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Abstract

Virus resistance research on potato has a high priority. In African potato growing countries
the majority of seed tubers offered on rural markets are infected with potato viruses, such as
Potato virus Y (PVY) and/or Potato leaf roll virus (PLRV) resulting in a catastrophic
reduction of yields. By contrast, in industrial nations virus infection of potatoes is virtually
irrelevant due to efficient seed certification schemes. Nevertheless, the high yield loss
potential has led PVY and PLRV becoming two of the most important pathogens on the
potato crop worldwide. Due to their high replication rate viruses evolve quickly and could
overcome existing resistances. In the recent history, common PVY strains, were more and
more replaced by recombinant strains, such as PVYN™' | PVvYNC or PVYN™ that are highly
virulent and able to cause the potato tuber necrotic ring spot disease (PTNRD). Taken
together, these challenges in potato research and production call for an increased knowledge
about the epidemiology of PVY and PLRV strains. Furthermore, breeding programs have to
focus on the introduction of new resistance genes and generation of varieties that are adapted
to the climatic conditions of their growing regions. These efforts can be supported by reliable
and sensitive virus detection methods.

In this thesis the development and applications of reverse transcription real-time PCR (RT-
gPCR) detection assays are presented that are able to quantify the worldwide most important
potato viruses PVY and PLRYV and thus can contribute to several areas of potato research. It is
demonstrated that the developed RT-gPCR assay for the quantification of PVY is highly
sensitive and can be utilized for the direct testing even of freshly harvested tubers during seed
certification. A similar sensitive assay was applied to evaluate Solanum species and progenies
of somatic hybrids regarding their level of resistance to PVY. The accumulation of PVY
differed in progenies of wild potato species that previously were uniformly classified as
extreme resistant. Therefore, RT-gPCR may be an interesting tool for a resistance evaluation
in breeding programs. Another application of RT-gPCR is the estimation of virulence of
different PLRV isolates. A correlation between the PLRYV titer in potato plants and virulence
could not be assessed. However, a discriminating quantification of different PLRV RNA
species allows further epidemiological studies. Finally, RT-gPCR was demonstrated to be a
useful tool to evaluate the equivalence of genetically modified potatoes regarding their level
of susceptibility to PVY. An increased susceptibility to PVY could be a reliable indicator for
possible unintended effects caused by the genetic modification. It is shown that equivalence is
difficult to approve if the non-transgenic comparator is non-equivalent and if the classification
into equivalent or non-equivalent is dependent on environmental conditions.



Zusammenfassung

Virusresistenzforschung an der Kartoffel hat hohe Prioritat. In Kartoffelanbauregionen
Afrikas ist die Mehrzahl der auf regionalen Méarkten angebotenen Knollen mit Kartoffelviren,
wie Potato virus Y (PVY) und/oder Potato leaf roll virus (PLRV) infiziert, was regelmafiig zu
katastrophalen Ernteausfallen fuhrt. Im Gegensatz dazu spielen Viruskrankheiten der
Kartoffel aufgrund effizienter Saatgutzertifizierungssysteme in Industrienationen kaum eine
Rolle. Nichtsdestotrotz zahlen PVY wund PLRV aufgrund des hohen potentiellen
Ertragsverlustes weltweit zu den bedeutendsten Pathogenen der Kartoffel. Wegen ihrer hohen
Replikationsrate entwickeln sich Viren sehr schnell und kdnnten bestehende Resistenzen
Uberwinden. In jingster Zeit wurden die gewohnlichen PVY-Stdamme immer mehr durch
rekombinante Stamme, wie PVYNW oder PVYN© und PVYN™ verdrangt. Diese sind héchst
virulent und sind Verursacher von Ringnekrosen an Kartoffelknollen (potato tuber necrotic
ringspot disease: PTNRD). Diese Herausforderungen in der Kartoffelforschung und im
Kartoffelanbau erfordern erweiterte Kenntnisse Uber die Epidemiologie von PVY- und
PLRV-Stdmmen. Zudem mdissen sich Zuchtungsprogramme der Kartoffel auf die Einflihrung
neuer Resistenzgene und der Generierung von Genotypen konzentrieren, die an die
klimatischen Bedingungen ihrer Anbauregion angepasst sind. Zuverldssige und sensitive
Methoden zur Virusdetektion konnen bei der Loésung der genannten Herausforderungen
helfen.

In dieser Arbeit werden die Entwicklung und Anwendung von reverse transcription real-time
PCR (RT-gPCR)-Detektionsverfahren vorgestellt, die die weltweit bedeutendsten
Kartoffelviren PVY und PLRV quantifizieren und damit einen wichtigen Beitrag auf
verschiedenen Gebieten der Kartoffelforschung leisten kdnnen. Es wird dargestellt, dass das
entwickelte RT-qPCR-Detektionsverfahren fiir die Quantifizierung von PVY hoch sensitiv ist
und fir die direkte Testung sogar frisch-geernteter Kartoffelknollen wahrend der
Saatgutzertifizierung eingesetzt werden kann. Ein &hnlich sensitives Verfahren wurde
verwendet, um Solanum-Arten und Nachkommen von somatischen Hybriden auf das Niveau
ihrer Resistenz gegen PVY zu bewerten. Die Anreicherung von PVY variierte zwischen den
Wildkartoffelarten, die bis dahin einheitlich als extrem resistent eingestuft worden waren.
Somit konnte die RT-gPCR ein interessantes Werkzeug fir die Resistenz-Evaluierung in
Zuchtungsprogrammen sein. Eine andere Anwendung der RT-gPCR stellt die Einschatzung
der Virulenz verschiedener PLRV-Isolate dar. Ein Zusammenhang zwischen dem PLRV-Titer
in Kartoffelpflanzen und der Virulenz der Virusisolate konnte nicht ermittelt werden.
Allerdings erlaubt die unterscheidende Quantifizierung verschiedener PLRV RNA-Arten
weitere epidemiologische Studien. AbschlieBend wurde demonstriert, dass die RT-qPCR ein
niitzliches Werkzeug ist, um die Aquivalenz gentechnisch veranderter Kartoffeln hinsichtlich



ihrer PVY-Anfalligkeit zu untersuchen. Eine erhdhte Anfélligkeit fir PVY konnte ein
verlasslicher Indikator fir mdogliche ungewollte Effekte sein, die durch die genetische
Modifikation verursacht wurden. Es wird gezeigt, dass der Nachweis von Aquivalenz
schwierig ist, wenn der nicht-transgene Komparator selbst nicht dquivalent ist und wenn die
Einstufung in &quivalent und nicht-aquivalent abhangig von Umweltbedingungen ist.



Keywords

Seed potato; Wild potato species; GMO risk assessment

Schlagworter
Saatkartoffel; Wildkartoffelarten; GVO-Risiko-Bewertung



Table of contents

ADDIEVIATIONS. ...t 1
List Of figures and tables............oo i 3
1 Anintroduction to the potato, its viral diseases and breeding techniques................ 5
1.2 POt iSBASES ...eeeiiieiiieectee ettt ettt ettt et e bttt e s bt e s aee e s b e e e bee e s areesnaeesareeeas 6
1.21 P Y ettt et b ettt h et bt et e be bt et e bt et et e e he et sheeat e besaeeneeae 8
1.2.2 P LRV s 18

1.3 Potato breeding for resistanCe tO VIrUSES......ccuiiiiiiiiiiiiiiiee et eree e e e e e e 24
131 Conventional breeding Methods ... 24
1.3.2 Breeding using molecular methods.......ccocviiiiiiiiiiiie e 27

2 Anintroduction to real-time polymerase chain reaction ..............ccccceeeviveieeieinenns 34
2.1 Technical CONSIAEIAtiONS. ....c.uiiiuiiiriiieiie ettt sb e et e e st e s bt e e sateesbeeesanee s 34
2.2 New developments in qUantitative PCR .......cocciiiiiiiie ettt 38

3 AIMS OF TNIS WOIK ...t 40
4 Optimizing the method — successes and Setbacks...........cocvvvieiieiiiieneee e 41
o R VT VT o Y0 g} T oF= o RS 41
4.1.1 P Y ettt bbbt bt et e bt ea e e be bt e te bt et et e eaeetesbeeat e beeaeeneene 41
4.1.2 PLRV ¢ttt ettt ettt ettt ettt h e e ettt e h et h e et et eeh e et e e bt e n e e bt e at et e sheetesbeentenbeeneeneenne 43

4.2  Evaluation of symptoms on potato Plants........ccccueeeiiiiieiicciie e 45
4.2.1 P Y ettt et h et h ettt ea e e be bt e te bt et et e eae e tesbeeatebeeaeeneene 45
4.2.2 PLRV ettt ettt ettt st st b e s bt et b e st b e e bbbt e a b bt e at et e s he et b e ehe e b nheenee e 47

4.3  Sequencing of PVY and PLRV SENOMES........ccciiiiiieiiiiieeeciieee e eiiteeeesiieeessiaeeessseeesesnaeeeesnnees 48
4.4  Design of primers and standards for RT-gPCR........ccoocviiiiiiiiie et eree e 50
44.1 L 51
4.4.2 PLRV ettt ettt ettt ettt s et sttt b et h e b bt e a b bt e ae et e s b et b e ebe e b sheenee e 58

4.5  Efforts to increase the efficiency of the assays .....c.ccevciiiviecieicc e, 60
45.1 Detection of PVY USING IC-RT-QPCR ....ceiiiiiieeiie ettt eree e e 60
4.5.2 Detection of PLRV USING IC-RT-0PCR ......ccutieiiiiee ettt eetee e stee e s eiaee e s e e e 62

A6 SEEDACKS ..ottt et b e sae e st re e 65
46.1 Contamination Of PCR CONLIOIS .....coouuiiiiiiiiiieeeree et 65
4.6.2 Low efficiency of fluorophore-labeled TagMan® probes.........cccccovveeeciiiiccciieecccineene. 67
4.6.3 Enzymes for the detection of PLRV by using IC-RT-qPCR — no success after all?.......... 68

5 Applications in potato research and production............cccoccevieieiiniiieie s 70

5.1 Comparison of three methods for the detection of Potato virus Y in seed potato
CEIEIFICATION 1.ttt ettt s e e bt e e st e e sba e e sabeesbaesbaeesbeeeae 71



5.2  The use of RT-qPCR to evaluate the resistance of Solanum species and progenies of somatic
RYDIIAS tO POLALO VIFUS Y ..eveiieiieii ettt ettt et s e e s e e s s e e s e nbee e s sareeas 85
5.3  Examination of an isolate of Potato leaf roll virus that does not induce visible symptoms in
L8 0[Sl =4 £=T=T o] o Lo YU EY SRR 104
5.4  Evaluation of whether genetically modified potatoes are equivalent in their level of
SUSCEPLIDIlITY O POLALO VIFUS Y..ccceeeeeeeeeee ettt ettt ettt e st e e e aae e e e eaaae e e s naaanae s 122
6 Discussion and OULIOOK ............ccoeiiiiiiiiicse e 142
6.1 High infection rates of potatoes with PVY and PLRV in developing countries .........ccccceeuue. 142
6.2  Climate change may increase the prevalence of PVY and PLRV infections..........cccoec......e. 144
6.3  New more virulent PVY and PLRV strains may evolve.........cccocoeeiiciiiicceec e 146
6.4  Digital PCR as an alternative to gPCR for absolute quantification?........cccccevvveviiicier e, 150
T REFEIEINCES ...ttt 152
8  ACKNOWIEAGEMENT ...ttt e e e neenes 187

O CUITICUIUM VI e 188



Abbreviations

6K1 first 6 kilodalton protein

6K2 second 6 kilodalton protein

A adenosine

ABA abscisic acid

AGO1 Argonautel

amiRNA artificial micro RNA

ATP adenosine triphosphate

bp base pairs

BWYV Beet western yellows virus
BYDV Barley yellow dwarf virus
CAPS cleaved amplified polymorphic sequences
Cl cytoplasmic inclusion (protein)
cM centimorgan

CMvV Cucumber mosaic virus

CO; Carbon dioxide

CP coat protein

CPIP coat protein interacting protein
DNA deoxyribonucleic acid

DAG motif: Asp—-Ala-Gly

DAS-ELISA double antibody sandwich enzyme-linked immunosorbent assay
DEPC diethylpyrocarbonat

EBN endosperm balance number
EDTA ethylenediaminetetraacetic acid
eEF1A eukaryotic elongation factor 1A
elF4E eukaryotic initiation factor 4 E
elFiso4E isoform of elF4E

ER endoplasmic reticulum

EU European Union

Fig figure

FRNK motif: Phe-Arg-Asn-Lys

FW fresh weight

GMO genetically modified organism
ha hectare

HC-Pro helper component protease
HDA helicase-dependent amplification
HSP70 70 kilodalton heat shock protein
IRES internal ribosome entry site

kb kilo base

kDa kilodalton

KITC motif: Lys—Ile/Leu—Thr/Ser—Cys [K(I/L)(T/S)C]
LNA locked nucleic acid

LOD limit of detection

LOQ limit of quantification

MRNA messenger RNA

miRNA micro RNA

MP movement protein

Nla first nuclear inclusion protein
NIb second nuclear inclusion protein

NLS nuclear localization signal



NPBT novel plant breeding techniques

nt nucleotide

NTC non-template control

ORF open reading frame

PABP polyadenosine (polyA)-binding protein
PBS phosphate-buffered saline

PD plasmodesmata

PIPO pretty interesting Potyviridae ORF
PLRV Potato leaf roll virus

ppm parts per million

PPV Plum pox virus

PStV Peanut stripe virus

PTK motif: Pro—Thr—Lys

PTNRD potato tuber necrotic ringspot disease
PVA Potato virus A

PVP polyvinylpyrrolidone

PVX Potato virus X

PVY Potato virus Y

RAPD random amplified polymorphic DNA
RAT replication associated translation
RdRp RNA-dependent RNA polymerases
RISC RNA-induced silencing complex

RJ recombinant junction

RNA ribonucleic acid

RTD read-through domain

S Svedberg

SCAR sequence-characterized amplified region
scFv single-chain variable fragment

SEL size exclusion limit

SMV Soybean mosaic virus

SiIRNA small interfering RNA

SSR simple sequence repeats

STS sequence-tagged sites

TaMV Tamarillo mosaic virus

TEV Tobacco etch virus

TGA total glycoalkaloid

T™MV Tobacco mosaic virus

TuMV Turnip mosaic virus

TVMV Tobacco vein mottling virus

UTR untranslated region

VPg viral genome-linked protein

ZYMK Zucchini yellow mosaic virus
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1 An introduction to the potato, its viral diseases and breeding
techniques

Unlike the botanical term suggests, the potato (Solanum tuberosum L.) was firstly described
and named by the Swiss naturalist Gaspard Bauhin in 1596 (Bauhin 1596) after it was brought
by Spanish colonialists from South America (Andean region) to the European continent a few
decades before. From the Canary Islands and Spain the potato was introduced to Central and
Northern Europe until the end of the 16" century (Hawkes 1990), and primarily it was a
botanical novelty. The analysis of DNA from herbarium specimens has confirmed that from
the early 18™ century primarily potatoes of the Andean-type were introduced to Europe. This
changed in the early years of the 19" century when nearly all analyzed potatoes were of the
Chilean-type since they were better adapted to the long summer days and the climatic
conditions in Northern Europe (Ames and Spooner 2008). In the 17" and 18" centuries many
European empires were hit by several devastating famines. The introduction of the potato into
the daily diet of the population finished almost all famines in Europe and the population size
of the continent enormously increased, especially after guano was discovered to be an
effective plant fertilizer. The guano trade led to large-scale traffic between Peru and Northern
Europe and it is believed that the agent of the late blight disease (Phytophthora infestans) was
carried by the ships from South America to Central Europe in the middle of the 19™ century
(Andrivon 1996; Ristaino 2002). The late blight epidemic became known as one of the most
tragic events in history of plant pathology. Ireland was the most affected country where about
one million people starved to death in the years after the outbreak of a late blight epidemic in
1845. As a result of the epidemic millions of people emigrated from Ireland and other
European countries in the decade after the famine. Nevertheless, until the end of the 19
century the potato was considered as a major food crop (Burton 1989) and colonists and
missionaries took with them the potato to the rest of the world.

Today, potatoes are grown on six continents and the expansion to China and India led these
countries becoming the first and second most important producers of potatoes worldwide with
an annual production of 96 million and 45 million tones, respectively, in the year 2013
(FAOSTAT 2015). Altogether, potato is the world’s fourth most important food crop behind
maize, wheat and rice with nearly 376 million tons produced in 2013 (FAOSTAT 2015). The
nutritional value of baked, boiled, steamed or microwave cooked potatoes especially in mixed
meals is very useful and beneficial to the human diet. Potatoes are rich in dietary fiber and
antioxidants comprising polyphenols, vitamin C, carotenoids, and tocopherols (Lachman and
Hamouz 2005). Furthermore, potatoes are a good source of vitamin B6, B1, potassium, iron,
magnesium and folate (Nutrition Data 2015).



However, like in all nightshades, glycoalkaloids occur in nearly all potato tissues, of which a-
solanine and a-chaconine generally contribute about 90% to 95% of total glycoalkaloids
(TGASs) (Maga 1980). In recent cultivars the levels of TGAs range from 2 to 10 mg/100 g FW
and 30% to 80% of TGAs are restricted to the potato skin. The generally accepted safe level
of TGAs in potato is 20 mg/100 g FW (BOomer and Mattis 1924). However, an adult human
weighing 70 kg would have to eat 1050 g potatoes with skin, that have an average TGA
content of 20 mg/100 FW to obtain a TGA uptake of 3 mg/kg body weight, which is in the
range of a toxic dose between 1 and 5 mg/kg body weight (Kuiper-Goodman and Nawrot).

The TGA levels in some wild species, such as S. stoloniferum and S. cardiophyllum, can be
many times higher than in cultivated S. tuberosum varieties (Sotelo et al. 1998; Ruiz de
Galarreta et al. 2015), which can be noticed by a very bitter taste. Nevertheless, a high TGA
content in potato upper and lower plant organs ensures a good protection against pests such as
the Colorado potato beetle (Leptinotarsa decemlineata), potato feeding aphids (Tingey 1984;
Guntner et al. 1997) and wireworm larvae of Agriotes obscures (Jonasson and Olsson 1994).
Furthermore, many wild potato species are a valuable source of resistance genes against viral,
fungal and bacterial pathogens making them essential in potato breeding. It is on the breeders
to integrate the desired traits while eliminating the adverse ones.

1.2 Potato diseases

Due to their vegetative propagation, potatoes are particularly susceptible to the accumulation
of diseases. Several hundred pests and pathogens are known and Oerke and Dehne (2004)
calculated that “the loss estimates for pathogens, viruses, animal pests and weeds in 1996—
1998 totaled 22%, 8%, 18% and 23%, respectively, worldwide”. The number of potato
diseases of higher significance increases due to the global trade of potato tubers and also due
to the climate change. Diseases not common in northern areas in the past have been
introduced and adapted to new geographic regions, such as the potato wart disease
(Synchytrium endobioticum) in Canada, an aggressive type of P. infestans in Great Britain or
the zebra chip disease (Candidatus Liberibacter solanacearum) in the USA (Hampson 1993;
Jones and Baker 2007; Secor et al. 2009).

Potato late blight disease caused by P. infestans is the most important potato disease based on
the numbers of records listed in literature databases (Allefs et al. 2005). It causes annual yield
losses of $6.7 billion in potato (Chowdappa et al. 2015) and outbreaks can have global
impacts as, for example, seen during the Irish potato famine in 1845-1846. The oommycete is
very adaptable and has the ability to evolve quite rapidly. In many potato growing regions
worldwide new lineages were observed (e. g. A2 mating types) that are more aggressive and



overcome fungicide treatments with metalaxyl (Lee and Fry 1997) and previously strong
sources of resistances (Oyarzun et al. 1997; Cooke et al. 2012; Fry et al. 2013; Chowdappa et
al. 2015). Other nematodal, fungal and bacterial diseases such as potato cyst nematodes
(Globodera rostochiensis, G. pallida), the wart disease (Synchitrium endobioticum), silver
scurf (Helminthosporium solani), black scurf (Rhizoctonia solani), ring rot (Clavibacter
michiganensis subsp. sepedonicus) or brown rot (Ralstonia solanacearum) have also a high
damaging potential to the crop because of their considerable risk of contagion. Some of them
are listed as quarantine pests by the European and Mediterranean Plant Protection
Organization (EPPO 2014). In addition, viroids, such as the Potato Spindle Tuber Viroid
(PSTVd) and phytoplasmas, such as the Potato purple-top wilt phytoplasma, which is also an
EPPO quarantine organism, have a high damaging potential to the potato crop.

Viral diseases of potato are of major concern in Europe since a severe condition termed “curl”
occurred in the middle of the 18" century in England and Ireland. The crop was so severely
attacked that growers abandoned cultivation. Later on, the degeneration was described as a
mixture of diseases, one of which leaf roll was a major agent. The yield losses caused by the
leaf roll disease were not as weighty as during the late blight famine in Ireland. However, the
cause and effect of the disease were heavily discussed on the political and scientific level.
This becomes obvious considering that already in 1911 more than 600 articles were available
that addressed the disease (Appel and Schlumberger 1911). The eminent phytopathologist
Julius Kiihn attributed the “Kriuselkrankheit” to plants that apparently have an excessive
growth. He noted “Solche in ihrer Entwicklung {iberméBig gesteigerte Pflanzen miissen allen
ungunstig auf das Pflanzenleben wirkenden Einfllissen leichter unterliegen, als normal
entwickelte [...]* (Kuhn 1859 p. 202).

Since these first reports of a disease, which is now known to be caused by at least one potato
virus, today approximately 40 different viruses are known to infect the potato crop, naturally
(\Valkonen 2007). Potato viruses with the most damaging potential on a worldwide scale are
Potato virus Y (PVY), Potato leaf roll virus (PLRV), Potato virus A (PVA) and Potato virus
X (PVX) (Salazar 2003). However, viruses that were not of major concern until now,
currently are getting more attention, since global trade flows and the climate change convey
these viruses around the world as stowaways whereupon they adapt to new geographic
regions. On the one hand, movement of virus-infected plant material, especially from wild
potatoes in the Andes, constitutes a risk for the distribution of yet unknown viruses to other
parts of the world. On the other hand, in warm climates, where potato growing is currently
expanding, viruses transmitted by whiteflies (e. g. members of the genus Begomovirus) and
thrips (e. g. Tomato spotted wilt virus) have become more and more prevalent. The reasons
for this are not fully understood (Valkonen 2007). Nevertheless, PVY and PLRV are



considered to be the most important potato viruses on a worldwide scale. Therefore, these two
shall be described in detail in the next chapter.

1.2.1 PVY

PVY is the type species of the Potyvirus genus in the family Potyviridae (Shukla et al. 1994).
It was first isolated from potato by means of aphids by Smith (1931). However, the same
author detected cytoplasmic inclusions in chlorotic mosaics of potato leaves, which he called
“amoeba-like bodies”, already seven years before (Smith 1924). Today PVY is considered to
be the most harmful virus in cultivated potatoes and is present wherever potatoes are grown.
In the leaves PVY causes variable symptoms depending on the strain, the potato cultivar,
climatic conditions and on the time of infection. Primarily infected plants develop mild to
severe mottle of young leaves. Older leaves often exhibit yellowing and necrosis. In
secondary infections, when the mother tuber was infected, the diseased plants are dwarfed and
brittle with puckered or crinkled leaves. The tubers of infected plants are reduced in number
and size (Kerlan 2006). The percentage yield loss can be calculated by:

Yield loss = 0,5 x (f —10)

where £ is the percentage of PVY-infected plants in the crop (Valkonen 2007). In the United
Kingdom alone the estimated annual yield loss due to PVY infections totals £30-40 million
(Valkonen 2007). Furthermore, not only absolute yield losses represent the damage to the
growers. The quality of tubers can also be affected by some PVY strains inducing the potato
tuber necrotic ringspot disease (PTNRD) (Boonham et al. 2002) or cracked tubers (Inglis and
Gundersen 2015). Since potatoes are also widely grown in home gardens, the disease is hard
to eradicate. In addition, PVY has a rather large natural host range comprising many
solanaceous crops, such as tomato, tobacco or pepper, ornamentals, such as Dahlia and
Petunia spp., but also many weed species, such as Datura spp., Physalis spp., S. dulcamara
and S. nigrum (Edwardson 1974). These species my act as reservoirs for PVY, from where the
virus is transmitted into the potato fields. However, infected seed tubers display the most
important initial PVY source for infections within the crop. Therefore, seed potatoes require
costly certification to be marketed in the EU and many other countries (European Community
2002; UNECE 2006). Recently these directives and standards, respectively, were amended to
the effect that field inspection no longer differentiates between mild and severe mosaic virus
symptoms (European Union 2013; UNECE 2014), because in recent studies no correlation
was found between the amount of viral RNA from PVY and the severity of symptoms
(Hihnlein et al. 2013; Lindner et al. 2015). To control the disease, the elimination of aphid
vectors is usually ineffective because of the non-persistent mode of transmission. PVY virions



bind to the food canal and foregut of aphids during sap ingestion and are inoculated into new
plants by salivary secretion (Revers and Garcia 2015). This occurs often during the first
minutes after landing when aphids make the first probes. Before an insecticide is effective
against the aphids, many new infections will have been accomplished, already. Moreover,
some insecticide can lead to prolonged probes, which might increase the risk of PVY
transmission (Thieme et al. 2009). Therefore, certified seeds and PVY resistant cultivars
should be grown such as ‘Arosa’, ‘Fioretta’ and ‘Bettina’ (table varieties) or ‘Django’,
‘Toccata’ and ‘Maxi’ (processing varieties) (Federal Plant Variety Office of Germany 2014).
However, the use of cultivars by growers is primarily based on market needs, such as good
processing or cooking properties. In industrial nations the production efficiency is of
secondary importance.

1.2.1.1 Particle morphology and genome structure and function

As it is shown in Fig. 1 the non-enveloped PVY virions are 730-740 nm in length and 12 nm
in width. They have a filamentous and flexuous shape with a helical symmetry. In infected
parenchyma cells PVY particles occur scattered or bundled throughout the cytoplasm
(Weintraub et al. 1974; Edwardson and Christie 1991). Furthermore, PVY induces the
formation of cylindrical (e. g. pinwheels), amorphous and/or crystalline inclusions within the
cytoplasm (Christie and Edwardson 1977; Edwardson and Christie 1991).

Fig. 1 PVY virions (isolate Gr99) purified from Nicotiana tabacum ‘Samsun NN’



The genome of PVY consists of a single-stranded sense mRNA that has a length of
approximately 9.7 kb. A schematic illustration of the genome organization of PVY is
presented in Fig. 2A. The 5’ end of the genome is not capped but a viral protein (VPg) is
covalently linked by a phosphodiester bond and thus blocks the 5’-terminus of the viral RNA
(Mandahar 2006). The 185 nt long 5 UTR of PVY facilitates cap-independent translation.
However, it is not clear, whether the translation relies on an internal ribosome entry site
within the 5 UTR (Gallie and Walbot 1992; Levis and Astiermanifacier 1993) or another
(currently unknown) plant viral translation enhancer (Zhang et al. 2015). Like the mRNA in
eukaryotes the RNA of PVY contains a polyadenosine (A)-tail at the 3* end of the genome,
which protects the RNA from degradation and plays together with the 3’ untranslated region
an important role in RNA replication and translation (Mandahar 2006). The length of the poly
(A)-tail of potyviruses varies considerably between species but also between isolates within a
potyvirus species. It ranges between less than 15 to more than 500 residues (Hari 1981; Lain
et al. 1988; Rosner and Raccah 1988), whereby the minimum number of A residues required
for maintaining high infectivity is between 5 and 10 (Tacahashi and Uyeda 1999). Between
the non-coding regions at the 5’ and 3’ end a single open reading frame codes for a
polyprotein of 3061 or 3063 amino acid residues (depending on the PVY strain), which is
cleaved into ten multifunctional proteins by P1 serine, HC-Pro cysteine and Nla-Pro cysteine
proteinases (Shukla et al. 1994). An eleventh protein PIPO (Pretty Interesting Potyviridae
ORF) is translated in the +2 reading-frame of the P3 cistron, as a P3-PIPO fusion product
(Chung et al. 2008).

Most of the PVY proteins are multifunctional (Revers and Garcia 2015). The protein 1 (P1) is
the most variable protein among all of the potyviruses (Shukla et al. 1994 p. 103). It functions
as a proteinase by cleaving itself from the adjacent helper component protease (HC-Pro)
(Verchot et al. 1991). In addition, for Potato virus A (PVA), Tobacco vein mottling virus
(TVMV) and Turnip mosaic virus (TuMV) it has been shown to bind single- and double-
stranded RNA (Brantley and Hunt 1993; Soumounou and Laliberte 1994; Merits et al. 1998).
P1 enhances viral suppression of RNA silencing mediated by HC-Pro (Tena Fernandez et al.
2013; Pasin et al. 2014) and is important in defining virus host range (Salvador et al. 2008).
Recently, it was determined that P1 stimulates the translation of viral proteins during infection
(Martinez and Daros 2014). However, P1 remains the most mysterious protein among all the
potyvirus proteins, since it seems not to be essential. A virus deletion mutant completely
lacking the P1 cistron is still viable (Verchot and Carrington 1995).

Next to its autoproteolytic activity, the helper component protease (HC-Pro) is involved in
aphid transmission by acting as a “bridge” between virion particles and the aphid stylet (Blanc
et al. 1998). Within the HC-Pro two conserved motifs can be found for aphid transmission:
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the N-terminal KITC, which is involved in binding to the aphid stylet, and the PTK within the
central region of HC-Pro, which can bind to and stabilizes the coat protein (CP) (Atreya and
Pirone 1993; Peng et al. 1998; Valli et al. 2014). For aphid transmission a physical interaction
between the CP and HC-Pro is important (Seo et al. 2010). In higher plants RNA silencing is
based on the processing of double stranded (ds) RNAs that occur in plants amongst others
during viral replication. The dsRNAs are fragmented into 21-24 nt short interfering RNA
(sSiIRNA) and microRNA (miRNA) duplexes by the RNase Ill-type DICER enzymes (Lakatos
et al. 2006). The small RNAs are then incorporated into the RNA induced silencing complex
(RISC), which induces the sequence-specific cleavage of the viral target RNA (Pham et al.
2004). The highly conserved FRNK box within the central region of HC-Pro is involved in
suppression of RNA silencing by interacting physically with siRNA and miRNA duplexes
(Lakatos et al. 2006; Shiboleth et al. 2007; Varrelmann et al. 2007). Moreover, Lakatos et al.
(2006) demonstrated that sSIRNA sequestration leads to an inhibition of RISC assembly. In
contrast to potyviruses with a high RNA silencing suppression activity of HC-Pro, such as
Tobacco etch virus (TEV) (Anandalakshmi et al. 2000; Llave et al. 2000) or Zucchini yellow
mosaic virus (ZYMYV) (Shiboleth et al. 2007), the HC-Pro of PVY has a weak RNA silencing
suppression activity and needs stabilization by the neighboring P1 to function as potent RNA
silencing suppressor (Tena Fernandez et al. 2013). Earlier studies on further functions of HC-
Pro were often seen individually, such as the involvement in symptom expression and synergy
with co-infecting viruses (Vance et al. 1995; Pruss et al. 1997; Shi et al. 1997) or its role in
virus multiplication and systemic movement (Kasschau and Carrington 2001). However, these
functions are associated with and, what is more, result from the silencing suppressor activity
of HC-Pro (Quenouille et al. 2013). HC-Pro has been reported to interact with other PVY
proteins, such as the cytoplasmic inclusion (CI) protein (Guo et al. 2001) or the P1 protein
(Merits et al. 1999) and many different host factors. For example, the N-terminal region of
HC-Pro was suggested to interact with three Arabidopsis 20S proteasome subunits, which are
related to the antiviral defence in plants (Jin et al. 2007). Recently, a completely new role of
HC-Pro was demonstrated. It reduces the photosynthetic rate of PVY-infected plants by
decreasing the amount of the chloroplast ATP synthase complex (Tu et al. 2015) and
indirectly leads to an increase in abscisic acid (ABA) content (Jameson and Clarke 2002; Li et
al. 2015). Furthermore, an interaction was confirmed between HC-Pro of different potyviruses
and the eukaryotic initiation factor 4 E (elF4E) as well as its isoform elFiso4E, which also
interact with the VVPg. This interaction may demonstrate a probable role of HC-Pro in the
translation initiation complex (Ala-Poikela et al. 2011). Finally, the C-terminal region of HC-
Pro is known to elicit the host hypersensitivity genes NCyr, NCspi and Ny, (Moury et al. 2011)
and the veinal necrosis phenotype in tobacco (Hu et al. 2009c; Tian and Valkonen 2013).
Although it was estimated as unlikely in former studies (Glais et al. 2002; Schubert et al.
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2007), HC-Pro was recently shown to be involved in the ability to induce necrotic symptoms
on potato tubers (Valkonen 2007 p. 631; Glais et al. 2015).

The protein 3 (P3) is suggested to be involved in virus replication, virus movement, systemic
infection, pathogenicity and symptom development (Merits et al. 1999; Jenner et al. 2002;
Jenner et al. 2003; Choi et al. 2005; Cui et al. 2010; Lin et al. 2011; Vijayapalani et al. 2012;
Lu et al. 2015; Wang et al. 2015c). As is the case for 6K2, P3 is a membrane protein
containing two hydrophobic domains at the N- and C-terminal ends, respectively
(Eiamtanasate et al. 2007). Within the P3 coding region the overlapping ORF PIPO is
expressed as a translational fusion with the N-terminus of P3 named P3N-PIPO. P3N-PIPO
was shown to be located to the plasmodesmata and plays an important role in cell-to-cell
movement by binding to the host plasma membrane protein PCaP1 (Wei et al. 2010b;
Vijayapalani et al. 2012).

The functions of the first 6 kDa protein (6K1) remain unclear. It is suggested that is has a
relevant role in the potyviral infection cycle bcause it was found as a mature protein in
Nicotiana benthamiana plants infected with Plum pox virus (PPV) (Waltermann and Maiss
2006). For Soybean mosaic virus (SMV) it was found to localize to the cell periphery
suggesting that the protein might be involved in cell-to-cell movement (Hong et al. 2007).
However 6K1 lacks transmembrane domains and the way it may act in cell-to-cell movement
has to be different from currently recognized patterns of viral movement proteins (Hong et al.
2007). 6K1 might have an impact on the proteolytic processing of P3 and Cl from the
polyprotein. Mutant clones of PVA lacking coding sequences for 6K1 were not able to
separate P3 from the cytoplasmic inclusion protein (CI), proteolytically (Merits et al. 2002).
Furthermore, a deletion of the 6K1 protein-encoding region rendered PVA non-infectious,
which may indicate the importance of 6K1 for the replication of PVA (Merits et al. 2002).

The formation of pinwheel-shaped inclusion bodies is a distinctive feature of potyviral
infections. The cytoplasmic inclusion (CI) protein forms these inclusion bodies that are
involved in cell-to-cell movement of the virus by collaboration with P3N-PIPO (Carrington et
al. 1998; Roberts et al. 1998; de Cedron et al. 2006; Wei et al. 2010b). Recently, it was shown
that the CI protein interacts with the coat protein (CP), and the N-terminal part of the CI
protein modulates cell-to-cell movement by making this protein able to target plasmodesmata
(Deng et al. 2015). Because of its RNA binding and RNA duplex unwinding activity, the CI
protein was found to be an RNA helicase in Tamarillo mosaic virus (TaMV) (Eagles et al.
1994) and in PPV (Lain et al. 1990; Fernandez et al. 1995), and plays an important role in
virus replication (Fernandez et al. 1997; Carrington et al. 1998; Deng et al. 2015).
Furthermore, the CI protein may be involved in translation initiation, since the C-terminal part
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of this protein has been shown to interact with the elF4E in plants (Abdul-Razzak et al. 2009;
Tavert-Roudet et al. 2012).

The second 6 kDa protein (6K2) is membrane bound (Restrepo-Hartwig and Carrington 1994;
Merits et al. 2002) and induces the formation of 6K2-containing membranous vesicles at
endoplasmic reticulum (ER) exit sites, responsible for potyvirus replication (Kopek et al.
2007; Wei and Wang 2008; Wei et al. 2010a). The 6K2 protein was found to anchor the
replication complex to membranous sites, especially the endoplasmic reticulum (Schaad et al.
1997) making it indispensible for virus replication. Furthermore, 6K2 was shown to be
involved in inter- and intra-cellular movement of potyviruses as well as in host-specific
symptom induction (Rajamaki and Valkonen 1999; Spetz and Valkonen 2004).

The first nuclear inclusion protein (Nla) possesses two domains: an N-terminal VPg and a C-
terminal protease domain, which cleaves most proteins of the precursor polyprotein
(Carrington and Dougherty 1987; Garcia et al. 1990). The majority of unprocessed Nla
protein molecules accumulates within the nucleus of infected cells. A partial quantity of
unprocessed Nla protein and the VVPg alone are covalently attached to the 5” end of viral RNA
(Carrington et al. 1991; Carrington et al. 1993). As the name suggests, in the late stage of
infection the Nla protein forms nuclear inclusions in the nucleus of infected cells (Knuhtsen et
al. 1974; Edwardson and Christie 1991). However, this is not the case in all potyviruses. No
inclusions are formed e. g. in cells infected with the Peanut stripe virus (PStV) (Hajimorad et
al. 1996). The C-terminal domain of the Nla protein has also a DNAse activity and may
degrade host DNA within the nucleus (Anindya and Savithri 2004). In addition, the Nla
protease elicits the dominant gene for extreme resistance Ry in host plants (Mestre et al. 2000;
Song et al. 2005). The Nla protease and - due to its structural flexibility (Rantalainen et al.
2011) - especially the VPg, have many cellular and viral binding partners. These comprise
plant translation factors, such as elF4E (Leonard et al. 2004), polyadenosine (polyA)-binding
proteins (PABP) (Beauchemin and Laliberte 2007) and the 70 kDa heat shock protein
(HSP70) (Dufresne et al. 2008; Thivierge et al. 2008), the eukaryotic elongation factor 1A
(eEF1A) (Thivierge et al. 2008), the nucleolar protein fibrillarin (Rajaméki and Valkonen
2009), viral RNA (Merits et al. 1998) and probably all potyviral proteins, verifiably P1
(Merits et al. 1999), HC-Pro (Roudet-Tavert et al. 2007; Ala-Poikela et al. 2011), P3 (Merits
et al. 1999), CI (Tavert-Roudet et al. 2012), NIb (Li et al. 1997; Daros et al. 1999) and the CP
(Shen et al. 2010; Zilian and Maiss 2011). Therefore, the VPg is a hub protein that controls
many processes resulting in virus production and spread (Jiang and Laliberté 2011).

The second nuclear inclusion protein (NIb) is the RNA-dependent RNA polymerase involved
in the replication of viral RNA (Domier et al. 1987; Hong and Hunt 1996). As is the case for
Nla, the vast majority of NIb molecules predominantly accumulates in the nucleus of infected
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cells and is able to form amorphous or crystalline nuclear inclusions in infected cells
(Knuhtsen et al. 1974; Baunoch et al. 1988; Restrepo et al. 1990; Edwardson and Christie
1991). Since NI proteins and their inclusions accumulate in high levels in the nucleus
especially towards the later stages of infection, Ivanov et al. (2014) postulated, that the
nucleus may serve as a sequestration site for the “overproduced” NI proteins. The NIb
interacts with other potyviral proteins, such as P1, P3 and Nla (Fellers et al. 1998; Daros et al.
1999; Merits et al. 1999). Furthermore, Nla and NIb interact with translation factors, such as
PABP and HSP70 (Dufresne et al. 2008). NIb was found to uridylylate the VPg and to use the
resulting product to prime viral RNA synthesis (Puustinen and Makinen 2004; Anindya et al.
2005).

The coat protein (CP) encapsidates the viral genome and protects it from degradation.
However, the CP is a multifunctional protein that is involved in almost every stage of the viral
infection cycle. As it was outlined above, the CP plays an important role in aphid transmission
by interacting of the N-terminal DAG motif (Lopez-Moya et al. 1999) with the PTK motif of
the HC-Pro. In turn, the HC-Pro binds to the aphid stylet resulting in sticking the virions to
the aphid stylet (Ng and Falk 2006). The CP is also involved in systemic and cell-to-cell
movement of the virus (Dolja et al. 1995; Rojas et al. 1997; Andersen and Johansen 1998).
The CP of PVA was found to be phosphorylated, when it was not incorporated into virions
(lvanov et al. 2001). The phosphorylation inhibits the RNA-binding activity of the CP
indicating a regulation of the virion assembly (Ivanov et al. 2001). Furthermore, Hafren et al.
(2010) and Besong-Ndika et al. (2015) demonstrated that the CP of PVA can inhibit
replication-associated translation (RAT) by switching from primary translation to primary
virus assembly in later stages of infection. The authors of this study explained it as follows:
The HSP70 together with its cochaperone (CPIP) regulate viral infection. At an early stage of
infection, when CPIP is more abundant in the cell, the CPIP binds to the CP expressed in
trans and delivers it to HSP70, which promotes modification of the CP by ubiquitin, leading
to CP degradation. At this early stage of infection the RAT can proceed. In later stages of
infection, the CPIP is depleted and the CP, which is needed for viral encapsidation, becomes
abundant. Then the CP expressed in trans forms a complex with the cis-expressed CP. This
complex binds to the CP cistron in the viral RNA and may initiate virus assembly.

