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ABSTRACT

Potato Virus Y(PVY) is the most important virus disease of potato (Solanum
tuberosum L.) and ranked fifth in the world’s top ten most important plant viruses. PVY
has five common strains and more than ten recombinant strains, derived mostly from
a parental lineage of PVYN and PVY©. In Ireland, the recombinant strains PVYNTN,
PVYNO and PVYNW are more prevalent, which accounts for more than 90% of the
PVY infections.

The Teagasc potato breeding program produces seed lots in yearly trials and
advanced clones are exported for further trials abroad. These clones must meet seed
potato certification standards, and as many of the new recombinant strains of PVY
induces mild symptoms, visual inspection is not always adequate and laboratory
diagnosis is used to determine PVY infection. This study was conducted to identify,
and symptom characterize the old and recombinant strains of PVY in the Teagasc
breeding programs of potato in Oak Park. It was conducted through multiplex RT PCR
and compared with the captured and categorized pictures of the symptoms. Moreover,
the methodologies used in the Center for extraction of crude samples and the results
of ELISA and RT PCR were compared.

The results that were obtained from RT PCR on detection of PVY, PVS, and PVA,
were found to be more sensitive than the ELISA technique. The recombinant strains
PVYNTNa  pyyNTNb - gand SYR Il were found to be the more prevalent in the field.
Moderate mosaic symptoms were observed to be common in most of the plants.
PVYNTNa was found associated with mild to moderate mosaic; whereas SYR Ill was
linked with moderate to severe mosaic and crinkling of the leaves.

The identified recombinant strains further confirm the previous studies on their

prevalence in Ireland. This study is the first to report the prevalence of SYR Il



recombinant strain in Ireland. Though the study was conducted on a small scale, the
symptoms observed, and their associated links with the strains give a preliminary
result for better management in the field. Moreover, the results give a strong starting
point for understanding the symptomology associated with different PVY strains to
support further in-depth study of the relationship between the strains, varieties and the
symptoms. Finally, a genotyping of the SYR Ill recombinant strain of PVY reported in

this study and wider study on its distribution in Ireland is recommended.
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1. INTRODUCTION

Potato (Solanum tuberosum L.), which belongs to the Solanaceae family ranks fourth
as the most important crop in the world (Davie et al.,, 2017). In 2019, global
cultivated area and productivity were 17.3 million hectares and 21 tons/ha,
respectively (FAOSTAT, 2020). Potato production is being seriously challenged due
to different pathogens since it is clonally propagated the viruses persist in the crop.
Generally, it is susceptible to more than fifty viruses and viroids (Jones, 2014), where
potato leafroll virus (PLRV), potato virus Y (PVY), potato virus X (PVX), potato virus S
(PVS), potato virus A (PVA), and potato virus M (PVM) are the more economically

important ones negatively impacting crop yields(Singh, 1999).

Globally, PVY is the most important virus disease adversely affecting the production
of solanaceous crops, mainly potato, pepper, tomato, tobacco, and other agriculturally
important plants (Glais et al., 2002; Galvino-Costa et al., 2012; Karasev & Gray, 2013;
Davie et al., 2017; Green et al., 2018). It is ranked fifth in the world’s top ten most
important plant viruses (Scholthof et al., 2011). In potato, it causes substantial yield
reduction and loss of tuber quality. In some cases, this is due to induction of potato
tuber necrotic ringspot disease (PTNRD), typically associated with recombinant
strains (Galvino-Costa et al., 2012; Chikh-Ali et al., 2016; Davie et al., 2017; Funke et
al., 2017; MacKenzie et al., 2019). The yield reduction varies between strains, and
PVY© have been shown to diminish yield by up to 80% (Kopp et al., 2015). Yield losses
of between 12 to 78% and 29 to 59% were observed when potato was infected by
PVYNWi and PVYN, respectively (Onditi et al., 2021). The variations in the yield
reduction can be due to the fact that the poor growth of PVY infected plants may be
compensated for by neighbouring healthy plants that gain from the additional space at

low incidence (Valkonen, 2007).



PVY is a member of the genus Potyvirus, the largest group of plant pathogens (Glais
et al., 2002; Galvino-Costa et al., 2012), comprising 128 approved and 89 tentative
species (Fauquet et al., (2005) referenced in Valkonen, 2007). PVY virions have a
filamentous, flexuous form, having a length of 730-740nm and a diameter of 11-12 nm
(Karasev & Gray, 2013 and references there in). They contain a single-stranded,
messenger-sense RNA genome of approximately 9.7 kb in length excluding the
poly(A) tail, covalently linked to a viral-encoded two proteins (VPg and coat protein) at
the 5’ end and to a 3’ polyadenylated tail (Boonham et al., 2002; Kehoe & Jones, 2016;

Green et al., 2018).

The RNA-dependent RNA polymerase of most RNA viruses lacks proofreading activity
which results in a high error rate during virus replication (Choi, 2012). Due to these
errors in replication, an RNA virus is a dynamic population termed quasi-species,
corresponding to a swarm of sequences (Glais et al., 2002) and it enables the rapid
generation of genetic variability and novel variants (Gibbs & Ohshima, 2010). In
nature, PVY exists as a complex of strains and are well known for their propensity to
evolve through recombination, with different genotypes of the virus exchanging
segments of their genome and are distinguished according to their pathogenicity,
serology, and genomic analysis (Galvino-Costa et al., 2012; Chikh-Ali et al., 2016;

Davie et al., 2017; Della Bartola et al., 2020).

As with most of the potato viruses, PVY originated from the Andes mountains
(Valkonen, 2007) and spread all over the world. Multiple strains are found
simultaneously within regions, fields and within individual plants across the world

(Blanchard et al., 2008; Dupuis et al., 2019).



PVY was first identified by Smith in 1931 (De Bokx and Huttinga, (1981) referenced in
Hutton et al., 2015) and potato virus C (PVC) were first recognized in 1936 (Kehoe &
Jones, 2016). In 1944, PVC was included within PVY, becoming strain group PVYC,
the original PVY was designated PVY©, and additional strain group PVYN (a veinal
necrosis strain) was recognized later (Boonham et al., 2002; Visser, 2012; Dupuis et
al., 2019). Furthermore, two additional strain groups were reported in the 1990s: PVY?

and PVYZE, later renamed PVYE (Kamangar et al., 2014; Kehoe & Jones, 2016).

