localize in 

the anterior mid gut (stomach) and in the main cells forming the principle salivary glands 

within the aphid vector by using anti-BBTV monoclonal antibodies, suggesting a specific 

path of translocation (Fig. 6.2).    
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Figure 6.2. Immunofluorescence localization of banana bunchy top virus (BBTV) in 

paraformaldehyde fixed principal salivary glands (A) and guts (B) of the banana aphid, 

Pentalonia nigronervosa. BBTV antigens were localized using mouse monoclonal 

antibodies followed by secondary antibodies labelled with Alexa Fluor 555 (red). Cell 

nuclei were stained with DAPI (blue). Am, anterior midgut; f, foregut; mc, main cells; cc, 

cover cells. 

 

Additional experiments have demonstrated that BBTV can localize on the basal 

surface of the anterior midguts, indicating the virions internalize into the cells forming the 

anterior midgut travel from the gut lumen through the apical plasmalemma and by 

trafficking through the cell cytosol, reach the basal surface of the anterior midgut cells, 

from which they can access the haemocoel. Within to the cell cytoplasm, the viral 

particles seem to be concentrated within large spherical structures of approximatey 20 nm 

as diameter, possibly organized within vesicles (Vetten, in press). However, the 

mechanism(s) of transcytosis remains unclear.  

Here we used fluorescent markers as a tool to study the cellular 

compartmentalization in the guts and salivary glands of the aphid, Pentalonia 

nigronervosa, and we attempted to co-localize those fluorescent markers with BBTV viral 

particles. 
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6.2 Material and Methods 

6.2.1 Aphids and virus maintenance 

A strain of BBTV was maintained to potted micropropagated bananas, cv. 

Williams using aphid transmission essentially as previously described (Bressan and 

Watanabe, 2011). The virus was characterized with a TAS ELISA (Agdia Inc., Elkhart, IN, 

USA) and PCR assays using primer pairs for the detection of six BBTV DNA components 

(Burns et al., 1995) according to previously described methods (Almeida et al., 2009; Xie 

and Hu, 1995). A colony of banana aphids, which was established from an individual 

aphid, was maintained on healthy potted banana plants. 

6.2.2 Aphid dissection  

Aphids were dissected under a stereomicroscope. Briefly, individual aphids were 

immobilized on the surface of a dissecting chamber (Electron Microscopy Sciences, 

Hatfield, PA, USA) and immersed in approximately 200 l of Mitsuhashi and 

Maramorosch Insect Medium (Insect Cell Culture Medium) (VWR, Radnor, PA, USA). 

Solution-immersed aphids were then dissected with a polytetrafluoroethylene (PTFE)-

coated stainless steel blade (Ted Pella Inc., Redding, CA, USA) by cutting the aphid 

bodies behind their compound eyes and allowing both the salivary duct and the foregut to 

separate from the stylets. Using small pins, the entire digestive tract and salivary glands 

were then dissected and removed from the aphid body, were washed multiple times in the 

solutions and processed for immunofluorescence localization. 

6.2.3 Localization of BBTV  

Immunofluorescence localization of BBTV antigen was performed in dissected 

and paraformaldehyde fixed guts and salivary glands. The organs were dissected from 

aphids that fed on BBTV-infected plants for 14 days. The dissected organs were allowed 

to fully adhere to the surface of the Tissue tack
®
 slide (Polysciences Inc., Warrington, PA, 

USA) and were then fixed in PBS containing 4% paraformaldehyde for 1 hr. After 

extensive washing with PBS to remove the fixative, the slides were incubated with PBS 

containing 1% Triton X-100 for 1 hr. The samples were then incubated for an additional 

hour in a blocking solution of PBS with 10% normal goat serum. Anti-BBTV mouse 
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monoclonal antibodies (Ig/A24876 and Ig/A24877) diluted 1:500 in PBS containing 1% 

normal goat serum were added to the slides, which were incubated overnight at 4°C. The 

slides were subsequently washed three times in PBS and incubated for 45 min with goat 

anti-mouse IgG conjugated with Alexa Fluor 555 (Invitrogen, Carlsbad, CA) diluted 1:500 

in PBS at room temperature. The slides were washed 3 times in PBS, rinsed in water, and 

mounted with ProLong
®
 gold anti-fade mounting medium containing 4′,6-diamidino-2-

phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) to counterstain the cell nuclei.  

6.2.4  Early Endosomes 

We used early endosome antigen 1 (EEA1) antibodies (1mg/ml, ab2900; abcam
®
, 

Cambridge, MA, USA) as a marker to localize early endosomes. Guts and salivary glands 

were dissected from aphids. Dissected organs were allowed to adhere to the surface of the 

slides and were then fixed in PBS containing 4% paraformaldehyde for 1 hr. We followed 

the same procedure described above, except that primary and secondary antibodies were 

the anti-EEA1 (diluted in 1:500) and goat anti-rabbit IgG conjugated with Alexa Fluor 488 

(diluted 1:500) (Invitrogen, Carlsbad, CA), respectively. For the co-labeling of BBTV 

antigen and early endosomes, we added the anti-BBTV mouse monoclonal antibodies 

(Ig/A24876 and Ig/A24877) in addition to the Anti-EEA1 antibodies, and the goat anti-

mouse IgG conjugated with Alexa Fluor 555 in addition to the goat anti-rabbit IgG 

conjugated with Alexa Fluor 488. We process the samples as described above.  