1.2.1.2 Strains

In the last ten years the nomenclature of PVY strains became the topic of particularly intense
discussions (Singh et al. 2008; Kehoe and Jones 2011; Karasev and Gray 2013b; Jones 2014;
Kehoe and Jones 2015). The actual strain nomenclature (Fig. 2B) contains a mixture of
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differences identified by whole genome sequencing, geographical designations and single
biological and serological properties.

The strains PVY®, PVY® and PVY? induce mosaic and vein clearing in tobacco and are
defined by phenotypes induced by inoculation to potato cultivar differentials with the
hypersensitivity genes Nc, Ny and Nz, respectively (Jones 1990; Le Romancer et al. 1994).
PVY™ elicits necrosis and stunting in tobacco and overcoms all three hypersensitivity genes
(Cockerham 1970; De Bokx and Huttinga 1981). In the 1990s the strain group PVYF was
recognized (Kerlan et al. 1999; Singh et al. 2008). As PVY" it overcomes all three
hypersensitivity genes, but does not induce necrosis in tobacco (Jones 1990; Kerlan et al.
1999; Singh et al. 2008). However, the differentiation of strains on the basis of biological
properties is insufficient because in the past literature some so-called PVY© isolates are PVY
isolates that do not produce any necrosis on tobacco but an inoculation to potato cultivar
differentials with Nc, Ny or Nz genes was never used to distinguish them (Nie et al. 2004; Hu
et al. 2009b; Hu et al. 2009c). A further classification of PVY strains on the basis of
biological properties was done with PVY™ strains that cause the PTNRD and vein necrosis on
tobacco. These strains were named PVYN™ (Le Romancer et al. 1994). In addition, PVYN™
isolates were differentiated into PVYEYN™  comprising isolates with a RJ in their CP, and
PVYNANTN comprising isolates without a RJ in their CP and primarily were found in North
America (Nie and Singh 2002a; Nie and Singh 2002b).

The distinction between PVY®N and PVY™"' is based on the number of recombinant
junctions (RJ). Whereas PVY°™ has only one RJ, PVYN'W! displays two or more RJs (Singh
et al. 2008; Karasev and Gray 2013b). Other authors do not discriminate between PVY°™N and
PVYNWi They classified all PVY°™ recombinants with one or two RJ as PVYM' (Hu et al.
2009b). The differentiation between the recombinants PVYN"' and PVYN™ was done on the
basis of the position of the RJ in the ORFs coding for the NIb protein and the CP, respectively
(Schubert et al. 2007). Whereas isolates that display a continuous PVY™-type specific

sequence at least until nt ~9190 are classified as PVY"N™

, Isolates that have a RJ upstream or
in the region of the interface between N1b and CP are classified as PVYN'W'. However, recent
phylogenetic studies found latter isolates clustering in a new strain group called PVY®*Y"" or

PVYNT™NNW (Chikh Ali et al. 2007; Chikh Ali et al. 2010; Kehoe and Jones 2015).

Based on sequence analysis, other types of recombinants are also being found, such as isolate
NE-11, which is a recombinant between PVY™ and an unknown PVY variant (Lorenzen et al.
2008), isolate PVYnnp, which is a PVY"NPVYS/PVY® recombinant (Schubert et al. 2007) or
isolate PVY-MON displaying PVYN-type, PVY°-type and unknown PVY sequences. On the
basis of its biological properties the latter isolate was classed into the strain group PVYE
(Galvino-Costa et al. 2012).
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In the last years a reclassification of the strain PVY? was proposed, because the single PVY?*
isolate that was sequenced (L26) is molecularly identical to standard PVYN™ isolates, such as
Linda or Ditta (Glais et al. 2002; Lorenzen et al. 2006; Schubert et al. 2007) and causes the
PTNRD (Hu et al. 2009¢). Furthermore, like L26, all PVYN™ isolates seem to elicit a HR in
potato indicator cultivars carrying the Nz gene (Kerlan et al. 2011). PVY? and PVY"™
isolates only differ in their symptoms in tobacco: PVY? induces mosaic and vein clearing,
while PVYN™ induces vein necrosis (Kerlan et al. 2011; Karasev and Gray 2013b).
Therefore, Kerlan et al. (2011) suggested to rename PVY? into PVY%-NTN. Furthermore,
Kehoe and Jones (2015) sequenced and analyzed four historical PVY? isolates that were
biologically characterized by Jones in 1990. Surprisingly, in a phylogenetic analysis, they
clustered with PVY® isolates, although they did not elicit HR in potato indicator cultivars
carrying the Ny gene. This supports the finding that some PVYZ isolates also induce the “leaf-
drop streak” symptom (Kerlan et al. 2011), described as a PV'Y? strain-specific trait (De Bokx
and Huttinga 1981). In addition, a PVY? isolate found in France was recognized by anti-
PVY°C antibodies but not by anti-PVY" antibodies, which isolate L26 reacts with (Kerlan et

al. 1999).

Initially, the classification of isolates into the strain group PVYN™ was done on their
biological property to cause the PTNRD. However, until now many more isolates were found
causing the PTNRD that molecularly do not fit into the pattern of the PVYN™ strain, such as
Tue60 (PVYMY) (Nie and Singh 2002a), ID-1 (PVY®™N) (Piche et al. 2004), SYR-NB-16
(PVYNWh (Chikh Ali et al. 2007) or PVY-MON (PVYF) (Galvino-Costa et al. 2012).
Conversely, infected indicator potato cultivars sometimes lacked the PTNRD in some or all

tubers (Beczner et al. 1984; Xu et al. 2005; Singh et al. 2008).

These findings reveal a disagreement between the biological, serological and phylogenetic
nomenclature systems of PVY strains and some authors call for a replacement of the actual
strain nomenclature (Fig. 2b) with a system that uses Latinized numerals for phylogenetic
groups (I-XI11) while retaining the naming of strains on the basis of biological properties
(Jones 2014; Kehoe and Jones 2015).

Within the last three decades recombinant strains, especially PVYN™, PVYON and pvy™ W
have become the most prevalent PVY strains worldwide (Blanco-Urgoiti et al. 1998; Salazar
et al. 2000; Lindner and Billenkamp 2005; Baldauf et al. 2006; Crosslin et al. 2006; Lorenzen
et al. 2006; Varveri 2006; Chikh Ali et al. 2007; Boukhris-Bouhachem et al. 2010; Galvino-
Costa et al. 2012; Nanayakkara et al. 2012; Ogawa et al. 2012; Visser et al. 2012; Gao et al.
2014; Benedict et al. 2015; Lindner et al. 2015) and are believed to possess a fitness
advantage over non-recombinant strains (Kerlan 2004; Karasev and Gray 2013a). Verbeek et
al. (2010) and Srinivasan and Alvarez (2007) found that M. persicae transmits PVYN™ and
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PVYN™, respectively, more efficiently than other PVY strains. Furthermore, recombinant
strains tend to be less symptomatic on many cultivars (Chrzanowska 1991; McDonald and
Singh 19964, b; Nie et al. 2012), which often might lead to visual field inspections that fail to
recognize PVY infections resulting from recombinant strains (Gray et al. 2010). However, a
recent study showed that potato plants of different cultivars infected with PVYN" or pvYN™
caused mild and severe symptoms in nearly equal numbers of infected samples, independently
from the virus titer within the plants (Lindner et al. 2015). Moreover, PVYNY' and PVYN™
isolates were found in Vietnam that caused very severe symptoms on locally grown potato
plants and different potato cultivars tested under experimental conditions (Schubert et al.
2015).

1.2.2 PLRV

Potato leaf roll virus (PLRV) is a Polerovirus in the family Luteoviridae. Symptoms of a
primary PLRV infection consist of chlorosis, upward rolling of young leaves at the base of the
stem and stunting of the whole plant. Plants grown from infected tubers develop severe
stunting and upward rolling of basal leaves. Necrosis may develop in the phloem tissue in the
upper parts of plants and in tubers (net necrosis) especially in cultivars, such as ‘Russet
Burbank’ or ‘Green Mountain’. Due to the impaired phloem transport of carbohydrates
(Herbers et al. 1997; Loebenstein 2001), the tubers of PLRV infected plants are considerably
reduced in size, and yields may be diminished by 33-50% (Loebenstein 2001). In comparison
to PVY, PLRV has a narrower host range that is mainly restricted to species of the Solanacae,
such as Datura stramonium (diagnostic species), D. tatula, Physalis floridana (diagnostic
species), S. nigrum, S. villosum or S. paniculatum (Thomas 1987; Loebenstein 2001).
However, beyond S. tuberosum, several other crop plants can also be infected, such as
Lycopersicon esculentum, Nicotiana tabacum, Medicago sativa, Allium cepa, Malus
domestica, Fragaria x ananassa and Prunus persica.

Once, systemic insecticides were not as common in potato production as today, PLRV was
classified as the most prevalent potato virus reducing both, yield and tuber quality (Douglas
and Pavek 1972; Killick 1979). Over the last 30 years, the significance of PLRV decreased
remarkably due to the implementation of statutory schemes for the production of healthy seed
potatoes in many countries (European Union 2002; UNECE 2006). Furthermore, the control
of aphid vectors became very successful due to the application of systemic insecticides. The
group of neonicotinoids, developed in the late 1980s, today belongs to the most widely used
systemic insecticides worldwide and has taken a share of 27 % of the total insecticide market
of 6.330 billion Euros in 2010 (Jeschke et al. 2011; Simon-Delso et al. 2015). PLRV is a
phloem-limited virus (Harrison 1999; Peter et al. 2008a; Peter et al. 2009) and is transmitted
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by aphids in a persistent manner. The aphids die after the ingestion of systemic insecticides
before the virus would reach the salivary glands from where the virus would have been
transported to the salivary canal and thus to phloem cells. Therefore, systemic insecticides
have a large share on the decrease of the significance of PLRV within the last 30 years.
However, in the past it was repeatedly reported that very mild strains of PLRV exist that do
not cause typical symptoms in some cultivars, especially if the plants are infected late in the
season (Wright and Cole 1966; Wright et al. 1967; Bradley 1978; Barker and Woodford
1987). This could lead to undetected PLRV infections with a risk to the seed potato
production, when infected plant material is not recognized and serves as source of infection
(Huhnlein et al. 2016b). Furthermore, PLRV is rated among the plant viruses that benefit from
climate change (Boland et al. 2004; van der Waals et al. 2013). Increasing mean winter
temperatures facilitate the winter survival of aphid vectors and the second growth of potato
plants that serve as a source of inoculums (Boland et al. 2004). For Germany, meteorologists
register and predict an increase of mean winter temperatures and years with early summer
drought as a result of the climate change (Adelphi et al. 2015). Therefore, it can be assumed
that the number of PLRV infections may increase within future decades since a clear positive
correlation could be shown between temperature and the size of aphid population, which in
turn correlates with the frequency of PLRV infections (loannou 1989; Basky 2002; Khan
2002). Additionally, in 2013 the European Commission (EC) compiled a proposal about the
restriction of the use of three neonicotinoids (clothianidin, imidacloprid and thiametoxam) for
seed treatment, soil application (granules) and foliar treatment on bee attractive plants and
cereals (European Commission 2013). However, the EU Member States did not reach a
majority either in favour or against the proposal. In 2015 the European Food Safety Authority
(EFSA) confirmed that the above mentioned neonicotinoids are a risk to bees when used as
foliar sprays (EFSA 2015). Until January 2017 the EFSA will update its assessments of the
risks to bees posed by these pesticides (EFSA 2016). The updated assessment then will serve
as a basis of the decision of the EC on the adoption of the proposed restrictions. If the EC will
decide to restrict the use of neonicotinoids, many of the systemic insecticides will be dropped
from the list of permitted insecticides that can be used in potato growing (Peter Steinbach,
personal communication, 2016). An insufficient control of aphid vectors may lead to an
increase of PLRV infections in potato fields.

1.2.2.1 Particle morphology and genome structure

The positive-sense single-stranded RNA of PLRV is approximately 5.8 kb in length
(Loebenstein 2001) and is packed into non-enveloped icosahedral particles with a diameter of
24-25 nm (see Fig. 3). The capsid comprises 180 CP subunits with a percentage containing a
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read-through (RT) extension located on the particle’s surface (Bahner et al. 1990; Peter et al.
2008b; Chavez et al. 2012). However, the number of subunits of the CP replaced by the RT
protein is still unknown.

Fig. 3 Isometric virions of PLRV isolate JokerMV10 (accession humber JQ346191) purified from
potato cultivar ‘Joker’

Sequences of PLRV isolates originating from different geographical regions were sequenced
and analyzed (Mayo et al. 1989; van der Wilk et al. 1989; Keese et al. 1990; Patucha et al.
1994; Guyader and Ducray 2002; Hihnlein et al. 2016b). Sequence homologies were found
reaching from 95% to 97%. Phylogenetic analyses reveal no differentiation of strains on the
basis of sequence patterns or geographical origins (Guyader and Ducray 2002; Djilani-
Khouadja et al. 2005; Zarghani et al. 2012; Hihnlein et al. 2016b).
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Fig. 4 Schematic diagram of the genome structure of PLRV, isolate JokerMV10 (accession number
JQ346191). The position and length of ORFs and the proteins, which are translated from them, are
displayed as oblongs. The lengths of genomic and sub-genomic RNAs (gRNA and sgRNA) are
illustrated as black lines. The viral genome-linked protein (VPg) is indicated by a black circle at the 5’
end. The arrowhead in the lower left corner of oblong P2 indicates the approximate position of a
programmed ribosomal frame shift.

The genome of PLRV consists of ten ORFs, which encode eleven proteins (see Fig. 4). Five
proteins are translated from the genomic RNA (gRNA): PO, P1/VPg-C-25, P2 and the
replication associated protein (Rapl). The proteins P3, P3a, P4 and P5 are translated from the
first sub-genomic RNA (sgRNA1) (Smith and Harris 1990; Miller and Mayo 1991; Miller et
al. 1995). sgRNA2 encodes for the proteins P6 and P7 (Ashoub et al. 1998) and a recently
found sgRNA3 encodes only for P7 (Hwang et al. 2013). The two protein clusters translated
either from g or sgRNAL are separated by a 94 nt long intergenic region containing the leader
sequence (LS), which is thought to maintain a 1:1 ratio in the synthesis of P3 (coat protein)
and P4 (movement protein) (Juszczuk et al. 2000).

1.2.2.2 Functions of ORFs and translated proteins

The expression of ORFO was former correlated with the induction of PLRV symptoms (van
der Wilk et al. 1997a). However, the development of symptoms after the expression of ORFO
not merely is a direct result, but rather a consequence of the meanwhile known role of PO in
the suppression of the plant’s RNA silencing mechanism (Baumberger et al. 2007; Derrien et
al. 2012; Almasi et al. 2015; Cascardo et al. 2015; Wang et al. 2015a). Argonautel (AGO1) is
an endonuclease that binds siRNAs generated by Dicer-like enzymatic degradation of viral
double-stranded RNAs and is the key component of the RNA-induced silencing complex
(RISC) in plants (Baumberger et al. 2007; Bortolamiol et al. 2007). Recent experiments with
transformed Arabidopsis lines expressing the PO of Beet western yellows virus (BWYV) upon
B-estradiol treatment reveal that PO targets the autophagic degradation of AGO1 by hijacking
an ubiquitin E3 ligase to ubiquitylate AGO1. The ubiquitylated AGOL is then targeted for
degradation by selective autophagy before the RISC assembles (Derrien et al. 2012).
However, Zhuo et al. (2014) reveal that the PO protein of a Mongolian PLRV isolate (PO"~"™)

does not interact with the ubiquitin E3 ligase and sugggest that PO~

may suppress RNA
silencing by using an alternative pathway to target AGOL1 for degradation. The PO protein
contains an F-Box-like domain (Pazhouhandeh et al. 2006; Zhuo et al. 2014), which has,
together with the C-terminal conserved PO sequence, an important role in the suppression of
RNA silencing (Han et al. 2010). However, the F-Box-like domain of PO"~™ differed from F-

Box-like motifs of other Poleroviruses and was declared as “unusual” by Zhuo et al. (2014). It

21



has a Trp/Gly (W/G) sequence instead of Leu/Pro (L/P), requirements for the suppressor
activity. Furthermore, it has an additional GW/WG-like motif that is lacking in PO proteins of
other Poleroviruses. Nevertheless, the silencing suppressor activity of PO°~™ was shown to
be strong, which is not the case for all Polerovirus PO proteins (Kozlowska-Makulska et al.
2010; Delfosse et al. 2014).

The P1 (and P2) protein is required for virus replication and thus multiplication (Sadowy et al.
2001a; Nickel et al. 2008). The 70 kDa protein P1 comprises multiple domains. The central
domain contains a serine protease motif (Miller et al. 1995) and the C-terminal domain codes
for the VPg (van der Wilk et al. 1997b). During the virus life cycle P1 undergoes
autoproteolytic processing (Sadowy et al. 2001a; Sadowy et al. 2001b; Li et al. 2007). The
hydrophobic N-terminal end of P1 targets the protein to cellular membranes while the
hydrophilic C-terminal end of P1 binds to the 5’ end of the viral RNA. Afterwards, a 25 kDa
P1-C25 protein is proteolytically processed from the C-terminal end, which contains either the
VPg or is located to it (Prifer et al. 1999). Herby, the VPg and the 5” end of PLRV RNA are
juxtaposed, which is essential for virus multiplication. Prufer et al. (1999) assume that P1-C25
may protect the VPg from cellular proteases through protein folding. Additionally, a small
ORF within the P1 region was found, the replication-associated protein 1 (Rapl). It is
translated through an unusual internal ribosome entry site (IRES) and is essential for viral
multiplication (Jaag et al. 2003).

P2 is translated by ribosomal frame shift from ORF 1 and carries the conserved extended
GDD motif typical of RNA-dependent RNA polymerases (RdRp) (Kamer and Argos 1984;
Koonin 1991; Prufer et al. 1992).

The 23,2 kDa coat protein (CP) of PLRV (Smith and Harris 1990) is translated from ORF 3
and has an N-terminal arginine-rich domain, which is found in the inner part of the capsid
interacting with the viral RNA and a shell domain, which forms the core of the capsid
(Rossmann and Johnson 1989; Terradot et al. 2001). The CP gene is highly conserved among
PLRV isolates and also between the members of the Luteoviridae family (Mukherjee et al.
2003). Although a nuclear localization of PLRV has not been demonstrated, a conserved
nuclear localization signal (NLS) motif was found in an Indian isolate that may be responsible
for the transport of virus particles through nuclear pores. However, the NLS motif of the
Indian PLRV CP was located on the inside of particles, which makes an involvement in
nuclear pore translocation improbable (Garcia-Bustos et al. 1991; Mukherjee et al. 2003). As
it was mentioned above, a small portion of the CP is enlarged by its read-through domain
(RTD) forming the read-through protein (RTP). The RTD is fused to the CP and is translated
by a suppression of the CP amber stop codon (Bahner et al. 1990). It could be shown that the
incorporated and non-incorporated form of the RTP is required for systemic movement in
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plants (Peter et al. 2008b). Particularly, the RTD is involved in efficient virus transmission by
aphids (Brault et al. 1995; Brault et al. 2000; Brault et al. 2003) by regulating the efficiency of
virus movement across the gut and salivary tissues (Reinbold et al. 2001). In addition, virus
retention in aphids is regulated by the interaction of the RTD with the protein GroEL (also
known as symbionin) produced by Buchnera spp., the primary endosymbiotic bacterium of
aphids (van den Heuvel et al. 1999). The amino-terminal region of the RTD mediates the
binding to the N- and C-terminal regions of the so-called equatorial domain of GroEL
(Hogenhout et al. 1998). This interaction might protect the virion from proteolytic breakdown
during trafficking within the aphid vector (Young and Filichkin 1999). Finally, it could be
demonstrated that both 5* and 3° UTR and the LS have an influence on the protein expression
of gRNA and sgRNA (Juszczuk et al. 1997; Juszczuk et al. 2000). Within the coding
sequence of the CP and its RTD an additional translation regulatory element was detected that
may modulate the protein synthesis of SgRNA1 (Loniewska-Lwowska et al. 2009).

P3a was recently identified by Smirnova et al. (2015). This protein is translated from sgRNA1
at a non-AUG codon initiation site. P3a is involved in long-distance movement and like P4
(movement protein) it is also targeted to the Golgi apparatus and plasmodesmata (PD),
indicating also a role in the cell-to-cell spread of the virus.

P4 or the viral movement protein (MP) mediates cell-to-cell spread of viral particles through
PD (Carrington et al. 1996). It is translated from sgRNA1 by internal translation initiation.
The C-terminal half of the MP binds to single-stranded nucleic acids in a sequence-unspecific
manner (Tacke et al. 1991). P4 is transported to the PD via the ER-Golgi network (Hofius et
al. 2001; Vogel et al. 2007) where the serines S71 and/or S79 in its nucleic acid binding
domain are phosphorylated (Lucas and Lee 2004; Link et al. 2011). Phosphorylation is
essential for targeting host PD (Schmitz et al. 1997; Link et al. 2011) but it does not inhibit
the nucleic acid-binding activity (Tacke et al. 1993). At the PD site P4 is able to increase the
size exclusion limit (SEL) (Lucas and Lee 2004). As a plant defense response to a PLRV
infection, large amounts of callose is deposited in the sieve tubes and at the extracellular
region adjacent to the plasma membrane domains at both sites of the PD channel, which
decreases the SEL. With the aid of the MP PLRYV is able to take advantage of the host §-1.3-
glucanases to reduce PD callose accumulation (lglesias and Meins 2000; Bucher et al. 2001).
De Storme and Geelen (2014) assume that the MP may target host B-1.3-glucanases to the PD
or that it inhibits the stress induced production of PD callose.

P6 is translated from sgRNA2 and its role is still unknown. It is speculated that it has a minor
supporting role in replication (Mohan et al. 1995). A point mutation and deletion analysis,
accomplished by these authors, revealed that knocking-out of ORF6 prevents the
accumulation of sgRNAZ2. Young et al. (1991) showed that a +1 frame shift mutation in the
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ORF6 of Barley yellow dwarf virus (BYDV-PAV) results in an interruption in the
corresponding amino acid sequence and the loss of infectivity. Recent in vitro studies using
BYDV-GAYV demonstrated a RNA-silencing suppressor activity of P6 (Liu et al. 2012).

P7 is translated from sgRNA2 and sgRNA3 and is known to have nucleic acid binding
properties (Rohde et al. 1994; Ashoub et al. 1998; Taliansky et al. 2003).

1.3  Potato breeding for resistance to viruses

Of the genus Solanum approximately 200 tuber-bearing potato species are classified
originating from the Central and South American continent. The cultivated species S.
tuberosum can be classified into nine informal groups: Tuberosum, Andigenum, Chaucha,
Phureja, Stenotomum, Curtilobum, Ajanhuiri and Juzepczukii (Dodds and Paxman 1962;
Huaman and Spooner 2002). Instead of groups it is also common to use cultigenic species
such as S. phureja or S. andigena. Within the cultivated species The World Catalogue of
Potato Varieties (Pieterse and Judd 2014) lists more than 4800 cultivars grown around the
world considerably differing in shape, taste, processing properties, adaptation to the length of
growing season or the resistance to pests and pathogens. For reasons of environmental
protection the application of very toxic pesticides today is prohibited in many countries
worldwide. Instead, plant protection measures have to comply with integrated pest
management approaches, which include the cultivation of resistant varieties if possible.
Therefore, the resistance to pests and pathogens of (potato) cultivars is an important value-
determining trait within the licensing procedure of new varieties.

1.3.1 Conventional breeding methods

Most of the common cultivated potato species are autotetraploid (2n = 4x = 48). However, the
majority of the approximately 200 wild potato species is diploid. Nevertheless, they are
potentially rich sources of genes that can be conductive for potato breeding improving the
resistance of cultivated potatoes against biotic and abiotic stress factors. The endosperm
balance number (EBN) is a genetic model for predicting the interspecific crossing success of
potato species (Johnston and Hanneman 1980). In fact, varieties with the same ploidy level do
not necessarily hybridize if they have different EBNs. For example, the tetraploid S. acaule
(2EBN) is not crossable with the tertraploid S. tuberosum (4EBN). In turn, S. acaule
hybridizes with diploid species that have an EBN of 2 (Carputo et al. 2003). Crossability
between diploid wild species and tetraploid varieties can be achieved by manipulating the
EBN. Increasing the EBN can be achieved by using gametes from diploid species with the
somatic chromosome number (2n gametes) (Watanabe and Peloquin 1989; Carputo et al.

24



2003). Decreasing the EBN is possibly by using (di-)haploids from tetraploid varieties as
bridging genotypes to transfer useful traits from diploids to the tetraploid cultivated gene pool
(Watanabe et al. 1995). Distantly related diploid wild potato species with an EBN of 1 are an
important genetic pool for many resistances to pathogens (Spooner and Bamberg 1994).
However, direct crossing with cultivated potato lines result in odd ploidies, which hamper
further breeding (Watanabe 2015). If crossing barriers exist that make hybridizing of varieties
impossible, then mentor/double pollination and/or embryo rescue may lead to success. The
first strategy involves the application of pollen from the incompatible species followed by that
of the compatible variety (mentor), one or two days later (Brown and Adiwilaga 1991). The
mentor pollen stimulates the development of fruit and the pollen from the incompatible
variety may fertilize some ovules. Marker assisted selection helps later to eliminate the
offspring of the compatible hybridization (Jansky 2006). Embryo rescue can be applied in
cases the endosperm is not expected to develop normally resulting in abortion of the seeds.
Shortly before the embryo becomes aborted, it is removed from the ovule. Subsequently, the
embryo is placed on nutrient medium in tissue culture allowing it to grow to maturity. A
combination of both techniques, mentor pollination and embryo rescue, may vyield in
successful generation of hybrids differing in their ENB (Singsit and Hanneman 1991).

A process circumventing sexual reproduction is somatic fusion, where protoplasts are fused
either by chemical or electro-fusion. Somatic fusion was applied especially to fuse 2ENB and
1EBN genotypes, such as S. bulbocastanum (Helgeson et al. 1988), S. brevidens (Fish et al.
1988) or S. pinnatisectum (Menke et al. 1996). Such hybrids from somatic fusion can be used
in crosses with cultivated potato to produce backcross generations. In every backcross
generation it has to be proven if the new desired traits are still present. Recently, somatic
hybridization was done with S. bulbocastanum (LEBN) and S. tuberosum (4EBN) in order to
shorten the breeding process since classical breeding by bridge species is very time
consuming taking up to 50 years of continuous crossings (Rakosy-Tican et al. 2015).
However, the results of this study suggest that S. bulbocastanum and cultivated potatoes are
somatically incompatible producing many asymmetric somatic hybrids lacking several genes
or even whole chromosomes especially from the wild species (Rakosy-Tican et al. 2015).
Such incompatibilities can be overcome by using molecular methods (see chapter 1.3.2). In
addition, plants derived from somatic fusion that cannot be obtained by conventional breeding
are regulated by the European legislation for genetically modified organisms (GMOSs)
(European Union 2001). This constrains the application of somatic fusion in European potato
breeding.

Virus resistance genes were found in cultivated and wild potato species. Most of the breeding
programs have concentrated on resistances mediating hypersensistive resistance (HR) or
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extreme resistance (ER), because the inheritance of HR and ER to viruses is monogenic and
dominant and therefore effective and durable (Solomon-Blackburn and Barker 2001a).
Extreme resistant potatoes are often resistant to several strains of a virus or even to several
viruses, but they are less common among potato cultivars. A plant extremely resistant to a
virus prevents the virus from multiplication and does not show any symptoms (Solomon-
Blackburn and Barker 2001b). The HR response of potatoes to virus inoculation is more strain
specific but it is more widely available in cultivars than ER. A plant with HR to a virus
prevents virus spreading by programmed cell death leading to local lesions or even systemic
necrosis. However, HR can be affected by the physiology of the host or by environmental
conditions (Solomon-Blackburn and Barker 2001b; Hihnlein et al. 2016a). An example is the
temperature-dependent expression of necrotic reactions of cultivars ‘Rywal’, ‘Albatros’ and
‘Sekwana’ (Szajko et al. 2008; Szajko et al. 2014). HR genes in potato cultivars have been
known for a long time and are used as sources for resistance against PVA (Na), PVX (Nx),
PVY® (Nc), PVY® (Ny) or PVY? (Nz) (Cockerham 1943; Jones 1990). Many of them have
their origin in S. tuberosum. However, HR genes from wild species are also known, such as
Nyagq from the cultigen S. andigena, Ny from S. chacoense or Nygms from S. demissum
(Solomon-Blackburn and Barker 2001b). In cultivated potatoes many ER genes were
introduced from S. stoloniferum (Ryst), S. hougasii (Rynou) or from the cultigen S. andigena
(Ryadg). They are resistant against PVY and/or PVA. Potato plants harboring the Ryaqg Or Rysto
gene are resistant to all known PVY strains (Machida-Hirano 2015).

PLRV resistance in commercial potato cultivars seems to have arisen from germplasm of S.
demissum, which originally was used as a source for late blight resistance (Brown and Corsini
2001). However, this kind of resistance is of a polygenic nature, which has several
disadvantages. Individual potato plants can be infected with a high number of PLRV particles
and often remain symptomless (tolerant). Furthermore, the number of infected plants is
dependent on the virus pressure and environmental conditions resulting in high PLRV
infection rates in some years with favorable conditions for aphid flights and virus
accumulation (Brown et al. 1997; Ummad-ud-Din et al. 2011). Additionally, the inheritance
of polygenic resistances is complicated because of the tetraploid potato genome. Extreme
resistance to PLRV was only found in diploid Solanum species, such as S. brevidens, S.
etuberosum, S. acaule (Swiezynski et al. 1989) or S. chacoense (Brown and Thomas 1993).

Conventional breeding is associated with permanent selection of lines harboring the desired
traits. Tuber characteristics or resistances to pathogens are traits whose selection is costly and
time-consuming. Tuber traits can be determined not before harvest and the tests are often
destructive limiting the amount of vegetative propagation material. The screening for
pathogen resistance needs expensive inoculation and detection methods and some potato
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breeders do not have the equipment to accomplish all the laboratory work. Diagnostic DNA-
based markers can enhance the efficiency and precision in potato breeding reducing the time
and costs for extensive field trials (Tiwari et al. 2012; Gebhardt 2013). Potato plants, which
harbor the Ryadq gene, are resistant to all known PVY strains. This gene was localized on
chromosome number eleven (Hamélainen et al. 1998) and can be detected by DNA-based
makers, such as sequence-characterized amplified regions (SCARs) (Kasai et al. 2000) or
cleaved amplified polymorphic sequences (CAPS) (Flis et al. 2005a). The gene for ER Rys,
was localized on chromosome number twelve (Flis et al. 2005a; Song et al. 2005) and several
markers were developed detecting the gene in potato plants, such as simple sequence repeats
(SSR) (Milbourne et al. 1998), sequence-tagged sites (STS) (Song and Schwarzfischer 2008)
or CAPS (Witek et al. 2006). Using restriction fragment length polymorphism (RFLP) and
random amplified polymorphic DNA (RAPD) markers, the Ry.,. gene of S. chacoense was
mapped to the most distal end of the chromosome number nine (Sato et al. 2006). Recently, a
microsatellite marker (SSR) was developed detecting the ER in S. phureja, whose Rypny gene
was also localized on chromosome number nine (Torrance et al. 2009; Al-Abedy et al. 2012).

Rlrag is a resistance gene from S. andigena making potato plants extremely resistant to
PLRV. It can be detected by SCAR and CAPS markers (Mihovilovich et al. 2014) and is
located on the upper arm of chromosome number five (Velasquez et al. 2007). The gene for
ER against PLRV in S. etuberosum (Rlren) Was mapped to chromosome number 4. CAPS
markers were developed flanking the Rlre gene at 2.1 ¢cM (Kuhl et al. 2016). The resistance
genes responsible for the relative resistance in some potato cultivars were analyzed by
quantitative trait loci (QTL), namely PLRV1on potato chromosome number 1, PLRV2 on
chromosome number 6, PLRV3 on chromosome number 5 (Marczewski et al. 2001) and
PLRV4 on chromosome number eleven (Marczewski et al. 2004).

However, if a marker is not located directly within the resistance gene, a biological evaluation
additionally is needed to determine the presence of the desired trait. Furthermore, not for all
virus resistance traits DNA-based markers will have an impact on potato breeding. Some
traits may be tightly linked to undesired traits, such as fertility reduction, low yield or non-
marketable tuber traits (Ross 1986). Molecular methods, such as genetic engineering or
genome editing may therefore be more precise and efficient and allow direct and intergeneric
modifications of the potato genome, which was recently sequenced, completely (PGSC 2011).

1.3.2 Breeding using molecular methods

With conventional breeding many important tuber and resistance traits have been successfully
introgressed into the cultivated potato. Therefore, in potato breeding the use of molecular
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methods is not as common as in other crops, such as rape or maize. Nevertheless, the
advantage of genetic engineering or genome editing is the introgression, repair, change or
knock-out of specific genes in plants without the need of backcrossing. The desired trait(s)
can be added to a selected cultivar, which considerably fastens the breeding process (De
Koeyer et al. 2011). Furthermore, the barrier of incompatibility can be overcome, since no
crossing is needed to introduce a desired trait.

First approaches of genetic engineering to achieve resistance to virus infection used the
expression of viral coat proteins (CP) in plants (CP-mediated resistance). Already in 1986
Abel et al. reported that the expression of a Tobacco mosaic virus (TMV) CP gene in
transgenic tobacco plants confers protection against an infection by TMV. Three years later,
CP-mediated resistance was also reported for transgenic potatoes: In 1989 the potato cultivars
‘Bintje’ and ‘Escort’ were transformed expressing the CP of PVX (Hoekema et al.).
Kaniewski et al. (1990) demonstrated that transgenic ‘Russet Burbank’ potato plants
expressing CP genes of PVX and PVY were resistant to simultaneous infection by these
viruses. However, the mechanisms that govern CP-mediated resistance are not fully
understood and they are different in different viruses (Bendahmane et al. 2007). As it was
mentioned in chapter 1.2.1.1, the CP of potyviruses is also involved in the inhibition of viral
RNA translation in a dose-dependent manner (Besong-Ndika et al. 2015). In transgenic plants
expressing high amounts of CP, invading viral RNAs may be encapsidated and ribosomes in
the process of translation may be removed from the viral RNA by the CPs. Disassembled
virions may subsequently be reassembled and no further translation takes place, which
possibly leads to resistance of the transgenic plant. However, reports exist that the resistance
in CP-expressing transgenic lines may not be directly related to the CP expression level but
rather to a RNA-mediated mechanism leading to RNA silencing (Galvez et al. 2014).
Currently, CP-mediated resistance is used commercially for PVY resistance in the so-called
Hi-Lite or Shepody New Leaf = Y potato from the Monsanto company authorized as food
and/or feed in the United Stated of America, Australia, Canada, Japan, Mexico, New Zealand
and South Korea (ISAAA 2015). van der Wilk et al. (1991) and Kawchuk et al. (1991)
regenerated PLRV resistant ‘Desiree’ and ‘Russet Burbank’ potato plants, respectively,
containing the CP gene of PLRV. The transformed plants were resistant although no
accumulation of CP could be detected in the transgenic tissue. Furthermore, transgenic plants
whose construct was inserted in the reverse orientation (anti-sense) showed a similar level of
resistance to PLRV. Therefore, these transgenes confer RNA-mediated protection (Prins et al.
2008). The RNA-mediated resistance leads to viral RNA silencing. Sequence identity between
the transgenic and the viral RNA leads to the formation of dSRNA, which is a substrate for the
RNaselll-like enzyme Dicer. The Dicer cleaves the long dsRNA into siRNAs, which are
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incorporated into the RISC complex and finally lead to viral RNA silencing (Novina and
Sharp 2004). However, simple sense or anti-sense viral transgenes usually are unstable and
sometimes yield in partial resistance (Maki-Valkama et al. 2000; Arif et al. 2012).

Transgenic plants producing dsRNAs prior to the infection are transformed with inverted-
repeat (IR) constructs designed to express hairpin RNAs (Waterhouse et al. 1998; Prins et al.
2008). These plants have active RISCs with sequence-specific antiviral recognition prior to a
virus infection. Upon inoculation with the respective virus, the virus RNA can be rapidly
targeted and degraded, even before virus-encoded RNA silencing suppressor proteins are
produced. This approach is very efficient with up to 90 % of transgenic plants being resistant
to the homologous virus (Waterhouse and Helliwell 2003). An example for the construction
of IR transgenesis is the study of Missiou et al. (2004), who generated transgenic potato plants
that were highly resistant to PVY through RNA silencing. The potato plants were not only
resistant to the homologous PVY isolate but also to several other isolates with sequence
similarities between 93% and 98%. Chen et al. (2010) generated transgenic tobacco plants by
introducing hairpin RNAs consisting of fragments from the 3’ ends either of the P1, HC-Pro,
P3, CI, Nla-VPg, Nla-Pro, Nlb or CP gene of PVY™. It seemed as if the different sequences
of the PVY genome had different abilities to protect tobacco from viral infection. Plants
transformed with vectors containing the 3’ ends of the CP and the VPg gene, respectively,
showed the highest ratio of resistance of above 60%. The resistance ratio was reduced (only
40%) when vectors were used containing the 3’ ends of the HC-Pro and NIb genes,
respectively (Chen et al. 2010). Schubert et al. (2005), Chen et al. (2010) and Jiang et al.
(2011) found a linear relationship between the local free energy in the target region and the
efficiency of siRNAs to cause virus resistance. The higher the local free energy was, the more
stable was the secondary structure of the hairpin RNA. Ai et al. (2011) transformed tobacco
plants with artificial micro RNAs (amiRNAs) targeting the p25 of PVX and the HC-Pro of
PVY. They observed a similar relation between the local free energy and the ratio of virus
resistance. They concluded that a high stem-loop stability would make the pre-amiRNA
transcript fold more rapidly into its secondary structure, resulting in faster formation of the
RISC and more potent gene silencing (Ai et al. 2011). Song et al. (2014) created amiRNAs
targeting different PVY genes. In contrast to the authors mentioned before, they found only a
weak correlation between the local free energy of amiRNAs and the level of virus resistance.
More likely, they ascertained that the presence of the 30 terminal free nucleotides within the
amiRNA structures may influence RNA silencing efficiency. However, they observed that
amiRNA that targeted the NIb and CP genes displayed a higher silencing efficiency than did
the amiRNAs that targeted the Nla or CI gene. Naveed et al. (2014) did deep sequencing of
PVY-derived siRNAs. They found that siRNAs derived from every position in the PVY
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genome, but with a distinct accumulation of unique siRNAs in different PVY strains. In plants
infected either with PVY® or PVYN™, the highest number of siRNAs derived from the ClI
gene. However in plants infected with PVY™ the highest number of siRNAs originated from
the NIb gene. Moreover, they observed that uracil and adenine were the most frequent 5’
nucleotide in all PVY-derived siRNAs, which probably stabilizes the siRNAs through an
association with AGO1, the main AGO protein that forms the RISC (Mi et al. 2008). To sum
up, the silencing efficiency of siRNAs and amiRNAs is different dependent on their sequence
and priority to be incorporated into the RISC. Thereby, PVY genes are primarily concerned
that have the most essential roles during virus replication, such as the RdRp (NIb) or the CP.

The mechanism of replicase-mediated resistance is still unknown and contradictory results
were obtained by searching for the mediator (protein or RNA) of this kind of resistance
(Galvez et al. 2014). Tobacco plants transformed with the RdRp gene of PV X were resistant
to PVX, regardless whether the construct was modified or unmodified (Mueller et al. 1995).
PVX resistance of these plants was absolutely dependent on low-level accumulation of the
transgenic RARp RNA. Therefore, in that case replicase-mediated resistance seems to be
based on a RNA-mediated mechanism (Mueller et al. 1995). However, replicase-mediated
resistance was demonstrated to be protein-mediated in tobacco plants that were transformed
with the NIb gene of PVY®, although it was not described to which extent the NIb gene was
expressed (Audy et al. 1994; Prins et al. 2008). Deletions in the conserved GDD motif of the
NIb gene lead to susceptibility. This resistance was very specific and limited to homologous
PVY© strains (Audy et al. 1994). Replicase-mediated resistance was also demonstrated on
‘Russet Burbank’ potatoes transformed with either a construct containing a full-length
unmodified replicase gene of PLRV, an antisense-orientation of the full-length cDNA or a
truncated replicase gene coding only for the 3’ portion (Lawson et al. 2001). All transgenic
lines showed a variable degree of resistance to PLRV, with the full-length sense RdRp gene
construct being the most effective gene for conferring a high level of resistance to a PLRV
infection. The replicase protein itself was not detected in the transgenic plants (Lawson et al.
2001) indicating a RNA-mediated resistance. Transgenic potatoes with PLRV replicase-
mediated resistance (New Leaf™ Plus Russet Burbank potato from the Monsanto company)
are commercially available as food and/or feed in the United Stated of America, Australia,
Canada, Japan, Mexico, New Zealand and South Korea (ISAAA 2015).

