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Abstract: Plant viruses can be genetically modified to generate chimeric virus particles (CVPs) carry-
ing heterologous peptides fused on the surface of coat protein (CP) subunits as vaccine candidates.
However, some factors may be especially significant in determining the properties of chimeras. In this
study, peptides from various sources and of various lengths were inserted into the Bamboo mosaic
virus-based (BaMV) vector CP N-terminus to examine the chimeras infecting and accumulating
in plants. Interestingly, it was found that the two different strains Foot-and-mouth disease virus
(FMDV) VP1 antigens with flexible linker peptides (77 or 82 amino acids) were directly expressed on
the BaMV CP, and the chimeric particles self-assembled and continued to express FMDV antigens.
The chimeric CP, when directly fused with a large foreign protein (117 amino acids), can self-fold
into incomplete virus particles or disks. The physicochemical properties of heterologus peptides
N-terminus, complex strand structures of heterologus peptides C-terminus and different flexible
linker peptides, can affect the chimera accumulation. Based on these findings, using plant virus-based
chimeras to express foreign proteins can increase their length limitations, and engineered plant-made
CVP-based vaccines have increasing potential for further development as novel vaccines.

Keywords: Bamboo mosaic virus; longer antigens; chimeric virus particles (CVPs); flexible linker;
peptide properties; virus accumulation

1. Introduction

Molecular agricultural technology, utilizing plants as bioreactors to produce valuable
proteins, has increased in recent years [1–3]. Among the commonly used approaches,
virus-based transient expression vector systems are the most promising for rapid recombi-
nant protein expression, having higher potential than stable transgenic plants [2]. Among
plant virus-based vectors, through the epitope presentation system, plant-made chimeric
virus particles (CVPs) displaying pathogenic antigens on their surfaces as fusions to the
coat proteins (CPs) can be potential vaccine candidates [2–5]. The CVP strategy has been
used extensively to display target peptides on the CVP surface to enhance immunogenic-
ity [6,7]. CPs can enhance immunogenicity [6,8] and facilitate easy antigen purification [5].
Additionally, when intranasally, intraperitoneal or oral plant-made CVP immunization
is administered to animals, they can induce strong neutralizing immune responses and
protect against diseases [1,5,9–12]. Hence, plant-made CVPs have the potential to be
developed into vaccines against various diseases.
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However, CVP production in plants has several limitations [13]. Directly displaying
the foreign peptides on the rod-shaped CVP surface, differing peptide lengths [12,14],
isoelectric point (pI) [15–17], charge [17] and the content of tryptophan [16,18], threo-
nine [16,18], serine [16,18], or cysteine [19], can affect CVP infectivity, morphology, stability,
virus-host interactions and long-distance movement. Cowpea mosaic virus (CPMV)-based
vectors directly express foreign peptides on icosahedral CVP surfaces, and their peptide
length and pI affect CPMV CVP symptoms, phenotypes and yields [20]. The special
structural features of the chimeric CP may prevent self-assembly into CVPs [21] and has
the tendency to delete insertions, eventually reverting back to a wild-type virus after
several cycles of infection [16,20]. Therefore, further studies to investigate the effects of
foreign peptide characteristics on the ability of recombinant viruses to generate CVPs
are important.

Bamboo mosaic virus (BaMV) is a filamentous rod consisting of single-stranded
positive-sense RNA. BaMV CP reveals flexible N- and C-terminal extensions, allowing
deformation while maintaining structural integrity [22]. The 35 amino acids in the BaMV
CP N-terminus contain a unique glycine-rich motif-containing region, the deletion of which
has no effect on the virus characteristics [22,23]. Therefore, the BaMV CP N-terminus, which
removes the 35-amino acid vector, BS-d35CP, has been successfully developed as an epitope
presentation system, and directly expressed peptides of up to 37 amino acids [9]. Previous
reports have demonstrated that a BaMV-based vector is an effective epitope presentation
system [9,11]. The foot-and-mouth disease virus (FMDV) VP1 epitopes expressed on
BaMV CVP surfaces effectively induce humoral and cell-mediated immune responses in
swine and provide full protection against FMDV challenges [9]. Following intramuscular
immunization with very virulent infectious bursal disease virus (vvIBDV) VP2 epitopes
expressed on BaMV CVP surfaces, chickens produced antibodies against IBDV and were
protected from vvIBDV (V263/TW strain) challenges [11]. These results indicate that it
is possible to successfully produce vaccine candidates based on the BaMV CVP platform
using a plant cell suspension culture system instead of conventional bacterial or animal cell
culture systems [24]. Therefore, this report is the first to determine whether the physical
and chemical parameters and structure of heterologous peptides affect the accumulation
of BaMV CVP. Second, we aimed to explore the effect of large heterologous peptides with
flexible linkers directly fused onto BaMV CPs on virion assembly and stability.