6.2.5 Transferrin 

 We used transferrin conjugate with Alexa Fluor
®
 488,  (Invitrogen

TM
 Molecular 

Probes
®
, Carlsbad, CA, USA), commonly used as a marker for the recycling pathways 

combined with the transferrin receptor (TfR) (Rothenberg et al., 1987). Assays were 

performed in explanted guts and salivary glands maintained in HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid; Life Technologies, Grand Island, NY) on 

slides (Insect Cell Culture Medium; VWR, Radnor, PA). The slides were incubated with 

transferrin (5mg/ml) diluted in 1:500 for 30 min. The slides were washed 3 times in 

HEPES, rinsed in water, and mounted with ProLong
®
 gold anti-fade mounting medium 

containing 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) to 
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counterstain the cell nuclei.  

6.2.6 Fluid-phase uptake assay 

We used a 10 KDa dextran labeled with Alexa Fluor
®
 488,  (Invitrogen

TM
 

Molecular Probes
®

, Carlsbad, CA, USA), commonly used as a fluid phase marker, to label 

macropinosomes. Assays were performed in explanted guts and salivary glands 

maintained in the Mitsuhashi and Maramorosch insect medium on slides (Insect Cell 

Culture Medium; VWR, Radnor, PA, USA). The slides were incubated with either Insect 

culture medium containing 1% Triton X-100 or with the same medium alone for 30 min. 

After replacing the slides with insect cell culture medium for 3 times, the slides were 

incubated with dextran (10mg/ml) diluted in 1:500 for 30 min. The slides were washed 

three times with the insect cell culture medium, rinsed in water, and mounted with 

ProLong
®
 gold anti-fade mounting medium containing DAPI. For co-labeling of BBTV 

antigen with dextran, the slides were incubated with PBS containing 1% Triton X-100 for 

1 hr after dextran incubation. The samples were then incubated for an additional hour in a 

blocking solution of PBS with 10% normal goat serum. Anti-BBTV mouse monoclonal 

antibodies (Ig/A24876 and Ig/A24877) diluted 1:500 in PBS containing 1% normal goat 

serum were added to the slides, which were incubated overnight at 4°C. The slides were 

subsequently washed 3 times in PBS and incubated for 45 min with goat anti-mouse IgG 

conjugated with Alexa Fluor 555 (Invitrogen, Carlsbad, CA) for the other steps, the 

protocol was as described above. For artificial feeding bioassay, feeding chambers were 

generated from 15-ml Falcon conical tubes by transversely cutting 15 mm below the lid. 

The chamber was closed on the top with stretched Parafilm
®
. Twenty microliter of dextran 

(10 mg/ml) was applied to the surface of the membrane and sealed with another stretched 

Parafilm
®
. Group of five aphids, starved for two hours, were transferred into the chamber 

from the lid, the other side of the Parafilm and closed with the cap.  The aphids were 

confined in the chamber with the membrane side up for 24 hours at room temperature and 

then removed and dissected as described above.  

6.2.7 Lysosomes 

We used LysoTracker
® 

DNA 99 (Invitrogen
TM

 Molecular Probes
®

, Carlsbad, CA, 

USA) as a marker to localize lysosomes. Guts and salivary glands were dissected from 
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aphids that fed on BBTV-infected plants for 14 days. The dissected organs were allowed 

to fully adhere to the surface of the slides and were then fixed in PBS containing 4% 

paraformaldehyde for 1 hr. After extensive washing with PBS to remove the fixative, the 

slides were incubated with PBS containing 1% Triton X-100 for 1 hr. The samples were 

then incubated for an additional hour in a blocking solution of PBS with 10% normal goat 

serum. LysoTracker
® 

DNA 99 diluted in 1:500 in PBS containing 1% normal goat serum 

were added to the slides, which were incubated overnight at 4°C. The slides were 

subsequently washed 3 times in PBS and incubated for 45 min with goat anti-rabbit IgG 

conjugated with Alexa Fluor 488 (Invitrogen, Carlsbad, CA) diluted 1:500 in PBS. The 

slides were washed three times in PBS, rinsed in water, and mounted with ProLong
®
 gold 

anti-fade mounting medium containing DAPI. For the co-labeling of BBTV antigen and 

early endosomes, we added the anti-BBTV mouse monoclonal antibodies (Ig/A24876 and 

Ig/A24877) in addition to the LysoTracker
® 

DNA 99, and the goat anti-mouse IgG 

conjugated with Alexa Fluor 555 in addition to the goat anti-rabbit IgG conjugated with 

Alexa Fluor 488. We process the samples as described above.  

