Genome characterization of a Potato virus S (PVS) variant
from tuber sprouts of Solanum phureja Juz. et Buk.
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Potato virus S (PVS) is a prevalent virus in potato fields in
Colombia and the rest of the world. PVS has been classified
into two separate lineages, PVS® (Ordinary) and PVS* (An-
dean), which are genetically distinct. In this study, the com-
plete genome sequence of a new PVS isolate (PVS_Antioquia)
was obtained using High-throughput sequencing (Illumina
HiSeq-2000) from tuber sprouts of Solanum phureja (var.
Criolla Colombia). The PVS_Antioquia genome comprises
8,483 nt that code for six ORFs: RdRp (223 kDa), TGBpl-3
(25kDa, 12kDa, 7kDa) CP (32.3 kDa) and NABP (11 kDa) and
share a high sequence identity with respect to the PVS_RVC
(>95%) from Colombia, in contrast to 81 to 82% identity with
respect to the PVS* and PVS? isolates from around the world.
This genome information was used to design RT-qPCR prim-
ers that are specific for the Colombian PVS strains (RVC and
Antioquia) which were validated in S. phureja leaf and tuber
samples. These primers detected PVS in 80 and 60% of a set of
fifteen leaf and tuber samples, respectively, suggesting a high
incidence of this virus in the potato crops of Antioquia.
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El Potato virus S (PVS) es un virus prevalente en los cultivos de
papa de Colombia y otros lugares del mundo. Ha sido dividido
en dos razas principales denominadas PVS® (Ordinaria) y
PVS* (Andina), que representan a su vez dos linajes genéticos
divergentes. En este trabajo se obtuvo la secuencia del genoma
completo de un aislamiento de PVS denominado PVS_Antio-
quia, por secuenciacién masiva de nueva generacion (Illumina
HiSeq-2000) realizada sobre extractos de transcriptoma de
tubérculos de Solanum phureja (var. Criolla Colombia). A
partir de este genoma se disefiaron primers especificos parala
deteccion por RT-qPCR de variantes Colombianas de PVS (RVC
y Antioquia), validdndose su utilidad en pruebas de deteccién
en tejido foliar y de tubérculos de S. phureja. El genoma de
PVS_Antioquia tiene un tamaiio de 8.483 nt que codifica para
seis ORFs: RdRp (223 kDa), TGBp1-3 (25kDa, 12kDa, 7kDa)
CP (32,3 kDa) y NABP (11 kDa), y comparte altos niveles de
identidad con el aislamiento PVS_RVC (>95%) de Colombia
y tan solo de 81 a 82% con representantes de PVS* y PVS®de
diferentes paises del mundo. Los primeros disefiados permi-
tieron detectar el virus en 80 y 60% de 15 muestras foliares
y 15 de tubérculos, respectivamente, lo que puede indicar la
ocurrencia de altos niveles de incidencia de PVS y sus variantes
en los cultivos de papa de Antioquia.

Palabras clave: virus de plantas; carlavirus, técnicas de diag-
nostico, ELISA, PCR, papas.

Introduction

Potato virus S (PVS), a virus first described in the Nether-
lands in 1952 (de BruynOuboter, 1952), is a member of
the Carlavirus genus (Betaflexiviridae family) with high
incidence in potato fields around the world (Cox and
Jones, 2010). PVS virions consist of flexuous rods that are
610-710 to 12-15 nm in size with a positive-sense RNA
genome of approximately 8,500 nt in length and six open
reading frames (ORFs) encoding an RNA-dependent
RNA-polymerase (RdRp, 223 kDa), the triple gene-block
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proteins (TGBpl-3, 25kDa, 12kDa, 7kDa) involved in virus
cell-to-cell movement, a viral coat protein (CP, 32.3 kDa)
and a NABP (cysteine-rich nucleic-acid-binding protein)
(11 kDa) (Martelli et al., 2007). PVS can be transmitted in
a non-persistent manner by aphids, such as Aphis fabae,
A. nasturtii, Myzus persicae and Rhopalosiphum padi;
mechanical means and/or infected seed tubers (Wardrop
et al., 1989; Lambert et al., 2012). Depending on the abil-
ity to cause systemic infection or not in the experimental
host Chenopodium sp., PVS has been classified into two
strains: PVS* (Andean) and PVS® (Ordinary), respectively
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(Hinostroza-Orihuela, 1973; Lin et al., 2009). More recently,
Cox and Jones (2010) proposed the acronyms PVS®™* for
isolates that invade Chenopodium sp. systemically, but are
not within clade PVS* and PVS*“" to divergent PVS* iso-
lates that cannot infect Chenopodium sp. systemically and
suggested that the term PVS" should be applied strictly to
members of the genetically distinct clade. The natural host
range of PVS seems to be limited because it has only been
reported to infect the sweet cucumber (Solanum muricatum
Ait.) (Dolby and Jones, 1988) and different potato species,
such as Solanum tuberosum L. (Cox and Jones, 2010) and
S. phureja Juz. & Buk (Guzman et al., 2010; Gutiérrez et
al., 2013).

Tipically, PVS strains do not induce visible symptoms in
the majority of potato varieties, but, when they do, consist
of mild leaf symptoms such as mosaics, leaf rugosity, vein
deepening and leaf bronzing (Salari et al., 2011). Although
the disease caused by PVS® may be symptomless in the
leaves and tubers of infected potatoes, the incidence may
reach 100% with yield losses of 15% (Matousek et al., 2005).
Additionally, PVS co-infection enhances the severity of
other viruses, such as Potato virus A (PVA), Potato virus
Y (PVY) and Potato virus X (PVX) (Salari et al., 2011; Ny-
alugwe et al., 2012).

