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Abstract

Many plant virus-like particles (VLPs) utilized in nanotechnology are 30-nm icosahedrons. To
expand the VLP platforms, we produced VLPs of Cytoplasmic type citrus leprosis virus (CiLV-C)
in Nicotiana benthamiana. \We were interested in CiLV-C because of its unique bacilliform shape
(60—70 nm x 110-120 nm). The CiLV-C capsid protein (p29) gene was transferred to the pTRBO
expression vector transiently expressed in leaves. Stable VLPs were formed, as confirmed by
agarose gel electrophoresis, transmission electron microscopy and size exclusion chromatography.
Interestingly, the morphology of the VLPs (15.8 +1.3 nm icosahedral particles) differed from that
of the native bacilliform particles indicating that the assembly of native virions is influenced by
other viral proteins and/or the packaged viral genome. The smaller CiLV-C VLPs will also be
useful for structure—function studies to compare with the 30-nm icosahedrons of other VVLPs.
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The production and testing of cytoplasmic type citrus leprosis virus-like particles (CiLV-C VLPs)
began with the introduction of the p29 gene encoding the CiLV-C capsid protein into the pTRBO
vector to form pTRBO_P29_CiLVC, which was introduced into Agrobacterium tumefaciens strain
GV3101 (left panel). Transient expression in Nicotiana benthamiana leaves was then facilitated

by vacuum-assisted agroinfiltration (middle panel). After 7 days, the VLPs were extracted from
detached leaves for testing. Abbreviations: LB = left border; RB = right border; replicase/MP = the
RNA-dependent RNA polymerase and movement protein from tobacco mosaic virus; P29 = p29
gene encoding the 29-kDa CiLV-C capsid protein.

Introduction

Plant viruses are widely used as platform technologies and nanoparticles that can be
repurposed and engineered for diverse applications, including the investigation of viral
assembly mechanisms [1], the development of nanocontainers for catalysts or drugs [2],
precision farming [3, 4] as well as veterinary [5] and human health [6]. Plant viruses and
their non-infectious counterparts, the virus-like particles (VLPSs) are particularly promising
as vaccine and immunotherapy platforms. For example, a COVID-19 vaccine candidate
based on tobacco mosaic virus (TMV) was produced by Kentucky BioScience International,
LLC [7]. Indeed, much research and many applications have focused on use of TMV,

which is a 300 x 18 nm hollow nanotube in its native state but can also form spherical
nanoparticles upon heat transformation [8]. Many different icosahedral plant viruses have
been studied and engineered, many of which form 30-nm particles with T = 3 or pT

= 3 symmetry. Examples include cowpea mosaic virus (CPMV) [9], cowpea chlorotic
mottle virus (CCMV) [10], cucumber mosaic virus (CuMV) [11], red clover necrotic mottle
virus (RCNMV) [4], and hibiscus chlorotic ringspot virus (HCRSV) [12]. Nanotechnology
has taught us that the material properties and in vivo fate of nanoparticles are governed

by their physiochemical characteristics, size and shape [13]. We therefore searched the
International Committee on Taxonomy of Viruses (ICTV) database for plant viruses with
different morphologies. This led us to cytoplasmic type citrus leprosis virus (CiLV-C), which
forms bacilliform particles with dimensions of 60-70 nm x 110-120 nm.

CiLV-C causes citrus leprosis, a viral disease of citrus crops that is prevalent in South

and Central America [14]. The disease is transmitted when plants are infested with mites
(Brevipalpus spp.) and is caused by at least three viruses (CiLV-C being one of them), which
establish non-systemic infections characterized by chlorotic lesions with necrotic ringspots
on leaves, and chlorotic lesions and/or browning of fruits [14]. The disease results in fruit
loss, stem dieback and in severe infestations can even kill citrus trees. The combined cost
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of yield losses and chemical control measures for the prevention of mite infestations come
to more than US$100 millions per year [15]. CiLV-C is the most widely distributed of

the three viruses and is the type member of the genus Cilevirus, family Kitaviridae [16,

17]. Its bacilliform particles surround a positive-sense ssSRNA genome in two segments,
each featuring a 5" cap and 3" polyadenylate tail. The first segment (RNA1) contains two
open reading frames (ORFs) encoding a multi-domain replication-associated protein and the
capsid protein, p29 [14, 18, 19]. The second segment (RNA2) contains four ORFs encoding
p15, which is required for the formation of vesicles in the ER [19], the p61 glycoprotein
with roles in the remodeling of the ER and Golgi body [19, 20], the movement protein

p32, and the integral membrane protein p24, which is also involved in viral replication and
assembly in the ER and may function as a matrix protein [19].