6.2.8 Lipid droplets 

Immunofluorescence localization with BODIPY
®

493/503 (D3922; Invitrogen
TM

 

Molecular Probes
®

, Carlsbad, CA, USA), a neutral lipid stain, was performed in dissected 

and paraformaldehyde fixed guts and salivary glands. The organs were dissected from 

aphids that fed on BBTV-infected plants for 14 days. The dissected organs were allowed 

to adhere to the surface of the slides and were then fixed in PBS containing 4% 

paraformaldehyde for 1 hr. After extensive washing with PBS to remove the fixative, the 

slides were incubated with PBS containing 1% Triton X-100 for 1 hr. The samples were 

then incubated for an additional hour in a blocking solution of PBS with 10% normal goat 

serum. BODIPY
® 

493/503 (50 g/ml) was added to the slides for 30 min. The slides were 

subsequently washed three times in PBS and incubated for 45 min with goat anti-rabbit 

IgG conjugated with Alexa Fluor 488 (Invitrogen, Carlsbad, CA) diluted 1:500 in PBS. 

The slides were washed three times in PBS, rinsed in water, and mounted with ProLong
®
 

gold anti-fade mounting medium containing DAPI to counterstain the cell nuclei. For co-

labeling of BBTV antigen with BODIPY
®
, we incubated the anti-BBTV mouse 
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monoclonal antibodies (Ig/A24876 and Ig/A24877) overnight at 4°C prior to 

BODIPY
®
493/503 (50 g/ml) incubation. Subsequently, goat anti-mouse IgG conjugated 

with Alexa Fluor 555 (Invitrogen, Carlsbad, CA) was added together with goat anti-rabbit 

IgG conjugated with Alexa Fluor 488; for the other steps, the protocol was as described 

above. 

6.2.9 Lipid rafts  

Labeling of lipid raft marker with Vybrant
®
 Lipid Raft Labeling kit (V-34403; 

Invitrogen
TM

 Molecular Probes
®
, Carlsbad, CA, USA), was performed on explanted living 

guts and salivary glands.  phid’s organs were allowed to adhere on the surface of the 

slides, then the slides were incubated with Cholera toxin subunit B labeled with Alexa 

Fluor 488 (at 1 mg/ml) diluted in 1:1000 for 10 min, followed by multiple washing steps 

with HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Life Technologies, 

Grand Island, NY) and a 15 min incubation with anti-cholera toxin subunit B rabbit 

antibodies diluted in 1:500, The slides were then washed three times in HEPES, rinsed in 

water, and mounted with ProLong
®
 gold anti-fade mounting medium containing DAPI.  

6.2.10 Fluorescence microscopy 

All the slides were visualized under an Olympus BX-51 epifluorescence 

microscope with an Optronics MacroFire digital camera and excitation/emission filter sets 

(Oympus, Center Valley, PA, USA) specific for the DAPI and Alexa Fluors 488 and 555. 

DAPI staining was acquired with an excitation of 330-385 nm and an emission of 420 nm. 

Alexa Fluor 488 was visualized with an excitation of 470-490 nm and an emission of 510 

nm. Alexa Fluor 555 was visualized with an excitation of 510-550 nm and an emission of 

590 nm. Specimen magnification was 40X unless otherwise noted. Captured images were 

processed using Image J (National Institutes of Health, Bethesda, Maryland, United 

States) and Adobe Photoshop CS3 (Adobe Systems, San Jose, California, United States).  

6.3 Results 

6.3.1 Localization of BBTV 

We performed immunofluorescence assays to localize BBTV antigens in the 

dissected anterior midgut and principal salivary glands using BBTV monoclonal 
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antibodies. We consistently observed BBTV labeling as a distinct puncta around the cell 

nuclei of the anterior midgut, likely corresponding to the cell’s cytoplasm ( ig. 6.2 ). 

Confirming previous research (Bressan and Watanabe, 2011; Watanabe and Bressan, 

2013), we did not observed BBTV labeling on the accessory salivary glands, although 

BBTV labeling was observed as a distinct puncta in the cytoplasm of the main cells 

forming the principal salivary glands (Fig. 6.2A).  

6.3.2 Early Endosomes 

We performed immunofluorescence localization of the early endosomes in the guts 

and principal salivary glands by using anti-EEA1 antibodies. In the guts, the early 

endosomes were localized in the cells forming the posterior midgut (Fig. 6.3) as a distinct 

puntact generally concentrated near the apical plasmalemma of the cells, suggesting that 

these cells has an important activity of intake of molecules, probably nutrients, from the 

gut lumen; this pattern of labeling was absent in the anterior midgut (Fig. 6.3).  

 

 

Figure 6.3. Immunofluorescence localization of early endosomes and banana bunchy top 

virus (BBTV) in posterior midgut and principal salivary glands of the banana aphid, 

Pentalonia nigronervosa. BBTV antigens were localized using mouse monoclonal 

antibodies followed by secondary antibodies labelled with Alexa Fluor 555 (red) and early 

endosomes were localized using EEA1 antibodies followed by secondary antibodies 

labelled with Alexa 488 (green). Cell nuclei were stained with DAPI (blue). Mc, main 

cells; cc, cover cells. 
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Table 6.2. Labeling of fluorescence markers within the aphid, Pentalonia nigronervosa, digestive and salivary gland systems. Results 

are reported as proportions of the number of organs showing labelling/total number of organs examined. 

