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Abstract 

Virus screening is obligatory to avoid the spread of plant viruses, which is realized via efficient 

certification schemes. The high yield loss potential in secondary infections of potato tubers 

with Potato virus Y (PVY), Potato leaf roll virus (PLRV), Potato virus S (PVS), Potato virus M 

(PVM), Potato virus A (PVA) and Potato virus X (PVX) has led to their consideration in 

certification of seed potatoes. Double-antibody sandwich enzyme-linked immunosorbent 

assay (DAS-ELISA) is the standard for screening potato viruses owing to its high-throughput 

potential, robustness, and cost–benefit ratio. However, dormant potato tubers generally 

comprise low virus titers that may lead to unreliable detection, when applying DAS-ELISA 

directly on the dormant tuber and the required virus enrichment by tuber cultivation in the 

glasshouse is time-consuming. Both aspects can be avoided by switching to more sensitive 

molecular biological techniques. Therefore, we developed a TaqMan® quantitative Polymerase 

Chain Reaction (PCR)-based protocol, termed Direct Reverse Transcription quantitative PCR 

(DiRT-qPCR) for reliable detection of ribonucleic acid (RNA)-encoded potato viruses without 

sophisticated nucleic acid purification and a high-throughput potential. For the potato virus 

detection via DiRT-qPCR, we used already published TaqMan® primer sets. A TaqMan® primer 

set for the detection of PVM in DiRT-qPCR assay was newly developed. For that primer set, 

we found by comparing the reaction set-up used for DiRT-qPCR with that used in Conventional 

Reverse Transcription quantitative PCR (CoRT-qPCR) at about 30 cycles a “point of sensitivity 

inversion”. Starting from that point, the sensitivity that was generally always higher for the 

CoRT-qPCR was lowered compared to DiRT-qPCR. A method comparison showed that DiRT-

qPCR is up to a 100,000,000-fold more sensitive than DAS-ELISA depending on the virus 

species. We also compared the qualitative results of standard DAS-ELISA in seed potato 

certification, performed by sampling leaves of at least 4-week-old cultivated tuber eye cuttings 

to the DiRT-qPCR protocol on dormant tubers. The DiRT-qPCR protocol achieved an 

agreement with the DAS-ELISA procedure of up to 93.1%. The investigated virus species 

showed different multiplication behavior in secondary infected potato tuber eye cuttings, which 

is assumed to be one main reason for the remaining qualitative differences in the outcome of 

the DiRT-qPCR and DAS-ELISA comparison. We could identify extreme virus enrichment 

activity for PVM and PLRV and, very high activity for PVY. In contrast, we found low virus 

multiplication activity for PVS. It is demonstrated here that the DiRT-qPCR protocol can be 

used as a reliable, and time-saving alternative to DAS-ELISA in qualitative directed virus 

detection, particularly because no RNA purification is required, and dormant potato tubers can 

be directly used. Furthermore, the analysis of changes in the phenolic pattern in response to 

PVY infection of the potato variety 'Selma' revealed phytoanticipin candidates for PVY infection 

that have been assigned as a simple phenolic compound and hydroxycinnamic acid amid. 
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Zusammenfassung 

Die Beschaffenheitsprüfung von Pflanzkartoffeln beinhaltet neben der Erfassung von äußeren 

Mängeln und Sortenechtheit auch das Ziehen einer repräsentativen Knollenstichprobe, 

vornehmlich vom Feld, zur Untersuchung der Knollen auf Viruskrankheiten und 

Quarantänebakteriosen. Die Erfassung von knollenübertragbaren Pathogenen hilft dabei, eine 

Verbreitung und Verteilung dieser Krankheiten mittels Pflanzkartoffeln zu vermeiden. Die 

Beschaffenheitsprüfung findet vor der Inverkehrbringung der Pflanzkartoffeln statt, ist 

gesetzlich vorgeschrieben und dient deren Klassifizierung. Kartoffelpflanzen, die aus Potato 

virus Y (PVY), Potato leaf roll virus (PLRV), Potato virus S (PVS), Potato virus M (PVM), Potato 

virus A (PVA) und Potato virus X (PVX) sekundärinfizierten Pflanzkartoffeln stammen, sind 

zwar nicht quarantänepflichtig, führen aber zu einem hohen Ertragsverlust. Für die 

Virusdiagnose wird standardmäßig ein Protokoll basierend auf einem Double-Antibody 

Sandwich Enzyme-linked Immunosorbent Assay (DAS-ELISA) angewendet, da es 

hochdurchsatzfähig, sehr robust und sehr kosteneffektiv ist. Ein Nachteil dieses 

immunologischen Verfahrens ist dessen geringe Sensitivität, da diese Methode keine 

Anreicherung der Zielmoleküle beinhaltet und Kartoffelknollen normalerweise einen sehr 

geringen Virustiter aufweisen. Somit wurde ab Anfang der 80er eine Virusanreicherungsphase 

vorgeschaltet. Diese vorgeschaltete Virusanreicherung schließt ein Auswachsen der zu 

testenden Pflanzkartoffeln mit ein und führt so zu einer Vermehrungsaktivität der 

Kartoffelviren. Dies ist zeit-, kosten- und arbeitsintensiv und kann verhindert werden durch die 

Entwicklung von verlässlichen Methoden, die eine Anreicherung von Zielmolekülen in vitro 

beinhalten und somit sensitiver als DAS-ELISA sind. Dies trifft vor allem auf 

molekularbiologische Nachweismethoden zu. In dieser Arbeit wurde ein kommerziell 

erhältliches Kit, mit dem genomische DNA direkt ohne Probenaufbereitung aus Pflanzen 

nachgewiesen werden kann, mit einer robusten Reversen Transkriptase kombiniert, um die 

genomische RNA der Kartoffelviren nachweisen zu können. Dieses Verfahren ist auch als 

TaqMan®-qPCR durchführbar und wurde DiRT-qPCR, Direct Reverse Transcription 

quantitative PCR, genannt. Für dieses Verfahren wurden für fünf Kartoffelviren verlässliche 

und bereits publizierte TaqMan®-qPCR Primer-sets verwendet. Für den Nachweis von PVM 

wurde ein entsprechendes TaqMan®-Primer-set entwickelt. Dieses Primer-set erzielte in einer 

Konzentrationsreihe mit Coding Ribonukleinsäure (cRNA) in der DiRT-qPCR eine Effizienz 

von 100%, jedoch bei Anwendung in einem konventionellen Kit mit RNA Extraktion, hier CoRT-

qPCR genannt, wurde lediglich eine prozentuale Effizienz von 80% erreicht. Diese 

Unregelmäßigkeit wurde “point of sensitivity inversion” genannt und befindet sich bei circa 30 

Zyklen. Dabei kehrt sich die normalerweise höhere Sensitivität der CoRT-qPCR gegenüber 

der DiRT-qPCR um. Des Weiteren wurde in dieser Arbeit ein sogenannter Methodenvergleich 
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und ein Protokollvergleich zwischen DAS-ELISA, CoRT-qPCR und der neuen DiRT-qPCR 

durchgeführt. Der Methodenvergleich ergab für die molekularbiologischen Techniken eine bis 

zu 100.000.000-Fach höhere Sensitivität gegenüber DAS-ELISA. Dabei hängen die 

Sensitivitätsunterschiede von dem verwendeten Primer-set und den Virusarten ab. Der 

Protokollvergleich zwischen der Standardanwendung DAS-ELISA und der DiRT-qPCR an 

dormanten Kartoffelknollen, ergab bezüglich des Nachweises von PVM, PLRV, PVY, und PVS 

eine Übereinstimmung von bis zu 93.1%. Die geringen bis mittleren 

Übereinstimmungsabweichungen werden wahrscheinlich von dem virusartenspezifischen 

Vermehrungsverhalten während der Virusanreicherungsphase des DAS-ELISA Protokolls in 

Kombination mit der Abwehrreaktion der einzelnen Kartoffelgenotypen bestimmt. Wir konnten 

in dieser Phase für PVM und PLRV eine sehr starke Virusanreicherung feststellen. Auch PVY 

zeigte eine starke Vermehrungsrate, jedoch konnte für PVS nur eine geringe 

Virusvermehrungsaktivität gefunden werden. Somit bestätigt diese Arbeit, dass die 

Anwendung des DiRT-qPCR-Protokolls eine verlässliche Alternative zur Standardmethode 

DAS-ELISA an 4-6 Wochen alten Knollenaugenstecklingen ist, vor allem da keine aufwändige 

RNA-Aufreinigung benötigt wird und dormante Kartoffelknollen direkt getestet werden können. 

Des Weiteren konnten in dieser Arbeit Veränderungen des Phenolmusters der Kartoffelsorte 

'Selma' in Verbindung mit PVY-Infektion beobachtet werden. Es wurden signifikant erhöhte 

Konzentrationen einer einfachen phenolische Verbindung und eines Hydroxyzimtsäureamides 

in infizierten Pflanzen gefunden.   
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1 Introduction 

Total potato production (seed potatoes and potatoes grown for consumption) in Germany in 

2016 was about 10.8 million tonnes and, thus Germany ranks sixth place in the world (Faostat 

2018). In the same year, Bavaria had approved 2,223.71 ha seed potato propagation area (LfL 

2016) and, thus Bavaria is behind Schleswig-Holstein, Mecklenburg-Western Pomerania and 

Lower Saxony, the fourth-largest seed potato producer, in Germany.  

In the year 1986, the “Pflanzkartoffelverordnung” was adopted, in Germany (PflKartV 1986). It 

commands the certification of seed potatoes. They require certification to monitor varietal 

purity, tuber fitness, seed transferable quarantine diseases [Clavibacter  michiganensis subsp. 

sepedonicus (bacterial ring rot) and Ralstonia solanacearum (bacterial wilt)] and yield 

damaging pathogen infestation (PVY, PLRV, PVS, PVM, PVA and PVX) for separation and 

selection of the seed potato tubers into appropriate categories. The screening starts with a 

field inspection during the vegetation period, followed by random tuber sampling preferably on 

the potato propagation field, directly after haulm killing. The German government transfers the 

seed potato certification task to the states. In Bavaria, the certification process takes place at 

the Bavarian State Research Center for Agriculture (in German: Landesanstalt für 

Landwirtschaft, LfL), in Freising.  

To date, most high throughput standard screenings are still based on the immunological 

detection method double-antibody sandwich enzyme-linked immunosorbent assay (DAS-

ELISA) because of its robustness, stability and very good cost-benefit ratio (EPPO 2015; Fang 

and Ramasamy 2015; Lindner et al. 2015; Petter and Suffert 2010; Roenhorst et al. 2013). 

This is up to now not totally feasibly for nucleic acid amplification-based applications like 

Polymerase Chain Reaction (PCR), quantitative PCR (qPCR), isothermal amplification 

techniques or next generation sequencing. However, they are progressively or compulsorily 

required in some cases.  

For instance, low virus titers present in seed potatoes require for adequate virus detection by 

DAS-ELISA a long virus enrichment phase via cultivation of tuber bud cuttings for 4-6 weeks, 

also colloquially called growing-on DAS-ELISA. This time-consuming and elaborative step can 

be avoided by a change to more sensitive techniques. Many different nucleic acid 

amplification-based detection methods of potato viruses have been published in the last 25 

years (see section 1.6), but all of them require RNA purification. In this work, a reliable one 

step duplex TaqMan® reverse transcription quantitative PCR assay was established, termed 

direct reverse transcription quantitative PCR (DiRT-qPCR) for the detection of RNA encoded 

potato viruses without sophisticated nucleic acid purification, but with high-throughput potential 

(Stammler et al. 2018). 
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1.1 Plant viruses 

Viruses are obligate intracellular symbionts or parasites proficient of colonizing eukaryotes, 

bacteria, archaea and other viruses (Balique et al. 2015; Desnues et al. 2012). Structural 

differences between plant and animal viruses have led to a paradigm in which a strict border 

segregates these viruses infecting either plants or vertebrates (Balique et al. 2015). Plant 

viruses require movement proteins to transfer from cell to cell through the plasmodesmata. 

Movement proteins are encoded by the genomes of plant viruses only (Balique et al. 2015; 

Benitez-Alfonso et al. 2010; Deom et al. 1992; Taliansky et al. 2008). However, several 

virologists suggest nowadays that the genomic border between viruses infecting plants or 

mammals may be less strict as often assumed (Balique et al. 2015). Furthermore, Bell (2001, 

2009) proposed a theory in which viruses were forming the fundament of the eukaryotic 

nucleus during natural evolution.  

Plant viral pathogens include full single stranded (ss) or double stranded (ds) ribonucleic acid 

(RNA) or deoxyribonucleic acid (DNA) viruses, and three known basic types of sub-viral 

representatives, namely viroids, defective interfering RNAs and satellites. Viroids have a 200-

400 nucleotide sized, circular single stranded non-protein coding RNA genome. Whereas full 

viruses usually carry replication proteins within their own genome, viroids replicate 

autonomously by utilizing the complete host innate replication machinery in a rolling circle type 

of replication mechanism (King et al. 2012). Defective interfering RNAs are curtailed forms of 

their cognate helper viruses, they track. These sub-viral forms have generally lost their protein 

coding capacity and, consequently depend on their full helper virus for replication. This 

dependency is also true for satellites but these organisms are usually not related to their helper 

viruses they hinge on (Roossinck et al. 1992; Wang and Smith 2016).  

Single-stranded full plant viruses with a DNA-based genome include the families Geminiviridae 

and Nanoviridae (Figure 1). Replication of viruses belonging to these families is thought to 

occur in the nucleus through dsDNA intermediates by a rolling circle type of replication 

mechanism (King et al. 2012). Caulimoviridae family is the only virus family representing 

double stranded full plant viruses (Figure 1). Family members either have viral DNA integrated 

in the host nuclear genome and consequently acting as retro-transcribing viruses in the 

cytoplasm or exogenous replication forms separated from the host nuclear genome (King et 

al. 2012).  

The members genome of the families Bunyaviridae and Ophioviridae comprise three to four 

unique molecules of negative or ambisense single-stranded ribonucleic acids (ssRNAs, Figure 

1). Their replication is suggested to take place in the cytoplasm (ViralZone_plant viruses 2017). 

Viruses consisting of just one negative sensed ssRNA molecule belong to the family 

Rhabdoviridae (Figure 1). Members mainly create their coding genome complement and 
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further replicate in the cytoplasm excluding viruses of the genus Nucleorhabdovirus, which are 

suggested to replicate in the nucleus (ViralZone_plant viruses 2017). Plant virus families 

consisting of a dsRNA genome are Endornaviridae, Partitiviridae, Reoviridae and 

Amalgaviridae, this family was recently created in 2013 by the International Committee on 

Taxonomy of Viruses (ICTV, https://talk.ictvonline.org/). Since the Amalgaviridae family was 

only recently formed, it has been not yet included into Figure 1 by King et al. (2012). The 

replication of dsRNA based plant viruses takes place in the cytoplasm, while their genome is 

usually protected by host or virus derived compartments (ViralZone_plant viruses 2017). Plant 

virus families covering retrotransposons based on ssRNA genomes are Metaviridae and 

Pseudoviridae (Figure 1). They form an essential and significant part of the genome of many 

plants and are considered as viruses even though they are not infectious, in the traditional 

virological sense but primarily inheritable (Boeke and Corces 1989; King et al. 2012). 

Retrotransposons were included into the virus taxonomy by the ICTV, as retroviruses and 

retrotransposons share common structural organization, except the functional envelope gene 

of retroviruses, which is absent in retrotransposons (King et al. 2012; Lerat and Capy 1999). 

Viruses with positive ssRNA-based genome comprise the largest group of viruses infecting 

plants in virus taxonomy (ICTV; King et al. 2012). Till know, Secoviridae, Marnaviridae, 

Alphaflexiviridae, Betaflexiviridae, Tymoviridae, Virgaviridae, Bromoviridae, Closteroviridae, 

Luteoviridae, Potyviridae and Tombusviridae are members of that category (Figure 1, 

ViralZone_plant viruses 2017). The replication of positive-sensed ssRNA plant viruses takes 

place in viral replication complexes (VRCs) in the cytoplasm (see next section, ViralZone_plant 

viruses 2017). The virus families Alphaflexiviridae with Potato virus X, Betaflexiviridae with 

Potato virus S and M, Potyviridae with Potato virus Y and A and Luteoviridae with Potato leaf 

roll virus have been known for more than one century and are important plant virus families for 

seed potato multipliers due to their high impact on seed potato yield. That is the reason for 

their consideration in seed potato certification.  

https://talk.ictvonline.org/


 

 

 

Figure 1: Plant virus taxonomy described in King et al. 2011.  
The virus family Alphaflexiviridae includes PVX, Betaflexiviridae holds PVS and PVM, Potyviridae includes PVY and PVA and Luteoviridae holds PLRV. These six potato virus species have 
been considered in the seed potato certification process all over the world.  
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1.1.1 General infection cycle of positive single-stranded RNA plant 
viruses 

General steps of positive single-stranded RNA (+ssRNA) plant virus infection cycle are entry, 

translation, replication, encapsulation, cell-to-cell-movement, antiviral defense and viral 

counter defense (Mäkinen and Hafrén 2014). The virus is penetrating the host cell and releases 

viral genomic RNA into the cytoplasm by uncoating. Afterwards, the viral RNA is translated for 

PVY and PVA as polyprotein, which is then processed by viral proteases into the RNA-

dependent RNA polymerase (RdRp) protein and structural proteins. For PVX, PVM, PVS and 

PLRV the viral replicase or RdRp and structural proteins are translated, predominantly 

separated or via subgenomic RNAs (sgRNAs) produced by the viral replicase or RdRp 

(ViralZone_plant viruses 2017). 

Viruses exploit the protein synthesis system of their host for production of viral proteins (Nagy 

and Pogany 2012). Positive single-stranded RNA viruses utilize therefore the host 

endomembrane and cellular secretion systems for formation of viral replication complexes or 

viral factories (VRCs or VFs). VRCs or VFs are likely the spots for viral transcription, including 

the action of viral RNA-dependent RNA polymerase and production of sgRNAs, translation and 

protein maturation by involvement of hijacked host proteins and shield these processes from 

host defense reactions (Mäkinen and Hafrén 2014; Patarroyo et al. 2012). Even if numerous 

host factors have already been identified and associated to virus multiplication within VRCs 

(Nagy and Pogany 2012), only vestigial information about molecular post-replication events in 

+ssRNA plant viruses is available (Mäkinen and Hafrén 2014). 

For many positive-sensed ssRNA plant viruses including Potyviruses (PVY and PVA), 

Potexviruses (PVX), Carlaviruses (PVM and PVS) and Poleroviruses (PLRV) the VRCs are 

located in the cytoplasm (Heinlein 2015; Tilsner et al. 2012; Tu and Hiruki 1970; Wei et al. 

2010). For Potyviruses (PVY and PVA) and Potexviruses (PVX), the endoplasmic reticulum 

(ER) membrane was demonstrated as specific VCR location (Heinlein 2015; Tilsner et al. 2012; 

Tu and Hiruki 1970; Wei et al. 2010). Their positive +ssRNA genome serves here directly as 

template for both translation and replication. In replication, often dsRNA intermediates are 

synthesized from the genomic +ssRNA within the VCRs and are further replicated thereby 

providing new viral genomes. Whereas, in translation, host ribosomes produce proteins directly 

on the viral genomic +ssRNA. Both events are thought to run mutually exclusive. However, the 

exact factors responsible for the shift from translation to replication remain unidentified but 

some candidate proteins were investigated (Jiang and Laliberté 2011; Mäkinen and Hafrén 

2014). Furthermore, it is unclear if different VRCs are responsible for either replication or 

translation or whether subject to a transient pathway. Raghupathy et al. (2006) revealed, in a 

study dealing with accumulation of Plum pox virus viral RNA, a maximum RNA concentration, 
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12 h after infection and decreased viral RNA amounts to about 60%, 24 h post-infection. This 

supports a transient pathway by switching from replication to viral RNA serving as target for 

post-replication processes. At late stages of plant virus infection encapsulation of viral RNA 

genome occurs (Mäkinen and Hafrén 2014).  

Viral movement proteins enable viral RNA and protein transport within one host cell. From sites 

of VRCs via trans-Golgi network to the plasmodesmata (PD), the viral movement proteins 

recruit host intrinsic vesicles and the whole host secretory pathway (Grangeon et al. 2012; 

Jiang et al. 2015; Patarroyo et al. 2012). Positive single-stranded RNA virus species employ 

the host PD for executing the viral transport between cells. This is termed systemic cell-to-cell 

movement (Patarroyo et al. 2012) until the virions end up in the vascular bundle system. 

Reaching the vascular bundles system of a host plant means virions conquering several 

cellular barriers (Hipper et al. 2013). The viral movement within the vascular system is termed 

systemic long-distance virus movement (Hipper et al., 2013). Here, viruses are passively 

transported within the source-to-sink flow of photo-assimilates and are delivered from sieve 

elements into sink tissues (Hipper et al. 2013). PLRV, as Luteoviridae family member, is not 

able to move from cell to cell outside the vascular system (Waterhouse et al. 1988). PLRV 

needs a direct injection into the leaves phloem otherwise it is not able to act systemically 

(section 1.2.5; Waterhouse et al. 1988; Mayo et al. 2000). 

1.1.2 Antiviral defense 

The capacity of a plant to distinguish between self and non-self or modified self is the basis for 

an immune reaction against viruses and other pathogens. Sessile plants are exposed to 

various abiotic and biotic environmental factors. They avoid settlement and multiplication of 

pathogens and public microbes by employing a successive defense system. Prior to infection, 

plants form barriers the pathogen must overcome. They have to conquer structural defense 

formations like the cuticula (wax layer), the robust cell wall and the intracellular space, the 

apoplast, which contains a low pH-value, antimicrobial and antiviral compounds to fight against 

invaders (Elstner et al. 1996). Plant viruses often employ plant insect pests for transmission or 

use wounds to passively overcome the first physical plant defense barriers (Bertschinger et al. 

2017; Calil and Fontes 2017; Fereres and Raccah 2009).  

As basal virus defense strategy, plants use non-virus type specific or also called broad 

spectrum RNA-mediated RNA silencing, which is special to viruses, and effective against a 

large range of virus species (section 1.1.2.1). Activation of RNA silencing machinery enables 

plants to respond rapidly and is therefore a fundamental and general gene expression 

regulation device of plants (Baulcombe and Dean 2014). It can act at the transcriptional level 

through DNA methylation against DNA based viruses (Raja et al. 2008) or at the post-

transcriptional level for mostly RNA-based viruses via RNA interference mediated by small 
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interfering RNAs (siRNAs, Guo et al. 2016). Viral suppressors of RNA silencing lead to a 

breakdown of that kind of basal defense.  

Jones and Dangl (2006) claimed a general “zigzag” model for dynamics of the host immune 

system. Zvereva and Pooggin (2012) proposed an extended version of Jones and Dangl's 

(2006) “zigzag” model with adaption to virus infections. First, the recognition by pattern 

recognition receptors (PRRs) results in Pathogen-associated molecular pattern (PAMP) 

triggered immunity (PTI). That runs parallel with basal defense RNA silencing. In non-adapted 

pathogen-host interactions, the defense system of the plant prevails. In adapted pathogen-

host interactions, secreted pathogen effectors disturb PTI signaling or defense reaction and 

stop RNA silencing by suppression, resulting in defense deficiency. Subsequently, recognition 

by host plant-based pathogen or virus type specific R-proteins takes place to activate effector 

triggered immunity (ETI). Then either ETI resists, which is dependent on resistance of the plant 

varieties or after detecting the host plant based ETI, the pathogen or virus acquires novel 

effectors for suppression of ETI and the pathogen prevails (Jones and Dangl 2006; Zvereva 

and Pooggin 2012). 