2. Materials and Methods
2.1. Construction of Chimeric Virus Infectious Clones

The infectious recombinant constructs were constructed by inserting various polypep-
tide nucleotide sequences at the 5′-terminus of the truncated CP open reading frame of
the vector pBS-d35CP [9] following digestion with the appropriate restriction enzyme
(Figure 1). Detailed methods are provided in the supplementary methods (Methods S1).
All plasmids were confirmed by nucleotide sequencing.
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nus of the 35 amino acids truncated coat protein (CP) under the control of cauliflower mosaic vi-
rus 35S promoter. The restriction enzyme recognition sites for cloning are indicated on top. 

Figure 1. Schematic representation of the recombinant constructs based on the bamboo mosaic
virus-based (BaMV) genome. pBS-d35CP is a mutant infectious construct of BaMV with N-terminus
of the 35 amino acids truncated coat protein (CP) under the control of cauliflower mosaic virus 35S
promoter. The restriction enzyme recognition sites for cloning are indicated on top.

2.2. Physicochemical Parameters Prediction of Foreign Peptides

The physical and chemical properties of the peptides were calculated using the Prot-
Param program on the ExPASy server (http://web.expasy.org/protparam/; accessed on

http://web.expasy.org/protparam/
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8 January 2012). These computed parameters include the theoretical pI, number of charged
residues and grand average of hydropathicity (GRAVY; positive GRAVY index, hydropho-
bic; negative GRAVY index, hydrophilic). The computational predictions of disulfide bond
connectivity were estimated using the DiANNA 1.1 web server [25] to predict hypotheti-
cal chimeric CP disulfide bonds. Protein secondary structures were simulated using the
PSIPRED protein structure prediction server [26].

2.3. Plant Inoculation and Detection of Chimeric Virus Accumulation

Infectious cDNA clones of recombinant chimeric viruses were inoculated onto the
local lesion host Chenopodium quinoa or the systemic infection host Nicotiana benthamiana,
as previously reported [27]. These plants were grown in a greenhouse exposed to normal
daylight. For the infectivity assay, infectious chimeric cDNAs were inoculated onto three
C. quinoa or N. benthamiana (1 µg 10 µL–1 per leaf) plants with four or two fully expanded
leaves by gently rubbing carborundum-dusted leaves with cotton swabs. The inoculated
C. quinoa leaves were harvested at 10 days post infection (dpi). The inoculated N. ben-
thamiana leaves and systemic-infected leaves were harvested at 14 and 21 dpi, respectively.
Proteins extracted from the inoculated and systemic-infected leaves were separated using
12% SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) membranes (Millipore,
MA, USA) and reacted with antsera against BaMV CP [28], influenza A virus M2 (Abcam
ab56086), FMDV VP1 [29], anti-FMDV VP1-97 (O/TAW/97, Methods S2), anti-FMDV
VP1-99 (O/TAW/99, Methods S2), or JEV EDIII [12], respectively, to confirm the molecular
identity of the chimeric viruses.

The accumulation levels of chimeric viruses were analyzed using an indirect enzyme-
linked immunosorbent assay (ELISA). ELISA was performed as previously described, with
minor modifications [9]. Total inoculated leaf protein extract dilutions were incubated
overnight in ELISA plates (Nunc). Rabbit antisera against BaMV CP were then added to
each well [28] and the bound protein antibodies were detected with biotin-conjugated goat
antirabbit IgG using the VECTASTAIN Elite ABC kit (avidin biotinylated peroxidase; Vector
Laboratories). Following color development, the absorbance at 450 nm was measured using
an ELISA reader (Spectramax M2, Molecular Device, San Jose, CA, USA). A standard curve
was created using solutions containing purified BaMV virion of a known concentration,
and then compared with the generated ELISA data. Noninoculated leaf protein extract was
used as a negative control.

2.4. Serologically Specific Electron Microscopy (SSEM) of CVPs

Methods used for the examination of chimeric BVP1s (various FMDV VP1 epitopes
expressed on BaMV) virions by SSEM were performed as previously reported [30]. Copper
grids were precoated with antisera specific for BaMV CP [28] at 1:100 dilution before the
crude sap was dropped. Crude sap from freshly inoculated C. quinoa leaves at 10 dpi was
collected and dropped onto glow-discharged carbon-coated copper grids. The grids were
then negatively stained with 2% uranyl acetate and examined using transmission electron
microscopy (Philips CM 100 Bio) at 80 kV. BaMV and BS-d35CP virions were examined
using the same method as the control.

2.5. Infected Plant Tissue Protein Analysis and BVP1s Chimera Stability during
Sequential Transmission

The stability of the BVP1s chimeric viruses was tested using C. quinoa and N. ben-
thamiana. The infectious cDNA clones of pBS-d35CP, pBVP1 [9], pBVP1-9, pBVP1-7A7,
pBVP1-7A9, and pBVP1-7AG9 were inoculated into C. quinoa and N. benthamiana, as pre-
viously reported [27]. After symptoms appeared on the pBVP1s-inoculated C. quinoa or
N. benthamiana leaves at 10 dpi, the leaves were excised and mechanically transferred to
healthy C. quinoa and N. benthamiana, respectively. The procedure mentioned above was
repeated three times, and the progeny viruses BVP1-7A7, BVP1-7A9 and BVP1-7AG9 on
C. quinoa and N. benthamiana leaves were assayed each time to examine the stability of the
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chimeric virus after successive passages in plants. Total protein contents were analyzed via
Western blotting to confirm the stability of BVP1s.