 

Markes  

Cellular 

compartment / 

process target 

 Digestive system  Salivary gland system 

 Foregut Anterior 

midgut 

Posterior 

midgut 

 

 Accessory 

glands 

Principal glands 

Cover cell Main cell 

Anti-EEA1 antibody – Early Endosome 

marker (ab2900) 

Early endosome 
 0/9

 
0/18 11/18  0/22 20/26 0/23 

Vybrant
®
 Lipid Raft Labeling kit (V-

34403) 

Lipid rafts 
 9/13 0/12 0/12  0/10 0/12 0/12 

LysoTracker
®
 Green DNA-99 (L7528) Lysosomes  0/17 11/19 1/17  0/3 0/10 8/11 

BODIPY
®
 493/503 (D3922) 

Lipid droplets 
 0/3 9/13 4/13  0/4 0/9 6/9 

Dextran, Alexa Fluor
®
  

488, 10 Kd, MW, anionic, 

fixable (D22910) 

 Macropinosomes 

 2/19 14/22 3/13  0/14 0/15 0/15 
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In the co-localization assays BBTV viral particles confined only to the cells 

forming the anterior midgut and therefore its localization could not be explained by the 

distribution of the early endosomes that concentrate in the cells forming the posterior 

midgut; therefore, suggesting that in the guts, BBTV does not internalize through the early 

endosomes. EEA1 antibodies showed labeling of the visceral muscles of the gut, although 

it is not clear if this is a specific labeling, we have noticed that several other antibodies 

tested, including anti-cysteine proteinase (Matsumoto et al., 1997), tended to label to the 

same muscles (not shown). In the principal salivary glands, the early endosomes were 

consistently concentrated on the basal surface of specific cells of the cover cells forming 

the principle salivary glands (Table 6.2 and Fig. 6.3). In the co-localization assays the 

presence of BBTV and early endosomes did not overlap because BBTV labeling was 

observed on the main cells (Fig. 6.2). Therefore, suggesting that BBTV does not 

internalize through early endosomes in the principal salivary glands.  

6.3.3 Transferrin 

Transferrin is a monomeric serum glycoprotein (~80,000 daltons) that binds up to 

two Fe3
+
 atoms. The transferrin is a model for the endocytosis and recycling of receptor-

ligand complexes in mammalian cells (Hueffer et al., 2004). Fluorescent transferrin 

conjugates can therefore be used as a marker to trace receptor mediated endocytosis 

especially through clathrin-coated pits (Ghosh et al., 1994; Mayor et al., 1993). In this 

study, we did not obtain evidence of labeling when aphid tissues were incubated with 

fluorescent transferrin conjugate. 

6.3.4 Lysosomes 

We performed localization assays of lysosomes using the LysoTracker
®
. In the 

guts, LysoTracker
® 

stained the lumen of the antirior midgut rather that cytoplasmic 

compartments (Fig. 6.4A). Labeling was not visible in the posterior midgut (Fig. 6.4A). In 

the principal salivary glands, the lysosomes were consistently concentrated as distinct 

puncta on the apical part of the main cells forming the principle salivary glands (Table 6.2 

and Fig. 6.4A), suggesting a similar localization pattern of anti-BBTV antibodies at the 

principal salivary glands (Fig. 6.2). Unfortunately, it was not possible to co-localize 

LysoTracker and BBTV. When anti-BBTV antibodies and the LysoTracker
®
 were 
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applied together, only the labeling for BBTV could be observed. It is possible that the 

several washing steps and permeabilization treatments required by the immunofluroescent 

protocol may have washed away the enzymes and the LysoTracker. 

 

 

Figure 6.4. Immunofluorescence localization of lysosomes (A) and lipid lafts (B) in gut 

and principal salivary glands of the banana aphid, Pentalonia nigronervosa.  Lysosome 

and lipid rafts were visualized with Alexa 488 (green). Cell nuclei were stained with DAPI 

(blue). Am, anterior midgut; fg, foregut; pm, posterior midgut; mc, main cells; cc, cover 

cells. 

 

6.3.5 Fluid-phase uptake assay 

Dextran conjugate is widely used as a marker for a macropinocytosis (Petrescu et 

al., 2009; Short et al., 2010), which is a form of endocytosis in which large scaled 

internalization of extracellular molecules and fluids into cell forming cellular membrane 

bound vesicles via clathrin-independent pathway (Doherty and McMahon, 2009; 

Masedunskas and Weigert, 2008). In order to track fluid-phase endocytosis through the 

guts, we fed aphids with solution containing Alexa Fluor 488-conjugated dextran. After 1 

day of feeding through artificial membranes, a slightly yellow staining, of similar color of 

the feeding solution containing the dextran, was observed on the dissected digestive 

system under a light microscope. However, fluorescence labeling was not observed under 

an epi-fluorescense microscope, suggesting degradation of the dextran, may be by the 

endogenous enzymes localized in the lumen of the anterior midgut. Hence, we performed 
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additional experiments exposing explanted gut tissues to the dextran. In a few samples of 

aphids exposed to BBTV, dextran could label to spherical vesicles in the cytoplasm of the 

anterior midgut, which shows very similar patterns with the localization of BBTV (Table 

6.2 and Fig. 6.5). No evidence of labeling was observed in the principal salivary glands. 

