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Abstract: Potato spindle tuber viroid (PSTVd) is a small infectious non-coding circular RNA causing
diseases of important crops, including tomato and potato. The symptoms vary from mild to severe
depending on the viroid strain, the host plant variety, and the environmental conditions. The
molecular mechanisms underlying the development of particular disease phenotypes remain elusive.
The PSTVd strain NicTr-3 causes severe disease symptoms on Solanum lycopersicum cv. Rutgers
and Solanum tuberosum cv. Colomba. It was found that after three cycles of propagation in tomato
cv. Rutgers, infection of potato cv. Colomba with NicTr-3 resulted in very mild symptoms including
smaller size of tubers and delayed leaf senescence. Sequence analysis of PSTVd clones isolated from
tomato inoculum revealed the presence of mutated variants of genomic RNA. Transcriptome analysis
carried out on leaves showed a considerable difference between infected and healthy plants at 14 dpi
and 30 dpi. Interestingly, the response of potato plants to the attenuated PSTVd strain revealed a
large number of DEGs associated with initiation of dormancy with a considerable increase in the
vegetation period. The second vegetative generation (tuber-derived plantlets from control healthy
and PSTVd-infected plants) was characterized by similar phenotypes and transcriptomes. Thus, here
we describe a case of attenuation of a severe PSTVd strain after continuous propagation in tomato.
It would be of interest to consider the attenuated viroid strains as a potential biocontrol agent or
vaccine against this type of pathogenic RNA.

Keywords: viroid; PSTDv; attenuation; potato; dormancy

1. Introduction

Potato spindle tuber viroid (PSTVd) is a member of the Pospiviroid genus in the
viroid family Pospiviridae [1]. PSTVd infects several solanaceous crops causing serious
diseases in tomato (Solanum lycopersicum) and potato (S. tuberosum), and to a lesser extent
in pepper and chili (Capsicum annuum). It may infect pepino (S. muricatum) in natural
populations without symptoms [2]. The pathogen has quarantine status and is registered
on all continents according to the European Plant Protection Organization [3].

It has been shown that tomato strains of PSTVd can be highly pathogenic for represen-
tatives of widely used potato cultivars [4,5]. The aggressiveness of PSTVd strains (mild,
intermediate, or severe) is commonly evaluated on the highly susceptible host tomato
cultivar Rutgers [6,7]. PSTVd infection may cause disease symptoms in potato plants
including stunting, shortening internodes and petioles, and epinasty and wrinkling of
leaves. Tubers are elongated and become small and deformed upon infection.
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The mechanisms underlying the development of disease symptoms are still under
investigation. Viroid circular RNA is not protein-coding and its replication is mediated
through host cellular machinery. It is known that the disease symptoms vary and may
depend on the PSTVd strain, host genotype, and environmental conditions [8]. Comparison
between mild and severe viroid isolates revealed a number of mutations in their RNAs
associated with different disease phenotypes of tomato cv. Rutgers [9]. Indeed, viroid RNA
is prone to mutations during the replication process and may be represented in the plant
by a number of variants (quasi-species) [10]. In turn, host influence may be illustrated
by tomato cultivars Rutgers and Moneymaker with severe and very mild symptoms of
PSTVd infection, respectively [11]. Some wild tomato species have been characterized
with tolerance to the lethal PSTVd strains, and this trait can be inherited in hybrids with
susceptible species [12].

It is considered that RNA interference resulting from RNA–RNA interactions may
be the cause of the disease phenotype through suppression of host target genes. It has
been demonstrated that PSTVd-derived small RNAs can target several genes, including
three serine threonine kinase receptors [13]. In potato, viroid-derived small RNAs were
associated with the silencing of transcription factor StTCP23, which plays an important role
in plant growth and development as well as in hormonal regulation, especially in responses
to gibberellic acid. A 21-nt long segment in 3′-UTR of StTCP23 possesses complementarity
with the virulence-modulating region (VMR) of PSTVd strain RG1 [14]. Expression of
artificial microRNAs with this segment in potato plants resulted in a decrease in expres-
sion of the GA biosynthesis-associated genes StGA3ox2, StGA20ox1 and StGA7ox, and
upregulation of the GA degrading gene StGA2ox1 [14]. Another study demonstrated a
link between PSTVd symptoms severity and the silencing of the sterol glycosyltransferase
1 gene in tomato [15]. Citrus exocortis viroid induced disease symptoms in tomato resulting
from the disturbance of translation machinery and ethylene signaling [16].