For sensing pathogenic activity, plants rely on a single-cell recognition system to activate 

defense. Plants hold two different strategies to recognize pathogens by receptors, which differ 

mainly in the respective localization of the receptors. Plasma membrane localized receptors 

recognize conserved structural motifs termed microbe-associated molecular patterns 

(MAMPs) or also called pathogen-associated molecular patterns (PAMPs) and in case of plant 

damage they are called damage-associated molecular patterns (DAMPs). They start 

downstream signaling and lead to PAMP or (DAMP) triggered immunity (PTI; Calil and Fontes 

2017; Mandadi and Scholthof 2013; Monaghan and Zipfel 2012). These transmembrane 

PRRs, are commonly receptor kinases or receptor-like proteins possessing extracellular 

leucine-rich repeat (LRR) domains for binding proteins like bacterial flagellin, lysine motifs for 

carbohydrate based ligands like fungal chitin, or lecitin motifs for binding extracellular ATP or 

bacterial lipopolysaccharides, whereas epidermal growth factor based PRRs bind to plant cell 

wall derived oligogalacturonides in case of a damage response (Couto and Zipfel 2016). 

To promote local and systemic defense, after sensing of PAMPs or DAMPs by PRRs, the 

activation of downstream PTI related defense signaling into the cell is started. Signal 

transduction to the nucleus takes place via phosphorylation triggered by Ca2+ dependent 

protein kinases (CDPK) due to extracellular Ca2+ influx or by mitogen activated protein kinase 

(MAPK), leading to PTI based transcriptional reprogramming (Boller and Felix 2009; Couto 

and Zipfel 2016). Ion flux (influx of H+ and Ca2+ and efflux of K+) and the formation of reactive 

oxygen species (ROS) by oxidative burst are also included into early immune signaling (Boller 

and Felix 2009). According to Boller and Felix (2009) early defense responses include stress 

hormone production, receptor endocytosis and activation of PTI based gene expression. The 
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produced stress hormones depend mainly on the pattern type, PAMP recognition leads to 

predominant production of salicylic acid (SA) and DAMP sensing leads to synthesis of mainly 

jasmonic acid (JA) and ethylene (Couto and Zipfel 2016). Later on, callose deposition, 

accumulation of phytoalexins and the action of combative proteins follows (Boller and Felix 

2009).  

In former times, PTI defense was thought to act exclusively for organisms with in-house protein 

metabolism (Jones and Dangl 2006; Mandadi and Scholthof 2013). Lately, several recent 

studies provide evidence for involvement of PTI in antiviral defense responses in plants, too 

(Couto and Zipfel 2016; Kørner et al. 2013; Mandadi and Scholthof 2013; Niehl et al. 2016; 

Yang et al. 2010; Zvereva and Pooggin 2012). Here, viral coat proteins or double-stranded 

RNAs (dsRNAs) are supposed to work as PAMPs for induction of PTI related signaling 

cascade, involving SERK1 (Somatic embryogenesis receptor-like kinase) as co-receptor and 

specific dsRNA receptors (Couto and Zipfel 2016; Niehl et al. 2016). SERK1 belongs to the 

SERKs family, which are small membrane-embedded signaling PRRs leading to typical PTI 

related defense response (Niehl et al. 2016). The requirement of SERK1, but not of proteins 

involved in RNA silencing, indicated autonomous action of RNA silencing and dsRNA mediated 

PTI (Niehl et al. 2016).  

The second class of defense response involves recognition by usually intracellular located 

receptor-like resistance(R)-proteins of virus type specific virulence molecules called effectors. 

Effector recognition leads to effector-triggered immunity (ETI), also termed R-gene mediated 

response (section 1.1.2.2; Mandadi and Scholthof 2013). Despite the receptor location and 

perchance linear action, the two defense lines PTI (described before) and ETI show significant 

edge in their transcriptomes, excluding the fact that ETI may act in an enhanced manner 

compared to PTI (Craig et al. 2009; Gozzo and Faoro 2013).  

For plants, RNA silencing is not the only viral special feature conferring extensive antiviral 

basal defense. Due to virus dependence on specific host cellular translation factors important 

for replication, non-virus type specific, host factor-based recessive resistance is also known as 

basal antiviral defense strategy. Natural or artificial knock-out mutations of eukaryotic 

translation initiation factors eIF4E and eIF4G or their isoforms, eIFiso4E and eIFiso4G and the 

ability of these isoforms to work functionally redundant, lead to tolerance of power-off 

mutations of one isoform important for virus replication. This results in virus resistance without 

interruption of the general plant health and growth (Hashimoto et al. 2016; Sanfacon 2015). 

For example, in pepper the pvr2 locus and convenient alleles are conferring recessive 

resistance against strains of PVY and corresponds to mutations within the eIF4E gene (Ruffel 

et al. 2002). Finally, molecular processes such as the ubiquitin proteasome system degrading 

foreign and veteran nucleic acids are also counted to the basal antiviral defense system (Craig 

et al. 2009; Mandadi and Scholthof 2013).  
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1.1.2.1 RNA silencing as basal virus defense (non-virus-type specific) 

Directly after entering the host cell, the virus is released into the host cytoplasm and is exposed 

to virus induced gene silencing machinery as early unspecific non-virus type dependent 

defense strategy. RNA silencing is an antiviral defense mechanism in higher plants but also 

responsible for regulation of plant intrinsic physiological processes (Millar and Waterhouse, 

2005). Till now, we know that plants respond to +ssRNA virus species mostly by 

posttranscriptional RNA silencing (Guo et al. 2016; Matzke and Mosher 2014; Raja et al. 2008). 

Posttranscriptional RNA silencing is based on the formation of dsRNAs occurring while virus 

replication or on extrinsic hairpin structured RNAs (hpRNAs; Guo et al. 2016). The class of 

endonuclease III-type enzymes termed Dicer and Dicer-like cleave the dsRNA or hpRNA into 

approximately 19 to 30 nucleotides long viral derived small interfering RNAs (siRNAs; Millar 

and Waterhouse, 2005; Liu et al., 2009; Zhang et al., 2015b). Subsequently, one siRNA-strand 

participates in formation of Argonaute (AGO)-containing RNA-induced silencing complex 

(RISC) resulting in specific cleavage of the homologous viral target RNA (Ender and Meister, 

2010; Mallory and Vaucheret, 2010; Poulsen et al., 2013; Pumplin and Voinnet, 2013). 

As viral counter defense, viruses employ viral suppressors of RNA silencing (VSRs; Incarbone 

and Dunoyer 2013). VSRs are highly differing in nucleic acid sequence, protein structure and 

suppression activity within and across virus families (Incarbone and Dunoyer 2013). According 

to Incarbone and Dunoyer (2013), this serves as evidence for rapid evolutionary convergence 

as an obligatory adaptation to the RNA silencing based immune response but also underlines 

that all viral proteins act as multifunctional hubs. Thus, in addition to their suppression role, 

VSRs always perform other essential activities for viral reproduction (Tilsner et al. 2012). 

Although numerous experiments were designed to discover the mode of action of different viral 

proteins, functional investigations have remained difficult due to the multi-functionality of viral 

proteins. Therefore, viral proteins investigated in planta for protein interactions and location 

sites often differ in results from investigations obtained in vitro.  

Even though, VSRs target many different stages of the plant intrinsic antiviral silencing 

pathway, Incarbone and Dunoyer (2013) discriminate three main VSR classes: I.) VSRs 

binding to long viral dsRNA leading to inhibition of Dicer processing; II.) VSRs linking and 

sequestrating siRNA duplexes resulting in prevention of RISC assembly and III.) VSRs directly 

targeting effectors or processing factors leading to their inhibition or destabilization.  

For example, the Helper-component protease (HC-Pro) is a VSR of Potyviruses and is 

suggested to be categorized by acting probably due to binding and sequestration of siRNAs, 

like described in VSR category II (Merai et al. 2006). However, in vitro binding assays have 

led to this assumption, and PVY HC-Pro has shown little or no siRNA binding capacity 

(Incarbone and Dunoyer 2013; Merai et al. 2006), which could indicate further RNA silencing 



Introduction 

10 

suppressing skills of at least PVY’s HC-Pro or participation of further host innate factors. 

Endres et al. (2010) found for Potyvirus HC-Pro requirement of an ethylene inducible host 

transcription factor RAV2 for RNA silencing suppression action. P0 is the RNA silencing 

suppressor of Poleroviruses, like PLRV (Pfeffer et al. 2002, which was retracted in Pfeffer et 

al. 2017 but the conclusion, P0 protein being a suppressor of RNA silencing, was kept valid; 

Mangwende et al. 2009). According to Baumberger et al. (2007) and Bortolamiol et al. (2008), 

P0 belongs to the VSR category III by destabilizing AGO 1. Since PVX, PVS and PVM belong 

to the order Tymovirales, “triple gene block” (TGB) 1 protein is their common RNA silencing 

suppressor (Qu et al. 2005; Schwach et al. 2005; Xie and Guo 2006). The suppression takes 

place by blocking the activity of host cell RNA-dependent RNA polymerase 6 (RDR6) and 

isoforms, which are suggested as a critical component in RNA silencing (Qu et al. 2005; 

Schwach et al. 2005; Xie et al. 2001; Xie and Guo 2006). The synergistic effect of higher PVX 

incidence when co-infected with potyviruses has been shown to be caused by the action of the 

potyviral VSR HC-Pro (Bowman Vance 1991; Sonoda et al. 2000; Pruss et al. 1997). 

Additionally, VSRs lead to a breakdown of RNA silencing resulting in RNAi-mediated defense 

suppression and yielding in a compatible virus-host relation (Jaubert et al. 2011). Jaubert et 

al. (2011) demonstrated that a specific isolate of PVX was able to colonize Arabidopsis 

thaliana, which is commonly a non-host for PVX, only because of coinfection with a second, 

host virus of Arabidopsis thaliana. The adapted silencing suppressor of this virus has been 

able to provide PVX rockcress as a new host species (Jaubert et al. 2011).  

1.1.2.2 R-gene mediated dominant resistance (virus-type specific) 

As a counter-response to plant basal defense strategies including RNA silencing and PAMP 

triggered immunity (PTI), viruses deliver RNA silencing suppressors and further molecules 

helping to overcome PTI (Voinnet et al. 1999). In turn, recognition of these viral effector 

molecules by receptor-like resistance (R-) proteins starts effector triggered immunity (ETI) as 

late recognition and defense strategy. R-proteins are located within the plant cell cytoplasm or 

extracellularly (Mandadi and Scholthof, 2013). Most effectors are proteins disturbing or 

modifying host protein function (Mudgett 2005), while R-proteins safeguard the integrity of 

putative effector target plant proteins that represent an indirect R-protein recognition (van der 

Biezen and Jones 1998). R-proteins spotting effectors indirectly, are often conserved due to 

the stable host proteins they should guard, while host R-proteins directly recognizing 

pathogenic effectors by docking, have to adapt rapidly due to rapid effector alteration (Bent 

and Mackey 2007). Principal plant R-proteins are nucleotide-binding (NB) site Leucine-rich 

repeat (LRR) proteins. For signal transduction, ATP is bound or hydrolyzed at the NB-sites of 

R-proteins (Tameling et al. 2002), the LRR-domains and coiled-coil domains (CC) of R-

proteins are assumed to play roles in protein–protein-interaction (Nürnberger et al. 2004; 

Dunoyer et al. 2004, 2015) and the often present N-terminal Toll/interleukin1 receptor (TIR) 
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domains are supposed to act in plants for monitoring pathogen effectors due to protector 

complexes (Nandety et al. 2013). The specific direct or indirect interaction between an R-

protein and a corresponding effector molecule often results in the generation of chemical 

signals, like salicylic acid (SA) that accompanies systemic acquired resistance (SAR), 

jasmonic acid (JA) that is a signal involved in plant responses to wounds and damages, called 

induced systemic resistance (ISR) and a third response termed β-aminobutyric acid induced 

resistance (BABAIR), where also abscisic acid plays an important role (Gozzo and Faoro 2013; 

Ton and Mauch-Mani 2004). However, these systems are interlinked and play together to 

create a defense network controlled by the plant’s innate immune system (Gozzo and Faoro 

2013). R-protein mediated SAR involves the regulator and transduction protein NPR1 

(nonexpressor of pathogenesis-related genes 1) and the transcriptional factor family TGA to 

initiate the expression of defense related genes like PR1 (pathogenesis-related gene 1; 

Rochon et al. 2006; Kesarwani et al. 2007; Wu et al. 2012; Gozzo and Faoro 2013). 

Additionally, SAR normally accompanies a type of programmed cell death known as the 

hypersensitive response (HR; Gozzo and Faoro 2013).  

1.2 Potato viruses 

1.2.1 Potato virus nomenclature 

In the beginning of plant virology, the driving force in naming the different potato plant infecting 

viruses were differences in symptom expression during infection of the same potato variety. 

The causative virus entities were not known, at that time. There was no alternative but to 

standardize the virus diseases by manual inoculation into the same species and varieties by 

subsequently observing and evaluating the developed symptom expression (Singh et al. 

2008). Due to supposed simplicity, the potato virus nomenclature has been firmly established 

by using continued single alphabetic letters indicating distinct symptoms in specific potato 

varieties or other hosts and indicator species like tobacco (Bawden 1934, 1936; Smith 1931). 

The “interveinal mosaic” was later named Potato virus M (PVM, Bagnall et al. 1956), the 

“crinkle mosaic” was later called Potato virus A (PVA, Murphy and McKay 1932 in Singh et al. 

2008), and the “top-necrosis” viruses were later termed Potato virus B (PVB) and Potato virus 

C (PVC) (Bawden 1936). Later on, the application of sequence characteristics led to revision 

of several virus species classified according to this alphabetic system. For instance, a virus 

group previously regarded to belong to the group PVM was later on recategorized as 

standalone group with the name Potato virus S (PVS, Rozendaal and Bust, 1955 in Singh et 

al. 2008). Additionally, the viruses first described as Potato virus B and Potato virus C turned 

out to be strain groups of PVX and PVY, respectively (Howard and Fuller 1965). 
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1.2.2 Potato virus transmission strategies  

It is not possible to cultivate viruses after isolation due to lack of an own metabolism and they 

are, thus, unable to propagate self-sufficiently. Therefore, they need to use and alter the 

metabolism of their host cell (Kogovšek et al. 2016). Sessile potato plants are exposed to 

seasonal changes and the aboveground plant parts are dying in the wintertime. That’s why 

potato viruses need to ensure their perennation from host generation to the following host 

generation over the winter months. For spreading of potato viruses in commercial potato 

culture, two different transmission strategies are most important. 

One option is their transmission by aphid vectors non-persistently or persistently during the 

vegetation period to raise their chance of staying existent. This is often accompanied with 

expansive host range adaption. In non-persistent virus transmission (PVY, PVA, PVS, PVM 

and PVX), after feeding on a virus infected plant a short plant sap leftover containing virus 

particles remaining on the stylets, is enough for virus transmission by the aphid species feeding 

on the next healthy host plant. Here, the aphid vector remains infectious only for a short period 

(Gray and Banerjee 1999). For virus transmission in a persistent manner (PLRV), the virus 

particles need to be metabolized by the vector species (Gray and Banerjee 1999; explanation 

also in Figure 4). Here, the aphid vector often remains infectious the entire life. In second-rate, 

PVY, PVA, PVM, PVS and PLRV are also mechanically transmissible within the field (Puurand 

et al. 1994; Mayo et al. 2000; Coutts and Jones 2015; Bertschinger et al. 2017). Whereby, 

PVX is known only as mechanically transmittable (Loebenstein 2007).  

After virus infection at local aphid sucking sites or, in case of PVX, at local wounds, the virus 

subsequently spreads systemically within the entire potato plant. The virus distribution within 

the plant is often inhomogeneous (Dupuis 2017). This transmission tactic has been termed 

primary virus infection and leads to relatively mild virus symptoms due to late virus infestation 

(Dupuis 2017, Malnoe et al. 1994). The third considerable transmission strategy is the 

migration of potato viruses in the late vegetative period to the overwintering tuber progeny 

(Struik and Wiersema 1999; Dupuis 2017). This autoinfection is suggested to not comprise 

every progeny tuber and depends mainly on environmental conditions and biological properties 

of virus and host plant (Bertschinger et al. 2017). After hibernation, the virus infected tuber 

progeny sprouts in spring. While sprouting, the obligate acting virus is controlling every newly 

emerged host tissue. This has been termed secondary virus infection or autoinfection and is 

accompanied with extreme alteration of the host plant habitus and growing behavior leading 

to serious yield losses (Struik and Wiersema 1999).  

In general, the symptom type, expression and the virus translocation principally depends on 

the virus type, strain and isolate, the potato variety, the climatic conditions and the mode of 
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transmission (Bertschinger et al. 2017; Chung et al. 2016; Dupuis 2017; Radcliffe 1982; Syller 

1987).  

1.2.3 Potato virus Y (PVY) 

PVY belongs to Potyvirus genus in the family Potyviridae. It was first recognized on potatoes 

at the University of Manchester by Kenneth M. Smith (1924) and later isolated from the potato 

plant by means of aphids (Smith 1931). Many PVY purification protocols, particle composition 

and property investigations are reported, examples are Leiser and Richter (1978) and 

McDonald et al. (1976). Primary infection of PVY causes mild mottle symptoms in young 

leaves. Older leaves often show mosaics, yellowing, deforming, crinkling and necrosis (Gray 

et al. 2010). At secondary PVY infections, potato plants often show enhanced expression of 

the symptoms in combination with dwarfism. Yield losses and inferior tuber quality are 

consequences (Struik and Wiersema 1999). Additionally, tuber quality is extremely affected by 

specific isolates triggering potato tuber necrotic ringspot disease (PTNRD). Besides PTNRD, 

further symptoms affecting tuber quality were observed like tuber cracking (Benedict et al. 

2015). 

PVY has a single stranded positive sense RNA genome with about 9700 nucleotides coated 

in a filamentous shape. In Figure 2, the genome organization of PVY is presented. The 

genomic RNA (gRNA) is translated by host cell ribosomes into a large polyprotein of about 

3061 or 3063 amino acid residues (Ivanov et al. 2014). This polyprotein is subsequently 

cleaved by virus encoded P1 serine-type, HC-Pro cysteine-type and NIa-procysteine-type 

proteases into viral proteins: P1 protein, Helper-component protease (HC-Pro), P3 protein, 

Cylindric inclusion protein (CI), First protein with a size of 6 kDa (6K1); Nuclear inclusion 

protein a (NIa), Second protein with a size of 6 kDa (6K2), Viral genome-linked protein (VPg), 

Nuclear inclusion protein b (NIb) and the coat protein (Revers et al. 1999, Figure 2). Unlike the 

host cell mRNA, the genome of PVY is not capped but it provides a 5ˈ-terminal untranslated 

region (UTR), which seems essential for cap-independent translation (Levis and Astier-

Manifacier 1993; Yang et al. 2014a). This cap-independent protein expression seems to be 

conducted with high probability by internal ribosomal entry site (IRES; Levis and Astier-

Manifacier 1993; Zhang et al. 2015; Ivanov et al. 2014). Additionally, the VPg is covalently 

linked by a phosphodiester bond to the 5'-terminal PVY genome and serves, probably due to 

its multiple viral and host cell based binding partners, as instrument involved in bridging, 

blocking, regulating and stabilizing replication (Ivanov et al. 2014; Mandahar 2006). Like the 

host cell mRNA, the RNA of PVY has a polyadenosine (A)-tail at the 3ˈ-end of the genome. 

The polyadenylated 3'-terminus functions as degradation protectant and plays an important 

role in viral genome transcription initiation (Bryan et al. 1992; Mandahar 2006). PVY lacks in 

subgenomic transcripts (Olspert et al., 2016). However, Chung et al. (2008) found an Open 
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Reading Frame (ORF) referred as PIPO (Pretty Interesting Potyviridae ORF), which is 

conserved within the Potyviridae family. Expression of PIPO from the polyprotein relies on 

programmed transcriptional slippage (Olspert et al. 2016) at the N-terminal site of P3 protein 

resulting in a P3N-PIPO fusion product (Figure 2; Chung et al. 2008; Olspert et al. 2016).  

P1 protein facilitates a stimulating effect on translation of viral proteins during infection 

(Martinez and Daros, 2014) and enhancement of viral RNA silencing suppression by stabilizing 

HC-Pro (Tena Fernandez et al., 2013). Studies on the Potyviridae family member Tobacco 

Etch Virus revealed for P1 protein a function as protease with autoproteolytic activity at HC-

Pro junction (Verchot et al. 1991) but P1 protein seems not essential for viral replication 

because lacking mutants stayed infectious (Verchot and Carrington 1995). In contrast, the 

same authors found the autoproteolytic character separating P1 protein from HC-Pro essential 

for viral infectivity. The established deletion mutants led to attenuated autoproteolytic 

phenotypes of P1 protein which resulted in lowered or stopped viral infectivity.  

The Helper-component protease (HC-Pro), in turn, cleaves itself from P3 protein and facilitates 

connection of viral particles to the aphid stylet after feeding on PVY infected hosts by the N-

terminal amino acid motif KITC (Blanc et al. 1998). The second important amino acid motif of 

HC-Pro is the PTK motif located in the central region of HC-Pro. The PTK domain of HC-Pro 

links to the PVY coat protein and promotes coat protein stabilization, which is thought to 

promote aphid transmission processes (Seo et al. 2010; Valli et al. 2014). Functional studies 

on HC-Pro revealed the involvement in symptom expression (Moury et al. 2011) and synergic 

events in virus cross infections (Pruss et al. 1997), but also their involvement in systemic cell-

to-cell movement and in long distance movement (Rojas et al. 1997; Sáenz et al. 2001). 

Further on, HC-Pro was revealed to alter plant gene expression and affects the function of 

several host proteins contributing to the formation of an optimal environment for virus 

reproduction (Ala-Poikela et al. 2011; Li et al. 2015a; Soitamo et al. 2011). For example, one 

putative key enzyme for plastidic isoprenoid formation was shown to be promoted by HC-Pro 

likely leading to increased abscisic acid concentrations (Li et al. 2015a). Additionally, the 

photosynthetic rate of PVY infected plants is decreased (Ryšlavá et al., 2003) by HC-Pro 

probably distracting ATP-synthase complex formation in chloroplasts (Tu et al., 2015). All 

these discovered roles of HC-Pro in Potyviridae host infection events are likely knotted to the 

ability of HC-Pro acting as viral suppressor of RNA silencing (VRS), more specifically as a 

post-transcriptional RNA silencing suppressor (section 1.1.2.1; Kasschau and Carrington 

1998; Incarbone and Dunoyer 2013). 
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Figure 2: Genome organization of PVY.  
The graphic is mainly based on the information provided by Hühnlein et al. (2013) and Hühnlein (2016a).  
A: The viral genome-linked protein (VPg) is linked to the 5'-untranslated region (UTR) of the PVY genome. At the 3ˈ-end, 
the gRNA of PVY has a polyadenosine (A)-tail. The gRNA is translated by host cell ribosomes into a large polyprotein 
(Ivanov et al., 2014). This polyprotein is subsequently cleaved by virus encoded P1 serine-type, HC-Pro cysteine-type 
and NIa-procysteine-type proteases into viral proteins (see arrows): P1 protein, Helper component protease (HCPro), P3 
protein, First protein with a size of 6 kDa (6K1), Cylindric inclusion protein (CI), Second protein with a size of 6 kDa (6K2), 
Nuclear inclusion protein a (NIa) consisting of the viral genome-linked protein (VPg) and NIa-procysteine-type protease, 
Nuclear inclusion protein b (NIb) and the coat protein. Additionally, the Potyviridae conserved PIPO (Pretty Interesting 
Potyviridae ORF) is expression from the polyprotein by programmed transcriptional slippage (Olspert et al., 2016) at the 
N-terminal site of P3 protein resulting in a P3N-PIPO fusion product.  
B: The known strains (PVY-O, PVY-N, PVY-.NA, PVY-C), the recombinants and the predicted strain of PVY are displayed. 
The known isolates and their references are placed below.  
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The manner of HC-Pro interfering with the host antiviral gene silencing defense mechanisms 

is not yet completely understood. But we know that PVY HC-Pro interacts in in vitro 

experiments with long nucleic acids (Maia and Bernardi 1996; Urcuqui-Inchima et al. 2001). 