The production of virus resistant transgenic plants based on pathogen-derived gene expression
of the RdRp, the CP or the MP gene is under discussion. In laboratory experiments and under
high selective pressure it was demonstrated that recombination events may occur between the
resistance gene and an innocuous virus leading to the increase of its virulence (Schoelz and
Wintermantel 1993; Greene and Allison 1994; Aaziz and Tepfer 1999; Tepfer et al. 2015). It
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was shown that recombination does occur in transgenic plants expressing Cucumber mosaic
virus (CMV) CP genes on the infection with a divergent strain of CMV (Turturo et al. 2008).
However, by pyrosequencing Morroni et al. (2013) ascertained that all recombinants observed
in transgenic plants were also observed in non-transgenic plants, infected with both strains of
CMV. Additionally, Flatken (2006) and Dietrich et al. (2007) monitored recombination events
of several potato viruses in transgenic and non-transgenic potato plants. No recombinant
potyviral sequence was identified from those plants. Therefore, the likelihood of the
emergence of novel viruses as a potential harm, is low (Dietrich et al. 2007; Tepfer et al.
2015). Nevertheless, it is possible to avoid any kind of recombination by using short viral
sequences of siRNAs (IR technology, hairpin RNA) because recombination primarily
occurred when longer viral sequences are expressed, as it is the case in transgenic plants
expressing pathogen-derived genes (Tenllado et al. 2004). In addition, recombination can also
be prevented when non-viral sequences are expressed in transgenic plants. One such approach
is the expression of plantibodies either in full-size or as fragments. They can bind to the
functional domain of viral proteins, inactivate them and thus prevent the disease (Safarnejad
et al. 2011). The success of early approaches was limited by the instability of many single-
chain variable fragment (scFv) antibodies in plant cells and the antibodies usually only slowed
the progress of infection (Ziegler and Torrance 2002). Furthermore, the incomplete resistance
in plants expressing recombinant antibodies targeting viral CPs was probably the result of the
large amount of CPs accumulating in infected plant cells, which could not be completely
neutralized by the lower amounts of scFvs produced in the transgenic plants (Gargouri-
Bouzid et al. 2006). A very high degree of resistance to PVY was observed in transgenic
potato plants that expressed scFv antibodies targeting the PVY Nla (Gargouri-Bouzid et al.
2006; Ayadi et al. 2012). In these plants the precursor protein of PVY could not be cleaved
and virus accumulation was prevented, successfully. Non-structural proteins, such as Nla of
PVY or P1 of PLRV, do not accumulate in such large amounts like structural proteins, and
antibodies expressed at very low levels may achieve complete neutralization (Gargouri-
Bouzid et al. 2006; Nickel et al. 2008; Safarnejad et al. 2011; Ayadi et al. 2012).

However, in the European Union plants or products declared as or containing GMOs are
currently not accepted by the consumers and they are regulated by the Regulation (EC) No
1829/2003 on GM food and feed (European Union 2003) and by the Directive 2001/18/EC
(European Union 2001). For every single trait the absence of harm and the substantial
equivalence of the GM line to commercial varieties have to be proven (Wendt and Mullins
2011). To examine whether a GM line is substantially equivalent, is hardly to be answered, in
particular with regard to safety evaluations. This is mainly because the safety of the traditional
varieties often has not been sufficiently clarified and the reliability of conclusions of
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toxicological and immunological safety on the basis of partial compositional analysis is at
least doubtful (Spok et al. 2002). Therefore, in Europe the technology of genetic engineering
is a victim of ambiguity and misinformation leading to non-marketability of every GM plant
or its product in the EU for a long time or probably forever.

However, research proceeds in the area of genetic modification because the technologies have
irrefutable advantages over conventional breeding methodologies (see chapter 1.3.1 and this
chapter). In the last decade several techniques were developed, which are in the discussion of
whether they should be exempted from the EU Directive 2001/18/EC or not. In cisgenic-
derived crops only plant own genes are inserted, called cisgenes, allowing variety
improvement with only natural alleles from the breeders gene pool (Schouten et al. 2006).
That is the reason why several researches recommend exemption of this technology from the
GMO regulation process considering cisgenesis as a new sub-invention in the traditional
breeding field (Jacobsen and Schouten 2009; Wendt and Mullins 2011). However, the
argument that a cisgenic plant may also be obtained by conventional breeding methods is not
correct because the introgression of the target gene(s) takes place at indeterminable locations
within the plant’s genome and the introgression in some locations would not have been
achieved by traditional breeding techniques (European Food Safety Authority 2012a).
Therefore, jurisdiction currently demands cisgenic crops to be regulated as GMOs.

In recent years, novel plant breeding techniques (NPBT) were developed, whose resulting
modifications in the plant’s genome are indistinguishable from natural mutations in the
conventional counterparts. In contrast to the specific undirected genome alterations achieved
by genomic modification, genome alterations generated by NPBT are specific and directed
(Hartung and Schiemann 2014; Small and Puchta 2014). Examples for NPBT are (i)
accelerated breeding following early flowering, (ii) reverse breeding, (iii) grafting onto GM
rootstocks, (iv) oligonucleotide-directed mutagenesis (ODM), (v) zink finger nucleases
(ZFN), (vi) meganucleases, (vii) transcription activator-like effector nucleases (TALENS) and
(viii) clustered regularly interspaced short palindromic repeats /associated protein nucleases
(CRISPR/Cas). Since NPBT are quite new technologies, currently only few examples of
applications on potato exist. Nicolia et al. (2015) and Butler et al. (2015) used TALENSs and
CRISPR/Cas, respectively, to target the acetolactate synthase gene in potato. Yasumoto et al.
(2014) lowered the level of steroidal glycol alkaloids in potatoes by using TALENS. By using
the same NPBT Clasen et al. (2015) obtained potato tubers that had improved cold storage
and processing traits. The CRISPR/Cas9 system was used to introduce gene knock-outs in
potato (Wang et al. 2015b) leading to a knock-out of the auxin/indole-3-acetic acid gene of S.
tuberosum (StlIAA2) that is involved in petiole hyponasty and shoot morphogenesis
(Kloosterman et al. 2006). Additionally, New Generation Sequencing (NGS) techniques, such
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as Targeting Induced Local Lesions in Genomes (TILLING), allow the discovery of false
insertions or even single nucleotide mutations resulting from somaclonal variation, and thus
provide further options to control the success and accuracy of genome editing techniques.

Whether the NPBT should fall under the scope of the European GMO legislation or not, is not
yet decided by the European Commission (European Commission 2015). The EFSA has
issued an opinion on side directed nucleases and recommended that NPBT should be
regulated by the European GMO legislation but with the need of “lesser amounts of event
specific data” (European Food Safety Authority 2012b).
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2 An introduction to real-time polymerase chain reaction

Since its development in 1983 by Mullis et al. (1987) conventional PCR has revolutionized all
areas of the life science disciplines, because of its efficiency, specificity and fidelity.
However, the quantification of nucleic acids by PCR is problematic, because there are
numerous experimental variables that become exaggerated by the exponential amplification
(Bustin 2004a). Therefore, it is difficult to draw conclusions from the intensity of end-point
signal to the absolute amount of starting and amplified product. Results are often inconsistent
with a very variable reproducibility (Bustin 2004a). Therefore, a technique is needed, that
measures the amount of amplified product very early in the reaction, when the chemicals are
not yet depleted and the impact of experimental variables is still low. Real-time polymerase
chain reaction (qPCR) fulfills this regirement.

2.1 Technical considerations

gPCR measures the amplification of a targeted DNA molecule continuously during the PCR -
in real-time - and not at the end, as it is the case in conventional PCR (Higuchi et al. 1993;
Heid et al. 1996). In a reverse transcription (RT) gPCR the amplified target is a
complementary (c) DNA derived from the RT of RNA or mRNA molecules (Gibson et al.
1996). The detection of the amplified product is based on the measurement of fluorescence
emitted either from dsDNA intercalating dyes, such as SYBR® Green | and EvaGreen, or
from fluorophore-labeled probes (e. g. TagMan®, molecular beacon or scorpion®) (Navarro
et al. 2015). As long as all reaction components in the gPCR are abounding, the amount of
PCR product approximately doubles in each cycle. During this exponential phase (Fig. 5) the
initial amount of template present in the reaction can be calculated, because there is an inverse
relationship between the amount of target DNA or cDNA present at the start of a PCR and the
amount of amplified product measured during the exponential phase (Bustin 2004a).
However, the quantification starts not before the gPCR instrument first detects fluorescence
above background noise. This point is defined as threshold (C;) or quantification cycle (Cy)
(Fig 5). The higher the initial amount of target in the gPCR is, the sooner the fluorescence
crosses the threshold and the lower is the C, value. If the difference between two C, values is
1, then the amount of the amplified product has doubled, theoretically. After 30 cycles 2%
molecules should be amplified from one target DNA or cONA molecule.
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Fig. 5 Amplification plot of a qPCR run. The baseline-subtracted fluorescence is shown on the y-axis.
The number of PCR cycles is depicted on the x-axis. During the exponential phase the amount of
amplified product is approximately doubled in each cycle. Once the fluorescence exceeds the
background noise, the C, value can be determined. Later in the reaction - during the plateau phase -
enzymes, primers, probes and dNTPs get depleted and no further amplification occurs.

The graph was copied with kind permission from the website of the Bio-Rad Laboratories, Inc. (Bio-
Rad 2016).

However, in the real reaction the efficiency is not 100%, since not all target molecules are
replicated. The overall efficiency of a RT-qPCR is dependent on many factors, such as the
template secondary structure, the efficiency of the RT, the efficiencies of primers and probes,
the initial copy number of target DNA or cDNA, an accurate pre-gPCR processing, the
efficiency of the qPCR instrument, the presence of PCR inhibitors, the efficiency of enzymes,
the efficiency of the thermal profile or the concentration of gPCR chemicals (Bustin 2004b;
Kontanis and Reed 2006; Poma et al. 2012; Rogers-Broadway and Karteris 2015).
Furthermore, sample storage and preparation has a crucial impact on the reliability and
reproducibility of the quantification of target nucleic acids. In order to determine the
efficiency of a gPCR or RT-gPCR and to achieve an accurate quantification of the target
nucleic acid, a standard curve has to be constructed. A standard curve consists of a dilution
series with a known concentration of target (e. g. number of RNA copies). The Cq values for
each dilution is then plotted against the log of the starting concentration. From the linear

2’9

regression line the correlation coefficient “R”, the slope and the Y-intercept are calculated.

From the slope the efficiency can be calculated:
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theoretical slope =

and
E = 10—1/Sl0pe -1

where x is the dilution factor and E is the efficiency. An efficiency of 1 or 100% means that
the amount of amplicon has doubled in each cycle: 2" (n =number of cycles). If the efficiency
is lowered to 99% by one of the above mentioned factors, then only 90% of the theoretically
expected amplified product can be found after 10 cycles (1.98'%). After 30 cycles even only
74% of the expected amplified product can be found (1.98%). Therefore, the uncertainty
increases with the increase of the Cq value and thus with the decrease of the initial target copy
number (Bustin and Nolan 2004). Therefore, it is essential to determine the limit of
quantification (LOQ), especially when doing absolute quantification. The LOQ is the highest
dilution of template that is still linear within the plot of C, values and the log of the starting
concentration (Linnet and Kondratovich 2004). In contrast, the limit of detection (LOD) is the
lowest quantity of a template that can be distinguished from the non-template control (NTC)
in 95 % of the cases (Waiblinger et al. 2011). During the optimization of a qPCR assay both,
the LOD and the LOQ should be determined for the certainty of results. Since the results of a
gPCR experiment may vary from laboratory to laboratory or even between two gPCR runs
from the same sample, it is essential that sufficient experimental details are recorded and
published with the results making them reliable and reproducible (Bustin et al. 2009). These
requirements were specified in the guidelines for Minimum Information for Publication of
Quantitative Real-Time PCR experiments (MIQE) by Bustin et al. (2009).

gPCR assays are divided into relative and absolute quantification. In relative quantification,
changes in the gene expression relative to an untreated control or to a co-amplified reference
gene can be analyzed. A reference gene is a constitutively expressed gene that ideally is found
in constant copy numbers under all tested conditions (Pfaffl 2004). Commonly used reference
genes, also called endogenous controls, are albumin, actins, 18S rRNA or 28S rRNA.
However, the expression level of some of the so-called “housekeeping” genes, such as
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and a-tubulin, can alter dramatically
with different experimental conditions (Greer et al. 2010) and should not be used as reference
genes. Prior to the relative quantification of a sample it has to be validated that the
amplification efficiencies of the assay for the gene of interest and the reference are
approximately equal. However, no standards with known concentrations are needed. The
calculation of the relative changes in the gene expression is based on the comparison of the C,
values of target and reference gene resulting in an out-put that is expressed as a fold-
difference (e. g. 10-fold) of expression levels.
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In the absolute quantification a single target sequence (e. g. within a viral genome) is
quantified based on the comparison of the Cq values of a standard with known concentrations.
If the copy number of a RNA sequence should be determined the standard should also
undergo the RT step because the efficiency of the RT may vary, considerably (Pfaffl 2004).
However, the production of a RNA standard is costly in time and resources. Therefore,
plasmid DNA can be used with a sufficient reliability to quantify RNA when the copy number
of template DNA for the standard exceeds 100 DNA copies (Bowers and Dhar 2011; Ziegler
et al. 2014). However, if it is expected that the template RNA copy number in the samples
may be less than 100 RNA copies, then a RNA standard is essential. A RNA standard can
consist of in vitro transcribed plasmid DNA, into which a RT-PCR fragment of the target
sequence was cloned. The concentration of the recombinant RNA standard has to be
determined, exactly. From that concentration the copy number of RNA transcripts can be

determined:
1 Determination of the molecular weight of the transcribed insert
2 Equation with the Avogadro constant

Here is a sample calculation:

Length of the insert: 1,275 nt

Molecular weight of RNA: 340 %

Avogadro constant: 6.022 x 10?3 mol™?

Molecular weight of the insert: 1,275 bp x 340 ﬁ =4.335 x 105 ﬁ
Equation with the Avogadro constant: 4.335 x 10° ﬁ =6.022 x 1023 mol™!

4.335 x 10* ng =6.022 x 1023
4.335ng =6.022 x 10°
1 ng =1.389 x 10° copies of RNA transcript

The transcribed RNA should be treated with a DNase and stored in a non-diluted form, since
diluted RNA undergoes degradation when it is stored over a long period. For every new gPCR
the RNA standard has to be diluted and a serial of six to eight 10-fold dilutions has to be
produced. If all components of a qPCR, except the samples, remain constant, then an
interplate calibrator (IC) can be used for normalization and variation compensation of all
plates. The IC can consist of diluted PCR product of the target DNA or cDNA sequence. By
using an IC, the standard dilution series has to be added only to the first plate. All other plates
are normalized by the aid of the IC. Next to the reduced costs, the use of an IC is much more
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accurate than running a separate standard curve on all plates, since the random noise in the
separate standard curves introduces systematic run-to-run variation (Svec et al. 2015).

2.2  New developments in quantitative PCR

In recent years new developments in the gPCR technology can be recorded (Gadkar and
Filion 2014). Helicase-dependent amplification (HDA) represents an isothermal detection
method without the need of thermal cyclers (Goldmeyer et al. 2007; Gadkar and Filion 2014).
With this method the dsDNA is unwinded by a helicase enzyme prior to primer (and probe)
annealing and elongation. However, only short fragments with a maximum length of
approximately 200 bp can be amplified, since the unwinding speed of available helicases is
limited (Vincent et al. 2004; An et al. 2005; Goldmeyer et al. 2007). In recent studies a
bifunctional protein was engineered that physically links the helicase to the DNA polymerase
resulting in an increase of the length of fragments to approximately 2.3 kb that can be
amplified with this method (Motré et al. 2008). A further isothermal detection method is the
loop-mediated isothermal amplification of DNA (LAMP), which uses a DNA polymerase
with high strand displacement activity and a set of two specially designed inner and two outer
primers producing a stem-loop DNA structure. This very sensitive method can also be used
for quantification purposes and produces high amounts of amplified DNA, which makes it
possible to detect the target in the form of turbidity with the naked eye (Notomi et al. 2000;
Mori et al. 2004). However, the design of primers is complicated and needs the application of
special software. Furthermore, based on their special requirements to the sequence, primers
often cannot be placed to desired locations within the target sequence, making it difficult to
use this method e. g. for the discrimination of virus strains based on few nucleotide
polymorphisms.

The use of DNA analogs, such as locked nucleic acids (LNAS), is a further novelty in gPCR.
The incorporation of LNAs into oligonucleotides results in a significant increase in the
thermal stability of duplexes with complementary DNA. Probes should have a higher melting
temperature than that of primers to ensure strong binding of the probes during the annealing
step. However, as a consequence probes usually have a length of about 25 to 30 nt making
their design sometimes difficult. The incorporation of LNAs into probe sequences makes it
possible to create shorter probes with a sufficient high melting temperature (Koshkin et al.
1998). Furthermore, the level of fluorescence intensity can be increased because the
interference during the amplification process is lowered (Costa et al. 2004).

Digital PCR (dPCR) or, more recently, droplet digital PCR (ddPCR) is a conventional end-
point PCR-based method, combined with fluorescence-based detection that enables absolute
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quantification without the need of any standard curve. In dPCR a reaction mix (typically
20 pl) containing a sample is partitioned into hundreds, thousands or even millions of minute
sub-reactions (Bizouarn 2014). The partitioned sub-reactions are separated either on a chip or,
in the case of ddPCR, by carefully titrated emulsion of oil, water and stabilizing chemicals
that are transferred into plates for thermo cycling (Manoj 2016). After the PCR amplification,
a reader determines, which droplets or reaction chambers contain a target (positive) and which
do not (negative). The relative ratio of positives (p) to the total is used to determine the
average number of targets per sub-reaction (1) using the Poisson formula (see below). The
result is then multiplied by the number of sub-reactions per pl to get the copy number per pl.

A= —In(1-p)

Since no standard curve is needed for absolute quantification, dPCR displays an alternative
approach to real-time PCR-based quantification. It showed better reproducibility at low target
concentrations and a greater tolerance to inhibitors (Whale et al. 2012). However, to apply the
Poisson formula, at least one sub-reaction must remain negative. If all sub-reactions are
positive, it is impossible to calculate the target copy number. Therefore, the more sub-
reactions are present within a dPCR device, the wider the dynamic range is. However, the
number of target molecules analyzed are allowed to exceed the number of partitions, because
of the nature of the Poisson distribution, which can be calculated as long at least one sub-
reaction is negative. For instance, the practical dynamic range of 50.000 partitions is 1 to
approximately 320.000 target copies (Bizouarn 2014). Currently, dPCR and ddPCR,
respectively, are used in particular for the quantification of low abundance targets in human
virology, such as the measurement of residual HIV infections (Alidjinou et al. 2015) or the
difficultly detectable CMV herpes virus (Parry et al. 2016). However, ddPCR was also used to
quantify fire blight and potato brown rot (Dreo et al. 2014). They found that ddPCR improved
the detection of low concentrations of bacterial pathogens in potato tubers over that of a gPCR
by an increase of the analytical sensitivity. Indeed, further applications in plant pathology are
certainly dependent on the development of costs for dPCR instruments and consumables,
which are between $3 and $30 per sample (Baker 2012).
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3 Aims of this work

During this work quantitative detection assays were developed for RT-gPCR, with which a
great variety of PVY strains and PLRV isolates can be detected. Furthermore, external
standards were designed that allow absolute quantification of PVY and PLRV RNA copies.
The determination of PVY and PLRV RNA copy numbers in different organs of the potato
plant offers the ability to address several challenges in the scope of potato cultivation and
research:

1 Development of a more efficient method to detect PVY in seed potatoes

2 Development of a method to complementarily evaluate Solanum species and their
progenies regarding their resistance type to PV for breeding purposes

3 Development of a method to examine the virulence of PVY and PLRYV strains

4 Development of a method to complementarily evaluate the equivalence of GM
potatoes regarding their susceptibility to PVY

For these purposes PVY and PLRV were intensively studied at a visual and molecular level
comprising virus purification, evaluation of symptoms on test plants, sequencing of whole
PVY and PLRV genomes and discrimination of strains and RNA species by using different
primers or probes. RT-gPCR assays were developed and optimized for the absolute
quantification of the two viruses. Afterwards, the assays were applied in different experiments
and evaluated regarding their suitability to address the above mentioned challenges.
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4 Optimizing the method — successes and setbacks

A part of the laboratory work and greenhouse experiments were done between 2009 and 2011
within the framework of the research project “Development and validation of an analysis
method for the detection of altered resistance in transgenic plants to herbivore-pathogen-
complexes at the Julius Kihn-Institut (JKI, Institute for the Biosafety in Plant
Biotechnology) in Quedlinburg. This project was part of a funding program of the German
Federal Ministry of Education and Research (BMBF) and had the grant number
03WKBNO5A. As an entomology specialist the BTL Bio-Test Labor GmbH Sagerheide was
the partner of this project. In addition to the work on the BMBF project, which addressed only
one of the objectives mentioned in the last chapter, further work was done to obtain results
regarding the other three scopes. This chapter describes how PVY and PLRV were intensively
studied at a visual and molecular level and which efforts were made to optimize the detection
and absolute quantification of the two viruses with regard to sensitivity and efficiency.

4.1  Virus purification
This complex and time-consuming work was done to obtain the purified virus, in order to

1 use it as an internal positive control during the RNA extraction step, since the
efficiency of RNA extraction with Concert™ Plant RNA Reagent (Life

Technologies™, according to the manufacturer’s protocol) was not known,

2 use it as a standard for immuno-capture (IC) RT-gPCR as a possible method to
improve the efficiency of qPCR assays,

3 produce 1gG antibodies that could be used for the IC RT-qPCR and the low-cost
detection of PVY and PLRV by double antibody sandwich enzyme-linked
immunosorbent assay (DAS-ELISA).

411 PVY

200 g symptomatic leaves of tobacco and potato, respectively, infected with the tuber-necrotic
PVYN™ strain (isolate Gr99, accession number AJ890343) were filled into a high speed
blender and triturated with additional two volumes (400 ml) of 0.1 M, pH 7.0 potassium
citrate buffer containing 20 mM EDTA and 500 pl proteinase inhibitor PMFS (and 5g PVPP
in the case of potato for the purpose of binding polyphenols). Afterwards, the homogenized
fluid was pressed through a gauze cloth into a funnel filled with glass wool. The extract was
then evenly distributed into four centrifuge tubes and centrifugated for 15 min at 5,000 rpm in
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a Heraeus™ Biofuge™ Stratos™ centrifuge (Thermo Fisher Scientific, Inc.). The supernatant
was filled into a big beaker with 3% (v/v) of the surfactant Triton X-100 and stirred by the aid
of a magnetic stirrer for 30 min at 4 °C. Each of six 65 ml-tubes were filled with 50 ml of the
cooled mixture. With the aid of a syringe a sucrose solution (40% sucrose in 0.1 M, pH 7.0
potassium citrate buffer + 20 mM EDTA) was injected to the bottom of the centrifuge tubes
to form a lower layer. The completely filled tubes were placed into a 45Ti rotor (Beckmann
Coulter, Inc, Brea, USA) and centrifugated at 35.000 rpm at 10 °C for 2 h.

Afterwards, each formed pellet was resuspended in 3 ml of 0.1 M, pH 7.0 potassium citrate
buffer + 20 mM EDTA by the aid of a glass homogenizer. The suspension was then
distributed to two 10.5 ml tubes, filled-up with 0.1 M, pH 7.0 potassium citrate buffer +
20 mM EDTA, placed into a 90Ti rotor (Beckmann Coulter, Inc) and centrifugated at
15,000 rpm at 4 °C for 10 min in a Heracus™ Biofuge™ Stratos™ centrifuge (Thermo Fisher
Scientific, Inc.). The supernatant was mixed with one volume of a caesium chloride solution
(CsCl + 0.1 M, pH 7.0 potassium citrate buffer + 20 mM EDTA).

The mixture was then centrifugated in a 90Ti rotor at 45,000 rpm at 10 °C for 16 h without
decelerating at the end. After this centrifugation step one opalescent band was visible under a
light bulb (Fig. 6).

Fig. 6 Opalescent band formed in CsCl by PVY particles after the isopycnic ultracentrifugation step.

The opalescent band was aspirated by the aid of a syringe and mixed with three volumes (v/v)
of 0.1 M, pH 7.0 potassium citrate buffer + 20 mM EDTA. The mixture was then distributed
to three 1.5 ml centrifuge tubes, placed into a TL-100 rotor and centrifugated in a Beckman
Optima TL-100 Benchtop ultracentrifuge at 62,000 rpm at 10 °C for 2 h.

Afterwards, each pellet was resuspended in 170 pl of 0.1 M, pH 7.0 potassium citrate buffer +
20 mM EDTA. The protein concentration was measured by the aid of a spectrophotometer
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(NanoDrop 8000, Thermo Fisher Scientific, Inc.). The optical density at 260 nm was 2.2.
According to Stace-Smith and Tremaine (1970), who calculated a value of 2.86 at 260 nm for
1 mg/ml of PVY, the amount of the author’s purified PVY was 0.77 mg/ml. The purity of the
virus was determined by electron microscopy (Fig. 7).

Fig. 7 Electron micrographs of PVY virions purified from N. tabacum ‘Samsun NN’ (a) or potato
(b,c). The virions of PVY in picture ¢ were decorated with PVY IgG antibodies.

Since the purity of PVY was excellent, a subset of the purified virus was transferred to the
production of polyclonal IgG antibodies. The antibodies were prepared by the group of Dr.
Frank Rabenstein, Institute for Epidemiology and Pathogen Diagnostics (JKI).

412 PLRV

Among several tested protocols a successful PLRV purification was obtained by the protocol
according to Thomas et al. (1997). 170 g potato leaves infected with PLRV were filled into a
high speed blender and triturated with three volumes (500 ml) of 0.1 M, pH 6.0 trisodium
citrate buffer + 0.5% (v/v) 2-mercaptoethanol + 2% (v/v) either Rohament® CL (AB
Enzymes GmbH, Darmstadt, Germany) or Depol”™ 793L (Biocatalysts Limited, Wales, UK)
for digestion of cell walls. The mixture was then stirred at room temperature for 2.5 h.
Subsequently, 1% (v/v) Triton X-100 was added and the slurry stirred for further 30 min.

Afterwards, the mixture was emulsified with 20% (v/v) of a 1:1 mixture of n-
butanol:chloroform. Crude components were then separated by low-speed centrifugation. The
aqueous phase was subjected to PEG precipitation by adding 8% (w/v) PEG 8000 (Sigma-
Aldrich, St. Louis, USA) and 1% (w/v) NaCl. The mixture was stirred at room temperature
until the solids were dissolved. After a further step of low-speed centrifugation (5,000 rpm for
15 min) in a Heraeus™ Biofuge™ Stratos™ centrifuge (Thermo Fisher Scientific, Inc.) the
pellet was resuspended over night in 42.5 ml of 0.1 M, pH 6.4 trisodium citrate buffer +
0.01M EDTA. After a further step of low-speed centrifugation the supernatant was
centrifuged in a 45Ti rotor (Beckmann Coulter, Inc.) for 2 h at 30,000 rpm to pellet the virus.
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Afterwards, the pellet was resuspended in 1.7 ml of 0.05 M, pH 6.4 trisodium citrate buffer +
5 mM EDTA. Subsequent to low-speed centrifugation, the supernatant was centrifugated in a
45Ti rotor (Beckmann Coulter, Inc) for 2 h at 30,000 rpm. Afterwards, the supernatant was
layered on an over-night performed sucrose gradient (40%, 30%, 20% and 10% sucrose in
0.1 M, pH 6.4 trisodium citrate buffer + 0.01 M EDTA). The sucrose density gradient
centrifugation was realized in a SW28 rotor (Beckmann Coulter, Inc.) at 25,000 rpm for 2 h.

After this centrifugation step a very weak opalescent band was visible under a light bulb. The
band was aspirated by the aid of a syringe and mixed with three volumes of 0.1 M, pH 6.4
trisodium citrate buffer + 0.01 M EDTA. A centrifugation step followed at 64,000 rpm at
10°C for 2 h in a TL100 rotor (Beckmann Coulter, Inc.). The jelly-like pellet was
resuspended in 170 pl of 0.05 M, pH 6.4 trisodium citrate buffer + 5 mM EDTA.

The protein concentration was measured by the aid of a spectrophotometer (NanoDrop 8000,
Thermo Fisher Scientific, Inc.). The amount of purified PLRV was 1.3 mg/ml (Rohament®
CL, A260/A280: 1.84) and 0.7 mg/ml (Depol” 793L, A260/A280: 1.83). The purity of the
virus preparation was analyzed by electron microscopy (Fig. 8).

Fig. 8 Electron micrographs of PLRV virions purified from potato. Prior to purification the leaf tissue
was digested either with Rohament® CL (a) or Depol™ 793L (b).

Although the vyield was twice as high with the Rohament® CL digestion, no visible
differences, such as more or less disabled or conglomerated virions, were observed by the aid
of electron microscopy (Fig. 8). The purified virus was transferred to the production of
polyclonal IgG antibodies, which were prepared by the group of Dr. Frank Rabenstein,
Institute for Epidemiology and Pathogen Diagnostics (JKI). The antibodies were later used for
immuno-capture (IC) PCR.
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4.2 Evaluation of symptoms on potato plants

The evaluation of plant resistance to a virus (chapter 5.2) or the determination of the virulence
of a virus isolate (chapter 5.3) is accompanied by an observation and assessment of disease
symptoms. To evaluate the symptoms of PVY and PLRV on their host potato, several plants
of a diverse range of cultivars were infected with different isolates of PVY and PLRV,
respectively, and maintained either in the greenhouse, in vitro, a climate chamber or in the
field. The development of symptoms was observed at different developmental stages and
documented by photography. In addition, tubers were sporadically harvested from field plants
and examined for necrotic rings (PTNRD) and net necrosis indicating an infection with PVY
and PLRYV, respectively.

421 PVY

Necrotic rings were rarely documented (Fig. 9). This typical symptom of PTNRD-inducing
isolates of PVY was often hidden by other tuber diseases or physiological disorders, such as

black dots, silver scurf or cracking.

Fig. 9 Tubers of potato plants infected with a PVY isolate causing the PTNRD.

Susceptible potato cultivars showed typical PVY symptoms on their leaves, such as mottling
or leaf chlorosis and necrosis on older leaves. Plants grown from tubers of infected mother
plants developed the most severe symptoms (Fig. 10a).
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Fig. 10 Symptoms of potato plants infected with different strains of PVY and maintained either in the
field (a), in vitro (b,c), in the greenhouse (d) or in the climate chamber (f,g,h).

Experiments regarding the evaluation of equivalence of transgenic to non-transgenic potatoes
regarding their PV susceptibility should be performed by using PV -infected in vitro plants
to minimize the experimental error, which can be substantial if the plants are inoculated
mechanically. In order to establish an assortment of different PVY infected in vitro cultivars,
greenhouse plants infected either with PVYN™ or PVYNW! were transferred in vitro and
maintained at constant 20 °C and 10.000 Ix. However, the shoots sprouting from stem
segments of PVYN"W infected cultivars, such as ‘Albatros’ (Fig. 10b) and ‘Desiree’ (Fig. 10c)
became necrotic after eight weeks of in vitro cultivation, indicating a systemic HR. Therefore,
experiments could not be conducted with already infected potato plants originating from in
vitro cultivation. Hence, all experiments in the greenhouse (Fig. 10d) or in climate chambers
(Fig. 10f-h) were performed with healthy in vitro plants that were mechanically inoculated
with either one of the before mentioned PVY strains (Fig. 11). Nevertheless, the experimental
error was minimized by a special handling of the inoculum source. Only the second emerging
leaf after mechanical inoculation of PVY-infected N. tabacum ‘Samsun NN’ was used, since
it is known that PVY is not evenly distributed in N. tabacum due to recovery (Nie and Molen
2015).

In the greenhouse and especially during climate chamber experiments some cultivars showed
different responses to a PVY infection dependent on the temperature. At 24 °C cultivar
‘Hermes’ developed necrosis on older leaves and leaf drop (Fig. 10f), whereas at 20 °C this
cultivar primarily showed mottling and crinkling of young leaves (Fig. 10g). At 20 °C cultivar
‘Albatros’ developed a typical HR with local necrotic lesions on the leaves (Fig. 10e) when

infected with PVY™M'. However, at 12 °C only few local lesions were visible (Fig. 10h right),

46



most of them could only be detected by microscopy. At 24 °C the HR in ‘Albatros’ became
systemic, leading to complete necrotization (Fig. 10h left).

——

7
Fig. 11 Mechanical inoculation of potato test plants. 2 g of PVY infected leaves of N. tabacum

‘Samsun NN’ were ground in 10 ml of phosphate buffer, pH 8. Afterwards, 100 pl of the tobacco
buffer mixture (a) were rubbed onto silicon carbide powdered plantlets (b).

422 PLRV

Symptoms on potato tubers were not observed. The leaves of infected plants showed well
known PLRV symptoms, such as leaf roll, chlorosis and necrosis of older leaves, dependent
on the light intensity. Whereas in the field and under high light conditions potato plants
developed severe symptoms (Fig. 12a, d-f), no symptoms were visible on plants maintained in
vitro or in the greenhouse without additional UV-irradiation (Fig. 12b, c). Possible reasons for
this observation are discussed by Huhnlein et al. (2016b) in chapter 5.3. The influence of the
cultivar or the isolate of PLRV was rather low. In an experiment, which is assessed in the
aforementioned publication, plants of three different potato cultivars differing in their
susceptibility rating according to the Federal Plant Variety Office of Germany were infected
with one of three different PLRV isolates and maintained under constant high light
conditions. At the end of the experiment no visible differences of symptoms could be
observed on the test plants (Fig. 12d-f).
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Fig. 12 Symptoms of potato plants infected with several strains of PLRV. Typical PLRV symptoms
were observed in the field on cultivar ‘Princess’ (a). No symptoms were visible on cultivars ‘Kuras’
(b) and ‘Agria’ (c) maintained in a greenhouse (left plant: healthy, right plant: infected with PLRV).
d-f: potato plants evaluated during an experiment assessed by Hiihnlein et al. (2016b). Plants of the
cultivars ‘Desiree’ (d), ‘Hermes’ (e) and ‘Saturna’ (f) were either mock-inoculated (left plant) or
inoculated with PLRV isolates JokerMV10 (accession number JQ346191, second from left),
SymlessLS10 (accession number JQ346189, second from right) or ASL2000 (accession number
JQ346190, right plant). The pictures and final publication are available at Springer via
http://dx.doi.org/ 10.1007/s10658-016-0872-3.

4.3  Sequencing of PVY and PLRV genomes

Two PVY and three PLRV isolates were sequenced in order to compare them with available
sequences from the GenBank (National Center for Biotechnology Information: NCBI) and to
search for motifs possibly involved in symptom development on potato plants. This was done
in addition to address the third above mentioned challenge in the scope of potato cultivation
and research: evaluation of the virulence of PVY and PLRYV isolates. In order to sequence the
full genomes of PVY and PLRYV isolates, the following procedure was applied.

First, the RNA of PVY and PLRV-infected plants was isolated by using Concert® Plant RNA
Reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer’s protocol. The
isolated total RNA was reverse transcribed and amplified by using RT-PCR and PVY and
PLRV-specific primers, respectively, to produce overlapping fragments of approximately
1,500 nucleotides encompassing the whole viral genome. However, the fragment at the very
5” end of the PLRV genome lacked the first 121 nucleotides, since this part was yet sequenced
only by Mayo et al. (1989). All the other PLRV sequences availably on the GenBank start
with the 122™ nucleotide leading to a sufficient comparison of these sequences with the
sequences from this study. The primers to generate the fragments were designed according to
available sequence information from the GenBank and published in Hiihnlein et al. (2013) for
PVY and in Hihnlein et al. (2016b) for PLRV.
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The RT was performed by using different 3° primers dependent on the 3’ primer that should
be used for the PCR. For example, fragments, which were produced near the 5’ end of the
virus genome, were amplified from cDNA that was reverse transcribed either by using the
same 3’ primer as for the PCR or by using a 3’ primer with a position no more than 1,325
nucleotides downstream of the 3’ PCR primer. Thereby, the yield of amplified fragments near
the 5° end could be increased in comparison to fragments that were produced from cDNA
with a 3” end thousands of nucleotides downstream of the amplified fragment. By using gel
electrophoresis, the success of the PCR was confirmed and fragments of the desired length
were excised and cleaned by centrifugation at 5,000 rpm for 10 min in centrifugal filter
columns (Ultrafree-DA Gel Extraction Kit, Millipore Cooperation, Merck KGaA, Darmstadt,
Germany). The purified DNA was then ligated into pGEM®-T Easy vectors (Promega
Cooperation, Madison, USA) by mixing 7.5 pl of DNA solution, 0.5 ul of vector solution,
1 pl of T4-ligase buffer and 1 ul of T4 ligase (Promega Cooperation). The mixture was
incubated over night with 8 cycles of four 30-min steps (24°C, 20°C, 18 °C and 14°C).

The recombinant DNA was then transformed into NEB® Turbo Competent Escherichia coli
cells (New England BioLabs, Ipswich, USA) by applying the following steps: 100 ul of
competent cells were mixed with 1 pl of 1:10 diluted 2-mercaptoethanol and incubated for
10 min on ice. Subsequently, 2 ul of recombinant DNA solution were added and the cells
were incubated for 40 min on ice. A heat shock was performed for 1 min at 42 °C. Finally, the
cells were left 2 min on ice. Immediately, 200 pl of super optimal broth with catabolite
repression (SOC) was added and the mixture was incubated at 37 °C for 1 h.

Afterwards, 100 pl of the solution with transformed cells was spread onto selection plates
containing lysogeny broth (LB) medium, 80 pg/ml of X-gal, 0.3 mM of isopropyl B-D-1-
thiogalactopyranoside (IPTG) and 100 pg/ml of ampicillin. The plates were incubated over
night at 37 °C. Afterwards, white colonies were singularized and spread onto selection plates
(see above for their composition). After six hours, a colony PCR was performed by using
M13 forward and reverse sequencing primers. Clones with inserts of the correct length were
inoculated into liquid LB medium containing 0.01 % (v/v) of ampicillin and shaked over night
at 37 °C. The plasmid DNA was then prepared by using the NucleoSpin® plasmid preparation
kit according to the manufacturer’s protocol (Machery-Nagel GmbH & Co. KG, Diiren,
Germany).

The DNA sequencing reaction was done by using the GenomelLab DTCS Quick Start Kit
(Beckmann Coulter, Inc) according to the manufacturer’s protocol. 300 ng plasmid DNA
were sequened using M13 reverse and universal primers. The sequencing reaction mixture
was purified by ethanol precipitation. The pellet was then resuspended in sample loading
solution (provided with the kit) and stored at -20 °C until loading into the sequencing system
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(GenomelLab GeXP Genetic Analysis System, Beckman Coulter, Inc.). In order to validate the
sequences at least two clones of a fragment were sequenced in parallel. The obtained
sequences were published in the GenBank (Tab. 1).

Tab. 1 Isolates of PVY and PLRV that were sequenced during this work

Virus  Strain/isolate Origin Acession number
PVYNWIMV99 Collecteq 2009 in Mecklenburg-Western HE608963
PVY Pomerania, Germany

Collected 2009 in Mecklenburg-Western

PVYNIMV175 : HE608964
Pomerania, Germany

SymlessLS10 Collected 2010 in Lower Saxony, Germany JQ346189

PLRV  ASL2000 Collected 2000 in Saxony-Anhalt, Germany  JQ346190

JokerMV10 Collected 2009 in Mecklenburg-Western Q346191

Pomerania, Germany

In order to compare the obtained sequences with available accessions in the GenBank a
primary alignment was done using the MUSCLE program (Edgar 2004) provided by the
MEGA software version 6 with default parameters (Tamura et al. 2013). Furthermore, by
utilizing the CLC Sequence Viewer 7.6 (CLC Bio, Aarhus, Denmark), phylogenetic trees
were calculated and drawn using the Neighbour-Joining method and a 1,000 replicate
bootstrap analysis. The results obtained by alignments and phylogenetic analyses are
presented in Huhnlein et al. (2013, chapter 5.1) for PVY and in Huhnlein et al. (2016b,
chapter 5.3) for PLRV.

4.4  Design of primers and standards for RT-gPCR

This chapter describes the primers that were used for the detection and absolute quantification
of PVY and PLRV. A software was used supporting the design of primers for RT-gPCR
(Beacon Designer™, Premier Biosoft, Palo Alto, USA). However, the software was not able
to design PVY strain specific primers. For that application we designed primers with a
melting temperature of approximately 64 °C according the rule A/T=2°C, G/C=4°C. Many
primer combinations were tested and optimized until a few primer pairs remained that were
sufficient in their sensitivity and efficiency. Furthermore, the quantification of virus RNA is
only possible by means of a standard consisting of a known quantity of virus RNA. The
preparation of a standard dilution series is described at the end of each sub chapter.
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For the detection of PVY in seed potatoes, an assay is needed that detects as many strains of a
virus as possible with one pair of primers. Plant protection services take samples from
different seed lots, where several strains and isolates, respectively, are present. They need the
certainty not to miss virus infections due to failed primer-isolate’s RNA homologies.
Furthermore, the seed potatoes are tested for many potato viruses. Therefore, the assay for
their detection should be as simple and cost-extensive as possible.

