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Tables and Figures 

 

 

Figure 1.  Schematic diagrams of wild type PEMV, PEMV RNA1∆, CP-P-eGFP, and eGFP-

RTD constructs.  The length of the genomic RNA is indicated on the right.  The short ORFs 

remaining of the RTD in PEMV RNA1∆ are in a different reading frame and do not produce 

a translated protein product (32). This figure is modified from (32).
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Table 1.  Primers used for semi-quantitative and quantitative RT-PCR detection of PEMV 

and actin in pea aphid hemolymph. 
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Figure 2.  Binding of CP-P-eGFP and eGFP-RTD to pea aphid BBMV.  Far western blotting 

conducted using pH 3 to 10 and 4 to 7 was replicated at least 4 times with each ligand.  Arrows in the 

CP-P-eGFP blot indicate binding to pea aphid APN.  The additional binding observed in both the CP-

P-eGFP and eGFP control blots was attributed to binding of the GFP antibody to aphid BBMV 

proteins.  The bottom panels indicate the proteins bound by eGFP-RTD that were identified by 

MALDI-TOF MS/MS from a Coomassie stained gel (left) with reference to the probed membrane 

(right).  The selected proteins are indicated by arrows and are listed in Table 2.
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Table 2.  MALDI-TOF MS/MS identification of pea aphid proteins bound by eGFP-RTD in Figure 2.  Proteins that could be aligned 

with confidence to the far-western blot were selected for analysis. 
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Figure 3.  BSA increases the uptake of WT PEMV into the pea aphid hemocoel.  Band intensities of semi-quantitative RT-PCR 

products for both PEMV and actin (at left) were quantified using Image J software and normalized to the amount of actin (at right).  

There was a 2.8 -fold average increase in the amount of PEMV in the hemocoel when co-fed with BSA across three replicates.  The 

presence of BSA resulted in significantly more virus in the aphid hemolymph (Student’s T-test, p = 0.017).   
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Figure 4.  BSA decreases the amount of PEMV RNA1Δ in the aphid hemocoel.  Less viral 

RNA was detected in the hemolymph using semi-quantitative RT-PCR when co-fed with 

BSA (left) in three independent experiments.  A 2.3-fold reduction in viral RNA in aphid 

hemolymph was detected by qRT-PCR when BSA was present (right).  For qRT-PCR, 

relative quantifications were determined by the comparative ΔΔCt
 
method (37) with actin as 

the reference gene.  Only one biological replicate yielded quality qRT-PCR data (with Ct 

values < 30) for experiments with PEMV RNA1Δ.  
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Figure 5.  Analysis of CP-P-eGFP, eGFP-RTD, eGFP interaction with BSA.  Sensorgram 

from BIAcore surface plasmon resonance analysis showing the real-time interaction between 

6 µM of the eGFP- fusion proteins and immobilized BSA.  The eGFP protein was used as a 

negative control.  L1 chip surfaces were prepared with 4000RU of BSA.  The data shown are 

representative of two experiments.
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Figure 6.  Model 1: RTD functions to anchor the virion to the aphid gut epithelium. a) In the 

absence of BSA, the RTD provides an anchor to the gut epithelium allowing PEMV to bind 

APN.  b) When BSA is present, BSA binds to the CP (and the RTD to a lesser extent) and the 

entry of the PEMV-BSA complex is mediated by both BSA receptors and PEMV receptors 

on the aphid gut epithelium.  The use of two separate receptors results in more efficient 

delivery of the virus into the hemocoel.  c) In the absence of RTD, PEMV RNA1Δ is not 

anchored to the membrane thus reducing virus binding and uptake.  The presence of BSA 

further reduces binding and uptake by competing for binding sites. For this model, the uptake 

of PEMV RNA1Δ would be less efficient than that of WT PEMV in the absence of BSA. 
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Figure 7.   Model 2: RTD functions to bind proteins that would otherwise compete with 

virus for receptor binding. a) Virus binding to the aphid gut epithelium is largely mediated by 

