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ABSTRACT

Reverse genetics systems represent an important tool for studying the molecular and functional processes of viral
infection. Citrus leprosis virus C (CiLV-C) (genus Cilevirus, family Kitaviridae) is the main pathogen responsible
for the citrus leprosis (CL) disease in Latin America, one of the most economically important diseases of the citrus
industry. Molecular studies of this pathosystem are limited due to the lack of infectious clones. Here, we report
the construction and validation of a CiLV-C infectious cDNA clone based on an agroinfection system. The two
viral RNA segments (RNA1 and RNA2) were assembled into two binary vectors (pJL89 and pLXAS). Agro-
infiltrated Nicotiana benthamiana plants showed a response similar to that observed in the natural infection
process with the formation of localized lesions restricted to the inoculated leaves. The virus recovered from the
plant tissue infected with the infectious clones can be mechanically transmitted between N. benthamiana plants.
Detection of CiLV-C subgenomic RNAs (sgRNAs) from agroinfiltrated and mechanically inoculated leaves further
confirmed the infectivity of the clones. Finally, partial particle-purification preparations or sections of CiLV-C-
infected tissue followed by transmission electron microscopy (TEM) analysis showed the formation of CiLV-C
virions rescued by the infectious clone. The CiLV-C reverse genetic system now provides a powerful molecular
tool to unravel the peculiarities of the CL pathosystem.

1. Introduction

Citrus leprosis (CL) is considered one of the main viral diseases
affecting citrus orchards in America. This disease is caused by leprosis-
associated viruses from the genera Cilevirus, Dichorhavirus, and
perhaps Higrevirus. Currently, citrus leprosis virus C (CiLV-C), genus
Cilevirus (family Kitaviridae) is considered the most devastating virus
infecting citrus in Brazil (Bastianel et al., 2010). It was described in more
than 50 natural and experimental host species belonging to at least 28
plant families (Garita et al., 2014). The interaction between CiLV-C and
its vector Brevipalpus yothersi (Acari: Tenuipalpidae) occurs in a persis-
tent manner (Roy et al, 2015; Tassi et al, 2017).
Brevipalpus-transmitted viruses (BTV) can accumulate either in the
cytoplasm or the nucleus (Freitas-Astua et al., 2018). CiLV-C infection is
characterized by the formation of chlorotic and necrotic circular lesions
in citrus leaves, fruits, and stems (Bastianel et al., 2010). So far, no
systemically infected plants have been reported by cytoplasmic type
species responsible for the CL disease in natural infections.

In the virus infection process, vesicles in the endoplasmic reticulum
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(ER) system comprising bacilliform (40-70 nm x 100-120 nm) viral
particles are extensively visualized (Kitajima et al., 1974; Leastro et al.,
2018). The genome of cileviruses consists of two segments of
positive-sense single-stranded RNA (+ssRNA) carrying 5-cap and
3'-poly(A) tail structures (Freitas-Astua et al., 2018). For the type species
CiLV-C, RNA1 (~ 8.7 kb) encodes the polymerase precursor (RdRp),
containing conserved domains of methyl transferase, helicase, protease,
and polymerase (Pascon et al., 2006), and the capsid protein (CP p29)
(Leastro et al., 2018; Ortega-Rivera et al., 2023). On the other hand,
RNA 2 (~ 5 kb) encodes a component of the viral RNA silencing sup-
pression (RSS) machinery (p15) (Leastro et al., 2020a), the movement
protein (MP p32) (Leastro et al., 2021a, 2021b) and the putative
glycoprotein (p61) and matrix protein (p24) (Kuchibhatla et al., 2014;
Leastro et al., 2018). Four subgenomic RNAs (sgRNA) are generated
during the process of CiLV-C infection. RNA1 produces a sgRNA1 frag-
ment of 0.7 kb in size that transcribe the p29, while the RNA2 generates
the sgRNA 2 (3 kb, correspondent to p61, MP, and p24), the sgRNA 3
(1.5 kb that transcribes the MP and p24), and the sgRNA 4 (0.6 kb that
corresponds to p24 only) (Pascon et al., 2006).
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The development of reverse genetics systems of RNA viruses has
expanded the understanding of the functions of viral and host genes and
proteins. It provides broad insights about the pathosystem of interaction
virus-host-vector, which facilitates the development of anti-viral treat-
ments (Cordero et al., 2017; Peng et al., 2021). More recently, plant
virus infectious clones have been used for plant genome editing based on
viral vectors engineered for CRISPR-Cas-mediated genome editing in
plants (Ali et al., 2015; Liu et al., 2023; Uranga et al., 2023). In this
context, the development of infectious clones can facilitate the engi-
neering of molecular tools with the potential to be applied in different
areas of knowledge.
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2. Materials and methods
2.1. Plant material and virus source

Two to four-week-old plants of Nicotiana benthamiana were used in
agroinfiltration and mechanical transmission assays. The CiLV-C linage
CRD (GenBank accession numbers DQ352194.1 and DQ352195.1) from
citrus-infected leaves was used in this study. The N. benthamiana were
kept under a two-step cycle of 24 °C day/18 °C night and 16 h light/8 h
dark. The presence of symptoms was monitored for 30 days-post infil-
tration or inoculation (days p.i).