The PVY virus has undergone different genetic changes and additional strains were
discovered later, mainly recombinant strains such as PVYN™ in 1978, PVYNWi and
PVYN-©in 1984 (MacKenzie et al., 2019). The fast-rising population of the recombinant
strains particularly PVYN™ and PVYN-© has then overcome the old strain PVY© globally
(MacKenzie et al., 2018). So far the PVY complex includes five non-recombinant
strains (PVYO, PVYEUN PVYNAN PVYC and PVY©-0%) (Green et al., 2018) and over
10 new recombinant strain variants composed of genome segments that came from
the two “parental” genomes, PVY© and PVYN (also called PVYE'N) (Visser et al., 2012;
Green et al., 2018; Onditi et al., 2021). The recombinant strains PVYN™N (PVY-N Tuber
Necrosis) and PVYNWi (PVY-N Wilga) are the most widespread and causes decreased
productivity of potato production in the world (Onditi et al., 2021). A novel recombinant
strain which shared the properties of PVYN™N and PVYN-Wi was reported by Chikh-Ali
et al., (2007) in Syria and designated as PVYSYR. Based on recombination analysis,
PVYSYR isolates were then grouped into three recombination patterns, SYR-I, SYR-II
and SYR-III (Chikh-Ali et al., 2010a). Due to the characteristic symptoms that is similar
to the PVYNTN and the shared properties with PVYN™ and PVYN-Wi' SYR-I and SYR-II
were then considered a new recombinant strain of the PVYN strain group and

designated as PVYNTN-NW (Chikh-Ali et al., (2007). The other recombinant genotype,



which is similar to recombinant genotype to SYR-l and SYR-Il was designated as SYR-
lIl (Chikh et al., 2010a). Furthermore, the recombinant SYR Ill was reported to be
prevalent in Saudi Arabia, Jordan, Israel and Egypt (Anfoka et al., 2014; Chikh-Ali et
al., 2016; Elwan et al., 2017 Avrahami et al., 2019). In European potato production,
PVY is considered co-introduced with potato importation in the 16" century (Blanchard
et al., 2008). As in the other parts of the world, the recombinant strains, PVYN™ and
PVYN-Wi"are widespread and have replaced the historical strains and are showing a
progressive increase in many countries in Europe (Glais et al., 2002, Davie et al.,

2017, Dupuis et al., 2019).

PVY, is mainly an aphid-borne virus transmitted in a non-persistent manner by more
than 40 aphid species (Quenouille et al., 2013; Kamangar et al., 2014; Hutton et al.,
2015; Kehoe & Jones, 2016; MacKenzie et al., 2018). The main sources of PVY
inoculum in healthy plants are infected seed tubers. Aphids feeding on potato plants
grown from infected tubers acquire PVY within a short period of time and transmit the
virus to healthy plants within seconds (Wale et al., 2008; Gadhave et al., 2020). In a
field experiment on the rate of transmission of three molecular groups of PVY isolates
(PVYO, PVYEU-NIN pyyNA-NTN) " Davie et al. (2017) showed that PVYEYU"NTN has the
highest transmission rate to progeny tubers. The eight aphid species that are
commonly considered as vectors of PVY are Acyrthosiphon pisum, Aphis fabae, Aphis
spp., Brachycaudus helichrysi, Macrosiphum euphorbiae, Myzus persicae, Phorodon
humuli and Rhopalosiphum padi (Dupuis et al., 2019) where the peach potato aphid
(Myzus persicae) is the most important in the transmission and spread of PVY to

healthy plants (Wale et al., 2008; Karasev & Gray, 2013; Gadhave et al., 2020).



The symptoms and severity of potato virus diseases depends on different factors such
as the time of initial infection, variety of potato, strain of virus and growing conditions
(Karasev & Gray, 2013). PVY disease in potato can induce different symptoms, where
the most common is a leaf mosaic associated with a characteristic patchy discoloration
of the leaves (MacKenzie et al., 2019). The main symptoms of the ordinary strain
(PVY©) in many potato cultivars are a severe mosaic, yellowing of leaflets and leaf
drops (Boonham et al., 2002; Della Bartola et al., 2020). Secondary symptoms result
in a dwarf plant with mottled or crinkled foliage (Wale et al., 2008; Hutton et al., 2015).
PVYC on the other hand can cause hypersensitive responses such as stipple streak
(Hutton et al., 2015). The N strain of PVY can be differentiated from PVYC and PVY©°
by its ability to induce severe veinal necrosis when infecting tobacco (Nicotiana
tabacum) but causes milder mosaic symptoms, occasional leaf necrosis, and plant
mortality in most potato cultivars (Boonham et al., 2002; Glais et al., 2002; Visser,
2012; Kamangar et al., 2014; Hutton et al., 2015; Dupuis et al., 2019). These different
symptoms of PVY strains disturbs the physiology of the crop and thereby affects the

productivity.

Many of the emerging recombinant PVY strains, such as PVYN™N PVYN-Wi gnd pVYN-O
often induce mild or transient foliar symptoms, making them more difficult to detect
during visual inspection in the field (Kamangar et al., 2014; Lindner et al., 2015; Della
Bartola et al., 2020; Onditi et al., 2021). The NTN strain, PVYN'™N and PVYN-W are
particularly associated with two different tuber syndromes in susceptible potato
cultivars, a potato tuber necrotic ringspot disease (PTNRD) and canoe-shaped cracks
(Boonham et al., 2002; Gray et al., 2010; Visser, 2012; Kehoe & Jones, 2016; Green
et al., 2018). Moreover, the Syrian recombinant strain is also reported to be associated

with PTNRD on susceptible potato cultivars (Chikh-Ali et al., 2010a; Anfoka et al.,



2014; Elwan et al., 2017). These tuber symptoms are often a major concern for potato

production as they decrease tuber quality.

Control of plant viruses is more difficult than those caused by other pathogens
because of the complex disease cycle, efficient transmission, and lack of viricides. The
effective and sustainable management of a viral disease requires the integration of
management practices such as avoidance of source of infection, control or avoidance
of vectors, modification of cultural practices, and development of resistance in host
plants (Varma, 1993; Basu & Srikanta, 2003). In order to limit the impact of existing
strains on their hosts and avoid creating the conditions that drive further escalation of
pathogenicity, it is essential to understand the circumstances under which pathogenic
recombinant virus strains evolve (Visser et al., 2012). Conducting regular virus surveys
can help identify the regions and cultivars infected with the virus and permit replacing

susceptible cultivars with resistant ones (Onditi et al., 2021).

In the Irish potato sector, PVX, PVS, PVA, PVY, and PLRV are known to occur, where
PVY predominantly accounts for 9.9% of the population (Hutton et al., 2015). In
Ireland, the recombinant strains PVYN™, PVYNC and the associated tuber necrotic
disease (PTNRD) were reported in 2012 and 2013 (Hutton et al., 2013; Hutton et al.,
2015). An RT PCR analysis of PVY strains conducted by Della Bartola et al. (2020)
found that within the PVYN and PVY© serotypes, the recombinant genotypes
accounted for more than 90% of the PVY infections and from the non-recombinant
PVY genotypes, which represents a minority of the PVY isolates, are PVY©, PVYNa-N,

and PVYEWN,

The Teagasc potato breeding program produces over 400 seed lots of new advanced

clones each year, with approximately 100 of these for export for further trials abroad



(personal communication with Dr. Denis Griffin). These clones must meet seed potato
certification standards (Delaney, 2020). Regular field inspection and tests are required
to identify healthy plants to comply with the standards for export. The rapid evolution
of PVY mainly by viral recombination, has complicated strain characterization based
upon host symptom expression and the traditional serological tests (MacKenzie et al.,
2019) which makes them more difficult to detect during visual inspection in the field.
Furthermore, the traditional ELISA testing method cannot differentiate the
recombinant strains such as between N and NTN, and the PVYN-Wiis identified as an
O strain (Kamangar et al., 2014). This makes it important to identify the recombinant
strains circulating in the breeding lines of the Teagasc potato breeding program using
molecular methods. Due to its specificity and sensitivity, the reverse transcription
polymerase chain reaction (RT-PCR) has been adopted for detection of many viruses
and viroids (Singh, 1999). Moreover, as viruses cannot be directly controlled by crop
protection products in the field, early, accurate and reliable detection and
characterization of the PVY isolates prevailing in potato crops is therefore essential
for better management (Hutton et al., 2015; Della Bartola et al., 2020). Understanding
the prevalence and spread of the recombinant genotypes and their symptom

expression will help in the early identification and management of the disease.

