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Abstract

Potato virus S (PVS) is a globally distributed Carlavirus that infects potato (Solanum tuberosum L.) and related Solanum species. While it often
causes mild symptoms, it can have a notable impact on crop productivity. This study examined the genetic diversity and phylogenetic
structure of PVS isolates from India using complete genome sequences and the RNA-dependent RNA polymerase (RdRP) domain of the
replicase gene, with the aim of assessing the suitability of RARP as a molecular marker for evolutionary inference. A global dataset of 151 PVS
sequences was analysed, along with RARP domain sequences from 11 Indian isolates and complete genome sequences from two
representative isolates. Sequence demarcation tool (SDT) analysis showed pairwise nucleotide identities ranging from 73.8-100 % for
complete genomes and 82.2-100 % for RARP domains. Using a 92 % nucleotide identity threshold, the PVS isolates were grouped into eight
intraspecific phylogenetic clades (G1-G8). Phylogenetic trees inferred from RARP domain sequences showed high topological congruence
with complete genome phylogenies, as confirmed by tanglegram analysis. In addition, these phylogenetic groups also broadly matched
previously reported PVS phylogroups, including the predominant PVS-O lineage. Population genetic analyses indicated stronger
host-associated structuring than geographic differentiation, while the RARP domain exhibited low nucleotide diversity and strong purifying
selection. Collectively, these findings indicate that RARP domain-based analysis provides a reliable and efficient approach for PVS molecular
characterisation, comparative evolutionary studies and the identification of divergent or putative novel PVS variants.

Keywords: genetic diversity; phylogenetic analysis; potato virus S; RNA-dependent RNA polymerase domain; reverse transcription
quantitative polymerase chain reaction; virus detection

Introduction Potato virus S belongs to the Carlavirus genus within the family
Betaflexiviridae, characterised as a positive-sense, single-stranded RNA
virus with a genome of approximately 8.5 kb (13). Its structure consists
of a 5' untranslated region (UTR), six open reading frames (ORFs),
encodes RNA-dependent RNA polymerase (RARP), the triple gene block
proteins (TGB1, TGB2 and TGB3), a coat protein (CP) and a nucleic acid
binding protein, along with a 3' UTR containing a poly (A) tail. Genetic
studies have identified distinct groups of PVS isolates, suggesting that
genetic diversity is influenced more by host interactions than
geographical factors. Based on biological and molecular characteristics,
PVS isolates have been grouped into distinct categories. Early
classification, based on  symptom  expression in
Chenopodium quinoaWilld., categorised PVS into PVS-0 and PVS-A (14).
Potato virus S-O causes local lesions, while PVS-A leads to systemic
infection (15). Subsequent molecular phylogenetic analyses based on
complete genome sequences revealed additional lineages within PVS,
identifying distinct phylogroups such as PVSH, PVS-ll and PVS-II (16-18),
indicating a broader evolutionary divergence within the species. More
recently, comprehensive genomebased phylogenetic analyses
identified four distinct phylogroups within PVS, further expanding the
current understanding of its genetic diversity and evolutionary
relationships (8).
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Potato (Solanum tuberosum L.) is one of the most important food
crops worldwide and ranks third in food production after wheat and
rice. Despite its economic importance, potato crops are highly
susceptible to various viral diseases, which reduce overall yield and
compromise tuber quality. Among the numerous viruses infecting
potato, potato virus S (PVS) is a frequently detected and widely
distributed pathogen and is considered endemic in nature (1, 2). Itis
readily spread through tuber cutting, via infected seed tubers and
plant-to-plant contact (3). It is also transmitted by aphids such as
Myzus persicae and Aphis nasturtii in a non-persistent manner (4-6).
Potato virus S is not transmitted through pollen or seeds (7).
Potato virus S has been reported from major potato-growing regions
worldwide (8) and can infect hosts belonging to several plant families,
including Solanaceae, Amaranthaceae and Apiaceae. The virus often
exhibits mild symptoms that make it difficult to identify visually,
especially in asymptomatic potato cultivars, although it may cause
undulation of leaf margins and rugose leaf symptoms in susceptible
cultivars (9-11). The yield loss from PVS infection can range from
5-20 % when it is associated with potato virus X (PVX) and
potatovirusY (PVY) (12).
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The Carlavirus genus is classified based on CP or
RARP gene sequences, with less than 72 % nucleotide identity or
80 % amino acid identity among members. Among these genomic
regions, the RARP gene and its encoded protein are particularly
important for evolutionary investigations because they are
universally conserved among RNA viruses (19). The RdRP catalytic
domain plays a central role in the viral replication cycle by facilitating
synthesis of the viral RNA genome (20) and has therefore been
widely utilised in molecular evolutionary studies (21, 22).
Structurally, RdRPs belong to a large family of polymerases
characterised by conserved palm, finger and thumb subdomains
(23). Six conserved motifs (A-F) have been identified within these
domains, with motifs A-E located primarily in the palm subdomain
and motif F in the finger subdomain. These motifs are essential for
maintaining polymerase fidelity and ensuring accurate nucleotide
incorporation during RNA synthesis (23, 24). Owing to its high degree
of conservation, the RARP domain has become a valuable molecular
marker for investigating viral evolution, phylogenetic relationships
and virus-host co-evolutionary pattemns (19, 24, 25). Although the
International Committee on Taxonomy of Viruses (ICTV) does not
recognise taxonomic ranks below the species level, increasing
availability of nucleotide sequence data has facilitated the
identification of genetically distinct viral lineages and phylogroups.
However, the absence of supporting biological and serological data
for many reported isolates, together with the occurrence of
recombinant variants, continues to complicate classification below
the species level (26). Recent advances in next-generation
sequencing (NGS) have substantially increased the availability of
complete viral genome sequences, providing new opportunities for
molecular evolutionary and phylogenetic analyses. In this context,
the present study focuses on RARP domain-based molecular
characterisation of PVS isolates from different regions of India to
assess their genetic diversity and evaluate the suitability of the RARP
domain as a molecular marker for evolutionary and phylogenetic
investigations.