In this study, we describe the construction of a genetic reverse system
for the CiLV-C. This system relies on the agroinfiltration of plant leaves

for transient co-expression of the CiLV-C RNA 1 and RNA 2. 2.2. Construction of CiLV-C full-length cDNA infectious clones

For pJL89 constructs, the full-length ¢cDNA of CiLV-C RNA1 and
RNA2 were obtained using the Superscript™ III (Thermo Fisher Scien-
tific, Waltham, MA, USA) with oligo(dT) primer according to the man-
ufacturer’s instruction. For amplification and assembly of viral full-
length genomes, primers were designed containing overlapping
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Fig. 1. Construction of CiLV-C infectious cDNA clones using pJL89 and pLXAS binary vectors. (A) Schematic representation of CiLV-C infectious cDNA clone in
binary plasmid. The pJL89 amplification strategy consists of plasmid amplification by inverse PCR with a set of primers that anneal to the HDV Rz region and the 35S
CaMV promoter region. The arrows show the direction of amplification. This amplification strategy ensures that the viral fragments are assembled between the
double 35S promoter (double arrow) and the HDV Rz (rectangular box), followed by the NOS terminator (square box). It is shown the genomic organization of CiLV-C
RNA1 and RNA2. The boxes highlight the virus ORFs: polymerase and p29 (RNA1), and p15, p61, MP, and p24 (RNA2). The black, hot pink, and orange arrows
indicate the direction and the primers used for the amplification of the two RNA1 (first -F1- and second -F2-) or the RNA2 (F3) fragments, respectively. On the right, a
schematic representation of the pJL89 RNA1 CiLV-C and pJL89 RNA2 CiLV-C constructs assembled. F1 and F2 correspond to the first and second fragments of the
RNA1, and F3 corresponds to the RNA2 fragment. The sizes in base pairs (bp) of the viral genome, amplified fragments, and assembled constructs are presented. (B)
The pLXAS amplification strategy consists of plasmid amplification by inverse PCR with a set of primers that anneals to the HDV Rz region and the 35S CaMV
promoter region. The arrows show the direction of amplification. This amplification strategy ensures that the viral fragments are assembled between the double 35S
promoter (double arrow) and the HDV Rz (rectangular box), followed by the PoPit terminator (square box). The green arrows indicate the direction of amplification
of the RNA 1 (F1) fragment for the assembly using BsmBI restrict enzyme with nts compatibles to the 3-end of the 35S promoter and 5-end of HDV Rz and the red
arrows indicate the direction of amplification of the RNA2 (F2). (C) The stop codon insertion into the viral gene polymerase was performed by replacing a G-T at
position 1.405 using a pair primer (*'polymutstop fwd/"polymutstop rev) carrying the point mutation. “a, b, ¢, d, e, f, g, and h” correspond to the primers named in
Supplementary Table 1.
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fragments with the aid of the NEBuilder assembly tool (https://
nebuilder.neb.com/). The vector fragments from the binary vector
pJL89 (Lindbo, 2007) were prepared by inverse vector amplification
with the primers *pJL89 vector fwd and *pJL89 vector rev, which anneal
to the ribozyme HDV-Rz region, and the promoter region, respectively
(Supplementary Table 1 and Fig. 1A). Given the size of ~ 8.7 kb of
RNA1, the strategy used for overlap extension PCR for assembly of this
fragment into binary vector pJL89 was performed in 2 steps: i) ampli-
fication of the first half (F1) of RNA1 (4.411 bp) with the primers
(°RNA1 F1 fwd/ PRNA1 F1 rev; Supplementary Table 1 and Fig. 1A)
containing an overlapping region of 25 bp with the 5'end of the vector
pJL89 and the second half of RNAI; ii) amplification of the second half
(F2) of RNA1 (remaining 4.410 pb) with the primers (‘RNA1 F2 fwd/
‘RNA1 F2 rev; Supplementary Table 1 and Fig. 1A) containing the
overlap of 25 bp with the 3'end of the first half of RNA1 and with the 3'of
the binary vector (Fig. 1). The RNA2 (F3) (~ 5 kb) was amplified with
the primers (“RNA2 F3 fwd/ ‘RNA2 F3 rev; Supplementary Table 1 and
Fig. 1A) in a single step with 25 bp overlaps with 5'and 3'ends of the
binary vector pJL89 (Fig. 1A).

