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Abstract: Trialeurodes vaporariorum, commonly known as the greenhouse whitefly, severely infests
important crops and serves as a vector for apple scar skin viroid (ASSVd). This vector-mediated
transmission may cause the spread of infection to other herbaceous crops. For effective management
of ASSVd, it is important to explore the whitefly’s proteins, which interact with ASSVd RNA and
are thereby involved in its transmission. In this study, it was found that a small heat shock protein
(sHsp) from T. vaporariorum, which is expressed under stress, binds to ASSVd RNA. The sHsp gene
is 606 bp in length and encodes for 202 amino acids, with a molecular weight of 22.98 kDa and an
isoelectric point of 8.95. Intermolecular interaction was confirmed through in silico analysis, using
electrophoretic mobility shift assays (EMSAs) and northwestern assays. The sHsp22.98 protein was
found to exist in both monomeric and dimeric forms, and both forms showed strong binding to ASSVd
RNA. To investigate the role of sHsp22.98 during ASSVd infection, transient silencing of sHsp22.98
was conducted, using a tobacco rattle virus (TRV)-based virus-induced gene silencing system. The
sHsp22.98-silenced whiteflies showed an approximate 50% decrease in ASSVd transmission. These
results suggest that sHsp22.98 from T. vaporariorum is associated with viroid RNA and plays a
significant role in transmission.

Keywords: apple scar skin viroid; Trialeurodes vaporariorum; small heat shock proteins (sHSPs);
transient silencing; tobacco rattle virus; viroid transmission

1. Introduction

Apple (Malus domestica) is a commercially important temperate fruit crop. It is com-
monly infected with more than 21 viruses and 8 viroids [1,2]. Apple scar skin viroid
(ASSVd), which belongs to the genus Apscaviroid and family Pospiviroidae, is a major viroid
infecting apple [3–5]. The ASSVd genome consists of circular, single-stranded RNA (ssRNA)
with ~330 nucleotides, and it autonomously replicates in the host cell nucleus. ASSVd is
known to cause apple scar skin and dappling diseases in apple, as well as rusty skin, fruit
crinkling, and fruit dimple diseases in pear [6–9]. ASSVd spreads from infected to healthy
plants naturally through grafting and mechanically through pruning tools. The viroid is
known to be transmitted through seeds, but at a very low rate [10]. As the major symptoms
of viroids appear on fruits, their infection decreases the quality of the fruits by producing
deformation, rendering them unmarketable, which leads to direct economic loss for farm-
ers. ASSVd disease inhibits the growth of apple saplings by altering leaf metabolism [11].
ASSVd is geographically widely distributed and has been reported in Japan, India, China,

Viruses 2023, 15, 2069. https://doi.org/10.3390/v15102069 https://www.mdpi.com/journal/viruses

https://doi.org/10.3390/v15102069
https://doi.org/10.3390/v15102069
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0002-0544-3009
https://orcid.org/0000-0002-2101-9398
https://orcid.org/0000-0002-4646-1908
https://orcid.org/0000-0002-5189-7327
https://doi.org/10.3390/v15102069
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v15102069?type=check_update&version=2


Viruses 2023, 15, 2069 2 of 14

South Korea, Iran, the USA, Canada, Italy, France, Australia, and Argentina [12]. ASSVd has
been reported to infect apple, wild apple, pear, peach, apricot, cherry, and Himalayan wild
cherry [13,14]. ASSVd is also known to replicate in several herbaceous plants, such as cu-
cumber, tomato, pea, eggplant, Nicotiana benthamiana, N. tabacum, N. gluinosa, Chenopodium
quinoa, and C. amaranticolar, under experimental conditions. Infected plants show mild
chlorosis and stunting symptoms [15]. Recently, it was reported that the transmission
of ASSVd from infected apple trees to tree-associated fungi also occurs under natural
conditions [16].

ASSVd is transmitted by Trialeurodes vaporariorum, commonly known as the green-
house whitefly (WF), in herbaceous plants [17]. T. vaporariorum is a phloem-sap-sucking
polyphagous pest that can feed on plants belonging to 82 families [18]. About 63 species
of greenhouse whitefly are assigned to the genus Trialeurodes in the family Aleyrodidae.
They cause damage by feeding on plants and by transmitting different viruses and viroids.
T. vaporariorum transmits important criniviruses, i.e., potato yellow vein virus, tomato
infectious chlorosis virus, tomato chlorosis virus, cucumber chlorotic spot virus, cucumber
yellows virus, melon yellows virus, blackberry yellow vein associated virus, and diodia
vein chlorosis virus, causing serious damage to economically important crops [19–23].
Apart from criniviruses, they also transmit beet pseudo-yellows virus (Closterovirus) and
tomato necrotic dwarf virus (Torradovirus) [24].

Cucumber phloem protein 2 (CsPP2) and tomato viroid RNA-binding protein 1 (Virp1)
have been found to interact with potato spindle tuber viroid (PSTVd) and hop stunt viroid
(HSVd), respectively [25,26]. CsPP2 was also found to interact with ASSVd RNA, and
its addition to the artificial diet enhances the uptake and transmission of viroid RNA
by the greenhouse whitefly [17]. For replication, PSTVd binds to ribosomal protein L5
(RPL5), regulates the splicing of transcription factor IIIA (TFIIIA), and produces a splice
variant named TFIIIA-7ZF, which, in turn, directs the host polymerase II (Pol II) for PSTVd
replication [27–29]. The TFIIIA-7ZF also binds to HSVd, citrus bark cracking viroid, and
apple fruit crinkle viroid, increasing their replication [30,31]. PSTVd and other members
of the Pospiviroidae family reprogram host DNA ligase 1 to function as an RNA ligase,
which helps in the circularization of viroid monomeric RNA forms [32]. HSVd binds
to histone deacetylase 6 (HDA6) and reprograms it to promote epigenetic changes that
lead to the transcriptional modifications observed during viroid pathogenesis [33,34]. The
chloroplastic replicating Avsunviroidae family members utilize nuclear-encoded polymerase
(NEP) for replication [35]. Limited information is available regarding the interaction
between viroids and insect proteins and their role in transmission. PSTVd is known to be
transmitted by aphids, i.e., Myzus persicae; however, transmission occurs only when plants
are coinfected with potato leafroll virus (PLRV). In this case, PSTVd RNA is encapsulated
by the PLRV coat protein, which leads to its uptake and transmission by aphids [36].

In a previous study, the analysis of MALDI-TOF data on ASSVd-interacting T. vapo-
rariorum proteins revealed that the small heat shock protein (sHsp) interacts with ASSVd
RNA [37]. Small heat shock proteins (sHsps) are molecular chaperones that contain alpha-
crystallin domain (ACD) and are produced under stress conditions. The molecular weights
of these proteins range from 12 to 43 kDa and lack ATPase domain. In conjunction with
other heat shock proteins (Hsps), they respond quickly under stress and associate with
other proteins to prevent their misfolding, aggregation, and refolding. sHsps are also
known to protect messenger RNAs (mRNAs) during stress-induced translational arrest,
although it is unclear whether RNA interactions with sHsps occur directly or via intermedi-
ary proteins [38,39]. sHsp15 from Escherichia coli is known for its binding to RNA and DNA.
Its structure reveals an RNA-binding domain known as the αL motif, and it is structurally
homologous to the ribosomal protein S4 and tRNA synthetase [40–42].