CP. b) Binding of BSA to CP and RTD facilitates uptake of the PEMV-BSA complex by 

using both the BSA and virus receptors.  c) Without the RTD, free BSA competes with 

PEMV RNA1Δ for binding to the receptors.  For this model, the efficiency of uptake of 

PEMV RNA1Δ would be comparable to that of WT PEMV in the absence of BSA



 
1
0
9
 

 

 

Supplementary Figure 1.  Predicted properties of PEMV readthrough domain using Protean prediction software (DNAstar 

Inc.v.  5.0).  The antigenicity profiles were predicted using the Jameson–Wolf index and DNAstar 5.0.  The y axes represent 

probability.  The hydrophilicity plot indicates that the RTD would be available for binding to other proteins in the plant and the aphid 

gut.  
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Abstract 

 Glycans are known to function in the binding of animal viruses to host cells, but little 

has been done on the potential role of glycans mediating plant virus-aphid vector 

interactions.  The aphid gut is heavily glycosylated with mannose residues.  We previously 

identified the glycoprotein aminopeptidase N (APN) as the gut receptor for the luteovirus, 

Pea enation mosaic virus (PEMV).  APN is glycosylated with mannose residues and is a 

receptor for mannose binding plant lectins.  By using lectin blot analysis of brush border 

membrane vesicles (BBMV) with the lectins Concanavalin A (ConA) and Galanthus nivalis 

agglutinin (GNA), we confirmed that pea aphid gut proteins are glycosylated with mannose 

and possibly glucose residues.  We tested for PEMV binding to a synthesized tri-mannose 

glycan that is common in insects.  There was no binding of PEMV to the mannose sugars 

using isothermal titration calorimetry (ITC) or a carbohydrate microarray.  These results 

suggest mannose is not involved in PEMV-APN binding.  ITC showed binding of ConA to 

PEMV indicating the potential glycosylation of virus structural proteins. The potential role of 

PEMV virion glycosylation in interaction with plant lectins that enhance aphid-mediated 

virus transmission, and with aphid gut and salivary gland receptors are discussed. 
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Introduction  

Pea enation mosaic virus (PEMV) is vectored by aphids in a circulative-

nonpropagative manner.  PEMV consists of two taxonomically distinct positive-sense RNAs.  

PEMV-1 is the sole member of the genus Enamovirus (Luteoviridae) with genome 

organization similar to that of the Poleroviruses (1), while PEMV-2 belongs to the genus 

Umbravirus (2).  Successful virus transmission involves specific interactions between the 

virus and the aphid vector.  The virus binds a receptor for transcytosis across the aphid gut 

epithelium and is released into the hemocoel (3).  Receptor(s) are also involved in movement 

of the virus from the hemolymph into the accessory salivary glands (ASG) from which virus 

particles are secreted with saliva into the phloem of the plant (4).  The viral coat proteins 

consist of a major coat protein (CP) and a minor coat protein readthrough domain (CP-RTD) 

which are the sole determinants of vector specificity (5).  Both the CP and RTD are essential 

for aphid transmission, although the CP alone is sufficient for virus particle assembly and 

transcytosis across the aphid gut epithelium (6-8).  The RTD is hypothesized to function in 

uptake of virions at the ASG as virions lacking the RTD are not transmitted to plants by the 

aphid vector (3, 9).   

Protein glycosylation is important for many biological processes such as cell-cell 

interactions, signal transduction, and intracellular protein trafficking (10, 11).  Protein 

glycosylation is a co- or post-translational modification that is either N-linked, i.e. sugars are 

attached by a glycosidic bond to asparagine residues, or O-linked in which sugars are 

connected to serine or threonine (11).  N-linked glycans are found on glycoproteins from 

bacteria to mammals (12, 13).  Although the enzymes required to generate complex glycans 

have been found in insects, the glycan structures typically consist of high mannose or 
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paucimannose structures and are less complex than in mammals (10).  The most common 

insect N-glycan structures share a common terminal tri-mannoside structure containing a β-

mannoside with two α- mannosides attached at the O-3 and O-6 positions (Figure 1).   