The backbone clone vector and the virus genome fragments (F1, F2,
and F3) were amplified with the Phusion High-Fidelity DNA polymerase
(New England BioLabs, Ipswich, MA, USA), and all fragments were
purified using the Wizard® SV Gel and PCR Clean-Up System (Promega,
Madison, WI, USA). Subsequently, the viral fragments were assembled
in the vector pJL89, flanked by double cauliflower mosaic virus (CaMV)
35S promoter and the NOS terminator (Fig. 1A), in an isothermal re-
action (Gibson Assembly Cloning master mix, New England BioLabs,
Ipswich, MA, USA), according to the manufacturer’s instructions. The
assembled products (named pJL89/2 x 35S-cDNA1:HDVRz-TNOS and
pJL89/2 x 35S-cDNA2:HDVRz-TNOS) were transformed in electro-
competent Escherichia coli DH5-alfa cells, and correct clones were
selected by colony PCR with primers designed to confirm the correct
orientation of the fragments inserted into the vector. In addition,
extracted plasmids from positive PCR colonies (4 for each construction)
were also confirmed by enzyme digestion (PstI for pJL89 ¢cDNA1 and
EcoRI for pJL89 cDNA2), which showed an expected digestion profile
(data not shown). The integrity of the recombination regions was
confirmed by plasmid DNA sequencing. Finally, the Agrobacterium
tumefaciens (strain C58) were separately transformed with the corre-
sponding plasmids containing the full-length CiLV-C cDNA.

For pLXAS (Pasin et al., 2017) construction, the CiLV-C RNA1 and
RNA2 were amplified from the cDNA above mentioned using the Phu-
sion High-Fidelity DNA polymerase (New England BioLabs, Ipswich,
MA, USA). The vector fragments from the binary vector pLXAS were
prepared by inverse vector amplification with the primers °pLXAS
fwd/®pLXAS rev, which anneals to the ribozyme HDV-Rz region, and to
the 35S promoter region, respectively (Supplementary Table 1 and
Fig. 1B). In contrast to the assembly strategy used for insertion of CiLV-C
fragments into the pJL89 binary vector, for pLXAS CiLV-C infectious
constructs, we proceeded to the golden gate strategy with primers car-
rying the BsmBI type II restriction site containing sequences comple-
mentary to the binary vector. Virus genome fragments (RNA1l and
RNA2) were integrally amplified using the primers ‘RNA1 fwd/'RNA1
rev and 8RNA2 fwd/8RNA2 rev, respectively (Supplementary Table 1
and Fig. 1B). After amplification, the respective fragments were digested
with Bsmbl according to the manufacturer’s instruction, then ligated
into the pLXAS construct using T4 DNA Ligase (Promega, Madison, WI,
USA). The assembled constructs named pLXAS/Rz-2 x 35S-cDNA1:
HDVRz-PoPit and pLXAS/Rz-2 x 35S-cDNA2:HDVRz-PoPit were also
transformed in DH5-alfa cells and selected by colony PCR as above
described. Plasmids from five independent colonies were obtained and
analyzed by the Sanger sequencing method. Finally, the selected con-
structs were used to transform the agrobacterium C58 strain.

To obtain the CiLV-C cDNAlmut control construct carrying a stop
codon at the N-terminus of the viral polymerase, we performed an in-
verse PCR point mutation to replace ‘G’ with ‘T” at position 1.405. This
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point mutation impairs the complete translation of the viral polymerase,
thus impairing the replication and transcription of the viral genome. The
pJL89/2 x 35S-cDNA1:HDVRz-TNOS and pLXAS/Rz-2 x 35S-cDNA1:
HDVRz-PoPit were used as a template for inverse PCR amplification
with the primers Ppolymutstop fwd/"polymutstop rev (Supplementary
Table 1 and Fig. 1C). Next, the amplification product, previously treated
with Dpnl, was ligated using the T4 DNA ligase (Promega, Madison, W1,
USA), generating the constructs named pJL89/2 x 35S-cDNAlmut:
HDVRz-PoPit and pLXAS/Rz-2 x 35S-cDNAlmut:HDVRz-PoPit. The
introduced point mutation was confirmed by the Sanger sequencing
method in five independent constructs.

2.3. Agrobacterium infiltration

At the four-leaf growth stage, N. benthamiana leaves (five plants per
construct in three independent experiments) were co-infiltrated (ODggq
= 0.5) with A. tumefaciens harboring the full-length infectious clone
vector(s) at 1:1 ratio in agroinfiltration buffer (10 mM of MES pH 5,6
and 10 mM of MgCly). Individual agrobacterium cultures grew at 28 °C
in Luria-Bertani (LB) medium containing rifampicin (100 mg mL 1) and
kanamycin (50 mg mL™!) antibiotics for plasmid and agrobacterium
selection. As mock control, N. benthamiana plants were infiltrated with
A. tumefaciens harboring the cDNA1mut plus cDNA2. To increase the
stability of the viral genome transcripts, plants were co-agroinfiltrated
with a binary vector carrying the silencing suppressor HCPro from the
tobacco etch virus (ODggg = 0.1).