Virus-induced gene silencing (VIGS) has been widely used for functional studies of
interaction, allowing for the transient silencing of target genes. The delivery of dsRNA and
siRNA into insects for target gene silencing has been carried out using methods such as in-
jection, artificial feeding, and plant delivery. Tomato plants transiently expressing truncated
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genes of Bemisia tabaci, Cyclophilin B (CypB), and Heat shock protein 70 (Hsp70) through a
tobacco rattle virus (TRV)-mediated VIGS system have been found to reduce tomato yellow
leaf curl virus (TYLCV) transmission. However, the silencing of these genes had a deleteri-
ous effect on whitefly fitness [43]. ASSVd is acquired and transmitted by T. vaporariorum as
a ribonucleoprotein complex [17]. However, the complex association of the viroid RNA
with T. vaporariorum proteins, and its role in transmission, is unknown. The dynamic nature
of sHsps in nucleotide binding and chaperone function prompted this study of its role in the
transmission of ASSVd. In the present study, it is reported that T. vaporariorum sHsp22.98
interacts with ASSVd RNA, and its silencing reduces ASSVd transmission.

2. Materials and Methods
2.1. Maintenance of Whitefly Colony and Pathogen

A pure colony of T. vaporariorum was raised from a single fertilized female on cucumber
plants. The mitochondrial cytochrome oxidase I (mtCOI) gene sequence was used to confirm
whitefly identification [44]. Whiteflies were routinely checked for potential ASSVd and
other viral infections in order to ensure a pathogen-free colony since our lab also conducts
research on cucumber mosaic virus (CMV) and tomato leaf curl Palampur (ToLCPalV)
virus. The plants and greenhouse whitefly colonies were maintained in insect-proof cages,
and the glasshouse was under controlled conditions at 22 ± 1 ◦C, 60% relative humidity,
and a 12h light/12h dark photoperiod.

2.2. Characterization of sHsp Gene

Based on MALDI-TOF hits, primers for amplification of the complete sHsp gene were
designed. Total RNA of T. vaporariorum was extracted using TriZol reagent (Invitrogen,
Carlsbad, CA, USA), and the first strand cDNA was synthesized using Verso cDNA syn-
thesis kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s
instructions. The sHsp-gene-specific primers VH23F/VH23R were used to amplify the com-
plete gene (Table 1). For amplification, proofreading TaKaRa LA Taq® DNA polymerase
(TakaraBio, Otsu, Shiga, Japan) was used. The reaction was set up as per manufacturer
instructions, and for amplification, the reaction conditions used were as follows: initial
denaturation for 1 min at 95 ◦C; 30 cycles at 98 ◦C/10 s; annealing at 55 ◦C/30 s; elongation
at 68 ◦C/1 min.; and final elongation at 72 ◦C/10 min. The amplified gene was cloned
into pGME®-T easy vector (Promega, Madison, WI, USA) and transformed into chemically
competent E. coli cells. Positive colonies were identified using colony PCR and a combi-
nation of vector (M13 forward) and gene-specific reverse primer (Table 1). SapphireAmp
Fast PCR master mix (TakaraBio) was used for amplification (initial denaturation for 1 min
at 95 ◦C; 30 cycles consisting of 98 ◦C/10 s, 55 ◦C/20 s; and elongation at 68 ◦C/15 s).
Two individual positive recombinant colonies were sequenced using M13 forward and
reverse primers in Sanger sequencing. Details of primers used are given in Table 1.

Table 1. Details of primers used for amplification and their target region.

Primer Name Primer Sequence Target Region References

VH23F ATGGCATCTTTGAGAAGTCTCT
For sHSP22.98 amplification In this study

VH23R TTATGATTCCATTTTGTCACCTTTG

M13-F GTAAAACGACGGCCAGT
For sequencing In this study

M13-R CAGGAAACAGCTATGAC

VH25 F GGACACTCGCGCTTACTTTAC
For mtCOI amplification [44]

VH 25 R CAACATAACGTCGAGGCATCC

VH40 F GTCGACGACGACAGGTGAGTT
For ASSVd amplification [17]

VH40 R GTCGACGAAGGCCGGTGAGAA
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Table 1. Cont.

Primer Name Primer Sequence Target Region References

VH42 F GGATCCATGGCATCTTTGAGAAGTCTCT For sHsp22.98-pET28a
construct

In this study
VH42 R CTCGAGTTATGATTTCATTTTGTCACCTTTGC

VH65F GAGCTCCAGCACTTTGGAATCGGTTTG For tvHsp22.98-TRV
construct

In this study
VH65R CTCGAGGTTTGGCTTCGACGACTAGAT

To-PDS-F CGGTCTAGAGGCACTCAACTTTATAAA CC
For To-PDS-TRV construct In this study

To-PDS-R CGGGGATCCCTTCAGTTTTCTGTCAAACC

CMV-F ACCCTGAAACCGCCTGAAAT
For detection of CMV In this study

CMV-R TCCGAACTGTAACCCACACG

ToLCPalV-F ATGGTGAAGCGTCCAGCAG
For detection of ToLCPalV In this study

ToLCPalV-R TTAATTTGTTACCGAA

Bold and underlined sequences are the restriction sites used for directional cloning.

2.3. Heterologous Expression and Purification of Small Heat Shock Protein

For heterologous expression, the complete sHsp gene was amplified by using VH42F/
VH42R primers. For amplification proofreading, enzyme TaKaRa LA Taq® DNA poly-
merase was used. The reaction conditions used are detailed in Section 2.2. The amplified
product was cloned in pGEM®-T easy vector (Promega) and mobilized to pET28a (+) vector
(Novagen, Darmstadt, Germany) using BamHI and XhoI sites (introduced through primers
in gene for cloning). The recombinant pET28a-sHsp plasmid was transformed into E. coli
BL21(DE3) strain and protein expression was induced with 0.3 mM IPTG at 37 ◦C for 4 h.
After sonication, the insoluble pellet containing the expressed protein was dissolved in
binding buffer (0.5 M NaCl, 5 mM imidazole, 20 mM Tris HCl, pH 7.9, 6 M urea). The
protein was purified using Ni-NTA column chromatography (Novagen). The purified
protein was dialyzed for removal of urea and run on 12% SDS-PAGE gel. Details of primers
used are given in Table 1.

2.4. Western Blotting

Heterologously expressed purified sHsp protein was fractioned on SDS-PAGE (12%)
gel, and proteins were transferred to polyvinylidene diflouride (PVDF) membrane. The
membrane was incubated for 1 h in 3% blocking solution (3% w/v skim milk in PBST:
137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4 with 0.5% Tween 20)
at room temperature (RT). The protein-bound membrane was further incubated for one
hour with polyclonal antiserum raised in rabbit against sHsp (diluted 1:5000 in PBST) at
RT. The membrane was washed with PBST three times at RT/5min and then incubated
with horseradish-peroxidase-conjugated anti-rabbit immunoglobulin G antibody (1:10,000;
Sigma-Aldrich, St. Louis, MO, USA) at RT/1 h. For signal development, the membrane
was incubated with HRP substrate (Immobilon® Forte) in the dark for 1 min/RT, and
signals were captured using a chemiluminescent detector (Azure Biosystems C300, Dublin,
CA, USA).

2.5. In Vitro Binding Assay

The in vitro binding of heterologously expressed sHsp protein to ASSVd transcript
RNA was carried out using an electrophoretic mobility shift assay (EMSA) and northwest-
ern blot. A MEGAscript® T7 kit (Thermo Fisher Scientific) was used for synthesis of ASSVd
transcript using SpeI linearized recombinant ASSVd plasmid DNA as a template [15]. The
EMSA experiment was carried out by incubating different concentrations of sHsp proteins
(50 to 800 ng) with 1 µg of ASSVd transcript. The RNA-protein complex was incubated at
room temperature for 30 min in binding buffer (150 mM KCl, 0.1 mM dithiothreitol, 1 mM
EDTA, 10 mM Tris, pH 7.4). The purified sHsp protein and ASSVd transcript were used
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as controls. RNA-protein complexes were separated using agarose gel electrophoresis in
2.5% agarose gel at 250 V in 0.5X TB buffer. The complex was detected by staining with
ethidium bromide 0.2 µg/mL [45].