Other potyviral HC-Pro proteins are suggested to interact physically with virus derived siRNA 

duplexes leading to inhibition of siRNA induced RISC assembly and suppression of the RNA 

silencing defense reaction of the host plant (Lakatos et al. 2006). However, mutations within 

the highly conserved amino acid FRNK box eliminated linkage between siRNA, but did not 

alter HC-Pro based silencing suppression activity of Zucchini yellow mosaic virus (Shiboleth 

et al. 2007). Additionally, PVY HC-Pro failed to bind siRNA in in vitro experiments of Merai et 

al. (2006). Further on, HC-Pro was discovered to interact with plant proteasomes, which work 

as further antiviral defense system by degrading viral RNAs. HC-Pro is thought to decrease 

the RNA endonuclease activity of these host plant proteasomes (Ballut et al. 2005; Jin et al. 

2007).  

The P3 protein interacts with the ribulose-1,5-bisphosphate-carboxylase/oxygenase 

(RuBisCo) of host plants. Therefore it is thought to be involved in the reduction of 

photosynthetic rates during virus infection, which is also true for HC-Pro (Lin et al. 2011). Like 

HC-Pro, P3 protein is suggested to contribute to many essential viral activities and 

characteristics like virus reproduction, movement and virulence (Choi et al. 2005; Cui et al. 

2010; Jenner et al. 2002; Jenner et al. 2003; Lu et al. 2015; Merits et al. 1999). Especially the 

P3N-PIPO protein was revealed to be strongly involved in cell-to-cell movement by linkage to 

the host plasmodesmata and viral cytoplasmic inclusion (CI) protein (Wei et al. 2010). 

The first protein with a size of 6kDa (6K1) was also found to be located at the cell periphery 

but no transmembrane domain could be confirmed by now (Hong et al. 2007). However, 6K1 

provides proteolytic domains for NIa procysteine-type protease-based separation of CI and P3 

proteins (Figure 2). PVA mutants lacking 6K1 hindered the correct proteolytic separation of 

both proteins and turned PVA into an uninfectious status (Merits et al. 2002).  

The cytoplasmic inclusion (CI) protein forms typical pinwheel-shaped inclusion bodies in the 

cytoplasm of infected host cells by self-association and are unique features shared by all seven 

Potyviridae genera (Sorel et al. 2014). These cylindrical inclusions were typically used to 

identify Potyviridae infection by electron microscopy (Edwarson, 1974 in Sorel et al. 2014). 

Data of Langenberg (1986), Carrington et al. (1998), Gómez de Cedrón et al. (2006), Wei et 

al. (2010) and Vijayapalani et al. (2012) indicate for the CI and (recently discovered) P3N-PIPO 

complex involvement on intercellular movement of potyviruses in host plants by coordinating 

the connection to plasmodesmata. Functional analysis of CI protein, revealed for its N-terminal 

part responsibility in targeting the plasmodesmata and linkage to the coat protein (Deng et al. 

2015). Another feature of CI is its RNA helicase function, which plays a role in viral replication 

by unwinding RNA secondary structure or in recruiting viral RNA for translation by the host cell 



  Introduction 

17 

(Abdul-Razzak et al. 2009; Sorel et al. 2014; Tavert-Roudet et al. 2012). Publications of Laín 

et al. in 1990 and 1991 first demonstrated CI helicase activity for Plum pox virus. Sorel et al. 

(2014) reviewed CI as “multifunctional scaffolding protein involved in crucial steps of the viral 

infection (replication, translation, and movement of the virus) and in elicitation and overcoming 

of plant defenses”. They further on explain the different sites of CI observation within the host 

cell (plasmodesmata-, cytosol-, membrane vesicles-, ER- and chloroplast-associated) by its 

mentioned multifunctionality. Moreover, the CI protein could be involved in translation initiation, 

since it has been shown to interact with the host cell translation eukaryotic initiation factor 4E 

(eIF4E; Abdul-Razzak et al. 2009; Tavert-Roudet et al. 2012). 

The second protein with a size of 6kDa (6K2) is thought to be involved in viral inter- and 

intracellular transport processes, as well. Amongst others, Potyviruses use host membranes 

and host innate secretory pathways for replication and inter- and intracellular movement 

(Grangeon et al. 2012; Patarroyo et al. 2012). Viruses from the Potyviridae family remodel the 

endoplasmic reticulum (ER) to generate vesicles that are associated with the predicted virus 

replication complex (VRC) responsible for replication. Until now, 6K2 is the exclusive potyviral 

protein with traceable direct affinity to the ER (Schaad et al. 1997). It is assumed that 6K2 is 

involved in anchoring the presumed VRCs to the ER for viral protein synthesis and modification 

(Ivanov et al. 2014; Restrepo-Hartwig and Carrington 1994; Schaad et al. 1997). Furthermore, 

6K2 is thought to initiate the formation of viral induced vesicles carrying ER derived viral 

products via trans Golgi network to the plasmodesmata (Grangeon et al. 2012; Jiang et al. 

2015; Patarroyo et al. 2012). 

During virus infection, the first nuclear inclusion protein (NIa) is present as fusion of VPg (N-

terminally) and a protease domain (NIa-Pro, C-terminally), as displayed in Figure 2. The NIa-

procysteine-type proteases (NIa-Pro) cleaves most proteins of the precursor polyprotein 

(Carrington et al. 1987; García et al. 1990). NIa-Pro and VPg are existing as fully processed 

single forms but mainly as fusion form called NIa, which acts as precursor for the single 

proteins (Bak et al. 2017; Carrington et al. 1987; Carrington et al. 1993). The fusion form and 

both resulting single proteins were localized in the whole cytoplasm and in the nucleus (Bak et 

al. 2017; Carrington et al. 1993). Most unprocessed NIa proteins accumulate within the nucleus 

of potyvirus infected host cells and often form in the late infection stages nuclear inclusions 

(Knuhtsen et al. 1974). As mentioned above, mainly the single variant of VPg is covalently 

linked to the 5'-end of potyviral positive sensed RNA. VPg processes multiple interactions with 

probably all viral and diverse host proteins (Carrington et al. 1991; Carrington et al. 1993; Jiang 

and Laliberté 2011; Ivanov et al. 2014) due to its structural flexibility (Rantalainen et al. 2011) 

resulting in a viral hub protein (Jiang and Laliberté 2011). The C-terminal part of the NIa protein 

innates sequence unspecific DNAse activity and is proposed by Anindya and Savithri (2004) 

to degrade host DNA within the nucleus in late infection stages. Additionally, the NIa-Pro elicits 
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the extreme resistance Ry (for explanation see section 1.2.9.1 Natural potato resistance 

genes) in host plants (Mestre et al. 2000; Song et al. 2005). VPg is supposed to be involved in 

translation processes by contribution to their respective initiation, predominantly by likely 

supporting the 5'-UTR region resulting in IRES (Jiang and Laliberté 2011). VPg was suggested 

by Jiang and Laliberté (2011) to distinguish between translation and transcription by switching 

from interaction with e.g. the regulatory protein eIF4E (Thivierge et al. 2008) initiating 

translation to a predicted but unknown transcription factor initiating transcription. The same 

involvement could be also true for HC-Pro (Ala-Poikela et al. 2011). VPg was found to be 

uridylated by second nuclear inclusion protein (NIb) enabling VPg priming RNA synthesis 

(Anindya et al. 2005; Puustinen and Mäkinen 2004). 

The second nuclear inclusion protein (NIb) is a RNA-dependent RNA polymerase responsible 

for replication of viral RNA (Domier et al. 1987; Hong and Hunt 1996). It interacts with probably 

all potyviral intrinsic proteins as it is the key protein for potyviral replication, which is together 

with cell-to-cell movement the greatest goal in viral existence (Merits et al. 1999). Like NIa, the 

bulk of NIb molecules accumulate primarly in the host cell nucleus and often form nuclear 

inclusions (Baunoch et al. 1988; Knuhtsen et al. 1974; Restrepo et al. 1990). Ivanov et al. 

(2014) postulated, since nuclear inclusion proteins highly accumulate in the nucleus 

progressively towards the later stages of infection, the nucleus might serve as a sequestration 

site.  

The most immediately imaginable features of the coat protein (CP) are the protection of the 

viral genome from degradation by compartmentalization via encapsulation and involvement in 

systemic viral cell-to-cell movement (Andersen and Johansen 1998; Dolja et al. 1995; Urcuqui-

Inchima et al. 2001). Besides save guarding the viral genome, the CP is a protein with many 

functions within the viral infection cycle. As it was mentioned above, the N-terminal amino acid 

motif DAG of the CP, plays an important role in aphid transmission (López-Moya et al. 1999) 

by interacting with the amino acid motif PTK of the HC-Pro, which, in turn, facilitates sticking 

to the aphid stylet (Seo et al. 2010; Valli et al. 2014). Investigations on late stages of PVA 

infection recently revealed for CP concentration dependent inhibitory effects towards virus 

replication associated translation by switching from major translation to predominant virus CP 

assembly resulting in viral RNA occupation via linkage (Besong-Ndika et al. 2015; Hafrén et 

al. 2010). However, Ivanov et al. (2001) revealed phosphorylation at RNA binding motif of CP, 

when it was not incorporated into mature virions. According to Ivanov et al. (2001), RNA 

binding action of the single CP is hindered by phosphorylation, signifying a conceivable 

regulation mechanism by CP assembly.  

Shortly after the discovery of Potato Virus Y, researchers started to discriminate strain groups 

within PVY by applying biological properties and geographical designations. With the invention 

of immunological virus detection methods, they began to include serological features, as well. 
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Later, genome sequencing enabled the additional application of sequence characteristics for 

PVY strain separation. Today, a combination of all four parameters for PVY strain 

discrimination purposes are commonly utilized (Figure 2). However, in order to create less 

confusion and to clear inconsistencies proficient authors suggested a reclassification of PVY 

strain group nomenclature (Karasev and Gray 2013; Kehoe and Jones 2016; Singh et al. 

2008).  

Initial recognition of the original PVY (Smith 1931) and Potato Virus C (PVC, Bawden 1936) 

took place in 1931 and 1936, respectively. Later, PVC became a strain group of PVY (PVY-

C), the original PVY was assigned to strain group PVY-O and further strain groups termed 

PVY-N, PVY-Z and PVY-E (Synonym: PVY-ZE) were separated at this point by mainly genetic 

typing (Singh et al. 2008 and references therein). Genetic typing is a method for strain group 

discrimination by phenotypic evaluation of PVY in inoculated tobacco or potato varieties 

carrying the hypersensitivity genes Ny, Nc or the predicted Nz. The genetic discrimination by 

eliciting hypersensitivity genes is possible for PVY-O, PVY-C and PVY-Z, respectively (Jones 

1990; Le Romancer et al. 1994). Usually, these strains are eliciting mosaic and veinal clearing 

in tobacco. The elicitation of the hypersensitivity genes Ny, Nc and the tobacco veinal necrosis 

is controlled by HC-Pro cistron (Hu et al. 2009; Moury et al. 2011; Tian and Valkonen 2013). 

The control of elicitation of the potential hypersensitivity gene Nz is still unknown (Kehoe and 

Jones 2016). Recently, the strain group PVY-Z was rejected and the affected isolates 

reclassified (Hühnlein 2016a; Karasev and Gray 2013; Kehoe and Jones 2016; Kerlan et al. 

2011). Isolates of the strain group PVY-N induce veinal necrosis in tobacco and elicit 

expression of all three hypersensitivity genes (Singh et al. 2008). Strain group PVY-E isolates 

elicite the expression of all three PVY hypersensitivity genes, as well, but in contrast they do 

not induce tobacco veinal necrosis (Jones 1990; Karasev and Gray 2013; Kerlan et al. 1999; 

Singh et al. 2008). The elicitation of different hypersensitivity genes is based on varying 

genome sequence composition. With increasing availability of genomic sequence information, 

the genomic discrimination has been integrated into strain group discrimination of PVY. For 

genomic discrimination, there are four predicted basic strains: PVY-O, PVY-N, PVY-NA and 

PVY-C. All four strains differ in their genome sequence composition to a greater or lesser 

extent (Figure 2). Besides differing in sequence composition, PVY-N and PVY-NA are mainly 

discriminated by their geographical occurrence (Hühnlein et al. 2013; Karasev and Gray 2013; 

Nie and Singh 2002a). The existence of a fifth basic strain is likely due to recombinant virus 

strains (e.g. PVY-Mon and NE-11; Figure 2; Lorenzen et al. 2008) exhibiting long similar 

sequences within the genome, which are supposed to be not closely related to the four known 

predicted basic strains (Figure 2; Hühnlein et al. 2013). Until now, PVY isolates Nicola 

(accession no.: AJ890346) and NE-11 (accession no.: DQ157180) are the only known 

recombination products with parental contribution of PVY-NA. Isolates resulting from 
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recombination of PVY-O and PVY-N are most common PVY representatives (Karasev and 

Gray 2013).  

A permanent difficulty was the strain group PVY-N, which varied extremely concerning their 

ability to cause potato tuber necrotic ringspot disease (PTNRD, Beczner et al. 1984). In order 

to obtain higher biological homogeneity within one strain group, genomic strain group 

discrimination has been utilized. Therefore, the initial strain group PVY-N was split. PVY-N and 

PVY-NA do not induce PTNRD and were therefore separated from strain groups inducing 

PTNRD. One prominent exception example is isolate Tu660 (accession no.: AF401609), which 

belongs officially to strain group PVY-NA but induces PTNRD (Hühnlein et al. 2013; Nie and 

Singh 2002a). Strain groups, which do induce PTNRD are PVY-N-NTN, PVY-N-Wilga and 

PVY-O:N (Hühnlein et al. 2013; Kehoe and Jones 2016; Lorenzen et al. 2006a; Singh et al. 

2008). Further on, isolates of the super recombinant strain group PVY-E also induce PTNRD 

(Galvino-Costa et al. 2012). All isolates of strain group PVY-N-NTN are supposed to induce 

PTNRD, but the genetically differing recombinant strain groups PVY-N-Wilga, PVY-N:O and 

PVY-E were found to variegate in inducing PTNRD (Chikh Ali et al. 2007; Piche et al. 2004) 

depending on endogenous and exogenous factors as already mentioned in section 1.2.2. 

Proven PTNRD inducing isolates are for example ID-1 (accession no.: DQ157178; PVY-N:O; 

Piche et al. 2004), SYR-NB-16 (accession no. AB270705; PVY-N-Wilga; Chikh Ali et al. 2007) 

and PVY-MON (accession no.: JF928458; PVY-E; Galvino-Costa et al. 2012). Isolates 

inducing PTNRD lead to serious losses in tuber quality and have arisen by recombination 

events mainly between PVY-O and PVY-N (Figure 2). They are principally discriminated based 

on recombination/sequence differences by phylogenic relationships in combination with 

serological properties (Hühnlein et al. 2013; Karasev and Gray 2013; Lorenzen et al. 2006a). 

The strain group PVY-N:O contains one recombinant junction (RJ) in the genome between 

section of HC-Pro and protein P3 (Figure 2, RJ2), the strain group PVY-N-Wilga contains at 

least two junctions in the genome (Figure 2, RJ1 and RJ2). Whereby, one junction site is 

identical or very similar to that found in PVY-N:O (RJ2). Additionally, both strain groups show 

high genome sequence compliance with PVY-O on the coat protein coding region. Therefore, 

they are PVY-O serotypes. The same is true for PVY-C (Piche et al. 2004). The PVY-N-NTN 

genome may have three or more RJs and a high genome sequence compliance with PVY-N 

at the coat protein coding region (Figure 2; RJ4; Karasev and Gray 2013). Therefore, strain 

group PVY-N-NTN is included in PVY-N serotype group. The epitope similarity of PVY-NA and 

PVY-E to PVY-N serotype also allows an immunological detection by commercial available 

monoclonal antibodies binding the PVY-N serotype group (Karasev and Gray 2013). The 

recombinant junction 3 (RJ3) is appearing for different strain groups PVY-N-Wilga; PVY-N-

NTN and for PVY-E (Figure 2). Additionally, some authors further discriminate PVY-N-NTN 

isolates by geographical occurrence into PVY(EU-)NTN and PVY(NA-)NTN for incidence in 
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Europe and North America (Nie and Singh 2002b, 2002a). 

1.2.4 Potato virus A (PVA) 

Like PVY, Potato virus A (PVA) belongs to Potyvirus genus within the family Potiviridae. In 

1932, Murphy and McKay found a “crinkle mosaic” inducing virus, which was later on classified 

as PVA (Singh et al. 2008). Therefore, PVA infection causes crinkling mosaics varying from 

mild to strong symptoms, mainly depending on potato variety and the infection type (Puurand 

et al. 1994). In Germany, the last decade revealed not many PVA infections in field but due to 

its similarity to PVY and its high yield loss potential, which is up to 40%, it is still valued in seed 

potato certification in many countries, worldwide (Bartels, 1971 in Puurand et al. 1996). 

However, new infection sources in Germany and in China were documented, recently 

(personnel communication Adolf Kellermann, LfL, head of virus diagnosis in Bavarian seed 

potato certification; He et al. 2014). Similar to PVY, PVA is transmitted by various aphids, in a 

non-persistent manner, and by mechanical inoculation (Puurand et al. 1994). It has a close 

relation to its Potiviridae family members PVY and Turnip Mosaic virus (TuMV), with 

comparable genome and protein composition (Figure 3, He et al. 2014). Figure 3 shows a 

phylogenic tree that was established by He et al. (2014). It shows some selected PVA isolates 

in relation to the PO7 isolate of PVY-O strain and the Japanese isolate TuMV. In a study 

conducted by Puurand et al. (1992), the coat protein of PVA displayed 73-78% sequence 

homology to the coat proteins of six other potyviruses including Plum Pox virus (PPV) and 

Potato virus Y (PVY).  

Further on, various authors used PVA as model virus for functional analysis of Potyviridae 

viruses (Hafren et al. 2015; Hafrén et al. 2010, 2010; Kekarainen et al. 2002). Therefore, many 

functional insights described in section 1.2.3 about PVY/Potyviridae structure, is knowledge 

gained on studies with PVA. Yet, no official strain differentiation was established for PVA 

isolates.  
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Figure 3: Genome organization of PVA (A), and phylogenetic tree of isolates (B) 
A: The phylogenic tree of PVA isolates was established by He et al. (2014). The isolates and their references are listed 
on the right. Since the species of the virus family Potyviridae achieve high sequence similarity, the genome organization 
is the same (Baratova et al. 2001; He et al.,2014). For description of the Potyviridae genome organization see Figure 2. 

 

1.2.5 Potato leaf roll virus (PLRV) 

Potato leaf roll virus (PLRV) belongs to the family Luteoviridae and is a type member of the 

genus Polerovirus. The icosahedral virions have a diameter of 24 nm that are principally limited 

to the host phloem cells (DeBlasio et al. 2016; Mayo et al. 2000) and are transmitted 

persistently by aphid species, predominantly by Myzus persicae Sulz. (Casper, 1988; Syller, 

1996). The virus represses translocation of produced carbohydrates resulting in carbohydrate 

accumulation within the leaves. This leads to upward rolled, leathery and fragile leaf 

characteristics and phloem necrosis that leads to easy cracking leaflets, if crushed between 

the fingers (Faccioli et al. 1971). Additionally, the reduced distribution and turnover of primary 

metabolites often result in stunted host plants (Faccioli et al. 1971; Syller 1996). Further 

consequences are reduced tuber sizes and tuber yield up to 60% (Hamm and Hane 1999; 

Loebenstein 2001; McDonald 1976). Secondary infections lead to severe plant stunting and 

strong upward rolling of basal leaves. Aerial parts of some susceptible potato varieties are 

capable to show extreme necrosis of phloem tissue and their tubers sometimes display net 

necrosis symptoms (Douglas and Pavek 1972). The host range is mainly restricted to species 

of Solanacae, including potato virus indicator plants such as Datura species and Physalis 

floridana (Loebenstein 2001; Thomas, 1987 in Hühnlein 2016a). Besides Solanum tuberosum, 

Lycopersicon esculentum, Nicotiana tabacum, Medicago sativa, Allium cepa, Malus 
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domestica, Fragaria x ananassa and Prunus species are other PLRV host crop plants 

(Hühnlein 2016a). 

With invention of systemic insecticides in agricultural and horticultural application in the 80ies, 

the incidence of PLRV decreased remarkably (Hühnlein et al. 2016b; Valkonen 2007) (Dupuis 

2017). Before that time, PLRV was reported as one of the most important viruses in crop potato 

production (Hühnlein et al. 2016b; Murphy et al. 1966). Depending on the target site, systemic 

insecticides often induce the death of an aphid before the virus reaches their salivary glands 

important for persistent virus transmission (Figure 4). However, systemic insecticides 

neonicotinoids (e.g. imidacloprid, clothianidin, thiamethoxam, dinotefuran, acetamiprid and 

thiacloprid) are not only destructive to agricultural and horticultural pathogens. Authors 

consider them as neurotoxic to bees and probably to other non-target invertebrates like forest 

and meadow insects (Pisa et al. 2015; Lundin et al. 2015). That could be a reason for the 

European Commission to restrict many broad-spectrum systemic insecticides like the group of 

neonicotinoids as effective agricultural application in aphid control of potato crop production. 

According to Hühnlein (2016a) the loss of applicable compounds acting systemically against 

aphids could lead to insufficient control of aphid vectors in potato crop production and bring a 

revival of PLRV incidence.  

PLRV has a single-stranded positive sense RNA genome of about 5865 nucleotides, which is 

packed into a non-enveloped icosahedral capsid. The capsid comprises 180 coat protein (CP, 

P3) subunits with an unknown contingent ratio holding a read-through protein (RTP, P3/P5) 

extension exposed on the capsid surface (Bahner et al. 1990; Chavez et al. 2012; Peter et al. 

2008). The RTP (P3/P5) is translated due to suppression of the coat protein stop codon 

(Bahner et al. 1990; Mayo et al. 1989). This leads to 80 kDa RTP, containing 23 kDa coat 

protein domain (P3) and a 57 kDa read-through domain (RTD; P5; Miller and Mayo 1991). The 

coat protein domain (P3) is essential for the virus encapsulation. PLRV particles with deletions 

in their read-through proteins are infectious but not aphid transmissible (Peter et al. 2008). 

Within the RTD (P5) there is a highly conserved N-terminal region, responsible for aphid 

transmission and aphid endosymbiont interaction and a variable C-terminal region, which is 

suggested to be dispensable for aphid transmission (van den Heuvel et al. 1997; Wang et al. 