S. phureja, locally known as papa criolla, is a potato species
widely grown in the South American Andes from western
Venezuela to the center of Bolivia (Ghislain et al., 2006)
and it has as a main center of diversity in the mountains
in the province of Narifio (South of Colombia) (Rodriguez
et al., 2009). This crop has received increasing attention in
South America as a potential exotic export product due to
its excellent organoleptic properties; tubers with yellow
skin and medullary tissue; high levels of vitamins B and
C, niacine and thiamine; short production cycles and re-
duced tuber dormancy (Rodriguez et al., 2013). Colombia
is the country with the highest commercial explotation of
potato varieties derived from S. phureja, which currently
represents 8,500 ha and a yearly production of about 100
thousand t (Rodriguez et al., 2013).

Viral diseases are one of the most limiting factors in the
production of S. phureja in Colombia, of which PVS has
been shown to have a very high incidence (up to 40%) in
the main potato producing provinces of Colombia: Antio-
quia, Boyaca, Cundinamarca and Narino (Gil et al., 2013,
Gutiérrez et al., 2012, 2013; Gutiérrez-Sanchez, 2014). The
coat sequence analysis suggested the existence of at least
two PVS variants in Colombia, related to PVS® and PVS*
(Gil et al., 2013). A third strain was found by high-trough
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put sequencing of the foliar transcriptome of S. phureja
var. Criolla Colombia (Gutiérrez et al., 2013). The high
incidence of PVS in potato crops in Colombia, as well as
the presence of new variants never detected elsewhere,
highlights the need to better study this genetically dis-
tinct clade of PVS that infect S. phureja. In this study, we
performed a high-throughput transcriptome sequencing
analysis of S. phureja tuber sprouts infected by PVS in the
province of Antioquia (Colombia), in order to characterize
its sequence properties and to design a set of primers that
would be useful in Real-time reverse transcription-PCR
(RT-qPCR) for PVS detection.

Materials and methods

Plant samples and DAS-ELISA tests

For this study, fifteen S. phureja tuber samples from diffe-
rent storage cellars in the municipalities of La Union (six
samples) and Yarumal (nine samples) and an equal number
of leaf samples from S. phureja plots at the flowering stage
in the municipalities of Entrerrios (fourth samples from
one plot) and Marinilla (11 samples from three plots) were
used (Tab. 1). Each tuber and leaf sample consisted of three
tubers and six to eight leaflets, respectively. The samples
were initially tested for PVS infection by DAS-ELISA using
the PSA 40000 kit from Agdia (Elkhart, IN), which uses
polyclonal antibodies and alkaline phosphatase enzyme
conjugates as capture and detection reagents, respectively.

Solanum phureja transcriptome sequencing

High-throughput sequencing of the S. phureja transcripto-
me was performed on a bulk of the tuber-seed sprouts. The
bulk sample was ground using liquid nitrogen followed by
RNA extraction with the GeneJET Plant RNA Purification
mini kit (Thermo Fisher Scientific, Waltham, MA). The
library was constructed with the TruSeq RNA Sample
Preparation kit (Illumina, San Diego, CA) and rRNA was
depleted with the TruSeq Stranded Total RNA with Ribo-
Zero Plant kit (Illumina, San Diego, CA). Sequencing was
performed with the Illumina HiSeq 2000 System Provided
by Macrogen (Seoul, South Korea), which resulted in a pair-
end library of 24,817,068 reads for a total of 4,963,413,600
bp. Adapter sequences and low quality bases were remo-
ved with SeqTK (https:/github.com/lh3/seqtk). The PVS
genome was assembled with de novo reconstruction of
the S. phureja transcriptome with Trinity (Grabherr et al.,
2011) and confirmed by mapping with Bowtie2 (Langmead
and Salzberg, 2012). The final contig was assembled from
a total of 40,451 paired-end reads with an average depth
of 949X. ORFs codifying for viral proteins were identified
with BLASTX (Gish and States, 1993). Sequence alignments
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TABLE 1. Samples of leaves and tuber-seeds of Solanum phureja used in this study to detect Potato virus S (PVS).

Samples Location* Tissue Samples Location* Tissue
F1 Entrerrios, Tesorero Leaflet T La Unién, Town Tuber-seed
F2 Entrerrios, Tesorero Leaflet T2 La Unién, Town Tuber-seed
F3 Entrerrios, Tesorero Leaflet T3 La Unién, Town Tuber-seed
F4 Entrerrios, Tesorero Leaflet T4 La Unién, Town Tuber-seed
F5 Marinilla, Alto de Mercado Leaflet T5 La Unién, Town Tuber-seed
F6 Marinilla, Alto de Mercado Leaflet T6 La Unién, Town Tuber-seed
F7 Marinilla, Alto de Mercado Leaflet T7 Yarumal, Llanos de cuiva Tuber-seed
F8 Marinilla, Alto de Mercado Leaflet T8 Yarumal, Llanos de cuiva Tuber-seed
F9 Marinilla, Alto de Mercado Leaflet T9 Yarumal, Llanos de cuiva Tuber-seed
F10 Marinilla, Alto de Mercado Leaflet T10 Yarumal, Llanos de cuiva Tuber-seed
F11 Marinilla, Alto de Mercado Leaflet ™ Yarumal, Llanos de cuiva Tuber-seed
F12 Marinilla, Alto de Mercado Leaflet T12 Yarumal, Llanos de cuiva Tuber-seed
F13 Marinilla, Alto del Chocho Leaflet T3 Yarumal, Llanos de cuiva Tuber-seed
F14 Marinilla, Alto del Chocho Leaflet T4 Yarumal, Llanos de cuiva Tuber-seed
F15 Marinilla, Alto del Chocho Leaflet T15 Yarumal, Llanos de cuiva Tuber-seed

* All samples were obtained in the department of Antioguia (Colombia).

were performed with MUSCLE (Edgar, 2004). Phylogenetic
trees were calculated in MEGAG6 (Tamura et al., 2013) using
the Maximum Likelihood method based on the General
Time Reversible model with a Gamma distribution (+G pa-
rameter = 0.4964). Nonsynonymous (Ka) and synonymous
(Ks) substitution rates (denoted as Ka and Ks, respectively)
were estimated using the software KaKsCalculator (Zhang
et al., 2006) with the LPB method (Pamilo and Bianchi,
1993). Recombination analysis was done with the program
RDP3 (Martin et al., 2010).

