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Abstract—Capsid proteins (CPs) of (+)RNA-containing plant viruses are multifunctional proteins involved in many stages
of viral infection cycle, in addition to their main function of virus capsid formation. For example, the tobamoviral CP
ensures virus systemic transport in plants and defines the virus—host interactions, thereby influencing the virus host range,
virus infectivity, pathogenicity, and manifestation of infection symptoms. Hordeiviruses and tobamoviruses belong to the
Virgaviridae family and have rod-shaped virions with a helical symmetry; their CPs are similar in structure. However, no
non-structural functions of hordeiviral CPs have been described so far. In this study, we assayed possible non-structural
functions of CP from the barley stripe mosaic virus (BSMV) (hordeivirus). To do this, the genome of turnip vein clearing
virus (TVCV) (tobamovirus) was modified by substituting the TVCV CP gene with the BSMV CP gene or its mutants. We
found that BSMV CP efficiently replaced TVCV CP at all stages of viral infection. In particular, BSMV CP performed the
role of tobamoviral CP in the long-distance transport of the chimeric virus, acted as a hypersensitive response elicitor, and
served as a pathogenicity determinant that influenced the symptoms of the viral infection. The chimeric tobamovirus cod-
ing for the C-terminally truncated BSMV CP displayed an increased infectivity and was transported in plants in a form of

atypical virions (ribonucleoprotein complexes).
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Capsid proteins (CPs) of plant viruses encapsidate
the viral genome, thereby protecting it from degradation.
Although the assembly/disassembly of viral particles are
canonical functions of CPs, in last decades, CPs have
been recognized as multifunctional proteins involved in
many stages of viral infection. CPs have different non-
structural (not related to encapsidation) functions, such
as regulation of viral replication, transcription, and trans-
lation [1-4].

Abbreviations: BSMV, barley stripe mosaic virus; CD, circular
dichroism; CP, coat protein (capsid protein); DLS, dynamic
light scattering; HR, hypersensitive response; MP, movement
protein; PMTYV, potato mop-top virus; RNP, ribonucleoprotein
complex; TGB proteins, movement proteins encoded by the
triple gene block; TMYV, tobacco mosaic virus; (wt)TVCYV,
(wild-type) turnip vein clearing virus.

* To whom correspondence should be addressed.

Tobacco mosaic virus (TMV) CP is the most studied
protein, both structurally and functionally, among CPs of
helical plant viruses with (+)RNA genomes. Deletion of
the tobamoviral CP gene affects cell-to-cell transport of
ribonucleoprotein (RNP) complexes consisting of the
virus-encoded movement protein (MP) and viral RNA
[5]. Viral replication is less efficient in the absence of CP
[6, 7]. Available experimental data suggest that TMV CP
regulates, either directly or indirectly, formation of viral
replication complexes, as well as synthesis and translation
of subgenomic RNAs that, in turn, can influence forma-
tion of MP—RNA complexes and transport of the viral
genome [7-10].

Other known TMV CP functions unrelated to
encapsidation are pertinent to virus interaction with its
host plant, in particular, to plant defense response. It was
recently shown that TMV CP together with MP activate
RNA degradation at the late infection stages resulting in

1543



1544

the inhibition of anti-viral systemic silencing [11]. TMV
CP also elicits the hypersensitive response (HR) mediat-
ed by the N’ resistance gene in Nicotiana sylvestris plants
[12, 13]. CPs of other tobamoviruses are found to elicit
HR mediated by different resistance genes in Capsicum
species [14-16]. Besides, TMV CP can negatively regulate
plant defense response by inducing suppression of
defense-related signaling pathways [17, 18]. Mutation in
TMYV CP, such as amino acid substitutions or deletions
and insertions of peptides, can considerably influence the
symptoms and pattern of systemic infection in plants
infected with mutant and chimeric viruses [12].