Northwestern assay was performed according to Marcos (1999), with minor modifica-
tions [46]. Briefly, the purified protein was separated on 12% SDS-PAGE and electroblotted
to nitrocellulose membrane. The protein-bound membrane was incubated for 2 h at 4 ◦C in
RN buffer (10 mM Tris–HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl, 0.05% triton X-100, 1X
Denhardt’s reagent), followed by 3 h incubation with digoxigenin-labeled ASSVd probe.
The membrane was then washed twice with 2X wash buffer (2X SSC and 0.1% SDS) at
RT for 5 min and once with 1X wash buffer (0.1X SSC, 0.1% SDS) for 15 min./65 ◦C. The
membrane was further incubated in blocking solution (1 g blocking powder in 100 mL
of 1X maleic acid buffer: 0.1 M maleic acid, 0.15 M NaCl) at 37 ◦C /1 h and followed by
incubation with anti-digoxigenin-AP Fab fragment antibody (500 mU/mL) at 37 ◦C/1 h.
The ASSVd interacting protein band was visualized by using one-step NBT/BCIP substrate.

2.6. Bioinformatic Analysis of ASSVd Association with Small Heat Shock Protein

The three-dimensional structural and dynamic association of ASSVd with T. vaporario-
rum small heat shock proteins was carried out using HADDOCK program and BIOVIA dis-
covery studio software package. The ASSVd 330 base nucleotides (accession no. FM208138)
and sHsp were used for modeling. The ASSVd viroid RNA and sHsp protein were mod-
eled using Discovery Studio software package and then used for interaction analysis. The
RNA-binding site on protein and protein-binding site on RNA were evaluated using the
same package. This interaction was carried out by adopting HADDOCK program, which
is governed by ambiguous interaction restraints (AIRs).

2.7. Transient Silencing of Small Heat Shock Protein in T. vaporariorum

Tobacco rattle virus (TRV)-based virus-induced gene silencing (VIGS) vectors (pTRV1
and pTRV2) were used for the generation of double-stranded RNA (dsRNA)/siRNA in
tomato plants. The truncated sHsp gene (253 bp) was amplified by using VH65F/ VH65R
primer pair (PCR conditions, as detailed in Section 2.2) and cloned in pTRV2 vector at
SacI and XhoI sites, named TRV2-TvsHsp. Briefly, the TRV vector containing the truncated
TvsHsp22.98 region was designed to target the N-terminal region of the gene. Similarly,
the truncated tomato PDS (Topds) gene (409 bp) was amplified by using primer pair To-
PDS-F/To-PDS-R, cloned in TRV2 vector at XbaI and BamHI sites, and named TRV2-Topds.
The TRV1, TRV2-TvsHsp, and TRV2-Topds constructs were transformed individually
into Agrobacterium tumefaciens GV3101 strain. The bacterial suspensions were mixed at
a 1:1 ratio of TRV2-TvsHsp, TRV2-Topds, and TRV2 with TRV1 and agroinfiltrated in
tomato cotyledons. The TRV1:TRV2-Topds-inoculated plants were used as a visual marker
for silencing, and TRV1:TRV2-mock-inoculated plants were used as mock controls. The
agroinoculated plants were maintained in insect-proof cages under controlled conditions.
The transient expression of TRV1 and TRV2 constructs were analyzed by employing RT-
PCR using vector (TRV1- VH31F/VH31R; TRV2- VH30F/VH30R) and target-gene-specific
primers. Details of primers are given in Table 1.

The non-viruliferous T. vaporariorum maintained on cucumber plants were starved
for 2 h and then allowed to feed on tomato plants expressing TRV2-TvsHsp after 10 days
post-agroinfiltration (dpa). Silencing of sHsp gene in whiteflies fed TRV2-TvsHsp plants
was analyzed after 7 and 10 dpa. To confirm silencing, full-length primers of sHsp gene were
used, along with cox gene as the internal control. Amplicons were quantified using Uvitech
imaging software. Whiteflies were closely monitored for mortality, nymphal development,
abnormalities, changes in behavior, growth, and development compared to non-silenced
whiteflies maintained on healthy plants for three weeks. The primers used to quantify sHsp
(VH42F/VH42R) and cox gene (VH25F/VH25R) are listed in Table 1. Experiments were
repeated three times.
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2.8. Transmission of ASSVd by T. vaporariorum

The sHsp-silenced whiteflies along with healthy controls were starved for 2 h, followed
by artificial feeding with ASSVd transcript (5 µg) in 50 mL falcon tubes for viroid acquisition
(6 h). The artificial diet contained 5 µg ASSVd transcript, 20% sugar solution, and 10 µg
purified CsPP2. These whiteflies (viruliferous and non-viruliferous) were released on
healthy cucumber plants at two leaf stages for 24 h. Later, the plants were sprayed with
insecticide to kill whiteflies and kept in insect-proof cages. Whiteflies fed with 20% sugar
solution and 10 µg purified CsPP2 were used as healthy controls. The whiteflies were later
released on healthy cucumber plants and tested for transmission of ASSVd at 14 dpi using
RT-PCR with viroid-specific primers (VH40F/VH40R) (Table 1). Statistical analysis was
conducted using an unpaired t-test to assess the significance of the transmission efficiency
of healthy WFs and silenced WFs. Experiments were repeated three times.

3. Results
3.1. Molecular Characterization of T. vaporariorum Small Heat Shock Protein (sHsp22.98)

The full-length T. vaporariorum sHsp gene that was amplified from whitefly cDNA
resulted in a specific ~600 base pair (bp) amplicon. The sequence analysis showed the
sHsp gene is 606 bp in length and encodes for 202 amino acids, with a molecular weight
of 22.98 kDa. ProtParam (incorporated in the Expasy translate tool) predicted the iso-
electric point of sHsp is 8.95. The molecular weight of the identified sHsp protein was
22.98, and based on this, it was named sHsp22.98. Blastn and Blastx analysis showed
the highest homology at 96.67% and 99.41% with the T. vaporariorum small heat shock
protein (FJ183792.1), respectively. sHsp was found to contain the conserved alpha-crystallin
domain (77–153 aa), identified using a conserved domain database search in NCBI. The
sHsp22.98 protein contains only one cysteine residue (42 aa) and is present toward the
N-terminal of the alpha-crystallin domain. This residue is considered important for the
dimerization of protein. The sequence was submitted to the NCBI database under the
following accession number: MT557571.1.

3.2. Recombinant Expression of sHsp22.98

The 606 bp sHsp22.98 gene was cloned in a pET28a (+) vector and in-frame insertion
was confirmed by sequencing. Sequence analysis of the pET28a-sHsp22.98 recombinant
plasmid showed that the sHsp22.98 gene was in frame with the His-tag. The E. coli BL21
(DE3) cells containing the sHsp22.98-pET28a (+) plasmid exhibited the expression of a
~25.6 kDa protein after induction with 0.3 mM IPTG at 37 ◦C, whereas no expression was
observed in uninduced cells. The expressed recombinant protein was purified by using a
Ni-NTA His-binding resin column (Figure 1A). The purified protein was used as an antigen
for antisera production in rabbits. The purified protein was checked with sHsp22.98 specific
antibody, which showed signals specific to both sHsp22.98 monomeric and dimeric forms
(Figure 1B). The dimeric form was more pronounced after storage of protein over time
(~1 week at −20 ◦C) when separated on 12% SDS-PAGE (Figure 1C).