More complex insect glycans have recently been discovered and the greater diversity 

of glycans across insect species is being realized (11).  It is still evident that mannose 

residues are the most abundant glycans in insects.  Mannose binding lectins exhibit toxicity 

to various insects including aphids (14-20).  Insect midgut proteins including ferritin, 

sucrase, or aminopeptidase N are known targets for these mannose-binding plant lectins (14, 

16, 19, 21).  Aminopeptidase N (APN) is of interest because we have determined that APN is 

the gut receptor for Pea enation mosaic virus (PEMV, Chapter 2).  An estimated 16% of the 

molecular mass of pea aphid APN is comprised of carbohydrates (20) and glycans may 

therefore be involved in PEMV-APN interaction. 

While several examples of glycan involvement in host cell recognition of animal 

viruses exist (22-24), little is known about the role of glycans in plant virus-insect 

interactions.  Sialic acid residues are sufficient for attachment of influenza virus (25).  In 

some cases viruses interact with glycoproteins for initial attachment which stimulates a 

conformational change in the host cell allowing virus binding to a second receptor (24).  

Increasing evidence suggests that glycans are critical for uptake of insect vectored pathogens 

(26-29).  Glycans on the surface of mosquito-borne Dengue virus and West Nile virus may 

be important for receptor attachment (29, 30).  A non-viral pathogen, the malaria parasite, 

Plasmodium yoelii also uses glycans in vector interactions.  An antibody that binds α-

mannose on mosquito midgut microvilli blocked development of the parasite (27) indicating 

that mannose may be required for binding. 
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There is relatively little information on the glycosylation of plant viruses.  The Potato 

virus X and the aphid transmitted Plum pox virus have been shown to be O-glycosylated (31-

33).  The role of these modifications has not been determined.  Another aphid transmitted 

virus, Lettuce necrotic yellow virus, is reported to have N-linked complex oligosaccharides 

(34).  Tomato spotted wilt virus (TSWV) is an enveloped virus in the family Bunyavirdae 

that is transmitted by Western flower thrips, Frankliniella occidentalis (35).  TSWV encodes 

two glycoproteins GN and GC.  GN  is critical to infection of thrips and is required for binding 

to the thrips midgut (35).  Only two studies have investigated the glycosylation of luteovirus 

structural proteins (36, 37).  The earlier of the two studies suggested the capsid proteins of 

Turnip yellows virus (TuYV, formerly named Beet western yellows virus) contain α-D-

galactose residues that when altered by N-glycosidase or α-D-galactosidase disrupted aphid 

transmission (36).  In contrast, there was no evidence that the structural proteins of TuYV 

and a related polerovirus, Cucurbit aphid-borne yellows virus (CABYV) are glycosylated 

and consequently argued against the role of virus glycosylation in aphid transmission (37).  

The number and location of predicted glycosylation sites is variable among luteoviruses (37) 

(Table 1).  The structural proteins of PEMV contain four predicted sites for N-glycosylation 

based on sequence analysis.  The four sites are found in the coat protein (CP) sequence.  

There are also five predicted O-glycosylation sites, two sites in the CP and three in the RTD. 

In this study we used a carbohydrate microarray and isothermal titration calorimetry 

(ITC) to investigate the binding of PEMV to a synthesized insect tri-mannose designed based 

on common glycan structures in insects.  We also used ITC to show that the lectin ConA 

binds to PEMV confirming glycosylation of the virus capsid proteins. 
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Materials and Methods 

Prediction of PEMV glycosylation sites 

 O-linked N-acetylgalactosamine glycosylation sites in the PEMV coat protein 

sequence were predicted using NetOGlyc 3.1 (http://www.cbs.dtu.dk/services/NetOGlyc/).   