Hordeiviruses, as well as tobamoviruses, belong to
the Virgaviridae family and represent (+)RNA plant
viruses with the rod-shaped virions with helical symmetry
[19]. Although tobamoviruses and hordeiviruses have
structurally similar virions, they use different strategies of
phloem transport resulting in systemic infection of the
host plant. Unlike the tobamoviral CP, BSMV CP is not
involved in the cell-to-cell movement and long-distance
transport of the virus through the plant vascular system.
Translocation of the BSMV genome in a form of RNP
complexes at all stages of its transport is mediated by
three MPs encoded by the triple gene block [20]. In
hordeiviruses, two proteins play the role of pathogenicity
determinants that determine viral virulence and infection
symptoms: the silencing suppressor, small cysteine-rich
protein essential for the virus long-distance transport
[21], and viral replicase gamma-a subunit. It was also
shown that the hordeiviral protein TGBI elicits HR in
barley [22].

Based on the structural similarity of BSMV and
tobamoviral CPs [4] and previously reported infectivity of
the TMV/BSMV chimeric construct representing the
TMYV genome (strain U1) in which the TMV CP gene was
replaced with the BSMV CP gene [23], we created
chimeric turnip vein clearing virus (TVCYV, tobamovirus)
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that encoded BSMYV CP or its mutants instead of its own
CP. Using this experimental system, we studied the char-
acteristics of chimeric virus infection in Nicotiana ben-
thamiana in order to identify possible non-canonical
functions of BSMV CP. BSMV CP functionally replaced
tobamoviral CP without considerable decrease in the
virus infectivity or ability for the long-distance transport.
BSMYV CP also acted as an HR elicitor and pathogenicity
determinant and influenced the symptoms of viral infec-
tion.

MATERIALS AND METHODS

Recombinant constructs. Using the pQE30-BSMV-
CP construct (earlier obtained in our laboratory) as a
template, the BSMV CP gene was amplified with specific
primers BSMV-CP-BamHI-P/BSMV-CP-M-Sall (table),
digested with BamH]I/Sall restriction endonucleases, and
ligated into similarly digested construct representing the
TVCV genome cloned in the pCambial300 vector
(http://www.cambia.org/daisy/cambia/585) by replacing
the TVCV CP gene. Coding sequences for the deletion
mutants AN-CP®MY and AC-CP®MV were amplified
using pQE30-BSMV-CP as a template with specific
primers BSMV-dN-P/BS-M-Bam and BSMV-CP-P-
Xho/BSMV-dC-M, respectively (table). The resulting
PCR products were digested with BamHI/Xhol and
cloned into the pCambial300 vector carrying a fragment
of the TVCYV genome.

Agrobacterium infiltration of N. benthamiana plants.
Nicotiana benthamiana plants were grown from seeds and
kept in controlled growth chambers with a 16/8 h
day/night photoperiod at 25°C (day temperature) and
22°C (night temperature). Agrobacterium tumefaciens
C58C1 cultures (kindly provided by Dr. J. Schiemann,
Quedlinburg, Germany) containing binary vectors were

Primers used in the work

Name

Primer sequence (5'-3")

BSMV-CP-BamHI-P
BSMV-CP-M-Sall
BSMV-dN-P
BS-M-Bam
BSMV-CP-P-Xho
BSMV-dC-M
TVCV-specific primer
F-BOX-P