2.6. Statistical Analysis

Differences between groups were evaluated using Student’s t-test, where p < 0.01, was
considered statistically significant.

3. Results
3.1. Expression Efficiency of Chimeras from Different Recombinants Variations

To determine the ability of individual peptides to influence infectivity and chimeric
virus accumulation, peptides of different lengths and amino acid compositions were
selected to directly express foreign peptides on BaMV CVP surfaces. Heterologous peptide
nucleotide sequences were constructed into the 5′-terminus of the CP plasmid pBS-d35CP
(Figure 1), as described in previous studies [9,11]. A panel of polypeptides was selected
from influenza A virus M2 extracellular domain (M2e), influenza A virus hemagglutinin
(HA), influenza A virus HA2, FMDV VP1, T-cell epitopes, or Japanese encephalitis virus
envelope protein domain III (JEV EDIII) epitopes (Table S1).

We determined the infectivity levels of the recombinant viruses in the local lesion
host C. quinoa. Chimeric BaMV infectious clones developed symptoms at 10 dpi. To
further verify that CP generated from chimeric BaMV-inoculated plants contained various
antigenic epitopes, Western blotting analysis was performed using specific antisera against
BaMV CP, influenza A virus M2, FMDV VP1, or JEV EDIII, respectively. The inoculated
leaves were then examined to evaluate the presence of these CVP accumulations through
ELISA. The chimeras were divided into six groups: no-infection, 1–20%, 21–40%, 41–60%,
61–80%, and 81–100% infection with BS-d35CP, respectively (Table S1 and Table 1).

Table 1. List of the N-terminal heterologus peptides of the chimeric BaMV CP putatively encoded by each construct.

Peptide
Name Amino Acid Sequence † Construct

Name
Peptide
Length

Peptide
Charge

Peptide
pI Value ‡

Accumulation
§

F-E TVYNGSSKYGDTSTNNVRGDLQVLAQKAERTLPTSFN pBVP1 37 +1 8.10 V
F-F TVYNGNCKYGESPVTNVRGDLQVLAQKAARTLPTSFN pBVP1-9 37 +2 9.10 V

F-EE
TVYNGSSKYGDTSTNNVRGDLQVLA-
QKAERTLPTSFNAAATVYNGSSKYGD-
TSTNNVRGDLQVLAQKAERTLPTSFN

pBVP1-7A7 77 +2 9.15 IV

F-FF
TVYNGNCKYGESPVTNVRGDLQVLA-
QKAARTLPTSFNAAATVYNGNCKYG-

ESPVTNVRGDLQVLAQKAARTLPTSFN
pBVP1-9A9 77 +4 9.39 I

F-EF
TVYNGSSKYGDTSTNNVRGDLQVLAQ-
KAERTLPTSFNAAATVYNGNCKYGE-
SPVTNVRGDLQVLAQKAARTLPTSFN

pBVP1-7A9 77 +3 9.30 II

F-FE
TVYNGNCKYGESPVTNVRGDLQVLA-
QKAARTLPTSFNAAATVYNGSSKYGD-
TSTNNVRGDLQVLAQKAERTLPTSFN

pBVP1-9A7 77 +3 9.30 I

F-EF1
TVYNGSSKYGDTSTNNVRGDLQVLAQK-
AERTLPTSFNAAASGGGGTVYNGNCKY-
GESPVTNVRGDLQVLAQKAARTLPTSFN

pBVP1-7AG9 82 +3 9.30 III

F-FE1
TVYNGNCKYGESPVTNVRGDLQVLAQK-
AARTLPTSFNAAASGGGGTVYNGSSKY-

GDTSTNNVRGDLQVLAQKAERTLPTSFN
pBVP1-9AG7 82 +3 9.30 II

F-FEE

TVYNGNCKYGESPVTNVRGDLQVLAQK-
AARTLPTSFNAAATVYNGSSKYGDTSTNNV-
RGDLQVLAQKAERTLPTSFNAAATVYNGSS-
KYGDTSTNNVRGDLQVLAQKAERTLPTSFN

pBVP1-9A7A7 117 +4 9.37 I/0

† Word subscript line indicate linker fragment; ‡ isoelectric point; § accumulation of chimeric BaMV virus in C. quinoa was normalized
BS-d35CP (100%) to account for chimeric BaMV virus 0: no-infection, I: 1–20%, II: 21–40%, III: 41–60%, IV: 61–80%, V: 81–100%. Spacer
sequences are underlined.
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3.2. Effects of Physicochemical Parameters of Heterologous Peptides