3.3. In Vitro Binding of Recombinant sHsp22.98 to ASSVd RNA

The binding properties of sHsp22.98 protein to the ASSVd transcript were confirmed
by in vitro RNA-protein interaction detection assays viz., EMSA and northwestern blot. In
EMSA, the migration of the sHsp22.98-ASSVd RNA-bound complex was checked with
varying concentrations of sHsp22.98 protein (50 ng to 800 ng: lane 3–lane 7) (Figure 2A). At
all tested concentrations, the migration of the sHsp22.98-ASSVd RNA complex was retarded
in agarose gel electrophoresis. Significant retardation in migration was observed at 400 ng
and 800 ng of protein (lanes 6 and 7; Figure 2A). In northwestern assays, heterologously
expressed recombinant sHsp22.98 protein showed binding to digoxigenin-labeled ASSVd
RNA, and the interaction was found to both monomeric and dimeric forms (Figure 2B).
The results obtained in EMSA and northwestern assays confirm the binding properties of
sHsp22.98 to ASSVd RNA.
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Figure 2. In vitro interaction of sHsp22.98 with ASSVd RNA using electrophoretic mobility shift assay
(EMSA) and northwestern blot. (A) EMSA: RNA-protein complex was fractionated on 2.5% agarose
gel. Lane 1: 1 µg ASSVd RNA; lane 2: 800 ng protein; lane 3: ASSVd RNA+ 50 ng protein; lane 4:
ASSVd RNA + 100 ng protein; lane 5: ASSVd RNA + 200 ng protein; lane 6: ASSVd RNA + 400 ng
protein; lane 7: ASSVd RNA + 800 ng protein. (B) In vitro interaction analysis of sHsp22.98 protein
with digoxigenin-labeled ASSVd probe using northwestern blotting. Lane M: prestained protein
ladder (Genetix). Lane 1: 10 µg of purified protein, lane 2: 5 µg of purified protein, lane 3: BSA as
negative control.

3.4. In Silico Analysis of sHsp22.98 Dynamic Association with ASSVd

The ASSVd and sHsp22.98 (MT557571) three-dimensional structures were obtained
using the BIOVIA Discovery Studio software package (Figure 3). The modeled structures
of ASSVd and sHsp22.98 were used to establish the dynamic interaction and identification
of binding sites. The interactions were carried out using the HADDOCK program. Three
protein-binding sites (BSs) in ASSVd RNA—BS1 at nucleotide position 51–97 (purple
colored), BS2 at nucleotide position 201–250 (magenta), and BS3 at nucleotide position
251–300 (red)—were identified (Figure 3A). The alpha-crystallin domain (77–153 aa, yellow-
colored) lies in the center (Figure 3B). In the case of the sHsp22.98 protein, fifteen RNA-
binding sites at amino acid positions 3–6, 27, 40–44, 47, 56–59, 61–62, 69–72, 75–80, 116–
118, 122–128, 154, 156–157, 159, 178–181, and 189–196 were identified (Figure 3C). The
sHsp22.98-site3 (40–44 aa) showed more affinity for ASSVd RNA. The sHsp22.98-site3
was further analyzed with the three available ASSVd RNA-binding sites. The sHsp22.98-
site3 and RNA-BS1 (51–97) complex had the highest free energy, with a score of −159.30,
showing the highest affinity for viroid RNA (Figure 4A). RNA-BS2 and BS3 also showed
interactions with site3, but their free energy was less, i.e., −132.60 and −121.40, respectively
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(Figure 4B,C). sHsps form large heterooligomeric aggregates and are known to form dimers.
The dimeric structure of sHsp22.98 was also predicted, and the dimeric form of sHsp22.98
showed affinity (−31.25) for ASSVd (Figure 5A,B). These results complement the EMSA
and northwestern assays, where an ASSVd RNA interaction was observed with monomeric
and dimeric forms of the sHsp22.98 protein.
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Figure 3. Molecular modeling and prediction of binding sites in ASSVd and T. vaporariorum small
heat shock protein22.98 (sHsp22.98). (A) Three-dimensional structure of ASSVd RNA showing three
protein-binding sites. Purple: BS1; magenta: BS2; red: BS3. (B) Structure of sHsp22.98 monomer
showing the presence of alpha-crystalline domain in yellow. (C) Three-dimensional structure of
sHsp22.98 monomer protein amino acids showing predicted RNA-binding sites in circular dots. The
ASSVd RNA and sHsp protein were modeled using Discovery Studio software package.
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Figure 4. Dynamic association of sHsp22.98 predicted protein-binding sites to ASSVd. The predicted
interacting position of ASSVd and sHsp22.98 are given in brackets. The free energy of the interaction
between ASSVd and sHsp22.98 is listed as a score. The ASSVd–sHsp22.98 interaction was carried
out by adopting RNA homology modeling protocol built in Discovery Studio software package.
(A) sHsp22.98–site3 and RNA–BS1 complex (51–97), with a score of −159.30. (B) sHsp22.98–site3 and
RNA–BS2 complex (201–250), with a score of −132.60. (C) sHsp22.98–site3 and RNA–BS3 complex
(251–300), with a score of −121.40.

3.5. Plant-Mediated Silencing of sHsp22.98 in T. vaporariorum

The mtCOI gene was used to determine the identity of the greenhouse whiteflies. In
sequencing, the amplicon shows 100% identity with the T. vaporarium gene, confirming
the identity of the colony. The healthy greenhouse whitefly colonies were also checked for
cross-contamination of viroid, CMV, and ToLCPalV, and the colony was found to be free
from these contaminants. TRV-mediated transient expression of Tv-sHsp22.98 in tomato
was confirmed using RT-PCR at 10 and 14 dpi. The amplification of the desired bands
from the upper uninoculated leaves confirmed the systemic movement and replication of
the TRV-TvsHsp22.98 in tomato plants. The tomato PDS gene (phytoene desaturase) was
used as a visual marker for the observation of silencing, as silencing of this gene leads to
photobleaching in leaves (Figure S1). The targeted dsRNA forms were delivered to healthy
whiteflies by feeding them TRV-TvsHsp22.98 plants after 14 days post-agroinfiltration,
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aiming to achieve silencing of the target gene (sHsp22.98). Whiteflies were allowed to
feed on these plants for 10 days. The whiteflies were checked at 7 and 10 dpi for silencing
of the sHsp22.98 gene. On day 10, no amplification for the sHsp22.98 gene was observed
(lanes 3 and 4, Figure 6A). Plant-mediated silencing led to a reduction in the expression
of the sHsp22.98 transcript by ~94 to 98%. The cox gene was used as an internal control
for expression comparison. The sHsp22.98-silenced whitefly did not show any significant
morphological changes based on visual and microscopic observations. The reproduction
of silenced whiteflies was analogous to control whiteflies. These results showed that, at
10 dpi, effective silencing of the target gene in T. vaporariorum was observed and silencing
of sHsp22.98 had no deleterious effect on whiteflies.
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and healthy whiteflies (lane 1) were used as the control for quantification. Values represent the
percent expression. (B) Transmission of ASSVd by sHsp22.98-silenced whiteflies.
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3.6. Transmission of ASSVd through sHsp22.98-Silenced Whiteflies

The sHsp22.98-silenced whiteflies and non-silenced whiteflies (used as the positive
control) were artificially fed with dimeric ASSVd RNA transcripts for 6 h and released
on healthy cucumber plants to study the role of sHsp22.98 in viroid transmission. Both
silenced and non-silenced whiteflies were allowed to feed on plants for 24 h (20 plants
each), and 7–10 whiteflies were released per plant. After 24 h, whiteflies were killed via
the spraying of insecticide. Out of the 20 plants, 7 plants were found positive for ASSVd
infection when the viroid was transmitted through sHsp22.98-silenced whiteflies, whereas
19 plants were found positive in the control whiteflies. The experiment was repeated three
times. Overall, in this study, we found that silencing of sHsp22.98 significantly reduces the
ASSVd transmission rate by up to 50% (Figure 6B). These results show that sHsp22.98 of
T. vaporariorum plays an important role in the transmission of ASSVd.