F-BOX-M

TVCV RdRp-P
TVCV RdRp-M

GAGGATCCATGCCGAACGTTTCTTTGAC
TCGTCGACTCACGCTTCCTCGGCATC
AAACTCGAGATGGATTGGTGGGTCCACGTAGAAGC
GCGGATCCTCACGCTTCCTCGGCATCTG
GGCTCGAGATGCCGAACGTTTCTTTGACTG
AAAGGATCCTCACACTGGGAGTCTCGCACTCT
ATCAGCAATGTCCACATCCA
GGCACTCACAAACGTCTATTTC
ACCTGGGAGGCATCCTGCTTAT
CTCGGAGTCGCTAAAACCAG
GAACGGAGCATCATTTTGTAAGC
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grown to the exponential phase in Luria—Bertani medi-
um (5 g/liter NaCl, 5 g/liter yeast extract, 10 g/liter tryp-
tone) containing antibiotics, 20 uM acetosyringone, and
10 mM MES (Sigma, USA) in a shaker-incubator ES-20
(BioSan, Lithuania) at 190 rpm for 15-17 h at 28°C.
Agrobacterium tumefaciens cells were collected by cen-
trifugation (MiniSpin; Eppendorf, Germany) for 5 min at
room temperature at 3000 rpm. The pellet was resuspend-
ed in 10 mM MES containing 10 mM MgCl, and
150 mM acetosyringone and incubated for 3 h at room
temperature. For infiltration, the bacterial culture was
diluted to an optical density ODgy, = 0.2-0.4. The abaxi-
al surfaces of two leaves in the lower leaf tier of 4-week-
old plants were infiltrated with A. tumefaciens cell suspen-
sion using a needleless syringe.

Diaminobenzidine (DAB) staining. Plant leaves were
placed in a DAB (Sigma) solution (1 mg/ml, pH 3.0) and
then transferred to a desiccator; the vacuum was applied
for 5 min. The leaves were incubated in the DAB solution
on a shaker (BioSan) at 80-100 rpm for 4-5 h, then trans-
ferred to the bleaching solution (ethanol/acetic
acid/glycerol, 3 : 1 : 1) and incubated until chlorophyll
was completely removed.

Real-time PCR. RNA was extracted from plants
using ExtractRNA reagent as recommended by the man-
ufacturer (Evrogen, Russia). RNA concentration was
measured spectrophotometrically. cDNA was synthesized
with an MMVL RT kit (Evrogen) using either oligo-dT
primer or TVCV-specific primer (table). The relative lev-
els of viral RNA were determined by real-time PCR with
the Quant Studio 3 Real-Time PCR System (Thermo
Fisher Scientific, USA) using the gPCRmix-HS master
mix (Evrogen). The F-box mRNA amplified with the
primers F-BOX-P and F-BOX-M (table) was used for
normalization of the TVCV RNA amplified with the
primers TVCV RdRp-P and TVCV RdRp-M (table).
Relative RNA content was estimated using the AC,
method according to the formula 272", The values are
presented as mean * standard deviation of three inde-
pendent experiments. The data were analyzed using the
Student’s 7-test; the significance level was assumed to be
0.01.

Western blotting. Leaf samples were ground with a
pestle and mortar in liquid nitrogen, resuspended in gel
loading buffer (2% SDS, 0.06 M Tris-HCI, pH 6.8,
0.001% bromophenol blue, 5% B-mercaptoethanol, 30%
glycerol) (Sigma), and heated at 95°C for 5 min. The
samples were fractionated by SDS-PAGE. Proteins were
transferred from the gel to a nitrocellulose membrane
with a pore size of 0.45 pum (Protran BA 85; GE
Healthcare, USA). The membrane was incubated in
0.05 M Tris-HCI buffer, pH 7.2-7.4, with 5% dry milk
(Sigma) and 0.05% Tween 20 (Serva, Germany) and
stained with rabbit antibodies against BSMV CP (dilu-
tion, 1:10,000) and then with secondary goat anti-rabbit
antibodies conjugated with horseradish peroxidase (dilu-
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tion of 1 : 10,000; Sigma). The blots were developed using
the ECL kit (GE Healthcare).

Virus isolation from infected plant leaves.
Systemically infected plant leaves exhibiting specific
symptoms of viral infection were collected at day 21 post
infection. The leaves were ground with a pestle and mor-
tar in liquid nitrogen with the addition of 0.3 M glycine-
KOH buffer, pH 7.5, at the 1 : 3 (w/v) ratio. The extract
was filtered to remove cell debris and centrifuged at
12,000 rpm for 30 min at 4°C (Beckman J-21 centrifuge;
Beckman, USA). Triton X-100 (Sigma) was added to the
supernatant to a final concentration of 1% (v/v), followed
by 20-min incubation. Then, polyethylene glycol 6000
(Sigma) was added to a final concentration of 2.5%
(w/w), and NaCl was added to a final concentration of 5%
(w/w). The samples were incubated at 4°C overnight and
centrifuged at 10,000 rpm for 20 min at 4°C (Beckman J-
21). The pellet was resuspended in 0.025 M Tris-HCl
buffer (pH 7.5); the suspension was clarified by centrifu-
gation at 10,000 rpm for 15 min at 4°C and the resulting
virus preparation was used for further characterization.