Hydrophobic amino acids play a key role in the self-assembly of protein molecules [31].
Potexvirus virion surfaces are highly hydrated, and the water molecules bound to these
surfaces help to maintain the surface structure of the virions [32]. We evaluated the sum of
the hydropathy values for all the amino acids based on the GRAVY score program, which
are extensions of the BaMV CP, and the heterologous peptide hydrophilicity values, both
of which are key factors for chimera infection and accumulation in plants (Table S1 and
Figure 2).
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for foreign peptide encoded by each construct. Chimeric BaMV accumulation in C. quinoa was
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The pI value of a protein molecule can be predicted by adding the number of pos-
itively charged residues and protonated amino termini and subtracting the number of
negatively charged residues and deprotonated carboxyl termini. We estimated the pI value
and charge of the heterologous peptides using the ProtParam program (http://web.expasy.
org/protparam/; accessed on 8 January 2012) [33]. The results are shown in Table S1 and
Figure 2. Foreign peptides containing excessive positive charges or high pI values affect
the infective ability of chimeric viruses, and the lengths of heterologous peptides fused to
the plant virus CPs are constraints on chimera accumulation, assembly and movement [20].
Therefore, the accumulated chimeras are not directly affected by chimeric viruses contain-
ing different heterologous peptide fragment lengths (within a certain range, Figure 2) but
are dependent on other physicochemical factors. Therefore, the hydrophobicity, charge, pI
value, fragment length and other physicochemical parameters of the heterologous peptides
fused on chimera CPs were greatly different than those of the original CP, which could
affect chimera infection and accumulation.

3.3. Secondary Structure Prediction

Protein structure is determined by the amino acid sequence, as well as a multitude of
interactions, localized within a secondary structural element, and points of contact in longer
regions. Heterologous peptides fused to chimeric virus CPs that contain a high proportion
of helix and strand structures, or peptide C-terminus-containing complex strand structures,

http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
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have the potential to affect the infection and accumulation ability of the chimeras (Figure 3).
Therefore, reducing the structural barriers of heterologous peptides may improve the
length limitation of chimeric fusion fragments.
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Figure 3. Foreign peptide secondary structures comparison. The chimeric BaMV CP N-terminus
secondary structures contents are fused with various foreign peptide regions. Foreign peptide
secondary structure assignments are determined by computer prediction with the PSIPRED server
algorithm. β-strands are represented by arrows, α-helices are indicated represented by bars, and coil
are represented by lines. Numbers represent the mean α-helices, β-strand, and coil in percentage in
the foreign peptides, respectively. Chimeric BaMV accumulation in C. quinoa was normalized using
BS-d35CP (100%) to account for chimeras; group I: 0%, II: 1–20%, III: 21–40%, IV: 41–60%, V: 61–80%,
VI: 81–100%. Group I, II, III, IV, V, and VI are distinguished using white to black shadings. The length
of foreign peptides is shown on the bottom.
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In addition, disulfide bonds form between the sulfur atoms of two cysteine side
chains in a protein and may stabilize the folded state enthalpically through favorable
local interactions. Intramolecular disulfide bonding is important for CP conformation,
for example, potato virus X (PVX) [34], sindbis virus [35], and betanodavirus [36]. In this
study, the wild-type BaMV-S CP was found to contain three cysteine residues (Cys-129,
Cys-168 and Cys-181), and a disulfide bond was predicted to form between Cys-168 and
Cys-181, according to the DiANNA 1.1 disulfide bond prediction program [25]. Based
on the disulfide bond-predicting program results, we speculated that the cause of the
difference in accumulation levels is that peptides IA, IB, IC, or IF change the original
chimera CP disulfide bonds. These results show that the original chimera CP disulfide
bond modification may inhibit chimeric virus accumulation.

3.4. The N-Terminus Effect of Heterologus Peptides on Chimeras

We identified the important features of foreign proteins fused on BaMV CP, such as
hydrophilicity, pI values, charges, fragment lengths and secondary structure characteristics,
which have obvious effects on the accumulation of chimeras. Two analogous polypeptide
fragments from FMDV O serotype porciniphilic strain (O/TAW/97) VP1 epitopes, with a
charge:pI:hydropathicity value of +1:8.10:-0.811, and from PanAsia strain (O/TAW/99) VP1
epitopes, with a charge:pI:hydropathicity value of +2:9.10:-0.468, were used. Furthermore,
we added a flexible (AAA or AAAGGGGS) spacer [37] between the analogous FMDV
O/TAW/97 VP1 epitopes and O/TAW/99 VP1 epitopes.

First, we compared the differences between pBVP1-7A9 and pBVP1-9A7, or pBVP1-
7AG9 and pBVP1-9AG7 to determine the impact of N or C-terminus polypeptides on
chimeric virus infection and accumulation. Second, the differences between pBVP1-7A9
and pBVP1-7AG9, or pBVP1-9A7 and pBVP1-9AG7 were compared to determine the
impact of the flexible (AAA or AAAGGGGS) spacer or peptide length. BVP1-7A7 and
BVP1-9A9 viruses were constructed as controls, and BVP1-9A7A7 was constructed from
three fragments (Table 1).