Materials and Methods
Source of plant and viral materials

Asymptomatic potato leaf samples were collected from fields and
used to obtain the complete genome of PVS. Potato tubers were
collected from vegetable markets for obtaining the RARP domain
sequences and virus characterisation. The samples were frozen in
-80°C until RNA extraction.

Virus detection

The samples were macerated and tested for the presence of the
virus using direct antigen coating-enzyme-linked immunosorbent
assay (DAC-ELISA) using in-house generated polyclonal antibody.
Briefly, plates were coated with diluted sap (1 : 20) in
carbonate buffer (pH 96), blocked with 05-1 %
bovine serum albumin (BSA) and sequentially incubated with
primary antisera (1 : 10000) and alkaline phosphatase-conjugated
goat anti-rabbit IgG (1 : 20000) at 37 °C. Colour development was
achieved using p-nitrophenyl phosphate substrate and absorbance
was read at 405 nm. Samples with OD = 2x the negative control was
considered positive. Healthy potato leaf/tuber samples were used as
negative control for ELISA. Samples that tested positive in the ELISA
were subsequently subjected to a one-step reverse transcription
quantitative polymerase chain reaction (RT-qPCR) assay. Total RNA

2

was extracted from ELISA-positive potato leaf samples using the
cetyltrimethylammonium bromide (CTAB) method. Detection of PVS
was performed by onestep RT-qPCR using the SuperScript™ lil
Platinum™ SYBR™ Green One-Step qRT-PCR kit according to the
manufacturer's instructions. The primers were designed from a
conserved region near the 3' end of the PVS genome
(Forward: 5'-GGATCCTGYAATTCTAAGTGTGATAAT-3'; Reverse:
5'-TGGTATCACCTCAGTTACTCCAA-3'). The RT-gPCR reaction was
carried outin afinal volume of 50 pL containing 25 pL of 2x SYBR® Green
Reaction Mix, 1 pL of SuperScript® lll RT/Platinum® Taq Mix (including
RNaseOUT™), 1 uL each of forward and reverse primers (10 uM), 1 pg of
template RNA and nuclease-free water to make up the final reaction
volume. Amplification was performed using a QuantStudic™
5 Real-Time PCR System. The thermal cycling conditions consisted of
reverse transcription at 50 °C for 5 min, initial denaturation at 95 °C for
2 min, followed by 40 cycles of denaturation at 95 °C for 15 sec and
annealing/extension at 63 °C for 40 sec. RNA extracted from virusfree
potato plants and PCR-grade water (non-template control (NTC)) were
included as negative controlsin each RT-gPCR assay.

Cloning of genome

Thefirst strand of cDNA was synthesised using Revertaid First Strand
cDNA synthesis kit as per manufacturer’s instruction. The complete
genome of the PVS isolates was obtained as five overlapping
amplicons using PrimeSTAR GXL Taq polymerase. The primer sets
were designed based on full length PVS sequences obtained from
National Centre for Biotechnology Information (NCBI)
(Supplementary Table 1). The RARP domain was amplified using
generalised primers and resulted in amplification of ~1200 bp
amplicon. Polymerase chain reaction amplicons were cloned into
the pGEM-T Easy vector (Promega) and transformed into
Escherichia coli DH5a competent cells. The clones were sequenced