Although highly conserved, the CP sequences of all to date published accessions of PVY
differ clearly especially in the region of recombination breakpoints at approximately 8550 nt
and 9170 nt, respectively. Even single nucleotide mismatches between primer and isolate
sequences can lead to a variable efficiency of the amplification (Hihnlein et al. 2013, Tab. 2,
chapter 5.1).

Tab. 2 Position of PVY primers with mismatches in the sequences of some PVY isolates

Strain, isolate MMPVYall5-9194* (9194-9211 nt)  MMPVYall3-9420* (9384-9419 nt)
PVYN™ Grog AGGTCACATCACGAACAC GTGA-TGTAGTGTCTCTCCG
PVYNW 261-4 AGGTCACATCACGAACAC GTGA-TGTAGTGTCTCTCCG
PVY®, SCRI-O AGGTCACATCACGAACAC GTGA-TGTAGTGTCTCTCCG
PVYN, Mont AAGTTACATCACGGACAC GTGATTGTAGTGTCTTTCCG
PVYMNTN Nicola ~ AAGTTACATCACGGACAC GTGATTGTAGTGTCTTTCCG
PVY®, M3NF AAGTCACATCACGAACAC GTGATTGTGCTGCCTCTCCG

*primer names contain the elongation direction (5=forward, 3=reverse) followed by the numerical
position within the PVY RNA genome.
Letters shaded in gray highlight mismatches in the sequences of PVY isolates with the primers.

In contrast, the efficiency of primers is equal if they match with all nucleotides of the
sequences. Such a primer pair was designed having its position within the PVY genome at
position 8912-8931 nt (CTGTGATGAATGGGCTTATG) for the forward primer (PVYall5-
8911) and at position 9072-9090 nt (CTCAGATGTTGCAGAAGCG) for the reverse primer
(PVYall3-9090). These primers match perfectly with more than 70 recently published
accessions of PVY in the GenBank, even with unusual recombinant isolates, such as NE-11,
PVY-MON, SD-1, or L26 (Tab. 3).
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Tab. 3 List of PVY isolates matching with the designed primers (PVYall5-8911 and PVYall3-9090)

Strain Isolate Accession Number Reference

N - NC_001616 Robaglia et al. (1989)

N - D00441 Robaglia et al. (1989)

N New Zealand (NZ) AM268435 Schubert et al. (2007)

N Mont AY884983 Lorenzen et al. (2006)

N SCRI-N AJ585197 Barker and McGeachy (unpublished)
N SASA 207 AJ584851 Barker and McGeachy (unpublished)
N N-Egypt AF522296 El-Mohsen et al. (2003)

N N-Jg AY 166867 Nie and Singh (2003b)

N PVYPOLYP M95491 Thole et al. (1993)

N T13 AB714135 Hataya et al. (1994)

@) British 229526 Welnicki et al. (unpublished)

0 PVY-Oz EF026074 Baldauf et al. (unpublished)

@) SCRI-O AJ585196 Barker and McGeachy (unpublished)
0 SASA-110 AJ585195 Barker and McGeachy (unpublished)
@) PO7 U09509 Singh and Singh (1996)

@) C02140 HQ912914 Karasev et al. (2011)

NA/NTN  ON92. AB331519 Ogawa et al. (2008)

NA/NTN  NN99 AB331518 Ogawa et al. (2008)

NA/NTN  HO90 AB331517 Ogawa et al. (2008)

NA/NTN  OK105 AB331516 Ogawa et al. (2008)

NA/NTN D6 AB331515 Ogawa et al. (2008)

NA/NTN  Nicola AJ890346 Schubert et al. (2007)

NA/NTN  RRA-1 AY884984 Lorenzen et al. (2006)

NA/NTN  SASA-61 AJ585198 Barker and McGeachy (unpublished)
C Adgen AJ890348 Schubert et al. (2007)

C NC57 DQ309028 Hari and Kelly (unpublished)

C MSNR AF463399 Fellers et al. (2002)

O:N PB209 EF026076 Baldauf et al. (unpublished)

O:N Alt AY884985 Lorenzen et al. (2006)

O:N OR-1 DQ157179 Piche et al. (unpublished)

O:N ID-1 DQ157178 Piche et al. (unpublished)

O:N L56 AY745492 Nie et al. (2004)

O:N Mb112 AY745491 Nie et al. (2004)

N-Wi Syr NB-16 AB270705 Chikh Ali et al. (2007)

N-Wi Wilga EF558545 Kosakowski et al. (unpublished)
N-Wi 261-4 AM113988 Schubert et al. (2007)

N-Wi MV99 HE608963 Huhnlein et al. (2013)

N-Wi MV 175 HE608964 Huhnlein et al. (2013)

N-Wi iS05 AJ890350 Schubert et al. (2007)

N-Wi LW AJB890349 Schubert et al. (2007)

N-Wi 156var AJ889868 Schubert et al. (2007)

N-Wi 156 AJB889867 Schubert et al. (2007)

N-Wi PN10A DQ008213 Lorenzen et al. (unpublished)
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http://www.ncbi.nlm.nih.gov/nuccore/9627728?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/441193?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/125629024?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/58613914?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/53913354?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/53749595?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/21913301?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/450360?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/116664522?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/53913352?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/53913350?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/169117988?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/169117986?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/169117984?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/169117982?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/169117980?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968467?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/58613916?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/53913356?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968471?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/85376485?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/116664526?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/58613918?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/75766729?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/75766727?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/53850823?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/53850821?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/154090789?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/148250127?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/125628801?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968475?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968473?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968457?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968455?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/63004171?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum

Strain Isolate Accession Number Reference

N-Wi GBVC_PVY_34 N_Wi JQ969041 Kamangar et al. (2014)

NTN L26 (2) FJ204165 Hu et al. (2009c)

NTN N4 FJ204164 Hu et al. (2009c)

NTN PVY-12 AB185833 Chikh Ali et al. (2007)

NTN N Nysa FJ666337 Golnik et al. (unpublished)
NTN SD1 EU182576 Chen et al. (2010)

NTN Satina AJ890347 Schubert et al. (2007)

NTN Linda AJ890345 Schubert et al. (2007)

NTN Ditta AJ890344 Schubert et al. (2007)

NTN Gr99 AJB890343 Schubert et al. (2007)

NTN 34/01 AJ890342 Schubert et al. (2007)

NTN 12-94 AJ889866 Schubert et al. (2007)

NTN NE-11 DQ157180 Piche et al. (unpublished)
NTN v942490 EF016294 Gow et al. (unpublished)
NTN PB312 EF026075 Baldauf et al. (unpublished)
NTN 423-3 AY884982 Lorenzen et al. (2006)

NTN P1 AY840083 Sawazaki et al. (unpublished)
NTN IAC AY840082 Sawazaki et al. (unpublished)
NTN NIB-NTN AJ585342 Barker et al. (unpublished)
NTN PVY-AST JF928460 Galvino-Costa et al. (2012)
NTN HR1 FJ204166 Hu et al. (2009c)

NTN Tu 660 AY 166866 Nie and Singh (2003a)

NTN 11289-1 KC614702 Souza-Richards et al. (unpublished)
E PVY-AGA JF928459 Galvino-Costa et al. (2012)

E PVY-MON JF928458 Galvino-Costa et al. (2012)

? Chile3 FJ214726 Moury (2010)

? SON41 AJ439544 Moury et al. (2002)

? LYES84.2 AJ439545 Moury et al. (2002)

nnp pepper AF237963 Fanigliulo et al. (2005)

Although the efficiency of primers was equal between the mentioned isolates, it ranged only
between 95% and 97%. A higher efficiency between 98% and 100% was obtained by using
primers with isolate dependent efficiency and when only matching sequences of known
isolates (e.g Gr99 and 201-4) were amplified. Such isolates were employed to estimate potato
progenies regarding their (PVY) resistance type and to evaluate the equivalence of transgenic
to non-transgenic potatoes regarding their amount of detectable PVY RNA copies.
Fluorescence during RT-gPCR was emitted from SYBR® Green. Indeed, fluorophore-labeled
TagMan® probes were also designed, but their efficiency was always too low to obtain
reliable results for gPCRs (see setbacks, chapter 4.6).

For the estimation whether new, probably more virulent, strains of PVY might be present
within positively tested samples (using the PVYall5-8911 and PVYall3-9090 primers), strain
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http://www.ncbi.nlm.nih.gov/nuccore/225906063?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/225906061?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/224384487?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/158347632?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968469?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968465?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968463?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968461?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968459?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/90968453?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/75766731?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/116734561?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/116664524?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/58613912?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/56718726?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/56718724?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/54021378?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/209395183?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/58036811?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/21464609?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/56462531?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum

specific primers were used for RT-PCR. If a positively tested sample could not be amplified
by these primers, then it might be a new strain. Two of such samples were found and
sequenced (see chapter 4.3).

For the strain specific detection of PVY®, PVYN, and PVY"N™ primers published by
Schubert et al. (2007, Tab. 4, Fig. 14b, c, d) were used. However, the primers for the specific
detection of PVYN™ and PVYNY' published by these authors, amplify a very long product of
3867 bp and 5052 bp, respectively. Such long products can be amplified only by the
application of specific and expensive Taq polymerases, such as DreamTaq  DNA polymerase
(Thermo Fisher Scientific, Inc.).

Therefore, new primers were designed (Tab. 4). The recombinant junction (RJ) at
approximately 9190 nt is typical for all PVYN™ isolates, except for isolates of the
recombinant PVYM™NTN By designing primers that amplify a product of 890 bp spanning this
RJ (Fig. 13), the specific detection of PVYN™ was possible. However, amplifying high virus
titers resulted in unspecific binding of the PVYN™ primers with PVYNW PvYN and PVY©
isolates, recognizable by weak bands in Fig. 14e. However, by a simultaneous amplification
with PVYNW pvYN and PVY© specific primers, the presence of a mixed infection could be
examined.

Tab. 4 List of strain specific primers

Name of Strains that are

Sequence of primers Reference

primers detected
YO5-1005 AAATTGTACGATGCACGTTCTAGA
Schubert et al. (2007)
Y03-2558 AGGCTCATCTAACAGCAACTGTC
YN5-1780 TCCGAATGGGACAAGAAAACTTG
N Schubert et al. (2007)

YN3-2,438 TGGTTCATCCAGTAGCAATTGCT

YN-NA5-116 TTTGATCTTCGTCGTACAAACCG

NA, NA-NTN Schubert et al. (2007)
YN-NA3-622 CTTGATAAGATGGTTCATTTGTTT

YN5-1780 TCCGAATGGGACAAGAAAACTTG  O:N. N-Wi,

Schubert et al. (2007)
Y03-2558 AGGCTCATCTAACAGCAACTGTC  NTN

PVYO05-8528 CATTAGACGATGAGTTTGAATTT

O, O:N, N-Wi Hihnlein et al. (2013)
PVYO03-8651 TATCTTTTCCTTTGTTCGGG

PVYN5-8639 AAGGTAGCATTCAACCAAATCTC

NTN Hihnlein et al. (2013)
PVY03-9497 CCACAATGACGAAATCACCCTG

The design of PVYNW' specific primers was more complicated, since isolates of this strain
have either two, three or even four RJs (Fig. 2b, 13). Therefore, two primer pairs were
designed amplifying a first 798 bp long product that is located in the HC-Pro and P3 coding
sequence, and a second 121 bp long fragment that is located in the NIb and CP coding
sequence of the PVY genome (Fig. 13, 14a, f). The first primer pair detects the RJ that is
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typical for all PVYNW! and, unfortunately, all PVYN™ isolates (Fig. 14a). However, by using
the second PV'Y®-specific primer pair the detection becomes specific because it is located in
the sequence that is of PVY®-type for PVYMW but of PVYN-type for PVYN™. Indeed, the
PVY°-specific primers do also amplify a product from isolates of the PV'Y® strain (Fig. 14f).
However, if the presence of PVY© isolates was excluded by PVY°-specific primers, then
121 bp long products amplified by the second PVYN"Y' primers certainly origin from PVYN
or PVYNWiisolates.

pa] o
= Nla

@ 1 HoPo| P3 Cl VPg Pro | Nib CP | [HA),

5' UTR 6K BK2 3 UTR
z SASA-207, L36, OR-1, PB209,
(@] MET12, 1D-1, Alt

Ly, Wilgas, PM10A

261-4

Wilgaiggvar

a703-3

N-Wi

Linda, Ditta, MIB-NTN, Hun-NTHN,
PE312, w842490, 423-3, L26 (Z)

NTN

Grog

Fig. 13 Location of PCR products amplified by strain specific PVY primers for the detection of
PVYONNWEor of PVYN™. Two primer pairs are needed for detection of PVY 2N (black rectangles)
and one for the detection of PVYN™ (magenta rectangle). Abbreviations of PVY strains and proteins
are in accordance to Fig. 2.
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N-Wi N O NTN NA NTC N-Wi N O NTN NA NTC

PVY® (1553 bp)
PVY"Wi (798 bp)

N-Wi N O NTN NA NTC N-Wi N O NTN NA NTC

PVY" (658 bp)
PVY™ (434 bp)

N-Wi N O NTN NA NTC

PVY'™ (890 bp)

O  N-Wi N NA  NTN NTC

PVY° (121 bp)

Fig. 14 Detection of different PVY strains by specific PCR primers amplifying either PVYO:N’N'Wf and
PVY"™ (@), PVY® (b), PVY" (c), PVYMNANTN () pvYNT™N (g) or PVY® and PVYONNWE (),
Isolates used were 261-4 (PVY"'), 012 (PVY®), CH605 (PVY"), Nicola (PVY*N™) and Gr99
(PVYN™).

For the absolute quantification of PVY by using the PVYall5-8911, PVYall3-9090 and
MMPVYall5-9194, MMPVYall3-9420 primers, respectively, a RNA standard was prepared.
Since the primers anneal to sequences of the PVY CP, the standard was made of an in vitro
transcribed PCR fragment located between positions 8500 nt and the 3’end of the PVY

YNT™N “isolate Gr99). The amplified fragment was cloned as described in chapter

genome (PV
4.3. The recombinant plasmid DNA was linearized at the 3’ end of the PVY ¢cDNA by using
the restriction enzyme Sal | (FastDigest®, Thermo Fisher Scientific, Inc.) according to the
manufacturer’s protocol. After linearization, the DNA was purified by using phenol, Tris-
saturated, pH 7/chloroform extraction and precipitated with 0.3 M sodium acetate solution,
pH 5.2 and 70% ethanol. Subsequently, the resuspended DNA was transcribed by using the
TranscriptAid® T7 High Yield Transcription Kit (Thermo Fisher Scientific, Inc.) according to
the manufacturer’s protocol. After transcription, the template DNA was removed by DNase |
digestion. Then, the RNA was purified by using phenol, pH 4.7/chloroform extraction and
precipitated with ethanol. Due to the high yield of RNA transcription, the pellet was

resuspended in ten times more diethylpyrocarbonat (DEPC)-treated water than recommended
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in the manufacturer’s protocol. The yield measured by UV absorbance was 224 ng RNA per
pl.

A serial dilution was performed after calculation of the RNA copy number. The size of the
insert was 1200 bp (8500 nt to 3’ end). According to the equation described in chapter 4.1,
677.5 ng RNA were needed to obtain 10" RNA copies. The yield of RNA after transcription
was 224 ng RNA per pl. Therefore, 3.02 pl of recombinant RNA were diluted in 96.98 pl
DEPC-treated water to obtain 10'° RNA copies per pl. Starting from this initial concentration,
the RNA was repeatedly diluted 10fold until a final concentration of 10 RNA copies per pl.
The dilution series was then amplified in duplicates by RT-qPCR (Fig. 15).

The LOD was determined according to its definition: the lowest quantity of a template that
can be distinguished from the non-template control (NTC) in 95% of the cases (Waiblinger et
al. 2011). Therefore, the three highest RNA standard dilutions were pipetted to a 96well plate
as follows: 6 replicates of 10° copies, 30 replicates of 10° copies and 60 replicates of 10
copies. By using RT-gPCR the template was amplified by either one of the following primer
pairs: PVYall5-8911 and PVYall3-9090 or MMPVYall5-9194, MMPVYall3-9420. The LOD
and the LOQ were 10> RNA copies by using the first mentioned primer pair. However, by
using the second mentioned primer pair, 10° RNA copies were not in the linear range of the
standard dilution series. Therefore, the LOQ for a RT-qPCR using these primers was only 10°
RNA copies.
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Fig. 15 Dilution series from 10" to 10 copies of recombinant RNA made from the 3’ end terminal
1,200 nucleotides of the PVYN™ (isolate Gr99) genome (8500 nt to 3> end). The RNA standard was
amplified by using RT-gPCR and primers: MMPVYall5-9194, MMPVYall3-9420. NTC = non-
template control, IPC = interplate calibrator. The RT-qPCR in the picture above had an efficiency of
99.8%, a correlation coefficient (R?) of 0.996, a slope of 3.33 and a y-intercept of 36.61.
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442 PLRV

The genome of PLRYV is highly conserved and primers were designed that matched well with
the CP and RTD sequences of all PLRV isolates available at the GenBank. However, in a
preliminary test it was ascertained that the detected initial amount of PLRV RNA is
dependent on which RNA species is used for the amplification with RT-gPCR (Fig. 16).
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Fig. 16 The absolute numbers of PLRV RNA copies detected in a preliminary test by RT-qPCR.
Potato plants originating from in vitro cultivation were infected either with PLRV isolate ASL2000,
JokerMV10 or SymlessLS10. After three weeks the amount of genomic (g) RNA and sub genomic
(sg) RNA was determined by means of two different primer pairs matching either with a sequence in
ORF2 (a region from which no sg RNA is produced) or in ORF3 expressing the CP (a region from
which the sg RNAL is produced). The letters “a” and “b” indicate significance. n = 10, p < 0.01.

In cells infected with positive-strand RNA viruses that produce sub genomic (sg) RNAs the
ratio of genomic (g) RNA and sg RNA is < 1 meaning that usually more sg RNA than g RNA
is produced, especially in later stages of infection when structural proteins are needed for
encapsidation and movement (Sztuba-Solinska et al. 2011). Although contrasting results exist,
sg RNAs of PLRV probably are not encapsidated (Brault et al. 2003; Lee et al. 2005) and the
amount of virus particles is overestimated, if primers are used that anneal only to sequences
that produce sg RNAs. Therefore, different primers were designed that matched either with a
sequence in ORF2 (a region from which no sg RNA is produced) or in ORF3 expressing the
CP (a region from which the sg RNAL is produced) (Fig. 17). Afterwards, the RT-gPCR
efficiency was determined. A comparison of the absolute numbers of g RNA and sg RNA
copies is only reliable, when the efficiency of both primer pairs is approximately equal

(Tab. 5).
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Fig. 17 Position of the PCR products amplified by primers located either in the genomic (left green
rectangle) or in the sub genomic RNA-producing region (right green rectangle) of the PLRV genome.
Abbreviations of PLRV proteins and RNA species are in accordance to Fig. 4.

Tab. 5 Name, sequence and efficiency of genomic and sub genomic PLRV primers

Names of RT- Y-
rimers Sequences of primers gPCR R? Slope intercent
p efficiency P

PLRVfw-g = TCCATCAACTTCAGCAGAG
94.1% 0.999 -3.472 34,62
PLRVrev-g CACTATCTTCTCCTCTATCTCC

PLRVfw-sg ATCGCCGCTCAAGAAGAACTG
94.1% 0.998 -3.472 36,76
PLRVrev-sg GTAGGACTGGAGGGATGATACTTTG

fw: forward, rev: reverse, g: genomic, sg: sub genomic, R”: correlation coefficient

The above mentioned primers were used for an experiment, with which the virulence of
different PLRYV isolates should be examined (Hihnlein et al. 2016b). At the time of sampling,
three and a half weeks after infection, isolate JokerMV10 produced significantly more sg
RNA than gRNA independent of which cultivar was used. It seemed that the isolates differ in
the time to when they switch from an equal production g and sg RNA to a primary production
of sg RNA. However, to the present, the mechanism, which is responsible for the
accomplishment of the ratio of g and sg RNAs is not known (Sztuba-Solinska et al. 2011).
Further results of the above mentioned experiment are published in Hihnlein et al. (2016b,
chapter 5.3).

The RNA standard for RT-gPCR was different for the use of primers matching with a
sequence in ORF2 and for primers located in the sg RNA-producing sequence. The absolute
quantification of a product amplified by the first mentioned primers was done with the aid of
a standard that was located between ORFO and ORF2 (nt 396-2656, according to isolate
JokerMV10). The standard that was used for the second mentioned primers was located in
ORF3 expressing the CP (nt 3,852-4,133, according to isolate JokerMV10). The production
and dilution of the PLRV RNA standards was the same as described for the PVY RNA
standard (chapter 4.4.1).
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45  Efforts to increase the efficiency of the assays

The efficiency of a RT-gPCR is not only dependent on the efficiency of the primers as
described in detail in chapter 4.4. For the high-throughput application in laboratories, time
and cost efficiency are also indispensable. RNA extraction reagents are expensive if
purchased. Furthermore, the throughput of RNA extraction is limited, since the RNA of each
sample has to be prepared, individually. That is the reason why ELISA is still the method of
choice for virus detection in laboratories with limited funds and equipment, e. g. that of plant
protection services. Therefore, the advantages of ELISA (low costs and high throuput) should
be combined with the high versatility and sensitivity of RT-gPCR. This was achieved by
replacing RNA extraction with the immuno-capture (IC) method. For conventional PCR this
method was often used to increase the PCR efficiency and ease (Rowhani et al. 1995; Werner
et al. 1997; Chikh-Ali et al. 2013). In contrast, the application in combination with RT-qgPCR
was rarely documented (Li et al. 2010; Pospieszny et al. 2012). An absolute quantification
with IC-RT-gPCR was not yet described.

4.5.1 Detection of PVY using IC-RT-gPCR

Beforehand, it was not clear, if the relationship between the initial and the detected copy
numbers of virus would be linear, when amplified by IC-RT-qPCR. The question was,
whether the virions are evenly distributed within the mixture of plant sap, so that the number
of virions that bind to the coated IgG antibodies is proportional to the number of virions
within the plant sap. This issue was addressed by means of a dilution series of plant sap from
PVY infected potato leaves.

Two leaf discs, either from healthy or PVY infected potato plants, were punched out with the
aid of 1.5 ml reaction tubes and ground in 500 pl extraction buffer [PBS + 2% (w/v) PVP +
0.2% (w/v) dried milk] by means of three 2.5 mm stainless steel beads using a Retsch® mixer
mill (Retsch GmbH, Haan, Germany). The plant sap was mixed with sap from a healthy
potato plant in different ratios with the result that the sap from PVY infected leaves was
diluted from 1:100 to 1:50,000. 25 pl of the dilutions were filled in each of the 96 wells of a
normal PCR plate coated with PVY IgG polyclonal antibodies (JKI, Institute for
Epidemiology and Pathogen Diagnostics, Quedlinburg, Germany). In order to obtain a high
throughput, the plate was washed with the aid of an ELISA washer. Afterwards, a RT was
realized within this plate by using the reverse primer with isolate independent efficiency
(PVY3-9090). For gPCR 2 pl of the resulting cDNA solution were pipetted into a new PCR
plate. The gPCR was accomplished by using forward and reverse primers with isolate
independent efficiency (PVY5-8911, PVY3-9090). As it is shown in Fig. 18, the relationship
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between the initial and the detected copy numbers of PVY is linear, when amplified by IC-
RT-gPCR. Therefore, IC-RT-gPCR can be used also for absolute quantification. However, a
standard is needed that consists of virions instead of RNA, because not all virions within the
mixture of plant sap and extraction buffer bind to the 1gG antibodies. In turn, this is the
limiting factor of using IC-RT-gPCR for absolute quantification, because virus purification is
expensive in time and lab equipment. Nevertheless, if a relative comparison of the absolute
quantity of virus particles is the target of investigation, IC-RT-qPCR using a RNA standard is
yet a sufficient method, because the relationship between the initial and the detected copy
numbers of PVY is linear (Fig. 18).
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Fig. 18 IC-RT-gPCR of a dilution series of PVY-containing plant sap. The sap was diluted in the
ratios of 1:100 (1% PVY-containing plant sap in 99% negatively tested plant sap) to 1:50,000 (0.002%
PVY-containing plant sap in 99.998% negatively tested plant sap). The percentage of PVY-containing
plant sap in negatively tested plant sap (x axis) as well as the absolute numbers of PVY virions
detected in 25 pl of plant sap (y axis) are displayed in a logarithmic scale. A power trendline was
included to demonstrate the linear relationship between the logarithmized data on the y and x axes.
R?=correlation coefficient.

Additionally, a dilution series was also used for DAS-ELISA to compare the sensitivity of
both detection methods. As it was described for the IC method above, the plant sap of PVY
infected and healthy leaf tissues was mixed after grinding in extraction buffer, but in the ratios
of 1:20 to 1:500. ELISA plates were coated with the same PVY IgG polyclonal antibodies and
100 pl of the plant sap dilutions were filled in each well.
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Tab. 6 Results of DAS-ELISA with different dilutions of plant sap from PVY infected leaf tissues

Dilution level in % Mean OD value (ELISA) Result (pos/neg)
Undiluted 0.76 pos
5.00 0.31 pos
3.30 0.26 pos
2.50 0.23 pos
2.00 0.22 pos
1.40 0.19 pos
1.00 0.14 pos
0.70 0.11 pos
0.50 0.09 pos
0.30 0.07 neg*
0.20 0.06 neg*

*The threshold value for negative results (0.08) was determined as follows: mean of negative controls
+ 3 x the standard deviation of negative controls.

With DAS-ELISA positive values were obtained only until a dilution of 1:200 (0.5% sap of a
PVY infected potato plant in 99.5% sap of a healthy potato plant). However, the OD value of
the undiluted sample was quite low. Probably, the level of dilution can be increased by using
leaf tissue with higher virus titers. Nevertheless, it is clearly shown, that the sensitivity of IC-
RT-qPCR is 250times higher than the sensitivity of DAS-ELISA when used with the above
mentioned 1gG antibodies to detect PVY.

4.5.2 Detection of PLRV using IC-RT-gPCR

If PLRV infected leaf tissue is used for IC-RT-qPCR, then the complete digestion of phloem
cell walls is the limiting factor for a sufficient release of PLRV particles into the extraction
buffer. As it was described for virus purification, the digestion can be obtained by adding cell
wall digesting enzymes. Such enzymes were also tested for the extraction of PLRV infected
leaf tissues and usage in IC-RT-qPCR (Tab. 7).

Tab. 7 List of commercial enzyme formulations used for the extraction of PLRV infected leaf tissues

Name of enzyme Manufacturer Enzyme activities

NovaBiotec® Dr. Fechter

Novalin ® GmbH, Berlin, Germany Cellulases and lingnocellulases
Vegazym® HC Erpsloh Qe|senhe|m GmbH, Cellulases, hemicellulases
Geisenheim, Germany
Fructozym ® P Erpsloh G_elsenhelm GmbH, Pectinases
Geisenheim, Germany
Depol™ 793L Biocatalysts Limited, Wales, Pectinases, hemicellulases,
UK hydrolases
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The enzymes were tested at different pH-values, incubation temperatures and times,
concentrations and with and without grinding in liquid nitrogen. For the evaluation of the
enzyme activity at different pH-values, phosphate citrate buffers were prepared with pH-
values from 5 to 7. Afterwards, 5 pl of enzyme was mixed with 10 ml of buffer to obtain an
enzyme concentration of 500 ppm. A large quantity of PLRV infected potato leaves was
pestled in liquid nitrogen. With the aid of a cap from a 1.5 ml centrifuge tube, 97 mg (+/-
3 mg) grinded plant material was mixed with 1 ml of enzyme/buffer solution by vortexing and
was then incubated at 30 °C for 90 min. As controls, grinded plant material was also
incubated in extraction buffer (see chapter 4.5.1 for composition) and adjusted to different
pH-values. A part of the controls was neutralized after incubation by adding 1M sodium
hydroxide (NaOH). All reactions were performed in triplicates. After incubation, the tubes
were centrifugated at 8000 rpm and 50 pl of the supernatant was filled into a PCR plate
coated with PLRV IgG antibodies (JKI, Institute for Epidemiology and Pathogen Diagnostics,
Quedlinburg, Germany). After incubation over night at 4 °C and washing, the RT was
accomplished within the PCR plate by using the reverse PLRV primer that anneals in the
genomic region of the PLRV genome (PLRVrev-g). 2 pl of cDNA were transferred to a new
PCR plate and a qPCR was realized by using the forward and reverse genomic PLRV primers
(PLRVfw-g, PLRVrev-q).
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Fig. 19 Absolute number of PLRV particles in 50 pl of plant sap extracted either with a mixture of
phosphate citrate buffer and one of four different commercial enzymes or with extraction buffer,
solely. The phosphate citrate and the extraction buffer were adjusted to different pH-values prior to
incubation. Within the control using neutralized extraction buffer, the mixture was neutralized to pH 7
after incubation. The y-axis was logarithmized. Error indicators were calculated from the standard
deviation and represent the variation of the data and not the error in the measurement.
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As it is shown in Fig. 19, most PLRV particles were extracted by using a mixture of
phosphate citrate buffer and enzyme preparation at pH-values of 7.0 and 7.5. Fewer particles
were extracted by using extraction buffer only, independent from the pH-value. However,
when the extraction buffer was neutralized by NaOH after an incubation time of 90 min, the
number of extracted PLRV particles could be increased at least in the acidic starting
preparations. Therefore, the pH-value of the buffer does not only influence the extraction
quality and enzyme activity, but also the affinity of particles for binding to 1gG antibodies.
Thus, the binding of virions to 1gG antibodies is decreased by using buffers with low pH-
values.

The three best extraction methods using Depol” 793, Novalin® and Vegazym® HC were
used for further optimization. It should be ascertained, which temperature and enzyme
concentration would be optimal for the incubation period. The extraction of PLRV infected
potato leaves was done as mentioned before. The incubation was also done for 90 min but at
different temperatures (15 °C, 20 °C, 25 °C and 30 °C) and concentrations of enzymes (250
ppm, 500 ppm and 1000 ppm).
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Fig. 20 Absolute number of PLRV particles in 50 pl of plant sap extracted with a mixture of
phosphate/citrate buffer and either one of three different commercial enzymes used in a concentration
of 250 ppm, 500 ppm or 1000 ppm. The incubation was done for 90 minutes at 15, 20, 25 or 30 °C.
Error indicators were calculated from the standard deviation and represent the variation of the data and
not the error in the measurement.

Fig. 20 reveals that the incubation temperature, when varied between 15 and 30 °C, has an
effect on the efficiency of extraction. In fact, the extraction efficiency seems to increase with
increased incubation temperature until 25 °C and remains unchanged when the temperature is
further increased to 30 °C. However, by using only triplicates the standard deviation was high
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and slight differences between the temperatures used cannot be verified. Since the number of
PLRV particles detected by IC-RT-gPCR does not differ between different concentrations of
enzymes used for the extraction, the lowest concentration of 250 ppm seems to be sufficient.
The incubation time was also varied in order to test, if the extraction efficiency would vary
between 30, 60, 90 or 120 minutes. However, no differences were determined between the
detected numbers of PLRV particles incubated either for a short or a longer period. Therefore,
30 minutes suffice to extract PLRV from potato leaves.

4.6 Setbacks

During the laboratory work the author of this thesis generated not only desirable results in
frequent intervals. There were many obstacles, with which the author was confronted. In
published articles of scientific journals, failures and disappointments play, if anything, only a
secondary role. Therefore, the author uses this thesis to disclose also the setbacks of her three-
year research work.

4.6.1 Contamination of PCR controls

First of all, the contamination of PCR controls was the major difficulty. Several times, when
an efficient primer pair was designed and optimized, the negative and non-template controls
were contaminated with the amplified PCR product. As an example, contaminations were
recorded with primers that detect all isolates of PVY with a high efficiency: PVYall5-8500
(primer sequence: AGGAGGAACTGAAGGCTTTCACTGAAAT) and PVYall3-8610
(primer sequence: TCCTCCTGCATCGATTGTGTCAT). Immediately, all buffers, enzymes,
dNTPs and magnesium solutions as well as primers and probes were renewed. A RT-gPCR
was done with the renewed reagents on a MiniOpticon® Real-Time PCR System (Bio-Rad
Laboratories, Inc.). A positive control was pipetted to the first column of a PCR plate. Non-
template controls were placed in different distances to the positive control in order to test a
possible contamination by evaporation. As it is shown in Fig. 21, the contaminations still
appeared independent from the distance to the positive control.
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110 bp

60-70 bp

Fig. 21 Gel electrophoresis of gPCR products amplified by PVYall5-8500 and PVYall3-8610 primers.
The positive control was a PVY standard of 8x10° RNA copies derived from nt 6700-8800 of PVYN™
(isolate Gr99). The non-template controls (NTC) were run on a PCR plate in different distances to the
positive control. The expected PCR product has a length of 110 bp, primer dimmers are approximately
60 bp long. LM: DNA ladder.

With the same reagents a second qgPCR was done but without any positive control. The
second qPCR was realized on different gPCR instruments: MiniOpticon® and iQ5® Real-
Time PCR Systems (Bio-Rad Laboratories, Inc.). The iQ5 qPCR instrument was located in a
separate laboratory, where no gPCR was realized up to that time using the before mentioned
primers. Surprisingly, no contaminations appeared on the gel, regardless of which gPCR

instrument was used (Fig. 22).

Fig. 22 Gel electrophoresis of a qPCR using PVYall5-8500 and PVYall3-8610 primers. No positive
control was pipetted to the wells. The qPCR was run on two different gPCR instruments
(MiniOpticon® and iQ5®, both from BioRad Laboratories, Inc.). No contamination is visible. Primer
dimmers have a length of approximately 60 bp.

Therefore, the contamination did not originate from a contamination of reagents, lab
equipment or gPCR instruments. It was assumed that the PCR product evaporated during the
amplification and contaminated the other wells of the plate, although thoroughly sealed.
Therefore, positive controls and NTCs were pipetted to a PCR plate and sealed in the case of
NTCs and capped with optical cap strips in the case of positive controls. Subsequently, a RT-
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PCR was performed using either PVVYall5-8500 and PVYall3-8610 primers or PVYall5-8500
and a new 3’ primer (PVYall3-8750, primer sequence: GGCATTCTCATTTTGGAC
GTGATAG) as an alternative, if the contaminations could not be eliminated. The
contamination of NTCs was successfully eliminated as it is shown in Fig. 23. However, the
use of optical cap strips is considerably more expensive than using adhesive seals, which
leads to a rejection of the PVYall5-8500 and PVYall3-8610 primers.

Therefore, new primers were designed that were described in detail in chapter 4.4.1. PCR
products amplified by these primers (PVYall5-8911, PVYall3-9090, PVYall5-9194 and
PVYall3-9420) never generated any contaminations. Therefore, the propensity of PCR
products to evaporate seems to be dependent on their length and nucleotide sequence.

NTC NTC 99
8610 3750 3610

Fig. 23 Gel electrophoresis of PCR products amplified either by PVYall5-8500 and PVYall3-8610
primers or by PVYall5-8500 and PVYall3-8750 primers. The positive control was plasmid DNA with
a PVY insert from nt 6700-8800 of PVYN™ (isolate Gr99: “99”). LM = DNA ladder

4.6.2 Low efficiency of fluorophore-labeled TagMan® probes

As it was mentioned in chapter 4.4.1, the fluorescence during gPCR was emitted from Sybr®
Green. However, fluorophore labeled TagMan® probes were also designed for detecting PVY
in target cDNA that generates unspecific products when amplified by PCR. This was the case,
e. g., when RNA was extracted from the potato cultivar ‘Mayan Gold’ and amplified by using
the PVYall5-9194 and PVYall3-9420 primers. When the fluorescence was emitted from
Sybr® Green, the desired and unspecific products could not be distinguished because of
similar melting points. Therefore, a FAM-labeled TagMan® probe was designed that
annealed at nt position 9330 (PVYFAM-9330, sequence: ACACAGAGAGGCACACCA
CCGAGGA). However, a slope of -3.77 and an efficiency of only 84% were not sufficient to
quantify PVY RNA copies, absolutely. A previous designed FAM-labeled probe that gave
high gPCR efficiencies was used with the PVYall5-8500 and PVYall3-8610 primers.
However, this primer-probe combination could not be used further on, because of the above
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described contaminations (Fig. 21). In fact, TagMan® gPCR assays with high efficiencies
were generated by using primers that produced short amplicons. However, short amplicons
were more often the reason for contaminations than longer ones. Therefore, the author
refrained from using fluorophore labeled probes for qPCR. By designing primers generating
almost no primer dimers, Sybr® Green was successfully used in high-efficiency qPCR assays.
The production of unspecific amplicons, e. g. by using RNA from ‘Mayan Gold’, was re-
examined by other PVY primers, such as PVYall5-8911 and PVYall3-9090. With these
primers, no PCR product was amplified indicating that the PVYall5-9194 and PVYall3-9420
primers annealed within the genomic RNA of this cultivar. Unfortunately, the primers that did
not generate unspecific products were not as efficient as the primers that did so (see chapter
4.4.1).

4.6.3 Enzymes for the detection of PLRV by using IC-RT-gPCR — no success after all?

As it was shown in chapter 4.5.2, the extraction of PLRV from potato leaves ground in liquid
nitrogen was significantly increased by adding cellulase and pektinase enzymes. However, by
accident, in one experiment the leaf material was ground in the buffer solutions without prior
freezing. The surprising result was that no difference was ascertained between the numbers of
quantified PLRV particles extracted either with extraction buffer, solely or with a mixture of
buffer and enzyme (Fig. 24). Only by using phosphate citrate buffer, the amount of extracted
PLRV was increased by adding an enzyme preparation. The reason for this result was that the
leaf material pestled in a mortar at room temperature was more finely ground than with the
addition of liquid nitrogen, which made the leaf tissue hard as stone. Therefore, for IC-RT-
gPCR the addition of enzymes is not necessary, when an extraction buffer is used consisting
of PBS, 2% (w/v) PVP and 0.2% (w/v) dried milk, and when the plant material is finely
ground at room temperature.
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Fig. 24 Absolute number of PLRV particles in 50 pl of plant sap extracted either with extraction (ex)
buffer, phosphate/citrate (P/C) buffer or with a mixture of Depol™ 793L and extraction buffer and
phosphate/citrate buffer, respectively. Some of the extractions were done with potato leaves that were
ground in liquid nitrogen (N,). The y-axis was logarithmized. Error indicators were calculated from
the standard deviation and represent the variation of the data and not the error in the measurement.
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5 Applications in potato research and production

The absolute quantification of PVY and PLRV by using the optimized methods described in
chapter 4.5 enables several applications in potato research and production. This chapter
contains publications of the author that address the utilization of an absolute quantification of
PVY for seed potato certification, the examination of PVY and PLRV regarding their
virulence and the evaluation of transgenic potato plants regarding their susceptibility to PVY.
Furthermore, in chapter 5.2 the validity of RT-gPCR results is discussed in the view of an
evaluation of potato progenies regarding their resistance type. Within the four successive
publications, the numbers of tables and figures as well as the references are detached from the
registers in this thesis.
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5.1  Comparison of three methods for the detection of Potato virus Y in seed potato
certification
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Abstract

Potato virus Y (PVY) is becoming increasingly important in
potato growing regions worldwide. The main reason for this
is an increase in the incidence of infections with recombi-
nant forms of PVY, such as PVYNWi and PVYNTN, They are
characterized by high virulence and low symptom expres-
sion, which is especially true of PVYNWi. This makes it diffi-
cult to detect infected seed potato plants during certifica-
tion. In Mecklenburg-Western Pomerania (North-East Ger-
many) in 2008 an unusually high incidence of infection with
PVY was recorded in fields where seed potatoes were being
grown. In this study we examined, which strains of PVY
caused these infections. Furthermore, we have developed a
reverse transcriptase-quantitative polymerase chain reaction
(RT-gqPCR) assay for direct tuber testing, which we com-
pared to direct tuber testing by ELISA and growing-on tests.
As aresult, we recommend for direct tuber testing by RT-qPCR
or ELISA. These methods are less space- and time-con-
suming and therefore less costly alternatives to conven-
tional ELISA testing of eye cuttings from seed potatoes.
Additionally, the RT-qPCR method has a high efficacy, so
that even freshly harvested non-dormant tubers can be
tested, which makes testing very fast and economical. This
is of special interest in cases when tubers shall be exported
to the other hemisphere of the world.