3.5. Infection and Systemic Movement of the Chimeras with Heterologus Peptides

We further investigated the influence of the heterologous N or C-terminus peptide on
the factors affecting chimera accumulation. To determine whether fusion proteins were pro-
duced during host systemic infection, N. benthamiana was inoculated with chimeric viruses.
Total protein was extracted from the leaves inoculated with H2O (mock), pBS-d35CP,
pBVP1, pBVP1-9, pBVP1-7A7, pBVP1-9A9, pBVP1-7A9, pBVP1-9A7, pBVP1-7AG9, pBVP1-
9AG7, or pBVP1-9A7A7, and were subjected to SDS-PAGE (Figure 4a) and Western blotting
assays using BaMV CP-specific antibodies (Figure 4a, IB: anti-CP panel). As expected, no
BaMV CP was detected in the protein extracts from mock-inoculated leaves (Figure 4a, IB:
anti-CP panel lane 2). BVP1 and BVP1-9 (Figure 4a, IB: anti-CP panel lane 4 and 5) were
both detected in the protein extracts of leaves inoculated with pBVP1 or pBVP1-9, which
migrated slightly faster than the chimeric CP from pBVP1-7A7-, pBVP1-9A9-, pBVP1-7A9-,
pBVP1-9A7-, pBVP1-7AG9-, and pBVP1-9AG7-inoculated leaves (Figure 4a, IB: anti-CP
panel lane 6 to 11). In contrast, the BaMV CP signal was lower in the pBVP1-9A7A7-
inoculated leaves (Figure 4a, IB: anti-CP panel lane 12 and 14). Western blotting analysis
using FMDV VP1-specific antiserum was performed to further verify that the chimeric CP
generated from pBVP1s-inoculated leaves harbored FMDV VP1 epitopes (Figure 4a, IB:
anti-VP1 panel, IB: anti-VP1-97 panel, IB: anti-VP1-99 panel). No protein band was detected
using the VP1-97-specific antiserum in pBS-d35CP, pBVP1-9 or pBVP1-9A9-inoculated leaf
protein extracts (Figure 4a, IB: anti-VP1-97 panel). The protein extracts from pBS-d35CP,
pBVP1 or pBVP1-7A7-inoculated leaves using VP1-99-specific antiserum showed similar
results, with no protein band detected (Figure 4a, IB: anti-VP1-99 panel).
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Figure 4. FMDV VP1 epitopes are expressed in N. benthamiana infected with chimeric BaMV. SDS-
PAGE separation and immunoblot of proteins extracted from (a) inoculated or (b) systemically
infected N. benthamiana leaves. Leaves were inoculated with H2O (mock) or with recombinant
plasmid pBS-d35CP, pBVP1, pBVP1-9, pBVP1-7A7, pBVP1-9A9, pBVP1-7A9, pBVP1-9A7, pBVP1-
7AG9, pBVP1-9AG7, and pBVP1-9A7A7, as indicated. Total proteins extracted from the inoculated
leaves were separated using 12% SDS-PAGE gel (Top panel) and stained with Coomassie Blue stain
(CBS). The proteins were transferred to polyvinylidene fluoride membranes and reacted with antisera
against BaMV CP (anti-CP), FMDV VP1 (anti-VP1), FMDV VP1 (O/TAW/97 specificity, anti-VP1-97),
or FMDV VP1 (O/TAW/99 specificity, anti-VP1-99), respectively. The relative molecular weights (in
kDa) are given on the left of each panel. IB, immunoblot.

Inconsistent results were obtained when total protein extracts from infected N. ben-
thamiana systemic leaves were assayed using Western blotting. No protein band was
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detected by the BaMV CP- or VP1-specific antiserum in protein extracts from systemic
leaves inoculated with pBVP1-7A7, pBVP1-9A9, pBVP1-7A9, pBVP1-9A7, pBVP1-7AG9,
pBVP1-9AG7, or pBVP1-9A7A7 (Figure 4b, IB: anti-CP panel, IB: anti-VP1 panel, IB: anti-
VP1-97 panel, IB: anti-VP1-99 panel). Therefore, these results suggest that FMDV VP1
epitope fragments (77 and 82 amino acids long) did not affect the infection but affected the
systemic movement of the chimeric viruses.