using Sanger sequencing strategy and sequence analysis was
performed using BioEdit sequence alignment editor version 7.2.5.
The sequences were confirmed by National Center for
Biotechnology Information (NCBI) basic local alignment search tool
(BLAST) analysis.

Phylogenetic and co-phylogenetic analysis

A comprehensive dataset of 151 complete PVS genome sequences
was obtained from the NCBI database and used for evolutionary
analysis along with two complete genome sequences and 11 RdRP
domain sequences from Indian isolates developed in this study. This
dataset was used to conduct an in-depth analysis of the genetic
diversity and evolutionary relationships among PVS isolates. The
sequence data were subjected to multiple sequence alignment
using ClustalW implemented in BioEdit software version 7.2.5. To
infer the evolution of the PVS isolates, pairwise distance matrices of
the complete genome and RdRP domain sequences were
calculated at the nucleotide (nt) level using sequence demarcation
tool (SDT) v1.2. The Neighbor-Joining method was employed using
MEGA software version 12. To evaluate the evolutionary
relationships between complete genome and RdRP domain
sequences, a co-phylogenetic analysis was performed using the
phytools package in RStudio (version 2025.09.1+401). The aligned,
rooted phylogenetic trees were visualised as a Tanglegram, enabling
a direct comparison of their topologies. This analysis highlighted the
evolutionary congruence between the datasets and provided
insights into potential co-evolutionary relationships between the
complete genome and the RARP domain.
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Genetic diversity and selection pressure analysis

DnaSP v. 6.0 was used to calculate various parameters to investigate
nucleotide polymorphism. Nucleotide diversity (1) of PVS was
estimated using a sliding window length of 100 bp with a step size of
25 bp. Genetic diversity was assessed by estimating the total number
of mutations (Eta), nucleotide diversity (1T), the average number of
nucleotide differences (k), theta per site from Eta, Watterson’s theta
(Bw), the number of haplotypes (h) and haplotype diversity (Hd).
Neutrality was assessed using Tajima’s D, Fu and Li’'s D* and Fu and Li’s
F* tests available in DnaSP v. 6.0. The ratio of non-synonymous to
synonymous substitutions (dN/dS) was calculated for each dataset
using standard parametersin MEGA12. AdN/dS ratio greater than 1 was
considered indicative of positive (diversifying) selection, a ratio less than
1 of purifying (negative) selection and a ratio equal to 1 of neutral
evolution. Sites subject to positive and negative selection were
identified using the single-likelihood ancestor counting (SLAC) method
implemented on Datamonkey web server (www.datamonkey.org).
The analysis of molecular variance (AMOVA) was performed using
Arlequin v3.5 to measure genetic differences among PVS populations.
Populations were grouped by geographic region and host species to
examine the effects of country and host on PVS genetic diversity.
Recombinant sequences were removed before carrying out the AMOVA
analysis.