Key words: PVY, RT-qPCR, seed potato, tuber

Introduction

Potato virus Y (PVY) is the type member of the Potyvirus
genus (Potyviridae family) and features a single-stranded
positive-sense genomic RNA of approximately 9.7 kb. The
filamentous particles are mostly 730 x 11 nm. The RNA
encodes a large single polyprotein which is processed into
10 mature protein products by virus-specific proteases. Re-
cently, an overlapping coding sequence was found within
the long open reading frame of Potyviridae species (Chung
et al. 2008). The coding sequence, PIPO (Pretty Interesting
Potyviridae ORF), is located in the P3 cistron (see Fig. 1).
PVY is one of the most important viruses damaging the pro-
duction of potatoes worldwide (Valkonen 2007). Especially
in years when aphids are abundant the number of primary
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infections increases resulting in yield losses and frequent rejec-
tion of seed potatoes. Whereas Potato leafroll virus (PLRV)
can be effectively controlled by application of insecticides,
PVY is transmitted by aphid vectors in a non-persistent man-
ner and therefore even a short probe of PVY infected leaves
followed by probing of healthy plants is sufficient to transmit
the virus. Therefore, PVY cannot be effectively controlled by
insecticides. Additionally, insecticides cause an increase of
probing activity because they act by impairing the metabo-
lism and activity of the nervous system of insects (Thieme et
al. 2009). In contrast to PLRV, the importance of PVY has
increased over the last 30 years. It is assumed that this may
either be due to earlier and more intense colonization by
aphids promoted by climate change combined with the low
effect of insecticides on PVY transmission (Zahn 2004) or an
alteration that has occurred in the spectrum of strains of PVY
(Chrzanowska 1991, Singh et al. 2003, Visser & Bellstedt
2009). Most of the PVY strains detected recently in Europe
have sequences that indicate recombination events between
PVYO and PVYN. They have 1 to 4 recombinant junctions
(RJ, Fig. 1). If they react with strain specific monoclonal
antibodies like PVYN they are designated as European tuber
necrotic strains (PVYNTN), Recombinant PVY strains that
react like PVYO strains are designated as Wilga-strains
(PVYNW1). Both, PVYNTN and PVYNWi cause tobacco to
develop veinal necrosis and potato tubers to generate ne-
crotic rings (Chikh Ali et al. 2007, Schubert et al. 2007). To-
day, in European potato growing regions recombinant forms
of PVY are more common than the non-recombinant forms
(Lindner & Billenkamp 2005, Blanchard et al. 2008). The
reasons for this shift in the spectrum of strains are unknown.

In all seed potato producing countries there are sophisti-
cated systems for ensuring the distribution of only virus free
seed potatoes. Certification schemes are based on visual
inspections of fields and serological testing of eye cuttings
from a defined number of tubers. This is a time consuming
and expensive procedure. If the seed potatoes are for export
this procedure can be especially limiting as some countries
request export certificates including tests for the presence of
PVY using RT-PCR. Currently, in Germany certification is
solely based on field inspections and tests using ELISA.

In Germany plant protection services have recorded a
considerable increase in PVY infections relative to PLRV
over the last 30 years, too. In 2008 in Mecklenburg-Western
Pomerania (M-WP) unusually high levels of infection of
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Fig. 1: Genome structure of different isolates assigned to known strains and variants of PVY. VPg = viral genome linked pro-

tein, Poly-A = poly-A tail, P1 = P1 protein, HCPro = helper component protease, P3 = P3 protein, Ci = cellular inclusion protein,
Nla = nuclear inclusion protein a, NIb = nuclear inclusion protein b, CP = coat protein. The non-translated regions are abbrevi-
ated as NTR. The overlapping coding sequence PIPO (Pretty Interesting Potyviridae ORF) within the P3 cistron is indicated
(Chung et al. 2008). Designation of strains is given on the left and that of isolates on the right hand side of the structures
(N=PVYN, NA = PVYNA O = PVYO, C = PVYC, Wi = PVYNWi, NTN = PVYNTN E = PVYE 7 = PVYZ), Positions of R)s are given inside the
schematically drawn genomes by switching from one filling pattern to another. Counting of RJs was done from 5’ to 3’ end.
Positions of the fragments detected using RT-PCR specific PVYNWi and PVYNTN primers are given inside the respective genome
structures as black boxes. (*) Isolate SD1 was rectified by the authors since nucleotides 9375 till 9706 were erroneously

published in GenBank® in reverse order.

seed potatoes with PVY were recorded during the official
certification, thus, leading to high rejection rates of seed
potato lots. Especially, the cultivars ‘Innovator’, ‘Elkana’,
‘Zorba’ and ‘Donald’ were seriously affected. To investigate
whether this was caused by new and more virulent isolates,
several seed lots were analyzed for the presence of different
PVY strains. Two unusual isolates were completely sequenced
and their biological characteristics determined. The high
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incidence of infections might have been caused by unrecog-
nized infection with PVY of lots used for seed potato produc-
tion. Therefore, it was determined which cultivars do not
show visible symptoms when infected with strains of PVY.
Furthermore, growing-on tests are currently the routine
detection method for PVY during seed potato certification.
However, planting of eyeplugs following ELISA is time- and
space-consuming. In this study it was evaluated, if direct
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tuber testing using ELISA or reverse transcriptase-quantita-
tive polymerase chain reaction (RT-qPCR) could be a faster
and cheaper alternative to growing-on tests.

Material and methods
Seed potato samples and symptom observation

For post-control in 2010, 184 potato tubers were planted out
originating from 25 cultivars of PVY infected plant propa-
gating material growing in different regions of M-WP in
2008 and 2009. In June 2010, ELISA was done on terminal
leaflets of each plant. Symptoms on plants were evaluated
in July. Afterwards, potato plants were individually har-
vested and stored. For the estimation of PVY infection of the
stored potato tubers, direct tuber testing using ELISA was
done in October 2010. Skin scrapings from the same stored
tubers were used for RT-qPCR and RT-PCR in May, 2011.

ELISA testing of leaf material and tubers

For direct tuber testing using ELISA, tuber sap was sampled
from tuber flesh in the close proximity of a bud within the
upper third of the rose end using a modified dentist’s drill
(Gugerli 1979). Monoclonal antibodies (PVY mono cocktail,
Bioreba AG) were used for ELISA of leaf and tuber sap
samples. ELISA was done according to the manufacturer’s
protocol with the following validated modifications: the
volume of sap and buffer was 100 pl, washing steps were
done with distilled water + Tween 20, and incubation of
conjugate was 4 h at 30°C. Ovalbumin was used to mini-
mize unspecific reactions which often occurs when material
with high starch content is tested, and the microtiter plates
were not kept in the dark during incubation with sub-
strate.

General PVY detection using RT-qPCR

The same 184 potato tubers were tested for PVY using
RT-qPCR. Following PVY detection using RT-qPCR the sam-
ples that were tested positive were used to detect specific
strains of PVY using conventional RT-PCR.

RNA was extracted from small pieces of the tubers. No
attention was paid to the part of the tuber sampled as
previous studies show that after dormancy breaking PVY
concentration hardly differs between heel and rose end of
tubers (Treder et al. 2009). Approximately 50 mg skin was
taken from each of the tubers using a sterile scalpel blade.
Each sample was ground using a pestle in 1.5 ml micro-
centrifuge tubes containing 500 pl of RNA isolation reagent
(Concert™ Plant RNA Reagent, Life Technologies™). Fur-
ther purification of RNA was done following the manu-
facturer’s protocol. Purified precipitated RNA was redis-
solved in diethylpyrocarbonate (DEPC)-treated distilled
water to a concentration of 200 to 400 ng per pl. Total RNA
amount was measured via ultraviolet absorbance by a
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NanoDrop 8000 instrument (Thermo Fisher Scientific).
The quality of RNA was ensured by further using only
samples with an OD 260/280 and OD 260,230 ratio of at
least 1.8. However, with samples of cultivars ‘Royal’ and
‘Marena’ only low OD 260/230 ratios of extracted RNA
could be produced (OD 260/230 < 1.0). For the quantifica-
tion of PVY RNA using qPCR, RNA standards were prepared
consisting of a dilution series of PVY RNA transcripts. The
sequence of the transcripts corresponded to PVY RNA from
position 8600 (highly conserved region of the coat protein)
to the poly-A tail. Reverse transcription was performed us-
ing 2 pl purified RNA and 18 pl RT mixture (DEPC-treated
water; 1 x RT reaction buffer consisting of 50 mM Tris-HCl
[pH 8.3]1, 75 mM KCl, 3 mM MgCl; and 10 mM DTT; 200 uM
of each dNTP; 0.4 uM reverse primer [PVYall3-9090, Hiithn-
lein, unpublished]; 80 U M-MLV RT [Promega] and 4 U
RNase inhibitor [RiboLockTM, Thermo Fisher Scientific]).
The RT reaction was done in duplicate without denatur-
ation at 42°C for 50 min following 10 min at 72°C for
enzyme inactivation. In a second step 2 pl of cDNA reaction
mix was combined with 18 pl gPCR reaction mix (distilled
water; 1 x reaction buffer consisting of 16 mM (NH4)2SO4,
67 mM Tris-HCI pH 8.8 and 0.1% Tween 20; 150 uM of
each dNTP; 0.3 uM of forward and reverse primers
[PVYall5-8911, PVYall3-9090, Hiihnlein, unpublished];
2.5 mM MgCly; 2 U Taq DNA polymerase [Bioron GmbH]
and 1 x Sybr®Green 1 [Life Technologies™]). PCR reaction
was performed in white 96-well plates (Biozym Scientific
GmbH) sealed with adhesive clear seals (Thermo Scientific
ABsolute™ QPCR Seal) in a MyiQ™2 Two-Color Real-Time
PCR Detection System (Bio-Rad Laboratories, Inc.) with
the following protocol: 2 min at 95°C for initial denatur-
ation followed by 40 cycles with 15 s at 94°C for denatur-
ation, 15 s at 58°C for annealing, 20 s at 72°C for elonga-
tion and 15 s at 83°C for melting of nonspecific products.
Melting of primer dimers from non-template controls hap-
pened at 79°C. Fluorescence was measured after each
cycle. Following real-time PCR, the amplicons were melted
at 95°C for 1 min and then fully annealed at 55°C for
1 min. For determination of the melting point(s) of the PCR
product(s) the temperature was then increased incremen-
tally to 95°C at a rate of 0.5°C every 10 s (as fixed on the
MyiQ™2).

The limit of detection (LOD) of the qPCR assay was
determined by repeated quantification of highly diluted
standard RNA (1000, 100 and 10 RNA transcript copies).
Generally, the LOD is expressed as the amount of analyte
at which the analytical method detects the presence of the
analyte at least 95% of the time. Therefore, each diluted
RNA was amplified 100 times, and the RNA dilution which
was amplified at least 95times was set as the LOD of the
assay. Figure 2 shows exemplarily a standard series from
1010 to 10 RNA transcript copies. The LOD for the assay was
100 RNA transcript copies which corresponds to 100 PVY
RNAs.

The cDNA of 184 samples was applied in duplicates.
Therefore standards were applied only to the first 96-well
plate. An interplate calibrator (IPC) consisting of diluted
PCR product produced with PVYall primers (Hiihlein, unpu-
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bished) was used for normalization and variation compen-
sation of all plates.

To calculate absolute quantities from amplification data,
the software GenEx Enterprise (MultiD Analyses AB) was
used for reverse calibration. Results and qPCR efficiency
were calculated based on a 95% confidence level. The esti-

mated efficiency of the qPCR assay was 93% and the lower
and upper confidence limit of efficiency was 89% and 99%,
respectively. For each sample the total RNA amount per pl
was determined after RNA extraction. Therefore, the abso-
lute quantities of PVY in tubers could be given as copies of
PVY per 300 ng total RNA (see Fig. 3).
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Specific detection of strains of PVY using conventional PCR

RNAs from tuber samples that tested positive in RT-qPCR
were used for strain specific conventional RT-PCR. For
the detection of PVYO, PVYN, PVYC and PVYNA the primers
used were those designed by Schubert et al. (2007). How-
ever, for the detection of PVYNWi and PVYNIN the PCR
products have a length of 5052 bp and 3 867 bp, respec-
tively. Since special polymerases are necessary for such
large fragments, alternative primer combinations were
designed resulting in shorter fragments. They can be used,
however, only when the absence of PVYN or PVYO was
confirmed by PVY© and PVYN specific primers. For PVYNTN
isolates a larger N-type segment located between the 3rd
and 4th RJ (position 5 715 to 9 170) is typical. It was used

to discriminate PVYNTN from PVYNWi. Primers used in this
study for the detection of PVYNTN are located at the 3’-end
of the CP sequence generating an 869 bp PCR fragment. For
the detection of PVYNWi two PCR fragments have to be
amplified, with a length of 798 (located between HCPro and
P3) and 121 bp (located between NIb and CP), respectively
(Fig. 1). Thus, the presence of up to two RJs can be deter-
mined, which is typically for most of the PVYNWi isolates so
far identified in Central Europe. Two PVY isolates that could
not be assigned to any of the PVY strains with primers listed
in Table 1 were completely sequenced and are designated as
PVY-MV isolates in the text below. For cDNA synthesis RNA
was reverse transcribed using Oligo-dTig following the
above protocol except the incubation period was 60 min.
Samples were tested for PVY strains in parallel reactions

Table 1: Primers used for detecting PVY in general and identifying strains

Detected PVY strains/applications Source

Primer name Sequences (5'-3’)
MMPVYall5-9194 AGGTCACATCACGAACAC
MMPVYall3-9420 CGGAGAGACACTACATCAC
Oligo-dT-18 Oligo(dT)18

YN5-8635 AAGGTAGCATTCAACCAAATCTC
Y03-9525 CCACAATGACGAAATCACCCTG
YN-NA5-116 TTTGATCTTCGTCGTACAAACCG
YN-NA3-622 CTTGATAAGATGGTTCATTTGTTT
YO5-1005 AAATTGTACGATGCACGTTCTAGA
YO3-2558 AGGCTCATCTAACAGCAACTGTC
YN5-1780 TCCGAATGGGACAAGAAAACTTG
YN3-2438 TGGTTCATCCAGTAGCAATTGCT
YN5-1780 TCCGAATGGGACAAGAAAACTTG
YO03-2558 AGGCTCATCTAACAGCAACTGTC
YC5-125 ATATTGAAAACCGTCTTAGTTCGTT
YC3-460 GCAGCCATCTGAAAGTAGTGC
PVYSend(3) AAATTAAAACAACTCAATACAAC

PVYHC3-1500
PVYHC5-1465
PVYHC3-2150
PVYHC5-2130

CATTCAYGAGCTGTATYTTCYTTTCC
AARGARAATACAGCTCRTGAATGGC
CCAAGCTTYGGCACACACATGTC
GAGGARGATGCAAAGGAYTTCAC

PVY3-3060 AAGAAYGCTTGYGGTGATATGTTG
PVY5-3000 CAACATGGYAYTCATACARAGCAAA
PVY3-4360 GTTTTWGARCCTTGYGCATCAACA
PVY5-2700 GRGTGTCAGCRGCAGAAACACTC
PVY3-4360 GTTTTWGARCCTTGYGCATCAACA
PVYCI5-4300 GTKTCAGCYACTCCAGTGGGAAG
PVYCI3-5750 CTTYAADGCTTGRATTCTTTTGGAT
PVYCI5-5650 RTTGCWRTYGGTGGWATAGGRCT
PVYNA3-7000 AGYTTYARYGGRCCCCACAACAC
PVY5-6570 ACARAARYTRCRYTTCCGAGCTCC
PVYNIb3-8800 ACGTATCAAACTGTGATTGAGTTGC
PVY5-6570 ACARAARYTRCRYTTCCGAGCTCC
PVY3-8730 GGCATTCTCATTTTRGACGTRATAGC
PVYNib5-8600 ACAAGSAAATGACACAATYGATGC
PVY3end(3) TITTTTTTTTTTTTTGTCTCCTGATTG

Primers show missmatches with
some PVY strains
For cDNA synthesis

(Hahnlein, unpublished)
(HGhnlein, unpublished)
Thermo Fisher Scientific

NTN This study

NA (Schubert et al. 2007)
0 (Schubert et al. 2007)
N (Schubert et al. 2007)
Wilga (Schubert et al. 2007)
C (Schubert et al. 2007)

For cloning of complete sequences  This study

For cloning of complete sequences  This study
For cloning of complete sequences  This study
For cloning of complete sequences  This study

For cloning of complete sequences  This study

For cloning of complete sequences  This study

For cloning of complete sequences  This study
For cloning of complete sequences  This study
For cloning of complete sequences  This study

For cloning of complete sequences  This study
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with one primer pair per reaction. The reaction mix for PCR
was the same as for general PVY detection but without
Sybr®Green. The PCR protocol was: 3 min at 96°C for initial
denaturation and 35 cycles of 30 s at 96°C for denaturation,
30 s at 62°C for annealing and 1:40 min at 72°C for elonga-
tion followed by a final extension for 10 min at 72°C. PCR
products were separated on 1% TAE-agarose gels (EDTA
concentration reduced to 1 mM) with 0.1 pug ml-1 ethidium
bromide.

Cloning, sequencing and sequence analysis of PVY isolates

cDNAs of two of the PVY-MV isolates that could not be
assigned to any PVY strains were cloned as overlapping
fragments of about 2 300 bp and completely sequenced.
Only the 3'end of the genome was sequenced directly from
the PCR fragment. The reaction protocol was identical to
that described above for RT-PCR but using the cloning
primers listed in Table 1. Bands of correct size were purified
from gel (Ultrafree®DA Gel Extraction Kit, Millipore, Carl
Roth GmbH + Co. KG), ligated into pGEM®-T easy vector
(Promega Cooperation) and transformed into NEB Turbo
Competent Escherichia coli (New England BioLabs® Inc.).
Clones containing the specific insert were sequenced on a

GenomeLab™ GeXP Genetic Analysis System (Beckman
Coulter®) using specific, M13 reverse and universal primers
(GenomeLab™ DTCS-Quick Start Kit, Beckman Coulter®).
In order to validate sequences at least two clones were se-
quenced in parallel. The Megalin program (Lasergene 8,
DNA Star Inc.) was used with default settings to align
complete genome sequences of the PVY-MV isolates with
several other isolates representative of all PVY strains
from GenBank®. Phylogenetic analysis was performed
using MEGA 5.05 (Tamura et al. 2011). Alignments were
analyzed for recombination using RDP software (Martin et
al. 2010).

Results
Symptoms shown by potato plants and serological analysis

Potato plants showing symptoms in the field all gave posi-
tive results in ELISA (Table 2). Symptoms on potato plants
varied depending on the cultivar ranging from a light
mosaic to a pronounced rugose mosaic. Some cultivars,
such as ‘Opal’, ‘Donald’, ‘Zorba’, ‘Roberta’, ‘Sommergold’,
‘Krone’ or ‘Innovator’, exclusively develop light mosaics
which makes selection difficult. Only when climatic condi-

Table 2: Serological analysis of leaves and symptom expression of positive tested potato plants, post-control growing, Giilzow

2010

Cultivar (year of harvest) OD-value (ELISA) OD-value (ELISA) negative control Symptomes
Krone (2009) 0.692-1.195 0,034 Mosaic, light
Meridian (2009) 1.325-2.156 0,034 Rugose mosaic, heavy
Innovator (2009) 1.973 0,032 Rugose mosaic, heavy
Sommergold (2008) 0.563-2.289 0,033 Mosaic, light
Patrona (2009) 1.610 0,032 Mosaic, light
Satina (2008) 1.236,2.412 0,035 Rugose mosaic, heavy
Desirée (2009) 0.966, 2.296 0,032 Rugose mosaic, heavy
Cindy (2009) 2.396,2.413 0,036 Rugose mosaic, heavy
Caruso (2009) 0.155-1.262 0,035 Rugose mosaic, heavy
Opal (2008) 2.506, 2.530, 2.571 0,033 Scarce mosaic, light
Ballerina (2009) 1.070-2.642 0,034 Rugose mosaic, heavy
Bernadette (2009) 0.109 0,033 Mosaic, light
Zorba (2008) 2.532-2.764 0,033 Mosaic, light
Karlena (2009) 1.525,1.711 0,032 Rugose mosaic, heavy
Blaue St. Galler (2009) 1.847-2.195 0,034 Rugose mosaic, heavy
Marena (2009) 0.438-2.068 0,038 Rugose mosaic, heavy
Bellinda (2009) 0.155,0.189 0,033 Rugose mosaic, heavy
Elkana (2009) 0.494-2.503 0,034 Rugose mosaic, heavy
Verdi (2009) 0.563-1.330 0,034 Mosaic, light
Roberta (2009) 1.385-2.602 0,033 Scarce mosaic, light
Kormoran (2009) 0.326-1.871 0,034 Rugose mosaic, heavy
Pirol (2008) 2.307 0,032 Rugose mosaic, heavy
Sava (2009) 0.308-2.449 0,032 Rugose mosaic, heavy
Royal (2009) 0.332-2.425 0,032 Mosaic, light
Donald (2009) 2.325,2.343 0,032 Scarce mosaic, light
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tions facilitate symptom expression as was the case in 2010,
‘Innovator’ shows strong mosaic patterns.

General detection of PVY using RT-qPCR

The sensitivity of the assay was determined by testing
potato plants infected with different strains of PVY under
equal conditions using RT-qPCR (Fig. 7). It is clearly shown
that the differences of virus concentration vary between
potato lines but not between the strains. This indicates an
equal efficacy of the assay for different strains of PVY.
Primers with mismatches in the sequence to some strains of
PVY result in different efficacies for the strains of PVY
(Fig. 8) and were therefore rejected. The limit of detection
of the qPCR assay was 100 PVY RNA copies in 2 pl cDNA
reaction mix with an error probability of 5%. Therefore,
results showing less than 100 copies were classified as
negative. Comparative results for PVY testing are given in

Table 3. Altogether, 86 out of the 184 tubers tested were
positive for PVY when analyzed using RT-qPCR. When ana-
lyzed using ELISA and leaf samples from field potato plants,
95 samples tested positive. The difference in number of pos-
itives for leaves and tubers is because PVY is not evenly dis-
tributed in all tubers of a plant (Rusetsky & Blotskaya 2001).
Furthermore, virus concentration in tubers is often lower
than in leaf material (Kogovsek et al. 2011). Comparison of
the results for direct testing of tubers using ELISA and skin
scrapings from tubers using RT-qPCR reveals no advantage
of a PCR based method over ELISA. When comparing tubers
of cultivars tested using both ELISA and RT-qPCR, 67 tubers
were tested positive for PVY using ELISA and 69 tubers were
shown to be positive using RT-qPCR. Virus concentration
determined by RT-qPCR varied greatly between samples
originating from one cultivar (Fig. 3). At first glance it
appears that it is not possible to draw any conclusions
about the susceptibility to PVY of the studied cultivars
using this method. However, only 18 or fewer tubers of

Table 3: Results of the comparison of using ELISA and RT-qPCR to detect PVY in leaves and tubers.

Potato cultivar Total number of ELISA gPCR Strain specific PCR¢
tested samples Leaves? Tubersb Tubers© PVYNTN PVYNWi unknown

Krone 7 3 3 3 - 3 -
Meridian 8 4 4 4 - 4 -
Innovator 7 3 n.t 4 3 1 -
Sommergold 6 3 n.t. 3 3 - -
Patrona 6 3 1 2 - 1 1
Satina 4 1 0 0 - - -
Desirée 4 2 1 2 1 - 1
Cindy 4 2 2 1 1 - -
Caruso 6 3 2 2 - 2 -
Opal 6 2 1 1 - - 1
Ballerina 13 7 7 7 3 4 -
Bernadette 2 1 n.t. 0 - - -
Zorba 6 3 2 3 3 - -
Karlena 4 3 4 - 1 3
Blaue St. Galler 3 n.t. 4 1 3 -
Marena 12 5 5 5 - 2 3
Bellinda 4 2 n.t. 1 1 - -
Elkana 14 10 9 11 7 5 (1 mixed) -
Verdi 1 n.t. 1 1 - -
Roberta 4 4 4 - 2 2
Kormoran 12 6 6 6 - 6 -
Pirol 10 6 2(4nt) 4 4 - -
Sava 8 2 3 2 - 2 -
Royal 18 14 13 11 - 1 10
Donald 2 1 1 1 1 1 (mixed) -
Sum 184 95 69 (16 n.t.) 86 30 38 21

a L eaves collected from field plants in June 2010

b Direct tuber testing using ELISA from field plants tested 8 weaks after harvesting on 28th October 2010

CTubers from field plants tested after storage in April 2011
n.t. - not tested
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each cultivar were tested using RT-qPCR. If a higher num-
ber of tubers had been tested then it would have been
possible to carry out a statistical analysis that might have
shown some differences.

Strain specific detection of PVY using conventional PCR

Amplifications were performed in parallel reactions with
strain specific and PVYall primers to monitor RNA quality. In
addition to all samples that tested positive using RT-qPCR,
samples of healthy tubers, non-template controls and posi-
tive controls for each strain were tested also by using each
primer pair. In this way, sample contamination was excluded
and the accuracy of the RT-PCR reaction validated. During
the primer optimization process strain specific primers pub-
lished by Schubert et al. (2007) gave a clear single band for
PVYO, PVYN and PVYNA, A unique product was also ampli-
fied using the new specific PVYNTN primers (Fig. 4A). For
the detection of PVYNWi two primer pairs were used. A pos-
itive signal with the second primer pair excludes the pres-
ence of a second RJ (Fig. 4B-C; Fig. 1). The combination of
both primer pairs guarantees a specific detection of most of
PVYNWi isolates without the need for special amplification
enzymes. The presence of PVY© in the sample can be ana-
lyzed by a parallel testing of all samples with PVYO specific
primers. Compared to other PVYNWi isolates the isolates
156 and Syr-NB-16 exhibit two further RJs N:O between
positions 5 715 and 8 560 and between positions 5 838 and
8 604, respectively. Therefore, no PCR product is amplified
with the second PVYO strain specific PVYNWi primer pair.
However, the use of PVYNTN gpecific primers also does not
result in any amplification product since the PVYNTN-gpe-
cific forward primer is based on a PVYN-type sequence and
anneals only at position 8.635, which in both isolates is
within the PVYO-type segment.

In the samples where only the first PVYNWi primer pair
gave a positive signal the isolates turned out to be PVYNTN,
This was verified with PVYNTN specific primers. Thus, it can
be excluded that among samples tested there are PVYNWi
strains with genome structures like isolates 156 or Syr-NB-16,
or novel PVY molecular genotypes such as isolate NE-11
(Lorenzen et al. 2008) or strain PVYE (Galvino-Costa et al.
2012). These genotypes cannot be detected using the specific
primers mentioned above. However, among the PVYNTN
isolates detected the presence of PVYZ cannot be excluded
since it is not molecularly distinguishable from PVYNTN, Ag
shown in Table 3, in all the 86 samples that tested positive,
PVYNTN was detected 30 times and PVYNWilga 38 times.
Strains of PVYO, PVYN or PVYNA were not detected. How-
ever, a considerable number of PVY isolates could not be
assigned to any PVY strain. These samples were tested a
second time for the presence of above mentioned strains,
and a third time with PVYC primers. None of the PCR
reactions resulted in amplification products. Conspicuously,
isolates that could not be assigned to any strain were more
frequent in the cultivars ‘Marena’ and ‘Royal’. Therefore,
two isolates found in these cultivars were completely
sequenced.
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NTN

NA NTC

PVYNTN (890 bp)

PVYNWi1 (798 bp)

PVYNWi2 (121 bp)

Fig. 4. RT-PCR of different PVY isolates (N-Wi=PVYNWi,
N =PVYN, O=PVYO, NTN=PVYNTIN NA=PVYNA NTC=non
template control). A. Strain specific primers for the detection
of PVYNTN (product: 890 bp). B. Strain specific primers for the
detection of PVYNWi (first product: 798 bp). Primers also
amplify PVYNTN (1), C. Strain specific primers for the detection
of PVYNWi (second product: 121 bp). M= DNA Marker A, B:
HyperLadderT™ | (Bioline GmbH), DNA Marker C: 5 bands
from 50 to 500 bp (self-produced).

Sequence analysis of PVY isolates

In this study some isolates could not be detected by strain
specific primers. Therefore, the sequencing of two of these
isolates should reveal the reason for this failure. The isolates
found in cultivars ‘Marena’ and ‘Royal’ were named MV99
and MV175 and their sequences have the GenBank® aces-
sion numbers HE608963 and HE608964, respectively.

Phylogenetic analysis of complete sequences revealed
that both, MV99 and MV175, cluster together with PVYNWi
isolates of previously identified recombination types LW,
261-4 and Isol5 (Fig. 5). The difference between both these
clusters is a recombination event O:N at nucleotide position
~500. Both clusters lack a second introgression of a PVYN-
strain sequence in the region of VPg/NIa-NIb characteristic
of several isolates described from Germany and Syria (Chikh
Ali et al. 2007, Schubert et al. 2007).

The result of a recombination analysis with RDP4 is
shown in Fig. 6. Several full length sequences with a similar
recombination structure are included. It illustrates that the
parental sequence of PVYO differs from the PVYO-specific
part of PVYNWi isolates. However, these differences are only
marginal as shown in Table 4. The highest difference is 1.9%
(SCRI_O, MV175, LW, Isol5) compared to 18% for a PVYN
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Fig. 5:  Molecular phylogenetic analysis of 18 structurally related PVYNWi-isolates (lacking the O:N:O recombination in the
3’-region of the sequence) by maximum likelihood (ML) method. The evolutionary history was inferred by using the ML
method based on the Tamura-Nei model (Tamura & Nei 1993). The tree with the highest log likelihood (-22686.6274) is shown.
The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Branches of six closely
related sequences have been collapsed. All positions containing gaps and missing data were eliminated. Molecular pattern of
both recombinant clusters is shown on the right hand side.
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(A)585196) and the PVYN
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N - 3988), Isol5 (AJ890350) and
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sen. Random seed number
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B scr_o and highest p-value 0.1. Des-
I - ignation of different isolates
boxed in black.

strain (CH605<——LW). At the beginning of this century the
severe infections in Central Germany were due to isolates of
type 261-4 (Schubert, unpublished). None of the virulent
isolates MV99, MV175 and 261-4 have either the Asn25Ile
or Glu68Lys mutation (Moury & Simon 2011) in their coat
protein amino acid sequence. These mutations are thought

J.Plant Dis.Protect. 2/2013

to influence the concentration of virus in potato or change
efficiency of aphid transmission.

Since there are only minor molecular differences between
MV99, MV175 and previously sequenced PVYNWi isolates, it
is difficult to account for why specific PVYNWi primers did
not result in any PCR product although RNA quality and
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accuracy of the RT-PCR assay were validated. This phe-
nomenon is discussed below.

Discussion
The increase of PVY infections detected during field inspec-

tions and certification of seed potato over the last 30 years
worldwide has resulted in a large number of extensive
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studies that attempt to clarify possible reasons for the phe-
nomenon. It is considered that the basic cause is a shift in
the isolates towards recombinant forms of PVY such as
PVYNWi and PVYNTN (Singh et al. 2003, Lindner & Billen-
kamp 2005, Yin et al. 2012). It is suggested that the positive
selection for the recombinant isolates is due to a milder
symptom expression especially of the PVYNWi isolates,
which results in more false negative scorings during seed
potato field inspections (Kerlan 2004). However, in this
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Table 4: Similarity/divergence of sequences of the 3’-part (from nt 2 430) of several isolates of PVYNWi, cluster Isol5.

SCRI_O 261-4 CH605 Isol5 LW MV99 MV175 kaatd
Fkk 98.3 84.5 98.2 98.1 98.3 98.2 SCRI_O
17 Hkk 84.8 99.0 98.3 99.0 98.9 261-4
17.9 17.5 *kk 84.8 84.5 84.8 84.6 CH605*
19 1.0 17.6 Fkk 98.1 98.9 98.8 Isol5
19 1.7 18.0 1.9 kel 98.2 98.1 LW
1.8 1.0 17.6 11 1.8 Hkk 99.3 MV99
1.9 11 17.8 1.2 1.9 0.7 katd MV175

* — N-strain

study samples infected with PVYNWi often showed severe
mosaic symptoms. Symptom expression is heavily depen-
dent on cultivar and climatic conditions, which favored PVY
symptoms in the year 2010 in M-WP. Whitworth et al.
(2012) demonstrated that in some cultivars especially
PVYNWi is unevenly distributed within tubers which could
cause lower detection rates. However, in this study cultivars
infected exclusively with PVYNWi (e. g. ‘Krone’; ‘Meridian’
and ‘Kormoran’) did not show any differences in the number
of positive leaf and tuber samples which leads us to the
assumption that in our study the detection rate of PVYNWi
was not reduced.

In this study it was demonstrated that direct tuber testing
using RT-qPCR has no advantage over ELISA direct tuber
testing for seed potatoes. However, ELISA from tubers was
done 8 weeks after harvest when dormancy was not yet bro-
ken. RT-qPCR was done 33 weeks after harvest using dor-
mant potato tubers. Fox et al. (2005) demonstrated that the
reliability of ELISA from tuber samples drastically decreases
when tubers start sprouting. Therefore, we assume that
using non-dormant tuber samples RT-qPCR is more reliable
than ELISA. Furthermore, direct tuber testing is faster and
less space-consuming than growing-on tests and therefore
represents a cheaper method for detecting PVY, especially
since no greenhouse is needed. However, the use of single
tubers can lead to a lower reliability of the test, since not all
tubers of an infected plant carry the virus (Fox et al. 2005).
This phenomenon is clearly shown by our results (Table 2).
When comparing samples tested using ELISA from leaves
and tubers as well as samples tested using RT-qPCR from
tuber skin scrapings, the number of PVY positive tuber
samples often was lower than the number of positive leaf
samples. RT-qPCR is a very sensitive detection method, and
bulking of samples would prevent the problem of uneven
distribution of PVY in plant organs. False positives in this
study produced by the RT-qPCR method could be caused by
tuber storage, when PVY carrying tubers lay next to healthy
tubers. Primer dimers as cause for false positives can be
excluded since fluorescence was measured at high tempera-
tures, when dimers were melted. Although the distribution
of PVY within tubers hardly differs between heel and rose
end, little differences of quantities around the LOD can lead
to false positives and false negatives, respectively. False
negatives cannot be prevented, completely, since the LOD of
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the RT-qPCR assay is higher than one virus copy. Further-
more, in this study a comparison is only possible with the
ELISA methods, which can also produce false positives and
false negatives in the range of optical density (OD) thresh-
old. Diligence during sample storage and preparation avoid-
ing contamination, as well as the right sampling time before
dormancy braking, can reduce the problem of false positives
and false negatives.

In this study it was shown that PVYNWi and PVYNTN jso-
lates were detected in samples of potato tubers harvested
from inspection fields in M-WP. Since the strain specific
primers used did not detect some PVY isolates in tubers, two
of these isolates were sequenced and compared with all cur-
rently published sequences of PVY isolates. Typical genome
organizations of PVY strains are presented in Fig. 1. Since
Schubert et al. (2007) determined 3 PVYNTN and 5 PVYNWi
recombination variants, the number of variants of PVYNTN
sequenced has increased. Currently, 7 different variants of
PVYNTN have been characterized. N Nysa (accession number
FJ666337) has a shorter recombination fragment with the
3rd RJ closer to the 3’-end. The PVYN-type segment between
the second and third RJ of isolate SD1 (accession number
EU182576) is even shorter with a length of only 811 bp.
Instead, it has a region between nucleotides 6145 and 7095
with mixed PVYO- and PVYN-type sequences. NE-11 (acces-
sion number DQ157180) is characterized as a PVYN isolate
causing PVYNTN-like symptoms. It is intermediate between
PVYN and PVYNAN jsolates. Sections from NE-11 can be
found in PVY-MON (accession number FJ204165), which is
an isolate of strain PVYE. Therefore, recombinants can be
parents for further recombinant genotypes (Galvino-Costa
et al. 2012). The genome of isolate L26 displays typical
features of PVYNTN-type isolates with 3 RJs and was classi-
fied as PVYNIN by Hu et al. (2009). However, due to a
single nucleotide change at nucleotide 1627 (A to G),
resulting in a single amino acid change (D to G) in the
HC-Pro, this isolate does not cause vein necrosis in to-
bacco. Therefore, it was later assigned to PVYZ by Kerlan
et al. (2011).

The results of the sequence analysis showed that the
two sequenced isolates are nearly identical to previously
sequenced PVYNWi isolates 261-4 and Isol5. PVYNWi-iso-
lates Isol5 and 261-4 are highly virulent under field condi-
tions. Isol5 overcame transgenic PVY resistance (Schubert



68

Hihnlein et al.: Comparison of three methods for the detection of PVY

et al. 2004) and 261-4 caused heavy infections of seed potato
in fields in Saxony-Anhalt, Germany, in 2003 (Schubert,
unpublished). Since Isol5, 261-4 and MV99 and MV175 are
homologous, the heavy virus infections recorded in some
cultivars in the years 2008 and 2009 in M-WP could be due
to their higher transmission rates due to the higher virus
concentrations in plants. Comparison of virus concentration
of 261-4 with that of other common strains in potato (Fig. 7)
revealed that recombinant N:O strains do not reach higher
concentrations than the parental N- or O-strain or the re-
combinant NA-NTN strain. An explanation of the reasons
for the high virulence in given PVYNWi isolates cannot be
presented.

Our strain specific primers for PVYNWi did not detect
isolates of type MV99 and MV175. The reason for that is
not clear, especially, since the highly homologous isolate
261-4 was utilized for PCR optimization and shows exact
matches in primer regions with isolates MV99 and MV179.
Conspicuously, PVY isolates that could not be classified
using the strain specific assay were found especially in cul-
tivars ‘Marena’ and ‘Royal’. One can speculate that some
components of the solution of RNA extracted from tubers
had an inhibiting effect on the strain specific PCR assay but
not on the non-specific assay. ‘Royal’ and ‘Marena’ are cul-
tivars used for processing and have a high starch content.
The optical density (OD) ratio 260/230 of extracted RNA
was rather low for these two cultivars (OD 260/230 < 1.0)
which among others is an indication of contamination with
polysaccharides. A further phenol purification step during
the RNA isolation or the design of other PVYNWi or PVYNTN
primers may resolve this problem. However, for seed po-
tato certification it is not important to be able to differ-
entiate between the different strains of PVY. Therefore, it
is essential to develop primers that match with as many
PVY isolates as possible. The primers we designed for the
general detection of PVY are, based on alignments, com-
patible with at least 60 different PVY isolates. Even novel
PVY molecular genotypes, such as isolate NE-11 or strain
PVYE, did not show mismatches between the primer and
respective gene sequences. Recent publications about the
quantitative detection of PVY described assays with
primers showing one or more mismatches in the sequence
of some strains of PVY (Agindotan et al. 2007, Kogovsek et
al. 2008). By using such primers (MMPVYall5-9194 and
MMPVYall3-9420, see table 1) for RT-qPCR no equal effi-
cacy over all isolates can be guaranteed (compare Fig. 7 and
Fig. 8).

In 2008 in M-WP especially the cultivars, ‘Innovator’,
‘Elkana’, “Zorba’ and ‘Donald’ were seriously affected by
rejection of seed potato lots. In this study we did not find a
reason for this incident. Indeed, ‘Innovator’, ‘Zorba’ and
‘Donald’ normally develop mild symptoms when infected
with recombinant PVY isolates, which might have been an
indication for positive selection. Furthermore, ‘Elkana’
showed a heavy rugose mosaic, which refutes the hypothesis
of high rejection rates due to a positive selection because of
mild symptoms. The seriously affected cultivars were in-
fected with recombinant isolates as were the other cultivars,
and no new strain of PVY was found. Therefore, in the
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future it is necessary to observe symptom expression under
diverse climatic conditions and test seed potato lots ran-
domly, regardless of symptom development. Only large
numbers of tested plants guarantee a low rejection rate of
seed potato lots in the following year. With our developed
assay for direct tuber testing using RT-qPCR a high through-
put can be obtained with low costs since no greenhouse is
necessary as it is for growing-on tests. Further experiments
have to be done, evaluating bulking of tubers for a higher
reliability of the test.