In this project, it was hypothesized that the type of potato virus strains previously
reported in the Irish potato sector by Hutton et al., (2015) and Della Bartola et al.,
(2020) are present in the varieties under development and they would induce different
symptoms and varying degrees of severity. Therefore, this project was aimed at the
identification of recombinant strains of PVY in Teagasc breeding lines and to describe

their symptoms in the potato crops, based on the observed symptoms in the field.
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In order to address the objective, one hundred and fifty-five samples were collected
randomly from symptomatic and asymptomatic crops planted in the Centre. An ELISA
assay was conducted to assess the prevalence of the common viruses in the Centre
PVY, PVS and PVA. This test was then compared with the results of a multiplex
reverse transcriptase polymerase chain reaction (RT PCR) conducted for five viruses
(PVY, PVX, PVA, PVS and PLRV). The samples were then subjected to multiplex RT
PCR for recombinant strains using primers described by Chikh-Ali et al., (2010) for
simultaneous detection PVY isolates and modified by Rodriguez-Rodriguez et al.,
(2020). Finally, the results were compared with the recorded and categorized
symptoms according to type and degree severity. The symptoms were categorized
into three groups as “mosaic”, “crinkling” and “necrosis”, with a rating of one to three,
based on the level of expression. So, in this document for example the phrase
“crinkling symptoms of the leaf” is used to express all the symptomatic characteristics

of leaf deformations, mottling and curling. Furthermore, a comparison was conducted

between the crude leaf sample extraction methods employed in the centre.

11



2. MATERIALS AND METHODS

This research project was conducted at the Teagasc Crop Research Centre, Oak
Park, Carlow, Ireland. Potato breeding stocks produced at the Centre, were planted in
the field and used for the experiment. The methodology used to test these potato
plants for recombinant PVY genotypes was through reverse transcription polymerase
chain reaction (RT-PCR). Initially all the samples were subjected to ELISA test and
then to RT-PCR. The results from RT-PCR were compared with the symptoms
observed in the field. In this experiment, the laboratory works followed the published
procedures and protocols by Du et al., (2006), Chick Ali., (2010), Rodriguez-Rodriguez

et al., (2020) and inhouse modified protocols.

2.1. Plant material

Potato plants were sampled at their two months of age (66 days from planting). One
hundred and fifty-five potato leaf samples were collected from symptomatic and
asymptomatic potato crops planted in Coolkenno and the Teagasc Crop Research
Centre, Oak Park, Carlow. The potato plants at Coolkenno were breeding lines for
variety development whereas the plants at Oak Park was part of an ongoing virus trial.
List of all the sampled breeding lines and their result is presented in Appendix 1. In
each sample, 5-8 leaves were collected and stored in a freezer at -4°C prior to

processing.

2.2. Crude sample extraction

Crude samples were extracted using a leaf juice press (MEKU, Wennigsen, Germany).

About 600 microliter (pl) was extracted in a 1.5 millilitre Eppendorf tube. These crude

12



samples were divided into two, one for ELISA and one for nucleic acid. These samples

were kept at -20°C until used for ELISA and RNA extraction.

2.3. DAS-ELISA

The double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA)
test was conducted following the manufacturers protocol supplied with the kit (ADGEN
Phytodiagnostics) for the most common potato viruses in Ireland, PVY, PVS and PVA.
Polyclonal antibody for PVY and monoclonal antibody was used for PVS and PVA.
The positive and negative results were then obtained from a spectrophotometer plate
reader (Biotek, Winooski, VT, USA) at 405nm. The results were considered positive
when the mean optical density (OD) values were greater than twice the value of the

negative controls, as described by Della Bartola et al. (2020).

2.4. Nucleic acid extraction

Nucleic acid was extracted using a KingFisher robot with the MagMAX™ Plant RNA
Isolation Kit- ©2016 (Thermo Fisher Scientific Inc) according to the manual. The
extraction step of the protocol was modified and an inhouse protocol was used as
follows: First, 100ul of leaf juice from a crude sample was added into 900ul of a
preprepared buffer (described below). Then, 500ul of the mix was transferred into a
well of a new 96 well plate. Water (double distilled) was used as a negative control.
Thereafter, 100ul of Sarcosyl (10%) (to lyse the cells) was added to each well. The
plate was then incubated at 56°C for 10 min, before centrifugation at 3500 rpm for 10
min. About 400pl of supernatant was then carefully removed without disrupting the
pellet and transferred into a new deep well plate. Thereafter, the process followed the
manufacturers’ protocol as mentioned earlier and the kit MagMAX™ Plant RNA

Isolation Kit supplied from applied biosystems by Thermo Fisher Scientific Inc. The

13



resulting RNA was eluted with 50 to 100ul RNA of double distilled water supplied in
the kit.

RNA Extraction buffer: An RNA extraction buffer was prepared according to the
protocol of Rott and Jelkmann (2001) by mixing 4.0 M guanidine thiocyanate, 0.2 M
NaOAc pH 5.2, 25 mM EDTA, 1.0 M KOAc and 2.5% w/v PVP-40. Then the mix was
topped up with water for the required final volume and kept on a shaker until properly

mixed.

2.5. RNA Quantification

The extracted RNA samples were quantified using a Nanodrop 2000
spectrophotometer (ThermoFisher Scientific) to determine the concentration and the
quality of the extracted RNA samples. The concentration was then standardised for

the cDNA synthesis.

2.6. Reverse transcription (RNA to cDNA)

Complementary DNA (cDNA) was synthesized using the “‘MMLV reverse
transcriptase-Sigma kit” following the manufacturer’s technical guidelines modified
with inhouse protocol. Mixtures with enough material for two samples were prepared.
The first mix was prepared using 7ul H20 (nuclease free sigma water), 1yl random
hexamer (250 ng/pl) and 2ul of extracted RNA (final quantity between 100 and 500
ng) for each sample. The plate was then incubated in a PCR machine ((Applied
Biosystem by Life Technologies) at 90°C for 3 min to relax the strand, and then directly
kept on ice to block the process. The second mix, with 6ul H20 (nuclease free sigma
water), 2ul 10x RT buffer, 1yl dNTPs (10mM) and 1ul R-transcriptase was prepared
and 10yl of this new mix was added to the plate containing the 10ul of the first mix.

The combined mix was then incubated in a PCR machine with program of 23°C for 10

14



min, 37°C for 50 min, 80°C for 10 min (to stop reaction) for 1 cycle and 10°C until

removed from the machine.