Despite the experimental evidence of the involvement of viroid-derived small RNAs
(vd-sRNAs) in the disease phenotype, this mechanism is hardly common for different
viroid-host pathosystems. Computational prediction revealed about one hundred potential
mRNA targets for vd-sRNAs in tomato and Nicotiana benthamiana transcriptomes, but
systemic analysis of degradomes of PSTVd-infected plants revealed only a few suppressed
mRNAs from this set with no overlaps between them in different plant species, despite
similar disease symptoms [17].

Here, we report the case of attenuation of a severe PSTVd strain NicTr-3 after three
cycles of continuous propagation in tomato cv. Rutgers. Infection of potato cv. Colomba
resulted in very mild symptoms including smaller size of tubers and delayed leaf senes-
cence. The transcriptome analysis revealed a considerable difference between the leaves
of infected and healthy plants resembling the initiation of a dormant state. Interestingly,
the tuber-derived plantlets from healthy and infected potato plants were very similar
phenotypically and at the transcriptome level.

2. Materials and Methods
2.1. Plant Materials

Tubers of the Netherlands potato cultivar Colomba, super elite category, were obtained
from the seed farm agricultural consumer supply and marketing cooperative “Ustyuzhen-
skiy potato” (Vologda region, RF).

2.2. Resistance Assessment

The PSTVd strain NicTr-3 was isolated from severely affected potato plants of cv.
Nikulinskiy from the Novosibirsk Region in 2021 (annotated in GenBank, AC = LC654171).
This PSTVd strain causes severe symptoms on tomato cv. Rutgers, including stunting,
severe leaf curling, epinasty, and stem and leaf necrosis (Figure 1). RNA of the NicTr-3
strain was synthesized in vitro from plasmid, used for inoculation of tomato cv. Rutgers
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plants, and further propagated in tomato plants before the experiment (three cycles of
propagation, each with a duration of three months).
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30 days post inoculation (dpi); (C)—mock.

Potato plants of cv. Colomba and tomato plants of cv. Rutgers were grown at a temper-
ature of 25 ± 2 ◦C with a photoperiod of 16 h of light and 8 h of dark under Phytolamps
(TL-FITO L1517 88 VR, LED Brand: OSRAM OSLON® SSL) and adequately watered. Each
tuber was planted in a 2000 cm3 plastic pot filled with “Terra vita” soil. Seven-day-old potato
plants and 14-day-old tomato plants were used for inoculation with PSTVd.

To prepare the inoculum, 0.1 g of fresh tomato leaf tissue of cv. Rutgers (60 days post
inoculation (dpi)) with the PSTVd strain NicTr-3 was ground in 1 mL sodium phosphate
buffer (pH 7.0) and filtered through cheesecloth. To inoculate 7-day-old potato plants of
cv. Colomba, a 0.5–1.0 cm longitudinal stem incision was performed with a sterile razor
on the stem apex and 10 µL of the PSTVd strain suspension was applied. Three plants
of cv. Colomba were inoculated and the presence of PSTVd in the inoculated plants was
determined using RT-PCR at 14 dpi (stage II—vegetative growth) and 30 dpi (stage III—
tuber initiation). Three control plants were mock inoculated with sterile water. The samples
from the leaves of the control and infected plants were isolated just before inoculation, at
14 dpi, at 30 dpi, and stored at −80 ◦C. After 90 days, the presence of tuber deformation,
their number, and their weight were evaluated.

2.3. Detection of PSTVd in Potato and Tomato Plants by RT-PCR

Prior to inoculation of potato plants, the presence of viroid RNA in PSTVd-infected
tomato plants of cv. Rutgers was evaluated by RT-PCR. Detection of viroid infection was
performed in samples taken for transcriptome analysis from each plant before infection and
at 14, 30, 60 dpi, as well as in control plants. RNA from potato top leaves was extracted from
0.1 g of leaf tissue using the RNeasy Plant Mini kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Detection of PSTVd with primer sets P3/P4 was performed
using the Potato spindle tuber viroid-RT kit (Syntol, Moscow, cat. no. PV-004) according to
the kit manufacturer’s recommendations. RT-PCR was conducted on a MyCycler Thermal
Cycler (Bio Rad, Hercules, CA, USA) at 50 ◦C for 30 min, 94 ◦C for 2 min, followed by 35
cycles at 94 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. An additional synthesis step was
performed at 72 ◦C for 5 min followed by storage at 12 ◦C. The size of the PSTVd diagnostic
fragment was about 360 bp. For each reaction, three technical replicates were run.