N-linked glycosylation sites for PEMV were predicted using NetNGlyc 1.0 

(http://www.cbs.dtu.dk/services/NetNGlyc/).  Putative glycosylation sites for the other 

luteoviruses were taken from Revollon et al. (37) where the authors used the same 

glycosylation prediction programs.  The parameters for the glycosylation prediction 

programs were used as described in (37). 

Lectin blotting of pea aphid BBMV and gut protein 

BBMV were prepared from whole pea aphids using the method described in (38).  To 

extract total gut protein, pea aphid guts were dissected in PBS in the presence of protease 

inhibitors at a 1:100 dilution (Sigma) and homogenized with a pestle.  The homogenate was 

clarified by centrifugation at 14,000g to remove cell debris and the supernatant was 

collected.  All protein concentrations were determined by Bradford assay.  For lectin blotting, 

10 µg of BBMV or gut extract was separated by SDS-PAGE, transferred to PVDF 

membrane, and probed with two different lectins, ConA and GNA, at a concentration of 

5 µg/ml.  Two µg of bovine serum albumin (BSA, Promega) was loaded as a negative 

control.  A commercially available Con A conjugated to horse radish peroxidase (AMS 

Biotechnology) was used for detection of ConA binding.  Bound GNA was detected with 

GNA antiserum (39) (1:5000) and an anti-rabbit HRP-conjugated secondary antibody 

(1:5000).  Purified GNA (500 ng) was used as a positive control for the GNA antibody.  

http://www.cbs.dtu.dk/services/NetOGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
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HyGlo Chemiluminescent HRP detection reagent (Denville Scientific) was used and 

luminescence detected on autoradiography film using standard procedures.  

PEMV purification and FITC labeling  

PEMV was purified using a method modified from (40).  PEMV infected plant tissue 

was frozen in liquid nitrogen and homogenized in a blender with 0.2 M sodium acetate pH 6 

(1mL/gram of tissue) and an equal volume of chloroform.  The homogenized tissue 

suspension was centrifuged at 3000g for 10 min.  The supernatant was transferred to clean 

tubes and centrifuged 17,200g for 2 h.  Pellets were saved and supernatant was again 

centrifuged at 141,000g for 2.5 h.  All pellets were soaked in 0.2 M sodium acetate pH 7 

overnight at 4°C and then resuspended.  The soluble fraction was centrifuged at 147,000g 

through a 30% sucrose cushion made 0.2 M sodium acetate, pH 7.  The final pellet was 

washed three times in 0.2 M sodium acetate buffer to remove excess sucrose and 

resuspended in the same buffer.  Sample purity was assessed by SDS PAGE analysis.  The 

protein concentration of PEMV was determined by densitometric analysis with Image J 

software (41) of the Coomassie stained bands with reference to known BSA concentrations 

resolved by SDS–PAGE.   

The purified virus was labeled with fluorescein isothiocyanate (FITC) using an FITC 

Antibody Labeling Kit (Pierce) following the manufacturer’s protocol.  The labeling reaction 

was completed in the virus purification buffer (0.2M sodium acetate, pH 7), instead of the 

recommended 50mM sodium borate at pH 8.5.  This was done to avoid precipitation of the 

PEMV virions at a more basic pH.  To confirm FITC labeling of PEMV, the viral protein 

were separated by SDS-PAGE and the gel scanned using a Typhoon 9410 Variable Mode 

Imager (Amersham Pharmacia Biotech) in the green-excitation mode (532nm).  
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Carbohydrate microarray and isothermal titration calorimetry 

The detailed protocols for synthesis of insect glycans, the carbohydrate microarray, 

and ITC experiments can be found in (42).  Briefly, for the carbohydrate microarray the N-

glycan trimannosides (Figure 1) were synthesized with fluorous tags (F-tag) and attached to a 

fluorous coated glass slide.  The control sugars in the experiment were F-tag modified α-

mannoside and β-galactoside.  The slides were incubated for 1hr with the FITC-labeled 

PEMV or FITC-labeled ConA (positive control), washed twice in PBS and once in deionized 

water, and then scanned at the Iowa State University DNA Facility to visualize fluorescence. 