In previous experiments in which a limited number of
tubers were used (Hiihnlein, unpublished) we showed that
PVY can be detected even in freshly harvested tubers using
the more sensitive RT-qPCR method. A comparison of ELISA
and RT-qPCR using freshly harvested tubers needs to be
done. Furthermore, it was also possible to detect PLRV using
the same total RNA extracts and the RT-qPCR assay with
PLRV specific primers. If further primers can be designed for
the detection of other potato viruses such as Potato virus X,
Potato virus M or Potato virus S, the RT-qPCR method could
be used for the official certification analysis of seed pota-
toes. The detection system used in this study is based on
using low priced enzymes, which drastically reduces the
costs of the test.
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Abstract

Extreme resistance (ER) to Potato virus Y (PVY) in wild species of potato is a valuable trait.
The introgression of Ry genes into cultivated potato via crossing, transgenesis or somatic
hybridization leads to potato plants that remain symptomless and almost free of virus after
inoculation with PVY. However, ER is not only recorded for species with Ry genes, such as S.
stoloniferum and S. chacoense, but also in wild potatoes for which the mechanism and the
location of resistance genes on the chromosomes is currently unknown. To identify ER in
these plants, mechanical inoculation or grafting trials are conducted following the verification
of the absence of PVY using ELISA. However, recently very sensitive detection methods
were developed that can detect extremely low amounts of virus, which make it more difficult
to discriminate between susceptible and resistant genotypes. In this study the accumulation of
PVY was determined in different species of wild potato and progenies of somatic hybrids
using RT-qPCR. The numbers of PVY RNA copies detected in the different genotypes only
differed at a very low level. There was slightly more virus RNA in an accession of S.
etuberosum, previously defined as extremely resistant using ELISA, than in the other
genotypes. Therefore, the quantification of PVY RNA using RT-gPCR may be a good way of
evaluating resistance in breeding programs. However, since in theory a single copy of a virus
can be found using this method, it is necessary to define a threshold for standardized
conditions, up to which a plant is defined as resistant. Furthermore, several intermediate
stages of susceptibility could be defined based on the ranking of potato cultivars, as for
instance, used by the Federal Plant Variety Office in Germany.
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Introduction

Potato virus Y (PVY) is one of the most damaging potato viruses, particularly in non-
developed countries, where seed certification measures are not yet introduced (Valkonen
2007). Species of wild potato, especially those with an endosperm balance number (EBN) of
1, are a valuable source of resistance to PVY (Bradeen and Kole 2011). Some of these species
that carry a Ry gene are extremely resistant to PVY, which means that plants that are
inoculated with PVY do not develop any symptoms and the virus titer in their leaves remains
extremely low (Valkonen et al. 1996; Hamal&inen et al. 1998). A further advantage is the
monogenic nature of Ry-derived resistance, which can be easily inherited. Ry genes are
described and mapped for Solanum tuberosum ssp. andigena on chromosome XI (Hadmal&inen
et al. 1998), S. stoloniferum on chromosome XII (Flis et al. 2005; Song et al. 2005), S.
chacoense on chromosome IX (Sato et al. 2006), S. phureja on chromosome IX (Al-Abedy et
al. 2012; Torrance et al. 2012) and S. tarnii on chromosomes 111, V and XII (Janine Konig
2016, JKI, Institute for Biosafety in Plant Biotechnology, Quedlinburg, Germany; personal
communication). However, crosses of 1EBN species, such as S. cardiophyllum, S.
etuberosum, S. pinnatisectum or S. tarnii with cultivated S. tuberosum (4EBN) are
incompatible because of endosperm failure (Johnston and Hanneman 1980). Endosperm
failure results in a collapse of the endosperm causing the embryo to degenerate (Dinu et al.
2005). Crossing barriers can be overcome using several methods, including ploidy and EBN
manipulations (Watanabe 2015), using bridging species (Jansky 2006) or embryo rescue
(Singsit and Hanneman 1991). However, the crossing of distant EBN species often results in
odd ploidies that hamper further breeding (Watanabe 2015). With the aid of transgenesis
sexual reproduction can be circumvented and single genes can be introduced into the potato
genome.

Another method that overcomes all sexual barriers is the symmetric somatic hybridization via
protoplast fusion, because no meiotic segregation is required (Fish et al. 1988). With the aid
of this technique the transfer of both, mono- and polygenic traits between sexually
incompatible species is possible (Thieme et al. 2008). In the past, protoplast fusion was used
primarily to fuse 1IEBN and 2EBN species in order to utilize the fusion products as bridge
species for crosses with cultivated potato. The introgression of PVY resistance is achieved by
somatic hybridization, e. g., of S. etuberosum and S. berthaultii (Novy et al. 2002), S.
brevidens and dihaploid S. tuberosum (Valkonen et al. 1994) or S. etuberosum and dihaploid
S. tuberosum (Gavrilenko et al. 2003; Tiwari et al. 2010). In order to shorten the breeding
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process, protoplast fusion is also used for 1EBN species of wild potato and the 4EBN
cultivated potato. S. tarnii protoplasts are fused with protoplasts of the cv. Delikat. The
somatic hybrids (SHs) and their fertile first backcross generation (BC;) are very resistant to
PVY and late blight (Thieme et al. 2008). Resistance genes can be detected using molecular
markers, such as RYSC3 for the detection of Ry.qq (Kasai et al. 2000), YES3-3A/B for the
detection of Ry-fs, (Song and Schwarzfischer 2008) or the RAPD marker 38-530 for the
detection of Ry (Sato et al. 2006). However, for several other PV resistant species of wild
potato there is no physiological or molecular information on resistance genes. Their type of
resistance is assessed by mechanical inoculation, grafting and field trials (Lindner et al. 2011).
For example, S. etuberosum is categorized as extremely resistant by Gavrilenko et al. (2003)
and Thieme et al. (2004), since no virus was detected by ELISA after mechanical inoculation
or grafting.

Quantitative reverse transcription real time PCR (RT-gqPCR) is a very sensitive method for
detecting and quantifying the virus titer in plant tissues (Rizza et al. 2009; Debreczeni et al.
2011; Ferriol et al. 2011; Angel Herrera-Vasquez et al. 2015). Dependent on the antibodies
used in the ELISA, RT-qPCR can be several hundred times more sensitive than ELISA
(Kogovsek et al. 2008; Gawande et al. 2011; De Francesco et al. 2015). As a consequence,
very low virus titers can be detected and quantified by RT-gPCR. Extreme resistance is
defined as the absence of symptoms combined with extremely low amounts of virus in plants
grafted on infected rootstocks (VValkonen et al. 1996). Potato plants that are tolerant to a PVY
infection remain symptomless, but can contain considerable amounts of virus. Based on these
two definitions, the question arises where the threshold is between resistant and
susceptible/tolerant potato plants in terms of their virus titer after inoculation with PVY.

In this study we determined the number of PVY RNA copies in resistant and susceptible
accessions of wild species of potato and the progenies of somatic hybrids between Solanum
species and potato cultivars generated by protoplast fusion. The advantages of using RT-
gPCR to quantify the amount of PVY in plant tissue in order to define the relationship
between resistance and virus titer is discussed.

Material and methods
Plant material

Genbank accessions of species of wild potato and progenies of SHs and their resistance to
PVY are listed in Tab. 1. This material was provided by the JKI, Institute for Breeding
Research on Agricultural Crops, Grof3 Liisewitz, Germany. S. tuberosum cv. Hermes was used
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as the rootstock and PVY-donor in grafting experiments. All plants were maintained as in
vitro plants on MS5 medium (Murashige and Skoog 1962) at 20 °C and 16 h illumination.
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Grafting experiments

In vitro plantlets of S. tuberosum cv. Hermes, progenies of SHs and species of wild potato
were transferred to substrate-filled pots. Four days after acclimation, plants of cv. Hermes
were mechanically inoculated either with PVYN'! (isolate 261-4, accession number
AM113988) or PVYN™ (isolate Gr99, accession number AJ890343). For the mechanical
inoculation of these plants, 2 g of PVY infected leaves of N. tabacum cv. Samsun NN were
ground in 10 ml of 0.1 M Na-phosphate buffer, pH 8. Afterwards, the tobacco buffer mixture
was rubbed onto silicon carbide powdered plantlets. The plants were rinsed with tap water 10
min after inoculation. Two weeks after inoculation the plants were tested for PVY infection
using DAS-ELISA and 1gG polyclonal antibodies (JKI, Institute for Epidemiology and
Pathogen Diagnostics, Quedlinburg, Germany). 98% of the plants of cv. Hermes were
successfully infected with PVY. At least 40 plants of each progeny of SHs and of each species
of wild potato, respectively, were grafted onto PVY infected rootstocks of cv. Hermes using
grafting clips (Bato Plastics B.V., Zevenbergen, The Netherlands) (Fig. 1). Three weeks after
grafting, samples were taken from the scions and rootstocks. By using the lid of a 1.5 ml
centrifuge tube, three leaf discs per scion and rootstock, respectively, were punched out.
These samples were immediately frozen in liquid nitrogen.

RNA extraction and quantitative reverse transcription real-time PCR (RT-qPCR)

Each sample was homogenized in an 1.5 ml microcentrifuge tube containing 500 pl of RNA
isolation reagent (Concert™ Plant RNA Reagent, Life Technologies™) and three 2.5 mm
stainless steel beads using a Retsch® mixer mill (Retsch GmbH, Haan, Germany). Further
purification of the RNA was done following the manufacturer’s protocol. The purified
precipitated RNA was re-dissolved in diethylpyrocarbonate (DEPC)-treated distilled water to
a concentration of 200 to 400 ng per ul. The total RNA amount was measured in terms of
ultraviolet absorbance using a NanoDrop 8000 instrument (Thermo Fisher Scientific). For the
quantification of PVY RNA, a previously described RT-gPCR assay was used (Hihnlein et al.
2013; Hihnlein et al. 2016a). RNA standards were prepared consisting of a dilution series of
PVY RNA transcripts. The sequence of the transcripts correspond to PVY isolate Gr99 from
nucleotide position 8600, which is a highly conserved region of the coat protein, to the poly-A
tail. Reverse transcription was performed using 2 pl purified plant RNA and 18 pl RT mixture
(DEPC-treated water; 1 x RT reaction buffer consisting of 50mM Tris-HCI [pH 8.3], 75mM
KCI, 3mM MgCl, and 10mM DTT; 200 uM of each dNTP; 0.4 uM reverse primer [PVYall3-
9420, primer sequence: CGGAGAGACACTACATCAC (Huhnlein et al. 2013)]; 80 U M-
MLV RT [Promega] and 4 U RNase inhibitor [RiboLockTM, Thermo Fisher Scientific]). The
RT reaction was done in duplicate without denaturation at 42 °C for 50 minutes following
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10 minutes at 72 °C for enzyme inactivation. In a second step 2 ul of cDNA reaction mixture
was combined with 18 pl qPCR reaction mixture (distilled water; 1 x reaction buffer
consisting of 16 mM (NH,4),SO4, 67 mM Tris-HCI pH 8.8 and 0.1% Tween 20; 150 uM of
each dNTP; 0.3 uM of forward and reverse primers [PVYall5-9194, primer sequence:
AGGTCACATCACGAACAC (Hihnlein et al. 2013) and PVYall3-9420]; 2.5 mM MgCly; 2
U Taq DNA polymerase [Bioron GmbH] and 1 x Sybr®Green | [Life Technologies™]). PCR
reaction was carried out in white 96-well plates (Biozym Scientific GmbH) sealed with
adhesive clear seals (Thermo Scientific ABsolute™ QPCR Seal) in a MyiQ ™2 Two-Colour
Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) with the following protocol: 2
min at 95 °C for initial denaturation followed by 40 cycles of 15 s at 94 °C for denaturation,
15 s at 58 °C for annealing, 20 s at 72 °C for elongation and 15 s at 85 °C for melting of non-
specific products. Fluorescence was measured after each cycle. Following real-time PCR, the
amplicons were melted at 95 °C for 1 min and then fully reannealed at 55 °C for 1 min. For
determining the melting point(s) of the PCR product(s) the temperature was then increased
incrementally to 95°C at a rate of 0.5°C every 10 s (as fixed on the MyiQ™?2). Melting of
amplicons generated with PVY primers happened at 87.5 °C whereas the low abundant primer
dimers melted at 82 °C.

Statistics

There were duplicates of the cDNAs of the samples and standards. Standards were used only
for the first 96-well plate. An inter-plate calibrator (IPC) consisting of a diluted PCR product
generated using PVY amplification primers was used for normalization and variation
compensation of all plates. To calculate absolute quantities from amplification data, the
software GenEx Enterprise 5 (MultiD Analyses AB, Sweden) was used for reverse
calibration. Results and gPCR efficiency determination were calculated based on a 95%
confidence level. The average efficiency of the qPCR assay was 99.5% and the lower and
upper confidence limits of efficiency were 95% and 102%, respectively. The estimated
efficiency for all gPCR plates was corrected t0100% using GenEx software. Since 2 pl of
plant RNA was used for RT, the absolute quantities of PVY RNA could be calculated for
300 ng of extracted plant RNA (Fig. 3). Confidence intervals (CI) were calculated from the
standard deviation of means and sample size. The Cls were adjusted to 87%, resulting in error
bars in a graph that touch at a p-value of 0.05 (Krzywinski and Altman 2013). A Pearson
correlation coefficient and its p-value were calculated from the absolute quantities of PVY
RNA copies in the susceptible S. tarnii (S) genotype and in the respective rootstock of cv.
Hermes.
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Results
Symptoms of the grafted scions

The success of grafting was equal for most of the wild species of potato and also for progenies
of SHs. Between 75% and 80% of the scions developed a vascular connection with the
rootstock. However, scions of S. cardiophyllum often failed to develop, which decreased the
percentage of successful grafts to only 45% for this genotype. This was due to the fragile
habit of S. cardiophyllum plants, whose thin shoots could only be attached to rootstocks with
difficulty (Fig. 1k). Chlorosis or mottling of young leaves, which are typical symptoms of a
PVY infection, were not detected in wild species of potato, progenies of SHs or in the
susceptible accession S. tarnii GLKS 35385 (S) three weeks after grafting. The scions of the
wild potato S. pinnatisectum, described as extremely resistant to PVY (Thieme et al. 2009),
had a great number of necrotic lesions, which is typical of a HR (Fig. 10). However, this was
only the case for scions inoculated with isolate 261-4 and not recorded in progenies of SHs
between S. pinnatisectum and cv. Rasant.

Fig. 1: Species of wild potato and progenies of somatic hybrids grafted onto PVY™"! (isolate 261-4)
infected rootstocks of cv. Hermes. Scions were BC; of cph (+) cv. Agave (a), BC; of pnt (+) cv.
Rasant, clone 1 (b), BC; of pnt (+) cv. Rasant, clone 2 (c), BC, of trn (+) cv. Delikat (d), BC, of trn
(+) cv. Delikat (e), BC; of trn (+) cv. Delikat (f), BC; of etb (+) T67 (g), BC; of etb (+) T67 (h), S.
tarnii (S)(i), S. stoloniferum (j), S. cardiophyllum (k), S. pinnatisectum (1), S. tarnii (m), S. etuberosum
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R (n). The pictures were taken three weeks after grafting. S. pinnatisectum developed several necrotic
lesions on the leaves (0).

Number of PVY RNA copies in the scions

The PVY primers PVYall5-9194 and PVYall3-9420 matched a 100% the sequences of PVY
isolates 261-4 and Gr99, with which the rootstocks of cv. Hermes were inoculated. In order to
amplify the standard and samples with equal efficiencies, the standard contained the
recombinant RNA of the coat protein sequence of isolate Gr99. The RT-qPCR efficiency of
the standard PVY RNA was 99.5% (Fig. 2). However, standard quantities below 100 PVY
RNA copies were not in the linear range of the standard curve. Therefore, the limit of
quantification (LOQ) was set to 100 PVY RNA copies. All quantities detected below this
limit are not reliable.

y=-1.443In{x)+ 41.44
40 R7=0.9857

. T
20 \
15 \.\o

w
w
/

Cqg-value

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Number of PVY standard RNA copies (log)

Fig. 2: The Cg-value plotted against log quantity of PVY standard RNA copies. The linear range for
the standard consists of a 10 fold dilution series from 10° to 10° PVY RNA copies. Recombinant RNA
comes from nt 8600 to the polyA-tail of PVYN™ isolate Gr99 (accession number AJ890343). The RT-
gPCR efficiency is 99.5%.

All plants that were infected with isolate Gr99 had higher numbers of PVY RNA copies than
plants infected with isolate 261-4, regardless of whether the scion or rootstock was sampled
(Fig. 3). Therefore, the numbers of PVY RNA copies of isolate Gr99 are all within the
reliable range of quantification. According to the European Cultivated Potato Database
(ECPD 2015), cv. Hermes is highly resistant to PVY. Nevertheless, nearly all plants were
infected by mechanical inoculation. The virus titer of those plants with 300 ng of extracted
RNA, was at a medium level, compared to highly susceptible cultivars (results not shown)
and ranged between 110,000 and 420,000 PVY RNA copies (Gr99) and 14,000 and 230,000
PVY RNA copies (261-4). The number of PVY RNA copies detected in the susceptible
accession of S. tarnii (S) was similar to those detected in plants of cv. Hermes indicating a
similar level of susceptibility. Moreover, the number of PVY RNA copies in the scions of S.
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tarnii (S) were significantly correlated with the PVY copy numbers in their respective
rootstocks with a Pearson correlation coefficient of 0.73 and a p-value of <0.01.

Among the scions of other accessions and the progenies of SHs, either no or only very low
virus titers were detected with dissimilar results for the two PVY isolates (Fig. 3). For
example, more than 700 PVY RNA copies were detected in clone 2 of BC; pnt (+) cv. Rasant
inoculated with isolate Gr99, but no virus was detected in those scions inoculated with isolate
261-4. Conspicuously, scions of S. etuberosum, on average, were always infected, regardless
of whether this species was used as an accession from the VIR gene bank or as progeny from
a somatic hybridization. Moreover, although not significant, the quantity of virus recorded
was second highest after that detected in the susceptible S. tarnii (S). Furthermore, the
percentage of PVY-infected scions originating from S. etuberosum was almost always higher
than that of scions from other accessions (see crossed black boxes in Fig. 3a,b). No virus was
detected in the wild species of potato S. pinnatisectum, which indicates an efficient restriction
of the PVY infection. However, no local lesions were visible in the BC progenies and low
amounts of PVY (Gr99) were recorded in the BC,.

95



1.0E+06 m

100%

90%

80%

- 70%

z
5 B om g sl B g "
[=9
3 1.0E+05 | M T H
£ |
g
2
(5]
an
=]
S 10E+04 “m |
[aa]
g8 L
£
=
5 1.0E+03 T |
;2 .
=4
= L
o)
2 1.0E+02 H
- L
=
ay
o
=]
5 L
2 1L.OE+01 +——| H
=
=]
3 L
E
2
O
< 1.0E+00 —&——7am- e T = B T —
@O @O 60 @O éo 630 &O 6’0 Z . 9%, %y 2, @ s
7o i 74 e £ @ P o iy
@ Yo U % % > ] %
(€53 X x x x x (6" (6™
> V) V) /O > /O > ' o '
'7‘% ﬁ'{r %, “%. % % o> o> Bscion DOrootstock
‘o G % 3 o [
(574 %
o¢@ O‘QGT)
$
< 1.0E+06
Z
= E3
g i *
o ‘I‘ + - -I_ T T
E 1.0E+05 I _1_ _r I |
g
%
s P
aﬂ A I
=] 1.0E+04 +—— 1
(2}
.E F
4 o
(=%
S 10E+03 || T il
% :
Z "
T P L
ey
< 1.0E+02 =
— L
=
9
L
[=]
g L
g 1.OE+01 -+ .
=
=
= L
]
2
< 10E+00 & el o : ER . o (||
@O G, <&, & OO éo G, @O %f %, £ e %, S
‘0 “e 70 7 2 £ o o )
kS K % & % % 3 53
T & I 63 x (€5 x "
% % Y TN »
.76% fé'p o %, %, %, N &> Bscion Orootstock
’a %y @y T T, o
0/00 p/o,>
@/ @()

60%

50%

40%

30%

20%

10%

0%

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

(s9X0q yor[q PIssoId) oy Ul sUuoros aArisod Jo soquiny

(saxo0q Yor|q Passo1d) o Ul SU0IdS danIsod Jo aquinn

Fig. 3: Mean quantities of PVY RNA copies detected in 300 ng of plant RNA extracted from scions
that were inoculated either with isolate Gr99 (a) or isolate 261-4 (b). Error indicators on each bar are
calculated from confidence intervals of 87%, for which the bars touch at p=0.05 (Krzywinski and

Altman 2013). The black horizontal line emphasizes the limit of quantification (LOQ).
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Discussion

In this study the accumulation of PVY was determined in different species of wild potato and
progenies of SHs between species of wild potato and S. tuberosum cultivars. With one
exception, all clones were previously categorized as extremely resistant. After grafting the
clones onto PV -infected rootstocks their virus titer was determined using RT-qPCR.
Although not significant, the wild potato S. etuberosum and the progenies of SHs between S.
etuberosum and a haploid S. tuberosum contained higher numbers of PVY RNA copies and
the percentage of infected plants was mostly higher than in the other plants tested. This
indicates there are more resistance genes in S. etuberosum than in the other species of wild
potato tested, which accumulated either less or no virus RNA. Novy and Helgeson (1994)
assessment of the resistance to PVY® of SHs of S. etuberosum and S. tuberosum x S.
berthaultii hybrids found none that were as resistant as the S. etuberosum parent. They
conclude that the expression of resistance by S. etuberosum may not always be dominant.
However, Gavrilenko et al. (2003) report that the frequency of the alleles that originated
either from S. etuberosum (E-genome) or the susceptible hybrid parent (A-genome), may have
an effect on the expression of virus resistance, resulting in the extreme resistance of hexaploid
fusion hybrids with AAEEEE genomes and the susceptibility of hybrids with AAAAEE
genomes. Recently, it was shown that the resistance to PVY in S. etuberosum originates from
a novel variant of the eukariotic initiation factor eE-1 (elF4E-1), found and named Eval by
Duan et al. (2012), which does not bind to VVPg, a viral protein required for infectivity.
However, they assume the involvement of additional, as yet unknown, factors in PVY
resistance in S. etuberosum, because the common elF4E-1 of S. tuberosum (StelF4E-1) is still
expressed in this species of wild potato. To sum up, there is a need for further research on the
mechanism of resistance in S. etuberosum, including that of the BC, and BC3 hybrids, which
will be useful for localizing the virus resistance genes on specific chromosomes (Gavrilenko
et al. 2003). Based on our results we cannot confirm that the accession of S. etuberosum tested
is extremely resistant to PVY.

S. pinnatisectum is primarily known for its resistance to late blight caused by Phytophthora
infestans (Polzerova et al. 2011). Resistance to PV is described for S. pinnatisectum,
accession number USDI P1253214, and takes the form of a hypersensitive response (HR)
(Whitworth et al. 2009). HR is characterized by the development of necrotic lesions on
inoculated leaves, which localizes the infection (Valkonen et al. 1996). Thieme et al. (2009)
found the accession GLKS 1607 of S. pinnatisectum is extremely resistant to a PV infection.
In this study, the same accession produced obvious local lesions when inoculated with PVY™
Wi isolate 261-4, indicating a HR. Thieme et al. (2009) mechanically inoculated test plants
with PVYN" isolate LW (accession number AJ890349). However, the isolates LW and 261-
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4 are very similar in their sequences with a divergence of only 1.7% (Hihnlein et al. 2013).
Therefore, the differences in resistance recorded for S. pinnatisectum may result from
different growing conditions or different inoculation methods. The virus pressure on graft-
inoculated plants is greater and lasts longer. Therefore, local lesions may be more abundant
on these plants. Furthermore, in contrast to mechanical sap-inoclulation, grafting of
accessions of interest onto virus infected rootstocks (or vice versa) is a more reliable method
of assessing virus resistance, because a null response to sap-inoculation could be attributable
either to ER or to a failure of inoculation (Solomon-Blackburn and Barker 2001).
Interestingly, local necrotic lesions were only recorded on the wild species S. pinnatisectum
and not on the BC progenies of SHs between pnt (+) cv. Rasant. Possibly, the genes that are
responsible for the HR were already outcrossed in the BC lines. Nevertheless, the virus was
also successfully restricted in BC; (Fig. 3). Therefore, a further resistance mechanism seems
to be active in S. pinnatisectum, which is inherited at least by BC;. Since no virus was
detected in this BC generation, S. pinnatisectum may also harbour ER gene(s). This would be
in accordance with the results of Whitworth et al. (2009), who positively tested S.
pinnatisectum using CAPS markers that are linked to the Ry gene of S. tuberosum ssp.
andigena (Sorri et al. 1999). Therefore, S. pinnatisectum may harbour resistance genes for
both HR and ER.

If no molecular markers are available, the (virus) resistance of a potato plant can be
determined by using mechanical inoculation or grafting experiments. Previously, a plant was
assessed to be extremely resistant, when the plant remained symptomless and no virus was
detected using ELISA (Gavrilenko et al. 2003; Thieme et al. 2004; Lindner et al. 2011).
However, recently several highly sensitive PCR-based detection methods were developed that
are able to detect and quantify very low quantities of virus (Balaji et al. 2003; Rizza et al.
2009; Debreczeni et al. 2011; Ferriol et al. 2011; Zhou et al. 2014). Therefore, virus RNA can
also be detected in plants that previously were categorized as extremely resistant. In a parallel
experiment we determined the PV titers in different susceptible and resistant potato cultivars
using RT-gqPCR and revealed amounts of virus ranging from zero to up to 80,000,000 PVY
RNA copies in 300 ng of plant RNA, independent of the development of symptoms (results
not shown). Therefore, the severity of symptoms should not be used for assessing resistance,
especially as the appearance of symptoms is dependent on environmental conditions
(Balachandran et al. 1997; Hihnlein et al. 2016b).

Balaji et al. (2003) and Ferriol et al. (2011) suggest the quantification of virus RNA in plants
should be used for assessing resistance or tolerance in breeding programs. However, a
threshold needs to be determined up to which a plant can be defined as resistant. Furthermore,
since the range of virus titers in virus infected plants is wide, several intermediate stages
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could be defined for each virus, based on the susceptibility ranking of potato cultivars by the
Federal Plant Variety Office in Germany (2014), which ranges from highly susceptible (9) to
highly resistant (1). However, since the virus titer in a plant is also dependent on
environmental conditions, such evaluations in breeding programs need to be standardized.

One could suggest retaining ELISA tests for determining ER, because it is a threshold up to
which a virus can be detected. This is not the case for RT-qPCR, for which in theory a single
copy of a virus can be detected. However, by using ELISA some plants may be categorized as
extremely resistant, although they are possibly not. This could lead to surprising results in
potato breeding, when the desired resistance trait is suddenly lost in a back crossing step,
because of its potential polygenic nature (Novy et al. 2007). Therefore, RT-qPCR may be a
reliable alternative to ELISA tests, if it is used with defined thresholds determined under
standardized conditions. Such a threshold could be based on cultivars whose ER genes have
been identified and localized. S. stoloniferum is a typical representative of ER (Flis et al.
2005; Valkonen et al. 2008) and could serve as a threshold for ER. However, the threshold
has to be determined for different PVY strains since, as shown in this study, virus
accumulation differs between strains. Slight differences in viral accumulation between the
genotypes were not significant in this study. Therefore, the threshold needs to be calculated
based on a greater number of grafted plants than used in this study. Finally, resistance
thresholds could also be utilized for genotypes with polygenic resistance in order to test BC
generations for possible out crossing of quantitative trait loci (QTL), which would cause a
quantitative decline in virus resistance detectable by an increase in the number of copies of
RNA virus in plants.
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Abstract Over the last 30 years the importance of Po-
tato leaf roll virus (PLRV) in commercial potato and
seed potato production has decreased considerably.
Since PLRV is transmitted by aphids in a persistent
manner it can be controlled by applying a systemic
insecticide. However, the development of insecticide
resistance in the main vectors of PLRV Myzus persicae,
Aulacorthum solani, Rhopalosiphoninus latysiphon,
Aphis fabae, A. nasturtii, A. frangulae and Macrosiphum
euphorbiae, and the development of isolates of PLRV
that do not induce visible symptoms in some potato
cultivars may lead to a resurgence in the significance of
PLRV. Isolates of this type were found repeatedly during
growing-on tests in Lower Saxony, Germany. In this
study we examined such a symptomless isolate. The
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visible symptoms induced by this isolate in different
potato cultivars were compared with those induced by
isolates causing typical symptoms of a PLRV infection.
By using quantitative real-time PCR the quantifiable
amount of viral RNA was determined. Under climate
chamber conditions all the isolates tested induced similar
symptoms and did not differ in viral RNA content.
Complete sequences for the tested isolates were obtained
and used in a phylogenetic analysis. All the PLRV iso-
lates compared were very similar at the molecular level.
Several motifs that could play a role in symptom expres-
sion were analyzed, but none of them were correlated
with the absence of symptoms in potato plants during
growing-on tests. The discrepancy between the observa-
tions recorded in the growing-on tests and our experi-
ments are discussed.

Keywords PLRV- Cultivars - Growing-on test -
RT-qPCR - UV-radiation

Introduction

Potato leaf roll virus (PLRV) is the type member of the
genus Polerovirus (family Luteoviridae). It is an isomet-
ric virus approximately 24 nm in diameter (Peters 1967).
The genome consists of a single-stranded, positive-
sense RNA of about 5800 nt in length (Loebenstein
2001). The structure of the genome is depicted in
Fig. la. Currently ten open reading frames (ORFs) are
identified, which encode 11 proteins. Five proteins are
translated from the genomic (g) RNA: PO, which is a
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Fig.1 Schematic diagram of'the structure of the genome of PLRV
isolate JokerMV10 (JQ346191). a Position of PCR primers,
ORFs, genomic RNA (g RNA) and sub genomic RNAL, 2 and 3
(sg RNALI, sg RNA2, sg RNA3). The viral genome-linked protein
(VPg) is indicated by a black circle at the 5" end. The arrowhead in
the lower left corner of oblong P2 indicates the approximate
position of a programmed ribosomal frame shift. The two black
rectangles signify the position of specific primers for the quanti-
fication of genomic (g) and sub genomic (sg) RNA. b Schematic
representation of the recombination events of selected full-length
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PLRV isolates. Seven different recombination events were detect-
ed in the analyzed PLRV genomes. Black vertical lines mark
approximate breakpoints specified by respective nucleotide num-
bers. The recombination detection programs used for the detection
of recombination events were as follows: RDP, GeneConv,
BootScan, MaxiChi, Chimaera, SciScan and 3Seq, all available
in RDP4 (Martin et al. 2015). The highest acceptable p-value for
all programs was adjusted to 0,05. Asterisks: Supported by less
than 3 programs embedded in the RDP4 software
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RNA silencing suppressor (Bortolamiol et al. 2007;
Pazhouhandeh et al. 2006; Zhuo et al. 2014), the
polyprotein P1, which contains a proteinase and pro-
duces the viral genome-linked protein (VPg) by self-
proteolysis (Priifer et al. 1999), P2, which is translated
by —1 ribosomal frame shifting from ORF1 and func-
tions as RNA-dependent RNA polymerase (RdRp)
(Kamer and Argos 1984) and the replication associated
protein (Rap1) (Jaag et al. 2003). The proteins P3, 3a, 4
and 5 are translated from sub genomic (sg) RNA1. P3 is
the coat protein and P5 the read through extension of P3
that enables it to be transmitted by aphids (Tacke et al.
1990; Brault et al. 1995). P4 is known as the viral
movement protein (Miller and Mayo 1991) and the
recently identified P3a is required for long-distance
movement and its translation is initiated at a non-AUG
codon (Smirnova et al. 2015). P6 and 7 are translated
from sg RNA2. The role of P6 is still unknown. It is
speculated, that it has a minor supporting role in repli-
cation (Mohan et al. 1995). P7 is known to have nucleic
acid binding properties (Taliansky et al. 2003; Rohde et
al. 1994). Recently a third sg RNA was investigated of
which only ORF 7 is expressed and which has a regu-
latory role within the PLRV genome (Hwang et al.
2013). The two protein clusters either translated from
g RNA or sg RNAI are separated by a 94 nt long
intergenic region containing the sg leader sequence,
which is thought to maintain a 1:1 ratio in the synthesis
of P3 and 4 (Juszczuk et al. 2000).

Symptoms in potato plants consist of chlorosis,
upright growth, upward rolling of young leaves and
stunting of the shoots. In some cultivars phloem
tissue in upper parts of plants becomes necrotic.
Furthermore, the authors often observed necrosis of
leaf tips on older leaves (Fig. 2a). Net necrosis of
tubers is typical for cultivars such as ‘Russet Burbank’
or ‘Green Mountain’. PLRV is described as one of the
most important potato viruses worldwide (Robert 1999;
Solomon-Blackburn and Barker 2001; Rowhani and

Stacesmith 1979; Loebenstein 2001). This is mainly
due to the damage it causes with yield losses of up to
50 % due to reduced tuber size (Domier and D’Arcy
2008; Loebenstein 2001). However, since the middle of
the 80ies of the last century the importance of PLRV
decreased remarkably, whereas the relative incidence of
infections with Potato virus Y increased (Schenk 1991;
Valkonen 2007; Zahn 2014). This is presumably due to
the use of rapid-acting systemic insecticides (Zahn
2004), since PLRYV is transmitted by aphids in a persis-
tent manner. Furthermore, in many countries statutory
schemes exist for the production of healthy seed pota-
toes (European European Union 2002), so secondary
infections with PLRV are scarce.

However, an underestimating of a PLRV infesta-
tion may arise from very mild strains that do not
cause typical symptoms in some cultivars, especially
if they are infected late in the season (Barker and
Woodford 1987; Bradley 1978; Wright et al. 1967).
This is a risk for the certification of seed potatoes,
because in Germany seed potatoes from certified lots
(“Z-Partien”) have not necessarily to be tested for virus
infections by ELISA and infected but symptomless seed
potatoes may be not recognized during field inspections.
In the years from 2006 till 2008 unusual high numbers
of PLRV infectios were registred by plant protection
services in Lower Saxony and Mecklenburg-Western
Pomerania, which led to 20-25 % de-classification of
basic seed lots (Volker Zahn and Peter Steinbach 2015,
personel communication). In growing-on tests in the
greenhouse several PLRV-infected plants did not show
any symptoms, not even if the plants were maintainted
in the greenhouse for further eight weeks. Particularly,
this was observed on cultivars ‘Agria’, ‘Pirol’, ‘Gala’
and ‘Kuras’ (Fig. 2b and c).

In this study isolates differing in the severity of the
symptoms they induce in various potato cultivars were
investigated. This was done to determine whether the
isolate inducing no symptoms during growing-on tests

Cc

Fig. 2 Plants infected with PLRV. a Cultivar ‘Princess’ grown in
the field showing typical PLRV symptoms such as upright growth,
yellowing and upward rolling of young leaves and necrosis on leaf
tips. Cultivars ‘Agria’ (b) and ‘Kuras’(c) grown in the greenhouse

3

from eye-plugs during a growing-on test accomplished in 2007 in
Lower Saxony. The left plant on picture b and ¢ is healthy and the
right plant is infected with PLRV. No typical PLRV symptoms are
visible
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in Lower Saxony belongs to a new strain of PLRV that is
less virulent and induces less severe symptoms. Further-
more, we sequenced this isolate and looked for motifs
that might be responsible for the reduced virulence.

Materials and methods

Isolates of PLRV investigated, virus transmission
and sampling

Three isolates of PLRV were investigated (Tab. 1).
Isolate JokerMV 10 induces severe symptoms in potato
cultivar ‘Joker’ (stunting and leaf rolling when reared in
a greenhouse), isolate ASL2000 induces slight symp-
toms with slight stunting of plants of cultivar ‘Linda’
(recorded in a greenhouse) and isolate SymlessL.S10 did
not induce any symptoms on the cultivar ‘Gala’ during a
growing-on test in a greenhouse accomplished in autum
2007 in Lower Saxony.

All three isolates were maintained on in vitro potato
plants and transmitted by means of M. persicae to
healthy potato cultivars ‘Hermes’ (low susceptibility to
PLRV), ‘Saturna’ (medium susceptibility) and ‘Desirée’
(high susceptibility) (Federal Plant Variety Office of
Germany 1977-2014; ECPD 2015). Plants of these
three cultivars were also propagated in vitro free from
any viruses and endogenous bacteria.

For the transmission of PLRYV, five apterous female
aphids carrying the virus were placed on each healthy
potato plant one week after transplanting them from in
vitro conditions into substrate-filled pots. Per cultivar
and PLRV isolate up to 24 plants were analyzed. In
addition, five plants of each cultivar were mock-
inoculated using aphids carrying no virus. Plants with
settled aphids were maintained at a constant 60 % rela-
tive humidity, 20 °C and 16 h illumination at 10,000 lux
in a climate chamber, illuminated with EYE-Metal Ha-
lide lamps that emit a high portion of UV-A radiation.

Table 1 Origin and characteristics of the isolates of PLRV compared

After four days all plants were treated with Confidor
(0.035 % solution, active agent: imidacloprid, Bayer
CropScience GmbH, Leverkusen, Germany) to kill the
aphids. After three further weeks the plants were sam-
pled by using the lid of a 1.5-ml microcentrifuge tube to
punch out three leaf discs per plant from the upper fully
developed leaves. These leaf discs were immediately
frozen in liquid nitrogen.

RNA extraction and reverse transcriptase-quantitative
PCR (RT-qPCR)

Each sample was homogenized in a 1.5-ml
microcentrifuge tube containing 500 pl of RNA isola-
tion reagent (Concert Plant RNA Reagent, Thermo
Fisher Scientific, Waltham, USA) and three 2.5 mm
stainless steel beads, using a mixer mill (Retsch, Haan,
Germany). Further purification of RNA was done fol-
lowing the manufacturer’s protocol. Purified precipitat-
ed RNA was re-dissolved in diethylpyrocarbonate
(DEPC)-treated distilled water to a concentration of
200 to 400 ng per pl. Total RNA amount was measured
based on ultraviolet absorbance in a NanoDrop 8000
instrument (Thermo Fisher Scientific). Only samples
with an OD 260 nm/280 nm and OD 260 nm/230 nm
ratio of at least 1.8 were processed further. For the
quantification of PLRV RNA by RT-qPCR, RNA stan-
dards were prepared consisting of a dilution series of
two different PLRV RNA transcripts. One was located
between nt 3962656 (g region) and the other between
nt 3480-4772 (sg region) of the PLRV genome. The
nucleotide numbers are based on the sequence of isolate
JokerMV10 (JQ346191). Parallel quantification of dif-
ferent genome segments was done since the replication
rate of g and sg RNA may vary between PLRV strains.
Reverse transcription (RT) was performed using a mix-
ture of 2 pl purified RNA and 18 pl RT (DEPC-treated
water; 1 x RT reaction buffer consisting of 50 mM Tris-
HCI [pH 8.3], 75 mM KCl, 3 mM MgCl, and 10 mM

Name of isolate  Origin Accession No.  Symptoms
SymlessLS10 Collected 2007 in Lower Saxony, Germany JQ346189 Cultivars ‘Gala’ and ‘Kuras’ were symptomless in
growing-on tests in 2006 and 2009
ASL2000 Collected 2000 in Saxony-Anhalt, Germany  JQ346190 Weak symptom expression (slight stunting)
JokerMV10 Collected 2009 in Mecklenburg-Western JQ346191 Heavy symptom expression (stunting, leaf rolling)
Pomerania, Germany
@ Springer
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DTT; 200 uM of each dNTP; 0.4 uM reverse primer
[PLRVrev-g and PLRVrev-sg, respectively, see Table 2];
80 U M-MLV RT [Promega, Madison, USA] and 4 U
RNase inhibitor [RiboLock, Thermo Fisher Scientific]).
The RT reaction was done in duplicates at 42 °C without
previous denaturation for 50 min following 10 min at
72 °C for enzyme inactivation. In a second step 2 pl of
cDNA reaction mix was combined with 18 pl qPCR
reaction mix (distilled water; 1 x reaction buffer
consisting of 16 mM (NH,4),SO4, 67 mM Tris-HCI
pH 8.8 and 0.1 % Tween 20; 150 uM of each dNTP;
0.3 uM of forward and reverse primers [PLRVfw-g,
PLRVrev-g and PLRVfw-sg, PLRVrev-sg, respectively,
see Table 2]; 2.5 mM MgCl,; 2 U Taq DNA polymerase
[Bioron GmbH, Ludwigshafen, Germany] and 1 x
SybrGreen I mix [Thermo Fischer Scientific]). The
qPCR reaction was performed in white 96-well plates
(Biozym Scientific GmbH, Hessisch Oldendorf, Germa-
ny) sealed with adhesive clear seals (ABsolute QPCR
Seal, Thermo Fischer Scientific) in a MyiQ2 Two-
Colour Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, USA) with the following proto-
col identical for both primer pairs: 2 min at 95 °C for
initial denaturation followed by 40 cycles with 15 s at
94 °C for denaturation, 15 s at 58 °C for annealing, 20 s
at 72 °C for elongation and 15 s at 85 °C for melting of
nonspecific products. Fluorescence was measured dur-
ing each cycle after the melting step. Following real-
time PCR, the amplicons were melted at 95 °C for 1 min

and then fully re-annealed at 55 °C for 1 min. For
determination of the melting point(s) of the PCR prod-
uct(s) the temperature was then increased incrementally
to 95 °C at a rate of 0.5 °C every 10 s (as fixed in the
MyiQ2). Melting of amplicons originating from the g
region happened at 89 °C whereas primer dimers had a
melting temperature of 75 °C. Amplicons originating
from the sg region melted at 87 °C and unspecific
products had a weak melting temperature peak at 79 °C.
The cDNA of 204 samples was used to quantify g
and sg RNA in duplicates. Standards were used only in
the first 96-well plate. An inter plate calibrator (IPC)
consisting of a diluted PCR product produced with the
PLRV amplification primers was used for normalization
and variation compensation of all plates. To calculate
absolute quantities from amplification data, the software
GenEx Enterprise 5 (MultiD Analyses AB, Goteborg,
Sweden) was used for reverse calibration. Results and
gPCR efficiency determination were calculated based
on a 95 % confidence level. The estimated efficiency
over all gPCR plates was corrected to 100 % using
GenEx software. The lower and upper confidence limits
of efficiency were 92 % and 107 %, respectively. For
each sample the total RNA per pl was determined after
RNA extraction. Therefore, the absolute quantities of
PLRV RNA could be given as copies of PLRV RNA per
300 ng total RNA. The calculated absolute quantities
were subjected to an analysis of variance (ANOVA)
followed by a Tukey-Kramer test (Tukey 1949).