3.6. Accumulation of the Chimeras with Heterologus Peptides

To determine whether the accumulation levels of BVP1s chimeric viruses were pro-
duced normally in C. quinoa, total protein from the inoculated leaves infected with H2O
(mock), pBS-d35CP, pBVP1, pBVP1-9, pBVP1-7A7, pBVP1-9A9, pBVP1-7A9, pBVP1-9A7,
pBVP1-7AG9, pBVP1-9AG7, or pBVP1-9A7A7 were analyzed using ELISA, and the results
were categorized into six main groups as previously described (Table 1). It was found that
chimeric BVP1, BVP1-9, and BS-d35CP had similar accumulation levels (Table 1). However,
the accumulation level of the BVP1-7A7 virus was significantly higher than that of the
BVP1-9A9 virus (Table 1). In addition, BVP1-7A9 and BVP1-9A7 viruses had the same pI
value, charge, and length of foreign fragments when fused, but the chimeric BVP1-9A7
virus had a relatively lower accumulation level compared to the BVP1-7A9 virus (Table 1).
Similar accumulation results were observed for the BVP1-7AG9 and BVP1-9AG7 viruses,
respectively (Table 1).

Furthermore, the chimeric BVP1-7A9, BVP1-7AG9, and chimeric BVP1-9A7 and BVP1-
9AG7 viruses had similar pI values and charges but different spacers. The chimeric
BVP1-7A9 virus had a relatively lower accumulation level compared to BVP1-7AG9 and
BVP1-9A7, and BVP1-9AG7 viruses also showed similar results (Table 1). While the
insertion and expression of large foreign FMDV VP1 antigens (77 or 82 amino acids long)
did not interfere with replication, the characteristics of large foreign N-terminus fragments
had a greater impact on the accumulation of chimeras than the characteristics of the C-
terminus fragments. Additionally, using different spacers may improve the structural
barriers of foreign proteins and thus increase chimera accumulation.

3.7. Morphology of the Chimeras Particles with Heterologus Peptides

Following the successful observation of chimeric BVP1s CP expression in inoculated
plants, it was important to examine the extent of CVP self-assembly. To investigate BVP1s
CVPs formed by infected chimeras in plants, crude sap from inoculated C. quinoa leaves was
analyzed using SSEM. SSEM confirmed that the large FMDV VP1 antigen (77 or 82 amino
acids) fused to the N-terminus of BaMV CP did not affect its ability to self-assemble into
CVPs, and that BVP1-7A7, BVP1-9A9, BVP1-7A9, BVP1-9A7, BVP1-7AG9, and BVP1-9AG7
CVPs appeared to be typical flexuous rod-shaped, similar to the wild-type BaMV virions
(Figure 5a).

However, the chimera BVP1-9A7A7 (fused of FMDV VP1 epitopes 117 amino acids)
was observed as incomplete virus particles or disks, as shown in Figure 5b (left panel).
Furthermore, BVP1-9A9 and BVP1-9A7 chimeras were also observed to be partially un-
stable or incomplete virus particles (Figure 5b middle panel, right panel). Meanwhile, a
majority of the BVP1s CVPs appeared to be rod-shaped, similar to the wild-type BaMV
particles. The average diameter of the BVP1s particles was approximately 15 nm, with
an average length of ~500 nm, similar to that of the wild-type BaMV virus (Figure 5c).
No significant difference was observed between BVP1s CVPs and the different BVP1s
constructs (Figure 5c). Therefore, these results suggest that the large FMDV VP1 antigens
(77 or 82 amino acids) fused to chimeric BVP1s can self-assemble into typical rod-shaped
BaMV CVPs. However, although chimeric CPs directly fused with large foreign protein
can self-fold into incomplete virus particles or disks, it still affects their assembly into
complete CVPs.
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ple at higher magnification. White arrows represent disks and black arrows represent break 
points. The black scale bars represent 100 nm, and the white scale bar represents 10 nm. (c) The 
diameters and lengths of the corresponding virus particles. Numbers represent the mean diame-
ters and lengths, respectively, calculated from 20 independent samples with standard deviation 
indicated. NA indicates not applicable. 

Figure 5. Transmission electron micrographs of negatively stained (UAc) BVP1s (various FMDV
VP1 epitopes expressed on BaMV) particles. Serologically specific electron microscopy (SSEM) mi-
crographs of BVP1s CVPs extracted from C. quinoa leaves inoculated with the chimeras indicated
below the photographs. (a) Complete BVP1s virus particles, and (b) incomplete or abnormal BVP1s
virus particles were detected by SSEM indexing using BaMV antiserum and subjected to examina-
tion by transmission electron microscopy. The magnification levels were 96,000× for BVP1-9A7A7
and 46,000× for the other samples. Inset BVP1-9A7A7 picture shows the same sample at higher
magnification. White arrows represent disks and black arrows represent break points. The black
scale bars represent 100 nm, and the white scale bar represents 10 nm. (c) The diameters and lengths
of the corresponding virus particles. Numbers represent the mean diameters and lengths, respec-
tively, calculated from 20 independent samples with standard deviation indicated. NA indicates
not applicable.