For ITC, the fluorous tags were removed from the sugars.  The ITC experiments 

involved titration of the mannosides into a mixing cell containing PEMV.  ConA was used as 

a positive control.  The temperature of the mixing cell was compared with a reference cell 

and the difference in heat was measured over the course of the titration.  At the end of each 

experiment, Kd (dissociation constant), ΔH (enthalpy), ΔS (entropy), and N (reaction 

stoichiometry) were extracted from the resulting data. 

Results 

The pea aphid gut is glycosylated with mannose groups 

 To determine the extent of glycosylation in the pea aphid gut, BBMV and gut protein 

extracts were probed with the lectins ConA and GNA.  ConA binds to α-mannose and α-

glucose sugar groups and GNA recognizes high α-mannose structures.  Based on comparison 

of the lectin blots to the Coomassie stained gels a large percentage of the proteins were 

bound by the lectins (Figure 2).  This indicates an abundance of mannose and possible 

glucose residues present in the gut.  There was a difference in the profiles of the two lectins.  
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The lectins did not bind to BSA which was used as a negative control.  The molecular mass 

of GNA is 50 kDa and exists as four identical subunits of approximately 13Kda.  The GNA 

antibody recognized proteins in the positive control migrating at about 20-25 kDa and 200 

kDa (Figure 2), which are likely to be multimers of GNA.  A protein migrating slightly 

higher than 150 kDa that corresponds to the size of APN was recognized by ConA in both 

BBMV and gut protein samples (Figure 2).   

PEMV does not bind to mannose 

 A carbohydrate microarray and ITC were used to test the binding of PEMV to α-

mannose and the synthesized insect tri-mannose.  In the microarray, synthesized sugars were 

attached to a fluorous chip and incubated with FITC-labeled PEMV.  There was no binding 

to either the α-mannoside or tri-mannose at the concentrations used (Figure 3).  FITC-labeled 

ConA was used as a positive control for binding to the sugars.  β-galactose is not recognized 

by ConA and was used as a negative control. 

 Iosthermal titration calorimetry was used as a second method to investigate PEMV 

binding to the sugars.  The tri-mannoside was used for the ITC experiment with a 

commercially available methyl α-mannoside as a control sugar.  ConA was the positive 

control for comparison with PEMV.  Molar concentrations of PEMV were calculated based 

on the size of a single coat protein subunit with each subunit considered one potential glycan 

binding site.  The ITC experiments involved titration of the solution with the sugar into a cell 

with the PEMV solution.  At the end of each titration experiment, Kd, ΔH, ΔS, and N were 

determined from the resulting data.  There was obvious binding between the two saccharides 

and ConA with a Kd = 4.65 μM for methyl α-mannoside, and a Kd = 3.27 μM for the tri-

mannoside (Figures 4 and 5).  The Kd values are calculated by the formula Kb = 1/Kd where 
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Kb is the K value found on the ITC graphs.  The smaller the Kd , the stronger the binding.  

There was no binding of PEMV to the α-mannoside and tri-mannoside (Figure 4 and 5). 

ConA binds to PEMV 

 To determine if the PEMV structural proteins are glycosylated, ITC was used to test 

for the binding of ConA to PEMV.  There was weak binding of ConA to PEMV (Figure 6).  

The Kd of the reaction was 50.5 indicating a low level of binding compared to the Con A-

mannose controls (4.65 and 3.27).  This result suggests a low level of glycosylation of PEMV 

virions. 