1995) but thought to be responsible for phloem limitation of PLRV (Peter et al. 2009). Solanum 

sarachoides plants infected with PLRV mutant lacking one of two known cross-linking sites in 

the RTP exhibited a delay in the appearance of systemic infection symptoms (Chavez et al. 

2012).  

The gRNA of PLRV is directly translated into so far five known proteins, four of them by 

ribosomal frame shifting (Figure 4; Mayo et al. 1989; ViralZone_PLRV 2017). The first open 

reading frame is coding for the RNA silencing suppressor (P0, Han et al. 2010), the second 

one leads to a polyprotein consisting of one proteinase P1 and a viral genome-linked protein 
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(VPg) separated by a self-proteolysis site (Prüfer et al. 1999) and the third open reading frame 

(P2) codes for the RNA-dependent RNA polymerase (RdRp) that is translated via ribosomal 

frameshifting at slippery sequence UUUAAAU (Prüfer et al. 1992). The fifth protein is 

expressed from the ORF starting at about 1500 nucleotides and is termed the replication 

associated protein (Rap1), which is translated via internal ribosomal entry site (IRES; Jaag et 

al. 2003). Furthermore, at the 3'-end of the gRNA nucleotide sequence, three positive sense 

sgRNAs are transcribed and act as templates for translation of so far six known additional 

proteins (P3, P3a, P4, P5, P6 and P7; Figure 4). The coat protein (P3), P3a, the movement 

protein (P4) and the read-through domain (P5) are translated from the sgRNA1 (Miller and 

Mayo 1991; Smirnova et al. 2015; Smith and Harris 1990). Whereas, P3, P3a, P4 and P5 are 

translated by leaky scanning (Tacke et al. 1990; Smirnova et al. 2015), the sgRNA2 carries 

two ORFs being separated by small non-coding regions for translation of proteins P6 and P7 

(Ashoub et al. 1998) and sgRNA3 serves as template for translation of P7 that was found, 

lately (Hwang et al. 2013).  

In Figure 4, the functions of the PLRV proteins are mentioned. RNA silencing suppression 

activity was discovered for P0 and P6 proteins of the virus species of Luteoviridae family, 

Melon aphid-borne yellows virus, Barley yellow dwarf virus and Wheat yellow dwarf virus (Han 

et al. 2010; Liu et al. 2012). The P1-VPg protein is obligatory for replication (Sadowy et al. 

2001). Since it is the main goal of a virus particle to replicate, other PLRV proteins like 

Replication-associated protein 1 (Rap1; Jaag et al. 2003) and the RNA-dependent RNA 

polymerase (RdRp, P2; Prüfer et al. 1992) have been found to contribute to replication, as 

well. The proteins P3a (Smirnova et al. 2015), P3 as coat protein, P4 (Schmitz et al. 1997; Lee 

et al. 2002; Hofius et al. 2001) and the read-through protein (RTP, P3-P5; Chavez et al. 2012) 

contribute to cell-to-cell movement and virus transmission.  
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Figure 4: Genome organization of PLRV (A) persistent aphid transmission (B) and role of proteins (C). 
The 5865 nucleotides of the PLRV genome lead to so far ten known proteins. Five of them are translated by ribosomal 
frame shifting from the gRNA (P0, P1, VPg, P2 and Rap1). The separation of the polyprotein P1-VPg is realized via self-
proteolysis, while Rap1 is translated via internal ribosomal entry site (IRES; Jaag et al., 2003). Three positive-sense 
sgRNAs act as templates for translation of so far six known additional proteins (P3, P3a, P4, P5, P6 and P7). The coat 
protein (P3), P3a, the movement protein (P4) and the read-through domain (P5) are translated from the sgRNA1. The 
mechanism behind the overlapping ORFs is leaky scanning and a read-through sequence in case of the read-through 
protein (RTP, P3-P5). The sgRNA2 serves as template for translation of proteins P6 and P7 and sgRNA3 encodes P7, 
only. The process of persistent virus transmission by aphids is described based on information of Ali et al. (2014). 
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1.2.6 Potato virus X (PVX) 

Potato virus X (PVX) is the type member of the genus Potexvirus within the family 

Alphaflexiviridae, which is a fragment of the former virus family Flexiviridae and was split, in 

2009, into the new families Alphaflexiviridae, Betaflexiviridae, and Gammaflexiviridae. Viruses 

belonging to Potexvirus genus are single linear positive sensed RNA virions encapsulated as 

flexuous filamentous shaped particles with a length of about 470 to 580 nm (King et al. 2012). 

The complete virion has a length of about 515 nm and a diameter of 13.5 nm (Kaftanova et al. 

1975; Petrova et al. 2015). The transmission of PVX is so far only known as mechanical 

(Loebenstein 2007). PVX causes mild or no symptoms in most potato varieties resulting in 

usually negligible yield losses (Koenig and Lesemann 1989). However, cross infections with 

other potato viruses like PVY or PLRV cause severe symptoms in potato plants due to 

synergistic effects (Koenig and Lesemann 1989; Bertschinger et al. 2017; Hameed et al. 2014). 

PVX was reassembled in-vitro from RNA and CP as first flexuous plant virus (Atabekov et al. 

2007; Goodman 1977; Kaftanova et al. 1975) and has been applied and approved as a model 

system for studying general virus infection scenarios not at least due to its high replication 

levels in plants and protoplasts (Batten et al. 2003). Further on, PVX was subject of studies on 

gene silencing and siRNAs discovery in plants that have been contributed to the development 

of a research tool named VIGS (virus induced gene silencing; Baulcombe et al. 1995; Hamilton 

and Baulcombe 1999; Hamilton et al. 2002; Ruiz et al. 1998). PVX has been widely used as 

VIGS vector to downregulate expression of host cell genes for investigating their input to 

specific host traits. In addition, PVX was used for studying of R-gene mediated resistance (see 

section 1.2.9, Bendahmane et al. 2000; Moffett et al. 2002). 

The RNA genome of PVX contains about 6435 nucleotides, which is stabilized by a 7-

methylguanosine cap (Huang et al. 2004; Sonenberg et al. 1978) at the 5'-end and a 

polyadenylated tail at 3'-end (Morozov et al. 1983). Like host mRNA caps, the 7-

methylguanosine cap protects the Potexvirus from degradation by 5' exoribonucleases and it 

ensures recognition by host eukaryotic translation initiation factor 4E (eIF4E) for translation. 

How the capping occurs and which proteins are involved in Potexviruses has been yet studied 

on Bamboo mosaic virus (Huang et al. 2004; Meng and Lee 2017).  

The PVX genome consists of five ORFs (Figure 5; Huisman et al. 1988). The 5'-ORF codes 

for the 150-181 kDa replicase or also called RNA-dependent RNA polymerase (RdRp) and the 

3'-ORF encodes the 18-27 kDa coat protein (CP; Figure 5; King et al. 2012). Both ORFs flank 

three partially overlapping ORFs termed the “triple gene block” (TGB; Figure 5). TGB 1, 2 and 

3 code for three different movement proteins with a size of 25 kDa, 12 kDa and 8 kDa, 

respectively. They are, together with the CP, involved in cell-to-cell movement of PVX (Angell 

et al. 1996; Lough et al. 2000; Morozov and Solovyev 2003). The replicase is translated directly 
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from the viral gRNA. The TGB 1 protein is expressed from its own monocistronic sgRNA (2100 

nt), whereas the TGB2 protein and TGB3 protein are results of leaky scanning translation on 

shorter (1400 nt) bicistronic sgRNAs (Figure 5; Dolja et al. 1987; Kim and Hemenway 1996; 

Verchot et al. 1998). The CP is translated functionally monocistronic from its own sgRNA (900 

nt, Dolja et al. 1987), and in addition likely by internal initiation on the gRNA (Figure 5; Hefferon 

et al. 1997).  

The PVX replicase combines methyltransferase, RNA helicase and RNA polymerase 

properties. Therefore, it is assumed to be the only viral protein responsible for RNA synthesis 

(Verchot-Lubicz et al. 2007). However, some host proteins are further required to catalyze the 

synthesis of gRNA, sgRNA and minus stranded RNA. Additionally, association with host cell 

membranes was documented for the Potexviral replicase (Doronin and Hemenway 1996; 

Plante et al. 2000). However, it is still unclear, which host cell membrane compartment is 

serving as virus replication center for Potexviruses (Verchot-Lubicz et al. 2007). One candidate 

membrane is the ER, were two Potexviral movement proteins TGB2 and TGB3 are associated 

with (Ju et al. 2005; Krishnamurthy et al. 2003). Additionally, TGB2 protein was found to be 

associated with ER derived vesicles trafficking along the actin network (Ju et al. 2005). The 

first potexviral movement protein TGB1 triggers expansion of plasmodesmata enabling 

plasmodesmata gating and viral cell-to-cell transfer (Angell et al. 1996; Lough et al. 1998; 

2000). Additionally, it has RNA helicase activity, which leads to promotion of viral RNA 

translation directly after entering the next host cell (Atabekov et al. 2001; Verchot-Lubicz et al. 

2007) and works as viral suppressor of plant native RNA silencing by interacting and blocking 

the activity of host cell RNA-dependent RNA polymerase 6 (RDR6), which is a factor in siRNA 

proliferation and elimination of viruses in growing tissues like the meristem (Qu et al. 2005; 

Schwach et al. 2005; Xie and Guo 2006). According to the VSR classification of Incarbone and 

Dunoyer (2013; section 1.1.2), these strategy complies the third suppressor category by 

directly targeting processing factors leading to inhibition or destabilization of their activity.  

In addition to the three mentioned movement proteins, the potexviral CP is also involved in 

viral cell-to-cell movement, like in infections with PVY and PVA before. CP is part of a current 

model about potexviral cell-to-cell movement supporting the idea of forming viral protein and 

genome complexes of CP with viral RNA and TGB1 protein, likely within viral controlled 

vesicles (Lough et al. 2000 in Verchot-Lubicz 2007). Therefore, PVX CP directly interacts with 

viral RNA and contains six serine residues in their N-terminus likely working as phosphorylation 

targets by host kinases (Lecours et al. 2006; Verchot-Lubicz et al. 2007). Similar to the 

discovery of Ivanov et al. (2001) with PVY, Atabekov et al. (2001) found that phosphorylation 

of encapsulated PVX enhances RNA translation suggesting a certain mechanism regulating 

viral replication demand sensed and controlled by the coat protein. However, it was also found 

that assembled PVX CP links to water molecules probably supporting surface structure 
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conservation (Baratova et al. 2004). The CP of PVX elicits Rx-mediated resistance in potato. 

This extreme resistance mechanism was deeper investigated by Moffett et al. (2002) and 

Rathjen and Moffett (2003). Rx is a coiled-coil-nucleotide-binding site-leucine-rich (CC-NBS-

LRR) protein that monitors the plant status for MAMPS (microbe-associated molecular pattern; 

McHale et al. 2006). Rx has a folded sleeping state conformation that is activated and changed 

by dealing with the PVX CP. The CP initiates unfolding the Rx-protein and exposes the NBS-

LRR motifs. The Rx conformation conversion leads to altered nucleotide-binding activity and, 

thus, activation of the defense signaling cascade (Moffett et al. 2002; Rathjen and Moffett 

2003).  

Two stem–loop structures, called 5'SL1 and 5'SL2 are located within the first 182 nucleotides 

of the 5'-region of PVX genome, overlapping the 5' untranslated region (5'UTR, 1-84 

nucleotides, Figure 5) and the replicase coding region and are essential for PVX replication 

initiation (Batten et al. 2003; Kim and Hemenway 1996; Verchot-Lubicz et al. 2007). An 

octanucleotide sequence 5'AACUAAAC3' (located at nucleotides 4-12) in the PVX 5'UTR was 

identified to base pair with inset UTR 5'GUUAAGUU3' sequences promoting transcription of 

sgRNA (Figure 5; Batten et al. 2003; Kim and Hemenway 1996). Priorly to the 5'SL1, there are 

five ACCAA motifs repeated (located between 1-46 nucleotides, Figure 5; Kim and Hemenway 

1996). These motifs link a 54 kDa host cellular protein (p54) that is involved in virus translation 

(Figure 5; Kim et al. 2002). Additionally, the outset of 5'SL1 stem-loop structure acts as origin 

of virion assembly (at 38-47 nucleotides, Figure 5; Kwon et al. 2005). This virion assembly 

motif overlaps with a segment required for cell-to-cell movement (1-107 nucleotides, Lough et 

al. 2006).  

The PVX 3'UTR has 74 nucleotides and contains cis regulatory elements controlling negative-

stranded, as well as positive-stranded viral RNA synthesis (Figure 5). Computer-assisted 

folding predicted three stem–loop structures as follows: 3'SL1, 3'SL2 and 3'SL3 (Pillai-Nair et 

al. 2003). The entire 3'SL3 stem–loop structure, a hexanucleotide element (ACAUAA, 6372-

6377 nucleotides, Figure 5) in the terminal loop of 3'SL3, a U-rich sequence located at the 3' 

side of the stem in 3'SL2 (UAUUUUCU, 6402-6409 nucleotides, Figure 5), and the poly(A) tail 

are suggested as transcription regulatory elements for minus-stranded viral RNA (Batten et al. 

2003; Hu et al. 2007; Pillai-Nair et al. 2003). The U-rich sequence was shown to bind host 

factors that may be required for virus multiplication (Sriskanda et al. 1996). Positive stranded 

RNA synthesis is again promoted by the hexanucleotide element in the terminal loop of 3'SL3 

and additionally by two AU-rich sequences neighboring the poly(A)tail, called near upstream 

elements 1 and 2 (NUE1: UAUAAA, 6429-6434 nucleotides and NUE2: AAUAAA, 6433-6438 

nucleotides, Figure 5) and by the poly(A)tail (Hu et al. 2007; Verchot-Lubicz et al. 2007).  
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Figure 5: Genome organization of PVX (A), cis-acting elements (B), viral translation elements (C), and further PVX 
features (D). 
The PVX genome consists of five ORFs coding for the 150-181 kDa replicase, the 18-27 kDa coat protein (CP) and the 
“triple gene block” (TGB1-3) codes for three different movement proteins with a size of 25kDa, 12kDa and 8kDa, 
respectively. The replicase is translated directly from the viral genomic RNA, initiated by the 5′-m7G-cap and the 5x 
ACCAA motifs at the 5′UTR (Kim et al., 2002; Huang et al., 2004; Meng and Lee, 2017). The TGB 1 protein is expressed 
from a sgRNA (2100nt), whereas the TGB2 protein and TGB3 protein are results of leaky scanning translation on a shorter 
1400 nt long sgRNA. The CP is translated from a sgRNA with a size of 900 nt and in addition likely by internal ribosomal 
entry side on the genomic RNA (Hefferon et al., 1997). Further cis acting elements and viral translation elements working 
in virus replication and assembly are described down left. Down right, further PVX features are listed.  

 

1.2.7 Potato virus S (PVS) 

Potato virus S (PVS) belongs to the same order as PVX, the Tymovirales (King et al. 2012) 

and the former family Flexiviridae, which was split, in 2009, into the new families 

Alphaflexiviridae, Betaflexiviridae, and Gammaflexiviridae. PVS is a type member of the new 

Betaflexiviridae family and of the genus Carlavirus and has a +ssRNA genome with 

approximately 8500 nucleotides coated in flexuous rods with a length of about 610 nm to 710 

nm and a diameter of 12–15 nm (Vallejo C. et al. 2016).  
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Like PVY, PVA and PVM, PVS is transmitted by aphids in a non-persistent manner but rather 

than these, PVS has in open potato fields a higher impact in mechanical transmission, 

approaching to PVX (Martelli et al. 2008 // 2007; Wardrop et al. 1989). For PVS, two strains 

termed PVS-Ordinary (PVS-O) and PVS-Andean (PVS-A) are widely recognized and 

biologically distinguished by employing Chenopodium quinoa as indicator plants (Hinostroza-

Orihuela 1973). Initially, the Andean strain emerged because strains systemically infecting 

Chenopodium ssp. were found in South America, only (Cox and Jones 2010; Hinostroza-

Orihuela 1973). However, once systemic active isolates in Chenopodium ssp. have been also 

found in Europe, USA and New Zealand the term PVS-Andean was still kept (Cox and Jones 

2010; Dolby and Jones 1987; Fletcher 1996). The Andean PVS strain is thought to cause 

stronger symptoms in potato plants like mosaic and vein clearing, than the mainly latent active 

ordinary single PVS strain (Gutierrez et al. 2013; Matoušek et al. 2000). However, due to less 

sequencing efforts, the biological difference of both PVS strains can hardly be reflected in the 

viral genome, so far. Complete sequences are available for six PVS isolates., so far (de Sousa 

Geraldino Duarte et al. 2012; Gutierrez et al. 2013; Lin et al. 2009; Matoušek et al. 2005). Two 

PVS-O isolates from North America (Lin et al. 2009; FJ813513; FJ813512), two South 

American PVS-A isolates (de Sousa Geraldino Duarte et al. 2012; JQ647830; Gutierrez et al. 

2013; JX419379) and two European isolates, whereby PVS-O isolate VItava (AJ863510) is 

able to induce systemic infection in Chenopodium ssp (Matoušek et al. 2005; AJ863509; 

AJ863510) have been sequenced. The last isolate reflects the discrepancy of isolate origin 

and biological properties used for strain discrimination (see phylogenetic tree in Figure 6). 

Many authors performed phylogenetic analysis based on the viral coat protein amino acid 

and/or nucleotide sequences (Chikh Ali et al. 2007; Cox and Jones 2010; Lambert et al. 2012; 

Lin et al. 2009; Salari et al. 2011) resulting in diverse opinions regarding forthcoming PVS 

strain discrimination into subclades. The future will bring more complete PVS sequences 

published, to clarify the PVS strain discrimination disagreement. The host range of PVS is 

constricted. Host species belong mainly to the families Solanaceae and Chenopodiaceae. 

Depending on the potato variety and PVS isolate, the majority of PVS infections remain 

symptomless that is especially true for PVS-O isolates. However, nonspecific symptoms have 

been described in particular for isolates of PVS-A, namely chlorotic mottling and premature 

senescence of leaves and vein deepening on the lower leaf surface (Dolby and Jones 1987). 

However, cross-infections with more commercially important potato viruses like PVX, PVA and 

PVY lead to boosted symptom expression and synergy effects (Hameed et al. 2014; Nyalugwe 

et al. 2012; Salari et al. 2011). Additionally, Lin et al. (2014) considered PVS infection as a 

causal factor for break-down of Phytophthora infestans resistance in potato varieties. These 

are the reasons for consideration of PVS in German ministerial seed potato certification. 
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Six ORFs are known for PVS, so far (Vallejo C. et al. 2016; Martelli et al. 2008 // 2007; Figure 

6) coding for replicase protein serving inter alia as a RNA-dependent RNA polymerase (RdRp, 

223kDa), three “triple gene block” movement proteins (TGBp1-3, 25 kDa, 12 kDa and 7 kDa, 

respectively), coat protein (32.3 kDa) and cysteine motif nucleic-acid-binding protein (NABP; 

11 kDa; Pfam:PF01623; Foster and Mills 1992; Vallejo C. et al. 2016) which may act as a viral 

transcription regulator. According to Martelli et al. (2008 // 2007) and Vallejo C. et al. (2016) 

the replicase protein of PVS contains the following functional domains: methyltransferase 

domain (Figure 6: MT; Pfam:PF01660; amino acid residues: 43-352; involved in: RNA 

capping), Carlavirus papain-like peptidase domain (Figure 6: P; Pfam:PF05379; involved in: 

breakage of peptide bonds by hydrolysis), RNA helicase domain (Figure 6: H; Pfam:PF01443; 

involved in: nucleic acid strand displacement) and RNA-dependent RNA polymerase (RdRp) 

domain (Pfam:PF00978; involved in: transcription). Additionally, Martelli et al. (2008 // 2007) 

specified for Carlavirus, like PVS, the AlkB domain (Figure 6: A; involved in: Replacement of 

nucleic acid methylation damage; van den Born et al. 2008) and the OTu-like peptidase (Figure 

6: O; involved in: breakage of peptide bonds by hydrolyzation). According to Vallejo C. et al. 

(2016) the most variable region in the PVS genome section is the helicase domain of the 

replicase protein. The 5'-terminal 7-methylguanosine capped PVS gRNA serves as template 

for direct translation of the replicase protein, facilitated by the cap and the 5′UTR and for 

transcription of two sgRNAs by the replicase protein holding the RdRp domain that starts at 

the polyadenylated 3'-terminus (Foster and Mills 1990a, 1990b). However, Matoušek et al. 

(2005) suggested poor transcription frequency for both sgRNAs of PVS. One sgRNA sequence 

comprises 2100-3300 nucleotides and serves for translation of all three movement proteins 

(Foster and Mills 1990b; ViralZone_PVM 2017). The second sgRNA sequence holds about 

1300-1600 nucleotides and serves for translation of the NABP and the CP. In addition, this 

sgRNA includes a 101 nucleotides long fragment that was discovered to have translational 

enhancement activity leading to 2-3 fold increase and is called viral translation enhancer (VTE, 

Turner et al. 1994; Turner and Foster 1997; Turner et al. 1999). 
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Figure 6: Genome organization of PVS (A), motifs of the replicase protein and their roles (B) and phylogenetic tree of 
strains (C).  
PVS comprises six so far known ORFs coding for the replicase protein (223kDa), three “triple gene block” movement 
proteins (TGBp1-3, 25 kDa, 12 kDa and 7 kDa, respectively), the coat protein (32.3kDa) and the cysteine motif nucleic-
acid-binding protein (NABP; 11 kDa) that likely acts as a viral transcription regulator. The genomic RNA (gRNA) of PVS 
is 5'-terminally linked to a 7-methylguanosine cap and has a poly(A)tail at the 3'-terminal position. PVS gRNA comprises 
about 8500 nucleotides and serves as template for direct translation of the replicase protein and for transcription of two 
subgenomic RNAs (sgRNAs; Foster and Mills, 1990a, 1990b). The sgRNA comprising 2100-3300 nucleotides serve for 
translation of the movement proteins and the shorter sgRNA is likely responsible for the translation of the coat protein 
(CP) and the nucleic acid-binding protein (NABP). Functional domains of the PVS replicase protein published by Martelli 
et al. (2008) and Vallejo C. et al. (2016). Below,the relationship of six completely sequenced PVS-O (PVS-Ordinary) 
isolates and PVS-A (PVS-Andean) isolates discovered in three different continents is described in a phylogenetic tree 
published by Gutierrez et al. (2013). 
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1.2.8 Potato virus M (PVM) 

Like PVS, Potato virus M (PVM) belongs to the new Betaflexiviridae family and is a type 

member of the genus Carlavirus. PVM particles are rod shaped with a length of about 650 nm 

and a width of approximately 12 nm (Brandes et al. 1959 in Kalnciema et al. 2015). It has a 

single-stranded positive-sense RNA genome consisting of about 8500 nucleotides. As a 

Carlavirus member, the genomic RNA of PVM contains a 7-methylguanosine cap at the 5’UTR 

and a poly(A) tail at the 3’UTR (King et al. 2012; Tavantzis 1984). PVM is transmitted by aphids 

in a non-persistent manner but also mechanical transmission by inoculation with sap from 

young leaves is possible (Wetter 1972). Additionally, specific strains present in specific stocks 

of the variety 'King Edward' have been found being not aphid-transmittable (Kassanis 1961; 

Wetter and Völk 1960). The occurrence of PVM in Bavaria is varying, whereat the last years 

almost no PVM was detected within seed potato certification. The growing season of 2016 

generated high PVM incidence (Adolf Kellermann, LfL Freising, personnel communication).  