Primer design and RT-qPCR detection of PVS

Alignment of Colombian CP sequences, obtained in this
and previous studies (Gil et al., 2013; Gutiérrez et al., 2012,
2013; Gutiérrez-Sdnchez, 2014), allowed for the identifica-
tion of sequences that are useful for designing RT-qPCR
primers that are specific for the PVS variants found in
Colombia with the aid of the program Primer3Plus (Un-
tergasser et al., 2012). Validation of the RT-qPCR primers
PVS_gen_Fand qgPVS_gen_R was performed on the fifteen
tuber samples and fifteen leaf samples collected in the
different municipalities of Antioquia. RNA was extracted
from 100 mg of ground tissue using the GeneJET Plant RNA
Purification kit (Thermo, Fisher Scientific, Waltham, MA)
and eluted in 40 uL of DEPC treated water; the purity and
concentration were determined by absorbance readings
at 260 and 280 nm using a Nanodrop 2000C (Thermo
Fisher Scientific, Waltham, MA). Retrotranscription was

performed for 30 min at 50°C in 20 uL containing 200 U of
Maxima Reverse Transcriptase (Thermo Fisher Scientific,
Waltham, MA), 1X RT Buffer, 0.5 mM dNTP Mix, 100
pmol Oligo(dT),s, 20 U de RiboLock RNase Inhibitor and
100-500 ng of total RNA. For the qPCR, the Maxima SYBR
Green/ROX gPCR Master Mix (2X) kit (Thermo Fisher
Scientific, Waltham, MA) was used in 25 uL of reaction
containing 12.5 uLmix, 10 uL DEPC water, specific primers
PVS_gen_F (5ATG CCG CCY AAA CCAGAT CC3’)and
qPVS_gen R(5AGCATKGCT TCYTCATTT TGCCCT
G 3’) at 0.3 uM and 50-100 ngc DNA. The amplification
cycles consisted of 10 min at 95°C to activate the polyme-
rase, followed by 35 cycles at 95°C for 15 s and 53°C for 45
s, using a Rotor-Gene Q-5plex Platform (Qiagen, Hilden,
Germany); fluorescense was measured after each amplifi-
cation cycle. The PVS positive control was obtained from
a PVS infected potato leaf-tissue and a virus-free sample
was used as the negative. The samples were considered
positive if they exhibited fluorescence values higher than
the threshold before cycle 35 (Schena et al., 2004). Primer
specificity was verified by High Resolution Melting in the
50 and 99°C range; the identity of the amplicons was con-
firmed by Sanger sequencing of five amplification products
(including the positive control), previously purified with
the QIAquick Gel Extraction (Qiagen, Valencia, CA) kit.
Sequences were edited manually with MEGAG6 (Tamura et
al., 2013) and compared against the NCBI database using
BLASTN (www.ncbi.nlm.nih.gov/BLAST).
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Results and discussion

Genome features of PVS_Antioquia

The analysis of High-throughput sequencing results con-
firmed the presence of a PVS strain, with a genome of 8,483
nt (excluding the 3’ poly-A tail), closely related to strain
PVS_RVC (95% nucleotide identity), that shares 81 to 82%
nucleotide identity with respect to PVS* and PVS® isolates.
The assembled sequence was deposited in GenBank under
accession KR152654 with PVS_Antioquia as the strain
name. No evidence of recombination was found with the
program RDP3 (not shown). PVS_Antioquia has 5 and 3’
untranslated regions (UTR) of 58 and 104 nt, respectively,
and contains six ORFs, as expected. ORF1 (59-5986) codes
for the RNA-dependent RNA polymerase (RdRp, 223 kDa)
that contains the following functional domains: methyl-
transferase (Pfam:PF01660, residues 43-352), Carlavirus
endopeptidase (Pfam:PF05379, 1000-1087), RNA helicase
(Pfam:PF01443, 1175-1432) and RdRp (Pfam:PF00978,
1553-1967). ORF2 (5973-6704), ORF3 (6682-7008) and
ORF4 (6972-7172) comprise the triple gene block (TGB):
TGBpl is predicted to be a 243 residue protein (26.9 kDa)
with viral RNA helicase domain (Pfam:PF01443, 40-235),
TGBp2 is composed of 108 residues (Pfam:PF01307, 11.7
kDa) and contains a plant viral movement motif (4-104)
while TGBp3 comprises 66 residues (7.2 kDa) and contains
a 7kDa viral protein motif (Pfam:PF02495, 6-65). The viral
coat protein is predicted to be a 294 residues protein (32.3
kDa) encoded by ORF5 at positions 7214-8098 and contain
Pfam domains PF08358 (48-99) and PF00286 (108-247),
typical of Carlavirus CPs. ORF6 (8095-8379) codes for

a 94 a.a. protein (10.6 kDa) and contains a cysteine-rich
nucleic-acid-binding protein motif (Pfam:PF01623, 1-89).
Ten polymorphic sites were detected in the PVS_ Antioquia
assembly: A1657G, A1933T, G3169A, T3817C, A3821G,
A4828C, G4837A, A6050G, C6131T, C7600T; substitution
A3821G results in amino acid change 11255V within RdRp
(Fig. 1).