Recombination detection

Comprehensive analysis of recombination was conducted for the
complete genome and RdRP domain nucleotide sequences using
RDP4 v4.101, employing various methods such as RDP, BootScan,
SiScan, Chimaera, GENECONV, MaxChi and 3Seq. The objective was
to obtain a consensus of regions potentially resulting from
recombination. To identify recombination events among PVS
isolates, only those events supported by five or more methods with
p-values less than 0.01 were considered. Events for which the
parental sequences could not be identified were excluded from the
analysis.

Results
Survey and detection of potato virus S

Asymptomatic leaves and healthy commercial tuber samples
collected from three different states viz, Himachal Pradesh,
Uttar Pradesh and Madhya Pradesh covering 12 different locations
were used for detection of PVS (Table 1). The samples were tested by
one-step RT-gPCR using 3" region specific primers and one-step

RT-qPCR using CP gene specific primers for further confirmation. The
gPCR method specifically detected PVS without cross-reacting with
other viruses such as PVX or PWY positive samples and no
amplification was observed with the NTC.

Genome amplification

Complete genome characterisation of PVS was conducted using
isolates from Palampur, Himachal Pradesh and Lucknow,
Uttar Pradesh. The full genome was amplified as six overlapping PCR
fragments. The PCR fragments were cloned and sequenced using
Sanger sequencing. The Palampur isolate, with a genome length of
8460 bp and the Lucknow isolate, with a genome length of 8483 bp,
were both sequenced and submitted to NCBI under accession
numbers MW331321.1 and 0OQ473813.1 respectively. The
RARP domain sequence was identified in the InterPro website using
PVS replicase gene amino acid sequence. Primers adjoining to the
RARP domain were designed and used for amplification from potato
tubers and suspected leaf samples, which resulted in an
amplification of 1214 bp. Eleven RARP domain sequences of PVS
were cloned, sequenced and analysed using InterPro. Later, the
RARP domain sequences (993 bp) obtained through InterPro were
submitted to NCBI and used for further analysis (Table 1).

Sequence demarcation tool analysis

Sequence demarcation tool analysis was performed using both
complete genome and RARP domain sequences. Pairwise
nucleotide identities ranged from 73.8 to 100 % for complete
genomes and from 82.2 to 100 % for RARP sequences. Frequency
distribution plots revealed two major peaks for both datasets. The
first peak corresponded to species-level demarcation, while the
second peak represented variation among isolates within the
species (Fig. 1). A 92 % nucleotide identity threshold was selected for
isolate discrimination below the species level. Applying this
threshold consistently resolved eight groups (G1-G8) in both
datasets (Supplementary Table 2 and 3).

Phylogenetic analysis

Phylogenetic analyses based on complete genome and
RARP domain sequences resolved eight major groups (G1-G8)
(Fig. 2 and 3). Group G1 predominantly contained S. tuberosum
isolates with broad geographic distribution and included a few
Solanum lycopersicum L. isolates. Group G2 consisted mainly of
S. tuberosum isolates together with single representatives of
Solanum phureja Juz. et Buk. and S. lycopersicum. Group G3 included
isolates from Bolivia, the Netherlands and India infecting
S. tuberosum and Solanum muricatum Aiton. Group G4 contained

Table 1. List of potato virus S isolates used in this study, including their source, geographic origin and sequence information

State Location Isolate name Genome region sequenced Accession number

Himachal Pradesh Palampur Palampur Complete genome MW331321
Lucknow Lucknow Complete genome 0Q473813.1

Lucknow LKO-4 RdRP domain PP350766

Bareilly Brly-36 RdRP domain PP350767

Uttar Pradesh Gorakhpur Grk-2 RdRP domain PP350772
Faizabad Fzd-13 RdRP domain PP350773

Hardoi Hrd-23 RdRP domain PP350774

Kushinagar KN-1 RdRP domain PP350775

Raebareli Rb-47 RdRP domain PP350776

Datia Dt-10 RdRP domain PP350768

Madhya Pradesh Morena Mn-4 RdRP domain PP350769
Guna Gh-25 RdRP domain PP350770

Tekanpur GWT-49 RdRP domain PP350771

RARP: RNA-dependent RNA polymerase.