This may suggest that there is no fluid uptake from the basal plasma lemma of the PSGs. 

In co-labeling assay, we failed to co-localize BBTV antigen and dextran in the anterior 

midgut (data not shown).  

 

 

Figure 6.5. Immunofluorescence localization of dextran and banana bunchy top virus 

(BBTV) in the cell forming anterior midgut of the banana aphid, Pentalonia nigronervosa. 

BBTV antigens were localized using mouse monoclonal antibodies followed by secondary 

antibodies labelled with Alexa Fluor 555 (red) and dextran was visualized with Alexa 488 

(green). Cell nuclei were stained with DAPI (blue). Mc, main cells; cc, cover cells. 
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6.3.6 Lipid droplets 

We performed immunofluorescence localization of lipid droplet in the guts and 

principal salivary glands by using an effective tracers of lipid trafficking (Spangenburg et 

al., 2011), the BODIPY
®

. In the guts, BODIPY
®
 stained of the cytoplasm forming both of 

the anterior and posterior midgut generally concentrated on the apical part near the 

peripheral side of the cells (Fig. 6.6A and B). In the principal salivary glands, the 

BODIPY
®
 were consistently concentrated on the basal surface of the main cells forming 

the principle salivary glands, but not in the cover cells (Fig. 6.6E). In the co-labeling assay, 

the labeling of BBTV and Lipid droplets were observed together at the anterior midgut 

(Fig. 6.6D) and principal salivary glands (Data not shown). The labeling pattern of BBTV 

antigens appeared as a distinct puncta on the basal part of the cover cells at salivary glands 

and around the cell nuclei at the anterior midgut, whereas lipid droplets stain the 

cytoplasm concentrated on the peripheral part of the cell (Fig. 6.6B), suggesting no 

distinct association of BBTV antigens and lipid droplets at each organs. 

 

Figure 6.6.  Immunofluorescence localization of lipid droplets and banana bunchy top 

virus (BBTV) in anterior midgut (A), enlarged cells forming the anterior midgut (B, C, 

and D) and principal salivary gland (E) of the banana aphid, Pentalonia nigronervosa. 

BBTV antigens were localized using mouse monoclonal antibodies followed by secondary 

antibodies labelled with Alexa Fluor 555 (red) and lipid droplets were visualized with 

Alexa 488 (green). Cell nuclei were stained with DAPI (blue). Mc, main cells; cc, cover 

cells. 
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6.3.7 Lipid raft 

Lipid rafts are subdomains of the plasma membrane that contain high 

concentrations of cholesterol and glycosphingolipids (Pike, 2003; Simons and Ikonen, 

1997). Cholera toxin subunit B was used as a marker to localize lipid raft. In the gut, 

cholera toxin subunit B stained the cytoplasm generally concentrated near the basal lamina 

of the cells forming the foreguts but not on the anterior midgut and the posterior midgut, 

suggesting the concentration of lipid rafts subdomain on the plasma membrane forming 

the forgut (Fig. 6.4B). Labeling of the lipid raft subdomain at principal salivary glands 

was absent (not shown). 

6.4 Discussion 

In this work, we have tested several fluorescent cellular markers as potential tools 

to examine the physiological process in the aphid’s salivary glands and gut tissues to 

gather understanding on the internalization of BBTV. Cellular markers are generally 

applied to cell lines and little work has been conducted in explanted organs. Because in 

aphids the epithelial cells of the salivary glands and guts are monolayers, this is a valuable 

advantage to apply fluorescent markers directly to the tissues rather than to cultured cells. 

To date, different mechanisms have been implicated in the internalization on 

viruses into the cells such as chlathrin-mediated endocytosis, caveolin-mediated 

endocytosis, phagocytosis, and pinocytosis. Among these endocytosis pathways, 

chlathrin-mediated endocytosis is likely the best-characterized endocytic pathway. 

Through this path, the cargo is recruited into developing clathrin-coated pits, and 

subsequently form clathrin-coated vesicles (Doherty and McMahon, 2009). Aphid-

transmitted luteovirids are internalized through the hindgut and, in some cases, the 

posterior midgut (Gildow, 1993; Gray and Gildow, 2003; Reinbold et al., 2003) and 

specifically penetrate the accessory salivary glands (Gildow and Rochow, 1980) through 

clathrin-mediated endocytosis (Brault et al., 2007; Gildow, 1982, 1993) mediated by 

specific cell receptors localized in the surface of the cell tissues. 