The sequence comparison between the PVS_Antioquia
and PVS_RVC revealed a total of 310 transitions and 68
transversions for a global transition/transversion ratio of
4.56. With 60 amino acid substitutions, RdRp is the most
divergent protein (96.96% aa identity); the most variable
region corresponded to the one conecting the peptidase
and methyl transferase domains (Fig. 2). The overall Ka/
Ks ratio for the RARp ORF was 0.12, suggesting a strong
negative selection for the whole protein; however, a sliding
window analysis revealed three regions undergoing neutral
selection: 640-670, 739-778, 1196-1226 (Ka/Ks 0f 0.97, 1.00
and 0.84, respectively) and a segment within the helicase
domain under positive selection (1263-1277, Ka/Ks of 3.22)
(Fig. 2). The triple gene block proteins TGBpl-3 showed a
high degree of conservation among the PVS lineages (Fig.
2), with measured Ka/Ks ratios of 0.08, 0.05 and 0.0 that
suggested a strong negative selection. TGBpl1 shares 98.3%
identity at the amino acid level with respect to PVS_RVC
and contains four aminoacid substitutions: Y123H, C138S,
E140G and T228S. TGBp2 has only one aminoacid substi-
tution E69G while TGBp3 is 100% identical to its homo-
log in PVS_RVC. The CP had a total of four amino acid
substitutions (V31A, Q35E, P37S and E54G) with respect
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FIGURE 1. Sequence depth of the PVS_Antioquia genome assembly. Genetic features of the PVS_Antioquia genome are shown on the top diagram;
nucleotide positions corresponding to each ORF are indicated. The diagram in the center shows ten nucleotide polymorphisms detected in the
PVS_Antioquia assembly; only mutation A3821G translates into an amino acid change (11255V).
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to PVS_RVC and a sliding window analysis revealed a
N-terminal region to be under neutral selection (Ka/Ks
=1.08, 23-41). The 11K protein had the highest global Ka/
Ks ratio with a value of 0.8, suggesting a mutation rate close
to neutrality; however, residues 7-32 had alocal Ka/Ks ratio
of 1.23, indicating a slighty positive selection; the follow-
ing substitutios were observed for this protein: G7S, Y14N,
128V, H40R and P81S. Recombination analyses performed
on the PVC_Antioquia genome discarded recombination
with other PVS strains as the mechanism of emergence
for this new lineage. Failure to detect this PVS variant in
previous studies was probably due to the lack of sequence
information on Andean PVS strains; future studies would
probably confirm the presence of this PVS lineage in other
regions of Colombia and South America.

The phylogenetic analysis of the complete PVS genomes
showed that isolate PVS_Antioquia clustered with

PVS_RVC in an independent clade with a bootstrap of
100%. This clade is a sister group to Andean strains com-
posed of BB-AND from Brazil (Geraldino et al., 2012) and
RL5 from Colombia (Gutiérrez et al., 2012) (Fig. 3A). Using
a partial segment of the CP sequence, the cluster analysis
suggested the existence of four distinct groups (Fig. 3B).
The first group comprised PVS® strains and included
three Colombian strains isolated in Colombia (Quincha-
Cundinamarca, Valle de Maria-Antioquia and Chasques-
Cundinamarca). The second group corresponded to isolates
Peruvian and Vltava, of which the latter has been shown
to be a recombinant strain between PVS® and PVS* (Ger-
aldino et al., 2012). Group three comprised PVS* isolates
BB-AND from Brazil, Q5 from chile, Guizhou CP01 from
China and four Colombian isolates (Suras-Narifio, and El
Roble2, RL5, Aldana Bajo from Antioquia). The fourth
clade seemed to be a lineage derived from the PVS* group
and comprised PVS strains infecting S. phureja such as
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FIGURE 2. Sequence conservation profile of the PVS_Antioquia genome. The top panel illustrates the relative position of ORFs within the PVS_An-
tioquia genome. Sliding window Ka/Ks profile for each ORF in PVS_Antioquia with respect to PVS_RVC. Sites with Ka/Ks values above/below one
indicate positive/negative selection, values close to one are indicative of neutral selection. The positions of the functional domains within the RdRp
protein are indicated with squares. The lower panel shows the local conservation profile at the nucleotide level with respect to the PVS RVC, BB-AND

and Leona genomes.
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PVS_Antioquia as well as nine other Colombian isolates
from Narifio, Antioquia and Cundinamarca, reported by
Gil et al. (2103) and including PVS_RVC (Gutiérrez et al.,
2013). CP sequences isolated from S. tuberosum (Gil et
al., 2013) clustered in the same clade as PVS_Antioquia,
suggesting that this PVS lineage does not have S. phureja
as its unique host; however, we propose to name this de-
rived lineage as PVS'in reference to the first known host
(S. phureja). Future studies on local S. tuberosum and S.
phureja varieties from the South-American Andes will
demonstrate whether PVSF has a generalized distribution
in countries that are part of the center of origin of the
Potato or not. Additionally, it will be of great interest to
determine the pathogenic characteristics of members of the
PVSFlineage (i.e local or systemic lesions) on Chenopodium
sp., which will allow a biological comparison with respect
to PVS® and PVS™.
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Primer design and RT-qPCR detection of PVS

During the initial stages of this study, it was noticed that
previously published primer sets designed to detect PVS
failed to amplify some ELISA-positive samples even after
exhaustive modifications of both RT-PCR and RT-qPCR
protocols (data not shown). A similar situation was obser-
ved in a study by Gil et al. (2013) using RT-PCR where the
authors where obliged to combine primers PVSCPF and
PVSR reported in different papers (Nie and Singh, 2001; Ali
et al., 2008) due to amplification problems using the ori-
ginal published sets. Sequence alignment of these primers
with respect to the genomes of PVS_Antioquia, RVC and
RL5 confirmed the presence of several mismatches at the
annealing sites that could affect PCR efficiency (Fig. 4A,
B). As these amplification problems could be detrimental
to any PCR-based diagnostic tool aimed at detecting Co-
lombian PVS isolates, a new primer set (PVS_gen_F and
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FIGURE 3. Molecular phylogenetic analysis with the Maximum Likelihood method tree showing the phylogenetic relationship of PVS_Antioquia to
other PVS isolates from around the world using the complete genome sequence (A) and capsid (B) sequences. Bootstrap values > 50% are indi-
cated at each node. GenBank (gb) accession numbers are shown in parenthesis.
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qPVS_gen_R) was designed for specific detection by RT-
qPCR of PVS variants from Colombia. Primers PVS_gen_F
and and gPVS_gen_R were tested by RT-qPCR using fifteen
tuber and leaf samples obtained at different locations in
Antioquia. This trial resulted in positive amplification
curves for 80 and 60% of the leaf and tuber samples analy-
sed. The Ct values suggested a higher viral titer in the leaf

tissues (Ct in the 7.12-30.08 range) than in the tubers (Ct
28.76-33.94). The specifity of the reaction was confirmed
by the melting curve analysis, which resulted in Tm values
in good agreement with the positive control (86.96+1°C)
(Fig. 4C, D). Sanger sequencing of four randomly chosen
samples and for the positive control confirmed amplifica-
tion of the PVS coat region. Two sequences showed higher