Discussion 

Glycosylation of aphid gut proteins.  Aphid gut proteins are known to be glycosylated with 

mannose residues which correlates with the toxicity of ConA, GNA, and other mannose 

binding lectins in these insects (14-20).  In our study, the mannose-binding lectins ConA and 

GNA bound to pea aphid BBMV and gut extracts confirming the abundance of mannose in 

the pea aphid (14, 20, 43).  Sauvion et al. (43) immunolocalized ConA to the gut epithelial 

cells of pea aphids fed on the lectin.  A mannose-specific garlic lectin bound to many pea 

aphid proteins of which APN and sucrase were identified as receptors for the lectin (14).  

Cristofoletti et al. (44) showed GNA bound a single band from midgut homogenates which 

was identified as APN.  In our lectin blots ConA appeared to bind APN, but it was unclear 

whether GNA bound to APN.  Our lectin blots with BBMV and gut protein showed binding 

of ConA and GNA to many pea aphid proteins.  This result is in contrast to the Cristofoletti 

et al. study (44) where a single band (identified as APN) was detected from midgut 

homogenates using GNA.  The total gut protein in our study was prepared using the same 

method as in (44), so the reason for the different results is unclear.  BBMV preparations are 
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Figure 3.  PEMV did not bind to the insect N-glycan tri-mannoside or α-mannoside using a 

carbohydrate microarray.  The fluorous tagged carbohydrates were attached to commercially 

available slides in the pattern shown above.  The control sugars in the experiment were β-

galactoside (-) and α-mannoside (+).  The attached sugars were incubated with various 

concentrations of FITC-labeled PEMV (A – F) or FITC-labeled ConA as a positive control 

(G). 
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Figure 4.  PEMV does not bind to α-mannoside using ITC.  ConA was used as a positive control for binding.  In the top panel the 

amount of heat released is measured after each addition of α-mannoside and the signal should diminish over time as the binding sites 

are saturated.  The bottom panel shows the amount of heat plotted against the molar ratio of the ligands in the reaction which is fit to a 

binding curve. 
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Figure 5.  PEMV did not bind to the synthesized insect tri-mannoside in the ITC experiment.  ConA was used as a positive control.  In 

the top panel the amount of heat released is measured after each addition of tri-mannoside.  In the bottom panel the amount of heat is 

plotted against the molar ratio of the ligands in the reaction. The data from PEMV could not be fit to a binding curve as seen for 

ConA.
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Figure 6.  ConA bound weakly to PEMV in the ITC experiment indicating the presence of 

carbohydrates associated with the PEMV structural proteins.  In this experiment ConA was 

titrated into the cell containing PEMV.  The Kd for ConA-PEMV is 50.5 compared to a Kd of 

3.27 for ConA binding to the insect tri-mannoside.  The lower the Kd, the stronger binding. 
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obvious differences that would explain this tissue specificity (7, 14, 15), the N-terminal half 

of the RTD is more conserved across luteoviruses than the C-terminal half, which is highly 

variable. The potential role of the C terminal region of RTD in binding the midgut versus the 

hindgut warrants further investigation.  

APN is present throughout the midgut but aminopeptidase activity decreases towards 

the posterior end of the gut (16).  In the case of PEMV therefore, uptake of this virus through 

the midgut and the primary localization of APN to the midgut fits with use of APN as a 

receptor.  Identifying receptors for viruses acquired through the hindgut will help 

understanding of why luteoviruses use different routes for uptake into the aphid vector. 

Based on our results, APN may represent the first receptor identified for a plant virus 

in the insect vector.  Modeling of the interaction of pea aphid APN and PEMV to determine 

the specific coat protein domains involved in binding would be informative.  One-

dimensional ligand blots suggest that the BC (amino acids 65-78) and GH (amino acids 147-

159) loops of PEMV CP are not involved in receptor interaction (Appendix 2). 