CD spectra of viral preparations were recorded in
1-mm cells at room temperature in a Chirascan CD spec-
trometer (Applied Photophysics, UK) in 5 mM phos-
phate buffer (pH 7.5) in the far-UV region (190-260 nm)
at a rate of 0.5-1.0 nm/s with baseline subtraction. The
recorded spectra were processed using a standard software
package provided with the instrument. The CD spectra in
the figure represent averages of several independent
experiments. For each studied virus, at least three inde-
pendent samples were analyzed.

Surface zeta potential and dynamic light scattering
(DLS). Determination of the hydrodynamic diameter
and measurement of the surface zeta potential were car-
ried out with a Zetasizer Nano ZS (Malvern Instruments
Ltd., UK) equipped with a He-Ne laser (633 nm, 10 mV).
The temperature of the samples was maintained within
0.1°C using a Peltier temperature control system. Light
scattering was measured at an angle of 173°. The autocor-
relation functions were detected and processed with the
Dispersion Technology Software (DTS) version 5.10
(Malvern Panalytical, UK). Polystyrene cuvettes with an
optical path length of 10 mm were used for the measure-
ments; the volume of the sample in a cuvette was 1 ml.

Preparation of ultrathin sections of N. benthamiana
leaf mesophyll cells. A small fragment of systemically
infected N. benthamiana leaf was washed in 100 mM
phosphate buffer (pH 7.4) containing 2% sucrose. The
fragment was cut into strips 1 mm thick and 2 mm long
with a blade. The strips were placed in 2.5% glutaralde-
hyde solution (Sigma) in 100 mM phosphate buffer with
2% sucrose for 2.5-3 h, then washed with water, and
transferred to 2% aqueous solution of osmium tetroxide
for 2 h. Next, the samples were washed with water and
sequentially dehydrated in 50% ethanol, 70% ethanol
with 2% uranyl acetate (Polysciences, USA) (overnight,
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to enhance contrast), 80%, 96% ethanol, and acetone.
The samples were sequentially incubated in the ace-
tone/Epon mixture (3 : 1) for 2 h, acetone/Epon mixture
(1:1) for 1 h, acetone/Epon mixture (1 : 3) for 2 h, and
Epon for 24 h. Next, the samples were incubated at 37°C
for 24 h and then at 60°C for 48 h for Epon polymeriza-
tion. Ultrathin sections (~100 nm) were cut with an LKB
ultratome (Bromma, Sweden), stained with Reynolds
reagent [24], and analyzed under a JEM-1400 electron
microscope (JEOL, Japan).

RESULTS

Characteristics of N. benthamiana infection with the
chimeric virus TVCV(CP25MY), Chimeric TVCV(CP?MY)
construct was generated by replacement with the BSMV
CP gene of the TVCV CP gene in the infectious TVCV
c¢DNA cloned in the binary pCambia vector (http://www.
cambia.org/daisy/cambia/585). Nicotiana benthamiana
plants were infiltrated with A. tumefaciens carrying the
TVCV(CPB™MY) construct. Plants infiltrated with the
agrobacterial culture carrying the wild-type TVCV con-
struct (wtTVCV) were used as a control.