2.4. Virus mechanical transmission

At 6 days p.i, agroinfiltrated leaves from several plants were crushed
in phosphate buffer (30 mM, pH 8.0) and the leaf extract was used as
virus particle inoculum for mechanical inoculation of new
N. benthamiana (three-four leaves per plant and five plants per infectious
clone) using Carborundum (VWR prolabo, France) as an abrasive.

2.5. RNA extraction and RT-PCR assay

Total RNAs from agroinfiltrated (at 8 days p.i) or mechanical inoc-
ulated (at 4 days p.i) N. benthamiana leaves were extracted using VWR
Life Science AMRESCO RiboZol RNA extraction Reagent. 1 pg of these
RNA extracts was treated with DNase I, RNase free 1 U/pL (Thermo
Fisher Scientific, Waltham, MA, USA), and then reverse transcribed with
CiLV-C p29 and p24 primers for virus detection (Supplementary Table 1)
using the One-Step RT-PCR system (Thermo Fisher Scientific, Waltham,
MA, USA), following the manufacturer’s instructions. A blank (non-
template control) was used in all RT-PCR assays.

2.6. Northern blot

For CiLV-C genomic (g) and subgenomic (sg) RNA detection, all
procedures of RNA electrophoresis, membrane transference, hybridiza-
tion, and detection were conducted as previously described by Leastro
et al. (2020a) and Pallas et al. (1998). For CiLV-C RNA1 g and sg de-
tections, we generated a DIG-riboprobe (Roche, Mannheim, Germany)
complementary to the p29 gene. For the detection of gRNA2 and its
respective subgenomic RNAs, a DIG-probe complementary to the com-
plete sequence of the p24 was used. Northern blot analysis from agro-
infiltrated leaves expressing the RNAlmut control construct, the
functional full-length cDNA infectious clone, or the mechanically inoc-
ulated plants was performed using 6 pg, 6 pg or 5 pg of total RNA,
respectively. The quantification of the RNA bands was performed using
ImageJ version 2.0cr software with the ISAC plugin.
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2.7. Partial purification of CiLV-C particles, SDS-PAGE, and transmission
electron microscope (TEM)

Partial purification of virion particles was performed by PEG pre-
cipitation. Briefly, 0.5 g of agroinfiltrated tissue was crushed in 1 mL of
extraction buffer (100 mM K,;HPO4, 100 mM Ascorbic acid, and 20 mM
EDTA, pH 7.1) at room temperature. Then, mixed with 0.5 mL of chlo-
roform/butanol (1:1) solution. The supernatant phase was recovered
after 14.000 rpm for 10 min, then mixed with 1/5 vol of PEG 20.000
(80%) and kept on ice for 20 min. After low centrifugation (7.500 rpm
for 15 min.), the pellet was resuspended in PEN buffer (10 mM NaH,PO4
[pH 7.0], 1 mM EDTA) for 30 min. The supernatant and pellet fractions
were formed after centrifugation at 6.500 rpm for five minutes and
analyzed in 1% agarose gel. Part of the supernatant fraction was used for
protein and RNA extraction. Before RT-PCR, the RNA was treated with
DNase I as aforementioned. SDS-PAGE was performed as previously
described by Leastro et al. (2015).

A portion of the partially purified virions was negatively stained
using 2% phosphotungstic acid and 4% uranyl acetate. The samples
were adsorbed in formvar/carbon-coated grids. The preparations were
visualized with a JOEL-JEM 1010 (DEBEN AMT) transmission electron
microscope operated at 100 kV. The images were obtained in magnifi-
cation between X50k-X150k. Particle size (length and diameter) was
estimated from the measurement of 25 virions using the ImageJ
program.

Small pieces of Nicotiana benthamiana leaves inoculated with CiLV-C
infectious clone were fixed in a mixture of 2% glutaraldehyde, 2.5%
paraformaldehyde in 0.05 M cacodylate buffer pH 7.2. They were then
post-fixed in 1% osmium tetroxide in the same buffer, dehydrated in
acetone, infiltrated and embedded in the low viscosity Spurr’s epoxy
resin (Kitajima and Alberti, 2014). The blocks were sectioned using a
Leica EMUC7 ultramicrotome equipped with Diatome diamond knife.
Thin sections were collected on 300 mesh copper grids, stained with 3%
uranyl acetate and Reynold’s lead citrate, and examined using a Jeol
JEM 1011 transmission electron microscope. Images were registered
digitally with a Gatan camera.

3. Results
3.1. Construction of the full-length cDNA clone of CiLV-C

The full-length cDNAs of two CiLV-C RNA fragments were individ-
ually cloned into the pJL89 and pLXAS vectors, between a double CaMV
35S promoter and hepatitis delta virus (HDV) ribozyme (Rz) followed by
the NOS (pJL89) or the potato proteinase inhibitor (PoPit) terminator
sequences (pLXAS) (Fig. 1A and B), to generate pJL89/35S-cDNA1,
pJL89/35S-cDNA2, pLXAS/35S-cDNA1 and pLXAS/35S-cDNA2 con-
structs. The resultant viral constructs contained at the 3’ termini of the
viral RNA, a poly (A) tail of 17 nt (pJL89) or 50 nt (pLX) (Fig. 1A and B).
Together with the infectious CiLV-C clones, a mutated version of the
RNA1 carrying a premature stop codon in the CiLV-C polymerase
(Fig. 1C), was generated by replacing the nucleotide ‘G’ with a ‘T at
position 1.405, generating the pJL89/35S-cDNA1mut and pLXAS/35S-
cDNA1mut constructs.