4. Discussion

Viroids are the smallest known infectious non-coding, circular, single-stranded RNA
molecules (234–401 nt) that infect many plant hosts, replicate autonomously, and cause
important diseases [47–49]. Viroid RNAs display extensive internal base pairing, which
leads to the formation of metastable rod-like or quasi-rod-like conformation [50]. Long-
distance movement of viral and viroid RNA through phloem cells is well known for the
establishment of systemic infection. CsPP2 binds to HSVd RNA as a ribonucleoprotein
(RNP) complex, and this RNP complex can move from infected rootstock to non-infected
scions [26,51]. These features and others may indicate that viroid RNA interacts with host
factors for the development of disease. Viroids are mechanically transmissible through
seeds, pollen, and insect vectors. Insect vectors, specifically whiteflies and aphids, feed
on phloem, take up the virus/viroid, and transmit it to healthy plants. For example,
Dysaphis plantaginea transmit apple chlorotic fruit spot viroid (ACFSVd); Myzus persicae
transmits ACFSVd, PSTVd, peach latent mosaic viroid (PLMVd), and tomato planta macho
viroid (TPMVd); and Macrosiphum euphorbiae transmits PSTVd [36,52]. The molecular
mechanisms enabling viroid transmission via insect vectors have not been fully investigated,
especially the identification of vector components interacting with the viroid RNA. The
identification of viroid-interacting vector proteins helps to elucidate the mechanism of
viroid replication, movement, and transmission.

T. vaporariorum is also known to transmit ASSVd in herbaceous plants, and transmis-
sion increases after feeding on Cucumis sativus phloem exudates and purified recombinant
CsPP2 proteins [15,17]. Vector-mediated transmission may lead to the spread of ASSVd in
different crops, especially in sub-temperate regions.

Finding insect proteins that interact with ASSVd RNA was the goal of this investi-
gation. The sHsp22.98 protein of T. vaporariorum was found to interact with ASSVd in
the present study. This interaction was confirmed using in silico analysis, EMSA, and
northwestern assays. ASSVd RNA contains five domains (terminal left: TL, pathogenicity
related: P, central: C, variable: V, and terminal right: TR) and two conserved motifs in the
C region and the terminal conserved region (TCR) [53]. Bioinformatic analysis predicted
three protein-binding regions, named binding site 1 (BS1) (51–97), BS2 (201–250), and
BS3 (251–300) in the ASSVd genome. The predicted sHsp22.98 binding sites are partially
complementary in the secondary rod-shaped structure of viroid RNA. The BS2 region
215–250 nt and BS3 251–273 nt are complementary to BS1 region, i.e., 51–97. The BS1 region
showed the strongest binding to sHsp22.98, and this region is rich in AU sequences. sHsps
is known to bind to AU-rich RNA elements (AREs), which are responsible for mRNA stabil-
ity. Mammalian sHsp70 and sHsp110 are known to bind to AREs and regulate their folding,
translation, and degradation [54]. Moreover, Hsp70 binds to its own mRNA, interferes with
the ubiquitination pathway of mRNA decay, and regulates its expression and translation
during heat shock [55–58]. Apart from this, Hsp60, 40, and 42 and sHsps10, 12, and 26
of Saccharomyces cerevisiae; sHsps12.2 and 16.11 as well as sip-1 of Caenorhabditis elegans;
and sHsps26 and 27 of Drosophila melanogaster are known to bind to RNA [53]. Moreover,
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sHsp with an isoelectric point of more than 8 is known to bind to nucleotides [59]. The
sHsp22.98 identified in this study also has an isoelectric point of 8.9; based on this, it can
be assumed as another feature for RNA-binding. These studies showed that sHsps are
important RNA-binding proteins and regulate their stability, expression, and translation.

sHsp22.98 was found to exist in both monomer and dimer forms, with both inter-
acting with ASSVd RNA. sHspB1 is known to form monomer and dimer forms and is
present in the cytosol and mitochondrial membrane of HeLa cells. Although the ratio of
monomer/dimer forms at cystol is almost equal, in the mitochondrial membrane, it is
up to five-fold higher [60]. Also, sHsps are well known to form hetero-oligomers. Based
on this evidence, it seems that both dimeric and hetero-oligomer forms are important for
their functioning. Apart from this, CsPP2 was shown to interact with ASSVd and HSVd
RNA, and it also existed in monomer and dimer form [17,26,51]. VirP1, also known as
bromodomain-containing host protein (BRP1), of tomato, binds to PSTVd at the TR domain.
The VirP1 protein contains a nuclear localization signal (NLS) and bromodomain and
is predicted to be involved in the transportation of PSTVd to the nucleus [25]. Later, it
was found that VirP1 also binds to both PSTVd C-loop and importin alpha protein for its
transportation to the nucleus [61]. VirP1 has also been reported in the transportation of
citrus exocortis viroid (CEVd) to the nucleus [25,62]. BRPI/VirP1 was also found to be
involved in the transportation of cucumber mosaic virus Q-satRNA to the nucleus and aids
in its replication [63]. Co-infection of CMV and its satellite RNA results in its resistance
against PSTVd [64,65], which is probably due to the sequestration of VirP1 by both the virus
and its satellite RNA. Based on these studies, it can be concluded that both monomeric and
dimeric forms of proteins show RNA-binding properties. Also, the viroid RNA depends
on multiple host and vector factors for the establishment and spread of infection.

A number of insect proteins are known to play a role in the transmission of viruses.
For example, silencing of cyclophilin B and heat shock protein 70 (Hsp70) of B. tabaci resulted
in 43% and 12% reductions, respectively, in tomato yellow leaf curl virus transmission [43].
In the case of cucumber vein yellowing virus (Family Potyviridae), amino acids 93–105 of
the CP play an important role in B. tabaci-mediated transmission. Deletion of this region
leads to the abolishment of B. tabaci-mediated virus transmission [66]. In our study of the
role of sHsp22.98 in viroid transmission, we found that the sHsp22.98 gene was transiently
silenced by feeding greenhouse whiteflies tomato plants inoculated with TRV-TvsHsp at
10 dpi. Silenced whiteflies showed a significant reduction (50%) in the transmission of
ASSVd. These results show that sHsp22.98 plays an important role in ASSVd transmission.

In summary, this study showed that viroid RNA not only interacts with host factors
but is also capable of interacting with its vector proteins. Here, it was found that sHsp22.98
associates with ASSVd RNA. sHsps is a multifunctional protein that plays an important
role in biotic and abiotic stress. Transient silencing of sHsp22.98 leads to a reduction in
ASSVd transmission.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15102069/s1, Figure S1: Generation of dsRNA through VIGS-TRV
system: (A) Silencing of tomato PDS gene (phytoene desaturase). (B) Mock inoculated plants (TRV-1
and TRV-2). (C) TRV-Tv sHsp22.98-infiltrated plants. The pictures shown were taken at 3 weeks
post-agroinfiltration

Author Contributions: S.C., S.K., V.S. and V.H.: manuscript draft preparation and experimental
design and analysis; Savita, Surender, and Vipin: manuscript editing; S.C., P.A. and S.B.: whitefly
maintenance and related experiments; R.P.: bioinformatic analysis; V.H.: funds arrangement and
overall supervision. All authors have read and agreed to the published version of the manuscript.

Funding: Authors are thankful for the financial assistance obtained from the Council of Scientific
and Industrial Research (34/1/TD-AgriNutriBiotech/NCP-FBR 2020-RPPBDD-TMD-SeM).

Institutional Review Board Statement: This study did not require ethical approval.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/v15102069/s1
https://www.mdpi.com/article/10.3390/v15102069/s1


Viruses 2023, 15, 2069 12 of 14

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors are thankful to the Director, the Council of Scientific and Industrial
Research, and the Institute of Himalayan Bioresource Technology, Palampur, Himachal Pradesh, India,
for providing the necessary facilities to carry out the work. We are also thankful to Yashika Walia
and Sunny Dhir for their suggestions. The authors are thankful to Raymond K Yokomi (USDA) for
critically reviewing the English language. S.C. is grateful to the Academy of Scientific and Innovative
Research (AcSIR) Ghaziabad, India. This is CSIR-IHBT publication number 3408.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as potential conflict of interest.