2.7. Polymerase chain reaction (PCR)

Polymerase chain reaction was conducted following the methods of Du et al. (2006).
The cDNA was amplified in two different multiplex PCR. First for the five potato viruses
(PVY, PVA, PVS, PVX, PLRV) and 18S rRNA as an internal plant control. And
secondly for the PVY recombinant strains. The primers used for the targeted potato
viruses was based on Du et al. (2006), and the primers for PVY recombinant
genotypes were prepared based on the protocol published by Chikh-Ali et al. (2010)
for multiplex RT-PCR for simultaneous detection PVY isolates and modified by
Rodriguez-Rodriguez et al., (2020) as described in the Table 2.1 below. A master mix
of a final volume of 25ul for each sample for the 155 samples was prepared by adding
18.8ul double distilled water, 2.5 10X Taq standard buffer, 0.5 dNTPs 10mM, 2ul
primer mix (see table 2-1), 0.2ul Taqg DNA Polymerase (ThermoPol®). Then 1ul cDNA
from each sample was added to the wells of a PCR 96 well plate. One negative control
(distilled water) was also added. After spinning down the plate for 30s, the PCR
reaction was conducted on a thermocycler (Applied Biosystem by Life Technologies)
and the program used was 95°C for 3 min for one cycle, 35 cycles at 94°C for 0.30
min, 58°C for 0.30 min and 72°C for 0.25 min, a final one cycle at 72°C for 5 min and

left at 10°C forever.
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Table 2. 1. List of reverse transcription—polymerase chain reaction (RT-PCR) primers
used for five potato viruses and 18S rRNA (Internal control), and primers for PVY

strains prepared from a volume of 100uM stock solution.

A. Primers used for five potato viruses and 18S rRNA
Virus Primer Primer sequence (5' - 3') Concentration
in the PCR

PVA PVY fw TTTCTATGAGATCACTGCAACCACT | 0.5uM

PVY rev | TGACATTTCCGTCCAGTCCAA 0.5uM
PVX PVX fw AACTGGCAAGCACAAGGTTTCA 0.5uM

PVX rey | CAGTTTGGGCAGCATTCATTTC 0.5uM
PVY PVA fw ATACTCGRGCAACTCAATCACA 0.5uM

PVA rey | CCATCCATCATAACCCAAACTC 0.5uM
PLRV PVS fw CCACTCCAACTCCCCAGAAG 0.5uM

PVS rey | TACATAGGGACGGCTTGCAT 0.5uM
PVS PLRV fiv | ACCRGATCCGACAAGCTCAGG 0.5uM

PLRV revy | GCCATTTGCTCRGTGTTCG 0.5uM
18S rRNA | 185 fw GAGAAACGGCTACCACATCCA 0.1uM

18s rev CGTGCCATCCCAAAGTCCAAC 0.1uM

B. Primers for PVY strains
Primer Primer sequence (5' - 3') Concentration
in the PCR

n156 GGGCAAACTCTCGTAAATTGCAG' 0.2uM
0514 GATCCTCCATCAAAGTCTGAGC 0.2uM
n787 GTCCACTCTCTTTCGTAAACCTC 0.2uM
n2258 GTCGATCACGAAACGCAGACAT 0.2uM
02172 CAACTATGATGGATTTGGCGACC 0.2uM
n2650c TGATCCACAACTTCACCGCTAACT 0.2uM
02700 CGTAGGGCTAAAGCTGATAGTAG 0.2uM
S5585 GGATCTCAAGTTGAAGGGGAC 0.4uM
06400 GTAACTCCTAAACAAATGGTGGTTCG | 0.4puM
SeroN-F CTGGAACTCATACTGTGCCAC 0.2uM
SeroN-R GTTTCTCCTATGTCGTATGCAAGTT | 0.2uM
SeroO-F ATGCTGGTACATCTGGGACA 0.2uM
SeroO-R TTGTTGTGGAGCATACTCAAGC 0.2uM

16



2.8. Gel electrophoresis

The PCR products were mixed with 5yl of loading dye (Gel Loading Dye, BioLabs,
New England) and vortexed. Then, 3ul of the mix (PCR product and loading dye) was
loaded to the wells of a 3% agarose gel in TBE buffer stained with GelRed (Biotium,
Fremont, CA, USA). A 100pb ladder (NEB) was used. The bands were separated by
applying 90 volts for 30 minute, 100 volts for an hour and 30 minutes and then 110
volts for an hour and visualized in a UV transilluminator (ENDURETM DGS, Labnet
International, Inc.). Based on the primers used, according to Du et al. (2006) and Chikh
Ali et al. (2010) modified by Rodriguez-Rodriguez et al. (2020), the multiplex PCR
assays for five potato viruses with the 18Sr (internal control) and the PVY strains were

expected to produce bands as described in the following Table 2.2.

17



Table 2.2. Expected band

sizes for PVY, PVX,

PVA, PVS, PLRYV viruses and PVY

strains
Five viruses + internal | Expected bands References
control
PVY 166 Du et al. (2006)
PVX 145 Du et al. (2006)
PVA 116 Du et al. (2006)
PVS 342 Du et al. (2006)
PLRV 208 Du et al. (2006)
18S rRNA 255 Du et al. (2006)
PVY Strain Expected bands | References
PVYNTNa 663, 441, 202 Rodriguez-Rodriguez et al. (2020)
PVYNTNb 441, 202 Rodriguez-Rodriguez et al. (2020)
PVY© 127 bp (1076bp) Rodriguez-Rodriguez et al. (2020)
PVYN 202 bp (1307bp) Rodriguez-Rodriguez et al. (2020)
NA-PVYN/NTN 202 bp Chikh-Ali et al. (2010)
PVYNTNa 202 bp, 633, 441 Chikh-Ali et al. (2010)
PVYNTNb 202 bp, 441 Chikh-Ali et al. (2010)
PVYNINNW(SYR ) 127, 633, 441 Chikh-Ali et al. (2010)
PVYNTN-NW(SYR 1) 127, 441 Chikh-Ali et al. (2010)
SYRIII 127,441, 278 Chikh-Ali et al. (2010)
PVYNW(B) 853, 441 Chikh-Ali et al. (2010)

2.9. Assessment of foliar symptoms

Leaf samples were taken from symptomatic and randomly from healthy-looking
leaves. During the sampling time, a picture of the sampled plant was taken for
symptom description and comparison with the RT PCR results. The pictures were

categorized according to the symptom observed and scored blindly to avoid any bias
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from the genotype results. The results of the RT PCR were then compared to the
described symptoms of the samples and the varieties.

Description of the symptom categories

Mosaic: Plant samples showing patchy or yellow spots and irregular greening of the
leaf were categorized as mosaic symptoms.

Leaf crinkle: Plant samples showing a characteristic symptom of mottling, curling and
distortion of the leaves were categorized as leaf crinkle.

Necrosis: Plant samples showing brown-black dotted spots and patches in the leaves
were categorized as necrotic symptoms.

Table 2.3. Ratings given for severity of observed symptoms

Symptoms observed | Rating of severity

Mosaic 1 = Mild 2 = Moderate 3 = Severe
Leaf crinkle 1 = Mild 2 = Moderate 3 = Severe
Necrosis 1 = Mild 2 = Moderate 3 = Severe

2.10. Comparison of crude sample extraction methods

A test on two different methods to extract the crude samples for the purpose of RT-
PCR was conducted. This technique is, at the moment in use in Teagasc laboratory
for samples destined for ELISA purpose only (personal communication with Jeanne
Moore, Teagasc pathology laboratory technician). The objective of this comparison
study was to determine the risk of contamination when using the MEKU Juicer so that
using the same technique for RT_PCR would shorten the time of the diagnostic
method. For this purpose, 34 samples were selected. Crude samples from these
samples were further extracted using a single leaf of about 0.3g, ground with the aid

of a tissue homogenizer (Bioreba extraction bags, Reinach, Switzerland) using 3ml of
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RNA extraction buffer. The extraction buffer (as described in section 2.4) was prepared
ahead on the extraction day.