Table 2 Position of primers for cloning and quantification of genomic (g) and sub genomic (sg) PLRV RNA

Primer Nucleotide position* Application

PLRVfw-g 1605-1624 Forward primer for the quantification of g RNA
PLRVrev-g 1782-1804 Reverse primer for the quantification of g RNA
PLRVfw-sg 3732-3753 Forward primer for the quantification of sg RNA
PLRVrev-sg 39884013 Reverse primer for the quantification of sg RNA
PLRVfw122 1-25 Forward primer for the cloning of PLRV isolates
PLRVrev1709 1564-1584 Reverse primer for the cloning of PLRV isolates
PLRVfw1338 1318-1344 Forward primer for the cloning of PLRV isolates
PLRVrev2808 2665-2687 Reverse primer for the cloning of PLRV isolates
PLRVfw2391 2270-2289 Forward primer for the cloning of PLRV isolates
PLRVrev3878 3737-3757 Reverse primer for the cloning of PLRV isolates
PLRV{w3480 3419-3439 Forward primer for the cloning of PLRV isolates
PLRVrev4772 46334651 Reverse primer for the cloning of PLRV isolates
PLRVfw4525 44044428 Forward primer for the cloning of PLRV isolates
PLRVrev5986 5846-5865 Reverse primer for the cloning of PLRV isolates

*Nucleotide numbers according to PLRV isolate JokerMV 10 (JQ346191)
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Cloning, sequencing and sequence analysis of isolates
of PLRV

The cDNA synthesis was done from purified RNA of
samples from plants each infected with one of the iso-
lates of PLRV described in Table 1. The reaction proto-
col was identical to that described above for RT-qPCR
but using the reverse cloning primers listed in Table 2 in
parallel reactions. PCR followed with 2 pl of cDNA and
the same reaction mix as mentioned above but with the
respective forward and reverse cloning primers (Tab. 2)
and without Sybr Green. Overlapping fragments were
generated of about 1500 bp each but lacking 121 bp
from 5’ end yet sequenced only by Mayo et al. (1989).
The amplification of the 5’ ends by 5" RACE was
inefficient and therefore skipped. Bands of correct size
were purified from gel (Ultrafree-DA Gel Extraction
Kit, MILLIPORE, Carl Roth GmbH + Co. KG, Karls-
ruhe, Germany), ligated into pGEM-T easy vector
(Promega) and transformed into NEB Turbo Competent
Escherichia coli cells (New England BioLabs, Ipswich,
USA). Clones containing the specific insert were se-
quenced on a GenomeLab GeXP Genetic Analysis Sys-
tem (Beckman Coulter, Brea, USA) using M13 reverse
and universal primers and gene specific primers with the
GenomeLab DTCS-Quick Start Kit (Beckman Coulter).
Since the first 121 bp from the 5’ end were not cloned,
sequences start with the 122nd nt. In order to validate
sequences at least two clones were sequenced in paral-
lel. The primary alignment was done using the MUS-
CLE program (Edgar 2004) realized by the MEGA
software version six with default parameters (Tamura
et al. 2013). By utilizing the CLC Sequence Viewer 7.6
(CLC Bio, Aarhus, Denmark), phylogenetic trees were
calculated and drawn using the Neighbour-Joining
method and a 1000 replicate bootstrap analysis. The
complete PLRV nucleotide sequences were used for a
recombination detection using RDP4 software (Martin
et al. 2015).

Results

Symptoms of potato plants infected with PLRV

The PLRV-infected potato plants of cultivars ‘Hermes’,
‘Saturna’ and ‘Desirée’ showed typical symptoms of a

PLRYV infection, such as stunting and chlorotic and
necrotic areas on leaves three weeks after infection

@ Springer

(Fig. 3). Plants infected with isolate SymlessLS10 also
showed typical symptoms. However, the severity of
symptoms hardly varied between the isolates and culti-
vars and was ascertained to be medium. Altogether, the
symptoms of plants infected with isolate JokerMV10
were slightly more severe (more chlorotic leaves) than
those of plants infected with the other two isolates. This
situation remained the same for plants kept in a climate
chamber for a further two weeks.

Comparison of the number of PLRV RNA copies
in infected potato plants

The RNA concentration of PLRV was determined 18
dpi when infection was well established and symptoms
clearly visible. For the absolute quantification of PLRV
RNA two RT-qPCR assays were developed and opti-
mized. The limit of detection (LOD) of both qPCR
assays was determined using repeated quantification of
highly diluted standard RNAs (1000, 100 and 10 RNA
transcript copies). Generally, the LOD is defined as the
lowest amount of analyte that is still detected by the
analytical method in at least 95 % of all reactions.
Therefore, each diluted RNA was amplified 100
times and the RNA dilution that was amplified at
least 95 times was set as the LOD of the assay.
Figure 4a and b show examples of the standard series
from 10' to 100 RNA transcript copies within the g
and sg region of the PLRV genome. The efficiencies
of both assays were identical. The LOD for both
assays was 100 RNA transcript copies. A graphical
presentation of the number of PLRV RNA copies
found in the plants infected with one of the three
PLRV isolates is shown in Fig. 5.

In comparison to the other cultivars, the lowest num-
ber of PLRV RNA copies were recorded in ‘Hermes’,
regardless of the isolate the plants were infected with.
Although the differences between the effects of the
different isolates of PLRV on ‘Hermes’ were obvious
they were not significant. This was due to the lower
infection rate of ‘Hermes’, which is characterized as
highly resistant to PLRV (Ummad-ud-Din et al.
2011). The success of infection was always low and
only infected plants were used for statistical calcula-
tions. All test plants of ‘Saturna’ and ‘Desirée’ were
infected and had PLRV RNA copy numbers between
10° and 10%. The PLRV isolates did not differ sub-
stantially in terms of the RNA copy numbers record-
ed. Plants infected with isolate SymlessL.S10 did not
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Fig. 3 Symptoms of potato
plants either mock-inoculated
(mock contr.) or infected with one
of the three different PLRV
isolates indicated at the bottom
picture. Photographs were taken
immediately after sampling (holes
punched in leaves). Cultivars
pictured are ‘Hermes’(a),
‘Saturna’ (b) and ‘Desirée’ (c)

mock contr. JokerMV10 SymlessLS10 ASL2000

have the lowest number of PLRV RNAs. However,
the number of sg RNA copies in ‘Saturna’ and
‘Desiree’ plants infected with isolate JokerMV10

11

was significantly higher than in plants infected with
the other two isolates. This was reflected in the vis-
ible symptoms that were slightly more severe on
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Fig. 5 The absolute numbers of
PLRYV RNA copies presented on a
logarithmic scale detected by real-
time RT-qPCR in the potato cul-
tivars ‘Hermes’(a), ‘Saturna’ (b)
and ‘Desirée’ (¢). Up to 24 sam-
ples of each variant were ana-
lyzed. All values are presented as
95 % intervals, in which the upper
and lower line of the boxes are the
upper and lower confidence
limits, respectively. The /ine in the
middle of the boxes is the mean.
Significant differences are indi-
cated by different letters above the
boxes. Names of the PLRV iso-
lates are abbreviated (Jok =
JokerMV 10, Sym =
SymlessLS10, ASL = ASL2000).
PLRYV RNA copies were detected
using genomic (g) and sub geno-
mic (sg) RNA specific primers

a
c 100000000
)

8 10000000
§ < 1000000
ZT 100000
>ES 10000
T3

G 1000
° o 100
o) C

29 10
ES

= 1

b
£ 100000000
3 [}

29 10000000

S«

$Z 1000000
o

Z 5 = 100000
q') —

% S § 10000

¥ 1000

oo 100

83 10

g 15}

= 1

__ 100000000

s 10000000
29 1000000
o) ()]
©2 100000
<L <
z2s 10000
> T 1000
g
i*g 100
5 5 10
’cT_) [0
SO 1
E
ZC’)

bcd

o o

me

4O o

abc

0 o

bcd

1O o

®

(o

R4
(0

cd

s
o

plants infected with isolate JokerMV10. Further-
more, JokerMV 10 was the only isolate that generated
higher numbers of sg than g RNA in all test plants.
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The isolates ASL2000 and SymlessLS10 did not
produce different amounts of the two viral RNAs
after 25 dpi.
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Sequence analysis of isolates of PLRV

Initially, the newly obtained sequences from the three
isolates of PLRV (Tab. 1) proved to be very similar to
published sequences. A phylogenetic analysis of the
complete sequences and a Neighbour Joining analysis
indicate the relationships presented in Fig. 6. There are
two clusters: The Australian isolate (AUS) and isolate
SymlessLS10 form the first and the remaining isolates
form the second cluster. For the remaining isolates there
are two sub-clusters. The newly sequenced isolates,
ASL2000 and JokerMV 10, cluster together with one of
the three Czech, an Indian and a Peruvian isolate. The
isolates from North America (CAN and US_CA) have
the same internal node and are thus very closely related.

The phylogenetic analysis of ORF0 was done at the
amino acid level, since it is reported that the clustering at
this level is more stable (Zarghani et al. 2012). The

4 Us.

&

0,025

Fig. 6 Phylogenetic radial tree based on sequences of the com-
plete genomes of PLRV isolates in GenBank. Sequences were
trimmed at 5’ ends. Branches with bootstrap values less than
50 % were collapsed. The sequence CYDV-RPV (NC 004751)
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phylogenetic tree of PO clearly forms two main clusters
(Fig. 7). In one of them the newly sequenced isolates
cluster together with the Czech, some of the Tunisian
and Polish, one Indian, the Peruvian and the 14.1 isolate
from France. In the other main cluster the genetic dis-
tances of four of the five Australian isolates are a slightly
bigger than those of the other isolates, but there are no
separate clusters.

The newly sequenced isolates have no mutations with-
in the F-box-like motifs 76-LPRHLHYECL
EWGLLCGTHP-95 and G-139/W-140/G-141 and the
F-220 residue located in the amino acid sequence of
ORFO (Zhuo et al. 2014) responsible for silencing sup-
pression. Although all recently sequenced isolates are
highly conserved within the F-box-like motifs, the Cana-
dian isolate (CAN) has a P77S substitution.

To identify other genes with high variability their
nucleotide sequences were compared (Tab. 3). Strain
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was used as an out group, but in the graph it is hidden. The scale
bar represents the genetic distance. Recombinants were ignored by
the software
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Fig. 7 Phylogenetic radial tree based on previously published
amino acid sequences of full-length ORF0. Branches with boot-
strap values less than 70 % were collapsed. The sequence CYDV-
RPV (NC _004751) was used as an out group, but is hidden in the

SymlessL.S10 differed in one striking way from all
except Cu87 and the Australian isolate: P6 was
interrupted due to a point mutation in ORF6
(TGGP» TAG), which results in a shorter ORF6-protein,
in which there are only 39 rather than 62 amino acids.

graph. The scale bar represents the genetic distance.
Recombinants were ignored by the software. For better visual
clarity, some isolates with similar internal nodes and short genetic
distances are hidden

This is true of both sequenced clones. In the sg leader
sequence of isolate SymlessL.S10 there is a deletion. A
similar deletion is recorded for the Australian isolate.
All complete PLRV sequences available at GenBank
were used in a recombination analysis. The occurrence

Table 3 Sequence variations in ORF6 and the sub genomic (sg) leader sequence of selected isolates

sg leader sequence

ORF6
JokerMV10 Gisou0* ATCTATTGGAGAATTGGG
SymlessLS10 Gis230* ATCTTTTAGAAAATTGGG
Australia (AUS) Gis256* ATCTATTAGAGAATTGGG
Cu87 Gis240* ATCTATTAGAGAATTGGG

Ci3s0* TCACTAAAACTAG
C3350* TCAC-AAAACTAG
C330*TCATT-TGACTAG
C3350* TCACTATAACTAG

*position in trimmed sequence
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of putative recombination events was assessed using
seven programs embedded in the RDP4 software
(Martin et al. 2015). All three isolates from this study
seem to be recombinants, with JokerMV 10 consisting of
one, ASL2000 of two and SymlessLS10 of three
recombinants (Fig. 1b). Furthermore, SymlessL.S10 is
the minor parent of a recombination event in the Aus-
tralian isolate.

Discussion

Since the middle of the 80’s of the last century the
importance of PLRV has decreased considerably. Un-
questionably, this is due mainly to the use of rapid-
acting systemic insecticides and the statutory schemes
for the production of healthy seed potatoes (Zahn 2004;
European European Union 2002). Valkonen (2007) as-
sumes that the incidence of PLRV infections declined
due to the use of PLRV resistant varieties. However,
rating all the potato cultivars authorized by the German
Federal Plant Variety Office over the last 30 years in
terms of their susceptibility to PLRV has revealed that
recently authorized cultivars are generally more suscep-
tible to this virus than those authorized previously
(Fig. 8, (Federal Plant Variety Office of Germany
1977-2014)). It is assumed, that due to the decrease in
importance of PLRV breeders now focus less on PLRV
resistance than 30 years ago.

Another reason for the decrease in the importance of
PLRYV could be a decline in the abundance of the main
vector, M. persicae. The frequency of PLRV infections
is correlated with the number of M. persicae caught
early in the season (Basky 2002; Ioannou 1989). In
North-West Germany the spectrum of aphid species

Fig. 8 Mean susceptibility to
PLRYV of all the potato cultivars
tested and authorized by the
German Federal Plant Variety
Office between 1977 and 2014
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has changed dramatically over the last 15 years. Previ-
ously, M. persicae made up more than two-thirds of all
the species of aphids caught. Now, Aphis species dom-
inate and M. persicae is caught only sporadically
(Kriissel et al. 2011). However, this seems to be true
only for central Europe since analyses of long-term
suction-trap catches in the United Kingdom do not
reveal a similar decrease in the abundance of M.
persicae (Bell et al. 2015).

Although PLRYV is now less important, the emer-
gence of PLRV isolates causing no visible field symp-
toms in some potato cultivars may lead to a renewed
interest in the significance of PLRV. There are reports in
the past of strains of PLRV that cause mild symptoms in
some potato cultivars and more severe symptoms in
others and under different climatic conditions (Wright
and MacCarthy 1963; MacCarthy 1963; Wright et al.
1967). Since very mild strains do not produce visible
symptoms, infections are not apparent during the visual
inspections of plants used for the production of seed
potatoes. Infections are only revealed by ELISA tests,
which could result in higher de-classification rates. Fur-
thermore, regarding the breeding of potato cultivars and
their PLRV susceptibility rating, the use of such strains
during the assessment of a new variety can lead to false
or varying susceptibility classifications.

Here we studied a “mild strain” found during
growing-on tests in Lower Saxony. This was done by
using M. persicae to transmit three PLRV strains to three
different potato cultivars and recording the variation in
the severity of their symptoms under controlled condi-
tions. Whereas in the greenhouse and in other potato
cultivars the three PLRV strains induced distinct symp-
toms, in our experiment we only recorded slight differ-
ences in visual symptoms (Fig. 3). Only isolate

1983
1985
1987
1989
1991
1993
1995
1997
1999
2001
2003
2005
2007
2009
2011
2013

vear
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JokerMV 10 produced slightly more severe symptoms in
plants of all cultivars. All plants, independent of the
PLRV strain and potato cultivar, showed typical symp-
toms, such as stunting and chlorotic and necrotic patches
especially on older leaves.

We recorded the number of PLRV RNA copies in
the infected plants in order to evaluate whether dif-
ferences in the concentration of viral RNAs could
account for the differences in symptom expression
(Fig. 5). The lowest number of RNA copies was
recorded in cultivar ‘Hermes’, which accords with
its classification as less susceptible cultivar (Federal
Plant Variety Office of Germany 1977-2014;
Ummad-ud-Din et al. 2011; ECPD 2015). Although
the susceptibility to PLRV is rated differentially for the
two other cultivars, ‘Saturna’ (medium) and ‘Desiree’
(high), the detected RNA copy numbers recorded for
these cultivars were nearly the same. Possibly ‘Saturna’
is more tolerant to the virus and thus rated as less
susceptible. The differences in the RNA copy number
recorded for the different isolates of PLRV are associat-
ed with the use of g or sg RNA specific primers. While
in plants infected with isolate JokerMV 10 the number of
sg RNA copies was significantly higher than the number
of g RNA copies, no differences between the amount of
g RNA and sg RNA were recorded for the two other
PLRYV isolates. It seems that the isolates differ in the
time to when they switch from the principal production
of g RNA to the primary transcription of sg RNA. We
speculate that JokerMV10 reproduces faster and can
therefore switch earlier to primary sg RNA transcrip-
tion. This is in accordance with the slightly more severe
expression of symptoms by potato plants infected with
this isolate. Comparisons of potato cultivars in terms of
the quantifiable amount of PLRV RNA should be done
using both, g RNA and sg RNA. By using only sg RNA
(Mortimer-Jones et al. 2009) the number of PLRV RNA
copies of some isolates could be overestimated, espe-
cially in the early stages of infection.

We searched for motifs responsible for differences in
symptom expression by sequencing the whole genome
of the three PLRYV isolates used and comparing them
with sequences from GenBank. Unfortunately, there is
little information on the severity of symptoms induced
by most isolates. In addition, it is difficult to compare
results of different studies because of the different
experimental conditions used. Since Guyader and
Ducray (2002) included more isolates than other re-
searchers in their study, we looked for sequences of
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these isolates for the use in sequence analysis. A phylo-
genetic analysis of the whole PLRV genome did not
reveal a correlation between sequence and symptom
expression. All the above mentioned isolates and two
of ours clustered together (Fig. 6). Djilani-Khouadja et
al. (2005) described specific nucleotide changes at po-
sitions 556 and 557 within ORFO that were correlated
with the severity of symptoms. However, this seems to
be true only for Tunisian isolates and isolate Cu87.
Other isolates sequenced by Guyader and Ducray
(2002) do not fit into this scheme. For example, the
isolate Zim13 has Ass¢/Ass; and should therefore be
classified as very weak. In contrast, Guyader and
Ducray (2002) categorized this isolate as severe. Nev-
ertheless, based on the results of the phylogenetic anal-
ysis of ORFO, all three isolates in our study have Asse/
Css7 and form a clear cluster with other isolates all
having the same nucleotide combination (Fig. 7). In
addition, it is known that ORFO is responsible for viral
disease-like symptoms (van der Wilk et al. 1997) and
silencing suppression. In this context an F-box-like mo-
tif plays an important role. Zhuo et al. (2014) report that
the L-¢/P77 residues are essential for silencing suppres-
sor activity. Although the isolates used in our study and
all recently sequenced isolates are highly conserved
within the F-box-like motifs, the Canadian isolate
(CAN) has a P77S substitution. However, it is not
known, whether the silencing suppressor activity of this
isolate (CAN) is reduced.

The role of protein P6 in the infection of plants by
PLRV is still unknown. A +1 frame shift mutation in the
ORF6 of Barley yellow dwarf virus (BYDV-PAV) re-
sults in an interruption in the corresponding amino acid
sequence and the loss of infectivity (Young et al. 1991).
A point mutation and deletion analyses (Mohan et al.
1995) revealed that knocking-out ORF6 prevents the
accumulation of sg RNA2. Furthermore, they assume
that the ORF6 protein may have a minor supporting role
during replication. In vitro studies using BYDV-GAV
reveal the RNA-silencing suppressor activity of P6 (Liu
et al. (2012). Sequence analysis of the P6 protein of
isolates SymlessL.S10, Cu87 and the Australian isolate
indicated that they are interrupted with the result that
only 39 instead of 62 amino acids are produced. If P6 of
PLRV acts as an RNA-silencing suppressor a defect in
this protein should lead to a reduced virulence and
weaker expression of symptoms similar to that of the
silencing suppressor activity of PO (Zhuo et al. 2014).
Remarkably, it is reported that the isolates SymlessL.S10
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and Cu87 cause different symptoms to be expressed.
Whereas Cu87 is characterized as very severe (Guyader
and Ducray 2002) SymlessLS10 induced no symptoms
in growing-on tests and medium to severe symptoms in
a climate chamber. Therefore, we conclude, that the
amino acids 40 to 62 of PLRV P6 are not involved in
silencing suppression of RNA.

The sg leader sequence of PLRV is involved in
regulating the translation of downstream located genes
(Juszczuk et al. 2000; Juszczuk et al. 1997). Deletion
analyses reveal that a lack of the sg leader sequence
increases the translation efficiency fivefold (Juszczuk et
al. 2000). There is a deletion of a single nucleotide in
the isolate SymplessL.S10, which is similar to the dele-
tion recorded in the Australian isolate. Whether such a
small deletion has an effect on the translation of sg
RNA, this should clearly be a subject for further
investigation.

The results of the recombination analysis revealed no
reasons why isolate SymplessLS10 did not induce
symptoms during growing-on tests. Either the recombi-
nation event was of unknown character or the classified
event was not statistically supported by all embedded
RDP programs.

Since we did not find any differences of the PLRV
isolates at the molecular level and in the severity of
symptoms under homogeneous environmental condi-
tions, we assume that the discrepancy between the ob-
servations during the growing-on test in Lower Saxony
and our experiments may be the result of dissimilar
growth conditions and/or cultivar assortment. During
the growing-on test plants were maintained in a glass-
house absorbing most of the UV radiation from sun
light, especially considering that the test was accom-
plished in November without illumination. Our experi-
ments were run in a climate chamber under EYE-Metal
Halide lamps that emit a considerable portion of UV
radiation, approximately identical to field conditions.
Therefore, we propose, that the symptom development
in plants infected with PLRV may be influenced by UV
radiation. In the literature several examples can be found
that describe the absence of symptoms in viral infected
plants under low light conditions (Balachandran et al.
1994; Barba et al. 1989; Christov et al. 2007; Kumar and
Poehling 2006; Osmond et al. 1990). Maybe the devel-
opment of chlorotic viral disease symptoms is not mere-
ly a direct result from the inhibition of the chloroplast
function by viral proteins (Banerjee et al. 1995) but
rather a consequence from the reduced fitness of the
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plant and the resulting increased destructive effect of
unfavorable environmental conditions. Balachandran et
al. (1997) conceived that “virus infections may have
greater effects on fitness and competitive ability in low
N [nitrogen], high light environments than in shaded,
high nutrient conditions”. In prior studies it was as-
sumed that photo-damage to photosystem II (PSII) un-
der sunlight is primarily associated with photosyntheti-
cally active light wavelengths. Now it was shown that
the damage of PSII predominantly is caused by UV
radiation (Takahashi et al. 2010) by increasing the pro-
duction of reactive oxygen species (ROS) in the photo-
synthetic apparatus. In healthy plants ROS can be re-
duced to oxygen and water by the phytosystem I receiv-
ing electrons from the water-splitting PSII (Asada
1999). However, in some plants infected with viruses
viral coat proteins accumulate within the PSII (Reinero
and Beachy 1989) and the water-splitting activity and
photosynthetic electron transport rates of PSII are re-
duced (Takahashi and Ehara 1992; Rahoutei et al.
2000). In high-light conditions this may lead to an
overproduction of ROS resulting in photoinhibition.
This, in turn, involves the damage to the D1 protein
and other PSII reaction centre components leading to
pigment photo-oxidation and chlorotic symptoms
(Asada 1994).

The accumulation of carbohydrates in leaves of in-
fected plants is another typical property of a PLRV
infection causing growth deformation and stunting
(Loebenstein 2001). However, the amount of soluble
sugars in infected but symptomless plants was not mea-
sured and no upward rolling of leaves or an upright habit
was observed during the growing-on test in Lower
Saxony. The plants in the climate chamber, however,
showed all these typical symptoms of a PLRV infection,
indicating an indirect influence of UV radiation on these
symptoms. Possibly, under low-light conditions fewer
carbohydrates are produced whose accumulation does
not lead to overt symptoms.

Since not all potato plants infected with PLRV were
symptomless during the growing-on test in Lower Sax-
ony, there has to be a considerable influence of the
individual fitness of each plant on the severity of symp-
toms. Potato plants with a reduced fitness probably are
not able to repair their PSII by de novo-synthesizing of
D1 protein, sufficiently (Anderson et al. 1998). Altogeth-
er, there is need for further research investigating the
influence of different environmental and plant fitness
conditions on the development of PLRV symptoms.



Eur J Plant Pathol

In this study we compared the effects of the new
PLRV isolate SymlessLS10 and other isolates, which
did not induce any symptoms during growing-on tests,
visually and at the molecular level. We did not find any
differences in the severity of symptoms and the amount
of PLRV RNA copies in potato plants. The sequences of
the isolates used in this study are very similar. Several
motifs, which could play a role in symptom expression,
were analyzed, but none of them seem to be responsible
for the absence of symptoms in potato plants infected
with isolate SymlessLS10 during growing-on tests.
Therefore, we discussed the variability of symptom
expression in the context of stress physiology of
virus-infected plants and concluded that the develop-
ment of chlorotic viral disease symptoms may be not
merely a direct result from the inhibition of the chlo-
roplast function by viral proteins but rather a conse-
quence from the reduced fitness of the plant and the
resulting increased destructive effect of unfavorable
environmental conditions.
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Abstract

Genetically modified potatoes are evaluated according to their agronomic characteristics with
the view to determining any unintended effects of potential safety concern. One of these
effects could be an enhanced susceptibility to diseases. In this study several transgenic lines of
the potato varieties ‘Albatros’ and ‘Desirée’ were compared with the non-transgenic
counterparts and with a large assortment of commercial varieties in order to determine
whether the transgenic lines are equivalent in terms of their level of susceptibility to Potato
virus Y (PVY). In order to achieve this, a reverse transcription quantitative PCR (RT-gPCR)
assay was developed to accurately quantify the number of PVY RNA copies in extracted plant
RNA. The amount of virus RNA was used as an indicator of susceptibility to PVY.
Transgenic ‘Albatros’ lines were assessed as equivalent to the commercial varieties. The
equivalence of transgenic lines of variety ‘Desirée’, however, could not be evaluated, because
the susceptibility of the non-transgenic counterpart was even higher than that of the
commercial varieties used for the comparison. Therefore, we recommend the use of
(extremely) virus resistant genotypes for genetic modification. Otherwise, it has to be
reckoned that growers reject the cultivation of susceptible transgenic lines due to yield losses
caused by virus infections.
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Introduction

Potato (Solanum tuberosum L. subsp. tuberosum) is the world’s fourth most important food
crop behind maize, wheat and rice, with nearly 376 million metric tons produced in 2013
(FAOSTAT 2015). The demand for potato as a vegetable or processed product, especially in
developing countries, is increasing. Projections predict an increase of the worldwide potato
production in the next few decades of two to three percent annually (FAO 2008). This
challenge is met by potato breeders by breeding new varieties that have several of the
following traits: high yield, resistance to as many pathogens as possible, good taste, excellent
processing properties, and tolerance to abiotic stresses, such as drought and high
temperatures. However, potato breeding depends on vegetative propagation and is constrained
by the autotetraploid nature of the potato genome and associated high degree of
heterozygosity. Furthermore, it may take up to 50 years to develop a new variety using
conventional potato breeding approaches (Rakosy-Tican et al. 2015). Breeding schemes using
wild species to extend the genetic pool are often expensive and lengthy processes since
various cycles of backcrosses are required to eliminate undesirable traits originating from the
wild potato species. Genetic engineering may therefore offer potato breeders a broader genetic
pool and reduce the costs and time needed to achieve their breeding goals. First transgenic
potato plants were generated in 1986 (An et al. 1986; Ooms et al. 1986; Shahin and Simpson
1986). Genetic engineering is used to improve the resistance of potato to pests and pathogens
(Chung et al. 2013; Dinh et al. 2014; Jahan et al. 2015; Zhang et al. 2015), herbicide and
abiotic stress (Ahn et al. 2011; Kikuchi et al. 2015) and enhance the nutritive value of tubers
(Li et al. 2014).

Due to the current non-acceptance by the consumers, genetic engineering of potato currently
is almost exclusively done in the context of non-food use, e. g. “molecular pharming” to
produce vaccines (Jose et al. 2014; Rukavtsova et al. 2015) or the utilization by the processing
industry (Romano et al. 2005; Zhu et al. 2014). In contrast to transgenic disease resistance,
which is at the risk being overcome by evolutionary changes in pathogens, this kind of
transformation is stable and easily inherited because of its monogenetic character. “Molecular
pharming” for the production of plant-derived vaccines in transgenic plants is an alternative of
costly systems of recombinant immunogenic protein expression. Plant-derived vaccines can
be produced cheaply in large quantities by using plants as “bio-factories”. Furthermore,
contamination by animal diseases or other adventitious agents can be excluded (WHO 2005).
An example for the production of vaccines against animal diseases is the expression of the
VP60 capsid protein of the Rabbit hemorrhagic disease virus (RHDV) in transgenic potato
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plants. The lethal viral Rabbit Hemorrhagic Disease (RHD) often affects commercial and
domestic rabbit populations. Rabbits immunized with this recombinant VP60 protein were
fully protected against the hemorrhagic disease. Tuber-specific expression of VP60 is
reported by Mikschofsky et al. (2011a) in potato cultivars ‘Albatros’ and ‘Desiree’.

An example for the usage of genetically modified potatoes by the processing industry is the
production of biodegradable polymers, such as polyaspartate, which can be obtained from the
cyanobacterial storage compound cyanophycin (Simon 1976). The cyanophycin synthetase
gene cphA from the cyanobacterium Thermosynechococcus elongates was successfully
expressed in the tubers of the potato cultivar ‘Albatros’ (Hihns et al. 2009).

The OECD has released consensus documents considering the special components to be
compared for the assessment of new (potato) varieties (OECD 2002). The document
recommends, for instance, a comparison of “agronomic characteristics [...], including yield,
susceptibility and tolerance towards specific diseases”. These traits can indicate “unintended
effects of potential safety concerns that would require further investigations” (OECD 2002).
Such an unintended effect of a genetic modification could be an impaired signaling pathway
in response to a virus infection leading to an increase in the susceptibility of the plant.

In this study we examined transgenic potato lines for possible changes regarding their level of
susceptibility to Potato virus Y (PVY), one of the most important potato viruses worldwide.
The transgenic potatoes were either transformed with cphA and neomycin-phosphotransferase
I (nptll) as a plant selection marker gene, VP60 and nptll or the nptll marker gene alone. We
compared the transgenic lines with their laboratory-derived near isogenic varieties (niv) in
order to determine differences in the level of PVY susceptibility, which we measured by
means of the detectable number of PVY RNA copies within extracted plant RNA. The
equivalence of PVY susceptibility was determined and discussed with regards to several
commercial varieties with a broad range of PVY susceptibility.

Material and Methods

Potato lines and virus isolates used in the experiments

The transgenic potato lines of the varieties ‘Albatros’ and ‘Desirée’, expressing either the
cphA and nptll or VP60 and nptll (Mikschofsky et al. 2011b), were compared with the niv

and the control plants expressing only the kanamycin resistance marker gene nptll. In Table 1
all the potato lines analyzed are listed with information on the transgenes and the suppliers.
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Tab. 1 Potato lines analyzed in this study

Genotype  Cultivar Vector Event Transgenic Provided by
product

Alb nivt*  Albatros = - = University of Rostock

Alb C12 Albatros PsbY-cphA® 12 Cyanophycin, nptll  University of Rostock

Alb VP60  Albatros
Alb NPTII  Albatros
Des nivt*  Desirée

35Svp60SEK* 204 VP60, nptll
35S (NPTII)® 205 nptll

35SVp60SEK* VP60, nptll

University of Rostock
University of Rostock
University of Rostock

Des VP60  Desirée 6 University of Rostock
Des NPTIlI  Desirée 35S (NPTII)® 6 nptll University of Rostock
Sat? Saturna - - - University of Rostock
Her? Hermes - - - Julius Kiihn-Institut
Pri’ Princess - - - Julius Kiihn-Institut
MaG? Mayan - - - Purchased (garden
Gold (S. centre “Naturwuchs”,
phureja) Bielefeld, Germany)

"Near isogenic variety
“Commercial varieties
*Hiihns et al. (2009)

*Mikschofsky et al. (2011a)

To examine the equivalence of transgenic potato lines regarding PVY susceptibility, non-

transgenic commercial varieties were used that had a wide range of susceptibility to PVY

(Tab. 2). A scheme of the trial is presented in Fig. 1. With the aid of these commercial

varieties an upper 95% equivalence limit can be set based upon estimates of the natural

variation (Perry et al. 2009). Details of statistical calculations are described below.

| Equivalence?
| Difference? Jr
| Difference? ,l,
Albatros Albatros
NPTII niv
Desiree Desiree
NPTII niv

Difference? T

|
| Difference? T
|

Equivalence?

|

Saturna

Hermes

Princess

Mayan Gold

Fig. 1 Scheme of the trial
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All experimental plants were infected either with PVY"N™, isolate Gr99 (accession number
AJ890343) or PVYMWilga, isolate 261-4 (accession number AM113988), since recombinant
strains of PVY are of increasing importance in most of the potato growing regions and are
highly virulent (Lindner and Billenkamp 2005; Karasev et al. 2011; Quintero-Ferrer and
Karasev 2013). Furthermore, PVY® could not be used because ‘Desirée’ harbors the Ny gene
and as a result has a hypersensitive response (HR) to and resistant to PVY® (Rowley et al.
2015).

Tab. 2 Susceptibility of potato varieties to PVY

Susceptibility to PVY"" and PVY"'™"

Genotype According to ECPD* or BSA? According to the results of this study
‘Albatros’/ Alb niv® 1 2°
Alb C12 - 2
Alb VP60 - 18
Alb NPTII - 2°
‘Desirée’/ Des niv® 1-3%, 52 5
Des VP60 - 5
Des NPTII - 5
Sat* 1-4* 4
Her* 1-2* 5
Pri* 1-2* 5
MaG* 3t 1

The grades of susceptibility: 1=very low, 2=low, 3=medium, 4=high, 5=very high

'European Cultivated Potato Database (2015)

2 Federal Plant Variety Office of Germany (2014)

3true for < 20 °C, otherwise overcomes the HR, leading to high susceptibility and plant damage
“Commercial varieties

*near isogenic variety

Healthy potato plants were propagated on Murashige and Skoog (MS) medium (Murashige
and Skoog 1962) containing 20 g/l of sucrose and maintained in vitro in a climate chamber at
24 °C under a 16 h/8 h light/dark cycle. They were free from any virus and endogenous
bacteria. The PVY isolates Gr99 and 261-4 were maintained on tobacco (Nicotiana tabacum

‘Samsun NN*) in a climate chamber under constant conditions (20 °C, 16h/8h light/dark).

Transfer of PVY infected potato varieties from in vivo to in vitro

To minimize the experimental error resulting from mechanical inoculation, the quantification
of PVY RNA copies was foreseen to be done on PVY-infected in vitro plants grown under
identical conditions for several cycles of propagation. For the transfer of PVY infected potato
plants from in vivo to in vitro several plants of each potato line were potted and inoculated
mechanically in a greenhouse. Four weeks after inoculation the success of PVY infection was
validated by DAS-ELISA (“PVY monoclonal cocktail” purchased from Bioreba AG,
Reinach, Switzerland). Plants that tested positive were dissected into stem segments

127



containing at least one internode. For sterilization, the segments were washed with 70%
ethanol for two minutes and then rinsed in sterile distilled water. Subsequently, the plant
pieces were treated with 1.3% sodium hypochlorite for ten minutes. Afterwards, the segments
were washed four times with sterile distilled water. Then the plant pieces were trimmed with a
sterile scalpel to remove damaged cell layers and cultured in single glass tubes on MS
medium containing 20 g/l of sucrose. The glass tubes were maintained in a climate chamber at
22 °C under a 16 h/8 h light/dark cycle. After four weeks vigorous non-contaminated sprouts
were further propagated in vitro and evaluated regarding their suitability for being analyzed
by using reverse transcription real-time PCR (RT-gPCR).

Greenhouse experiments

As it will be explained in the results section, using PVY-infected in vitro plants for RT-qPCR
was not successful. Therefore, healthy potato lines originating from in vitro culture were
potted into a standard commercial substrate and at least 50 plants of each line were placed in a
greenhouse cabin with a day and night temperature maximum of 24 °C and 16 °C,
respectively. After one week of recovery under a plastic tunnel the plants of each line were
separated into two groups for mechanical inoculation either with PVY isolate Gr 99 or 261 4.
For the inoculation, 1 g of PVY-infected tobacco leaves (second leaf above inoculated
tobacco leaf) was homogenized in 10 ml of phosphate-buffered saline and mixed with
carborundum powder (SiC). 150 ul of the virus suspension was then rubbed on the upper
surface of potato leaves with a glass spatula. After 10 min the inoculated leaves were rinsed
with tap water. All variants were randomly distributed within the greenhouse cabin. After two
further weeks samples were taken from all tests plants. By using the lid of a 1.5 ml centrifuge
tube two leaf discs per plant were punched out from the upper fully developed leaves.
Samples were immediately frozen in liquid nitrogen. The experiment was conducted twice: in
October 2010 and in May 2011. During the first and second experiment, the average day
temperatures in the greenhouse chamber were 19 °C and 23 °C, respectively

RNA extraction and quantitative reverse transcription real-time PCR (RT-qPCR)

Each sample was homogenized in a 1.5 ml microcentrifuge tube containing 500 ul of RNA
isolation reagent (Concert™ Plant RNA Reagent, Life Technologies™) and three 2.5 mm
stainless steel beads, using a Retsch® mixer mill (Retsch GmbH). Further purification of RNA
was done following the manufacturer’s protocol. The purified precipitated RNA was
redissolved in diethylpyrocarbonate (DEPC)-treated distilled water to a concentration of 200
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to 400 ng per pl. The total RNA amount was measured using ultraviolet absorbance in a
NanoDrop 8000 instrument (Thermo Fisher Scientific). For the quantification of PVY RNA,
using reverse transcription quantitative PCR (RT-gPCR), RNA standards were prepared
consisting of a dilution series of a PVY RNA transcript. The sequence of the transcripts
corresponded to PVY isolate Gr99 from position 8600, which is a highly conserved region of
the coat protein, in the poly-A tail. Reverse transcription was performed using 2 pl purified
RNA and 18 pl RT mixture [DEPC-treated water; 1 X RT reaction buffer (Promega)
consisting of 50 mM Tris-HCI (pH 8.3), 7 5mM KCI, 3 mM MgCl, and 10 mM DTT; 200 uM
of each dNTP; 0.4 uM reverse primer (PVYall3-9420, primer sequence:
CGGAGAGACACTACATCAC); 80 U M-MLV RT (Promega) and 4 U RNase inhibitor
(RiboLock™, Thermo Fisher Scientific)]. The RT reaction was done in duplicate without
denaturation at 42 °C for 50 min following 10 min at 72 °C for enzyme inactivation. In a
second step 2 pl of cDNA reaction mix was combined with 18 pl gPCR reaction mix
[distilled water; 1x reaction buffer (Bioron GmbH) consisting of 16 mM (NH,4),SO,4, 67 mM
Tris-HCI pH 8.8 and 0.1% Tween 20; 150 uM of each dNTP; 0.3 uM of forward and reverse
primers (PVYall5-9194, primer sequence: AGGTCACATCAC GAACAC and PVYall3-
9420); 2.5 mM MgCl,; 2 U Taq DNA polymerase (Bioron GmbH) and 1 x Sybr®Green |
(Life Technologies™)]. PCR reaction was performed in white 96-well plates (Biozym
Scientific GmbH) sealed with adhesive clear seals (Thermo Scientific ABsolute™ QPCR
Seal) in a MyiQ™2 Two-Color Real-Time PCR Detection System (Bio-Rad Laboratories,
Inc.) with the following protocol: 2 minutes (min) at 95 °C for initial denaturation followed
by 40 cycles with 15 seconds (s) at 94 °C for denaturation , 15 s at 58 °C for annealing, 20 s at
72 °C for elongation and 15 s at 85 °C for melting of non specific products. Fluorescence was
measured after each cycle. Following real-time PCR, the amplicons were melted at 95°C for 1
min and then fully reannealed at 55°C for 1 min. For determination of the melting point(s) of
the PCR product(s) the temperature was then increased incrementally to 95°C at a rate of
0.5°C every 10 s (as fixed on the MyiQ™2). Melting of amplicons generated with PVY
primers happened at 87.5 °C whereas that of the primer dimers at 82 °C.

Statistics

The cDNAs of the samples and the standards were applied in duplicates. Standards were
applied only to the first 96-well plate. An interplate calibrator (IPC) consisting of the diluted
PCR generated with the PVY amplification primers was used for normalization and variation
compensation of all plates. To calculate absolute quantities from amplification data, the
software GenEx Enterprise 5 (MultiD Analyses AB, Sweden) was used for reverse
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calibration. Results and the gPCR efficiency were calculated based on a 95% confidence
level. The estimated efficiency over all gPCR plates was corrected to 100% using GenEx
software. For each sample the total RNA per ul was determined after RNA extraction.
Therefore, the absolute quantities of PLRV RNA could be given as copies of PLRV RNA per
300 ng total RNA. By using the Microsoft® Office Excel® 2007 (Microsoft® Cooperation,
Redmond, USA) graphs were generated that contain the confidence intervals and means of the
detected number of PVY RNA copies of GM varieties and the upper confidence limit of
detected PVY RNA copies of all the commercial potato cultivars tested. A test for
significance was conducted by using the procedure mixed/adjust=simulate within the software
SAS, version 9.4 (SAS Institute Inc., Cary, USA). Equivalence was confirmed, if the mean of
detected PVY RNA copies in transgenic lines was smaller than the upper 95% confidence
limit of detected PVY RNA copies of all tested commercial potato varieties (van der Voet et
al. 2011).