Among the different potato varieties, PVM often leads to latent infection but can also cause 

different leaflet symptoms ranging from a diffuse interveinal mottling or mosaic as result of 

chlorophyll degradation or decreased chlorophyll production to leaf crinkling or para-crinkling, 

from which PVM, the “para-crinkle virus”, is derived (Wetter 1972; Howard and Wainwright 

1960; Kassanis 1960; Tu and Hiruki 1970). Leaflet para-crinkling resembles the leafroll 

symptom of PLRV but additionally the leaf edge is showing wavy appearance. In susceptible 

potato cultivars, leaf deformation and severe plant stunting often arises during PVM secondary 

infections. Strains were distinguished, by the symptoms they induce in potato and by slightly 

differing symptoms in test plants. The leaf rolling mosaic and interveinal mosaic strains 

(Bagnall et al. 1956), the para-crinkle strain (Kassanis 1961) and D1102, Fortuna and Dutch 

isolates (Wetter and Völk 1960; Wetter 1972) are best known and biologically distinguished in 

different PVM clades. The host range of PVM is narrow, host species belong mainly to 

Solanaceae family. Test plants are primarily Datura metel and Gomphrena globose, Nicotiana 

debneyi, Solanum rostratum, Phaseolus vularis (Wetter 1972). Strain discrimination based on 

PVM genome sequences were started by an Iranian research group and published in 2014 

(Tabasinejad et al. 2014). They suggested to distinguish between PVM-Ordinary (PVM-O) and 

PVM-Divergent (PVM-D) clades according to the genetic similarity of the isolates coat protein 

sequences. According to investigations of Su et al. (2017), this discrimination could be also 

reflected in sequence similarity analysis of complete PVM genomes (Figure 7). By 

observations of PVM infected potato plant cells using the electron microscope, Tu and Hiruki 

(1970) found PVM associated structures in vacuoles and the cytoplasm. These structures 

comprised multiple membranes leading to the termination multimembrane body (MB, Figure 

7). Tu and Hiruki (1970) clearly discriminated MBs from pinwheel structured cytoplasmic 
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cylindrical inclusions, which are one of the main characteristics of Potyvirus genus. They 

proposed that the formation of MBs could be a host reaction, stimulated by infection with PVM. 

PVM consists of yet known six ORFs (Figure 7; King et al. 2012; ViralZone_PVM 2017). The 

5'-ORF codes for the 223 kDa replicase, which includes the RNA-dependent RNA polymerase 

(RdRp) domain and is translated directly from the genomic RNA (Figure 7; King et al. 2012; 

ViralZone_PVM 2017). In contrast to PVS, PVM replicase gene is suggested to contain instead 

of six conserved domains only five. The missing domain is a typical AlkB domain, which was 

not found for PVM during investigations by Bratlie and Drabløs (2005). The 3'-ORF encodes 

the 11-16 kDa cysteine motif nucleic-acid-binding protein (NABP; Figure 7; Rupasov et al. 

1989; King et al., 2012). Like the PVS genome, the replicase ORF and the NABP ORF flank 

three PVS similar sized triple gene block (TGB; Figure 7) ORFs, which are responsible for cell-

to-cell movement. The ORF coding for the CP is also located between them. Compared to 

PVS, the coat protein is slightly bigger sized with 34 kDa instead of 32-33 kDa (Figure 7; King 

et al. 2012; Rupasov et al. 1989; ViralZone_PVM 2017). The CP and NABP are proposed to 

be translated from a 1300-1600 nucleotide long sgRNA, whereby the NABP translation starts 

via internal initiation and a CP/NABP trans-frame protein is rarely produced by ribosomal 

frameshifting involving a shifty stop codon and a mechanism of P-site slippage (Figure 7; 

Gramstat et al. 1994; ViralZone_PVM 2017). All three overlapping TGB ORFs are thought to 

be translated from one 2100-3300 nucleotide long sgRNA (Figure 7; ViralZone_PVM 2017). 

However, the respective reference was missing at ViralZone_PVM 2017 (Figure 7). Their 

translation is proposed based on the results of investigations made on PVX that was deeper 

investigated. Additionally, Rupasov et al. (1989) found high similarities for Potexvirus and 

Carlavirus genera regarding TGB proteins that could support the hypothesis of similar 

translation events for TGB proteins of PVM and PVS. 
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Figure 7: Gene organization of PVM (A), electron micrograph of multimembrane bodies (B), description and role of the 
Replicase protein (C) and phylogenetic tree of PVM strains (D). 
PVM consists of six ORFs coding for the 223 kDa replicase, which includes the RNA-dependent RNA polymerase domain 
(RdRp) and further domains. PVM replicase gene is suggested to encode five domains. A typical AlkB domain was not 
found for PVM during investigations by Bratlie and Drabløs (2005). Further on, the 11-16 kDa cysteine motif nucleic-acid-
binding protein (NABP) and three triple gene block proteins (TGB) are encoded by the PVM genome. Compared to PVS, 
the coat protein is slightly bigger sized with 34 kDa CP and NABP are proposed to be translated from a 1300-1600 
nucleotide long sgRNA, whereby the NABP translation starts via internal initiation and a CP/NABP trans-frame protein 
is rarely produced via ribosomal frameshifting (Gramstat et al., 1994; ViralZone_PVM_Aug2017). All three overlapping 
TGB ORFs are thought to be translated from one 2100-3300 nucleotide long sgRNA. However, the respective reference 
was missing at ViralZone_PVM_Aug2017. The phylogenic tree of ten completely sequenced PVM isolates and one 
unknown PVS isolate (Su et al. 2017) is confronted with strain membership based on the coat protein sequence similarity 
established by Tabasinejad et al. (2014).
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1.2.9 Potato virus resistance breeding 

Besides the important food crop potato, its indigenous cultivated (landrace) relatives and wild 

potato species are all classified as Solanum section Petota and are frequently used for food 

crop potato breeding by serving as sources for various disease resistance genes (Spooner et 

al. 2014). Due to environmental reasons, the cultivation of pathogen resistant or tolerant 

varieties is becoming more and more important. In case of potato viruses, once infected, plant 

health recovery is practically impossible on field. As potato tubers serve as stocks for 

vegetative propagation, there is a high demand for commercial potato growers to use virus 

resistant or tolerant potato varieties in combination with certified and virus free potato seed 

material to avoid cultivation of secondary virus infected potato tubers. 

Phenotypical analyses of species boundaries of cultivated Solanum species from fields in Peru 

(Huamán and Spooner 2002) and Russia (Gavrilenko et al. 2010) and their molecular 

biological examination via nuclear microsatellites (Raker and Spooner 2002; Ghislain et al. 

2006; Spooner et al. 2007; Gavrilenko et al. 2010), plastid simple sequence repeats (SSRs; 

Sukhotu et al., 2004, 2005, 2006; Gavrilenko et al. 2013), genome sequencing (Rodríguez et 

al., 2010), and plastid DNA deletion studies (Hosaka 2003; Sukhotu et al. 2004; Ames and 

Spooner 2008; Gavrilenko et al. 2013) support a taxonomical classification model of food crop 

potatoes into four species (Spooner et al. 2014). Those are Solanum tuberosum, with two 

cultivar groups (the Andigenum Group of upland Andean genotypes containing diploids, 

triploids, and tetraploids and the Chilotanum Group of lowland tetraploid Chilean landraces, 

Solanum ajanhuiri (2n), Solanum juzepczukii (3n), and Solanum curtilobum (4n).  

Regarding the landrace and wild potato species, it is suggested by Spooner et al. (2014) that 

the South American and Central American continent originates 107 accepted different tuber-

bearing species of the genus Solanum. Within this publication the working group taxonomically 

revised the classification of Hawkes (1990), who recognized over 220 wild potato species and 

seven cultivated ones. 

1.2.9.1 Natural potato resistance genes 

In potato, inheritance of resistance genes mediating hypersensitive resistance (HR) and 

extreme resistance (ER) to viruses is monogenic and dominant (Solomon-Blackburn and 

Barker 2001b; Cadman 1942; Cockerham 1970; Valkonen et al. 1996). The nomenclature of 

resistance genes in potato was standardized by Valkonen et al. (1996) and approved by 

Solomon-Blackburn et al. (2001a). Here, the initial capital letter represents a dominant 

resistance gene and broadcasts the resistance type (usually N for HR and R for ER or other 

Resistance types). The neighboring lower-case letter indicates the resisting virus or virus 
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strain. Finally, the species in which the resistance was found is indicated in lower case 

subscript. In a few cases, the virus letter is followed by the virus strain in upper case subscript.  

HR is expressed as the prevention of virus spreading by programmed cell death leading to 

local lesions or systemic necrosis and is included in SAR (Bawden 1936; Ross 1986; Valkonen 

et al. 1998; Gozzo and Faoro 2013). HR genes in potato cultivars and wild potato species have 

been known for a long time and are used as sources for resistance, for example against PVA 

(Natbr; found in Solanum tuberosum by Cadman 1942 and Cockerham 1970), PVX (Nxtbr; Nxchc 

and Nxphu), which were sourced from Solanum tuberosum ssp. tuberosum = Solanum 

tuberosum L. Chilotanum Group and Solanum chacoense found by Cockerham 1970 and 

Solanum phureja = Solanum tuberosum Andigenum Group found by Valkonen et al. 1995, 

respectively. HR resistance genes against PVY-C (Nctbr; Cockerham 1970; Jones 1990), PVY-

O (Nytbr; Hutton, 1951 cited in Solomon-Blackburn et al. 2001a) were sourced by Solanum 

tuberosum, PVY-All (Nyadg), PVX (Nxadg; Cockerham 1970) and PVS resistance (Nsadg) 

resulted from crossings with the cultigen Solanum tuberosum ssp. andigena = Solanum 

tuberosum Andigenum Group described in Valkonen et al. (1994; 1996) See for new 

nomenclature Spooner et al. (2014) and the section before. Nychc and Nydms resistance genes 

against PVY were originated from Solanum chacoense and Solanum demissum both found by 

Cockerham 1970. PVM HR resistance genes were sourced by Solanum gourlayi = Solanum 

boliviense = Solanum megistacrolobum (Nmmga, Dziewonska and Ostrowska 1977; Valkonen 

et al. 1996; Spooner et al. 2014) and some HR defense genes counteracting PLRV are 

originated by Solanum berthaultii (Nlber; Ross and Baereke 1951 in Valkonen et al. 1996). More 

detailed lists can be consulted from Valkonen (1994), Valkonen et al. (1996) and Solomon-

Blackburn et al. (2001a). The HR response of potatoes to virus infection is more widely 

distributed and available than ER, but often virus strain specific (Ross 1952, 1958 and 

Cockerham 1955, 1958 cited in Valkonen et al. 1996). 

In contrast to HR, potato plants conferring extreme resistance (ER) to a virus species, block 

virus multiplication and show no or minor symptoms after virus infection (Ross 1986; Solomon-

Blackburn et al. 2001a). They possibly become virus infected but hold extremely low virus titers 

(Ross 1986; Benson and Hooker 1960). Extreme resistant potatoes are often resistant to 

several strains of a virus or even to several viruses leading to broad spectrum immunity of 

potato plants, but they are less common among potato cultivars. In that respect, ER as 

monogenic resistance could be controlled by numerous closely linked genes rather than a 

single gene (Staskawicz et al. 1995). 

Many ER resistances were originated from Solanum stoloniferum (Rysto; Rasto; Solomon-

Blackburn et al. 2001a), Solanum hougasii (Ryhou; Cockerham 1970), Solanum acaule (Rxacl; 

Cockerham 1970) or from the cultigens Solanum tuberosum ssp. andigena (Raadg; Hamalainen 

et al. 1997; Ryadg; Valkonen 1994; Rxadg; Cockerham 1970) and Solanum tuberosum ssp. 
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tuberosum (Rxtbr; Cockerham 1970) conferring resistance against PVY and/or PVA and/or 

PVX. Furthermore, the Ryadg or Rysto resistance genes are thought to colocalize (Brigneti et al. 

1997) and impart resistance to all till now identified PVY strains (Machida-Hirano 2015). In 

commercial potato cultivars, ER resistance against PLRV was introduced by Solanum 

chacoense (Brown and Thomas 1994) and Solanum acaule (Swiezynski et al. 1989). For ER 

against PVM, Solanum gourlayi = Solanum brevicaule (Rsgrl; Dziewonska and Ostrowska 

1978; Spooner et al. 2014) served as source and ER resistance against PVS originated directly 

from Solanum tuberosum (Rstbr, Alfieri, 1960 in Valkonen et al. 1996). Additionally, polygenic 

resistance against PLRV has arisen from germplasm of Solanum demissum (Brown and 

Corsini 2001, Ross 1986). 

Virus tolerance is considered for individual potato plants or varieties, which remain 

symptomless even if they are infected with a high number of virus particles (Solomon-

Blackburn and Barker 2001b; Cooper and Jones 1983). This is often a polygenic inherited 

characteristic (Shahjahan et al. 1990) and therefore difficult to investigate due to the tetraploid 

genome of commercial table potatoes. Moreover, virus tolerance of potato plants is an interplay 

of the strength of virus type or strain virulence, the environmental conditions for virus 

accumulation, the external virus exposition frequency and genetic preconditions. 

1.2.9.2 Conventional breeding  

The genome of most modern potato varieties is mainly tetraploid (2n = 4x = 48), whereby wild 

potato species and landraces comprise different levels of genome ploidy. The diploid Solanum 

boliviense (2n=2x=24), diploid and triploid varieties rating among the Solanum section Petota 

species Solanum chacoense and Solanum berthaultii (2n=2x=24; 2n=3x=36), the tetraploid 

Solanum stoloniferum (2n=4x=48), the pentaploid Solanum curtilobum (2n=5x=60) and the 

hexaploid wild potato species Solanum demissum and Solanum hougasii (2n=6x=72) are 

examples for the diversity of potato genome size. Due to several genetically based boundaries 

of prezygotic nature including self-incompatibility, unilateral incompatibility and further stylar 

barriers and postzygotic, endosperm based boundaries including genome ploidy variations, 

interspecific hybridization is not trivial for potatoes (Jansky 2006; Spooner et al. 2014). 

The correct endosperm development is critical for viable seed production in potatoes. 

Intraspecific crossings, were both crossing partners exhibit the same ploidy levels, typically 

produce potent seeds containing well developed endosperm. On the contrary, in most 

interspecific crossings with variable ploidy levels of the crossing partners, endosperm failure 

results in incapacitated seeds (Brink and Cooper 1947). However, sometimes interploidy 

interspecific crosses succeed. The crossing success probability can be predicted by the 

endosperm balance number (EBN; Johnston and Hanneman 1980). Johnston and Hanneman 

(1980) recommended here a 2 maternal:1 paternal ratio of endosperm balance factor genes, 
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rather than genomes as essential for normal endosperm development. Solanum section Petota 

species have been allocated to EBNs based on their interspecific hybridization ability 

(Hanneman 1994). Potent seeds are expected from crossings where male and female 

gametes have matching EBNs, whilst other hybridization barriers are absent. But varieties with 

the same ploidy level do not necessarily hybridize if they have different EBNs. However, the 

genetic foundation of EBNs is not yet elucidated, since proposed genetic models have not 

found general agreement (Ehlenfeldt and Hanneman 1988; Camadro and Masuelli 1995) but 

it is likely that genes on different potato chromosomes appear to control EBN (Johnston and 

Hanneman 1996). Additionally, the inheritance of EBN seems to work similar within Solanum 

section Petota (Bamberg 1994). According to Spooner et al. (2014) most common ploidy and 

EBN combinations comprise 6x (4EBN); 4x (4EBN); 4x (2EBN); 2x (2EBN) and 2x (1EBN). 

Additionally, Johnston and Hanneman (1980) suggested that species tested with EBN less 

than their respective genome ploidy level could have genome differentiation, like disomic 

inheritance. 

Endosperm balance number and 2n gametes are suggested to have played a crucial role in 

the development of auto- and allopolyploidy in Solanum species (Den Nijs and Peloquin 1977; 

Camadro and Peloquin 1980; Ortiz and Ehlenfeldt 1992; Carputo et al. 2003; Cai et al. 2012; 

Spooner 2016). Recessive alleles of genes involved in regulation of meiosis are responsible 

for the production of numerically unreduced (2n) gametes. These alleles in homozygous 

status, lead to interruption of meiosis resulting in gametes containing the complete parental 

(sporophytic) chromosome number. Wild Solanum species tend to create 2n gametes, which 

likely contributed to the creation of spontaneous tetraploid potato species including food crop 

potato species (Marks 1966; Den Nijs and Peloquin 1977; Spooner et al. 2014). In order to 

transform disease resistance genes in natural, EBN predicted incompatible crossings, the EBN 

can be manipulated (Jansky 2006; Johnston and Hanneman 1982) by using natural fertile 

dihaploids from diploid wild potatoes (Werner and Peloquin 1990) or synthetic fertile dihaplois 

established by antherculture using for example colchicine (Sonnino et al. 1989) or promoted 

parthenogenesis by systematic crossing (Peloquin and Hougas 1959). 

In case of pre- and postzygotic crossing barriers, mentor pollination in combination with 

embryo rescue methods could be used to produce interspecific hybrids (Jansky 2006). 

Previously, the compatible mentor pollen was treated to inhibit pollen fertility with retained 

power to stimulate fruit development and to remove the barriers for incompatible pollen that 

eventually reaches the ovules to effect fertilization (Jansky 2006).  

Although, the application of somatic cell fusion technologies in potato is a pure in vitro 

technology, protoplast culture is integrated into conventional combination breeding techniques 

due to fast established hybrids serving as parents in further combination breeding resulting in 

varieties with conventional admission, if no further genetic manipulation took place. It has been 
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frequently used to combine the genomes of Solanum species that are sexually incompatible 

due to pre- and postzygotic barriers by circumventing the sexual reproduction process 

(Helgeson et al. 1986; Jansky 2006).  

1.2.9.3 Engineered resistance 

1.2.9.3.1 Pathogen derived resistance 

The expression of viral CPs within potato plants (CP-mediated resistance) was the first 

successful approach in molecular biological potato virus resistance research (Abel et al. 1986). 

In the beginning of the 90s, the varieties ˈBintjeˈ, ˈEscortˈ and ˈRusset Burbankˈ were 

transformed in order to express the coat proteins of PVX (Hoekema et al. 1989; Kaniewski et 

al. 1990), PVY (Kaniewski et al. 1990) and PLRV (van der Wilk et al. 1991; Kawchuk et al. 

1991) leading to improved resistance against infection by these viruses. CP-mediated 

resistance comprises the insertion of sense and/or antisense sequences of viral structural 

proteins, in this case the coat protein (Waterhouse et al. 1998). The mechanism behind, is not 

yet fully understood (Bendahmane et al. 2007). Mode of action theories are the inhibition of 

viral RNA translation by viral target protein accumulation or accumulation of the viral RNA itself, 

inhibiting viral multiplication in a dose-dependent manner (Besong-Ndika et al. 2015; Galvez 

et al. 2014) or a RNA-mediated mechanism leading to RNA silencing processes (Waterhouse 

et al. 1998; Zerbini et al. 2005; Galvez et al. 2014). Other genomic sequences used in that sort 

of resistance are coding for viral non-structural proteins like replicase proteins or movement 

proteins, which are thought to act in a RNA-mediated manner, as well (Mueller et al. 1995; 

Galvez et al. 2014). In that respect, RNA silencing is due to sequence identity between the 

transgenic plant derived RNA and the viral RNA leading to dsRNA formation. The created 

dsRNAs serve as substrate for the RNaseIII-like enzyme Dicer, which cleaves the long dsRNA 

into siRNAs. Incorporation of siRNAs into the RISC complex leads to viral RNA silencing 

(Novina and Sharp 2004). However, viral transgenes transformed as sense or anti-sense are 

often unstable and regularly yield in partial resistance (Mäki-Valkama et al. 2000; Arif et al. 

2012). Broad-spectrum resistance approaches (Ai et al. 2011; Arif et al. 2012; Hameed et al. 

2017) and lower viral recombination probability (Tenllado et al. 2004) was achieved by using 

short viral sequences, like hairpin RNAs and modified hairpin RNAs, called artificial microRNAs 

(amiRNAs; Song et al. 2014; Ai et al. 2011) instead of using the whole viral sequence coding 

for one protein to produce siRNAs. For stimulation of dsRNA formation and therefore 

stimulation of sequence specific RNA silencing machinery prior to virus infection, inverted 

repeat constructs of sense and antisense viral genome sequences were designed and 

contributed to higher resistance stability (Hameed et al. 2017; Prins et al. 2008; Waterhouse 

et al. 1998). In theory, viral RNA is promptly targeted and degraded even before virus-encoded 

RNA silencing suppressor proteins are formed leading to high efficiency to respective virus 
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infection (Waterhouse and Helliwell 2003), as well as against viruses with related genomic 

sequence up to 93% sequence similarity (Missiou et al. 2004). The silencing efficiency in 

pathogen derived engineered resistance is highly depending on the applied sequences in 

combination with incorporation affinity of the RISC complex (Chen et al. 2010; Jiang et al. 

2011; Song et al. 2014). 

Nevertheless, the probability of viral recombination events in plants carrying pathogen derived 

resistance infected with avirulent viruses was proofed in the laboratory under high selective 

pressure. Different research groups demonstrated virulence increase under selective 

conditions (Schoelz and Wintermantel 1993; Greene and Allison 1994; Aaziz and Tepfer 1999; 

Tepfer et al. 2015). However, Flatken (2006) and Dietrich et al. (2007) compared 

recombination frequency of several potato viruses in transgenic and non-transgenic potato 

plants. They found a low emergence likelihood of novel viruses with virulent prospective 

(Dietrich et al. 2007; Tepfer et al. 2015). In pathogen derived resistance, short viral sequences 

should be favored in order to lower recombination probability (Aaziz and Tepfer 1999; Tenllado 

et al. 2004). 

1.2.9.3.2 Pathogen targeted resistance 

Compared to pathogen derived resistance described before, the expression of non-viral 

sequences in pathogen targeted resistance transgenic plants probably lowers the viral 

recombination risk (Aaziz and Tepfer 1999; Gargouri-Bouzid et al. 2006). The generation of 

artificial “plantibodies”, binding on functional domains of viral proteins, lead to virus inactivation 

and therefore to prevention of viral infestation (Safarnejad et al. 2011). For example, cytosolic 

(Ayadi et al. 2012), as well as apoplastic (Gargouri-Bouzid et al. 2006) expression of single-

chain variable Fragment (scFv) antibodies targeting the protease Nla of PVY, resulted in 

transgenic plants displaying efficient inhibition of virus multiplication. Additionally, Nickel et al. 

(2008) reduced PLRV accumulation by scFv antibody-mediated inhibition targeting the P1 

protein. Recently, the application of 3D8 scFv antibodies with nucleic acid hydrolyzing activity 

provoked broad-spectrum resistance to DNA and RNA genomic viruses in tobacco and potato 

plants (Yang et al. 2017). Yang et al. (2017) challenged these transgenic plants with PVX and 

discovered PVX-tolerance referring to the expression of 3D8 scFv antibodies.  

Targeted genome editing (TGE) techniques generating transgenic and cisgenic plants are 

specific and directable (Hartung and Schiemann 2014; Small and Puchta 2014; van Eck 2018). 