3.2. Infectivity of CiLV-C full-length cDNA clones in N. benthamiana

The infectivity of the CiLV-C full-length cDNA clones was tested by
agroinfiltration of N. benthamiana leaves with pJL89/35S-cDNA1 +
pJL89/35S-cDNA2 (pJL89/35S-CiLV-C) and pLXAS/35S-cDNA1 +
PLXAS/35S-cDNA2 (pLXAS/35S-CiLV-C) constructs. As a negative con-
trol and due to the incapacity of the CiLV-C to move systemically, the
N. benthamiana plants were agroinfiltrated with a construct carrying a
stop codon at the RNA polymerase gene. To this end, pJL89/35S-
cDNAlmut + pJL89/35S-cDNA2 (pJL89/35S-CiLV-Cmut) and pLXAS/
35S-cDNA1mut + pLXAS/35S-cDNA2 (pLXAS/35S-CiLV-Cmut) were
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agroinfiltrated into N. benthamiana plants at the four-leaf growth stage.
At 8- and 13-days p.i, non-symptoms were visualized in the agro-
infiltrated leaves of the negative controls (Fig. 2A). In contrast, at 8 days
p-i, N. benthamiana leaves agroinfiltrated with pJL89/35S-CiLV-C and
PLXAS/35S-CiLV-C showed necrosis formation that increased over the
course of the infection, resulting in completely necrotic leaf areas and
necrotic spots (Fig. 2A, at 13 days p.i). The necrotic spots remind the
symptoms previously reported in N. benthamiana experimentally-mite
inoculated with CiLV-C (Garita et al., 2014). To investigate if the ne-
crosis could be formed outside the infiltrated areas, which would suggest
that the rescued virus could spread locally (cell-to-cell), we infiltrate
small regions of the leaves and observed the formation of necrosis in
areas around and far from the infiltrated regions. At 10-15 days p.i, we
observed typical CiLV-C necrotic spots around infiltrated zones and in
non-infiltrated regions of the leaf (Fig. 2B). The CiLV-C infectious clone
showed a high efficiency of infection in the agroinfiltration assay with
the 100% of infiltrated plants (five plants per construct in three inde-
pendent experiments) showing necrotic symptoms in the infiltrated
leaves. No plant showed systemic infection.

Northern blot analysis using total RNA extracted from leaves
expressing the pJL89/35S-CiLV-Cmut and pJL89 or pLX/35S-CiLV-C
constructs were loaded at the same concentration (6 pg) in an RNA
denaturing gel. The results confirmed the virus replication by the for-
mation of subgenomics RNAs from CiLV-C RNA 1 and 2 when compared
with the control. A very abundant band that corresponds to p29
(sgRNA1) and p24 (sgRNA4) was detected (Fig. 2C). Furthermore
sgRNAs 2 and 3 from gRNA2 were visualized, in contrast to the control
expressing the truncated polymerase, which showed a soft background
(Fig. 2C) corresponding to the agrobacterium transcribed viral RNAs.
The quantification of genomic and subgenomic CiLV-C RNAs revealed
that the accumulation of viral RNAs increased more in those plants
agroinfiltrated with CiLV-C expressing the complete polymerase when
compared with the control (Fig. 2C). Quantification of the accumulation
of CiLV-C RNAs revealed that leaves expressing the non-mutated clones
generated approximately 16.9 (RNA1, 16.25 vs. 0.96) and 9.25 (RNA2,
16.20 vs. 1.75) times more hybridization signal than the control
(Fig. 2C), thus indicating that the signal detected in the samples
expressing the complete polymerase comes from the CiLV-C RNA
replication. This result together with the abundant detection of p29 and
p24 sgRNAs, allows us to conclude that the CiLV-C full-length cDNA
clones generate replicative CiLV-C VRNAs in N. benthamiana cells.

3.3. The infectivity of the full-length cDNA clone of CiLV-C is confirmed
by mechanical inoculation

The infectivity of the selected clones was also confirmed by me-
chanical inoculation. Since the two sets of constructs derived from the
pJL89 and pLXAS plasmids do not exhibit significant differences in virus
accumulation in the agroinfiltrated N. benthamiana leaves, this assay
was performed using plants agroinfiltrated with pJL89 derivatives.