2.4. RNA-Seq

Total RNA was extracted with the LRU-100-50 Kit (Biolabmix, Novosibirsk, Russia).
The quality of the RNA samples was evaluated using a Bioanalyzer 2100 (Agilent). All
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samples had a RIN 7.8 or higher. RNAseq library preparations were carried out with 1 µg of
the total RNA fraction using the TruSeq Stranded Plant RNA Library Prep Kit and TruSeq
RNA CD Index Plate (Illumina, San Diego, CA, USA) according to the manufacturer’s
instructions for barcoded libraries with small modifications (6 min RNA fragmentation
time and 12 PCR cycles were used). Final libraries quantification was performed with
a Bioanalyzer 2100 and the DNA High Sensitivity Kit (Agilent). After normalization,
barcoded libraries were pooled and sequenced on a NextSeq 550 sequencer 2 × 75 bp using
NextSeq® 500/550 High Output v2.5 Kit 150 cycles (Illumina). Raw sequencing data were
deposited in the NCBI Sequence Read Archive (PRJNA914898).

2.5. RT-qPCR

RNA samples were treated with DNAse I (Thermo Fisher Scientific Inc., Waltham,
MA, USA). To prepare single-stranded cDNA by reverse transcription, 1 µg aliquots of
total RNA samples were used with the RNAscribe RT Plus kit (Biolabmix, Novosibirsk,
Russia). Primers for qRT-PCR were designed using the IDT PrimerQuest software (http://
eu.idtdna.com/PrimerQuest/Home/; accessed on 2 December 2022) and Primer3 software
(https://libnano.github.io/primer3-py/; accessed on 2 December 2022). The EF-Tu gene
was used as a reference (accession no. PGSC0003DMG400002992). Transcripts of several
differentially expressed genes were selected from the transcriptomic data for qRT-PCR
verification. The accession numbers of genes and structures of primers are given in Table
S1. The relative expression levels were quantified using the LightCycler® 96 (“Roche”) Real
Time PCR System. The qPCR was conducted using the HS-qPCR SYBR Blue kit (Biolabmix,
Novosibirsk, Russia). For each reaction, three technical replicates were run (Figure S1).

2.6. Bioinformatic Analysis

Bioinformatic analysis was performed for fifteen libraries of mRNA short reads, se-
quenced on Illumina NextSeq 550. Libraries were sequenced from two organs: leaves
(9 libraries) and tuber-derived plantlets (second vegetative generation, 6 libraries). The
samples of nucleotide sequences were filtered with FastP version 0.20.1 software [18]. Reads
shorter than 50 nucleotides, with a mean Phred quality score less than 20, or containing
more than 10% of undefined nucleotides (‘N’) were removed.

Mapping. Reads of the filtered mRNA libraries were mapped to S. tuberosum reference
genome version SolTub_3.0 [19]. The genome sequence was downloaded from the Ensembl
Plants database [20]. Bwt_index tool was implemented to index the genome sequence, and
Dart software version 1.4.6 [21] was used to map the reads to the reference genome.

Expression analysis. The number of reads from the mRNA libraries mapped to the
S. tuberosum genes was identified with FeatureCounts version 2.0.1 tool from the SubRead
package [22]. Potato genome annotation in gff3 format was downloaded from the Ensembl
Plants database, version 53. The resulting expression matrix was processed with the EdgeR
package [23] version 3.40.0 for R programming language version 4.2.2. The PlotMDS
function was used to assess library clustering and define outliers. Enrichment analysis of
gene ontology terms was performed for differentially expressed genes (DEGs) using the
online service SEA at the AgriGOv2 database [24].