Results
The use of in vitro propagated PVY-infected plants

The experimental error may increase considerably, if the potato plants are mechanically
inoculated with PVY. First because, different batches of inoculum mixtures can contain
varying amounts of virus because PV is not evenly distributed within N. tabacum due to
recovery (Nie and Molen 2015). Second because, it is not possible to determine whether
negative results may due to the resistance of a potato variety to PVY or a failure of
inoculation (Solomon-Blackburn and Barker 2001). Therefore, propagated PV -infected in
vitro plants should be used for the determination of the absolute number of PVY RNA copies
in transgenic and non-transgenic potato lines. It was assumed that during in vitro cultivation
the virus titer in transgenic lines would reach a distinct level that could be evaluated for its
equivalence with commercial varieties.

However, after four weeks of in vitro cultivation the shoots of some potato lines started to
became necrotic with complete necrosis after eight weeks of cultivation (Fig. 1). This was
observed only on shoots of genotypes of the varieties ‘Albatros’ and ‘Desirée’ infected with
PVYNW isolate 261-4. It is assumed that the necrosis was due to a systemic hypersensitive
response (HR) caused either by a so far unknown resistance gene or by the Ny gene that,

because of environmental conditions, was also activated by PVYN".
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Fig. 1: Shoots from in vitro cultivated stem segments either infected with PVY™™! isolate 261-4 (a,c)
or healthy (b,d). The picture was taken eight weeks after transferring the segments from in vivo to in
vitro. The sprouts from niv varieties ‘Albatros’ (a,b) and ‘Desirée’ (c,d) show systemic necrosis (a,c),
which indicates a systemic hypersensitive response (HR).

Because not all of the genotypes could be cultivated as in vitro plants, the experiments were
conducted in a greenhouse with healthy in vitro plants that were mechanically inoculated but
with special handling of the inoculum source. Only the second emerging leaf of PVY-infected
N. tabacum *Samsun NN’ was used as the inoculum in order to obtain a consistent virus load.
Furthermore, the inoculum was prepared in abundance and randomly rubbed onto the leaves
of the different potato genotypes.

Comparison of the number of PVY RNA copies

The commercial varieties used in this study were ‘Hermes’, ‘Saturna’, ‘Princess’ and ‘Mayan
Gold’. The last mentioned variety is a S. phureja genotype expressing a Rypn, gene for
extreme resistance to PVY (Torrance et al. 2009; Al-Abedy et al. 2012). As expected, in
plants of the variety ‘Mayan Gold’ no PVY was recorded in the isolate Gr99 or isolate 261-4,
which is in contrast to the estimation of the European Cultivated Potato Database (ECPD) that
classifies the resistance of this variety as “medium”. If the number of PVY RNA copies
detected is accepted as an indicator of susceptibility, the other three commercial varieties can
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be classed as highly susceptible (Tab. 2). Regardless of which isolate was used for infection,
the upper 95% confidence limit of detected PVY RNA copies of varieties “Hermes’, ‘Saturna’
and ‘Princess’ was very similar and ranged between 6.8E6 (Gr99) and 7.4E6 (261-4).
Therefore, the commercial varieties were suitable for use in an evaluation of the equivalence
of transgenic potato lines.

‘Albatros’

The average number of PVY RNA copies in ‘Albatros’ genotypes was always lower than the
upper 95% confidence limit of commercial varieties, independent of the PVY isolate (Fig.
2a). The near isogenic variety (niv) and the control expressing only the kanamycin resistance
marker gene had similar virus titers, whereas the transgenic ‘Albatros’ lines expressing either
the VP60 and nptll or the cphA and nptll genes showed lower and higher numbers of PVY
RNA copies, respectively, than the control and the niv. Particularly, the transgenic line
expressing the cphA and nptll genes seems to be more susceptible to isolate 261-4 than to
isolate Gr99. In comparison to an infection with isolate Gr99, the virus titers increased by a
factor of ten, when the control and the niv were infected with isolate 261-4. In the transgenic
line expressing the cphA and nptll genes, the virus titer increased by a factor of 100 when
infected with isolate 261-4. Nevertheless, the means of all ‘Albatros’ genotypes were smaller
than the upper 95% confidence limit of commercial varieties indicating equivalence regarding

the level of PVY susceptibility.

‘Desirée’

In the ‘Desirée’ genotypes the virus titers increased only by approximately four times, when
the plants were infected with isolate 261-4 (in comparison to an infection with isolate Gr99).
However, since ‘Desirée’ is highly susceptible to infection with PV, this factor was
sufficient to cross the 95% confidence limit of the commercial varieties. Whereas the means
of all ‘Desirée’ genotypes, independent of whether transgenic or non-transgenic, were smaller
than the 95% confidence limit, when the plants were infected with isolate Gr99, however, the
picture changed, when plants were infected with isolate 261-4 (Fig. 2b). All means of the
‘Desirée’ genotypes were higher than the 95% confidence limit. Even the niv completely
exceeded the upper 95% confidence limit of commercial varieties. In contrast to the

commercial varieties, which hardly differed in the number of PVY RNA copies detected
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Fig. 2: The absolute number of PVY RNA copies in transgenic and non-transgenic lines of varieties
‘Albatros’ (a) and Desirée (b). NIV = near isogenic variety, NPT = nptll, CY = cyanophycin
synthetase (cphA) and nptll, VP = VP60 and nptll. The solid and dotted horizontal lines represent the
mean and upper 95% confidence limit, respectively, of all commercial varieties. All values of
transgenic and non- transgenic lines are presented as 95% confidence intervals, in which the upper and
lower lines of the boxes are the upper and lower 95% confidence limits, respectively. The line in the
middle of the boxes is the mean. During the test of significance the niv was tested against the other
lines at the strain level. Significant differences are indicated by different letters above the boxes. The
y-axis in graph a is plotted on a logarithmic scale. n>45
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for the different isolates, the ‘Desirée’ genotypes seem to be more susceptible to an infection
with isolate 261-4. However, it is not correct to reject equivalence regarding the level of PVY
susceptibility for transgenic ‘Desirée’ lines, since the niv was also not equivalent. In this case
the assortment of commercial varieties and the choice of ‘Desiree’ for genetic engineering

have to be discussed.
Influence of temperature on multiplication of PVY in the ‘Albatros’ lines

It is known, that ‘Albatros’ expresses the HR gene (Ny-1) in a temperature-dependent manner
(Szajko et al. 2014). In this study we determined whether the HR gene of ‘Albatros’ is able to
restrict the virus at 18 °C and 24 °C, respectively. Therefore, the niv and two transgenic lines
of *Albatros’, expressing either the nptll or the cphA and nptll genes, were mechanically
inoculated with PVYN'W! (isolate 261-4) and PVYN™ (isolate Gr99), respectively.
Subsequently, the plants were further cultivated in climate chambers, one at constant 18 °C
and the other at 24 °C. Three weeks after inoculation, the plants were sampled and subjected

to RT-gPCR as described in the materials and methods.

At the time of sampling, no PVY symptoms and only a few local lesions were visible on
plants that were maintained at 18 °C (right plants in Fig. 3). In contrast, plants developed
severe PVY symptoms and extensive necrotic lesions when maintained at 24 °C (left plants in
Fig. 3). Plants infected with PVY™"' (isolate 261-4) and the transgenic lines expressing the

cphA and nptll genes were severely necrotic.

a

Fig. 3: Plants of the transgenic lines of ‘Albatros’ expressing the cphA and nptll genes infected either
with isolate Gr99 (a) or 261-4 (b). The left plant in each picture was maintained at 24 °C, the right
plant at 18 °C.
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Fig. 4: Means of the absolute number of PVY RNA copies of isolate Gr99 and 261-4 in transgenic and
non-transgenic lines of variety ‘Albatros’. NPT = nptll, VP = VP60 and nptll, CY = cyanophycin
synthetase (cphA) and nptll, NIV = near isogenic variety. The error bars illustrate the standard
deviation. The y-axis is plotted on a logarithmic scale.

The visual assessment was confirmed by the evaluation of detected PVY RNA copies in the
‘Albatros’ genotypes (Fig. 4). In plants that were maintained at 18 °C and developed single
necrotic lesions, the number of detected PVY RNA was low and ranged between 100 and
1,000 RNA copies in 300 ng of extracted plant RNA. In contrast, plants that were maintained
at 24 °C and showed severe PVY symptoms and necrosis were heavily infected, with
recorded PVY RNA copy numbers of between 1.0E6 and 1.0E8 detected in 300 ng extracted
plant RNA. Although commercial varieties were not tested during this experiment, the means
of PVY (261-4) RNA copies detected in transgenic ‘Albatros’ lines maintained at 24 °C
probably are higher than the 95% confidence limit of commercial varieties, which was 7.4E6
PVY RNA copies in the other experiments. Therefore, the equivalence of transgenic
‘Albatros’ lines regarding the level of PVY susceptibility has to be evaluated in terms of the
prevailing temperature and different PVY isolates.
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Discussion

Unintended effects may appear in transgenic plants that respond differently in stress
situations, such as unfavorable environmental conditions or infections by pathogens
(Matthews et al. 2005). Although rarely documented, modifications in the genome could be
responsible for unintended metabolic changes causing increased susceptibility to pathogens
(Ting et al. 2008). To analyze equivalence non-transgenic counterparts and unintended
effects, several molecular methods have been developed over time, such as DNA, protein or
metabolite profiling (Vega and Marina 2014). However, the application of these techniques is
costly and changes in the protein level may not per se have a negative effect on the
performance of a plant, for instance, when stressed. Therefore, infection studies can reveal
unintended effects by evaluating the susceptibility to a pathogen of transgenic lines. If the
susceptibility of a transgenic line to a pathogen is non-equivalent to commercial varieties,
then a further assessment is needed involving the use of several molecular techniques as
previously mentioned.

In this study we examined transgenic potato lines either transformed with cphA and nptll,
VP60 and nptll or the nptll marker gene alone for possible changes in their susceptibility to
PVY, one of the most important potato viruses worldwide. We compared the transgenic lines
with their near isogenic varieties (niv) in order to determine any differences in PVY
susceptibility, which we measured by means of the total number of PVY RNA copies in
extracted plant RNA.

Equivalence regarding the susceptibility to PVY was confirmed for transgenic lines, whose
average number of detected PVY RNA copies did not cross the upper 95% confidence limit
calculated for several commercial potato varieties. This is in accordance with van der Voet et
al. (2011), who recommend that the differences and equivalences should be assessed in a
comparable manner. In this study we selected commercial potato varieties, which have a
broad range of susceptibility to PVY infection, according to the Eupopean Cultivated Potato
Database (ECPD) and Plant Variety Office of Germany (BSA) (Tab. 2). However, by using
the detectable amounts of PVY RNA copies as an indicator of PVY susceptibility, the results
in this study differ from the classification of these two institutions. The resistance to PVY of
the variety “‘Mayan Gold’ is classed as “medium” by the ECPD, which differs from our
results. We could not detect any PVY RNA in the plants of this variety. ‘Mayan Gold’ is a
Solanum phureja cultigen with has at least one gene for extreme resistance (Torrance et al.
2009; Al-Abedy et al. 2012). An infection with PVY is therefore extremely unlikely.
Furthermore, in this study the detected amounts of PVY RNA copies in varieties ‘Princess’
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and ‘Hermes’ were in the same range as for the highly susceptible variety *Desiree’(results
not shown). However, ‘Princess’ and ‘Hermes’ are classed as lowly susceptible by the BSA
(Tab. 2). This discrepancy is mainly due the use of field assessments by the BSA rather than
mechanical inoculation, which results in a higher virus pressure. Furthermore, BSA uses the
severity of symptoms as an indicator for PV'Y susceptibility. However, the severity of
symptoms is not correlated with the detectable amounts of PVY RNA copies (Huhnlein et al.
2013; Lindner et al. 2015) and symptom tolerant potato varieties may serve as a source of
infection in the field as they contain considerable amounts of virus. Therefore, the number of
detectable PVY RNA copies is a more reliable indicator of PVY susceptibility.

‘Albatros’ is recorded as resistant to PVY infection due to its dominant HR gene (Ny-1).
However, the HR gene is expressed in a temperature-dependent manner.

In experiments conducted by Szajko et al. (2014) plants of variety ‘Albatros’ were inoculated
with PVYNW and maintained at 20 °C and 28 °C, respectively. At 20 °C the virus was
localized due to the formation of local lesions. At 28 °C, the PVY-infection became systemic
without any symptoms or signs of a HR. This differs from our results, in which plants of the
‘Albatros’ lines developed severe PVY symptoms and necrosis when maintained at 24 °C. It
seems that two critical factors promoting the severe symptoms coincide (i): at 24 °C the virus
spreads too fast to be restricted by programmed cell death and (ii): at the same temperature
the HR gene is still expressed leading to a massive synthesis of reactive oxygen species
(ROS) due to the systemic spread of the virus causing death of whole tissues.

The temperature-dependent resistance of *Albatros’ to PVY was the reason for the
equivalence of transgenic ‘Albatros’ lines with commercial varieties. However, the ‘Albatros’
lines contained considerable amounts of PVY. This was due to the elevated temperatures in
the greenhouse in May 2011 leading to a partial absence of HR in this lines. Therefore,
experiments used to evaluate the equivalence of transgenic lines in terms of their
susceptibility to a virus should always be done under the “worst case” conditions, which are
most likely to facilitate the spread of the virus. This in turn requires a complete understanding
of the mechanisms underlying the plant-virus interactions of each line that is tested.
Surprisingly, the number of PVY RNA copies that were detected in the transgenic ‘Albatros’
line expressing the VP60 was considerably lower than in the other ‘Albatros’ lines,
independent of the virus strain used for infection. One could speculate, that the coat protein of
the RHDV may cause a kind of cross resistance to a PVY infection. However, this was not
observed in ‘Desirée’ genotypes and, therefore, needs further investigation.

‘Desirée’ turned out to be an unfavorable variety for genetic modification because of its
inherently high susceptibility to PVY. The cultivation of transgenic ‘Desirée’ lines would
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require extensive measures to control vector aphids in the field, and yield losses due to a PVY
infection probably would not be accepted by growers. Therefore, genetic modification should
be applied to varieties that are highly resistant to PVY (and indeed also to other pathogens),
preferably with extreme resistance, which is expressed independent of environmental
conditions. For instance, progenies of somatic hybridization between S. tuberosum and S.
tarnii are extremely resistant to all known PVY strains and in addition, highly resistant to
infection with potato late blight caused by Phytophthora infestans (Thieme et al. 2008).

In this study the equivalence regarding the level of susceptibility to PVY was confirmed for
transgenic ‘Albatros’ lines. However, equivalence cannot be assessed if the susceptibility of
the niv is higher than the upper 95% confidence limit of commercial varieties, which was the
case for transgenic ‘Desiree’ lines. Therefore, we recommend the use of extremely resistant

rather than highly susceptible varieties for genetic modification.
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6 Discussion and outlook

In this thesis the development and applications of RT-gPCR detection assays were presented,
that are able to quantify the worldwide most important potato viruses PVY and PLRV and
thus can contribute to several areas of potato research. But why is research on potato so
essential, especially concerning virus infections?

6.1  High infection rates of potatoes with PVY and PLRYV in developing countries

Within the industrialized nations agriculture is highly technologized. Substantial measures in
pest management, fertilization and irrigation lead to high commercial crop yields that are
close to the respective potential yield, which is the maximum yield of a given cultivar in a
certain region under optimal environmental conditions (Pereira et al. 2008; Licker et al.
2010). The potential yield of potato varies considerably depending on the geographic region.
The highest yield potential with up to 69 tones/ha can be found in regions, such as
Southeastern Europe, at the foot of the Pamir Mountains, in the Shanxi province of China and
along the Andes Mountains (Licker et al. 2010; Foley et al. 2011). In developing countries
potato is a valuable crop especially where it contributes as a staple to hunger reduction and
increasing the employment rate and income (Thiele et al. 2010). The good nutritive value and
cooking versatility have led to a tripling of potato consumption in developing countries in the
last 50 years (Lutaladio and Castaidi 2009). However, while the size of arable land utilized for
potato production increased in the last decades in developing countries, the yield remained
static (Pandey 2007). On the one hand, developing countries lack an efficient system for
regular multiplication and distribution of certified seed tubers. On the other hand, pests and
diseases considerably constrain potato production because of an insufficient rapid deployment
of new, improved varieties and due to poor crop management measures (Lutaladio et al.
2010). In developing countries the yield per hectare reaches only less than the half of the yield
in industrialized nations. Even in India and China, the most important producers of potatoes
worldwide, the yields per hectare are relatively low with only 22.9 and 17.0 tones/hectare,
respectively (FAOSTAT 2014) and the high potential yield is not reached.

The major cause of this low productivity is considered to be seed degeneration over multiple
generations due to seed borne diseases, such as bacterial wilt (Ralstonia solanacearum), virus
infections (PVY and PLRV), soft rot (Erwinia chrysanthemi) and Fusarium wilt and dry rot
(Fusarium solani) (Fuglie 2007; Gildemacher et al. 2009). In contrast, industrialized countries
have effective seed certification systems, where the seed tubers are replaced by certified
seeds, annually. This “certified seed replacement paradigm” led seed degeneration to become

only a background noise in Western Europe and North America (Thomas-Sharma et al. 2016).
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However, in several developing countries, particularly in Western and Central Africa,
suboptimal production areas are prevalent with a warm and humid climate leading to a high
disease pressure. There, formal seed certification systems economically make less sense,
because the costs for producing healthy seeds would exceed the gain from their cultivation.
For such countries an alternative may be an integrated seed health strategy that has a stronger
focus on on-farm management practices, such as roguing of diseased plants or vector
management, and the use of resistant varieties (Thomas-Sharma et al. 2016). A study
conducted 2006 in Kenya revealed an average incidence of PVY and PLRV infections of seed
potatoes purchased from rural markets of 78% and 74%, respectively (Gildemacher et al.
2009). According to Nolte et al. (2004) a 1% increase of the incidence of PVY infections
results in yield reduction of 0.17-0.18 tones/ha, independent from the cultivar used. Thus, a
78% incidence of PVY infections, as mentioned above, would result in an average yield loss
of 12.95 tones/ha, which is more than the half of the potential yield calculated for Kenyan
potato growing regions (Licker et al. 2010; Foley et al. 2011). Therefore, developing
countries, especially those with suboptimal growing conditions, need potato cultivars that
harbor the so-called “pro-poor” traits, such as a broad range of disease resistance and a high
adaptability to regional climatic conditions (Thiele et al. 2010). With the quantitative
detection of PVY and PLRYV, presented in this thesis, it is possible to evaluate the resistance
type of a potato variety and to record slight differences in the accumulation of virus within a
plant under various climatic conditions (Hiihnlein et al. 2016c). The authors demonstrated that
in potatoes harboring genes for extreme resistance (ER) against an infection with PVY small
amounts of virus RNA can be detected by RT-qPCR but not with ELISA. Furthermore, the
sensitive method was able to detect differences in the number of virus particles between wild
potato species regarded as extremely resistant. Whereas in S. pinnatisectum, no PVY RNA
copies were recorded independently from the PV strain used for inoculation, low amounts of
virus RNA were detected in S. etuberosum. In the plants of this genotype 240 and 1,400 PVY
RNA copies were recorded on average in 300 ng of total plant RNA for infections with
PVYNW (isolate 261-4) and PVYN™ (isolate Gr99), respectively. From this it can be inferred
that the mechanism and the efficiency of resistance genes differ between wild potato species.
This should be expected as they are located on different chromosomes. The finding that the
mechanisms of resistance differ was further supported by the fact that the recorded virus titer
differed not only between the genotypes but also between the PVY strains used for
inoculation. Whereas in plants of S. cardiophyllum PVY was detected only after an infection
with PVYN™ in plants of S. stoloniferum successful infections (500 PVY RNA copies in 300
ng extracted plant RNA) were only recorded for PVYN™. It seems that the virus strains
harbor different virulence genes. These findings and the developed RT-qPCR assay can be
useful to support potato breeding research. However, for practical purposes it does not make a
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difference whether a plant accumulates 100 or 1,000 virus RNA copies by remaining
symptomless. Therefore, the ELISA test constitutes a kind of threshold, up to which
resistance is able to restrict the virus sufficiently enough to prevent yield reduction and
transmission of the virus by vectors. For RT-qPCR such a threshold would have to be defined,
which is complicated because the threshold will vary between PVY strains and between
different environmental conditions. However, since S. stoloniferum is a well studied
representative of ER, a threshold could be generated by using cultivars, whose ancestry
contains a S. stoloniferum accession, such as ‘Assia’ or ‘Fanal’ (Flis et al. 2005b). A threshold
could then be calculated from the average number of detected PVY RNA copies of different
PVY strains. Genotypes that later on will be compared with this threshold could be classed
partly resistant, if they have significantly higher amounts of virus RNA than the threshold
value. Genotypes with lower virus amounts or for which the difference is not significant could
be classed as resistant. However, non-significant differences have to be verified by a power
analysis, because the “absence of evidence is not evidence of absence” (Altman and Bland
1995). A power analysis could be conducted, for instance, by using the code described in
Littell (2006, p. 480) and the software SAS, version 9.4 (SAS Institute Inc., Cary, USA).

6.2  Climate change may increase the prevalence of PVY and PLRYV infections

A further important challenge in potato research is the climate change. During the last 130
years the global surface temperature shows an average increase of 0.85 K and the global
temperature is expected to increase further by at least 2 K and maximal 4 K, dependent on the
amount of future anthropogenic CO, emissions (IPCC 2014). An increase of the global
temperature will also increase the number of periods of heat and drought, which can have a
drastic negative effect on potato yield, especially in tropical, subtropical and continental
climates (Hijmans 2003). However, a temperature increase has also several direct and indirect
impacts on the significance of viral diseases on potato. Direct impacts are known to result
from a reduced performance of temperature-dependent resistance genes, such as the dominant
N genes triggering hypersensitive response (HR) upon a virus infection (Canto and Palukaitis
2002; Szajko et al. 2014; Huhnlein et al. 2016c). At temperatures higher than 28 °C, the HR
becomes inactive leading to a systemic infection of the host plant. In this thesis it was
demonstrated that transgenic and non-transgenic ‘Albatros’ lines grown at constant 24 °C
were dramatically affected by a PVY infection. Whereas at 28 °C the infection becomes
systemic and symptomless (Szajko et al. 2014), at 24 °C the Ny-1 gene was still active but
was not able to restrict the virus resulting in systemic HR and severe necroses leading to plant
death (Hihnlein et al. 2016a). Potato varieties harboring N genes for virus resistance may
therefore be unsuitable for cultivation in warmer climates. In contrast, resistance mechanisms
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that are based on RNA silencing seem to be positively affected by increased temperatures,
resulting in an increase of virus-derived siRNAs and recovery at elevated temperatures
(Szittya et al. 2003; Sun et al. 2008; Wu et al. 2008). In other studies, however, no correlation
was found between the temperature and the efficiency of RNA silencing (Sos-Hegedus et al.
2005; Ali et al. 2013; Romon et al. 2013) indicating different mechanisms for different hosts
and targeted genes. Nevertheless, genetic engineered potato lines harboring resistance traits
based on RNA interference may be promising for the use in warmer climates, especially
through possible combinations with other resistance or tuber traits. However, such plants will
be regulated by the governmental GMO legislation implicating an assessment of possible
risks for humans and the environment as well as an evaluation of these transgenic lines
regarding their substantial equivalence. In this thesis a method was presented, with which the
equivalence of transgenic potato lines regarding their susceptibility to PVY can be assessed.
Since its high sensitivity, this method enables also the detection of virus RNA in highly
resistant varieties. Moreover, significant differences of the detectable amounts of virus RNA,
although on a very low level, can be recognized, which offers an opportunity to register
possible unintended effects of the new traits within transgenic potato plants (Huhnlein et al.
2016a). At an international workshop on transgenic potatoes for the benefit of resource-poor
farmers in developing countries (Collins et al. 2000) it came out that the fourth most needed
trait, for which transgenic potatoes could provide a solution in developing countries, is
resistance to PVY and PLRV. The International Potato Center (CIP) in Peru encourages
public research on potato resulting in adapted and resistant varieties that can be used by poor
farmers in developing countries (CIP 2016b). Recently, late blight resistant potato varieties
were presented during field trials in Uganda (CIP 2016a). Transgenic genotypes were
generated from the potato variety ‘Desirée’. However, in this thesis, ‘Desirée’ turned out to be
an unsuitable variety for genetic modification due to its inherent high susceptibility to the
recombinant PVY strains PVY""Y" and PVYN™ (Huhnlein et al. 2016a). The number of
detected PVY™Y' RNA copies in the transgenic and non-transgenic genotypes of this variety
was even higher than the upper 95% confidence limit of several commercial potato varieties
showing a wide range of PVY susceptibility. Therefore, successful cultivation of transgenic
potato lines requires stacked resistance traits to at least the most important pathogens of the
potato crop, such as late blight, PVY and, especially in developing countries: PLRV, potato
tuber moth (Phthorimaea operculella) and bacterial wilt (R. solanacearum) (Collins et al.
2000).

An indirect impact of global warming on the significance of virus diseases in potato results
from an increased abundance of aphid vectors that is associated with several factors, such as
an increased number of insect generations, an extended length of the aphid flying season or
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higher overwintering rates (Zhou et al. 1996; Finlay and Luck 2011). In addition, aphids may
shift their distribution areas and become present in geographic regions where they were not
native previously (Toth et al. 2008). For instance, in the Tyrnavé-Liminka area of Finland,
one of the five European High Grade Seed Potato Production Zones (HG zones), Aphis
gossypii was previously found only indoors or in greenhouses (Albrecht 2010). However,
during the last 10 years this aphid species, which is an efficient vector for PVY, was also
found in seed potato fields of the Tyrn&va-Liminka area (Kirchner et al. 2013). This raised
new concerns about the future reliability of the Finish HG zone in the course of increased
vector and thus virus pressure. Therefore, in seed certification systems, everywhere in the
world, there is need for very sensitive methods that detect potato viruses and particularly PVY
independent from strain or isolate-specific sequence polymorphisms. In this thesis, primers
were presented that detect more than 70 different isolates of PVY with an equal efficiency,
which lowers the risk that the detection of single isolates fails due to mismatches between
primer and virus sequences. In addition, by using immuno-capture (IC) instead of costly RNA
extraction procedures, the advantages of ELISA (ease and low costs) can be combined with
the high sensitivity of RT-gPCR. Furthermore, by using direct tuber testing, no greenhouse is
needed since the tuber flesh itself is tested for virus infestation and not the leaves emerging
from tuber sprouts. Direct tuber testing detects PVY with the same efficacy, if non-dormant
tubers are sampled (Huhnlein et al. 2013).

6.3  New more virulent PVY and PLRYV strains may evolve

In this thesis it is assumed that quantitative real-time PCR allows studying virus virulence and
evolution. According to the trade-off hypothesis, virulence (here used as a synonym for
symptom severity) is an unavoidable consequence of virus transmission (Anderson and May
1982). The higher the virulence of a strain is, the shorter the lifetime of the host becomes,
which will decrease the number of transmissions by vectors. However, the transmission
capacity is positively correlated with virus accumulation in the host (Escriu et al. 2000),
which in turn was recorded to be positively correlated with virulence (Fraser et al. 2007,
Pagan et al. 2007; Longdon et al. 2015; Patterson et al. 2015; Souto et al. 2015; Girerd-
Genessay et al. 2016). Therefore, to obtain a maximum of transmission, viruses have evolved
to harm their hosts until a finite optimal level of virulence (Anderson and May 1982; Frank
1996). On the contrary, plants have evolved different mechanisms to avoid (extreme
resistance), repress (quantitative resistance) or tolerate (tolerance) infections by viruses.
According to Miller et al. (2006) the last mechanism comprises different types of tolerances
leading either to higher or lower viral accumulation rates within the host plant. If the host
completely tolerates viral accumulation, the virus will evolve towards higher accumulation
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rates in order to achieve a higher transmission capacity. On the other hand, if the tolerance of
a host plant is saturated on a specific level, it will select for viruses with reduced replication.
Since viruses and their host plants have coevolved, host-virus interactions depend on both, the
host’s and the parasite’s genotypes (Pagan et al. 2007). Therefore, virus multiplication and
thus virulence or symptom severity depends on various interactions between the genotypes of
hosts and viruses. This is often the case for uncorrelated data originating from studies that aim
to find a relationship between the virus isolate or strain and symptom severity
(Rodriguezcerezo et al. 1991; Shi et al. 2002; Carrillo-Tripp et al. 2007; Doumayrou et al.
2013; Lindner et al. 2015). Either one virus isolate was used to infect several accessions of
plants or several virus isolates were inoculated to one plant genotype. However, to reveal
isolate x accession interactions it is necessary to infect each plant genotype within a variety of
different accessions with one of several virus isolates (Pagan et al. 2007; Froissart et al.
2010).

In the publication of this thesis that compares three different methods for the detection of
Potato virus Y in seed potato certification (Huhnlein et al. 2013), no relationship was found
between the high virulence and the number of detectable virus RNA copies of PVYN" isolate
261-4 in potato plants (see Fig. 7 within the mentioned publication). The impact of the potato
variety on virus accumulation was greater than the impact of the virus isolate, particularly
since the small number of replicates probably have weakened the conclusion. In a further
publication presented in this thesis each of three potato varieties were infected with either one
of three different isolates of PLRV assuming that they induce diverse symptom severities.
However, the plants maintained under controlled conditions did not differ in the severity of
symptoms although the number of detectable PLRV RNA copies indeed varied between the
cultivars. All plants showed clear symptoms of a PLRV infection. However, the use of in
vitro plants instead of emerging sprouts from tubers diminished the estimation of symptoms
since in vitro plants per se have a distinct habitus. Nevertheless, even if clear differences in
the severity of symptoms would have been observed, this would not necessarily result in a
correlation of symptom severity and virus accumulation, because viruses are unevenly
distributed not only in different plant organs but also during different stages of infection
(Wang and Maule 1995). Furthermore, viruses induce several perturbations in the signaling
pathways of their host plants (Whitham et al. 2006), which occur in infected as well as in
uninfected tissues of the plant. Symptom severity therefore results not merely from a
competition between virus and host for host resources, but is rather a consequence of the
interaction and interference between virus and host components that affect host physiology
(Culver and Padmanabhan 2007). Moreover, a virus can induce a change of the expression of
more than 4,000 host genes with a considerable variation among the virus species used for the
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infection (Whitham et al. 2003; Senthil et al. 2005; Pallas and Garcia 2011). Alterations in the
expression pattern of host genes effects several biological processes, such as photosynthesis,
pigment metabolism and plant-pathogen interactions (Lu et al. 2012), which in turn are
involved in symptom severity. Moreover, it is assumed, that the number of genes altered in
their expression is positively correlated with the severity of symptoms (Dardick 2007,
Mochizuki et al. 2014; Yang et al. 2014; Kogovsek et al. 2016). Therefore, expression
profiling may deliver better quantitative indicators for the virulence of a given virus isolate
than the quantitative determination of the virus concentration in a plant.

Nevertheless, the investigation of virus virulence is an important challenge in potato research,
because multiple historic reports exist documenting the occurrence of new virus strains with
increased virulence. Ross (1959) reported on the establishment of a necrotic strain of PVY
during the 1950s in Germany and other European countries. The new strain, meanwhile
named as PVY", mostly displaced the common PVY?® strain and caused severe epidemics in
tobacco and potato fields. The yield of infected potato plants was remarkably reduced while
the leaves almost remained symptomless. This led to a failed control through seed
certification and a replacement of many susceptible potato cultivars.

A dramatic shift in virus strains towards isolates causing increased yield reduction was
recorded for PVY (see chapter 1.2.1.2). Thirty years have passed since the first reports were
published about recombinant strains of PVY that induced symptoms of veinal necrosis on
tobacco, but reacted with PV'Y°- specific antibodies (PVYNY PVYN©) (Chrzanowska 1987;
Singh et al. 2003) or that caused mosaic symptoms on tobacco and reacted with PVY"-
specific antibodies (PVYN™). The last mentioned strain furthermore induces the potato tuber
necrotic ring spot disease (PTNRD) that causes severe symptoms and yield losses (Beczner et
al. 1984). Since recombination between PVY strains that infect non-potato hosts and potato-
infecting PVY strains are scarce, Visser et al. (2012) suggested that PVYN'WNO and pvyN™
strains have evolved as specialists of potato cultivars due to the increasing international trade
since the 20™ century. Indeed, within a few decades recombinant PV strains have become
the most prevalent strains worldwide with reports from Germany and France (Lindner and
Billenkamp 2005; Rolland et al. 2008), Russia (Volkov et al. 2009), Syria, Jordan and Saudi
Arabia (Chikh Ali et al. 2007; Anfoka et al. 2014; Chikh-Ali et al. 2016a), Vietnam (Schubert
et al. 2015), China (Hu et al. 2009a), Japan (Ogawa et al. 2008), Australia (Kehoe and Jones
2011), Indonesia (Chikh-Ali et al. 2016b), New Zealand, although only PVYN™ and not
PVYN© (Fletcher and Lister 2004; Fomitcheva et al. 2009), USA and Canada (Karasev and
Gray 2013b), Argentina and Brazil (Colavita et al. 2007; Sawazaki et al. 2009) as well as
Tunisia, Kenya and South Africa (Larbi et al. 2012; Were et al. 2013; Visser and Bellstedt
2015). Even in Greenland PVY is now present, since farmers grow imported tubers from
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Europe instead of own certified seeds (Neergaard et al. 2014). The authors did not examine
the PVY strain, but if recombinant PVY strains are not already there, it will only be a question
of time before they will be detected.

In tolerant potato varieties recombinant PVY strains often remain symptomless (Chrzanowska
1991; McDonald and Singh 1996a; Glais et al. 2005). This led to a rapid dispersal of
recombinant PVY strains particularly in the USA where seed certification relies mainly on
visual field inspections and where thousands of hectares are grown with tolerant potato
cultivars, such as ‘Russet Norkotha’, ‘Shepody’ or ‘Silverton Russet’ (Groves 2009; Karasev
and Gray 2013a). In these tolerant potato cultivars isolates are selected with high viral
accumulation, since their transmission capacity is increased. This poses a danger to non-
tolerant varieties, if they are exposed to virus isolates that have evolved in response to
tolerance. According to Miller et al. (2006) “intolerant populations may suffer catastrophic
levels of mortality”. A recent report about highly virulent recombinant PVY strains that cause
severe symptoms on potato may result from such a scenario (Schubert et al. 2015). Although
it could not be validated in this thesis (Huhnlein et al. 2013), studies exist that describe higher
virus multiplication rates of recombinant PVY isolates than of non-recombinant isolates
(Kerlan 2004; Kogovsek et al. 2010). Besides from the fact that isolates with higher
replication have a higher transmission capacity, such isolates have also a fitness advantage
over low-replicating isolates within the host plant (Levin and Bull 1994). In mathematic
models it was demonstrated that if two (or more) virus strains are related and use the same
intracellular resources, then the faster growing strain will win and exclude the slower growing
strain (Phan and Wodarz 2015). Taken together, these could be reasons why recombinant
strains of PVY may have been becoming the most prevalent strains worldwide. According to
the author’s estimation, no studies exist determining the viral accumulation of different PVY
strains co-infecting one host plant over time. Results from such investigations may deliver
more insights into the dynamic process that accompanies multiple infections with more than
one PVY strain and could examine the hypothesis that recombinant strains repress non-
recombinant strains within one host plant due to a fitness advantage (Kamangar et al. 2014;
Karasev 2014). Such experiments need RT-gPCR assays that are able to discriminate and
quantify different PVY strains with equal efficiencies. Unfortunately, such assays could not
be developed during this project due to the lack of probe efficiencies (see chapter 4.6.2). To
achieve such a successful discrimination and quantification, recently developed digital PCR
(dPCR) approaches could be utilized.
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6.4  Digital PCR as an alternative to gPCR for absolute quantification?

dPCR has two decisive advantages over gPCR: considerable less vulnerability to decreased
PCR efficiencies and a greater tolerance to inhibitors (Whale et al. 2012; Manoj 2016). g°PCR
is still one of the most widely used molecular techniques to detect and quantify nucleic acids
(Bustin 2004a). However, it is constrained by its susceptibility to errors resulting from a high
dependency on various efficiencies, such as equal nucleic acid extraction efficiencies of the
samples, equal amplification efficiencies of samples and standard or constant gPCR
efficiencies during all amplification cycles. Furthermore, the experimental error can be
immensely high, if the efficiency of a qPCR run has a wide confidence interval (Cl). Wide
Cls originate from too few replicates especially within the standard serial dilutions. Since
post-gPCR statistic calculations are mostly based on the mean of Cy-values or reverse
calibrated absolute quantities, high experimental errors are disguised. Even in the MIQE
guidelines the importance to specify the Cls for qPCR efficiencies is assessed as non-
essential, although at least desirable (Bustin et al. 2009). For instance, if the mean of gPCR
efficiency is 97% and the lower and upper confidence limits are 94% and 100%, respectively,
then the lower and upper confidence limits of a sample containing an average sequence copy
number of 10,000 are 4,200 and 24,000 copies, respectively. From an absolute point of view,
this is a high error margin, although the CI of the efficiency is comparatively small [e.g. 85%-
90% in Isolani et al. (2012), which is in fact a praised paper cited in Bustin et al. (2013)].
Therefore, even the compliance with the MIQE guidelines does not per se imply a high
reliability of the data presented. Conceivably, this might be a reason why the majority of
publications with results based on gPCR reveal a lack of transparent reporting of essential
technical information (Bustin et al. 2013). Some results may become erratic or even
meaningless, if the variability of efficiencies would be included in the calculations. Therefore,
especially for absolute quantification, dPCR could be an alternative since it does not require
normalization or a calibration curve. The random nature of the distribution of DNA molecules
across the partitions can be calculated and predicted by the Poisson distribution making the
measurement very precise and reproducible (see chapter 2.2 and Huggett et al. 2015).
However, as is the case with qPCR, dPCR is also highly susceptibility to upstream errors
during sampling or extraction of nucleic acids. Whereas this problem can be most widely
solved by the usage of a sufficient number of replicates and calibrated lab equipment, another
aspect constrains dPCR particularly for its application in quantification of nucleic acids with
highly varying incidences, for instance virus RNA copies in plant tissue. The dynamic range
of a dPCR assay is dependent on the number of partitions, in which the PCR reaction mix is
divided. If the number of partitions is small, highly abundant nucleic acids cannot be
quantified because all partitions will show positive results. Samples with high amounts of
target sequences would have to be diluted further. If the number of partitions is high (e. g.
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100,000 or even a million) the assay features a high dynamic range making different dilution
strategies unnecessary (Huggett et al. 2015). However, as it was clearly shown by Jacobs et al.
(2014), the ClI increases considerably for lowly abundant sequences when only few partitions
show a positive signal. Consequently, it is at least questionable to use a technique for absolute
quantification that itself needs a pre-estimation of the number of targeted molecules.
Nevertheless, its strengths (high sensitivity and reproducibility) are superior and for
applications with a known range of target nucleic acids, such as the evaluation of the virus
resistance type in potato varieties or the assessment of an altered susceptibility to viruses of
transgenic potatoes, dPCR probably will generate more reliable data than gPCR. In this thesis
the MIQE guidelines were applied to the methodical documentation of RT-gqPCR results and
the Cls of gPCR efficiencies were small ranging from 89%-99% (Huhnlein et al. 2013), 95%-
102% (Huhnlein et al. 2016a; Hihnlein et al. 2016¢) and 92%-107% (Huhnlein et al. 2016b).
However, the results of all presented publications were weakened by differences among the
tested treatments that could not by validated by significance. This was due to the high
variation of the detected number of virus RNA copies in the plants. The use of vegetative
clones from in vitro culture and the meticulous sampling procedure using always the same
developmental stage of leaves were not sufficient to mitigate high standard deviations.
Therefore, the determination of virus RNA copies by using quantitative detection methods
requires an extremely high number of fully-randomized replicates. However, this applies to
both, gPCR as well as dPCR. Perhaps, the standard deviation could have been decreased by
using relative quantification of the virus titer as percentage difference from reference genes.
Then the increase or decrease of the percentage difference from reference genes could be
subjected to a statistical test of significance. However, a parallel quantification of target and
reference genes in one well of a qPCR plate is not possible with Sybr® Green and requires the
use of different fluorophore-labeled probes. Furthermore, target and reference genes have to
be amplified with equal efficiencies, which is difficult to obtain. In this thesis the use of
TagMan® probes was not successful resulting in reduced efficiencies in comparison to Sybr®
Green. A parallel quantification of target and reference genes in different gPCR wells
consumes too much lab equipment and reagents. Therefore, the author of this thesis decided
for the use of absolute quantification, especially since the aim of most applications was the
determination of the absolute quantity of virus RNA.
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