Plant Science Today, ISSN 2348-1900 (online)


http://www.datamonkey.org

SWATI ET AL 4

(A) Complete genome (B) RARP domain
o) 2
029 018
o02e o8
028 7 017
»n
L o T i
E = g
= =
S o= = o
20 R
E 017 _2 LET!
= 15 1
- A oo
g on 2 oo
= =
E oos £ u::
£ o =
S oo g, oos
A o5 92 % S oo
ooa T A ooz
B + 7 t o
iy - - - o 50 B 0 = 00
Percentage pairwise identities Percentage pairwise identities

Fig. 1. Potato virus S frequency distribution plot of pairwise nucleotide identity. A: Complete genome; B: RARP domain. The 92 % cut off value
for complete genome and RARP domain is marked with arrows. RARP: RNA-dependent RNA polymerase.

Tree scale: 0.1

Fig. 2. Phylogenetic analysis of potato virus S (PVS) complete genome sequences.

Circular maximum-likelihood phylogenetic tree constructed using 153 complete genome nucleotide sequences of PVS. The analysis resolved
eight major phylogenetic groups (G1-G8), reflecting the genetic relationships among isolates obtained from different host species and
geographic regions. Distinct colour coding was used to visualise the clustering of isolates within each phylogenetic group. The observed
grouping pattern provides an overview of the genetic diversity and population structure of PVS at the whole-genome level. Potato virus S
isolates characterised in the present study are indicated by underlined labels. The scale bar represents the number of nucleotide substitutions
per site.
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Fig. 3. Phylogenetic analysis of the RNA-dependent RNA polymerase (RdRP) domain sequences of potato virus S (PVS).

Circular maximum-likelihood phylogenetic tree constructed using 164 PVS RARP domain nucleotide sequences (993 bp). The analysis resolved
eight major phylogenetic groups (G1-G8), represented by different colours. Isolates were obtained from diverse host species and geographic
regions, illustrating the genetic diversity and population structure of PVS. The clustering pattern observed in the RdRP domain dataset was
consistent with that obtained from complete genome sequence analysis. Potato virus S isolates generated in the present study are indicated
by underlined labels. The scale bar represents the number of nucleotide substitutions per site.

isolates from Peru associated with Solanum curtilobum Juz. & Bukasov.
and one isolate from New Zealand infecting S. muricatum. Group G5
comprised a single isolate from Peru obtained from
Arracacia xanthorrhiza. Group G6 contained S. phureja isolates from
Colombia, while Groups G7 and G8 included isolates from Ecuador
associated with S. tuberosum and S. muricatum respectively. The
overall grouping pattern was similar for both complete genome and
RARP datasets. Tanglegram analysis further demonstrated the
congruence between the two phylogenies, with cross-linking lines
occurring primarily within the same clades and no links between
different groups (Fig. 4).