wtTVCV caused mild symptoms first appearing on
the upper, systemically infected (non-infiltrated) leaves on
the 10th day post infiltration (dpi). Later, the growth of
infected plants was suppressed, and a strong deformation
of upper leaves was observed (Fig. 1). Plants infected with
the chimeric TVCV(CP®MY) virus developed the symp-
toms of infection with a slight delay: deformation of leaves
associated with formation of small chlorotic regions and
leaf crinkling was observed at 13 dpi (Fig. 1). Infiltrated
leaves exhibited only a light curling. As a negative control,
we used infectious TVCV ¢cDNA clone in which the TVCV
CP gene was replaced by the GFP gene. In N. benthamiana
plants agroinfiltrated with this construct, GFP fluores-

TVCV(CPESWY)

wtTVCV

TVCV(AC-CPBSMY)  TVCV(AN-CPESWY)
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cence was observed only in the infiltrated leaves, whereas
the upper leaves exhibited no GFP fluorescence and
symptoms of infection up to 21 dpi (data not shown).

The results of estimation of TVCV RNA accumula-
tion in upper plant leaves by real-time PCR and Western
blot analysis of BSMV CP were in a good agreement with
the appearance of symptoms of infection (Figs. 2a and
2b). In TVCV(CP®MY)-infected plants, BSMV CP was
detected at 4 dpi in agroinfiltrated leaves and at 9 dpi in
systemically infected leaves (Fig. 2a). Accumulation of
TVCV(CP®MY) was approximately 2 times lower com-
pared to the plants infected with wtTVCYV in both agroin-
filtrated leaves at 4 dpi and upper leaves at 14 dpi (Figs. 2b
and 2c¢). These data demonstrate that in plants infected
with the chimeric tobamovirus, the hordeiviral CP ful-
filled the functions of the tobamoviral CP essential for the
virus long-distance transport in plants, although
hordeiviral CP it is not required for hordeivirus long-dis-
tance transport in N. benthamiana.

Properties of plant infection with chimeric virus
mutants. For more detailed analysis of BSMV CP role in
infection, we introduced mutations into the BSMV CP gene
in the chimeric virus genome. The N- and C-terminal frag-
ments of BSMV CP and TMV CP are known to be intrin-
sically disordered (i.e., lacking unique secondary or tertiary
structures under physiological conditions) and exposed at
the virion surface [4, 23, 25]. According to the current
views, these disordered regions can play a major role in the
encapsidation-unrelated functions of plant virus CPs due
to their ability to interact with viral and cell factors [3, 26].

Using TVCV(CP®MY) we generated two viral con-
structs, namely the TVCV(AN-CP®MY) mutant encoding
BSMV CP with deleted 30 N-terminal amino acid
residues and the TVCV(AC-CP®*MY) mutant encoding
the BSMV CP with deleted 22 C-terminal amino acid
residues. After N. benthamiana plants were infiltrated by
agrobacteria carrying these constructs, the symptoms of

control

Fig. 1. Symptoms of viral infection observed at 14 dpi in N. benthamiana plants infected with chimeric virus TVCV(CP2MY) and chimeric
viruses TVCV(AN-CPBMY) and TVCV(AC-CP®MY) carrying BSMV CP with deleted N- and C-terminal regions, respectively. Non-infected

plants were used as a control.
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Fig. 2. Detection of BSMV CP and TVCV RNA at different time points in agroinfiltrated and systemically infected upper leaves of N. ben-
thamiana plants infected by chimeric viruses TVCV(CPEMY), TVCV(AN-CP®MY) and TVCV(AC-CP®MY)_ a) Western blot analysis of BSMV
CP accumulation in plants infected by the chimeric virus TVCV(CP®*MV) and its mutants TVCV(AN-CP®MY) and TVCV(AC-CPBSMY) at 4
and 6 dpi in agroinfiltrated leaves and at 9, 14, and 21 dpi in systemically infected leaves. Analysis of TVCV RNA accumulation by real-time
PCR in infected leaves of N. benthamiana at (b) 7 dpi and (c) in systematically infected leaves at 14 dpi. **, indicates statistically significant
difference in the TVCV RNA levels with plants infected with wtTVCV (p < 0.01).