3. Results
3.1. Assessment of Resistance to PSTVd

Recent analysis of modern potato cultivars for resistance against four PSTVd strains
has demonstrated that infection with NicTr-3 resulted in tuber malformation in 13 cultivars,
including Colomba, as well as in severe disease symptoms in the folia part of PSTVd-
infected tuber-derived plantlets of the next generation (Figure S2; [5]). It should be noted
that, in that study the NicTr-3 viroid RNA was synthesized in vitro from a synthetic DNA
construct and used for inoculation of tomato cv. Rutgers plants, and sap from these severely
affected plants was taken at 60 dpi for further inoculation of a set of potato cultivars [5];
a similar approach was used in other studies (e.g., [4]).

http://eu.idtdna.com/PrimerQuest/Home/
http://eu.idtdna.com/PrimerQuest/Home/
https://libnano.github.io/primer3-py/
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For this research, the sap with the PSTVd strain NicTr-3 was taken from tomato
cv. Rutgers after three cycles of continuous propagation over nine months and used for
inoculation of potato cv. Colomba. Accumulation of viroid RNA in potato leaves was
assessed at 14 and 30 dpi (Figure S3).

Unlike the potato plants infected with the original NicTr-3 strain [5], we observed no
visible symptoms characteristic of disease in either the folia part or tubers of the infected
plants (Figure S4). Moreover, no visible disease symptoms were recorded during the second
vegetative generation derived from tubers of the infected plants. The only characteristic
features of infected plants were a smaller tuber weight (Figure 2) and considerably delayed
senescence: at 90 dpi, the weight of the haulm of PSTVd-infected plants was 1.6 times
greater than that of the mock-inoculated plants. They also remained green, whereas the
control plants underwent desiccation and senescence (Table S2). The second generation of
tuber-derived plantlets was undistinguishable from the control.
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Figure 2. Average tuber weight (g) per plant inoculated with the PSTVd strain NicTr-3 and mock-
inoculated plants of cv. Colomba: (A)—after the first inoculation, (B)—tubers of the second generation
obtained from PSTVd-infected plants.

3.2. Nucleotide Sequence of the PSTVd Strain NicTr-3 Variants Isolated from Tomato Sap

Nucleotide sequences of viroid RNA in nine cloned variants were compared with
the reference sequence of the NicTr-3 strain (Genbank LC654171) used for the first tomato
passage. Mutations were classified according to their localizations in the viroid domains
(TL (1–46, 316–359), P (46–74, 241–288), C (74–120, 288–316), V (120–140, 212–241), and TR
(140–212)). It was found that each clone contained three to five mutations (Table S3, see
also [25]). One may see that some positions were more frequently mutated (67, 120, 309),
and position 67 belongs to the P (pathogenicity) domain. It seems likely that the observed
attenuation of the disease symptoms of potato cv. Colomba may result from the changes in
strain NicTr-3 genomic RNA accumulated during long-lasting persistence in the tomato host.

3.3. Transcriptome Analysis

Fifteen libraries of paired-end short reads were analyzed. Raw sizes of mRNA libraries
varied from 55.6 million reads to 78.8 million reads (64.7 million on average). After filtering,
on average 1.82% of reads were removed. Dart software successfully mapped 94% of clean
library reads to the reference genome (Table S4).

Based on the expression matrix obtained with the featureCounts software, 15,788 from
39,021 potato genes annotated in S. tuberosum genome were removed from further analysis
as having expression levels below the significance threshold. Expression levels of the
remaining 23,233 genes were used to perform sample clustering. The distribution of
mRNA-seq libraries is shown in Figure 3 (an outlier library S2 (red circle in the upper right
corner) was removed from further analysis).
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Figure 3. Clustering of mRNA-seq libraries with multidimensional scaling.

Differential expression analysis failed to identify any significant DEGs between viroid-
inoculated and control samples of tuber-derived plantlets. Transcriptomes from the leaves
of PSTVd-infected plants revealed the most pronounced difference between the samples
from 30 dpi and 0 dpi time points. Table 1 shows the numbers of differentially expressed
genes in three performed comparisons. Expression levels change values and significance
levels are shown in Table S5.

Table 1. Numbers of differentially expressed genes in the leave transcriptomes.