Genetic diversity and selection pressure

The mean nucleotide identity among PVS isolates was 85 % for the
complete genome and 89 % for the RARP domain. Complete
genome analysis identified 6087 mutations, with nucleotide diversity
(1) of 0.13, theta from Eta (8) of 0.14 and Watterson’s theta (Bw) of

0.09. The average number of nucleotide differences (k) was 961.21
and haplotype diversity (Hd) was 1.00. Among genomic regjons, the
nucleotide-binding protein (NBP) exhibited the highest nucleotide
diversity (1T = 0.16), whereas TGB1 and the RARP domain showed
the lowest diversity (1T =0.09). Tajima’s D values were negative
across all regions, ranging from -0.76 in TGB1 to -0.22 in NBP.
Fu and Li’s D and F statistics were positive or near zero for most
regions, except TGB1, where both values were negative. The overall
genome-wide dN/dS ratio was 1.80, while individual genomic
regions showed values ranging from 0.23 in TGB3 to 0.03 in the RARP
domain. Site-by-site selection analysis identified 661 positively
selected sites and 274 negatively selected sites across the genome,
with the replicase region containing the highest number of
negatively selected sites (1435). The RARP domain exhibited the
lowest nucleotide diversity and dN/dS ratio among all analysed
regions (Table2).
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Genetic structure of potato virus S

The AMOVA for PVS indicates that most of the genetic variation
occurred within populations rather than among them. When isolates
were grouped according to host species, 42.4 % of the total variation
for the complete genome was among populations and 57.6 % within
populations (F_ST = 0.42398). When grouped by country, 38.5 % of
variation was among populations and 61.5 % within populations
(F_ST = 0.38477). The RARP domain showed a similar pattem:
host-based grouping accounted for 41.8 % of variation among
populations and 58.2 % within populations (F_ST = 0.41796), while
country-based grouping explained 37.3 % among populations and
62.7 % within populations (F_ST=0.37297) (Table 3).

Recombination

Recombination analysis was performed independently on both the
complete genome and RARP domain datasets. Analysis of the
complete genome sequences identified six significant recombinant
events among isolates originating from the Czech Republic, Ukraine,
Kenya, Poland and China. The recombinant sequences involved
both minor and major parental sequences from related
S. tuberosum isolates as well as closely related species such as
S. lycopersicum. Recombination breakpoints were supported by
significant p-values. In contrast, no evidence of recombination was
detected in the RARP domain dataset, indicating that this region is
highly conserved and less prone to recombination events
(Supplementary Table4).

Discussion

RNA viruses are generally characterised by high mutation rates and
rapid evolution, often existing as quasispecies within their hosts,
thereby contributing to genetic diversity and adaptation (27, 28).
Consistent with this pattern, PVS exhibited moderate genome-wide
diversity despite its relatively narrow host range. Sequence
demarcation tool analysis using complete genome and RdRP
domain sequences identified a 92 % nucleotide identity threshold
for distinguishing isolates below the species level. This threshold
resolved eight distinct groups (G1-G8), which were fully supported
by phylogenetic analyses. Group G1 (PVS-O) comprised the largest
number of isolates, predominantly associated with S. tuberosum
and displaying a broad geographic distribution, consistent with the
widespread occurrence of the ordinary strain. In contrast, Groups
G2-G4 corresponded to previously reported PVS-A-like variants and
included isolates associated with Andean hosts such as S. phureja,
S. curtilobum and S. muricatum, as well as isolates originating from
Bolivia and Peru, recognised centres of diversity for these lineages

(16-18). The additional groups (G5-G8) provided further
phylogenetic resolution and were associated with more restricted
host ranges and geographic distributions. For example, G5 included
isolates from Arracacia xanthorrhiza Bancr. in Peru, G6 was primarily
composed of S. phureja isolates from Colombia and G8 contained
isolates associated with S. muricatum in Ecuador. The placement of
the Czech Republic isolates (PVS-Vitava) within Group G1 (PVS-O),
despite previous reports suggesting affiliation with PVS-A or a
recombinant origin (16, 17), further demonstrates the utility of
combining SDT-based classification with phylogenetic analysis for
accurate isolate assignment.