References
1. Umer, M.; Liu, J.; You, H.; Xu, C.; Dong, K.; Luo, N.; Kong, L.; Li, X.; Hong, N.; Wang, G.; et al. Genomic, morphological and

biological traits of the viruses infecting major fruit trees. Viruses 2019, 11, 515. [CrossRef] [PubMed]
2. Bettoni, J.C.; Fazio, G.; Carvalho Costa, L.; Hurtado-Gonzales, O.P.; Rwahnih, M.A.; Nedrow, A.; Volk, G.M. Thermotherapy

followed by shoot tip cryotherapy eradicates latent viruses and apple hammerhead viroid from in vitro apple rootstocks. Plants
2022, 11, 582. [CrossRef] [PubMed]

3. Kumar, S.; Singh, R.M.; Ram, R.; Badyal, J.; Hallan, V.; Zaidi, A.A.; Varma, A. Determination of major viral and sub viral pathogens
incidence in apple orchards in Himachal Pradesh. Indian J. Virol. 2012, 23, 75–79. [CrossRef] [PubMed]

4. Flores, R.; Randles, J.W.; Bar-Joseph, M.; Diener, T.O. A proposed scheme for viroid classification and nomenclature. Arch. Virol.
1998, 143, 623–629. [CrossRef] [PubMed]

5. Hashimoto, J.; Koganezawa, H. Nucleotide sequence and secondary structure of apple scar skin viroid. Nucleic Acids Res. 1987,
15, 7045–7052. [CrossRef]

6. Sipahioglu, H.M.; Usta, M.; Ocak, M. Development of a rapid enzymatic cDNA amplification test for the detection of apple scar
skin viroid (ASSVd) in apple trees from eastern Anatolia, Turkey. Arch. Phytopathol. Plant Prot. 2009, 42, 352–360. [CrossRef]

7. Puchta, H.; Luckinger, R.; Yang, X.; Hadidi, A.; Sänger, H.L. Nucleotide sequence and secondary structure of apple scar skin
viroid (ASSVd) from China. Plant Mol. Biol. 1990, 14, 1065–1067. [CrossRef]

8. Chen, W. Pear rusty skin, a viroid disease. In Proceedings of the 7th International Congress of Virology, Edmonton, AB, Canada;
1987; p. 300.

9. Osaki, H.; Kudo, A.; Ohtsu, Y. Japanese pear fruit dimple disease caused by apple scar skin viroid (ASSVd). Jpn. J. Phytopathol
1996, 62, 379–385. [CrossRef]

10. Hadidi, A.; Flores, R.; Randles, J.W.; Palukaitis, P. Viroids and Satellites, 1st ed.; Academic Press: Oxford, UK, 2017; p. 59.
11. Li, G.; Li, J.; Zhang, H.; Li, J.; Jia, L.; Zhou, S.; Wang, Y.; Sun, J.; Tan, M.; Shao, J. ASSVd infection inhibits the vegetative growth of

apple trees by affecting leaf metabolism. Front. Plant Sci. 2023, 14, 1137630. [CrossRef]
12. Sastry, K.S.; Mandal, B.; Hammond, J.; Scott, S.W.; Briddon, R.W. Manihot esculenta (Cassava). In Encyclopedia of Plant Viruses and

Viroids; Springer: New Delhi, India, 2019. [CrossRef]
13. Kaponi, M.S.; Luigi, M.; Barba, M.; Kyriakopoulou, P.E. Molecular characterization of Hellenic variants of Apple scar skin viroid

and Pear blister canker viroid in pome fruit trees. In Proceedings of the 21st International Conference on Virus and Other Graft
Transmissible Diseases of Fruit Crops, Neustadt, Germany, 5 July 2009.

14. Walia, Y.; Dhir, S.; Bhadoria, S.; Hallan, V.; Zaidi, A.A. Molecular characterization of apple scar skin viroid from Himalayan wild
cherry. For. Pathol. 2012, 42, 84–87. [CrossRef]

15. Walia, Y.; Dhir, S.; Ram, R.; Zaidi, A.A.; Hallan, V. Identification of the herbaceous host range of Apple scar skin viroid and analysis
of its progeny variants. Plant Pathol. 2014, 63, 684–690. [CrossRef]

16. Tian, M.; Wei, S.; Bian, R.; Luo, J.; Khan, H.A.; Tai, H.; Kondo, H.; Hadidi, A.; Andika, I.B.; Sun, L. Natural cross-kingdom spread
of apple scar skin viroid from apple trees to fungi. Cells 2022, 11, 3686. [CrossRef] [PubMed]

17. Walia, Y.; Dhir, S.; Zaidi, A.A.; Hallan, V. Apple scar skin viroid naked RNA is actively transmitted by the whitefly Trialeurodes
vaporariorum. RNA Biol. 2015, 12, 1131–1138. [CrossRef] [PubMed]

18. Mound, L.A.; Halsey, S.H. Whitefly of the World: A Systematic Catalogue of the Aleyrodidae (Homoptera) with Host Plant and Natural
Enemy Data; John Wiley and Sons: Hoboken, NJ, USA, 1978.

19. Wisler, G.C.; Duffus, J.E.; Liu, H.Y.; Li, R.H. Ecology and epidemiology of whitefly-transmitted closteroviruses. Plant Dis. 1998,
82, 270–280. [CrossRef]

20. Tzanetakis, I.E.; Wintermantel, W.M.; Martin, R.R. First Report of beet pseudo yellows virus in strawberry in the United States:
A second crinivirus able to cause pallidosis disease. Plant Dis. 2003, 87, 1398. [CrossRef]

21. Tzanetakis, I.E.; Halgren, A.B.; Keller, K.E.; Hokanson, S.C.; Maas, J.L.; McCarthy, P.L.; Martin, R.R. Identification and detection of
a virus associated with strawberry pallidosis disease. Plant Dis. 2004, 88, 383–390. [CrossRef]

22. Salazar, L.F.; Muller, G.; Querci, M.; Zapata, J.L.; Owens, R.A. Potato yellow vein virus: Its host range, distribution in South
America and identification as a crinivirus transmitted by Trialeurodes vaporariorum. Ann. Appl. Biol. 2000, 137, 7–19. [CrossRef]

23. Jones, D.R. Plant viruses transmitted by whiteflies. Eur. J. Plant Pathol. 2003, 109, 195–219. [CrossRef]

https://doi.org/10.3390/v11060515
https://www.ncbi.nlm.nih.gov/pubmed/31167478
https://doi.org/10.3390/plants11050582
https://www.ncbi.nlm.nih.gov/pubmed/35270052
https://doi.org/10.1007/s13337-011-0056-x
https://www.ncbi.nlm.nih.gov/pubmed/23730008
https://doi.org/10.1007/s007050050318
https://www.ncbi.nlm.nih.gov/pubmed/9572562
https://doi.org/10.1093/nar/15.17.7045
https://doi.org/10.1080/03235400601070496
https://doi.org/10.1007/BF00019406
https://doi.org/10.3186/jjphytopath.62.379
https://doi.org/10.3389/fpls.2023.1137630
https://doi.org/10.1007/978-81-322-3912-3_568
https://doi.org/10.1111/j.1439-0329.2011.00723.x
https://doi.org/10.1111/ppa.12118
https://doi.org/10.3390/cells11223686
https://www.ncbi.nlm.nih.gov/pubmed/36429116
https://doi.org/10.1080/15476286.2015.1086863
https://www.ncbi.nlm.nih.gov/pubmed/26327493
https://doi.org/10.1094/PDIS.1998.82.3.270
https://doi.org/10.1094/PDIS.2003.87.11.1398C
https://doi.org/10.1094/PDIS.2004.88.4.383
https://doi.org/10.1111/j.1744-7348.2000.tb00052.x
https://doi.org/10.1023/A:1022846630513