Comparison
Number of DEGs

Upregulated Downregulated

14 dpi versus 0 dpi 101 8

30 dpi versus 14 dpi 107 506

30 dpi versus 0 dpi 1909 2660

3.4. Gene Ontology Enrichment Analysis of Differentially Expressed Genes

Gene ontology terms enrichment analysis revealed GO terms associated with genes
differentially expressed between different time points. In total, 1 GO term (Protein binding,
GO:0005515, 15 DEGs, FDR = 5.1× 10−6) was associated with genes differentially expressed
between 14 dpi and 0 dpi time points. 30 GO terms were significantly enriched for DEGs
between 30 dpi and 14 dpi. In consistency with the largest number of DEGs, comparison
of 30 dpi and 0 dpi time points yielded the largest number of enriched GO terms; 40 and
76 GO terms were associated with genes up- and down-regulated at 30 dpi, respectively
(Table 2). The full lists of encountered GO terms is available in Table S6.
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Table 2. Numbers of GO terms significantly enriched for lists of up- and down-regulated DEGs in
different samples comparisons.

Comparison Upregulated Downregulated

14 dpi vs. 0 dpi 1 0

30 dpi vs. 14 dpi 0 30

30 dpi vs. 0 dpi 40 76

Analysis of GO terms revealed a relatively small difference between leaf transcrip-
tomes at 14 and 0 dpi; the only significant term was the upregulation of “protein binding”
in the “Molecular Function” category (Table 3). The comparison of the transcriptomes at
0 dpi at 30 dpi revealed the most significant downregulated DEGs related to the processes
of suppression of growth and cell division (microtubule-based processes, cell cycle pro-
cesses, mitosis, DNA replication, organelle fission, etc.), as well as a decrease in general
metabolism (phosphate metabolic processes, lipid biosynthesis processes, carbohydrate
metabolic processes) and metabolism-related functions (protein binding, NAD or NADH
binding, oxidoreductase activity, hydrolase activity, nucleoside-triphosphatase activity,
coenzyme activity, etc.), and were associated with nearly all compartments (intracellular,
organelle, chromosome, cell wall, etc.). Comparison of downregulated DEGs in leaves at
14 dpi and 30 dpi mostly demonstrated the same trends but expressed to a much lesser
extent (Table S6).

Table 3. GO terms and their associations (see also Figures S5 and S6).

Comparison Upregulated GO Terms and Associated Processes Downregulated GO Terms and Associated
Processes

30 dpi vs. 0 dpi

Biological Process: 21 significant terms, including:
Response to various stimuli and oxidation stress:
oxidation reduction, transcription, multicellular
organismal process, response to external and
endogenous stimulus, response to organic
substances, macromolecule modification.
Metabolic processes:
phosphate metabolic process, photosynthesis

Biological Process: 32 significant terms, including:
Cell division and cycle-related terms: cell cycle process
Metabolic processes: phosphate, steroid, lipid,
carbohydrate, glucan, polysaccharide, response to
organic substances
Regulation and response to stimuli:
Response to endogenous stimulus and hormones,
development, multicellular organismal process,
macromolecule modification

Molecular Function: 19 significant terms, including:
Binding of : protein, polysaccharide, pattern,
heme, tetrapyrrole
Activity of : oxidoreductases, (protein)kinases
and transferases
Electron transporter

Molecular Function: 26 significant terms, including:
Binding of : protein, NAD or NADH, carbohydrate,
coenzyme, chaperone
Activity of : motor, oxidoreductase, hydrolase, kinase
and transferase

Cellular Component: no significant terms
Cellular Component: 18 significant terms, including:
organelle, macromolecular complex, microtubule,
nucleosome, chromatin, cell wall

30 dpi vs. 14 dpi

Biological Process: no significant terms
Biological Process: 4 significant terms, including:
DNA replication, lipid biosynthesis process, oxidation
reduction, microtubule-based process

Molecular Function: no significant terms

Molecular Function: 14 significant terms, including:
Binding of : protein, NAD or NADH, copper ion
Activity of : oxidoreductase, catalytic, hydrolase,
transferase, protein kinase

Cellular Component: no significant terms Cellular Component: 12 significant terms, including:
Chromosome, cytoskeleton, organelle
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Upregulated DEGs (30 dpi versus 0 dpi) showed changes in a variety of biological
processes (including increase in oxidation reduction, upregulation of transcription, re-
sponse to external and endogenous stimuli, phosphate metabolic process, macromolecule
modification) and some GO terms related to molecular functions (protein binding, oxidore-
ductase activity, protein kinase activity, carbohydrate binding, disulfide oxidoreductase
activity). Interestingly, no significant enrichment of GO terms was found for comparison of
upregulated DEGs at 30 dpi and 14 dpi. It is likely that the main effect of viroid infection in
this case concerned the reduction in growth and metabolic functions (Table 3; visualization
of up- and down-regulated GO terms is also shown in Figures S5 and S6).