Understanding the specific receptor-virus interactions is crucial for developing strategies to 

disrupt aphid transmission of plant viruses.  To date, there is no crystal structure for a 

luteovirus, only a model for Potato leaf roll virus (PLRV) based on homology to Rice yellow 

mottle virus (genus Sobemovirus) (17).  Crystal structures of virus-receptor interactions have 

been resolved for some viruses (18, 19).  The protrusion of the RTD from the surface of 

luteovirions may hinder the ability to produce crystal structures, so the use of both 

recombinantly expressed CP (which self assembles into virus-like particles) and receptor 

(APN) may suffice.  Constructing a short peptide library from the PEMV CP to test for 

binding to APN would also narrow down specific regions of the CP involved in binding.  
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This method was used to test the binding of Barley yellow dwarf virus (BYDV) structural 

proteins to GroEL from the aphid endosymbiont, Buchnera (20).  A method involving 

chemical cross-linking followed by mass spectrometry has recently been used to study 

functional domains in the CP and RTD of PLRV (21).  Interacting proteins are cross-linked 

and subsequently identified by mass spectrometry to determine sites between CP molecules, 

between CP and RTD, and within RTD that interact.  This method may have the potential to 

determine the interactions of luteoviruses with non-viral proteins in the aphid and plant.  

GBP3.1 was shown to impede uptake of PEMV into the aphid hemocoel (6) and we 

demonstrated that GBP3.1 also binds to APN.  Peptides similar to GBP3.1 developed to bind 

to virus receptors could be expressed in planta.  Upon aphid feeding, these peptides could 

interfere with uptake of virions into the aphid hemocoel thereby reducing virus transmission 

in the field.  In an agricultural setting this method would not protect the first plant fed upon 

by an incoming viruliferous aphid, but would block plant to plant spread of the virus in the 

field.  A single competing molecule could be effective in blocking transmission of related 

viruses if common insect receptors are used, but this remains to be seen.  This strategy could 

also be applied to block binding of stylet-borne, non-persistent viruses if peptides that bind 

the same site are identified.  Such a virus transmission blocking strategy would need to be 

used in conjunction with a method to control aphid populations such as aphid resistant plants.  

This approach may be a way to limit the use of environmentally damaging insecticides.  The 

methods used successfully for identification of APN as a receptor for PEMV can now be 

applied for discovery of virus receptors in other virus-vector systems. 

In Chapter Three, the impact of bovine serum albumin (BSA) on uptake of PEMV 

into the pea aphid was investigated.  This study was designed based on the findings of 
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Bencharki et al. (22) showing that CABYV virions bound to phloem lectins and the addition 

of  these lectins (and other non-plant proteins) to artificial diet increased the efficiency of 

virus transmission by the aphid vector.  However, not all proteins fed with virus had this 

effect.  In our study, we showed increased virus in the hemocoel of aphids fed on artificial 

diet containing purified PEMV with bovine serum albumin (BSA) compared to aphids fed on 

virus in the absence of BSA.  SPR analysis indicated that CP binds BSA strongly, while only 

weak binding was detected between RTD and BSA.  We propose that BSA binds CP and the 

entry of the PEMV-BSA complex is mediated by both BSA receptors and PEMV receptors 

on the aphid gut epithelium; thus providing more efficient delivery of the virus into the 

hemocoel.  In contrast, BSA did not increase uptake of virus lacking the coat protein 

readthrough domain (CP-RTD, PEMV RNA1Δ).  A proposed model to explain these 

observations is that the RTD serves as an anchor to enhance virus association with the gut 

epithelium. While BSA can further enhance uptake in the presence of the RTD anchor, the 

absence of the RTD removes any benefit of virus association with BSA.  This model implies 

that under BSA free conditions WT PEMV crosses the gut more efficiently than PEMV 

RNA1Δ.  Decreased uptake of RTD-deficient BWYV has been observed (12).  WT PEMV 

and PEMV RNA1Δ accumulate to comparable levels in the aphid when acquired from the 

plant (23), but our preliminary data suggest WT PEMV is acquired more efficiently than 