A
7208 \7227
PVS_gen_F
7095 N\T7114 7331 \7348 7630 \7649
PVS_CPF PVS 2 PVS_sense
| cP |
qPVS_gen_R PVS R ' ORF6 |
7317\ 7341 7704\ 7725
PVS_gen_R PVS 1 PVS_CPR
7606\ 7629 8040\ 8059 8363\ 8382
PVS Antisense
7710\ 7729
B
PVS sense PVS CPF PVS_gen_F PVS 2 32 qPVS_gen_R .
GGTGATCATGTGTGCAAGCG ~ CTAGRCAATTGCGAGCTCAC | ATGCCGCCYAAACCAGATCC | GAGGCTATGCTGGAGCAGAG | GTCCCGTTTTACTYCTTCGKTACGA
Antioquia GGTGATTATGTGTGCTAGCG ~ CTGGTCAATTGCGAACTCAC | ATGCCGCCCAAACCAGATCC | GAAGCAATGCTAGAGCAGCG | GTCCCGTTTTACTCCTTCGTTACGA
RVC GGTGATTATGTGTGCAAGCG ~ CTGGTCAATTGCGAGCTCAC | ATGCCGCCCAAACCAGATCC | GAAGCAATGCTGGAGCAGAG | GTCCCGTTTTACTCCTTCGTTACGA
RLS CGTAATCATGTGCGCGAGCG ~ CTGGTCAATTGCGAACTCAC | ATGCCGCCTAAACCAGATCC | GAAGCCATGCTGGAACAAAG | GTCCCGTTTTACTTCTTCGGTACGA
leona  GGTGATCATGTGTGCAAGCG  CTAGTCAATTGCGAGCTCAC | ATGGCGCCCAAACCGGATCC | GAGGCTATGCTGGAGCAGAG | TGCCCGTCTTACTTCTCCGATACGA
PVS Antisense PVS CPR PVS_gen_R PVS 1 PVS R

GGAACCTGAGCTAGTAACGT
Antioguia  GGAACCTAAGGTAGTAACGT
RVC GGAATCTAAGGTAGTAACGT
RL5 GAAACCTAAGGTATTAACGT
GGAACCTGAGCTAGTAACGT

Leona

Normalized fluorescence

GGAGTAACTGAGGTGATACCA ACAACGACCKCAGTATRACTTCCA CCTACGAACCGCGACTCTAA
GGAGTAACTGAGGTGATACCG  ACAACGACCTCAGTATGACTTCCA CATACGAGCCACGACTCTAG
GGAGTAACTGAGGTGATACCG  ACAACGACCTCAGTATAACTTCCA CATACGAGCCACGACTCTAG
GGAGTAACTGAGGTGATACCA ACAACGACCGCAGTATGACTTCCA CGTACGAGCCACGTCTCCAG
GGAGTAACTGAGGTGATACCA GCAACGTCCACAGTATGACTTTCA CCTACGAACCGCGACTCTAA

GTCACGGGAACCTGAGCTAGTA
GTCAAGGGAACCTAAGGTAGTA
GTCAAGGGAATCTAAGGTAGTA
GTCAGGGAAACCTAAGGTATTA
GTCACGGGAACCTGAGCTAGTA

Temperature (°C)

FIGURE 4. (A) Primer sets specificity with respect to the PVS strains (Tab. 1) present in the department of Antioquia (Colombia). The upper panel
illustrates the location of primers for the detection of PVS previously reported in the literature: PYS_CPF and PVS_CPR (Ali et al., 2008); PVS_1 and
PVS_2 (Crosslin and Hamlin, 2011); and PVS_Sense and PVS_Antisense (Yang ef al., 2014). (B) Sequence alignment with respect to complete
genomes from Colombia (includes isolate Leona for comparison); mismatches are highlighted with gray background. (C) amplification and (D)
melting curves using primers PVS_gen_F and gPVS_gen_R designed in this study.

Vallejo C., Gutiérrez S., and Marin M.: Genome characterization of a Potato virus S (PVS) variant from tuber sprouts of Solanum phureja Juz. et Buk. 57|



identity with regions at positions 7218-7301 of the coat of
PVS-RVC (98% identity) while the remaining two samples
did so with positions 7215-7300 of the PVS-RL5 genome
(100% identity).

In a previous study, Gil et al. (2013) detected the presence
of PVS in 40% of the 320 S. tuberosum and S. phureja leaf
samples from the four main potato producing provinces of
Colombia: Antioquia, Boyaca, Cundinamarca and Narifio.
A separate study on the accessions from the Coleccion
Central Colombiana de papa using immunoprinting and
DAS-ELISA with polyclonal antibodies revealed infections
levels of 61.3 and 85%, respectively (Franco-Lara et al.,
2009; Guzman et al., 2010). These reports underscore the
need to use stricter parameters in the tuber seed certifica-
tion program of Colombia, which tolerates PVS levels of
1, 2 and 5% in basic, registered and certified tuber seeds,
respectively (ICA, 2015). Similar studies in the rest of the
world have revealed high levels of PVS incidence when
tuber-seed certifications programs do not reach all farmers
in a region or due to the use of diagnostic tests with low sen-
sitivity. For example, a three year study in seven provinces
of Iran using two hundred and forty potato samples with
one or more symptoms of leaf mosaic, distortion, mottling
and yellowing, detected PVS in 18.2% of the samples with
a predominance of the PVS® lineage (Salari et al., 2011). In
China, Wang et al. (2011) reported an average PVS infec-
tion level of 16.3%, reaching values of 22.6 and 26.7% in
the provinces of Heilongjiang and Yunnan, respectively. In
Costa Rica, Vasquez et al. (2006) evaluated the incidence
of PVS and distribution at different altitudes, finding PVS
to be present in 19% of the 600 tested samples. The highest
PVS incidence was found at middle altitutes because the
virus was detected in 60% of the plots of this region with
an average infection of 75%.