Transferrin is a monomeric serum glycoprotein (~80,000 daltons) that binds up to 

two   Fe
3+

 atoms (Baker et al., 1987; Dautryvarsat, 1986; Rothenberg et al., 1987). The 

transferrin receptor and transferrin complex is used as a model for the endocytosis and 
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recycling of receptor-ligand complexes in mammalian cells, because it is excluded from 

lipid raft domains in the plasma membrane and is taken up rapidly from the cell surface 

via clathrin-mediated endocytosis (Mellman, 1996). It is likely that fluorescent transferrin 

was not recognized by aphid cells, and this may have prevented its localization. 

Caveolin-mediated endocytosis differs from clathrin-mediated endocytosis in 

terms of internalization mechanism and vesicular transport route. Caveolae are flask-

shaped invaginations in the plasma membrane that are rich in caveolin protein, and are 

subdomain of cholesterol-rich plasma membrane microdomains termed lipid rafts (Saeed 

et al., 2010). Caveolin-mediated endocytosis, had been characterized as the endocytic 

pathway involved with the internalization of simian virus 40 (SV40) (family 

Polyomaviridae, genus Polyomavirus) in the CV-1 African green monkey kidney cells and 

HeLa cells (Anderson et al., 1996).  

Lipid rafts are subdomains of the plasma membrane that contain high 

concentrations of cholesterol and glycosphingolipids can be found in both the plasma and 

endosomal membranes of eukaryotic cells (Pike, 2003). SV40 is the best-characterized 

virus that targets lipid rafts during infection (Rosenberger et al., 2000). Interestingly, 

caveolae formation for SV 40 internalization occurs at the lipid rafts of plasma 

membranes, therefore, caveolae and SV40 enters the cells via lipid rafts (Damm et al., 

2005; Norkin and Kuksin, 2005). In this study, we have applied fluorescence-labeled 

Cholera toxin subunit B, on the aphid dissected guts and salivary gland tissues to localize 

lipid raft domain. Strong labeling was observed only on the cytoplasm forming the 

foreguts, suggesting a high concentration of cholesterol and glycosphingolipids (Fig. 

6.4B). The biological importance of the presence of the lipid rafts domain is unclear.  

Phagocytosis is another endocytic pathway through which cells uptake foreign 

particles, including bacteria as part of a process to protect the host cell from these 

microbes. Recent studies show that viruses such as herpes simplex 1 virus (family 

Herpesviridae, genus Simplexvirus) can use phagocytosis to enter cells (Clement et al., 

2006; Ghigo et al., 2008). 

Lipid droplets (LDs) are depots of neutral lipids that exist virtually in any kind of 

cell, ranging from bacteria to yeasts, plants, and higher mammals (Murphy, 2001). Major 

component of LD is triacylglycerols (TG), diacylglycerol (DG), and cholesterol ester 
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(CE) (Murphy, 2001; Zweytick et al., 2000). Recent study on rotaviruses shows that LD 

serves as a platform for virus internalization into the mammalian cell cytoplasm (Cheung 

et al., 2010). BODIPY
®
 is a fatty-acid phospholipid and cholesterol ester analogs that 

undergo native-like transport and metabolism in cells (Robinson et al., 1997). They are 

therefore effective tracers of lipid trafficking. BBTV antigens localized as a distinct 

puncta at cell cytoplasm of anterior midgut and principal salivary glands (Fig. 6.2A), 

whereas BODIPY
®

 stained in the apical part of the cytoplasm generally concentrated near 

the peripheral side of the cells forming the anterior midgut, posterior midgut, and principal 

salivary glands (Fig. 6.6). Therefore, BBTV may not internalize into the cell through the 

lipiddroplets.  

The early endosomes is the first endocytic compartment accepting incoming cargo 

internalized via the endocytic pathways such as clathrin-mediated endocytosis, phagocytic 

uptake of large particles, pinocytosis, and raft-mediated endocytosis (Mellman, 1996; 

Mukherjee et al., 1997; Conner and Schmid, 2003; Maxfield and McGraw, 2004). The 

primary function of the early endosomes is the sorting of internalized cargo to different 

intracellular destinations (Jovic et al., 2010). EEA1 antibodies have been successfully 

used to track endocytic pathway of clathrin-mediated internalized rice dwarf virus (RDV, 

Family Reoviridae, genus Phytoreovirus) into early endosomes on insect vector cell (Wei 

et al., 2007). Using EEA1 antibodies, early endosomes localized as a distinct puncta near 

the apical plasmalemma forming the posterior midgut of aphids (Fig. 6.3), suggesting that 

theses cells have an important activity of intake of molecules-likely nutrients-from the gut 

lumen.  Interestingly, early endosomes were localized in the posterior midgut which is the 

site of internalization of the luteovirus (Reinbold et al., 2003). 