To learn more about the assembly of CiLV-C, we transiently expressed the p29 capsid
protein in Nicotiana benthamiana plants in an attempt to generate VLPs. Unlike native
viruses, VLPs lack any genomic material and are therefore unable to replicate, but they are
often structurally similar to the parental virus and still capable of interacting with target
cells [21]. Therefore, CiLV-C VLPs would make a useful addition to the viral nanoparticle
platforms currently being investigated. The availability of VLPs would also allow us to work
on the development of more effective and less environmentally hazardous control measures
to prevent citrus leprosis.

Expression and purification of CiLV-C VLPs

The wild-type CiLV-C p29 sequence (UniProt: Q1KZ58) was reverse translated and

codon optimized for N. benthamiana using SnapGene. The cDNA was synthesized by
Genscript Biotech and transferred from the source vector pUC57-mini_P29_CiLVC to

the Pacl-Avrll site of vector pTRBO (Addgene #80082) [22]. The insert was verified

by colony PCR using primers TRBO-f (5'-GAT GAT TCG GAG GCT ACT GTC-3")

and P29-r 5'-CAG AAG GAC CAG GTT GAA GTT G-3"). The reaction was heated

to 95 °C for 30 s followed by 30 cycles of 95 °C for 30's, 60 °C for 30 s and

68 °C for 30 s, and a final elongation step at 68 °C for 5 min. The presence of the

insert was confirmed by digestion with the restriction enzymes Pacl and Avrll (New
England Biolabs) followed by 1% (w/v) agarose gel electrophoresis. Further, the identity
of the p29 gene was validated by sequencing using Eurofins Genomics (Figure S1).
Sequencing was performed on a PCR product obtained using pTRBO vector specific
forward and reverse primers: TRBO FP 5’-GATGATTCGGAGGCTACTGTC-3’ and TRBO
RP 5’-CTACCTCAAGTTGCAGGACCG-3’. Sequences data were analyzed by BlastN and
BlastX analysis and CLUSTAL OMEGA sequence alignment.

Then Agrobacterium tumefaciens strain GVV3101 (Gold Biotechnology) was transformed
by electroporation and cultured at 28 °C in YEB medium (5 g/L beef extract, 1 g/L

yeast extract, 5 g/L peptone, 5 g/L sucrose, 0.5 g/L MgCl,) supplemented with 50

pg/ml kanamycin, 30 pg/ml gentamycin and 25 pg/ml rifampicin. Bacterial cultures were
resuspended in infiltration buffer (10 MM MES pH 5.5, 10 mM MgCly, 2% (w/v) sucrose,
200 uM acetosyringone) and the ODgggnm Was adjusted to 1. The suspension was incubated
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for 4 h at room temperature before adding 0.01% (v/v) Silwet L-77 immediately prior to
vacuum infiltration. Leaves of 6-week-old N. benthamiana plants were vacuum infiltrated as
previously described [23] with an absolute pressure of 0.23 atm for 3 min before release.
The infiltrated leaves were allowed to air dry under a fume hood for 1 h and the plants were
then maintained at 24 °C and 60% humidity for 7 days with a 16-h photoperiod (10,000 lux).
The leaves were harvested and stored at =80 °C.