Finally, as expected, the RT-qPCR proved to be of higher
sensitivity with respect to ELISA; the latter only detected
PVS in one tuber in contrast to RT-qPCR where PVS was
found in nine samples (60%); with respect to the leaf sam-
ples, ELISA tested positive in eleven cases, while RT-qPCR
did so for 12 samples (80%) (Fig. 5). These results suggest a
higher PVS titer in leaves than tubers, which supports the
notion that RT-qPCR is the method of choice in PVS seed
certification programs. The absence of PVS symptoms in
most of the potato cultivars and the use of non-certified
seeds in different potato-growing regions likely contribute
to the prevalence of PVS in many potato-growing areas
(Lin et al., 2014a). The ordinary strain of PVS is very
widespread in Europe and is considered symptomless for
the majority of potato cultivars (Dolby and Jones, 1988).

|58

PVS*, on the other hand, can produce much more severe
reactions, such as premature senescence and defoliation,
and higher losses might result from co-infection by other
viruses, such as PVA, PVY and PVX (Salari et al., 2011;
Nyalugwe et al., 2012). For this reason, PVS* has been
included in the European Union quarantine list for the
potato (Jeffries, 1998). A recent study has also shown that
PVS may break-down Phytophthora infestans resistance
in the potato, making the late blight disease more severe,
which may have an important impact in potato breeding
programs (Lin et al., 2014b).
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FIGURE 5. Correlation between the DAS-ELISA results and the RT-qPCR
detection of PVS using primers PVS_gen_F and gPVS_gen_R. Open
and closed circles correspond to leaf and tuber samples, respectively;
lines indicate the threshold values at which each test was considered
to be positive.

Due to the increasing importance of S. phureja for internal
use as well as a potential export crop, it is important to
establish appropriate certification guidelines using highly
sensitive and specific techniques designed to detect local
PVS variants. Especially in international trade, tubers and
in vitro plants can carry PVS. It would be interesting to fur-
ther investigate the biological features of isolates belonging
to PVS’, including the host range, transmission by aphids
and overall agronomical effects as well as the ability of the
members of new proposed lineage PVS to cause systemic
and/or non-systemic infections in Chenopodium sp. and its
synergistic interaction with other potato viruses.

Conclusions

Complete sequencing of a PVS strain obtained from S.
phureja tuber sprouts in Antioquia (Colombia) confirmed
the existence of a new lineage of this virus, for which we
propose the acronym PVS’. Based on this genome sequence,
primers PVS_gen_F and qPVS_gen_R, targeting the CP
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region, were designed for use in RT-qPCR detection of this
virus. The validation of this molecular test on fifteen tuber
samples and fifteen leaf samples revealed high levels of
incidence of PVS in both tissues (60 and 80%, respectively),
suggesting that urgent measures are required to strengthen
current S. phureja seed certification programs in Colombia.

Acknowledgment

This work was funded by the Universidad Nacional de
Colombia (Grants VRI: 19438 and 26737) and the Interna-
tional Foundation for Science (Sweden, Grant C/4634-2).

Literature cited

Ali, M.C., T. Maoka, and K.T. Natsuaki. 2008. The occurrence of
potato viruses in Syria and the molecular detection and char-
acterization of Syrian Potato virus S isolates. Potato Res. 51,
151-161. Doi: 10.1007/s11540-008-9099-9

Cox, B.A. and R.A.C. Jones. 2010. Genetic variability in the coat
protein gene of Potato virus S isolates and distinguishing its
biologically distinct strains. Arch. Virol. 155, 1163-1169. Doi:
10.1007/s00705-010-0680-6

Crosslin, J.M.and L.L. Hamlin. 2011. Standardized RT-PCR condi-
tions for detection and identification of eleven viruses of potato
and Potato spindle tuber viroid. Am. J. Potato Res. 88, 333-338.
Doi: 10.1007/s12230-011-9198-z

De BruynOuboter, M.P. 1952. A new potato virus. pp. 83-84. In:
Proc. Conf. on Potato Virus Diseases. Wageningen-Lisse, The
Netherlands.

Dolby, C.A. and R.A.C. Jones. 1988. The relationship between
the Andean strain of Potato virus S and Pepino latent virus.
Ann. Appl. Biol. 112, 231-234. Doi: 10.1111/j.1744-7348.1988.
tb02058.x

Edgar, R.C. 2004. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res. 32, 1792-
1797. Doi: 10.1093/nar/gkh340

Franco-Lara, L., C.A. Soto A., and M. Guzman B. 2009. Deteccion
de los virus PVX, PVS, PVY y PLRV en la Coleccién Central
Colombiana de papa por medio de la técnica de inmunoim-
presion (IMI). Rev. Fac.Cienc. Bésicas. 5, 130-139.