PEMV RNA1Δ by membrane feeding. This result needs to be confirmed.  In an alternative 

model, the RTD functions to bind proteins such as BSA that might compete with PEMV for 

binding to APN. The binding of CP and RTD to BSA still facilitates uptake of the PEMV-

BSA complex by using both the BSA and virus receptors.  Without the RTD, free BSA 

competes with PEMV RNA1Δ for binding to the receptors thereby reducing virus entry.   
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Important to both of these models is the ability of BSA to independently transcytose 

across the gut epithelium and for BSA to interact with the virus.  Not all proteins are able to 

cross the gut and/or interact with the virus and these proteins may not enhance uptake of the 

virus.  Importantly, BSA has been reported to cross the gut of some insects (24, 25), along 

with several additional proteins shown to improve plant virus transmission (22). 

The function of the RTD is not fully understood.  Both the CP and RTD are required 

for aphid transmission.  The CP alone is sufficient to cross the gut (12, 26, 27), however 

virions lacking the RTD do not move as efficiently (12). Virions without RTD have not been 

observed to associate with the ASG, with the exception of baculovirus-expressed virus-like 

particles of PLRV lacking the RTD that were detected in the ASG (27).  RTD binding of 

aphid gut epithelial proteins may serve to anchor the virus to specific regions of the gut 

epithelium, enhancing uptake and the accumulation of virus in the hemolymph.  Virus 

association with plant proteins may further enhance uptake and these increased virus titers in 

the hemocoel may be sufficient for successful entry of virions into the ASG.  Examination of 

the interaction between CP-P-eGFP and RTD-eGFP with plant lectins would indicate 

whether BSA behaves in a similar manner to facilitate virus uptake.  

The presence of BSA or plant proteins is expected to reduce the latent period, or time 

between virus ingestion and when the aphid can transmit the virus.  Luteoviruses can 

typically be detected in the hemolymph within 30 min of feeding, but can require up to 24 hrs 

before the aphid will efficiently transmit the virus (28).  This suggests the virus must 

accumulate to a certain threshold to allow enough virus to enter the aphid saliva and be 

transmitted.  Plant proteins associated with virus particles that enhance virus accumulation in 

the hemolmph to the level required for efficient transmission would reduce the latent period.    



143 
 

In Chapter Four, the role of glycans in PEMV-pea aphid interactions was assessed.  

While glycans are known to mediate animal virus-vector interactions (29-31), little is known 

about glycan involvement in insect transmission of plant viruses.  We have identified APN as 

the putative receptor for PEMV.  APN is a glycosylated protein and a known receptor for 

mannose binding lectins (5, 32).  We have not determined whether glycans are required for 

PEMV binding to APN.  An insect tri-mannose or “paucimannose” structure commonly 

found in insects (33) was synthesized by our collaborators and tested for binding to PEMV 

using a carbohydrate microarray and isothermal titration calorimetry (ITC).  Binding between 

the insect tri-mannose and PEMV was not detected by either method.  The results suggest the 

virus does not use this insect glycan for receptor binding or interact with mannose residues 

on other proteins during transport through the aphid.  However, virus binding may require 

both a protein and a glycan component or the addition of N-Acetylglucosamine (GlcNAc) 

groups normally found in insect glycans.  Determining whether the glycosylation of APN is 

critical for PEMV binding may be a direction for future work.  This could be addressed by 

enzymatically removing carbohydrate groups from APN and monitoring the impact on 

PEMV binding. 

Using ITC, we observed binding of the lectin Concanavalin A (ConA) to PEMV 

indicating glycosylation of the PEMV structural proteins.  ConA binds both mannose and 

glucose.  Only two studies have investigated the glycosylation of luteoviruses (34, 35).  The 

first study suggested glycosylation of Turnip yellows virus (TuYV) structural proteins was 

important for aphid transmission (34).  The second study disputed this claim and provided 

additional evidence that the structural proteins of TuYV and a related polerovirus, Cucurbit 

aphid-borne yellows virus (CABYV) were not glycosylated or that virus glycosylation was 