The purification protocol was adapted from ref. [24]. VLPs were recovered from ~100 g

of agroinfiltrated tissue by pulverization and homogenization in three volumes (300 mL) of
cold 0.1 M sodium phosphate buffer (pH 7.0) containing 2% (w/v) polyvinylpolypyrrolidone
(Sigma-Aldrich). The cell lysate was filtered through Miracloth to remove debris and
centrifuged (12,000 x g, 20 min, 4 °C). The supernatant was supplemented with 0.2 M

NaCl and 8% (w/v) PEG (MW 8000) and stirred overnight at 4 °C. The solution was
centrifuged (14,000 x g, 15 min, 4 °C) and the pellet was redissolved in 50 ml 10 mM
sodium phosphate buffer (pH 7.0) overnight. The next day, the solution was centrifuged
(12,000 x g, 15 min, 4 °C) and the cleared supernatant was pelleted by ultracentrifugation
(169,000 x g, 3 h, 4 °C). The pellet was resuspended in 2 ml 0.1 M sodium phosphate buffer
(pH 7.0) overnight at 4 °C. Finally, the VLPs were purified by ultracentrifugation on a 30%
sucrose cushion (133,000 x g, 3 h, 4 °C). The light scattering VLP band was collected,
pelleted by ultracentrifugation (169,000 x g, 3 h, 4 °C), and the pellet was resuspended in
0.1 M sodium phosphate buffer (pH 7.0). The total protein concentration was determined
using a BCA assay (Thermo Fisher Scientific).

Electrophoretic characterization of VLPs

The VLPs were characterized by denaturing sodium dodecy! sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and agarose gel electrophoresis. For SDS-PAGE, we loaded
10-pug and 20-ug samples of total protein per lane on NUPAGE 4-12% gels and fractionated
them for 37 min at 200 mV. The gels were stained with GelCode Blue Safe Protein Stain
(Thermo Fisher Scientific). For agarose gel electrophoresis, 20-lg samples of total protein
were loaded onto 1.2% (w/v) agarose gels and fractionated for 1 h at 80 mV. For nucleic
acid identification the gel was stained with GelRed (Gold Biotechnology) and for protein
identification the gel was stained with Coomassie Brilliant Blue. All gels were imaged using
the ProteinSimple FluorChem R imaging system.

Transmission electron microscopy

Carbon-coated copper negative stain grids were glow-discharged for 30 s (easiGlow) before
adding 10-ul samples of total protein, incubating for 2 min and blotting away excess liquid.
The grids were washed twice in Milli-Q water before applying two lots of 10 pl 2% (w/v)
uranyl acetate, leaving the stain for 30 s each time before blotting. The grids were air dried
and analyzed on a JEOL JEM-1400 series 120kV Transmission Electron Microscope. The
size of the CiLV-C VLPs was determined analyzing three images at different magnifications
(60,000x%, 80,000x and 100,000x) and measuring the diameter of 100 particles from five
random fields (20 particles/field) in each image. The diameter of the 300 particles in total
was presented as a frequency-size distribution histogram and the polydispersity index (PDI)
was calculated as follows:
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PDI = (standard deviation / mean diameter size)2

Size exclusion chromatography

CiLV-C VLPs were analyzed by size exclusion chromatography (SEC) using an AKTA Pure
system fitted with a Superose 6 Increase 10/300 GL column (GE Healthcare). Samples (500
g total protein) were analyzed at a flow rate of 0.5 ml/min using 0.1 M sodium phosphate
buffer (pH 7.0).

Results and discussion

Cloning and expression of the CiLV-C p29 gene

The codon-optimized CiLV-C p29 sequence was synthesized by GenScript Biotech and
provided in vector pUC57-mini_P29_CiLVC. We transferred the p29 ORF to the pTRBO
vector, which contains the TMV replicase and movement protein genes [22] and is

widely used for the overexpression of recombinant proteins in plants (Figure 1a). The
recombinant vector pTRBO_P29 CiLVC was introduced into A. tumefaciens strain GV3101
by electroporation, and the presence of the insert was confirmed by colony PCR (Figure 1b)
and a diagnostic restriction assay, which yielded a product of ~813 bp in addition to the
>10-kb linearized pTRBO backbone (Figure 1c). Finally, sequencing confirmed the identity
of the p29 gene (Figure S1).