Geraldino, P.S., S.B.F. Galvino-Costa, S.R.R.P. Ribeiro, and A.R.
Figueira. 2012. Complete genome sequence of the first Andean
strain of Potato virus S from Brazil and evidence of recombi-
nation between PVS strains. Arch. Virol. 157, 1357-1364. Doi:
10.1007/s00705-012-1289-8

Ghislain, M., D. Andrade, F. Rodriguez, R.J. Hijmans, and D.M.
Spooner. 2006. Genetic analysis of the cultivated potato
Solanum tuberosum L. Phureja Group using RAPDs and nu-
clear SSRs. Theor. Appl. Genet. 113, 1515-1527. Doi: 10.1007/
s00122-006-0399-7

Gil, J.E,, J.M. Cotes and M. Marin. 2013. Deteccién seroldgica y
caracterizacion molecular de Potato virus S (PVS, Carlavirus)
en cultivos de papa de Colombia. Rev. Biol. Trop. 61, 565-575.
Doi: 10.15517/rbt.v61i2.11149

Gish, W. and D.J. States. 1993. Identification of protein coding re-
gions by database similarity search. Nature Genet. 3, 266-272.
Doi: 10.1038/ng0393-266

Grabherr, M.G., B.J. Haas, M. Yassour, ].Z. Levin, D.A. Thompson, I.
Amit, X. Adiconis, L. Fan, R. Raychowdhury, Q. Zeng, Z. Chen,
E. Mauceli, N. Hacohen, A. Gnirke, N. Rhind, F. di Palma,
BW. Birren, C. Nusbaum, K. Lindblad-Toh, N. Friedman and
A. Regev. 2011. Full-length transcriptome assembly from
RNA-seq data without a reference genome. Nat. Biotechnol.
29, 644-652. Doi: 10.1038/nbt.1883

Gutiérrez S., P.A., ].F. Alzate, and M. Marin-M. 2012. Pirosecuen-
ciacién del genoma de una cepa andina de Potato virus S
(PVS, Carlavirus) infectando Solanum phureja (Solanaceae)
en Colombia. Rev. Fac. Cienc. Basicas 8, 84-93.

Gutiérrez, P.A., J.F. Alzate, and M.A. Marin-Montoya. 2013. Com-
plete genome sequence of a novel potato virus S strain infecting
Solanum phureja in Colombia. Arch. Virol. 158, 2205-2208.
Doi: 10.1007/s00705-013-1730-7

Gutiérrez-Sanchez, P., J. Alzate-Restrepo, and M. Marin-Montoya.
2014. Caracterizacion del viroma de ARN en tejido radical de
Solanum phureja mediante pirosecuenciaciéon 454 GS-FLX.
Bioagro 26, 89-98.

Guzman, M., V.Roman, L. Franco, and P. Rodriguez. 2010. Presencia
de cuatro virus en algunas accesiones de la Coleccion Central
Colombiana de papa mantenida en campo. Agron. Colomb.
28, 225-233.

Hinostroza-Orihuela, A.M. 1973. Some properties of potato virus
Sisolated from Peruvian potato varieties. Potato Res. 16, 244-
250. Doi: 10.1007/BF02356057

ICA, Instituto Colombiano Agropecuario. 2015. Resolucion 3168 de
2015, por medio de la cual se reglamenta y controla la produc-
cién, importacion y exportacién de semillas producto del mejo-
ramiento genético parala comercializacion y siembra en el pais,
asi como el registro de las unidades de evaluacién agronémica
y/o unidades de investigacion en fitomejoramiento y se dictan
otras disposiciones. Diario Oficial No. 49.632. Bogota.

Jeffries, C.J. 1998. FAO/IPGRI technical guidelines for the safe
movement of germplasm. Potato. No. 19. FAO; IPGRI, Rome.

Lambert, S.]J., ].B. Scott, S.J. Pethybridge, and F.S. Hay. 2012. Strain
characterization of Potato virus S isolates from Tasmania, Aus-
tralia. Plant Dis. 96, 813-819. Doi: 10.1094/PDIS-07-11-0573

Langmead, B. and S.L. Salzberg. 2012. Fast gapped-read align-
ment with Bowtie 2. Nat. Methods 9, 357-359. Doi: 10.1038/
nmeth.1923

Lin Y.H., K.L. Druffel, J. Whitworth, M.]. Pavek, and H.R. Pappu.
2009. Molecular characterization of two potato virus S
isolates from late-blight-resistant genotypes of potato (Sola-
num tuberosum). Arch. Virol. 154, 1861-1863. Doi: 10.1007/
s00705-009-0486-6

Lin, Y.H.,J.A. Abad, C.J. Maroon-Lango, K.L. Perry, and H.R. Pappu.
2014a. Molecular characterization of domestic and exotic po-
tato virus S isolates and a global analysis of genomic sequences.
Arch. Virol. 159, 2115- 2122. Doi: 10.1007/s00705-014-2022-6

Lin, Y.H., D.A. Johnson, and H.R. Pappu. 2014b. Effect of Potato vi-
rus S infection on late blight resistance in potato. Am. J. Potato
Res. 91, 642-648. Doi: 10.1007/s12230-014-9394-8

Vallejo C., Gutiérrez S., and Marin M.: Genome characterization of a Potato virus S (PVS) variant from tuber sprouts of Solanum phureja Juz. et Buk. 59


http://dx.doi.org/10.1007/s11540-008-9099-9
http://dx.doi.org/10.1007/s00705-010-0680-6
http://dx.doi.org/10.1007/s12230-011-9198-z
http://dx.doi.org/10.1111/j.1744-7348.1988.tb02058.x
http://dx.doi.org/10.1111/j.1744-7348.1988.tb02058.x
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1007/s00705-012-1289-8
http://dx.doi.org/10.1007/s00122-006-0399-7
http://dx.doi.org/10.1007/s00122-006-0399-7
http://dx.doi.org/10.15517/rbt.v61i2.11149
http://dx.doi.org/10.1038/ng0393-266
http://dx.doi.org/10.1038/nbt.1883
http://dx.doi.org/10.1007/s00705-013-1730-7
http://dx.doi.org/10.1007/BF02356057
http://dx.doi.org/10.1094/PDIS-07-11-0573
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1007/s00705-009-0486-6
http://dx.doi.org/10.1007/s00705-009-0486-6
http://dx.doi.org/10.1007/s00705-014-2022-6
http://dx.doi.org/10.1007/s12230-014-9394-8

Martelli, G.P., M.J. Adams, J.F. Kreuze, and V.V. Dolja. 2007. Fam-
ily Flexiviridae: a case study in virion and genome plasticity.
Annu. Rev. Phytopathol. 45, 73-100. Doi: 10.1146/annurev.
phyto.45.062806.094401

Martin, D.P., P. Lemey, M. Lott, V. Moulton, D. Posada, and P. Le-
feuvre. 2010. RDP3: a flexible and fast computer program for
analyzing recombination. Bioinformatics 26, 2462-2463. Doi:
10.1093/bioinformatics/btq467

Matousek, J., J.I. Schubert, J. Ptacek, P. Kozlova, and P. Dédic. 2005.
Complete nucleotide sequence and molecular probing of Potato
virus S genome. Acta Virol. 49, 195-205.