Viruses 2023, 15, 2069 13 of 14

24. Wintermantel, W.M.; Hladky, L.L.; Cortez, A.A. Genome sequence, host range, and whitefly transmission of the torradovirus
tomato necrotic dwarf virus. Acta Hortic. 2018, 1207, 295–302. [CrossRef]

25. Maniataki, E.; Tabler, M.; Tsagris, M. Viroid RNA systemic spread may depend on the interaction of a 71-nucleotide bulged
hairpin with the host protein VirP1. RNA 2003, 9, 346–354. [CrossRef]

26. Gómez, G.; Pallás, V. Identification of an in vitro ribonucleoprotein complex between a viroid rna and a phloem protein from
cucumber plants. Mol. Plant-Microbe Interact. 2001, 14, 910–913. [CrossRef] [PubMed]

27. Eiras, M.; Nohales, M.A.; Kitajima, E.W.; Flores, R.; Daròs, J.A. Ribosomal protein L5 and transcription factor IIIA from
Arabidopsis thaliana bind in vitro specifically Potato spindle tuber viroid RNA. Arch. Virol. 2011, 156, 529–533. [CrossRef]
[PubMed]

28. Jiang, J.; Smith, H.N.; Ren, D.; Mudiyanselage, S.D.D.; Dawe, A.L.; Wang, L.; Wang, Y. Potato spindle tuber viroid modulates its
replication through a direct interaction with a splicing regulator. J. Virol. 2018, 92, 10–1128. [CrossRef] [PubMed]

29. Navarro, B.; Flores, R.; Di Serio, F. Advances in Viroid-Host Interactions. Annu. Rev. Virol. 2021, 8, 305–325. [CrossRef]
30. Ma, J.; Mudiyanselage, S.D.D.; Hao, J.; Wang, Y. Cellular roadmaps of viroid infection. Trends Microbiol. 2023, 31, S0966-

842X(23)00167-1. [CrossRef]
31. Wang, Y.; Qu, J.; Ji, S.; Wallace, A.J.; Wu, J.; Li, Y.; Gopalan, V.; Ding, B. A land plant-specific transcription factor directly enhances

transcription of a pathogenic noncoding RNA template by DNA-dependent RNA polymerase II. Plant Cell 2016, 28, 1094–1107.
[CrossRef]

32. Nohales, M.Á.; Flores, R.; Daròs, J.A. Viroid RNA redirects host DNA ligase 1 to act as an RNA ligase. Proc. Natl. Acad. Sci. USA
2012, 109, 13805–13810. [CrossRef]

33. Castellano, M.; Pallas, V.; Gomez, G. A pathogenic long noncoding RNA redesigns the epigenetic landscape of the infected cells
by subverting host histone deacetylase 6 activity. New Phytol. 2016, 211, 1311–1322. [CrossRef]

34. Di Serio, F.; Owens, R.A.; Navarro, B.; Serra, P.; Martínez de Alba, Á.E.; Delgado, S.; Carbonell, A.; Gago-Zachert, S. Role of RNA
silencing in plant-viroid interactions and in viroid pathogenesis. Virus Res. 2022, 323, 198964. [CrossRef]

35. Navarro, J.A.; Vera, A.; Flores, R. A chloroplastic RNA polymerase resistant to tagetitoxin is involved in replication of avocado
sunblotch viroid. Virology 2000, 268, 218–225. [CrossRef]

36. Syller, J.; Marczewski, W.; Pawłowicz, J. Transmission by aphids of potato spindle tuber viroid encapsidated by potato leafroll
luteovirus particles. Eur. J. Plant Pathol. 1997, 103, 285–289. [CrossRef]

37. Walia, Y. Apple Scar Skin Viroid: Infectivity and Identification of Interacting Protein. Ph.D. Thesis, Guru Nanak Dev University,
Amritsar, India, 6 January 2014.

38. Scharf, K.D.; Heider, H.; Höhfeld, I.; Lyck, R.; Schmidt, E.; Nover, L. The tomato Hsf system: HsfA2 needs interaction with
HsfA1 for efficient nuclear import and may be localized in cytoplasmic heat stress granules. Mol. Cell. Biol. 1998, 18, 2240–2251.
[CrossRef] [PubMed]

39. Kedersha, N.L.; Gupta, M.; Li, W.; Miller, I.; Anderson, P. RNA-Binding proteins Tia-1 and Tiar link the phosphorylation of Eif-2α
to the assembly of mammalian stress granules. J. Cell Biol. 1999, 147, 1431–1442. [CrossRef] [PubMed]

40. Korber, P.; Zander, T.; Herschlag, D.; Bardwell, J.C. A new heat shock protein that binds nucleic acids. J. Biol. Chem. 1999, 274,
249–256. [CrossRef]

41. Korber, P.; Stahl, J.M.; Nierhaus, K.H.; Bardwell, J.C. Hsp15: A ribosome-associated heat shock protein. EMBO J. 2000, 19, 741–748.
[CrossRef]

42. Staker, B.L.; Korber, P.; Bardwell, J.C.; Saper, M.A. Structure of Hsp15 reveals a novel RNA-binding motif. EMBO J. 2000, 19,
749–757. [CrossRef]

43. Kanakala, S.; Kontsedalov, S.; Lebedev, G.; Ghanim, M. Plant-mediated silencing of the whitefly Bemisia tabaci cyclophilin B and
heat shock protein 70 impairs insect development and virus transmission. Front. Physiol. 2019, 10, 557. [CrossRef]

44. Andreason, S.A.; Arif, M.; Brown, J.K.; Ochoa-Corona, F.; Fletcher, J.; Wayadande, A. Single-target and multiplex discrimina-
tion of whiteflies (Hemiptera: Aleyrodidae) Bemisia tabaci and Trialeurodes vaporariorum with modified priming oligonucleotide
thermodynamics. J. Econ. Entomol. 2017, 110, 1821–1830. [CrossRef]

45. Ream, J.A.; Lewis, L.K.; Lewis, K.A. Rapid agarose gel electrophoretic mobility shift assay for quantitating protein: RNA
interactions. Anal. Biochem. 2016, 511, 36–41. [CrossRef]

46. Marcos, J.F.; Vilar, M.; Pérez-Payá, E.; Pallás, V. In vivo detection, RNA-binding properties and characterization of the RNA-
binding domain of the p7 putative movement protein from carnation mottle carmovirus (CarMV). Virology 1999, 255, 354–365.
[CrossRef]

47. Diener, T.O. Viroids: The smallest known agents of infectious disease. Annu. Rev. Microbiol. 1974, 28, 23–40. [CrossRef] [PubMed]
48. Diener, T.O. Viroids and the nature of viroid diseases. In 100 Years of Virology; Calisher, C.H., Horzinek, M.C., Eds.; Springer:

Vienna, Austria, 1999; pp. 203–220. [CrossRef]
49. Ding, B. Viroids: Self-replicating, mobile, and fast-evolving noncoding regulatory RNAs. Wiley Interdiscip. Rev. RNA 2010, 1,