d  Tvov(ceesm

TVCV(AN-CPESW)

b TVCV(CPBSMY)

TVCV(AN-CPESW)

Fig. 3. Symptoms of virus infection in plants infected with TVCV(AN-CP2MY), a) Necrotic lesions on agroinfiltrated leaves at 6 dpi. b) DAB
staining for reactive oxygen species of leaves infected with TVCV(CP®MV) and TVCV(AN-CP3MY) at 4 dpi.

infection on the upper non-infiltrated leaves of plants
infected with TVCV(AC-CP®*MY) appeared at 10 dpi, i.e.,
3 days earlier than the same symptoms in the case of
TVCV(CP®MY) infection (13 dpi). Interestingly, the
symptoms in plants infected with TVCV(AC-CP®MY) and
wtTVCV appeared simultaneously. At 14 dpi, the infec-
tion was fully manifested as rosette tops, general

BIOCHEMISTRY (Moscow) Vol. 83 Nos. 12-13 2018

dwarfism, and occasional cases of chlorosis (Fig. 1).
Local necroses typical for HR were observed on leaves
agroinfiltrated with TVCV(AN-CP®MY) at 6 dpi (Fig.
3a), whereas no symptoms of infection on upper non-
inoculated leaves were found (Fig. 1).

Real-time PCR analysis of TVCV RNA content in
agroinfiltrated leaves at 7 dpi and systemically infected
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leaves at 14 dpi revealed higher levels of TVCV(AC-
CPBSMY) RNA compared to TVCV(CP®MY) (Figs. 2b and
2¢). These data were confirmed by Western blotting with
antibodies against BSMV CP: at all times analyzed, the
amount of BSMV AC-CP was considerably higher than
the amount of BSMV CP (Fig. 2a). In the case of
TVCV(AN-CPBMY) infection, both TVCV RNA and
BSMV CP were detected only in the agroinfiltrated
leaved, but not in the upper leaves (Fig. 2, a-c).

To identify the nature of necrosis induced by
TVCV(AN-CP®MY) (Fig. 3a), agroinfiltrated leaves were
stained with diaminobenzidine (DAB) at 4 dpi, i.e., at the
time point when no necrotic lesions have formed yet. DAB
is routinely used for in situ detection of reactive oxygen
species in plants, since it is oxidized by hydrogen peroxide
with the formation of dark brown precipitate [27, 28].
DAB staining of leaves agroinfiltrated with the TVCV(AN-
CPBMY) construct, but not with TVCV(CPBMY), resulted
in their pronounced staining (Fig. 3b), therefore confirm-
ing that the observed necrosis was a result of HR, since
the development of HR is known to be preceded by
accumulation of reactive oxygen species in plant tissues
[29].

Physico-chemical characteristics of mutant chimeric
virus TVCV(AC-CPBMY), We also analyzed physico-
chemical characteristics of the mutant chimeric
TVCV(AC-CP®MY) virus that accumulated in agroinfil-
trated and systemically infected leaves at higher levels than
TVCV(CPBMY). Preparations of the chimeric virus and its
mutant were isolated from infected leaves at 21 dpi.

The absorption spectrum of TVCV(AC-CPBSMY)
preparations had a pronounced maximum at 260 nm,
showing the presence of a considerable portion (>5%) of
nucleic acids (data not shown). The near-UV circular
dichroism (CD) spectrum of TVCV(AC-CP®MY) was

a b
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typical of helical plant viruses enriched with a-helical
elements and displayed two negative maxima at 208 and
222 nm. Superposition of the CD spectra obtained for
TVCV(AC-CP®MY) and TVCV(CP®MY) demonstrated
their similarity (Fig. 4a) and pointed out the absence of
considerable alterations in the CP secondary structure in
virions formed by TVCV(AC-CPBSMY),

The surface zeta potential of the viral particles
(—28 mV) was similar to that of the wild-type TMYV virions
(=30 mV, data not shown) (Fig. 4b). Therefore, the C-ter-
minal truncation of BSMV CP had no considerable influ-
ence on either protein structure or its surface properties.