MEKU leaf juice press Bioreba Extraction bags

Figure. 2.1. Pictures of leaf juice extraction methods

2.11. Statistical analysis

The significance of the association between the virus strain groups of NTN and SYR
and the observed symptom was conducted using a Fisher's exact test of
independence on 2x2 contingency table. The statistical analysis computed using

SPSS version 26.0 (IBM Corp, 2019). The level of significance was at P < 0.05.
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3. RESULTS

3.1. Expression of PVY foliar symptoms

The most observed foliar symptom was mosaic with 57% of the leaf samples affected.
Crinkling of the leaves was observed in 37% of the sampled plants. Whereas necrosis
was observed in 8 plants (7%) showing brown to black dotted spots (Figure 3.1.A).
Based on the rating given from one to three, most of the mosaic and necrosis
symptoms were mild, whereas leaf crinkle showed almost equal distribution between
mild and severe in all the infected plants (Figure 3.1.B). The captured observed

symptoms are displayed in Figure 3.2.
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Figure 3.1. A. The symptoms observed in the field, B. Degree of symptom severity.

Table 3.1. The data in this table gives the number of plants displaying different

symptom levels together with the values expressed on a percentage.

Mild Moderate Severe Total
Symptoms Number % Number % Number % Number %
Mosaic 36 51 22 31 12 17 70 57
Leaf crinkle 17 39 14 32 13 30 44 36
Necrosis 5 63 1 13 2 25 8 7
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3.2. Serological (DAS-ELISA) of potato virus infections

The result of DAS-ELISA shows that PVY was the most predominant in the plants at
62%. A further 22% of the samples were positive for PVA and 10% were infected with
PVS. Moreover, 58% of the plants were coinfected with PVY, PVS and PVA (Table
3.2).

Table 3.2. DAS ELISA result of PVY, PVS and PVA viruses

Virus PVY PVS PVA
No. of Samples % No.of Samples % No.of Samples %
Positive 96 62 15 10 34 22
Negative 59 38 140 90 121 78
3.3. RTPCR

A. Multiplex RT PCR for PVY, PVS, PVA, PLRV and PVX

The multiplex PCR showed that 33 plants (21%) were positive for PVY, and 10 plants
(6%) were infected with PVS. Even though not a single plant was found positive for
PVA alone, 40% of the samples were found to be coinfected with PVY and PVA, while
the coinfection with PVY and PVS viruses accounted for 8% of the population. Overall,
only 38 plants (25%) were found to be negative and the viruses PLRV and PVX was

not found. The observed bands are described on Figure. 3.4.
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Figure 3.3. Identified potato viruses (PVA, PVS and PVY) through multiplex RT PCR
expressed in percentage
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Figure 3.4. Representative PCR Products of potato viruses and internal control 18Sr
(at 255bp) visualised in UV illuminator. Lane L; Ladder, Lane 1: PVY, Lane 2;
Negative, Lane 3; PVY & PVA, Lane 4; Negative, Lane 5; Negative, Lane 6; PVY,
Lane 7; PVS, Lane 8; PVY, Lane 9; Negative, Lane 10; PVY & PVS, Lane 11; PVY,
Lane 12; PVS, Lane 13; PVY & PVS, Lane 14; PVS, Lane 15; Negative, Lane 16; PVY
& PVS, Lane 17; PVY & PVS, Lane 18; PVY, Lane 19; PVY, Lane 20; PVY, Lane 21;
Negative, Lane 22; PVY & PVS, Lane 23; Negative control

B. Multiplex RT PCR for the strains of PVY

The multiplex RT PCR for the strains of PVY showed that 44% of the samples were

found to be infected with PVYNTNa having three bands of 202, 441, 663bp. Some 10%
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of the samples were PVYNT™NP and SYR Ill, each with a band size of 202, 441bp, and
127, 278, 441bp respectively. Then, 3% of the sample were PVYNTN-NW (SYR |]) and
PVY© each with bands size of 127, 441 and 127, 278 or 127, 532, 853bp respectively
(Figure. 3.6). The remaining 30% of the samples was found to have a mixture of
recombinant strains as described in Table 3.3. Of this mixed infection, 56% (18
samples) were found in 21% (34 samples) of the samples which are from the virus trial
field (Figure. 3.5). Moreover, within the 40% of samples that were found coinfected by
PVY and PVA, 70% was with PVYNTNa 8% with PVYNTN® and the remaining 10% with
the mixed infections. The recombinant strains of PVY identified in the experiment and
the possible combinations of strains identified in the mixed infection are presented in

table 3.3 and Appendix 2, respectively with their respective band sizes.

Strains of PVY PVYNTN varients

PVYNTN-

NW(SYR I1)

Mixed

PVYNTNb
PVYNTNa

PVYNTN

PVYO

SYR Il = PVYNTNa = PVYNTNb = PVYNTN-NW(SYR II)

= PVYNTN = SYRIII PVYO Mixed

Figure 3.5. Frequency of dominant recombinant strains

25



Figure 3.6. Representative PCR Products of PVY strains separated at 3% agarose
gel visualised in UV illuminator. Lane L; Ladder, Lane 1: PVYN™Na 2 | ane 2; PVYNTNa,
Lane 3; PVYN™Na | ane 4; PVYNTNa | ane 5; PVYSYRII | ane 6; PVYSYRII Lane 7,
Mixed, Lane 8; PVY©, Lane 9; PVYN™a | ane 10; PVYN™a | ane 11; Negative, Lane
12; Negative, Lane 13; PVYSYRII | ane 14; PVYNT™Na | ane 15; PVYN™a | ane 16;
Negative, Lane 17; Negative, Lane 18; PVYN™a | ane 19; PVYNT™Na | ane 20; Negative

control

Table 3.3. Strains of PVY identified in the study with their PCR product values.

Recombinant strains Percentage (%) | Products in the multiplex PCR (bp)
PVYNTNa 44 | 202, 441, 663

PVYNTNb 10 | 202, 441

PVYNINNW(SYR 1) 31127, 441

SYRIII 10 | 127, 278, 441

PVY© 31127,278/127, 532, 853

Mixed infection 30 | Different band sizes*

* The different band sizes of the mixed infections are presented in Appendix 2.

3.4. Association between observed foliar symptoms and the strains

When comparing the symptoms with the virus and strains, the samples from the same
variety which was observed to have symptoms were omitted from the association
study because they were found to react negative in some samples and positive in the
other samples. The mixed infections were not used in comparison of the symptoms
with the virus strain. Out of the 53 recorded symptoms linked to the virus and/or strain
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positive, only 37 were compared with the different recorded symptoms, after removing
16 recorded symptoms which were linked to mixed infections. PVYNTNa were found to
show mild to moderate mosaic in 10 samples, both mosaic and crinkle in 4 samples
and a mixture of three symptoms (mosaic, crinkle, and necrosis) in one sample.
PVYNTNb was found to be associated with mild to moderate crinkle (3 samples) and
moderate mosaic (1 sample). PVYNTN-NW(SYR [I) on the other hand was linked with
one sample showing moderate mosaic. Samples positive for PVY® were observed to
show no symptom (1 sample), mild mosaic (1 sample) and a mix of severe mosaic
and crinkle in one sample. The samples presenting as SYR Il strain positive were
found to show symptoms of moderate mosaic (2 samples), severe crinkle (2 samples),
and 8 samples having a mix of moderate to severe mosaic and crinkle. Finally,10
samples were observed to show a mix with PVA and one with PVS. The average rating
on the severity of the symptoms in relation with the strains is presented on Figure 3.7
and a picture of a sample with a mixed infection and a healthy plant is presented on
Figure 3.8. The statistical analysis shows that there is a significant association
between the recombinant strains of NTN and SYR group and the observed symptoms

on the recombinant strains with a P value of 0.016.