3.8. Chimeras with Heterologus Peptides Are Stable during Successive Passages in Plants

To examine the stability of the chimeric BVP1s virus during successive passages
in plants, infectious recombinant pBVP1-7A7, pBVP1-7A9, and pBVP1-7AG9 plasmids
were inoculated onto C. quinoa or N. benthamiana leaves to generate P0 inoculants. The
inoculants were then subjected to three sequential transmissions (P1–P3) in C. quinoa and
N. benthamiana (Figure 6). The chimeric BVP1s CPs were monitored at each transfer via
Western blot analysis using the corresponding antisera. All inoculated leaves developed
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lesions, symptoms and numbers similar to those observed in P0-infected plants. After three
serial passages in C. quinoa and N.benthamiana, the results of Western blot analysis using
antisera specific to BaMV CP or FMDV VP1 clearly confirmed the stability of chimeric
BVP1s infection, and still continued to express FMDV antigens (Figure 6). Additionally, the
chimeric BVP1-9A7A7 virus can infect plants but is not stable for sequential transmission
infection. However, the results of these serial passages demonstrated that the insertion of
larger FMDV VP1 antigens fused to BaMV CP may still be partially unstable in the chimeric
BVP1s virus.
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Figure 6. Stability analysis of the chimeric BVP1s over sequential passages in C. quinoa or N. ben-
thamiana plants by SDS-PAGE immunoblot. C. quinoa (left panel) or N. benthamiana leaves (right
panel) were inoculated with H2O (mock) or with recombinant plasmids pBS-d35CP, pBVP1, pBVP1-9,
pBVP1-7A7, pBVP1-7A9, or pBVP1-7AG9, respectively. BVP1s P0 represents the initial inoculation
with the plasmid DNA as inoculums, whereas P1 to P3 stands for the first to third passage using
crude leaf sap from P0 as inocula, respectively. Total proteins extracted from leaves inoculated with
pBVP1-7A7 (a), pBVP1-7A9 (b), or pBVP1-7AG9 (c) leaves were separated using 12% SDS-PAGE. The
proteins were transferred to PVDF membranes and reacted with antisera against BaMV CP (anti-CP),
FMDV VP1 (anti-VP1), FMDV VP1 (O/TAW/97 specificity, anti-VP1-97), or FMDV VP1 (O/TAW/99
specificity, anti-VP1-99), respectively. The relative molecular weights (in kDa) are given on the left of
each panel. IB, immunoblot.
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4. Discussion

Here, we showed that the restrictions on designing filamentous CVPs with increased
fragment length directly expressing foreign proteins may help develop vaccines using the
plant CVP platform. The multitude of viruses and engineered vectors provide diverse
virion stability, capacity for foreign gene expression and ability to induce effective immune
responses, such as tobacco mosaic virus (TMV) [38,39], PVX [40], cucumber green mottle
mosaic virus [41], BaMV [9,11,12] and pepino mosaic virus [42]. These viruses are a useful
resource for vaccine production.

This study aimed to investigate the BaMV CVPs and BaMV CP N-terminus, as PVX
was predicted to be exposed at the virion surface [22,43] and may be crucial for CVP
morphology, stability and infectivity [18]. In the present study, our results showed that
hydrophobic foreign proteins exposed to the CVP surface affected the infection and ac-
cumulation of chimeric BaMV (Table S1, Figure 2). The PVX virion surfaces are usually
hydrophilic, with a deeply grooved surface where bound water molecules help main-
tain the virion surface structure [32,34]. This hydrophobic effect is important for protein
folding [44], and minimizing the number of hydrophobic side chains exposed to water
is the principal driving force behind the folding process [45]. Therefore, the hydrophilic
amino acids on the BaMV CVP surface are important for maintaining the infection and
accumulation stability of the chimeric virus.

The filamentous PVX virion contains approximately 1300 identical CP subunits [46],
and most or all flexible filamentous plant viruses are structurally related [22,47]. Individual
filamentous virus CP subunits first self-assemble into helical disks and further assemble
along the central RNA into full-size virions [48]. Although BaMV has a flexible N-terminal
extension that allows deformation but still maintains structural integrity [22], in this study
we found that foreign peptides fused on the BaMV CP N-terminal contain more helix and
strand secondary structures or C-terminus-containing complex strands, which affect the
infection and accumulation of the of chimeric virus (Table S1, Figure 3). The secondary
structure of proteins is important for protein folding and stability, and these effects may aid
the correct folding of chimeric CP subunits. In addition, the cysteine residues in the foreign
peptides are directly related to changes in TMV particle yield, morphology and stability [19].
This study also found that when the foreign proteins contain cysteine, thjis may cause
changes in the original CP disulfide bond, which then leads to the CP folding incorrectly
and unable to assemble into the correct CVP, resulting in a decrease in the accumulation
of chimeras (Table S1). Consequently, the amino acid sequences or secondary structure
of foreign proteins directly fused onto the CP may affect the folding and self-assembly of
chimeric viral CP subunits, thereby reducing recombinant virus accumulation.