Nie, X. and R.P. Singh. 2001. A novel usage of random primers for
multiplex RT-PCR detection of virus and viroid in aphids,
leaves and tubers. J. Virol. Methods 91, 37-49. Doi: 10.1016/
S0166-0934(00)00242-1

Nyalugwe, E.P., C.R. Wilson, B.A. Coutts, and R.A.C. Jones. 2012.
Biological properties of Potato virus X in potato: effects of
mixed infection with Potato virus S and resistance phenotypes
in cultivars from three continents. Plant Dis. 96, 43-54. Doi:
10.1094/PDIS-04-11-0305

Pamilo, P. and N.O. Bianchi. 1993. Evolution of the Zfx and Zfy
genes: rates and interdependence between the genes. Mol.
Biol. Evol. 10, 271-281.

Rodriguez, L.E., C.E. Nustez, and N. Estrada. 2009. Criolla Latina,
Criolla Paisa y Criolla Colombia, nuevos cultivares de papa
criolla para el departamento de Antioquia (Colombia). Agron.
Colomb. 27, 289-303.

Rodriguez R., O.J., L.E. Rodriguez M., and ]J.M. Cotes T. 2013.
Caracterizacién morfo agronémica de hibridos provenientes
del cruzamiento entre especies diploides de papa. Rev. Fac.
Cienc. Bésicas 9, 54-67.

60

Salari, K., H. Massumi, J. Heydarnejad, A. Hosseini Pour, and A.
Varsani. 2011. Analysis of Iranian Potato virus Sisolates. Virus
Genes 43, 281-288. Doi: 10.1007/s11262-011-0619-3

Schena, L., F. Nigro, A. Ippolito, and D. Gallitelli. 2004. Real-time
quantitative PCR: a new technology to detect and study phy-
topathogenic and antagonistic fungi. Eur. J. Plant Pathol. 110,
893-908. Doi: 10.1007/s10658-004-4842-9

Tamura, K., G. Stecher, D. Peterson, A. Filipski, and S. Kumar. 2013.
MEGAG6: Molecular evolutionary genetics analysis version 6.0.
Mol. Biol. Evol. 30, 2725-2729. Doi: 10.1093/molbev/mst197

Untergasser, A., I. Cutcutache, T. Koressaar, J. Ye, B.C. Faircloth, M.
Remm, and S.G. Rozen. 2012. Primer3-new capabilities and
interfaces. Nucleic Acids Res. 40, e115. Doi: 10.1093/nar/gks596

Vésquez, V., M. Montero-Astua, and C. Rivera. 2006. Incidencia y
distribucién altitudinal de 13 virus en cultivos de Solanum
tuberosum (Solanaceae) en Costa Rica. Rev. Biol. Trop. 54, 1135-
1141. Doi: 10.15517/rbt.v54i4.3090; 10.15517/rbt.v54i4.14088

Wang, B., Y. Ma, Z. Zhang, Z. Wu, Y. Wu, Q. Wang, and M. Li.
2011. Potato viruses in China. Crop Prot. 30, 1117-1123. Doi:
10.1016/j.cropro.2011.04.001

Wardrop, E.A., A.B. Gray, R.P. Singh, and ].F. Peterson. 1989. Aphid
transmission of potato virus S. Am. Pototato J. 66, 449-459.
Doi: 10.1007/BF02855437

Yang, L., B. Nie, J. Liu, and B. Song. 2014. A Reexamination of the
effectiveness of Ribavirin on eradication of viruses in potato
plantlets in vitro using ELISA and quantitative RT-PCR. Am.
J. Potato Res. 91, 304-311. Doi: 10.1007/s12230-013-9350-z

Zhang, Z.,].Li, X.-Q. Zhao, . Wang, G.K.-S. Wong, and J. Yu. 2006.
KaKs_Calculator: calculating Ka and Ks through model selec-
tion and model averaging. Genomics Proteomics Bioinformat-
ics 4, 259-263. Doi: 10.1016/S1672-0229(07)60007-2

Agron. Colomb. 34(1) 2016


http://dx.doi.org/10.1146/annurev.phyto.45.062806.094401
http://dx.doi.org/10.1146/annurev.phyto.45.062806.094401
http://dx.doi.org/10.1093/bioinformatics/btq467
http://dx.doi.org/10.1016/S0166-0934%2800%2900242-1
http://dx.doi.org/10.1016/S0166-0934%2800%2900242-1
http://dx.doi.org/10.1094/PDIS-04-11-0305
http://dx.doi.org/10.1007/s11262-011-0619-3
http://dx.doi.org/10.1007/s10658-004-4842-9
http://dx.doi.org/10.1093/molbev/mst197
http://dx.doi.org/10.1093/nar/gks596
http://dx.doi.org/10.15517/rbt.v54i4.3090
http://dx.doi.org/10.15517/rbt.v54i4.14088
http://dx.doi.org/10.1016/j.cropro.2011.04.001
http://dx.doi.org/10.1007/BF02855437
http://dx.doi.org/10.1007/s12230-013-9350-z
http://dx.doi.org/10.1016/S1672-0229%2807%2960007-2