In contrast to transgenic crops, cisgenic plants only exhibit genes deriving from other varieties 

or relatives (Hou et al. 2014). These single genes could naturally be transferred by sexual 

hybridization or by using conventional breeding techniques and allows cultivar improvement 

with only innate alleles, including resistance alleles, from the breeders gene pool in a shorter 

time (Hou et al. 2014; Schouten et al. 2006). Cis-plant genomic modifications achieved by TGE 
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technologies are suggested to be indistinguishable from natural mutations in the conventional 

counterparts (Jacobsen and Schouten 2009; Davison and Ammann 2017; Ishii and Araki 

2017). Since the last decade there is discussion about distinguishing cisgenic plants from 

transgenic plants regarding genetically modified organisms (GMOs) regulations for liberation 

and cultivation (Schouten et al. 2006; Ishii and Araki, 2017; van Eck 2018).  

TGE techniques employ engineered nucleases, including meganucleases (Epinat et al. 2003; 

Osakabe and Osakabe 2015), zinc finger nucleases (ZFNs; Kim et al. 1996; Osakabe and 

Osakabe 2015), transcription activator-like effector nucleases (TALENs; Bogdanove and 

Voytas 2011; Osakabe and Osakabe 2015), and clustered regularly interspaced short 

palindromic repeats /associated protein nucleases (CRISPR/Cas; Jinek et al. 2012; Doudna 

and Charpentier 2014; Subburaj et al. 2016) to mediate specific nucleic acid sequence editing. 

To facilitate TGE, delivery methods of TGE reagents are needed and denoted as 

transformation methods, this also includes protoplasts (Andersson et al. 2017), particle 

bombardment and Agrobacterium based mediation (Wang et al. 2015; Ma et al. 2017).  

In potato, the modification of the acetolacetate synthase gene (Nicolia et al. 2015), improved 

cold storage and processing traits (Clasen et al. 2016) and modification of starch branching 

enzyme and an acid invertase (Ma et al. 2017) were achieved by TALENs. CRISPR/Cas was 

used for further alteration studies on the acetolacetate synthase gene (Butler et al. 2015), to 

produce auxin/indole-3-acetic acid gene knock out potato plants (Wang et al. 2015) and to 

modify starch quality (Andersson et al. 2017). Till now, we do not know of any cisgenic food 

crop potato plants with potato virus resistance genes from Solanum section Petota species 

achieved by TGE techniques (Malzahn et al. 2017; van Eck 2018).  

1.2.10 Plant metabolites in potato-potato virus interaction 

As described in section 1.1, the first reaction of a plant after viral pathogen contact takes place 

at the molecular level. This leads then to a physiological change of many processes in the 

plant, which includes alterations in respiration, photosynthesis rate, hormone concentrations 

and the accumulation of pathogenesis-related proteins, signal compounds and reactive oxygen 

species (ROS). Subsequently, the plant cellular morphology undergoes viral-triggered 

changes like cell wall thickening due to deposition of callose, lignin and other polyphenols 

(Hinrichs-Berger et al. 1999). Further plant cellular alterations are reduced cell division, 

degeneration of chloroplasts, peroxisomes and complete cell death appearing as 

macroscopically observable symptoms like vein clearing, mosaic, chlorosis and necrosis, plant 

stunting and delayed tuberization (Dolenc et al. 2000; Kogovšek and Ravnikar 2013). The viral-

triggered lower chlorophyll content in potato plants was first discovered by Milavec et al. (1999; 

2001) using HPLC. The viral-triggered reduction of photosynthetic activity in potato plants was 

measured by Zhou et al. (2004), using an infrared gas analyzer combined with a fluorometer 
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for chlorophyll fluorescence measurement. While measurement of total photosynthetic 

pigments in PVY-inoculated and mock-inoculated potato plants, the ratios in symptomatic 

potato leaves of carotenoids to chlorophylls were significantly increased, whereas the ratios of 

chlorophyll a to b did not change (Milavec et al. 2001). Furthermore, the work of Milavec et al. 

(1999; 2001) and Zhou et al. (2004) was later on confirmed by Pompe-Novak et al. (2006), 

Baebler et al. (2009; 2011), Kogovšek et al. (2010) and Stare et al. (2015) using transcriptome 

analysis and non-targeted proteomics. All of them revealed downregulation of expression of 

photosynthetic related genes as a late response to viral infection of potato plants. Recently, an 

integrative study of Kogovšek et al. (2016) revealed linkages between changes in gene 

expression and changes on the metabolomic level. They found potato viral-triggered changes 

often on the level of primary metabolism including carbohydrate and amino acid metabolism, 

the citric acid cycle (CAC), the γ-aminobutyric acid (GABA) shunt and the antioxidative 

metabolism.  

1.2.10.1 Signalling and hormonal change in potato-potato virus interaction 

Hormones are signalling molecules, which perfuse the plant to stimulate growth and response 

to environmental stress (Alazem and Lin 2015). Several hormones, like salicylic acid (SA), 

jasmonic acid (JA), ethylene (Et) and abscisic acid (ABA) have been known for their roles in 

regulating plant environmental responses, while others are more prominent for their roles in 

plant growth and development, such as gibberelins (GA), brassinosteroids (BR), cytokinins 

(CK) and auxins. However, some of them were recently found to play a role in pathogen 

defence responses, as well (Bari and Jones 2009; Santner et al. 2009; Denancé et al. 2013; 

Alazem and Lin 2015).  

Generally, SA is proven to be essential to express SAR (Systemic acquired resistance) in most 

plants. SAR needs mobile signals that travel through the vascular system to activate defense 

responses in distal tissues in response to pathogen infection. SA is known being an essential 

signal molecule for the onset of SAR. The synthesis of SA that normally occurs by 

hydroxylation of benzoic acid, is overextended by the chorismite route employing the enzyme 

isochorismate synthase (ICS; Wildermuth et al. 2001; Gozzo and Faoro 2013). Its systemic 

relocation activity functions via methyl esterification leading to improved portability of the 

molecule (Pieterse et al. 2009). The key function of SA has been the induction of pathogenesis-

related (PR) defense gene expression by involving the essential transducer NPR1 (non-

expresser of pathogenesis related gene 1) protein (Gozzo and Faoro 2013). The oligomeric 

form of NPR1 is present in the cytoplasm, linkage to SA initiates disassembling and 

translocation to the nucleus. Within the nucleus, the monomer NPR1 promotes effective 

expression of PR defense genes (Gozzo and Faoro 2013). Moreover, gentisic acid a 

downstream metabolite of SA has been found, in addition to SA, to activate as a pathogen-
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inducible signal plant defense in tomato and was mainly associated with systemic infections in 

compatible plant-pathogen interactions (Bellés et al. 2006; Fayos et al. 2006) . 

In contrast to SA, JA and Et are signals involved in plant responses to wounds and damage 

and are typically activated upon colonization of plant roots by beneficial microorganisms such 

as root-colonizing bacteria or mycorrhizal fungi and herbivorous insects. They are elicitated by 

various microbial components to prime plants to boost their defense upon pathogen attack. 

This form of resistance is called induced systemic resistance (ISR). ISR is commonly regulated 

by JA and Et and in contrast to SAR, it is typically not associated with the activation of PR 

genes but with JA- and Et-dependent gene expression. Both SAR and ISR are effective against 

a broad spectrum of virulent plant pathogens. 

The name of ABA indicates its role in leaf abscission via accelerating deposition of callose to 

act as a barrier between living and dead cells. ABA has been thought to play a similar role in 

callose deposition working as a barrier in response to infection by pathogens (Gozzo and Faoro 

2013). 

Hormones cross talk with each other in antagonistic or synergistic manner (Vlot et al. 2009; 

Alazem and Lin 2015). In Arabidopsis, antagonistic cross talk happens for SA signalling 

pathway, which suppresses the ABA signalling pathway via NPR1, while ABA treatment 

inhibits SA dependent SAR (systemic acquired resistance) induction (Yasuda et al. 2008). 

Additionally, WRKY8 transcription factor positively mediates ABA signalling pathway via 

expression enhancement of ABI4 (ethylene-responsive transcription factor 4, which regulates 

the ABA signaling pathway), while it negatively modulates the expression of ACS6 (1-

aminocyclopropane-1-carboxylate synthase 6 gene, a precursor of Et) and ERF104 (ethylene-

responsive transcription factor 104) leading to inhibition of Et synthesis (Chen et al. 2013) and 

therefore inhibition of plant viral long-distance movement (Love et al. 2005; Love et al. 2007). 

Furthermore, the JA pathway positively regulates the Et pathway (Bari and Jones 2009), 

leading to synergistic effects. Conversely, the induction of the JA/Et pathway represses the 

expression of certain genes downstream of SA signalling via MAPK4 (mitogen-activated 

protein kinase 4; Petersen et al. 2000; Koornneef and Pieterse 2008). However, SA signalling 

pathway, in turn, suppresses the JA/Et pathway through NPR1 (Spoel et al. 2003; Bari and 

Jones 2009) and WRKY70 (Koornneef and Pieterse 2008; Bari and Jones 2009).  

Investigations on potato-Potato virus interaction systems revealed the accumulation of JA as 

a very early and local respond to mechanical virus inoculation (Kovač et al. 2009). Early after 

inoculation, Kovač et al. (2009) found higher concentrations of JA and it's precursor in resistant 

(cv. 'Sante') than in moderately sensitive (cv. 'Désirée') varieties. However, expression studies 

for genes involved in JA metabolism of the same variety, 'Sante', did not show relevant 
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response (Baebler et al. 2009). Therefore, the detailed role of JA in potato pathogenesis 

remains unclear (Kogovšek and Ravnikar 2013).  

Generally, potato plants comprise high levels of basal SA (Yu et al. 1997), shifting with the 

potato variety. However, this high basal SA levels do not correlate with potato virus resistance 

(Yu et al. 1997; Krečič‐Stres et al. 2005). At early PVY infection stages, the susceptible variety 

'Igor' comprised increased SA concentration (Krečič‐Stres et al. 2005). In contrast, detected 

SA concentration in tolerant (cv. 'Desiree') and resistant (cv.'Sante') varieties did not increase 

1-3 hours after PVY-inoculation (Kovač et al. 2009). However, the transgenic counterpart of 

the tolerant potato cultivar 'Désirée' that was modified by expression of the nahG gene ('nahG-

Désirée'), encoding the enzyme salicylate hydroxylase, which converts SA to catechol, 

develops after PVY infection severe symptoms (Baebler et al. 2011). Therefore, the virus 

tolerance mechanism of 'Désirée' was disrupted with depleted SA accumulation (Kogovšek 

and Ravnikar 2013). The symptom development have been averted with spraying a SA-

analogue on 'nahG-Desiree' plants 24 hours before virus inoculation (Baebler et al. 2011). 

Besides SA acting as a signalling compound, Kogovšek and Ravnikar (2013) assumed that 

SA is probably involved in inhibition of cell-to-cell movement and systemic spread of the virus 

in potato plants.  

Viral-triggered symptom development is suggested to be partially connected with cytokinins 

(Kogovšek and Ravnikar 2013; Spoustová et al. 2015). Because, viral infected, in vitro potato 

plants of the sensitive cultivar 'Igor' showed a symptom-less phenotype together with increased 

biologically active cytokinin concentration in their shoots (Dermastia and Ravnikar 1996). 

Additionally, for the roots of symptomatic, in vivo potato plants of the same cultivar, substantial 

biological inactivation of cytokinins took place (Dermastia et al. 1995).  

The expression of genes related to biosynthesis of brassinosteroids were upregulated early 

after inoculation with PVY in the resistant cultivar 'Sante', but not in sensitive varieties, 

suggesting an involvement in PVY resistance (Baebler et al. 2009). Recently, there was a 

functional relationship found between lower activity of gibberellin signalling and reduced 

disease severity, which is regulated by endogenous small RNAs (sRNA) and SA-dependent 

(Kriznik et al. 2017), but remains to be confirmed in the potato-Potato virus system. According 

to Kogovšek and Ravnikar (2013) and Alazem and Lin (2015), other plant hormones, like 

ethylene (Alves et al. 1981), auxins (Nassar and Adss 2016), and abscisic acid (ABA, Alazem 

and Lin 2017), were not deeply investigated in potato–Potato virus interaction, so far, but cDNA 

microarray studies (Baebler et al. 2009) indicated their involvement. Additionally, investigations 

on viral defence in other host plant-virus systems revealed a high impact of the sesquiterpene 

ABA (Alazem and Lin 2017). The impact seems pleiotropic, due to, on the one hand, induction 

of callose deposition at the plasmodesmata, limiting viral cell-to-cell movement by 
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transcriptionally decreasing of β-1,3 glucanases (Benitez-Alfonso et al. 2010; Oide et al. 2013; 

Wang et al. 2013; Alazem and Lin 2017) and, on the other hand, by regulating the expression 

of the whole Agonaute gene family coding for proteins playing a crucial role in RNA-silencing 

(Alazem et al. 2017; Alazem and Lin 2017). Furthermore, the expression of the wound-induced 

proteinase inhibitor II (PIN2) gene in tomato and potato is mediated by ABA, JA and the wound-

associated DAMP-peptide systemin (Peña-Cortésetal.,1995, Savatin et al. 2014). 

1.2.10.2 Direct defence response in potato-potato virus interaction 

According to van Loon et al. (2006) and Sels et al. (2008), the term PR-protein typifies inducible 

direct defence-related proteins or also called pathogenesis-related proteins. Peroxidase gene 

expression was investigated in the potato-potato virus interaction system, which was enhanced 

for sensitive (cv. 'Igor'), tolerant (cv. 'Désirée') and for resistant (cv. 'Sante') varieties (Milavec 

et al. 2008). Peroxidases belong to the PR-protein family PR-9 and lead to the formation and 

conversion of H2O2. In potato-potato virus interaction, accumulation of H2O2 was investigated 

via in vivo derivatization experiments of H2O2 with diaminobenzidine (DAB) or cerium(III) 

chloride (CeCl3) with subsequent light microscopical or electron microscopical observations, 

respectively (Otulak and Garbaczewska 2010). Besides accumulation of H2O2 in potato tissue 

and cell compartments containing the virus, oxidative burst was initiated. The discovered 

localization of H2O2 in the nucleus and chloroplasts of virus infected potato plant cells has been 

suggested to direct gene expression in both cell compartments supporting the assumption of 

H2O2 acting also as a signalling molecule (Otulak and Garbaczewska, 2010; Kogovšek and 

Ravnikar, 2013). 

The gene expression of genes coding for the PR-6 protein family, which are protease inhibitors, 

showed early after PVY infection of PVY resistant plants (cv. 'Sante') strong upregulation, while 

PVY sensitive plants (cv. 'Igor') did not show enhanced upregulation of members of the PR-6-

protein family when PVY infected. Protease inhibitors defend viruses by probably affecting the 

ability of completing their replication (Gutierrez-Campos et al. 1999; Sels et al. 2008). 

Additionally, altered ratios between cysteine proteinases and their respective inhibitors in PVY 

infected in vitro plants were observed, which could represent their potential protective role in 

the plant response against PVY-infection (Pompe-Novak et al. 2002).  

β-1,3-Glucanases are classified as PR-2 protein family. They have a broad impact on 

plasmodesmatal movement of diverse virus types (Iglesias and Meins 2000). In β-1,3-

Glucanase deficient plants, deposition of callose, a substrate of β-1,3-Glucanases, took place, 

which, in turn, serve as physical barrier in the plant vascular system. The precise role of β-1,3-

Glucanases in potato–potato virus interaction remains unclear owing to the discrepancy 

whether their expression was induced in protective response to viral infection or due to viral 
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control to enable proper virus movement (Baebler et al. 2009; Kogovšek et al. 2010; Kogovšek 

and Ravnikar 2013).  

Therefore, besides defense related molecules, enhanced activity, expression or synthesis of 

host specific compounds could be also due to viruses supporting the formation of these host 

molecules and hijacking them for their own purposes as already mentioned in section 1.1.1. 

The plant innate heat shock protein (HSP) family are proteins, which have been recognized as 

serving the virus in plant–virus interaction to play a role in achieving the requirement for quick 

protein maturation during virus multiplication, viral cell-to-cell and long-distance movement, 

intracellular transportation and membrane insertion of viral replication proteins and their 

assembly (Nagy and Pogany 2010). For potato-potato virus interactions cDNA microarray 

studies revealed early after virus infection of the PVY-sensitive potato variety ('Igor'), mainly 

enhanced expression of genes encoding HSPs, whereas the PVY-resistant cultivar ('Sante') 

showed decreased expression of the same genes compared to the healthy control plants 

(Baebler et al. 2009). According to Baebler et al. (2011), comparison of symptomatic/sensitive 

and asymptomatic/tolerant genotypes revealed stronger expression response of PR-protein 

genes in PVY-infected and susceptible varieties than in tolerant genotypes at the site of 

inoculation. 

1.2.11 Secondary plant metabolites in potato-pathogen interaction 

In divergence to primary plant metabolites, secondary plant metabolites are chemical 

compounds produced by plants not directly involved in plant growth, but in plant adaption to 

environmental stress. Therefore, the before mentioned plant hormones and some defense 

related proteins can be rated among primary and secondary plant metabolites as hybrid 

molecules. 

Permanently synthesized secondary plant metabolites that significantly accumulate as a 

response to biotic (and abiotic) stress are termed phytoanticipins (van Etten et al. 1994). 

Phytoanticipins are distinguished from phytoalexins, which are secondary plant metabolites 

produced de novo and their production is directly triggered by pathogen invasion (Müller and 

Börger 1940 in Jeandet et al. 2014; van Etten et al. 1994). The distinction between 

phytoalexins and phytoanticipins always ends with the limit of detection of the technical 

equipment used for analysis. Some phytoanticipins can be stored in plant cells as inactive 

precursors but they can comfortably be converted into biologically active antibiotics and/or 

released as active compound in response to pathogen attack (Morrissey and Osbourn 1999; 

Jadhav et al. 1991). Over 75 years ago, Müller and Börger (1940) first introduced this concept 

of phytoalexins, after recognizing that infection of potato plants with a mild Phytophthora 

infestans strain, significantly repressed the effect of a subsequent infection with a more virulent 

strain of the same fungi. The authors connected this reaction to “phytoalexins” produced by 
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the plant cells leading to a systemic defense reaction (Müller and Börger 1940 in Jeandet et 

al. 2014). This was later confirmed by SA as main trigger for systemic acquired resistance 

(SAR; Gaffney et al. 1993), but since SA is permanently produced and therefore rated among 

phytoanticipins and involved in signalling processes and therefore also rated among plant 

hormones (Gaffney et al. 1993; Vlot et al. 2009; Asghari and Aghdam 2010; Bednarek 2012). 

Although SA has in vitro antifungal activity (Amborabe et al. 2002; Da Rocha Neto et al. 2015), 

in situ it likely shows a rather more potent activity as part of SAR signalling (Vlot et al. 2009; 

Bednarek 2012). For example SA triggers callose deposition owing to induction of PDLP5 that 

controls expression of callose synthesis genes like CalS1, and CalS8, leading to declined viral 

long-distance movement (Alazem and Lin 2017). 

In general, it is assumed for secondary plant metabolites playing a role in plant defense as 

direct antifungal (Piasecka et al. 2015), antiviral (Wan et al. 2015) or antibacterial agents 

(Bednarek 2012). Even scientists found these destructive activities in vitro for many secondary 

plant metabolites (Amborabe et al. 2002), it rather became evident that some of these 

compounds also act or mainly act in a more inter-linking way as signalling compounds leading 

to a plant hormone connotation (Gaffney et al. 1993; Grotewold 2008; Vlot et al. 2009; 

Bednarek 2012). Therefore, it is possible that also other secondary plant metabolites, which 

are currently rated among phytoalexins or phytoanticipins that are defined as direct weapons 

against pathogens, turn out to have signalling or even hormonal functions. 

Phytoalexins or phytoanticipins linked to virus infection have been found in several studies 

(e.g. camalexin in Hagemeier et al. 2001; Bednarek et al. 2005; Rajniak et al. 2015). Generally, 

changes in secondary plant metabolites during pathogen infection are well known and 

documented (Dixon and Paiva 1995; Piasecka et al. 2015, Kogovšek et al. 2016). Some 

phenolic compounds may accumulate due to virus infection on necrotic lesions probably 

because of their antiviral activity (Ehrenfeld et al. 2005, Kogovšek et al. 2016). A set of 

polyphenolic compounds are known, which form a stable complex with viral molecules to 

inactivate or inhibit them (Malhotra et al. 1996; Lim et al. 2017). However, other publications 

doubt this mode of action (Rusak et al. 2007). Additionally, viruses have no own metabolism. 

Hence, they need to employ and modify the metabolism of their host for reproduction (section 

1.1). Therefore, it is conceivable that completely new substances are formed by the virus-

controlled plant. The virus likely modifies the plant inert natural primary metabolism (e.g. the 

major carbohydrate metabolism, the amino-acid metabolism, the citric acid cycle, and the 

shikimate pathway) and the secondary metabolism (e. g. the phenylpropanoid pathway, the 

antioxidative metabolism) to fend for optimal replication conditions (Kogovšek et al. 2016). 

Examples of pathogen toxic phytoalexins in potato tubers in response to fungal storage 

diseases, like dry-rot (Gibberella pulicaris, Desjardins et al. 1992; Desjardins et al. 1995; 

Fusarium solani f. sp. Phaseoli, Varns 1971; Fusarium sambucinum, Ray and Hammerschmidt 
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1998), late blight (Phytophtora infestans; Tomiyama et al. 1960; Chalova et al. 1971; Coolbear 

and Threlfall 1985; Lisker and Kuc 1977), Phoma exigua var. foveata (Price et al. 1976; Walker 

and Wade 1978) and the bacterial field and storage disease causing black leg (Erwinia 

carotovora var. atroseptica; Lyon 1972; Lyon et al. 1975; Lyon and Bayliss 1975; Coxon et al. 

1977) are sesquiterpenes like rishitin, lubimin, solavetivone and phytuberin (Figure 8), which 

are synthesized via the acetate-mevalonate pathway in the cytosol (Gross 1979; Threlfall and 

Whitehead 1988). There is a relationship between pathogenicity and resistance to rishitin and 

lubimin of Gibberella pulicaris isolates (Desjardins et al. 1992; Weltring et al. 1998; Morrissey 

and Osbourn 1999). These isolates can degrade rishitin and lubimin to less or non-toxic 

compounds, which is the key for high virulence to potato tubers producing these compounds 

(Morrissey and Osbourn 1999). Additionally, after wounding low concentration of rishitin were 

noticed in potato tubers (Sakai et al., 1979). Stronger response to wounding was observed in 

the phenylpropanoid biosynthesis pathway of potato tubers, Johnson and Schaal (1957) and 

Craft and Audia (1962) found stimulation of chlorogenic acid biosynthesis and related 

compounds.  

For potato leaves infected with Phytophtora infestans, a report from Metlitskii et al. (1970) on 

sesquiterpene accumulation could not be confirmed (Rohwer et al. 1987), but in cell culture 

with cells originating from potato leaves, rishitin was detected after challenging cells with 

elicitiors (Threlfall and Whitehead 1988; Abenthum et al. 1995). Infection of potato plants with 

Erwinia carotovora var. atroseptica led to accumulation of sesquiterpenoids in potato plant 

stems, stolons and roots (Abenthum et al. 1995).  

Definitive preformed antifungal compounds in potato plants and therefore phytoanticipins are 

solanaceous, stereoidal glycoalkaloids (saponins), which consist of a O-glycosylated, about 

30 carbon atom basic structure (Friedman 2006). Sterols are synthesized in the plant cell 

cytoplasm via the acetate-mevalonate pathway (Jadhav et al. 1991). The major antifungal 

activity mechanism supposed for saponins is their ability to complex with sterols in fungal 

membranes causing loss of membrane integrity (Keukens et al. 1995; Armah et al. 1999; 

Morrissey and Osbourn 1999; Piasecka et al. 2015). Fungi able to infect saponin containing 

plants are more permissive to host plant saponins in vitro than non-pathogens are, which 

indicates saponin tolerance as obligatory for successful pathogen infection (Weltring et al. 