A limitation of CVPs is virus assembly failure, when large amino acid length peptides
are incorporated into the CP. Only peptides less than 25 amino acids were successfully
introduced into the TMV CP [14]. Moreover, large fragments from foreign proteins affected
chimeric CPMV accumulation, assembly and movement [20]. Chimeric CPMV particles
with insertions greater than 30 amino acids have impaired systemic spread rates and a
range of deletions in virus particles isolated from the upper leaves [20]. These observations
indicate that insertions greater than a certain length are deleterious to the viral replication
cycle. Therefore, improving the performance of plant viral vectors with longer foreign
proteins is important. Because the N-terminal amino acid of BaMV CP is exposed [22],
a part of CP removal was chosen, mainly because it was hypothetically more suitable
for longer peptide displays than the wild-type virus, but also because it is putatively
less immunogenic due to its reduced dimensions [16,49]. It has been confirmed that the
formation of functional BaMV virus particles is not affected significantly by the removal
of CP N-terminal amino acids [9,23], as in PVX (Figure S3, Figure S4). Using this CP
N-terminal amino acid removal virus vector, it was found that in small foreign protein
fragments (less than 10 amino acids), these factors could weakly affect the accumulation of
recombinant viruses (Figure 2, Table S1). When the foreign protein fragments were longer,
the influence of recombinant virus accumulation was more evident (Figure 2, Table S1).
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Previous studies found that the flexibility of foreign proteins may also affect the
recombinant virus. Linkers have been shown to have an increasingly important role in
the construction of stable bioactive fusion proteins. Linkers can connect proteins together,
improve the production of fusion proteins and increase expression yield [50]. Interestingly,
by linking the two antigens with the flexible (AAA or AAAGGGGS) spacer, we also
found longer foreign fragments (77 or 82 amino acids) that were FMDV VP1 epitopes, the
expression of which formed recombinant virus particle packages (Figure 6). However, the
longest foreign peptide (117 amino acids) may affect the assembly of chimeric disks into
filamentous virions (Figure 6). Additionally, longer foreign protein fragments have a more
obvious impact on the systemic movement of recombinant viruses (Figure 4). Therefore,
the length of the foreign protein may affect the folding of the chimeric viral CP subunits,
which can subsequently affect CVP assembly and accumulation.

Mutual restrictions between virus and host interactions [20,51,52] could affect the
ability of the chimeric virus to spread systemically throughout the entire plant. An example
is the chimeric Turnip mosaic virus, for which inserted sequences and host plants affect
both its stability and expression levels [51]. The chimeric PVX virus may induce severe
symptomatology and, owing to the interference of the modified CP with chloroplast
functionality, lead to the rapid disruption of these organelles [53]. Therefore, recombinant
viruses resulting from foreign protein fragments containing special functional sequences
with the host can have accumulative effects on virus replication. The arginyl–glycyl–
aspartic acid (RGD) motif, an attachment site on the host cell membrane, is a potential
therapeutic agent for the treatment of diseases such as thrombosis and cancer [54]. The
RGD motif has also been shown in FMDV [55,56] and flaviviruses [57] to be involved
in cell attachment, infection initiation and virus binding to putative receptors. Previous
studies have shown that FMDV epitopes containing an RGD motif can potentially cause
recombinant CPMV to bind to cell membranes, thus blocking the spread of chimeras
and decreasing the difficulty of isolating of progeny virus particles [58]. Additionally,
recombinant TMV constructs expressing fragments containing an RGD motif resulted in a
lower purity of recombinant viral particles collected from infected tobacco plants [19]. In
this study, peptide JC had a cell attachment sequence RGD motif. The peptide JB, with an
Arg-to-Met change in the peptide JC sequence, mutated the RGD motif (Table S1). Plants
inoculated with these two chimeras showed that the loss of the RGD motif may increase
the accumulation of the chimeric virus (Table S1). Therefore, foreign proteins containing
signals that control interactions in hosts can affect CVP accumulation.

From the results of the current study, we can conclude that the N-terminal of CP plays
a pivotal role in the morphology, stability and accumulation of most flexible filamentous
plant viruses. This study found that the N-terminal hydrophilic portion is an important
factor in virion stability and causes changes in the chimeric virus accumulation level.
Another important factor is the CP secondary structure, which changes to a disulfide
bond. Other important factors include the length of the inserted foreign peptide, the pI
value and charge of the inserted foreign peptide N-terminus, and the presence of foreign
proteins containing the signal for host interactions. These factors have different effects on
chimeric virus accumulation. Furthermore, adding suitable flexible spacers with foreign
proteins can effectively improve chimeric virus accumulation. These findings indicate that
peptide display technology, aimed at the mass production of pharmaceutically interesting
heterologous sequences in plants, may also be a useful tool to unravel the complexity of
plant-virus interactions during the infection cycle.

5. Conclusions

To our knowledge, this is the first report to demonstrate CVPs with increased fragment
length that directly express foreign proteins. The limited ability of plant virus-based
vectors to express longer foreign peptides on CVPs has negatively impacted their utility
for applications requiring longer peptides. This is also an important production limitation
for the importance of various vaccines using plant CVPs. Therefore, this study provides
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new insights into effective and useful CVP-based vaccine candidate production in animals
and humans.
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