This pattern of labeling was absent in the anterior midgut suggesting there is not 

active adsorption of nutrients in this section of the digestive system. This is in agreement 

with physiological studies, which have shown the secretion of enzymes and membranes 

from the cytoplasm of the anterior midgut cells to the luminal side, rather than adsorption 

(Cristofoletti et al., 2003). The localization of the early endosomes on the basal surface of 

the cover cells forming the principle salivary glands may explain a high activity of uptake 

into those cells, suggesting a recycle of proteins from the haemocoel. The absence of early 
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endosomes in the anterior midgut and the lack of overlap labeling in the salivary glands, 

suggests that BBTV internalization occur through different mechanisms.  

Lysosomes are cellular organelles that contain acid hydrolase enzymes that break 

down waste materials and cellular debris and its primary function is to degrade 

endocytosed and intracellular material (Fan et al., 2012). In the guts, LysoTracker
® 

stained 

the lumen of the anterior midgut rather that cytoplasmic compartments. This likely is 

caused by the presence of proteolityc enzymes and acidic pH within the anterior mid gut 

lumen. Labeling was not visible in the posterior midgut suggesting that the physiology of 

this portion of the gut differ significantly from the anterior midgut. This is in agreement 

with physiological studies on the aphid gut, which have reported the anterior midgut 

lumen has acidic pH whereas posterior midgut has neutral, or slightly alkaline pH 

(Cristofoletti et al., 2003). The lysosomes were consistently concentrated as distinct 

puncta on the apical part of the main cells forming the principle salivary glands. Since we 

were not able to co-localize BBTV antigens and lysosomes together, it is still unclear that 

BBTV is internalized to the lysosome at principal salivary glands although the labeling 

share the similar patterns.  

Macropinocytosis is a form of endocytosis in which large scaled internalization of 

extracellular molecules and fluids into cell forming cellular membrane bound vesicles via 

clathrin-independent pathway (Doherty and McMahon, 2009; Masedunskas and Weigert, 

2008). Macropinocytosis has been reported as an additional endocytic uptake mechanism 

for virus infection such as Zaire ebolavirus (ZEBOV; family Filoviridae, genus Filovirus) 

although many questions remain unclear about macropinocytosis since the process itself is 

still incompletely characterized (Mercer and Helenius, 2009; Saeed et al., 2010). 

Macropinocytosis is associated with considerable cell-wide plasma membrane ruffling 

induced by the activation of actin and microfilaments connected to the plasma membrane. 

While most ruffles simply melt back into the plasma membrane, a few fold back forming 

fluid-filled cavities and undergo membrane fission (Saeed et al., 2010).  Dextran conjugate 

is widely used as a marker for a macropinocytosis (Petrescu et al., 2009; Short et al., 

2010). Since we were not able to monitor the dextran uptake at the luminal side of the 

anterior midgut through artificial feeding bioassay, we performed immunofluorescence 

assay to track fluid-phase endocytosis on the aphid tissues. We have observed the 

http://en.wikipedia.org/wiki/Organelle
http://en.wikipedia.org/wiki/Hydrolase
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dextran labeling on the spherical vesicles in the cytoplasm, which shows very similar 

patterns of the BBTV localization at the anterior midgut, suggesting internalization of 

BBTV at anterior midgut may occur through pinocytosis.  

In conclusion, our results suggest that BBTV uptake at anterior mechanisms that 

does not require early endosomes for the endocytic pathway in the cell cytoplasm. Since 

BBTV did not associate with early endosome at principal salivary glands, the uptake 

mechanism employing at the principal salivary glands may also does not require early 

endosome, thus possibly novel mechanism only employed by BBTV. Further studies using 

transmission electron microscopy is necessary for a more comprehensive understanding of 

the endocytosis mechanism(s) of BBTV. In this work, we have shown the potential 

application of the fluorescently labeled markers applied on the explanted organs to 

understanding the cell physiology that may elucidate the mechanism(s) of virus entry for 

economically important insect pests.  
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Chapter 7.  Summary 

Plant viruses transmitted by insect vectors threat the sustainability of agricultural 

commodities in temperate and tropical regions worldwide. The plant viruses that belong to 

the families Nanoviridae, Luteoviridae, and Geminiviridae are transmitted by hemipteran 

insects, like aphids, whiteflies, and leafhoppers in a circulative manner. This implies the 

movement of the viral particles from the plant sap into the vector’s body, and the 

translocation of virions from the gut tissues to the salivary glands, through which they can 

be transmitted and spread to new plants during the insects feeding process. 

Information on Nanovirids-aphid interactions is very limited as compared to that 

available for vector-borne luteovirids and geminiviruses. However, nanovirids have 

distinct biological properties including a multi-component genome, which set these plant 

viruses apart from the other circulatively transmitted viruses. Virus-vector interactions 

have been attracting considerable attention in the literature lately. In this context, the 

limited understanding of Nanoviruses in general, and BBTV in particular, contrasts with 

the overall trend of increased knowledge. In this dissertation, I have fostered a basic 

understanding of BBTV-vector interaction. 

In the first Chapter, I have reviewed some of the most relevant information on 

circulative viruses, with a specific focus on the Nanovirids. 