Foliar symptom ratings
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Figure 3.7. Average of the foliar symptom’s severity ratings on relation to observed

symptoms and the PVY strains
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PVY© Positive plant showing
typical mosaic symptoms.

Healthy plant

Figure 3.8. Picture of PVY positive and negative plants

3.5. Comparison of leaf juice extraction methods

The test conducted on the two different methods to extract the crude samples for the
purpose of RT-PCR purpose shows that five samples (14%) had faint bands of
contamination in the PCR product (Figure 3.9 A & B) from the leaf press extraction
method. Two samples had different results in both extraction methods, as described

in table below (Table 3.5).
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Table 3.5. PCR result of the two extraction methods. The different possible

combination of the mixed infections are presented in Appendix 2.

No.* | Leaf Press No.* | Bioreba Extraction bags
Virus Type | PVY Strain Virus Type | PVY Strain

28 PVY, PVA Mixed 3 62 PVY, PVA Mixed 3

29 PVS PVYNTN-NW(SYR []) 63 PVS PVYNTNAW(SYR 1)

30 PVY, PVA Mixed 3b 64 PVY Mixed 6°

31 Negative 65 Negative

32 PVY, PVS Mixed 2 66 PVY, PVS Mixed 2

33 PVY Mixed 22 67 PVS2

34 PVS 68 PVS

35 PVY, PVS Mixed 3 69 PVY, PVS Mixed 3

36 PVS 70 PVS

37 Negative 71 Negative

38 PVY, PVS Mixed 2 72 PVY, PVS Mixed 2

39 PVY, PVS, Mixed 3 73 PVY, PVS Mixed 3

40 PVY, PVS Mixed 22 74 PVS

41 PVS 75 PVS

42 PVS 76 PVS

43 Negative 77 Negative

44 PVY, PVS Mixed 2 78 PVY, PVS Mixed 2

45 PVY, PVS Mixed 2 79 PVY, PVS Mixed 2

46 PVS 80 PVS

47 PVY, PVS Mixed 6 81 PVY, PVS Mixed 6

48 PVY Mixed 5 82 PVY Mixed 5

49 PVY, PVS Mixed 52 83 PVS

50 PVY, PVS Mixed 5 84 PVY, PVS Mixed 5

51 PVY Mixed 6 85 PVY Mixed 6

52 PVY Mixed 5 86 PVY Mixed 5

53 PVY PVYO 87 PVY PVYO

54 PVY, PVS Mixed 5° 88 PVY Mixed 5°

55 PVY, PVS Mixed 22 89 PVY, PVS PVYNTNb
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56 PVY, PVS Mixed 3 90 PVY, PVS Mixed 3
57 PVY Mixed 2 91 PVY Mixed 2
58 PVY, PVS Mixed 6 92 PVY, PVS Mixed 6
59 PVY, PVS Mixed 22 93

60 PVY, PVS Mixed 5 94 PVY, PVS Mixed 5
61 PVS 95 PVS

*Sample ID in the PCR plate.
a Contamination in leaf press

b Different result observed in both methods

A. PCR product from leaf press juice extraction

Contaminated from the
adjacent sample

Not contaminated from the
adjacent sample

L 79 80 81 82 83‘84 85‘86 87‘88 89 90 91 92 93 94 95 96 L

Figure. 3.9. PCR product of samples from leaf press juice and tissue homogenizer

(Bioreba extraction bags) extraction methods

30



3.6. Comparison of Elisa and RT PCR

When comparing the results of the ELISA and PCR for the three viruses of potato, the
positive samples for PVY was higher in PCR by 11%, PVS by 40% and PVA by 82%

compared with ELISA (Figure. 3.10).

Percentage of positive samples for PVY, PVA, and PVS
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Percentage of posivive samples

PVY PVS PVA
Viruses

Figure 3.10. Percentage of samples found positive for PVY, PVS and PVA in Elisa
and RT PCR test
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4. DISCUSSION

The recombinant strain group of PVYNTN is one of the most widespread viruses in the
world (Onditi et al., 2021). In Ireland, the most common recombinant strains of the
PVY virus, as previous studies reported, were PVYN™ and PVYN-© (Hutton et al., 2013;
Hutton et al., 2015; Della Bartola et al., 2020). This study in the Teagasc potato crops
has further confirmed the presence of the NTN recombinant variants circulating in the
Irish potato industry. The Syrian variants of PVY, SYR Il, and SYR Il were also found

to be prevalent in the tested potato samples.

The new recombinant strains of PVY are described as a virus strain that does not
express unique symptoms in potato varieties (MacKenzie et al., 2019). Symptoms are
a manifestation of altered physiology and development, which potyviruses cause by
interfering with host gene expression (Valkonen, 2007). The potato varieties planted
in Teagasc Crop Research sites were observed to show different levels of disease
symptom expression. The severity of the combined symptoms was observed to be
linked with the recombinant strain SYR Ill showing more crinkling, mottling, or curling
of potato leaves than the other identified recombinant strains. However, no veinal
necrosis was observed, in contrast to a previous study by Chikh-Ali et al. (2010a) on
which SYR-IIl was observed to show veinal necrosis in most of their samples.
However, the mild mosaic observed linked with the PVYNTN-NW(SYR |I) is the same as

that observed in their study.

The expression of mild to moderate foliar mosaic symptoms were mainly observed in
the recombinant strain PVYN™a which supports the recent study by Whitworth et al.
(2021) that the recombinant PVY strains (NTN, N:O, Nwi, and NE-11) induced milder

foliar symptoms. On the other hand, PVYC was observed to show mild mosaic to
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moderate crinkling in the two positive PVYC samples and no symptom in one sample.
PVY© is mainly characterized by severe symptoms of necrosis, mottling, stunting,
mosaic, yellowing of leaflets and eventually leaf drops, and premature death of plants
(Funke et al., 2017; Della Bartola et al., 2020). The different symptoms of PVY©°
identified in this study may be due to a different expression of PVY? subgroups, as
identified by Nie et al. (2011), who recorded those two subgroups, designated as
PVYORB and PVYOFL were found to be linked to mild and severe symptoms
respectively. In addition, visual observation of one PVYC positive plant showed
dwarfing, coupled with the severe mosaic and with the mild crinkling of the leaf. This
response is consistent with previous studies that found secondary symptoms result in
a dwarf plant, with mottled or crinkled foliage (Wale et al., 2008). The severe symptoms
of PVY© were observed on the samples taken from the field of potato planted using
previously harvested crop from virus-positive fields. Therefore, the severity of the

symptom could be due to secondary infection of the crop.