On the other hand, measurements of the hydrody-
namic parameters of the viral particles formed by BSMV
AC-CP by the DLS method demonstrated the presence of
two distinct peaks of 100 and 800 nm (Fig. 4c). This
hydrodynamic pattern suggests that in solution the viral
particles exist as large structures (aggregates). The hydro-
dynamic diameter of virions formed by the chimeric
tobamovirus was ~35 nm (data not shown).

Analyses of TVCV(AC-CP®MY) preparations by
transmission electron microscopy (TEM) demonstrated
the presence of thread-like structures that were 10 nm
thick, had irregular length (from 100 to several hundred
nanometers) and low electron density, and formed net-
like agglomerates (data not shown). Therefore, the
TVCV(AC-CPBMY) structures considerably differed from
BSMYV rod-shaped virions. To characterize these struc-
tures, sections of leaves infected with TVCV(AC-CPBSMY)
and TVCV(CP®MVY) were examined by TEM. Unlike
virus particles of ~20 nm in diameter observed for the
wild-type and chimeric tobamoviruses (Fig. 5a) [23],
TVCV(AC-CPBMY) formed 10 nm-thick flexible, often
aggregated particles. The presence of such particles not
only in purified preparations, but also in plant cells sug-
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Fig. 4. Physico-chemical characteristics of the chimeric TVCV(AC-CP5™Y) virus. a) CD spectra of TVCV(CP®MY) and TVCV(AC-CP5MY)
preparations. b) Surface zeta potential of TVCV(AC-CP™Y) virus particles. Three independent measurements are shown in different colors.
¢) Hydrodynamic diameter of TVCV(AC-CP®MY) particles determined by the DLS method.
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b

Fig. 5. Electron microscopy of sections of systemically infected N. benthamiana leaves exhibiting symptoms of viral infection. Plants were

infected with (a) TVCV(CP®MY) and (b) TVCV(AC-CPBMY).

gests that their abnormal appearance is an inherent fea-
ture rather than an artifact.

DISCUSSION

Here, we demonstrated that the BSMV CP gene can
replace the CP gene in the TVCV genome without signifi-
cant losses in the virus infectivity and ability for long-dis-
tance transport. This finding was rather unexpected since it
is known that the hordeiviral CP is not required for the
phloem transport of BSMV [19-21]. However, the results of
our work prove that BMSV CP can nevertheless provide this
function in the context of the recombinant viral genome.
This functional switch from virion to non-virion transport-
ed form of the viral genome resembles the role of CP in the
long-distance transport in the case of potato mop-top virus
(PMTY, genus Pomovirus) closely related to hordeiviruses.
Genomic RNA3 of PMTYV is transported through the
phloem as a modified virion, whereas RNAI and RNA2 are
transported in a form of RNP complexes [30].

As previously demonstrated, the infection phenotype
and the host range of hordeiviruses are affected by the
interactions of several nonstructural viral proteins, such
as gamma-a (RNA replicase subunit), gamma-b (silenc-
ing suppressor and systemic transport factor), and the
transport TGB1 protein encoded by the triple gene block
[19, 22]. It is believed that these viral proteins influence
genome replication, regulation of viral gene expression,
and/or virus translocation, either directly or indirectly.
On the other hand, during tobamovirus infection the
majority of these functions are associated with the viral
CP. For example, tobamoviral CP participates in the virus
phloem transport [30] and plays a dual role in the regula-
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tion of the host plant defense response, on one hand, by
acting as an elicitor of HR [12-16, 31, 32] and on anoth-
er hand, by participating in suppression of plant defense
systems [11, 17, 18].