The leaves of 6-week-old N. benthamiana plants were vacuum infiltrated with the
suspension of A. tumefaciens and left to express the p29 protein for 7 days. VLPs were
then recovered from leaf extracts by ultracentrifugation over a 30% sucrose cushion (Figure
2a—C). Agarose gel electrophoresis showed that extracts before and after ultracentrifugation
contained comigrating nucleic acid and protein bands (Figure 2d). VLPs lack genomic
RNA, but often package random host RNA molecules based on nonspecific electrostatic
interactions with the nucleic acid backbone [25], given the absence of a common packaging
motif. We will investigate the nature of these captured RNA molecules in future work. SDS-
PAGE under denaturing conditions confirmed the presence of the 29-kDa capsid protein

in the crude extract before ultracentrifugation, and in the VLP band, but not in the pellet
(Figure 2e).

Size and morphology of the CiLV-C VLPs

TEM analysis of the VLP band as well as pellet was performed confirming the presence

of VLPs only in the light scattering band, denoted as the VLP band (Figure S2). Once

we confirmed the presence of VLPs in the light scattering band, the samples were further
analyzed by SEC which revealed one major peak at ~ 15 mL (Figure 3a). Fractions were
analyzed by SDS-PAGE revealing a 29-kDa protein the in major peak fraction (Figure 3b).
Finally, TEM imaging of the major peak fraction also confirmed the presence of icosahedral
particles (Figure 3c). The original morphological description of CiLV-C referred to short
bacilliform particles (60-70 nm x 110-120 nm) in the cisternae of the ER, as well as
electron-dense viroplasms distributed in the cytoplasm [26]. However, the analysis of TEM
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images revealed an icosahedral morphology with T = 1 symmetry (Figure 3c) and the VLPs
were also smaller in size than the native particles (15.8 £1.3 nm) with a PDI of 0.006 (Figure
S3).

Our goal was to produce bacilliform VLPs larger than the typical 30-nm icosahedrons
formed by other plant viruses. Although the CiLV-C VLPs did not assemble into the
anticipated bacilliform particles, the icosahedral particles with T = 1 symmetry were smaller
than usual (~15 nm) and offer an opportunity to test for size-specific behavior during cell
uptake and in vivo trafficking. VLPs that self-assemble from capsid proteins expressed in
microbes, animal cells, plant cells or cell-free systems often resemble the structure of the
parent virus, but this is not always the case. For example, in contrast to most members

of the Alfamovirus genus, many strains of alfalfa mosaic virus (AIMV) are composed

of bacilliform particles, but expressing the coat protein in Escherichia coli produces
icosahedral particles with T = 1 symmetry similar to those we observed for CiLV-C [27,

28]. This is likely to reflect the absence of viral genomic RNA, which normally coordinates
the assembly of coat protein subunits. Indeed. AIMV can form particles with various
morphologies, including bacilliform, icosahedral and long tubular structures resembling the
cross-section of the icosahedral capsid (with or without icosahedral end caps) depending

on the presence/absence of nucleic acids [29] and the specific type: heterologous virus
genome, calf thymus DNA, yeast total RNA, or poly(A) RNA [30, 31]. These morphologies
can also be replicated by limited trypsin digestion [32] and by coat protein mutants that
influence the formation of coat protein dimers (as the basic unit of capsid assembly) and the
choice between the formation of pentamers or hexamers [28, 33]. Furthermore, to restore the
bacilliform of CiLV-C, co-expression of additional structural proteins may be necessary. The
integral membrane protein p24, has been implicated to play a role as a matrix protein [19],
and thus may be required for assembly of the bacilliform. We also note that it may also be
possible that bacilliform particles might be present but are less stable or are present at too
low titers and possibly do not elute in the expected purification fractions.

Conclusion

We expressed the CiLV-C p29 capsid protein in N. benthamiana and confirmed that it self-
assembles into stable VLPs, albeit differing in size and morphology from the native CiLV-C
particles. Such differences are often observed when some of the components required to
assemble native particles are missing (in this case, the most likely candidates are the native
RNA1 and RNA2, but potentially also one or more of the five additional CiLV-C proteins).
The production of CiLV-C VLPs provides insight into the assembly mechanism and may
facilitate the development of more effective countermeasures against citrus leprosis based on
the direct inhibition of the viral replication cycle. CiLV-C VLPs could also be developed as
delivery platforms for drugs, vaccines, and imaging reagents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research highlights

Virus like particles (VLPs) of Cytoplasmic type citrus leprosis virus (CiLV-C)
were produced through transient expression in plants.