362–375. [CrossRef] [PubMed]
50. Gross, H.J.; Domdey, H.; Lossow, C.; Jank, P.; Raba, M.; Alberty, H.; Sänger, H.L. Nucleotide sequence and secondary structure of

potato spindle tuber viroid. Nature 1978, 273, 203–208. [CrossRef]
51. Gómez, G.; Pallás, V. A long-distance translocatable phloem protein from cucumber forms a ribonucleoprotein complex in vivo

with Hop stunt viroid RNA. J. Virol. 2004, 78, 10104–10110. [CrossRef] [PubMed]

https://doi.org/10.17660/ActaHortic.2018.1207.41
https://doi.org/10.1261/rna.2162203
https://doi.org/10.1094/MPMI.2001.14.7.910
https://www.ncbi.nlm.nih.gov/pubmed/11437265
https://doi.org/10.1007/s00705-010-0867-x
https://www.ncbi.nlm.nih.gov/pubmed/21153748
https://doi.org/10.1128/JVI.01004-18
https://www.ncbi.nlm.nih.gov/pubmed/30068655
https://doi.org/10.1146/annurev-virology-091919-092331
https://doi.org/10.1016/j.tim.2023.05.014
https://doi.org/10.1105/tpc.16.00100
https://doi.org/10.1073/pnas.1206187109
https://doi.org/10.1111/nph.14001
https://doi.org/10.1016/j.virusres.2022.198964
https://doi.org/10.1006/viro.1999.0161
https://doi.org/10.1023/A:1008648822190
https://doi.org/10.1128/MCB.18.4.2240
https://www.ncbi.nlm.nih.gov/pubmed/9528795
https://doi.org/10.1083/jcb.147.7.1431
https://www.ncbi.nlm.nih.gov/pubmed/10613902
https://doi.org/10.1074/jbc.274.1.249
https://doi.org/10.1093/emboj/19.4.741
https://doi.org/10.1093/emboj/19.4.749
https://doi.org/10.3389/fphys.2019.00557
https://doi.org/10.1093/jee/tox125
https://doi.org/10.1016/j.ab.2016.07.027
https://doi.org/10.1006/viro.1998.9596
https://doi.org/10.1146/annurev.mi.28.100174.000323
https://www.ncbi.nlm.nih.gov/pubmed/4215365
https://doi.org/10.1007/978-3-7091-6425-9_15
https://doi.org/10.1002/wrna.22
https://www.ncbi.nlm.nih.gov/pubmed/21956936
https://doi.org/10.1038/273203a0
https://doi.org/10.1128/JVI.78.18.10104-10110.2004
https://www.ncbi.nlm.nih.gov/pubmed/15331743


Viruses 2023, 15, 2069 14 of 14

52. Hadidi, A.; Sun, L.; Randles, J.W. Modes of viroid transmission. Cells 2022, 11, 719. [CrossRef] [PubMed]
53. Keese, P.; Symons, R.H. Domains in viroids: Evidence of intermolecular RNA rearrangements and their contribution to viroid

evolution. Proc. Natl. Acad. Sci. USA 1985, 82, 4582–4586. [CrossRef] [PubMed]
54. Henics, T.; Nagy, E.; Oh, H.J.; Csermely, P.; von Gabain, A.; Subjeck, J.R. Mammalian Hsp70 and Hsp110 proteins bind to RNA

motifs involved in mRNA stability. J. Biol. Chem. 1999, 274, 17318–17324. [CrossRef]
55. Laroia, G.; Cuesta, R.; Brewer, G.; Schneider, R.J. Control of mRNA decay by heat shock-ubiquitin-proteasome pathway. Science

1999, 284, 499–502. [CrossRef]
56. Mosser, D.D.; Caron, A.W.; Bourget, L.; Meriin, A.B.; Sherman, M.Y.; Morimoto, R.I.; Massie, B. The chaperone function of hsp70

is required for protection against stress-induced apoptosis. Mol. Cell. Biol. 2000, 20, 7146–7159. [CrossRef]
57. Balakrishnan, K.; De Maio, A. Heat shock protein 70 binds its own messenger ribonucleic acid as part of a gene expression

self-limiting mechanism. Cell Stress Chaperones 2006, 11, 44–50. [CrossRef]
58. Albihlal, W.S.; Gerber, A.P. Unconventional RNA-binding proteins: An uncharted zone in RNA biology. FEBS Lett. 2018, 592,

2917–2931. [CrossRef] [PubMed]
59. Laksanalamai, P.; Robb, F.T. Small heat shock proteins from extremophiles: A review. Extremophiles 2004, 8, 1–11. [CrossRef]

[PubMed]
60. Adriaenssens, E.; Asselbergh, B.; Rivera-Mejías, P.; Bervoets, S.; Vendredy, L.; De Winter, V.; Spaas, K.; de Rycke, R.; van Isterdael,

G.; Impens, F.; et al. Small heat shock proteins operate as molecular chaperones in the mitochondrial intermembrane space. Nat.
Cell Biol. 2023, 25, 467–480. [CrossRef] [PubMed]

61. Ma, J.; Dissanayaka Mudiyanselage, S.D.; Park, W.J.; Wang, M.; Takeda, R.; Liu, B.; Wang, Y. A nuclear import pathway exploited
by pathogenic noncoding RNAs. Plant Cell 2022, 34, 3543–3556. [CrossRef]

62. Seo, H.; Kim, K.; Park, W.J. Effect of VIRP1 protein on nuclear import of citrus exocortis viroid (CEVd). Biomolecules 2021, 11, 95.
[CrossRef]

63. Chaturvedi, S.; Kalantidis, K.; Rao, A.L.N. A bromodomain-containing host protein mediates the nuclear importation of a satellite
RNA of cucumber mosaic virus. J. Virol. 2014, 88, 1890–1896. [CrossRef]

64. Montasser, M.S. First report of potential biological control of potato spindle tuber viroid disease by virus-satellite combination.
Plant Dis. 1991, 75, 319E. [CrossRef]

65. Yang, X.; Kang, L.; Tien, P. Resistance of tomato infected with cucumber mosaic virus satellite RNA to potato spindle tuber viroid.
Ann. Appl. Biol. 1996, 129, 543–551. [CrossRef]

66. Lindenau, S.; Winter, S.; Margaria, P. The amino-proximal region of the coat protein of cucumber vein yellowing virus (family
Potyviridae) affects the infection process and whitefly transmission. Plants 2021, 10, 2771. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells11040719
https://www.ncbi.nlm.nih.gov/pubmed/35203368
https://doi.org/10.1073/pnas.82.14.4582
https://www.ncbi.nlm.nih.gov/pubmed/3860809
https://doi.org/10.1074/jbc.274.24.17318
https://doi.org/10.1126/science.284.5413.499
https://doi.org/10.1128/MCB.20.19.7146-7159.2000
https://doi.org/10.1379/CSC-136R1.1
https://doi.org/10.1002/1873-3468.13161
https://www.ncbi.nlm.nih.gov/pubmed/29908064
https://doi.org/10.1007/s00792-003-0362-3
https://www.ncbi.nlm.nih.gov/pubmed/15064984
https://doi.org/10.1038/s41556-022-01074-9
https://www.ncbi.nlm.nih.gov/pubmed/36690850
https://doi.org/10.1093/plcell/koac210
https://doi.org/10.3390/biom11010095
https://doi.org/10.1128/JVI.03082-13
https://doi.org/10.1094/PD-75-0319E
https://doi.org/10.1111/j.1744-7348.1996.tb05775.x
https://doi.org/10.3390/plants10122771

	Introduction 
	Materials and Methods 
	Maintenance of Whitefly Colony and Pathogen 
	Characterization of sHsp Gene 
	Heterologous Expression and Purification of Small Heat Shock Protein 
	Western Blotting 
	In Vitro Binding Assay 
	Bioinformatic Analysis of ASSVd Association with Small Heat Shock Protein 
	Transient Silencing of Small Heat Shock Protein in T. vaporariorum 
	Transmission of ASSVd by T. vaporariorum 

	Results 
	Molecular Characterization of T. vaporariorum Small Heat Shock Protein (sHsp22.98) 
	Recombinant Expression of sHsp22.98 
	In Vitro Binding of Recombinant sHsp22.98 to ASSVd RNA 
	In Silico Analysis of sHsp22.98 Dynamic Association with ASSVd 
	Plant-Mediated Silencing of sHsp22.98 in T. vaporariorum 
	Transmission of ASSVd through sHsp22.98-Silenced Whiteflies 

	Discussion 
	References