Extracts of the agroinfiltrated leaves from several plants were used as
sources of inocula. Leaf extracts from plants infiltrated with pJL89/35S-
CiLV-Cmut were also used as control inoculum (mock control). The
infiltrated leaves were ground in 30 mM phosphate buffer (pH 8.0) and
the extracts obtained were used for the inoculation of new
N. benthamiana plants. The typical CiLV-C symptoms corresponding to a
localized necrotic lesion became evident 8 days after mechanical inoc-
ulation and progressed in the course of the viral infection (Fig. 3A). On
the other hand, extracts from plants expressing the mock control did not
present symptoms (Fig. 3A). Several inoculated leaves, in three inde-
pendent experiments (five plants per experiment) showed necrotic
symptoms in the inoculated leaves indicating a high efficiency in the
mechanical transmission. Total RNA from inoculated leaves was
extracted at 4 days p.i., treated with DNase I and the presence of the
virus was evaluated by RT-PCR. Specific amplicons corresponding to the
CiLV-C p29 and p24 genes were detected in all inoculated plants except
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Fig. 2. Infectivity analysis of the full-length cDNA citrus leprosis virus C clone. (A) Necrotic symptoms (necrotic leaf areas and necrotic spots) are visualized in
infiltrated N. benthamiana leaves at 8- and 13-days post infiltration, co-infiltrated with pJL89/35S-cDNA1 + pJL89/35S-cDNA2 (pJL89/35S-CiLV-C) and pLXAS/35S-
cDNA1 + pLXAS/35S-cDNA2 (pLXAS/35S-CiLV-C) constructs. Mock corresponds to plants infiltrated with the pJL89 or pLXAS constructs carrying the CiLV-C RNA1
mutant, containing a premature stop codon in the CiLV-C polymerase, co-infiltrated with the respective CiLV-C RNA2 construct. (B) Cell-to-cell spread of CiLV-C
infectious clone. Small regions of the leaf were infiltrated to evaluate the necrotic symptoms outside the infiltrated region. The red arrow indicates a small leaf
area infiltrated and the purple arrows indicate necrotic lesions outside the infiltrated area. (C) Northern blot showing the profile of acid nucleic detection from
N. benthamina leaves agroinfiltrated with the CiLV-C pJL89 or pLXAS constructs at 8 days post-infiltration, using a DIG-riboprobe complementary to the CiLV-C p29
and p24 genes. (-) corresponds to a non-infiltrated plant. Each lane corresponds to a different N. benthamiana plant. p1, p2, and p3 = plant 1, plant 2, and plant 3.
rRNA stained with ethidium bromide indicates equal loading of samples. The localization of CiLV-C gRNA1 and 2 and sgRNA1, 2, 3, and 4 are indicated. The graphs

represent the relative accumulation (a.u) of total CiLV-C RNAs.

the mock control (Fig. 3B). To further confirm the CiLV-C infectivity, we
performed a northern blot from some of the positive RT-PCR samples.
Northern blot analysis confirmed the virus replications by the detection
of subgenomics RNAs from CiLV-C RNA 1 and 2 (Fig. 3C). Variation in
the concentration of viral RNA in the samples was noticed.

3.4. Partial particle-purification assay and TEM shows the presence of
CiL.V-C virions

To demonstrate the rescue of virus particles from the CiLV-C infec-
tious clone, we subjected samples from agroinfiltrated tissue to partial
purification using PEG for virion precipitation. After purification, a
portion of the pellet generated from leaf extracts of plants expressing
pJL89/35S-CiLV-Cmut (mock), pJL89/35S-CiLV-C, and pLXAS/35S-
CiLV-C were loaded onto a 1% agarose gel. For the samples expressing
the functional infectious clones (pJL89/35S-CiLV-C and pLXAS/35S-

CiLV-C), a clear virion band was visualized (Fig. 4A), while the same
band was not noticed at the control (pJL89/35S-CiLV-Cmut). To confirm
that the band corresponds to CiLV-C virus particles, a part of the su-
pernatant obtained after the purification was subjected to RNA extrac-
tion, treated with DNase I, and used for an RT-PCR reaction with specific
primer for CiLV-C p29 and p24 genes. Positive p29 and p24 amplicons
were visualized (Fig. 4B) from leaves expressing pJL89 or pLXAS/35S-
CiLV-C constructs, while no amplification was obtained in the sample
containing the control pJL89/35S-CiLV-Cmut construct. To exclude that
the positive amplification was generated by the presence of plasmid
from the agrobacterium - even after the RNA has been treated with
DNase - we performed a PCR directly using the RNA as a template and, as
expected, positive amplicons for CiLV-C p29 and p24 genes were not
noticed. We also evaluate the possible presence of viral proteins by SDS-
PAGE analysis. A portion of the supernatant obtained was mixed with
Laemmli sample buffer (0.125 M This HCl pH 6.8, 4% SDS, 20%
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Fig. 3. CiLV-C derived from the cDNA clone is mechanically transmitted. (A) CiLV-C symptoms are clearly seen as necrotic spots at 8 days and progress in the course
of the viral infection. Mock corresponds to the plants inoculated with extract of plants agroinfiltrated with pJL89/35S-cDNA1mut + pJL89/35S-cDNA2 (pJL89/35S-
CiLV-Cmut). (B) RT-PCR analysis from RNA extracted (DNase I treated) of the leaves mechanically inoculated with CiLV-C inoculum derived from the cDNA clone or
the CiLV-C mutated version (Mock). Blank, no template added. (+), positive control (plasmid) to amplify the CiLV-C p29 and p24 genes. p29 and p24 have 792 bp
and 645 bp, respectively. The marker band sizes of 850 bp and 650 bp are indicated. 1 kb corresponds to GeneRuler 1 kb ladder marker. (C) Northern blot at 4 days
post-mechanical inoculation, using a DIG-riboprobe complementary to the CiLV-C p29 and p24 genes. rRNA stained with ethidium bromide indicates equal loading of