In Chapter 2, I have applied immunocapture PCR and developed an 

immunofluorescence assay to specifically detect BBTV viral particles within its aphid 

vector. BBTV was localized by using either monoclonal or polyclonal antibodies into the 

anterior midgut (stomach) and into specific cells forming the principal salivary glands. 

These results suggest a distinct path of virus translocation that likely differs from the one 

described for aphid-transmitted luteovirus, which enter hemocoels through the hindguts 

and posterior midguts and that penetrate the accessory salivary glands of their competent 

vectors. The results obtained in this chapter have been published in Virus Research. 

In Chapter 3, I have used time-course experiments and transmission assays 

coupled with real-time PCR and immunofluorescence assays on dissected tissues to 

examine the translocation, compartmentalisation, and retention of BBTV into the aphid 

vector Pentalonia nigronervosa. The obtained results indicate that BBTV translocates 
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rapidly through the aphid vector; it is internalised into the anterior midgut in which it 

accumulates and is retained at concentrations higher than either the haemolymph or the 

principal salivary glands. Despite the large increase in viral concentration, I have failed to 

detect BBTV transcripts with RT-PCR. When tissues were not permeabilized, BBTV 

localized as distinct puncta in the proximity of the basal surface of the cells forming the 

anterior midgut and principal salivary glands, suggesting an on-going process of virion 

escape and internalisation, respectively. Interestingly, I have also documented that those 

organs (anterior midgut and principal salivary glands) can have direct contact within the 

aphid body, suggesting a possible haemolymph-independent translocation path. The 

results obtained in this chapter have been published in Journal of General Virology. 

Luteovirids and geminiviruses have been shown to bind to GroEL proteins 

produced by endosymbiotic bacteria harbored within the hemipteran vectors. To date, it is 

unknown if BBTV may interact with GroEL. Therefore, in Chapter 4 I have studied the 

possible interaction between BBTV and GroEL. I first have localized and inferred the 

phylogeny of a Buchnera aphidicola endosymbiont inhabiting P. nigronervosa. Then, I 

have predicted the 3D structure of Buchnera GroEL and detected the protein in the 

hemolymph of P. nigronervosa. Interaction assays have been performed using 

immunocapture PCR, dot-blot, and far-western blot assays. However, I have failed to 

obtain evidence of BBTV-GroEL interaction. I have concluded that BBTV likely interact 

with Buchnera GroEL neither in vitro nor in vivo. 

In Chapter 5, I have examined the localization, accumulation, and transmission 

efficiency of BBTV across 4 different lineages of Pentalonia aphids, including Pentalonia 

caladii, a species that in Hawaii colonizes heliconias, ginger and taro, and more rarely 

banana plants. Microsatellite analysis separated the aphid lineages into 4 distinct 

genotypes. The transmission of BBTV was tested using leaf disk and whole-plant assays, 

both of which showed that all 4 lineages are competent vectors of BBTV, although the P. 

caladii from heliconia transmitted BBTV to the leaf disks at a significantly lower rate than 

did P. nigronervosa. Real-time PCR assays revealed that the BBTV titer reached similar 

concentrations in the guts, haemolymph, and salivary glands among the 4 aphid lineages 

tested. Furthermore, immunofluorescence assays showed that BBTV antigens localized to 

the anterior midguts and the principal salivary glands, demonstrating a similar pattern 
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of translocations across the 4 lineages. The results reported in this study showed for the 

first time that P. caladii is a competent vector of BBTV. 

In chapter 6, I used fluorescent markers to study the process of cellular 

internalization in guts and salivary glands of P. nigronervosa. Although further studies on 

transmission electron microscopy is necessary to have a comprehensive understanding for 

endocytic pathway used by BBTV, the data obtained suggests that BBTV does not use a 

receptors-mediated endocytosis as described for aphid-transmitted luteoviruses. 

To my knowledge, this is the first study focusing the interaction of BBTV with its 

vector, P. nigronervosa at cellular level. Future works may focus on aspects that have not 

been addressed, or that have been only partially addressed, through this dissertation: 

1. Transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) combined with immunogold labeling may be useful to examine the 

ultrastructural organization of BBTV on the anterior midgut and principal salivary 

glands. 

2. Trascriptomic analysis of BBTV-infected and control guts and salivary glands may 

help understanding the up- and down- regulation of genes followed by BBTV 

infection, and possibly the mechanism(s) underlying the cellular internalization of 

the virus. 

3. In spite of several attempts, I have not been able to obtain evidence on the 

presence of non-structural proteins within aphids carrying BBTV. However, the 

development of infectious clones of BBTV could be used as tool to address this 

question. 

4. The Immunofluorescence localization technique I developed for dissected aphid 

organs may be extented to banana plant tissues to study the localization of BBTV 

within the host plant. This may provide better understanding on the interaction of 

the virus with plants and the aphid vector. 

I hope the results obtained through my Ph.D. will help researchers to address additional 

questions to further understand the BBTV-aphid vector interaction and develop new 

strategies to control the spread of this virus. 
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Appendix (Publications) 
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