We looked through the lists of most significant up- and downregulated DEGs between
the non-infected and the viroid-infected leaves at 30 dpi. Ten genes with the most significant
up- and downregulated expression levels are listed in Table 4.

Table 4. Genes with the most significant difference in expression levels in potato leaves before
inoculation (0 dpi) and at 30 dpi.

Gene Description logFC FDR

Upregulated

1 PGSC0003DMG400004312 9-cis-epoxycarotenoid dioxygenase 4.82 0.000611605

2 PGSC0003DMG400004081 Agamous-like MADS-box protein
AGL8 homolog 10.30 0.000611605

3 PGSC0003DMG400013680 Pectinesterase 4.51 0.001384518

4 PGSC0003DMG400015755 DnaJ isoform 3.97 0.001717415

5 PGSC0003DMG400001969 Carotenoid cleavage dioxygenase 4 4.69 0.001914105

Downregulated

1 PGSC0003DMG400037894 Aspartic proteinase nepenthesin-1 −4.72 0.001717415

2 PGSC0003DMG400020481 14 kDa proline-rich protein DC2,15 −12.28 0.001914105

3 PGSC0003DMG400025030 Receptor kinase THESEUS 1 −3.52 0.001914105

4 PGSC0003DMG400023361 Methylenetetrahydrofolate reductase −4.65 0.001914105

5 PGSC0003DMG401014997 Zinc finger protein −4.90 0.001914105

logFC, logarithm to base 2 of the expression fold change; FDR, false discovery rate.

The number of DEGs in the leaves of viroid-infected plants at 30 dpi is rather large,
which reflects a considerable transcriptome reprogramming and changes in metabolism.
GO terms enrichment analysis revealed a decrease in the expression of cell division- and
growth-related genes. Viroids are not a typical pathogen with clear PAMPs and corre-
sponding host receptors; conversely, their effects may result from occasional interaction
with cellular processes, for example, through RNA-interference and downregulation of
target host genes or interaction with host proteins. Interestingly, the difference between the
weights of tubers and haulms of infected and healthy plants was rather small (Table S2).
This could reflect the transient character of growth suppression (transcriptome changes
were analyzed at 14 and 30 dpi, whereas plants characteristics were measured at 90 dpi).

It looks likely that viroid-infected potato plants in our experiments demonstrated
changes in gene expression patterns corresponding to some kind of dysregulated response
to abiotic stress and/or initiation of transient dormancy. Dormancy is a complex process
keeping meristematic activity repressed. The GO enriched terms for downregulated DEGs
mostly corresponded to inhibition of cell division and decrease in activity of metabolic
processes (Table 3). The description of some DEGs and related processes is given below
(the lists of up- and downregulated genes are available in Table S5).
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3.5. DEGs Description

DEGs characteristic for the dormant phenotype. In addition to downregulation of
many cell-cycle-related genes (Table S5), there are several markers characteristic for dor-
mancy and its termination (for more detail, see [26]). Exit from a dormant state is accom-
panied by a decrease in transcription of AGAMOUS-like MADS-box transcription factor.
The viroid-infected potato leaves were characterized by a strong increase in Agamous-like
MADS-box protein AGL8 homolog at 14 dpi and a further increase at 30 dpi (Table S5).
It was found that the expression of deoxyuridine triphosphatase (dUTPase) increases in
potato just prior to sprouting [27]. Two dUTPase entries in the DEGs list were downregu-
lated at 14 dpi and (more strongly) at 30 dpi. The cell-wall-modifying enzymes are also
involved in dormancy release. Xyloglucan endotransglucosylase (XTN) is associated with
cell wall loosening [28] needed for cell division and growth. Thirteen out of sixteen XTN
DEGs with significantly changed expression levels were downregulated at 30 dpi, which
may also be associated with ABA synthesis [29]. In addition, eight entries for glycosyltrans-
ferases and twelve entries for polygalacturonases were significantly downregulated, which
may also reflect cell division delay and growth retardation.

Two entries in the DEGs list encoding auxin-repressed/dormancy-associated protein
were strongly upregulated at 30 dpi. This protein functions as an inhibitor of auxin
accumulation and its overexpression results in smaller growth and yield [30,31]. The
14 kDa proline-rich protein DC2,15 is strongly suppressed in viroid-infected plants at
30 dpi. This protein is involved in cell wall modification and may be connected with the
initiation of organogenesis by the removal of auxin [32].