Native CiLV-C forms bacilliform particles (60—70 nm x 110-120 nm).

The CiLV-C capsid protein (p29) gene was transferred to the pTRBO
expression vector and introduced into Agrobacterium tumefaciens strain
GV3101 followed by the vacuum-assisted agroinfiltration of N. benthamiana
leaves.

Stable VLPs were formed and interstingly the morphology of the VLPs (15.8
+1.3 nm icosahedral particles) differed from that of the native bacilliform
particles.

The smaller CiLV-C VLPs will also be useful for structure—function studies to
compare with the 30-nm icosahedrons of other VVLPs.

The production of CiLV-C VLPs provides insight into the assembly
mechanism of the virus, which may guide the development of more effective
countermeasures against citrus leprosis.
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Figure 1.

Cloning of the CiLV-C p29gene in a plant expression vector. (A) The p29 gene was
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transferred from its source vector pUC57-mini_P29 CiLVC to the pTRBO (tobacco mosaic

virus RNA-based overexpression) vector using the restriction enzymes Pacl and Avrll,

yielding the final vector pTRBO_P29_CiLVC. (B) Digestion of pUC57-mini_P29_CiLVC
with Pacl and Avrll, releasing the p29 gene as an 813-bp fragment. The same enzymes were
used to linearize pTRBO to allow unidirectional ligation. (C) Following the electroporation
of A. tumefaciens strain GVV3101 with pTRBO_P29_CiLVC, the presence of the insert was
confirmed by colony PCR to yield a 307-bp product, and by a diagnostic restriction digest to
release the entire 813-bp insert along with the >10-kb linearized pTRBO backbone. Lastly,
sequencing confirmed the identity of the p29gene (Figure S1).

Virology. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ortega-Rivera et al.

Page 11

Lo
% =\ —
PSR N. benthamiana N. benthamiana

8,80 extract extract

®9®9®|| ciLvCVLPs

| 30% sucrose | 30% sucrose |
cushion cushion
k) \ Pellet
b- 133,000x g \“_'-’/-
D E
CiLvCc MW CiLvC MW
Extract  VLPs Pellet kDa Extract VLPs Pellet kDa

| 8
, Plant proteins @ CiLVC VLPs > P29 protein

Figure 2.
Purification and analysis of CiLV-C VLPs. (A-C) Schematic illustration of the sucrose

cushion ultracentrifugation step. (A) The N. benthamiana leaf extract was loaded onto the
30% sucrose cushion. (B) After ultracentrifugation, the CiLV-C VLPs formed a band at the
top of the sucrose cushion and most plant proteins either remained in the aqueous zone or
formed a pellet. (C) Image of a tube after ultracentrifugation showing the CiLV-C VLP band.
(D) Analysis of 20 ug of total protein from the crude extract (left), the VLP band (middle)
and the pellet (right) by 1.2% agarose gel electrophoresis. The top image shows nucleic
acid staining (GelRed) and the bottom image shown protein staining (Coomassie Brilliant
Blue) confirming the comigration of protein and nucleic acid in intact VLPs. (E) Denaturing
SDS-PAGE in 4-12% polyacrylamide gels of 10 and 20 pg of total protein from the crude
extract (left), the VLP band (middle) and the pellet (right), indicating the presence of p29 in
the crude extract and VLPs but not the pellet.
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Figure 3.

Purification of CiLV-C VLPs by size exclusion chromatography (SEC) and characterization

of the fractions. (A) SEC revealed one major peak at ~ 15 mL for the light scattering

band (CiLV-C VLPs band in Figure 2b) — larger, possibly aggregates were observed when

the pellet fraction was subjected to SEC analysis. (B) SDS-PAGE analysis in 4-12%

polyacrylamide gels under denaturing conditions reveals the presence of the p29 protein in
the major peak fraction. (C) TEM images of the major peak fraction showing pure CiLV-C
VLPs (49,000x, scale bar = 100 nm; and 128,000x, scale bar = 50 nm).
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