1997; Morrissey and Osbourn, 1999; Piasecka et al. 2015) 
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Figure 8: Phytoalexin and phytoanticipin candidates found to accumulate in potato tissue in response to biotic stress. 
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In potato, α-solanine and α-chaconine are the major fungicidal saponins (Figure 8; Morrissey 

and Osbourn 1999; Friedman 2006). Gibberella pulicaris is able to detoxify both potato 

steroidal glycoalkaloids (Weltring et al. 1997; Becker and Weltring 1998). Sesquiterpenes and 

steroidal glycoalkaloids of potatoes, are both biosynthetically derived through the acetate-

mevalonate pathway in the cytoplasm (Morrissey and Osbourn 1999). The accumulation of 

sesquiterpenes, like rishitin, has been reported to be associated with suppression of alkaloid 

emergence (Tjamos and Kuć 1982). 

Examples of phenolic accumulation in response to potato tuber pathogen infection are scopolin 

(Clarke and Baines 1976, elicitors: Phytophtora infestans, Phoma exigua var. foveate, 

Fusarium solani f. coeruleum) and phenolics like chlorogenic acid, caffeic acid and scopoletein 

derivates (Morrissey and Osbourn 1999, elicitor: Gibberella pulicaris).  

Keller et al. (1996) found in detached potato leaves, phenolic phytoanticipins after elicitation 

with Phytophtora infestans. These phytoanticipins were assigned to hydroxycinnamic acid 

amides (HCAA) that are plant amides and identified as caffeoylputrescine, feruloylputrescine, 

p-coumaroyltyramine and feruloyltyramine (Figure 8). Plant amides are small molecules of 

covalent bonding between carboxylic groups of hydroxycinnamic acids, fatty acids, or a 

phenolic acid, and non-aromatic or aromatic amine groups (Kumar et al. 2018). Their most 

prominent acidic parent compounds are caffeic, ferulic, and p-coumaric acids, which are all 

hydroxycinnamic acids that leads to the term hydroxycinnamic acid amides (HCAA; Kumar et 

al. 2018). Plant amides are known to possess antifungal, insecticidal, antiviral, 

antiinflammatory, antifeedant, and antibacterial properties (Borges-Del-Castillo et al. 1984; 

Ramsewak et al. 1999; Kumar et al. 2018) that probably supports pathogen defense in plants. 

In tomato plants, von Roepenack-Lahaye et al. (2003) identified after elicitation with the Avr9 

peptide elicitor from the fungus Cladosporium fulvum and the bacterial pathogen 

Pseudomonas syringae pathovar tomato increased concentrations of p-

coumaroylnoradrenaline and p-coumaroyloctopamine, which are derivates of p-

coumaroyltryramine and were identified as phytoanticipin by Keller et al. (1996). Schmidt et al. 

(1999) reported for elicited potato cell suspension cultures, production of several 

hydroxycinnamic acid amides, including feruloyltyramine, feruloyloctopamine, and p-

coumaroyloctopamine (Figure 8). Later on, Mittelstraß et al. (2006) could confirm induction of 

p-coumaroylnoradrenaline and p-coumaroyloctopamine in potato leaves infected with 

Phytophtora infestans and Alternaria solani by HPLC analysis, indicating a role of these 

substances in the resistance response against both pathogens. The authors investigating 

hydroxycinnamic acid amides and their induction in response to pathogen invasion, assume 

three plant resistance contributions of the compounds. They could act as direct antimicrobial 

substances, may help to strengthen the cell wall (Schmidt et al. 1999, von Roepenack-Lahaye 
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et al. 2003, Mittelstraß et al. 2006) or contribute to pathogen response of plants by a possible 

signalling role to induce defense pathways (Flors et al. 2003).  

1.2.12 Secondary plant metabolites in Solanaceae-potato virus 
interaction 

A Nigerian/Japanese working group (Balogun and Teraoka 2005) has conducted inoculation 

experiments with PVX and Tobacco mosaic virus (TMV) on tomato seedlings. They found by 

using Folin-Ciocalteu assays significant higher total concentration of methanol extractable 

phenolics in PVX and TMV inoculated seedlings compared to mock-inoculated seedlings. 

Moreover, Niehl et al. (2006) found in systemic PVX infection of potato plants induced 

accumulation of hydroxycinnamic acid amides (HCAA) like feruloyltyramine and p-

coumaroyldopamine (Figure 8). They discovered that the β-phenylethylamine-alkaloids 

tyramine, octopamine, dopamine and norepinephrine were highly induced upon PVX infection 

and form HCAA to contribute to active plant defense responses by likely improved cell wall 

stability via extracellular peroxidative polymerisation. 

In contrast to that, a Brazilian working group found for leaves of PVY-infected adult Physalis 

angulate plants (Nagai et al. 2015) no significant change in total flavonoid concentration. 

Moreover, Duarte et al. (2008) found in PVX-infected leaves of adult Datura stramonium plants 

significant decreased concentration of phenolics and alkaloids. However, high amounts of an 

unidentified compound were detected in mock-inoculated leaves, while twice as much was 

noted in PVX-inoculated ones (Duarte et al. 2008). The induction of the unidentified compound 

has been likely due to stress from mechanical injury and virus inoculation (Duarte et al. 2008).  

Baebler et al. (2009) analyzed in potato plants the effect of PVY-infection on the secondary 

metabolism of the resistant variety 'Sante' and the sensitive variety 'Igor'. Increased expression 

of genes involved in polyamine metabolism, deoxypodophyllotoxin synthase, phenylalanine 

ammonia lyase, and other enzymes involved in lignin biosynthesis were found in resistant 

potato plants. Whereas, changes in expression of these genes in plants of the sensitive cultivar 

were found not as strong, supporting the involvement of secondary potato metabolites in 

successful potato virus resistance. The same working group was able to confirm these results 

for PVY-infection on PVY-susceptible cultivar 'Igor' with two different isolates on the metabolite 

level, as well as on the transcriptome level (Kogovšek et al. 2016). 

Recently, NbTPS1 and NbEAH genes, which are involved in biosynthesis of the terpenoid 

capsidiol 3-acetate in tobacco, were found to be strongly induced in response to PVX-infection 

(Li et al. 2015b). Moreover, tobacco plants with silenced NbTPS1 or NbEAH genes were more 

susceptible to PVX-infection (Li et al. 2015b). 
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1.3 Nucleic acid-based detection techniques 

1.3.1 Polymerase chain reaction (PCR) 

The PCR enables the amplification of a small amount of specific nucleic acids in vitro due to 

imitation of in vivo DNA replication. Before Mullis and Faloona (1987) published the PCR 

application with a heat stable DNA polymerase isolated from a thermophilic bacterium called 

Thermus aquaticus, the principle of PCR was described by several authors. They were using 

a heat labile enzyme for DNA synthesis (Kleppe et al., 1971, Wells et al., 1967; Wu, 1972; Wu 

and Kaiser, 1968). Today PCR is involved in a broad spectrum of applications by employing 

multiple DNA polymerases with different properties and advantages. The basic principle of 

PCR consists of three steps. A double stranded DNA molecule melts via heat exposure (1. 

Denaturation at ~94°C). The formed single strand serves subsequently as template for primer 

binding (2. Annealing at the optimal primer binding temperature). Primers are short synthetic 

oligonucleotides, which act as starting points for the enzyme-catalyzed polymerization of 

deoxynucleotide triphosphates to form double stranded DNA, again (3. Elongation, at the 

optimal working temperature of the enzyme). Each primer binds complementary to one 

sequence fragment-end and starts the amplification to the direction of the other primers site. 

A heat stable DNA polymerase enzyme enables the specific complementary deoxynucleotide 

assembling between the two primers. The cyclic repetitions of the reaction steps facilitate the 

almost exponential multiplication of the template. During the PCR reaction, the net amplification 

rate approaches zero and the total quantity of the product reaches a plateau. The process of 

exponential amplification is limited by different parameters like the formation of pyrophosphate 

as byproduct, inhibiting the action of the DNA polymerase by complexation of the co-factor. 

Further factors influencing the amplification process are discussed in Morrison and Gannon 

(1994) and Kainz (2000).  

For documentation of PCR results different methods are used. The agarose gel 

electrophoresis is used to separate DNA fragments according to their size, based on their 

negative electrical charge. From the negative to the positive electrode of an applied electrical 

field, smaller DNA fragments move faster than bigger ones through the agarose mashes. 

Intercalating dyes like ethidium bromide (Etbr) enable nucleic acid visualization in a qualitative 

to semi quantitative manner. Quantitative result documentation methods refer to real-time PCR 

or also termed quantitative PCR (qPCR, Bustin et al. 2009). Thereby, the fluorescence is 

emitted proportionally to the evolved amount of dsDNA. Free fluorescence dyes like SYBR® 

Green I show low fluorescence emission in solution. Since they are incorporated into newly 

formed dsDNA, the fluorescence output increases (Dorak 2006). This leads to a non-specific 

quantification and therefore requires a further heat dissociation analysis or also termed melting 
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curve analysis at the end of the PCR reaction to detect primer dimers according to their 

dissociation temperature (Dorak 2006).  

The use of fluorescence resonance energy transfer (FRET) dyes is a specific quantification 

technology and avoids a fluorescence signal in case of primer dimers. Dye-primers like LUX™ 

(light upon extension) primers or Plexor™ primers employ a fluorophore close to the 3′end, 

which is quenched by the hairpin structure and released after amplification or a strong starting 

fluorescence signal is quenched while primer incorporation, respectively (Dorak 2006; Sherrill 

et al. 2004; Navarro et al. 2015). Other examples for FRET-based real-time nucleic acid 

amplification documentation techniques are oligonucleotide probes linked to a donor and/or an 

acceptor fluorophore as hybridization probes or hydrolysis probes. The action of hydrolysis 

probes depends on the 5′-3′ exonuclease activity of specific DNA-polymerases, like Taq 

polymerase (Holland et al. 1991). With the degradation of the bound probe during nucleic acid 

amplification, the quenched fluorophore on the 5′-end is released from the quencher at the 3′-

end of TaqMan® hydrolysis probes. In contrast, hybridization probes lead to fluorescence 

emission while discriminating the fluorophore and the quencher due to hybridization of the 

probe to the target. Additionally, the hybridization specificity can be monitored by application 

of melting curve analysis. Molecular beacons are single stranded hairpin structured 

hybridization probes, which lead to highly specific qPCR assays due to their high binding 

affinity and the extra dissociation analysis. For fluorescence emission, complete match 

between Molecular Beacon probe and target sequence is necessary, otherwise the hairpin 

structure prevails over the hybridization (Bonnet et al. 1999; Navarro et al. 2015). For 

quantification purposes, primer and probe design is crucial and the choice of specificity, GC 

content, stability, melting temperature and target sequence site of the oligonucleotides affect 

each other and their performance determines assay efficiency. To improve target-binding 

specificity and sensitivity probes, also primers can be attached to Minor groove binding (MGB) 

ligands or can have nucleic acid analogues incorporated (Kutyavin et al. 2000; Navarro et al. 

2015).  

1.3.2 Isothermal amplification techniques 

PCR has turned out as standard in nucleic acid amplification owing to simple experimental 

design, various application possibilities, stable and reliable result assessment. 

However, numerous approaches were developed to avoid the use of a thermocycler needed 

for PCR. Examples for isothermal amplification techniques are: Nucleic Acid Sequence-based 

Amplification (NASBA; Compton 1991), Strand Displacement Amplification (SDA; Walker et al. 

1992); Rolling Circle Amplification (RCA; Fire and Xu 1995; Lizardi et al. 1998); Signal 

Mediated Amplification of RNA Technology (SMART; Wharam et al. 2001), Isothermal Multiple 

Displacement Amplification (IMDA; Dean et al. 2002), Helicase Dependent Amplification (HDA; 
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Vincent et al. 2004), Recombinase Polymerase Amplification (RPA; Piepenburg et al. 2006), 

Single Primer Isothermal Amplification (SPIA; Kurn et al. 2005). Isothermal amplification based 

on DNA polymerases like Loop-mediated Isothermal Amplification (LAMP; Notomi et al. 2000) 

and its advanced development Smart Amplification Process (SMAP 2 or SmartAmp, Mitani et 

al. 2007) are characterized in more detail owing to investigations made for possible application 

as alternative to DAS-ELISA in seed potato certification. 

1.3.3 Isothermal amplification based on DNA polymerases 

The activity of the used DNA polymerases in combination with a specific primer design, where 

four to six primers for one primer set were used, defines this group of isothermal amplification. 

The primer set composition assists the DNA polymerase by the formation of stem-loop DNA 

structures that serve as templates for the subsequent exponential amplification. As soon as 

these stem-loop DNA intermediate products are formed, the strand displacement activity of the 

DNA polymerase proceeds in an auto-cyclic manner.  

The amplification principles and primer design of Loop-mediated Isothermal Amplification 

(LAMP, Notomi et al. 2000) and Smart Amplification Process (SMAP 2 or SmartAmp, Mitani et 

al. 2007) are similar. LAMP and SMAP 2/SmartAmp systems possess inner primers that are 

designed as hybrid-structures consisting of two, three or four parts, which are crucial for the 

formation of the stem-loop DNA structures. Generally, the 3′-end is always the annealing 

region, while the mid region often serves as spacer and the 5′-end modifies the template 

sequence for hybridization to an inner sequence complement of the template and to realize 

the formation of stem-loop DNA structures. The two outer primers have a role in strand 

displacement during the non-cyclic steps that are the reverse transcription step (in case RT-

LAMP), as well as formation of enough stem-loop structures by the action of the DNA 

polymerase. To accelerate the reaction, two additional primer types, loop primer and stem 

primer, are used for hybridizing to further target regions (Nagamine et al. 2002; Gandelman et 

al. 2011). However, the main difference between both techniques is that LAMP uses symmetric 

primer design, whereas SMAP 2 holds asymmetric primer design, which means that the two 

inner primers of LAMP are like the turn-back primer (TP) in SMAP 2, but the second inner 

primer of the SMAP 2 technique is a folding primer (FP, Mitani et al. 2007). Additionally, the 

inventor of SMAP 2, Mitani et al. 2007, employed the MutS protein (MutS) to increase the 

detection specificity and thus discrimination in SNP (Single-Nucleotide Polymorphism) 

identification.  

One could imagine that this group of isothermal amplification requires sophisticated primer 

design and afterwards intense efforts for primer selection (Siemonsmeier 2019). Of special 

importance is the assurance of specific and unique hybridization of all used primers to all six 

to eight primer binding sites. Therefore, the GC-content, secondary structure, primer melting 
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temperature (Tm), primer length, primer distance and stability of the base pairs of both ends 

of the designed primers must be accurately selected (Parida et al. 2008; Tong et al. 2011; 

Schaudies 2014).  

Dedicated research work has been done to make both technologies feasible for researchers. 

The available online primer designing tools are listed in Schaudies (2014) and are reviewed in 

Parida et al. (2008).  

1.3.3.1 Loop-mediated isothermal amplification (LAMP) 

Since the development of the LAMP technology by the working group of Notomi et al. (2000), 

the technology has been used in over 500 studies in the field of research and diagnostics 

(Schaudies 2014). Reasons for that are mainly the user-friendly software’s often freely 

available for the design of LAMP primer sets, the availability of the reagents, the simple 

operation of that technology without the need of a thermocycler and the great combinability 

with easy result-visualization techniques (Mori et al. 2001; Goto et al. 2009; Schaudies 2014).  

The outcome of a LAMP reaction are long, stacked stem-loop or also called dumpbell-

structures of DNA with numerous inverted repeats of the target, that were described by Gill et 

al. (2011) as cauliflower-like structures with multiple loops. The yield of a LAMP reaction with 

a volume of 25 µL achieves about 10–30 μg that is often over 20-fold higher than the yield of 

a PCR reaction containing the same reaction volume (Mori et al. 2001; Schaudies 2014). 

During DNA amplification, pyrophosphate ions are produced as by-products. In LAMP reaction 

high amounts of pyrophosphate ions are produced and form a white precipitate of magnesium 

pyrophosphate. The turbidity of this insoluble magnesium pyrophosphate-complex is a feature 

of the LAMP technology that enabled the design of various “indirect” or “unspecific” result 

documentation techniques in the last two decades. The result-visualization can be performed 

either by using the same devices as for PCR, including portable devices, or by using the 

already mentioned “indirect” visualization techniques, where the by-product magnesium 

pyrophosphate is displayed in an intensified manner (naked eye detection).  

To realize an easy naked eye result-monitoring after LAMP reaction, fluorescent dsDNA 

intercalating dyes (ethidum bromide, Moradi et al. 2012; propidium iodide and SYBR® Green, 

Hill et al. 2008) could be added to the reaction mix. Nie (2005) was the first, who published 

RT-LAMP application for potato virus detection. He was working with PVY detection and the 

article of 2005 demonstrated the visualization of high accumulation of pyrophosphate during 

DNA amplification in RT-LAMP via turbidity observation by the naked eye and pyrophosphate 

absorbance measurement at 405 nm and 600 nm wavelength. After Goto et al. (2009), it was 

possible to support the turbidity observation of pyrophosphate by adding the metal ion indicator 

HNB to the reaction. HNB senses free available magnesium ions in the reaction mix. 

Pyrophosphate has a higher affinity to complex magnesium ions compared to HNB. Therefore, 



   Introduction 

57 

HNB indirectly senses the presence of pyrophosphate and thus occurred amplification events 

due to the high amplification rate of LAMP.  

Some intercalating dyes or other detection chemicals such as cationic polymers can inhibit the 

LAMP reaction (Schaudies 2014). Therefore, for result imagining it was common to add the 

detection reagent after amplification, like in the application of agarose gel electrophoresis. 

However, all detection systems requiring open tubes after the amplification process do 

increase the chance of cross-contamination. Cross-contamination is a drawback in the highly 

reactive LAMP assay, which happens via LAMP-products arising as aerosols (Tao et al. 2011; 

Schaudies 2014; Siemonsmeier 2019). Therefore, many research efforts have been made to 

find detection chemicals that can be add prior to the LAMP reaction. Detection agents not 

affecting the LAMP process, like metal indicators (hydroxynaphthol blue: Goto et al. 2009; 

Calcein: Tomita et al. 2008 and Eriochrome black T: Oh et al. 2016) have been found to 

accelerate the “indirect” detection of amplification processes. In cases where LAMP primer 

sets are capable of strongly enhancing the target sequence with strong magnesium 

pyrophosphate formation and turbidity, it was easier to directly monitor the result with the naked 

eye (Mori et al. 2001) that makes tube opening after LAMP-reaction unnecessary. In that 

respect, Real-Time LAMP or quantitative LAMP (qLAMP) was tested and applied. This was 

done by fluorescence measurement (Parida et al. 2011) or again in an “indirect” manner by 

turbidity measurement of magnesium-pyrophosphate precipitate using a turbidimeter that was 

established by Mori et al. (2004). Further detection chemicals used for LAMP product 

monitoring are listed in Hadersdorfer (2013) and Schaudies (2014). 

The rate-limiting step of LAMP and SMAP 2 technologies is the creation of stem-loop or 

dumpbell-structures of DNA with numerous inverted repeats. After performing this step, the 

remaining amplification is less prone to the purity of the target input. This might be the reason 

for the widely used claim that the LAMP assay is very robust and not demanding in terms of 

sample input and PCR inhibitors (Kaneko et al. 2007; Francois et al. 2011; Yang et al. 2014b). 

Consequently, Hadersdorfer et al. 2011 was the first skipping RNA purification for plant 

samples using the robust Bst DNA polymerase with strain displacement activity. In a LAMP 

assay, they reliably detected Plum pox virus in crude plant sap extracts of Prunus leaves 

(Hadersdorfer et al. 2011), young shoots and fruits (Hadersdorfer et al. personnel 

communication). 
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1.3.3.1.1 Principle LAMP 

The nucleic acid strand 

displacement activity of 

Bst DNA polymerase in 

combination with the 

usage of a target 

specifically designed set 

of at least four primers 

(F3, B3, FIP and BIP), 

enable amplification of a 

target sequence at 

isothermal conditions, 

often at 60-65°C. F3 and 

B3 primers confine the 

target sequence in 

forward and backward 

direction, like PCR 

primers do, by binding to 

the target regions F3c and 

B3c (Figure 9 A). Forward 

inner primer (FIP) and 

backward inner primer 

(BIP) are hybrid primers 

holding at the 3′-end a 

complement to the target strand region (F2c and B2c), called F2 and B2. In addition, the hybrid 

primers contain at the 5′-end homologous sequences called F1c and B1c (Figure 9 A) that are 

located downstream to the F2c and B2c sequences on the target strand or its complement, 

respectively. FIP and BIP bind within their F2 and B2 sequence to the confined region of F3 

and B3 primers, and thus modify the amplifiable target sequence by their attachment 

sequence, F1c and B1c, directed for infinite annealing of FIP and BIP primers. The DNA 

polymerase displaces the evolved FIP- and BIP-originated nucleic acid strands based on 

amplification starting from F3 or B3 primers (Figure 9 B). This results in stem-loop structures 

or also called dumbbell-like structures (Figure 9 E). The dumbbell-like structures serve as 

starting molecules for annealing of again FIP and BIP primers leading to consecutive 

amplification and displacement processes (Figure 9 F-I). The following website helps to 

understand the sophisticated principle of LAMP: http://loopamp.eiken.co.jp/e/lamp/anim.html. 

Figure 9: Schema of the LAMP 
reaction.  
For initiation of the reaction B3 
and the complementary part of 
BIP hybridize to the target 
strand (B). After formation of 
the complement and strand-
displacement action of the DNA 
polymerase, a loop is formed 
owing to the newly formed self-
complementary sequence-ends 
(C). The same occurs for the 
counterpart (D). This results in a 
stem-loop or dumbbell-like DNA 
structure (E) that is used as an 
initial structure for further 
amplification. During further 
amplification, various frag-
ments of differing size (F-I) 
arise. That is because the DNA 
polymerase elongates the newly 
formed 3′-end from the loop 
plus the 3’-end formed by 
annealing of BIP to the same 
loop (F+G). The same happens 
for the resultant sequence, but 
FIP anneals instead of BIP (H). 
Afterwards, the resulting DNA 
sequences are again ready for 
further elongation and strand-
displacement that leads to long 
fragments with varying size and 
shape (I). The displayed figure 
is according to Notomi et al. 
(2000) and Hadersdorfer (2013).  

http://loopamp.eiken.co.jp/e/lamp/anim.html


   Introduction 

59 

1.3.3.2 Smart amplification process 2 (SMAP 2 or SmartAmp) 

In contrast to the symmetric inner hybrid primers (FIP and BIP) used in LAMP, Smart 

Amplification Process 2 (SMAP 2 or SmartAmp Reaction; Retraction 2015; Mitani et al. 2007) 

uses one haipin-holding inner hybrid primer termed folding primer (FP) and a turn-back primer 

(TP), which is related to FIP and BIP primers of the LAMP technique (Kimura et al. 2011). This 

was directed to suppress background amplification and to realize SNP analysis by isothermal 

amplification. In addition, for SMAP 2 assays directed to SNP genotyping, the asymmetric 

primer design is combined with the application of a temperature sensitive Thermus aquaticus 

derived MutS protein (Taq MutS, Biswas and Hsieh 1996), which binds to the mismatched 

nucleoside-duplex of the target DNA and the discrimination primer. This linkage of Taq MutS 

to the double stranded DNA blocks strand displacement of the DNA polymerase at the 

mismatched bases, and thus is referred to avoid further background amplification. 