samples. The localization of gRNA1 and 2 and sgRNA1, 2, 3, and 4 are indicated.

glycerol, 10% 2-mercaptoethanol, and 0.004% bromophenol blue) next,
the samples were denatured and loaded in a 12% SDS-PAGE gel elec-
trophoresis. Bands similar in size to p29 and p24 (that sgRNAs are
transcribed abundantly during CiLV-C infection (Pascon et al., 2006))
(Fig. 4C, red and black arrows, respectively) were visualized in the gel
lane loaded with pJL89/35S-CiLV-C sample. Bands of similar size were
not observed in the lane loaded with the mock sample
(pJL89/35S-CiLV-Cmut). To provide further evidence of the particle
formation from the CiLV-C infectious clone, the supernatant fraction of
partially purified virions preparation from leaves expressing the
pJL89/35S-CiLV-C constructs and small tissue pieces of N. benthamiana
leaves experimentally inoculated with the CiLV-C infectious clone were
negatively stained and examined under TEM. Electro-dense short--
bacilliform structures (likely virions) were observed (Fig. 4D), exhibit-
ing sizes ranging from 20 to 40 nm in width and 40-130 nm in length
(Fig. 4E) in samples from the partially purified virus. In samples ob-
tained from ultra-thin sections of tissue infected with CiLV-C infectious
clones, a large number of membrane-bounded particles were observed.
These particles exhibited circular or bacilliform profiles (40-50 nm in
width and 80-100 nm in length) in several leaf parenchymal cells, and
were consistently found within the cisternae of the endoplasmic

reticulum (Fig. 4F). These observed particles were essentially similar to
those described and identified as CiLV-C particles in cells from leprotic
lesions in orange (Citrus sinensis Osbeck) leaf, stem, or fruit cells infected
by CiLV-C (Calegario et al., 2013; Rodrigues et al., 2003), and also in the
intercellular space (celoma) of viruliferous Brevipalpus yothersi mite
vector (Kitajima and Alberti, 2014). Taken together, these findings
strongly indicate the formation of viral particles rescued from the
CiLV-C infectious clone.

4. Discussion

CiLV-C, the type species of the genus Cilevirus, is an important viral
pathogen that greatly impacts citrus orchard production. Despite its
detrimental effects on citrus production, particularly in the Americas,
CiLV-C and the citrus leprosis pathosystem remain poorly studied. This
knowledge gap can be attributed, in part, to the lack of an available
CiLV-C infectious clone. Over the years many infectious clones for plant
viruses have been constructed, providing an excellent tool for gene
expression systems, the investigation of virus-host interactions, and the
study of viral gene and protein functions (Shakir et al., 2023). Addi-
tionally, these clones have been used to confer virus resistance to host
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Fig. 4. Partial purification of CiLV-C virions from agroinfiltrated Nicotiana benthamiana leaves. (A) Agarose gel electrophoresis analysis of CiLV-C virions PEG
precipitated from leaves infiltrated with pJL89/35S-CiLV-Cmut (mock), pJL89/35S-CiLV-C, and pLX/35S-CiLV-C clone. Arrow indicates the putative CiLV-C virion.
(B) RT-PCR or PCR reactions using total RNA (DNase I treated) extracted from samples analyzed in A. (+), positive control in which the amplifications were per-
formed using a plasmid containing the CiLV-C p29 and p24 genes, as templates. p29 and p24 genes have 792 bp and 645 bp, respectively. Blank, no template added.
The marker band sizes of 850 bp and 650 bp are indicated. 1 kb corresponds to GeneRuler 1 kb ladder marker. (C) SDS-PAGE of partial purification of CiLV-C virus
particles. The gel was stained by Coomassie Brilliant Blue. The gel image shows the PageRuler Plus Prestained protein ladder ranging from 10 to 250 kDa. Red and
black arrows indicate bands similar in size to CiLV-C p29 and p24 proteins, respectively. The asterisk (*) highlights equivalent bands, demonstrating that the samples
were loaded in similar concentrations. (D) Electro-dense short-bacilliform structures (putative CiLV-C virions) were negatively stained with 2% phosphotungstic acid
and visualized with the aid of a TEM. Bars correspond to 50 nm (right image) or 100 nm (left image). (E) Schematic representation of short-bacilliform virion showing
the particle size range (width and length) obtained from analyzing 25 putative virions using the ImageJ software. (F) Transmission electron micrographs of leaf
parenchymal cells from N. benthamiana experimentally infected with CiLV-C infectious clone at 15 days post-inoculation. Many putative CiLV-C virions (40-50 nm in
width and 80-100 nm in length) are present within membrane-bounded cisternae of the endoplasmic reticulum in the cytoplasm. Bars correspond to 2 pm, 1 pm, and
200 nm (from left to right). The red-dotted circle highlights the increased area observed in the images on the right. The red arrows indicate individual viral particles.
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plants through the silencing of host genes or gene overexpression (Boyer
and Haenni, 1994; Gleba et al., 2004; Jiang et al., 2018; Nagyova and
Subr, 2007).