ABA regulatory pathway. The initiation and maintenance of dormancy is associated
with ABA, and the release from the dormant state is regulated by an increase in both
cytokinin and gibberellin contents [26]. The list of significantly upregulated genes starts
from 9-cis-epoxycarotenoid dioxygenase (NCED, a rate-limiting enzyme in abscisic acid
(ABA) biosynthesis; all three entries in the DEGs list were significantly and increasingly
upregulated at 14 and 30 dpi) (Table S5). Two out of three transcripts encoding ABA
receptor PYL4 were strongly upregulated. The ABA regulatory pathway also involves a
protein phosphatase 2c (PP2C) as a negative regulator; five entries of PP2C in the DEGs list
were significantly downregulated at 30 dpi.

Expression of all four genes encoding receptor kinase THESEUS 1 was significantly
repressed at 30 dpi. This transmembrane receptor-like kinase is a cell wall integrity sensor [33]
involved in lateral root initiation, root skewing under salt stress, and pathogen response [34].
THE1 interacts with a signaling peptide RALF34 and is required for hypocotyl cell elongation
and responses to cell wall damage. Interestingly, THE1 acts as a negative regulator of ABA-
mediated root growth inhibition [33], and decrease in its transcription in viroid-infected plants
may also be associated with the observed transient growth retardation phenotype.

Notably, an increased level of ABA biosynthesis enzymes did not result in a large-scale
transcriptome reprogramming typical of plant response to abiotic stresses. For example,
all four entries for ABA-dependent dehydration-specific RD22 genes [35] in the DEGs list
were significantly downregulated despite the simultaneous increase in NCED transcription,
no increase in Delta 1-pyrroline-5-carboxylate synthetase transcription was detected, etc.

DEGs characteristic of other phytohormones metabolic pathways. Transcription of
three Cytokinin oxidase/dehydrogenase (CKX) transcripts was significantly increased at
30 dpi. This enzyme plays a key role in regulating cytokinin levels in plants by degrading
its excess [36]. Since elevations of both cytokinin and gibberellin contents are associated
with the dormancy release [26], the observed increase in CKX transcription may accompany
the transition of infected potato to a dormant state.

Five entries encoding 1-aminocyclopropane-1-carboxylate oxidase (ACO) were upreg-
ulated at 30 dpi whereas no increase in 1-aminocyclopropane-1-carboxylate synthase (ACS)
and a significant decrease in S-adenosylmethionine synthase were observed. Interestingly,
in grapevine, the level of ACO transcription sharply decreases during natural dormancy
release [37]. It has been reported that ABA could regulate climacteric fruit ripening by
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inducing ethylene production [38]; thus, some interconnections are possible. In general,
overproduction of ethylene results in plant growth reduction [39].

In the gibberellin biosynthesis pathway, a significant increase in expression of Ga20
oxidases (three out of four entries in the DEGs list) and GID1-like gibberellin receptors
(four entries in the DEGs list) was detected, whereas transcription of a negative GA regula-
tor Gibberellin 2-oxidase (three out of four entries in the DEGs list) was downregulated,
which may reflect its activation. However, expression of Della, Ent-kaurenoic acid oxidase,
and Ent-kaurene oxidase was generally decreased (Table S5). In potato, ABA and GA play
antagonistic roles in the development of the stem and tubers: GA promotes stem growth
and represses tuber swelling, whereas ABA stimulates tuber formation [40].

Five entries of CONSTANS transcription factor regulating flowering and promoting
tuberization [41], Flowering locus T (two entries of three), and two entries for Bel5 protein
were strongly upregulated. All these genes are involved in induction of tuberization [42].

Comparison with other viroid-related transcriptomic data. Transcriptome investiga-
tions provide a large amount of data for reconstruction of molecular mechanisms involved
in response to viroid infection despite an observed considerable diversity and specificity in
viroid-host interactions [43–45].