The ability of BSMV CP to effectively perform the
functions of tobamoviral CP in the chimeric tobamovirus
can have two different complementary explanations. The
main role of tobamoviral CP is encapsidation of viral
RNA genome and its protection during the phloem trans-
port. Indeed, mutations in the TMV genomic RNA
region responsible for the initiation of virion assembly not
only block formation of viral particles, but also suppress
long-distance transport of the virus [9]. It was shown that
when encapsidated by the full-length BSMV CP,
chimeric TMV tobamovirus can form morphologically
correct virions indistinguishable from the wild-type
BSMYV virions thereby efficiently protecting tobamoviral
RNA from degradation [23]. Another explanation is
based on the fact that CP has other than structural func-
tions. TMV CP is necessary for entrance of viral genome
into the phloem. It was found that mutant TMV lacking
the CP gene could only reach the vascular parenchyma
cells in minor leaf veins and was not detected in compan-
ion cells involved in the virus entry into the phloem sieve
elements [10]. Efficient replacement of the tobamoviral
CP by the hordeiviral CP is likely due to the structural
similarity of these proteins most pronounced in the region
of the core a-helices [4]. This structural similarity may
also explain the involvement of BSMV CP in the regula-
tion of plant defense response manifested as HR in the
case of BSMV CP mutant with deleted intrinsically disor-
dered N-terminal region. Indeed, it has been demonstrat-
ed that the region responsible for the TMV CP activity as
an elicitor of HR is located in the area of core a-helices
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exposed at the virion surface [12]. We propose that struc-
turally similar region in BSMV CP with deleted N-termi-
nus becomes more accessible for the interacting factors in
the chimeric tobamovirus, which results in the HR devel-
opment. Similar effects were observed for deletion
mutants of other plant viruses. For example, a C-terminal
deletion in the TMV CP resulted in the induction of HR
in A. thaliana [33], whereas deletion of the N-terminal
fragment in the CP of the bacilliform/isometric brome
mosaic virus led to the HR development in infected
Chenopodium quinoa plants [35].

The fact that deletion of 22 amino acid residues
forming a fragment of intrinsically disordered C-terminal
region of the BSMV CP results in considerable increase in
the chimeric virus infectivity is rather unexpected. The
increase in infectivity is manifested as earlier appearance
of infection symptoms on the upper plant leaves as well as
elevated levels of mutant CP and viral RNA in agroinfil-
trated and systemically infected leaves in comparison to
the chimeric virus with the full-length CP.
Characterization of viral preparations isolated from the
infected plants demonstrated that deletion of BSMV CP
C-terminal fragment did not noticeably affect protein
structure (as determined by CD spectrometry) and sur-
face properties (as determined by measuring zeta poten-
tial) in comparison to the wild type BSMV CP. However,
in solution, these particles formed high-molecular-weight
aggregates. Electron microscopy of the infected cell sec-
tions revealed that these particles were abnormally thin
(10 nm), whereas the diameter of viral particles of the
wild-type and chimeric tobamoviruses was ~20 nm.
Intrinsically disordered C-terminal region is not involved
in the formation of intersubunit interaction in mature
virions [23]. However, we cannot exclude that this protein
region is involved into initiation or early stages of virion
assembly; therefore, the absence of the C-terminal region
can result in the formation of aberrant virions (RNP
complexes). In general, the characteristics of aberrant
particles (morphology and measured parameters) were
similar to those of filamentous helical viruses and a pre-
sumable non-virion transport form of viral genome such
as RNP complexes formed by viral movement proteins
and virus RNA in vitro (parameters, tendency to form
aggregates) [36-38]. Our data show the importance of the
CP C-terminal region for correct virion assembly. At the
same time, the aberrant virions demonstrated high effi-
ciency of systemic transport of chimeric viral RNA in a
form of RNP complexes, while the mutant BSMV CP was
capable of providing all necessary CP functions in the
cell-to-cell (short-distance) transport and long-distance
phloem types of viral transport. In addition, the C-termi-
nal part of CP molecule is likely recognized by the plant
defense system, and therefore, its deletion can result in
virus ability to partially escape defense responses of host
plants. The experimental system developed in this work
can be used for further studies of various strategies of sys-
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temic transport used by rod-shaped plant viruses and elu-
cidation of fundamental mechanisms of plant defense.
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