In several studies, it was found that the coinfection of PVY and PVX is a serious
problem (Valkonen, 2007, Hameed et al., 2014). In this experiment, PVA was found
coinfecting only in the presence of PVY; mainly with PVYNTNa (70%) and PVYNTNP (8%).
But there was no difference in the symptoms observed with the single virus-infected
plants, in agreement with the finding of Hameed et al. (2014). The coinfection may
indicate that the PVY can enhance the infection of the PVA, which supports the
statement by Valkonen (2007) (and reference therein), that “PVY and other
potyviruses may synergize unrelated viruses in co-infected plants and consequently
symptoms and yield losses caused by the other viruses may be enhanced”. This is

due to the overcoming of the RNA silencing during coinfection, a defense mechanism
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by the host plant against viruses (Anandalakshmi et al., 1998; Valkonen, 2007),

thereby facilitating a better route for the proliferation of the virus in the host plant.

Moreover, in many parts of the world, multiple strains of PVY are found to
simultaneously affect the same field and even individual plants (Blanchard et al., 2008;
Onditi et al., 2021). Mixed infections are found to be high (30%), second to the PVYNTNa
in this study. These mixtures were mainly on the samples (21%) collected from the
seeds planted from a tuber which reacted both positive and negative for viruses. As
the previous study reports, the biggest losses and symptom severity are experienced
from crops grown from PVY-infected seed (Valkonen, 2007; Wale et al., 2008) which
is termed as secondary infection. The severity of the symptoms was observed to be
high in the thirty-four samples collected from the virus trial field where the crop was
grown from seeds collected from a field which had PVY positive plants. In a study
conducted by Nie et al. (2011) the mixed infection observed was counted individually
for the possible strains within the mixed infection. But in this experiment, this was
avoided because the possible coinfection could give a wrong count, if separated
individually for the suspected possibilities, because most of the strains in this study do
not have only one unique fragment size in the PCR products. Therefore, the observed
variation in the symptoms in most of the samples being infected with the same strain
could be due to the recombinant nature of the strain, as suggested by Chikh-Ali et al.
(2010a) and the varietal differences in the Center, which confers different resistant

abilities.

Furthermore, the symptom expression was studied at one stage, when the plant was
aged at two months. A symptom expression of one pathogen is affected by different

factors, where age and tolerance of the variety are important aspects. As the samples
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were randomly taken from the different symptomatic and asymptomatic plants, this
could show different results due to the various unique characteristics as observed in
the potato varieties, Kerr's Pink and Sarpo Mira. Here, a curly leaf characteristic was
observed in both negative and positive results in samples at the same time for the
virus strains. This makes it difficult to distinguish the curly symptom, which is caused
by a virus in these varieties, unlike the report by Hutton et al., (2015) which describes

this variety as having a mild mottling symptom.

The results from ELISA and PCR have shown differences. Using PCR, more samples
were detected positive for PVY, PVS, and PVA. This result was also observed by
Fageria et al. (2013), who compared both methods on PVY detection. It can be said
therefore that PCR has a higher sensitivity than ELISA. This is because the detection
of a virus through ELISA is dependent on the interaction between an antibody and the
viral coat protein molecules and as it has been stated by Roos (2013) the viral coat
protein amino acid composition can be altered through genetic mutation and
adaptation. Such alterations mean that ELISA may be unable to successfully detect
these viruses. Moreover, it was also observed that in one sample, coinfection with PVS
and PVY was masked in the RT-PCR test for the five viruses. However, when the
same sample was subjected to PVY strain multiplex RT PCR, a recombinant strain of
PVY, SYR Il was found. Even though the observed bands of this sample were very
weak, which could have been due to the low titre of the virus, but it clearly shows that
in such cases it can be masked by the other viruses or other strains in PCR products

that have high titre.

The different results obtained in the extraction methods clearly indicate that the tissue

homogenizers (Bioreba extraction bags) method gives clear PCR products by avoiding
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cross-contamination, without the need of washing a machine between samples.
However, the detection was better on the samples extracted using the leaf press
machine. More samples were positive for different strains where there was no adjacent
positive sample. The different result could have been due to less sensitivity of the
method by Bioreba extraction bags because of the amount of homogenised tissue in
the Bioreba bags is less (0.3g) compared to the leaf press. Moreover, because the
samples (leaflets) used are not the same but from the same plant and the same leaf,
this further shows that a different virus and/or strain can be expressed not only in the

same plant but also in different parts of the leaf or leaflet.

In conclusion, it was observed that in the Teagasc potato variety development
program, the recombinant strain PVYN™Na pP\yYNTNb “and SYR Il are more prevalent.
This study is the first to report the prevalence of SYR Ill recombinant strain in Ireland.
The potato plants have shown different characteristic foliar symptoms to the NTN and
SYR strain groups. The foliar symptoms commonly observed in the plants, having
identified positive for the same recombinant strain, gives a glimpse for further research
on the symptom expression study. Moreover, as PVA was only found in connection
with the recombinant strain PVYN™a only in this study, an in depth study on the
coinfection of PVA with PVY and their importance is suggested. It is important to note
that the samples in this study were collected from a small area, not enough to give a
concluding result. This preliminary result of the association between the virus and
symptom illustrates that mainly the PVYN™a and SYR IIl show a different common
expression in most of the varieties. PVYNT™Na infection producing a mild mosaic
symptom in most samples and SYR Ill showing a mix of moderate mosaic, with
moderate to severe crinkling of leaves. The preliminary result of SYR Il symptoms

can be of help to Teagasc in field management of the potato viruses, through roguing,
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before further spread to healthy plants. As this research was focused on the
identification of the prevailing recombinant strains of the PVY virus and comparing
them with observed symptoms, the strategy was blindly categorizing the symptoms
without knowing the PCR results and later relating them with identified strains. So, a
further in-depth research is recommended on the relationship of symptom expression,
the recombinant strains, and the variety under development. This might be achieved
by isolating and inoculating the virus strains in a selected healthy plant variety which
may include the study of the tuber symptoms, because the NTN strain group was
originally named after its necrotic symptoms in the tuber. Finally, a genotyping of the
SYR Ill recombinant strain of PVY reported in this study and wider study on its

distribution in Ireland is recommended.
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APPENDICES

Appendix 1. The table show the list of varieties used in the experiment with their

identified virus and/strain and the observed symptom ratings given.