In this study, we report a functional infectious cDNA clone for a
member of the genus Cilevirus. The infectivity of the virus was confirmed
in N. benthamiana infiltrated plants, and further validated through viral
transmission to mechanically inoculated plants. Symptoms consisting of
necrotic circular lesions, usually associated with CL, were observed after
agroinfiltration and mechanical inoculation with the infectious clone,
although only in the inoculated leaves, reproducing what is observed in
the natural citrus infection and in the experimental host, which shows
local necrotic lesions restricted to leaves inoculated with the virus
(Bastianel et al., 2010; Garita et al., 2014). In this sense, the introduction
of a premature stop codon in the CiLV-C polymerase gene, which
significantly reduced the accumulation of viral RNA, will be a very
attractive tool to study the viral cycle, allowing the discrimination be-
tween the viral progeny and the 35S-transcribed viral RNAs.

Members of the family Kitaviridae generate an unusual infection
phenotype consisting of locally restricted infection (Ramos-Gonzalez
et al., 2023). The molecular factors associated with this restriction in
systemic infection are still unknown. The lack of systemic movement in
the natural context of cilevirus infection has led to questioning the ef-
ficiency and functionality of its encoded movement protein (MP).
However, recent studies demonstrate the capacity of cileviruses MP to
rescue the local or systemic movement of defective-infectious clones
belonging to the genera Alfamovirus, Tobamovirus, and Betacarmovirus
(Leastro et al., 2020a, 2020b, 2021a), indicating that other viral proteins
or genome regions should trigger the restricted local infection of cil-
eviruses. In this sense, viral necrotic lesions associated with the plant
hypersensitive response (HR) should play a role in restricting virus
movement (Pallas and Garcia, 2011; Paudel and Sanfacon, 2018). Many
viral proteins could trigger HR, including RSS (Aguilar et al., 2019;
Inaba et al., 2011). We have recently reported RSS activity for the p29,
p15, and p61 CiLV-C proteins (Leastro et al., 2020a) opening the pos-
sibility that the restricted local transport of Cilevirus could be associated
with the strong necrotic lesions observed in the inoculated leaves trig-
gered by one or some of the encoded RSS. Further analysis will be
addressed to this hypothesis by using the infectious CiLV-C clones
described herein.

Several electro-dense short-bacilliform virions were observed,
measuring a range of 20-40 nm in width and 40-130 nm in length for
samples from partial particle-purification assay. Previous studies spec-
ulated that CiLV-C has a bacilliform particle measuring 40-70 nm in
width and 100-120 nm in length (Kitajima et al., 1974; Ramos-Gonza-
lez et al., 2023). Nevertheless, ultra-thin sections from CiLV-C infected
tissue showed virions similar to those previously described and identi-
fied as CiLV-C particles in cells from Citrus sinensis Osbeck. These virions
have a circular or bacilliform particle profile, measuring 40-50 nm in
width and 80-100 nm in length (Calegario et al., 2013; Rodrigues et al.,
2003). The variation in particle size can be attributed to the preservation
state of the tissue, which can affect virions morphology, tending to
become spheroidal when they are not well preserved, and the method
used for particle observation (observations made by EWK).

On the other hand, all analyzes performed in the present study have
been based on N. benthamiana species since this plant has been previ-
ously tested as an experimental host for the virus (Garita et al., 2014)
and has long been used as a host model to study plant virus infection.
The region of Valencia is the largest producer of citrus in all of Europe,
and CiLV-C, along with other CL viruses, is considered as a Union
quarantine pest (Lazaro et al., 2022). Consequently, no bioassays using
CiLV-C infectious clones will be addressed on its natural host upon
receiving authorization, representing one of our future steps. However,
these infectivity tests could be done in countries where the virus has
been present for a long time.

In conclusion, we present here, for the first time in the genus Cil-
evirus, a CiLV-C infectious clone, which will be an excellent tool to
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analyze crucial aspects of the viral cycle including the peculiar local
restriction of the viral infection attributed to members of the family
Kitaviridae.
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