The transcriptome investigations of mild and severe variants of PSTVd have been
performed on tomato. Więsyk et al. [43] analyzed early response in tomato and found
933 and 2731 significant DEGs in mild and severe viroid-infected variants at 17 dpi, respec-
tively, with only 418 common DEGs. Similar to our results, the downregulated DEGs were
enriched in terms corresponding to the cell cycle and microtubules, as well as to photosyn-
thesis. The revealed DEGs reflect activation of defense response and an elevated level of SA
and PR1 protein (e.g., [46]). In our research, the list of significantly upregulated DEGs in-
cludes transcripts encoding PR1 protein and two pathogenesis-induced proteins. However,
entries for many other pathogenesis-related proteins were not significantly upregulated
(e.g., chitinases, PR10), which may reflect the absence of a systemic response.

The detailed analysis of up- and downregulated DEGs at 17, 24, and 49 dpi was pub-
lished for tomato infected with mild and severe strains of PSTVd [47]. Despite noticeable
similarity, some major features of hormone metabolism-related DEGs in our experiments
were rather different, namely, no significant increase in ABA biosynthesis-related genes
was detected in their research.

Fujinayashi et al. [11] proposed that the severe PSTVd symptoms correlated with ROS
production and downregulation of ROS-scavenging enzymes. In tomato cv. Moneymaker,
PSTVd infection was nearly asymptomatic and SOD genes were upregulated, whereas
strongly affected cv. Rutgers was characterized by suppression of Cu/Zn-SOD genes via
PSTVd-induced overexpression of miR398 and miR398a-3, respectively. In our research, we
observed some decrease in two out of three Cu/Zn-SOD transcripts, and some increase in
one out of four Mn/Fe-SOD transcripts.

4. Conclusions

1. The PSTVd strain NicTr-3 found in severely affected potato plants of cv. Nikulinskiy
was characterized with a high aggressiveness against tomato cv. Rutgers and potato
cv. Colomba [5]. However, after three cycles of propagation in tomato cv. Rutgers it
became attenuated against potato cv. Colomba and resulted in a statistically significant
decrease in tuber weight and a considerable delay of leaf senescence. It was found
that the viroid RNAs in tomato sap contained a number of mutated variants that may
be connected with the observed attenuation.

2. Analysis of transcriptomes from PSTVd-inoculated potato leaves revealed a sig-
nificant difference with control cv. Colomba plants. Interestingly, no significant
difference was detected between the transcriptomes of the tuber-derived plantlets
representing the second vegetative generation. The transcriptome comparison re-
vealed the signs of dysregulation of signal transduction pathways resembling the
initiation of dormancy and transient growth delay. It involves the upregulation of
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9-cis-epoxycarotenoid dioxygenase gene encoding a rate-limiting enzyme of ABA
biosynthesis, induction of AGAMOUS-like MADS-box transcription factor, auxin-
repressed/dormancy-associated protein, repression of cytokinin-degrading enzymes,
upregulation of tuberization factors CONSTANS, Flowering locus T, Bel5, and so on.
The connection between the attenuated viroid strain and the observed changes in
potato leaf transcriptomes remains obscure. It is likely that the considerable delay in
leaf senescence (Table S2) resulted from this transcriptome dysregulation [48].

3. Taking into account the relatively small changes in phenotype and no significant
difference being found between the transcriptomes of the second vegetative generation
and the non-infected potato plants, the search for potential vaccine-like viroid variants
may represent one of possible ways for biocontrol of these harmful pathogenic RNAs.
Indeed, there are many threats and obstacles accompanying the development of such
technologies, but this way seems to be worth the effort.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy13030684/s1, Table S1: The description of gene-specific primers used for cDNA (qRT-
PCR) amplifications; Table S2: Tubers and haulm weight at 90 dpi with PSTVd strain NicTr-3; Table
S3: Heterogeneity of variants of the potato spindle tuber viroid strain NicTr-3; Table S4: Libraries
characteristics; Table S5. DEGs characteristics; Table S6. GO enriched terms. Figure S1: Verification of
significant difference of DEGs by qPCR; Figure S2. Symptoms of plants of cv. Colomba infected with
original PSTVd strain NicTr-3; Figure S3. RT-PCR detection of PSTVd in potato leaves of cv. Colomba;
Figure S4. Tubers of potato plants of cv. Colomba after inoculation with PSTVd-infected (strain
NicTr-3) tomato sap; Figure S5: Visualization of AgriGO2 (30 dpi vs. 0 dpi); Figure S6: Visualization
of AgriGO2 (30 dpi vs. 14 dpi).
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