The strong concordance observed between complete
genome- and RARP domain-based phylogenies, as confirmed by
tanglegram analysis, demonstrates that the evolutionary signal
contained within the RARP domain closely reflects that of the
complete viral genome. This finding highlights the suitability of the
RARP domain as a robust molecular marker for phylogenetic
reconstruction and molecular characterisation. The high degree of
sequence conservation observed in this region is further supported
by its low nucleotide diversity, low dN/dS ratio and absence of
detectable recombination. These characteristics are consistent with
the essential role of the RARP domain in viral replication, where
functional constraints are expected to limit the accumulation of
non-synonymous substitutions. The strong purifying selection
detected in this region suggests that most amino acid changes are
selectively removed, thereby maintaining the structural and
functional integrity of the viral polymerase. Such evolutionary
conservation supports the use of the RARP domain for comparative
evolutionary studies, particularly when complete genome
sequencingis not feasible.

Genetic diversity analyses indicated substantial haplotypic
variation across PVS isolates despite moderate nucleotide diversity.
The higher nucleotide variability observed within the NBP region
suggests greater evolutionary flexibility relative to other genomic
regions, whereas the RARP domain remained highly conserved. This
contrasting pattern indicates differential evolutionary pressures
acting across the viral genome, with essential replication-associated
regions remaining constrained while other genomic regions may
tolerate greater sequence variation. Population genetic analyses
revealed that most genetic variation was distributed within
populations rather than among populations. Although both host
species and geographic origin contributed to population structure,
differentiation was consistently greater when isolates were grouped
according to host species. This pattern suggests that host-associated
factors play an important role in shaping the genetic structure of PVS

Table 3. Analysis of molecular variance for the effects of potato virus S geography and host species

Sum of squares

Variance components

Percentage variation

Fixation

Factor — — — ind

Among Within Total Among Within Total Among Within index

populations populations populations populations populations populations

ﬁg’;:p‘ete gENOMe = »7226.2 132847.4 1600735 3263 443.4 769.7 42.4 57.6 0.424
ggumnptlste EENOME= 64501.6 94293.4  158795.0 213.1 340.7 553.8 385 61.5 0.385
RdRP domain - Host 2471.6 13162.0 15633.6 29.4 40.9 70.2 41.8 58.2 0.418
RdRP domain -
Country 6165.8 9467.8 15633.6 18.8 317 50.5 37.3 62.7 0.373

RARP: RNA-dependent RNA polymerase.
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populations. The consistency of this observation across both
complete genome and RdRP datasets further support the influence
of host adaptation on viral diversification. Overall, the integration of
SDT-based sequence demarcation, complete genome and RdRP
domain phylogenetic analyses, tanglegram validation and
population genetic assessments resolved eight distinct PVS groups
and provided insight into the evolutionary structure of the virus. The
predominance of the PVS-O lineage within the analysed dataset is
consistent with its widespread distribution, while the high sequence
stability of the RARP domain reinforces its value as a reliable marker
for molecular characterisation, phylogenetic inference and
evolutionary investigations of PVS.

Conclusion

This study provides a comprehensive assessment of the genetic
diversity and phylogenetic structure of potato virus S (PVS) based on
complete genome sequences and the RNA-dependent RNA
polymerase (RARP) domain. Sequence demarcation tool (SDT)
analysis using a 92 % nucleotide identity threshold effectively
distinguished PVS isolates below the species level and was
consistent with phylogenetic clustering. The strong topological
congruence between RARP domain- and complete genome-based
phylogenies, supported by tanglegram analysis, demonstrates the
suitability of the RARP domain as a reliable marker for molecular
characterisation and evolutionary studies. The RARP domain
exhibited low genetic diversity, strong purifying selection and no
detectable  recombination, highlighting its  evolutionary
conservation and functional importance. Population genetic
analyses further indicated that host species contribute more
strongly to PVS genetic structuring than geographic origin.
Collectively, these findings demonstrate that RARP domain-based
analysis provides an efficient and cost-effective approach for PVS
characterisation and large-scale evolutionary investigations when
complete genome sequencing is not feasible. Future research
should focus on expanding the dataset with additional global
isolates, integrating biological and epidemiological data and
exploring the evolutionary dynamics of other genomic regions to
further improve our understanding of PVS diversity, adaptation and
host-virus interactions.
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