Sample | Variety/ Virus PVY strain

ID breeding line o | o g S
w | x | © Q
S| £18 ek
= (0 | Z2 | Z2n

1201 17011/01 PVY PVYNTNa 1 1

1202 17056/03 PVY, PVA | PVYNTNa 2 |1 2

1206 17160/01 PVY, PVA | PVYNTNa 2 |2

1214 17/42/02 PVY, PVA | PVYNTNa 2

1230 17107/04 PVY Mixed 1* 3 |3

1231 17107/04 PVY PVYSYRII 1 1

1234 17107/04 PVY Mixed 4* 3 |3

1246 17103/05 PVY PVY© 1

1251 8296/05 PVY, PVA | PVYNTNa 2

1259 9156A/02 PVY, PVA | PVYNTNa 1 1

1276 T18007/04 PVY PVYSYRII 3

1279 18377/09 PVY, PVA | PVYNTNa 1

1280 18377/09 PVY PVYNTNa 0

1285 18292/01 PVY, PVA | PVYNTNa 2 |2 |3

1286 18292/01 PVY, PVA | PVYNTNa 1

1287 18292/01 PVY, PVA | PVYNTNa 2 |2 |3

1288 18292/01 PVY Mixed 1* 1

1292 18366/17 PVY, PVA | PVYNTNa 2

1302 Kerr's Pink PVY PVY© 0

1318 Sarpo Mira PVY, PVA | PVYNTNb 1

1319 T7080/01 PVY PVYSYRII 2

1320 T7080/01 PVY Mixed 1* 2

1321 T7080/01 PVY PVYSYRII 3 |2

1322 T7080/01 PVY PVYSYRII 3 |2

1323 T7080/01 PVY, PVA | Mixed 1* 2 |2

1324 T7080/01 PVY, PVA | Mixed 1* 3 |3

1325 T7080/01 PVY PVYSYRII 2 |1

1326 T7080/01 PVY PVYSYRII 2 |1

1327 T7080/01 PVY, PVA | Mixed 2* 1 2

1328 T7080/01 PVY, PVA | PVYNTNb 1

1329 T7080/01 PVY, PVA | Mixed 1* 2

1330 T7080/01 PVY PVYSYRII 2 |2
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1331 T7080/01 PVY, PVA | PVYNTNb 1
1332 T7080/01 PVY, PVA | Mixed 1* 1
1333 T7080/01 PVY, PVA | Mixed 1* 1
1334 T7080/01 PVY, PVA | Mixed 1* 1
1335 T7080/01 PVY, PVA | PVYSYRII 3
1336 17075/05 PVY, PVA | PVYNTNb 1
1337 17075/05 PVY, PVA | PVYNTNb 1
1339 17075/05 PVY, PVA | PVYNTNb 1
1340 17075/05 PVY, PVA | PVYNTNb 1
1341 17075/05 PVY, PVA | PVYNTRb 1
1342 17075/05 PVY PVYNTNb 1
1344 17075/05 PVY PVYNTND

1351 17103/05 PVY, PVA | PVYNTNa 2
1352 17103/05 PVY, PVA | PVYNTNa 2
1353 17103/05 PVY PVYNTN-NW(SYR 11)
1354 17103/05 PVY, PVA | PVYNTNa 1
1355 17110/12 PVY PVYSYRII

1356 17110/12 PVY, PVA | PVYNTNa 1
1357 17110/12 PVY PVYNTNa 2
1358 17110/12 PVY, PVA | PVYNTNa 2
1359 17110/12 PVY, PVA | PVYNTNa 1
1360 17110/12 PVY PVYNTN-NW(SYR ) | 1
1361 17110/12 PVY, PVA | Mixed 3* 2
1362 17110/12 PVY, PVA | Mixed 3* 1
1363 17110/12 PVY Mixed 3* 2
1364 17110/12 PVY Mixed 3* 1
1365 17108/15 PVY, PVA | PVYNTNa 2
1366 17108/15 PVY, PVA | PVYNTNa 2
1367 17108/15 PVY, PVA | PVYNTNa 2
1368 17108/15 PVY, PVA | PVYNTNa 2
1369 17108/15 PVY, PVA | PVYNTNa 2
1370 17108/15 PVY, PVA | PVYNTNa 2
1371 17108/15 PVY, PVA | PVYNTNa 2
1372 17108/15 PVY, PVA | PVYNTNa 2
1373 17108/15 PVY, PVA | PVYNTNa 2
1374 17108/15 PVY, PVA | PVYNTNa 2
1375 17108/15 PVY, PVA | PVYNTNa 2
1376 17108/01 PVY, PVA | PVYNTNa 2
1377 17108/01 PVY, PVA | PVYNTNa 2
1378 17108/01 PVY, PVA | PVYNTNa 2
1379 17108/01 PVY, PVA | PVYNTNa 2
1380 17108/01 PVY, PVA | PVYNTNa 2

47




1381 17108/01 PVY, PVA | PvYNTNa 2
1382 17108/01 PVY, PVA | PVYNTNa 2
1383 17108/01 PVY, PVA | PVYNTNa 2
1384 17108/01 PVY, PVA | PvYNTNa 2
1385 17108/01 PVY, PVA | PVYNTNa 2
1386 17108/01 PVY, PVA | PVYNTNa 2
1387 17108/01 PVY, PVA | PVYNTNa 2
1388 17108/01 PVY, PVA | PVYNTNa 2
1389 17108/01 PVY, PVA | PVYNTNa 2
1390 17108/01 PVY PVYNTNa 2

1391 17108/01 PVY PVYSYRII 2

1392 17108/01 PVY PVYNTNa 2

1393 17108/01 PVY, PVA | PvYNTNa 2
1394 17108/01 PVY, PVA | PVYNTNa 1 1
1501 T8304/08 PVY, PVA | Mixed 3* 1

1502 T8304/08 PVS PVYNTIN-NW(SYR |I)

1503 T6952/18 PVY Mixed 6* 3
1505 T6952/18 PVY, PVS | Mixed 2* 2
1508 Gravity PVY, PVS | Mixed 3* 2 1
1511 Imagine PVY, PVS | Mixed 2* 2 1
1512 Spunta PVY, PVS | Mixed 3* 2 |2
1517 T8310/03 PVY, PVS | Mixed 2* 3 |3
1518 T7326/24 PVY, PVS | Mixed 2* 1

1520 Eersteling PVY, PVS | Mixed 6* 3 |3
1521 T5653/08 PVY Mixed 5* 1
1523 T8247/04 PVY, PVS | Mixed 5* 3
1524 T8560/07 PVY Mixed 6* 1
1525 T8032/04 PVY Mixed 5*

1526 T8486/02 PVY PVY© 3 |3
1527 T8486/02 PVY Mixed 5*

1528 Commando PVY, PVS | PVYNTNb 1
1529 British Queen | PVY, PVS | Mixed 3* 2
1530 British Queen | PVY Mixed 2* 1

1531 T8561/01 PVY, PVS | Mixed 6* 2
143A Eersteling PVY, PVS | Mixed 5* 3

* The different possibilities of combined infection in the mixed infection and their

band sizes are presented in Appendix 2.

48



Appendix 2. The possibilities of combined infection in the mixed infection found in

the same sample

PVYNTN-NW(SYR [1) and/or PVY©,
and PVYNW(B)

127, 202, 441, 663,
853

Mixture | PVY strains Products in the Percentage
multiplex PCR(bp)

Mixed 1 | PVY©, PVYSYRIII P\yYNTNb or it can 127, 202, 267, 441

be a Natural mixed infection with

PVYNTN-NW(SYR [[) and PVYNTNp

(or/and NA-PVYN) 8
Mixed 2 | Natural mixed infection with PVYNTN- | 127 202, 441

NW(SYR Il) and PVYNT™N® (or/and

NA-PVYN) 5
Mixed 3 | Infection which can be between 127, 202, 441, 663

PVYNTNa P\ YNTN-NW(QYR |),

PVYNTN-NW(SYR [I) and/or PVY© 5
Mixed 4 | Mixed of PVYNTNa p\/YNTNb 5nd 127, 202, 267, 441,

SYR Ill, PVYNTN-NW(SYR [), PVYNTN- | 663

NWSYR II), PVYN, PVY©O 1
Mixed 5 | Mixed of PVYNTN-NW (SYR |) and 127, 441, 853

PVYNW(B) 5
Mixed 6 | PVYNTNa p\yYNTN-NW (SYR ),
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