The SMAP 2 method, requires for the DNA amplification process at least four primers: turnback 

primer (TP), folding primer (FP), and two outer primers (OP1 and OP2; Figure 1 A; Mitani et 

al. 2007; Mitani et al. 2009). There is an opportunity to add a fifth primer, called boost primer 

(BP), which is comparable to the loop primers and stem primers of the LAMP technology 

(Mitani et al. 2007; Mitani et al. 2009). Even if the primer composition is similar to the LAMP 

technology, the SMAP 2 technique needs own algorithms concerning primer design, especially 

for considering the Gibbs free energy, probability of base-pairing and optimal melting 

temperature. This particularly applies to the design of the TP and FP, which are significant for 

the SMAP 2 amplification process. Therefore, designing software has been established and 

made available for free, but is recently for undetermined reasons no longer traceable in the 

world wide web (Mitani et al. 2007; Mitani et al. 2009; K.K. DNAFORM 2007; Rieken 2007).  

1.3.3.2.1 Principle SMAP 2 

Like FIP and BIP of the LAMP technique and the primer sibling TP, the 3′-end of FP is 

complementary to the target sequence in the SMAP 2 technology. However, in contrast to the 

before mentioned primers, the 5′-end sequence of FP is again subdivided for self-annealing 

(Figure 10 A, D and Dc) that results in a hairpin structure (Mitani et al. 2007; Mitani et al. 2009). 

The two outer primers (OP1 and OP2) and two picked regions of the TP and the FP anneal to 

their respective target sequences (Figure 10 A, D and Dc). The sequences that are primed by 

FP and TP are dissociated by the DNA polymerase extending OP1 and OP2. This results in 

two different initial products consisting of one dumbbell or loop form and one hairpin-end that 

is owing to the folding primer (FP). The two initial products are also called intermediate product 

1 (IM1) and intermediate product 2 (IM2). These displaced single-stranded loop-hairpin 

molecules IM1 and IM2 then become templates again by newly formed 3′-ends via self-priming 

and by TP annealing (Figure 10 B).  
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Figure 10: Schema of the SMAP technique.  
(A) The SMAP 2 primer composition with optimal Tm for each primer type is displayed. The capital letters A, B, C, F, E 
mark target sequences and the corresponding capital letters followed by c´, mark the respective sequence complement. 
The solid arrows underline the primers. In contrast to the LAMP technique, the folding primer (FP) of SMAP 2 contains 
on the 5′-end a hairpin structure termed as region D and Dc´. (B) The presumed SMAP 2 amplification process, starting 
from IM1 and IM2 is displayed. Two amplification pathways are possible, one mainly external primed (Pathway A that 
pours into Pathway C) and one self-primed (Pathway B). The yellow arrows indicate loop or haipin formation and purple 
dots highlight 3′-ends for sequence extension. The displayed figure is according to Mitani et al., (2007), but slightly 
modified.  
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1.3.3.3 SMAP 2 vs. LAMP 

The LAMP technique innates symmetrical primer design, which leads to three possible 3′-ends 

available as starting positions for the DNA polymerase. Each of these 3′-ends yield in three 

possible amplification pathways (Figure 11 A). This is according to Mitani et al. (2007) a 

characteristic pattern of exponential amplification towards third order kinetics, where one 

molecule leads to three possible outcomes. Unlike the SMAP 2 technology, that follows 

asymmetrical primer design and results in only two possible 3′-ends for extension by the DNA 

polymerase with strand displacement activity (Figure 11 A). This represents according to 

Mitani et al. (2007) second-order exponential amplification. Therefore, the asymmetrical primer 

design of SMAP 2 leads to significant reduction of free 3′-ends compared to the symmetrical 

primer design of the LAMP technology (Figure 11 B). This leads to reduced amounts of DNA 

formation for the SMAP 2 technique and therefore reduces the potential of laboratory 

contamination by lowered contingent of released target-DNA aerosols. However, it was also 

suggested that the self-priming process of the SMAP technique leads, like LAMP technique, 

to second-order exponential amplification kinetics, but with three cycles delay compared to 

LAMP technology (Mitani et al. 2007).  

 

Figure 11: Differences between SMAP 2 and LAMP in terms of background amplification.  
The symmetric primer design of LAMP leads to three possible 3′-ends available for the DNA polymerase as starting 
positions, each yield in three possible amplification pathways. In contrast to that, the asymmetrical primer design of 
SMAP 2 results in two possible 3′-ends for extension. Downright, the table compares the amount of free 3′-ends of both 
techniques, likely leading to background amplification. The displayed figure is according to Mitani et al., (2007), but 
slightly modified. 
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1.3.4 Nucleic acid amplification and technical terms 

PCR is a process of cyclic repetitive accumulation of the target nucleic acid sequence. 

Numerous experimental factors become overstated before and after the exponential 

amplification phase in quantification of nucleic acids by qPCR (Bustin 2004). Therefore, only 

the exponential amplification phase leads to approximately correct quantification (Bustin 2004). 

Consequently, the real exponential phase seems to be limited to just a few cycles in a typical 

40 cycle qPCR run that starts above background noise (baseline) and ends with initialization 

of the plateau phase. Therefore, the following formula for product accumulation in exponential 

amplification is only accurate for those few cycles: y = N (1+E)n, where y is the number of 

amplification products, N is the number of input target molecules, (1+E) is the amplification 

efficiency, and n is the number of amplification cycles (Bustin 2004). Hence, the qPCR device 

together with the appropriate software start to quantify fluorescence acquisition above 

estimated background noise that goes directly into exponential phase. That point of 

quantification has been referred also to as threshold cycle (Ct) or crossing point (Cp) but is 

standardized by the MIQE guidelines (Bustin et al. 2009) as the quantification cycle (Cq). Here, 

coming from the fluorescence baseline of a particular amplification reaction, the fluorescence 

signal meets that estimated quantification cycle, that is generally calculated according to 

different methods and algorithms (Tichopad et al. 2002; Peirson et al. 2003; Ramakers et al. 

2003; Wilhelm et al. 2003; Bustin 2004; Zhao and Fernald 2005; Rao et al. 2013; Chen and 

Huang 2015). Cqs should be placed as low as possible, but confidently higher than the 

background signal (Wilhelm et al. 2003). The correct determination of Cqs is a key aspect in 

qPCR application and highly affects the PCR efficiency of an assay.  

An amplification efficiency of 2 corresponds to 100%, which means there is a doubling of the 

target sequence in each cycle: 2n (n =number of cycles). As displayed in the formula above, 

the estimated PCR efficiency is a parameter for calculation of the amplification product 

number. For two initially equal samples that were amplified in PCR reactions with 5% difference 

in amplification efficiency, the outcome after 26 cycles is a product number that is twice as 

much and corresponds to one Cq-value difference (Arikawa and Yang 2007). The efficiency is 

often not 100%, since not all target molecules are replicated or not fully replicated within one 

PCR cycle. This is especially true for one step RT-qPCR, where many factors affect the 

amplification efficiency and reliability, including the template secondary structure (Pallansch et 

al. 1990; Shen and Hohn 1992; Separovic and Nadin-Davis 1994; Brooks et al. 1995; 

Viswanathan et al. 1999), the incidence of PCR inhibitors (Kontanis and Reed 2006; Gallup 

2011; Schrader et al. 2012), the modality of pre-RT-qPCR processing like the extraction 

method (Poma et al. 2012), the efficiency and thermal profile stability of the qPCR instrument 

(Rogers-Broadway and Karteris 2015), the initial RNA concentration (Williams et al. 1992), the 

efficiency and variability of the reverse transcription step (Bustin et al. 2015; Bustin and Nolan 
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2017), the efficiency of involved enzymes (Brooks et al. 1995), the concentration and 

composition of qPCR reagents and the efficiencies of primer and probe hybridization (Tichopad 

et al. 2002; Bustin 2004b; Tichopad Feb. 2011). Moreover, sample storage and handling and 

the number of processing steps are crucial to the reproducibility of the target nucleic acid 

quantification and thus to its amplification efficiency (Bustin 2014; Tichopad Feb. 2011; Bustin 

et al. 2015; Bustin and Nolan 2017). 

This proofs that every newly established qPCR and even more RT-qPCR protocol need 

amplification efficiency calculation (Tichopad et al. 2002). In general, this is possible via two 

distinct pathways. One is an experimental approach with efficiency calculation for a total qPCR 

protocol via quantification standard curves. Therefore, quantification cycles are estimated 

before, using algorithms like Fit-Point Method or Second Derivative Maximum (Pfaffl 2004). 

The second pathway is a non-experimental approach with total estimation of amplification 

efficiencies on raw data of each individual reaction using algorithms behind freely available 

Software like DART-PCR (Peirson et al. 2003), LinReg PCR (Ramakers et al. 2003) or Real-

Time PCR Miner (Zhao and Fernald 2005).  

For using the experimental approach with standard curves to determine qPCR efficiencies, the 

analysis of target serial dilution with known dilution factor is necessary (Bustin 2004). For each 

dilution, the Cq-values of each dilution are plotted as a function of the decadic logarithm of the 

starting concentration. From the linear regression line, the correlation coefficient (R2), the slope 

and the y-intercept can be determined and consequently, the amplification efficiency of one 

cycle in the exponential phase can be calculated for a particular qPCR protocol with the 

following equation: E = 10[–1/slope] (Pfaffl 2001, Bustin 2004). The percentage efficiency is 

defined with the following equation: % Efficiency = (E – 1) x 100%.  

The obtained data for a good qPCR protocol and a good serial dilution experiment has 

efficiencies between 90% and 110% (Kavanagh et al. 2011) and the linearity of the standard 

curve should be proofed by a correlation coefficient R2 that is ideally above 0.98 (Kavanagh et 

al. 2011). Reasons for amplification efficiencies below 100% have been described earlier in 

this section. Furthermore, reaction efficiencies above 100% can result from pipetting errors of 

the operator, co-amplification of nonspecific products, like primer dimers or the presence of 

amplification inhibitors, because the highest concentration of a serial template dilution also 

carries the greatest level of inhibitors. That causes delayed Cq-values, whereas samples with 

lower template concentrations have lower levels of inhibitors and, thus, the corresponding Cq-

values are delayed with lower activity. This results in a decreased slope of the plot of Cq-values 

and the decadic logarithm of the starting concentration (standard curve), leading to increased 

amplification efficiencies (Lifetechnologies 2012). The y-intercept describes the theoretical Cq-

value of the lowest amount of target molecules denoted on the x-axis and, thus, corresponds 

to the theoretical limit of detection of the reaction. The limit of detection (LOD) is defined as 
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the lowest template quantity that can be discriminated from the absence of that substance in 

95 out of 100 reaction replications (Waiblinger et al. 2011). This limit of detection (LOD) can 

be determined experimentally (Waiblinger et al. 2011) or by computer simulation (Burns and 

Valdivia 2008). However, depending on the applied qPCR protocols, starting numbers of two 

to ten target molecules are commonly specified as the lowest target level that can be reliably 

detected (Lifetechnologies 2012). The vagueness increases with decreased addition of initial 

target number and, thus, with rising Cq-values (Bustin and Nolan 2004; Waiblinger et al. 2011).  

All qPCR assays are separated into relative and absolute quantification. In relative 

quantification, changes in the gene expression relative to an untreated control are estimated 

as fold changes (Pfaffl 2001; Pfaffl et al. 2002). The determination of the limit of quantification 

(LOQ) is obligatory for both approaches that need to be done experimentally under real 

conditions. It is the lowest template concentration that is still and reliably linear within the 

obtained standard curve dilution series (Linnet and Kondratovich 2004). The MIQE guidelines 

(Bustin et al. 2009) argue for the recording of sufficient experimental details, including LOD 

and LOQ determination, to make the results comprehensible and reproducible. Besides the 

sensitivity parameters (LOD and LOQ), also the amplification specificity or analytical specificity 

is crucial to know of a particular qPCR protocol. Analytical specificity refers to the appropriate 

target sequence detection, rather than other present non-specific targets (Bustin et al. 2009). 

1.3.5 Nucleic acid amplification optimization 

There is no uniform PCR condition set up that is optimal for all PCR purposes. Lacking PCR 

optimization leads to unverifiable PCR products or low PCR efficiency, the presence of non-

specific bands or smeary background in agarose gel electrophoresis documentation, mutations 

caused by errors in nucleotide incorporation or simply poor specificity and sensitivity. For 

repetitive diagnostic or analytical procedures, like potato virus detection within seed potato 

certification, it is particularly important to optimize the PCR protocol.  

Template selection, which means the selection of a suitable sample preparation method 

determines the template quality that is crucial for a successful PCR reaction (Gallup 2011). 

Because in RNA purification, column-based extraction techniques, phenol–chloroform 

extraction methods like TRIzol reagent (Chomczynski and Sacchi 1987) or other chaotropic 

salt containing RNA extraction reagents and simple RNA preparation agents, as well as RNA 

extraction based on the biotin-streptavidin affinity method or on oligo(dT)-coated magnetic 

particles differ depending on the sample type in combination with their further downstream 

analysis techniques and in their ability to eliminate inhibitory components from the final nucleic 

acid sample (Mitra and Mitra 2004; Gallup 2011). For example, RNA purification by using 

guanidium salts of high starch containing tissues have been reported to lead to an unwanted 

viscous gel-RNA matrix that hardly re-dissolves in water-based buffer (Kumar et al. 2018). 
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Another important parameter crucial for a good PCR assay is the primer design and 

subsequent primer selection. This is of special importance if repetitive diagnostic PCR assays 

are developed. A common approach to develop a primer/probe combination is by using freely 

available web-based or commercial software (Gundry and Poulson 2011). Conserved regions 

throughout the taxa that the assay is being designed to detect, are imported to the software 

and based on continuously updated nearest neighbor thermodynamic parameters for primer 

melting temperature (Tm) calculations (SantaLucia et al. 1996; Gundry and Poulson 2011), 

conceivable primer/probe combinations are provided. These primer sets were selected 

according to the researchers preferences in terms of isolate coverage and primer binding 

specificity that includes a BLAST (Altschul et al. 1990) to ensure no matches to other nucleic 

acid sequences. However, it was shown that this way of assessing quantitative PCR primer 

sets produce primer sets with generally low sensitivities and focus on specificity (Lemmon and 

Gardner 2008). An approach with whole genome screening for suitable primer sets was 

recommended to find primer sets with high sensitivity and sufficient coverage. In addition, that 

working group alerted for already selected primer sets in repetitive diagnostics the importance 

of reassessment as new sequence data become available (Lemmon and Gardner 2008).  

Targets and primers with differing base composition do have different requirements in terms 

of suitable PCR enzymes and appropriate buffer systems. The specific incrementally 

parameter optimization of the reaction conditions include optimized PCR thermal cycling 

temperature profiles, optimized concentration of primers, monovalent and divalent cations like 

magnesium ions and dNTPs (Markoulatos et al. 2002) and the addition of suitable PCR 

additives in a quantity that takes effect (Gallup 2011). For RT-qPCR, an optimized thermal 

cycling temperature profile includes besides primer and probe melting temperature 

consideration also the selection of an optimal temperature during the reverse transcription 

step. In general, the usage of higher temperatures up to 65°C helps the reverse transcriptase 

to deal with less secondary structures in the template that rises the chance to stay on task 

(Reiter and Pfaffl 2011). An optimized primer concentration is able, while keeping early Cq-

values, to decrease the chance of primer-dimers and undesirable amplification products. 

In general, cations bind to the negatively charged phosphate group on the nucleic acid 

backbone that enhances nucleic acid stability by reducing backbone repulsion between 

strands and helps primers to anneal to the template (Gundry and Poulson 2011). In addition, 

the magnesium concentration is crucial in nucleic acid amplification due to its role as a co-

factor for many PCR enzymes. The incidence of freely available magnesium ions is affected 

by linkage to reaction buffer components like dNTPs, chelating agents like EDTA, the 

phosphate backbone of single-stranded and double-stranded nucleic acids (template or no 

template) and the nucleic acid amplification by-product pyrophosphate (Gundry and Poulson 

2011; Siemonsmeier 2019). For PCR reaction the optimum concentration of magnesium ions 
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ranges between 1 mM and 6 mM, whereas for isothermal amplification with indirect, 

colorimetric product detection by metal ion indicators, the optimal concentration is often higher 

(Goto et al. 2009). It is important to provide a balanced and optimized magnesium ion level, 

since high concentrations can cause unspecific amplification (Innis and Gelfand 1999; 

Markoulatos et al. 2002).  

PCR additives could be helpful for difficult PCR amplifications on templates with high guanine 

(G)/cytosine (C) content or high adenine (A)/thymine (T) content or stable secondary structures 

resulting in little or no product of desire or non-specific products.  

Generally, a percentage of above 70% GC-content is referred to be high that causes a strong 

tendency to form secondary structures due to the triple hydrogen bonding capability that lowers 

amplficiation sensitivity via denaturation and primer annealing prevention (Gallup 2011; Strien 

et al. 2013). Approximately the same percentage of AT-base pair presence is referred to as 

high that is problematic because nucleic acid amplification reactions with such templates tempt 

to non-specific products, co-amplifying with intended target sequences due to the requirement 

of lower cycling temperatures (Gallup 2011).  

Amongst the various published PCR additives (Bustin 2004; Gallup 2011), the following are 

mentioned, which have found use in this study.  

Betaine (N,N,N-trimethylglycine) is referred to an iso-stabilizing agent that alters melting 

characteristics of the DNA by equalizing the contribution of GC base pairing and AT base 

pairing to the stability of the DNA duplex, leading to similar hydrogen bonding strength of AT 

and GC basepairs (Gallup 2011; Jensen et al. 2010). It is generally used at a final 

concentration ranging from 1-2 M and was frequently reported to increase for AT-rich regions 

often specificity at the expense of decreasing sensitivity (Frackman et al. 1998; Gallup 2011).  

The crowded conditions of a natural cellular environment are thought to be mimicked using 

polyethylene glycol (PEG) in in vitro nucleic acid amplification. This macromolecular crowding 

agent leads to steric repulsion between reactants and, thus is expected to shift equilibria to a 

state of minimized exclusion that favors association (Minton 2006; Siemonsmeier 2019.). 

However, the viscous nature of other PCR additives, like betaine and dimethyl sulfoxide 

(DMSO) might have similar effects as it is described here for PEG. In addition, PEG was 

successfully used in the laboratory for precipitation of viral nucleic acids prior to nucleic acid 

extraction (Czupryn et al. 1976; Stewart et al. 2007). Effective concentrations in nucleic acid 

amplification range for PEG between 2-7% (w/v) (Siemonsmeier et al. 2019).  

DMSO has been proposed to enhance PCR by hydrogen bonding to the grooves of template 

nucleic acids (Varadaraj and Skinner 1994; Strien et al. 2013). DMSO is thought to reduce 

secondary structure by base pair disruption and is particularly useful for GC-rich templates by 

destabilizing helical formation leading to lowering of effective Tm (Gallup 2011; Strien et al. 
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2013). According to Varadaraj and Skinner (1994), DMSO is generally used at final 

concentrations starting from 0.2% (w/v) up to 20% (w/v).  

Formamide is assumed to serve less non-specific priming by destabilization of imperfectly 

matched bonds and therefore serving to increased amplification efficiency of GC-rich 

templates (Sarkar et al. 1990; Strien et al. 2013). According to Gelfand (1989) and Gallup 

(2011) formamide has been used as nucleic acid amplification additive in final concentrations 

ranging from 1% (v/v) up to 10% (v/v). In addition, formamide was found to protect RNA from 

degradation during storage and prevent the formation of secondary structures as effective RNA 

denaturant (Ts'o et al. 1962; Pinder et al. 1974; Chomczynski 1992; Bowrin et al. 2013).  

Tetramethylammonium derivates (TMA derivates), like tetramethylammonium oxalate (TMA 

oxalate) and tetramethylammonium chloride (TMA chloride) are less common amplification 

additives. They are suggested to eliminate non-specific priming and increase the yield of 

specitific PCR products (Kovárová and Dráber 2000).  

The addition of nucleotide analogues to the reaction mix, like 7-deaza-2′-deoxyguanosine 

triphosphate (c7dGTP) instead of dGTP helps to destabilize secondary structures of DNA and 

reduces the formation of non-specific products (Gallup 2011). Moreover, modifications in 

probes used for qPCR, like C-5 propynyl modifications, improves the mechanical stability of 

DNA (Aschenbrenner et al. 2015) and enhances the annealing frequency by increased Tm to 

realize probe hydrolysis while primer elongation. 

1.4 ELISA 

ELISA (enzyme-linked immunosorbent assay) is a method to detect antigens like proteins, 

shorter peptides and proteids (protein + cofactor) by using antibodies (Luttmann 2014). 

Antibodies are soluble immunoglobulins (Ig) of the blood plasma and are produced by 

vertebrates (Luttmann 2014). Antibodies are classified and subclassified due to their structure. 

Additionally, the manufacturing type leads to further differentiation of monoclonal antibodies 

and polyclonal antibodies. Monoclonal antibodies are produced by identical plasma cell clones 

and tend to specifically bind only one epitope of the antigen, whereas polyclonal antibodies 

are sourced by different plasma cells and therefore bind various epitopes of the same antigen 

leading to higher detection sensitivity (Luttmann 2014). Polyclonal antibodies are cheaper and 

favored due to fast and easy production, but their quality, sensitivity and specificity varies from 

batch to batch.  

Antibody sandwich or also termed Double-antibody sandwich (DAS) – ELISA involves a coated 

microtiter plate with antibodies, catching the target antigen and labeled antibody conjugate for 

detecting a second epitope of the same target, for result documentation. For plant virus 

detection via DAS-ELISA (Clark et al. 1976), usually the viral coat protein is used as epitope. 
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Thereby, virus type and importance determine the production of either polyclonal or 

monoclonal coating antibodies and antibody conjugate. Potato viruses can be reliably detected 

in leaves and tuber sprouts (Maat and Bokx 1978a, 1978b; Gugerli and Gehriger 1980). It was 

often tried to use ELISA also on dormant potato tubers (Souza-Dias et al. 1999; Spiegel and 

Martin 1993), but today reliable potato virus detection on dormant tubers is not broadly 

accepted, owing to low virus titers (Gugerli and Gehriger 1980; Vetten et al. 1983; Spiegel and 

Martin 1993). For PVY strain discrimination, ELISA gave evidence for cross reactivity with 

other strains (McDonald et al. 1994). The Swiss company Bioreba (Rainach) developed point 

of care immunochromatography test stripes for fast diagnosis on field. For simultaneous 

detection of PVY, PLRV, PVX, PVA, PVS, PVM and Clavibacter michiganensis subsp. 

Sepedonicus, a immunological Multiarray on a test strip (MATS) was established by a Russian 

research group (Byzova et al. 2009 ; Safenkova et al. 2016), but is to our knowledge not widely 

used.  

1.5 Seed potato certification process at LfL 

Besides aphid transmission, potato viruses are able to cause secondary infections due to 

migration from mother plant into tuber progeny while depositing metabolites by the stolon 

(section 1.2.2 Transmission strategies). This is an important subject for seed potato growers 

all over the world.  

For assurance of market supply with high quality seed potatoes, the official seed potato 

certification authority is instituted. In Germany, the seed potato certification authority is driven 

by the individual states. In Bavaria, it is a part of the Bavarian Research Center for Agriculture 

(IPZ 6a, Amtliche Saatenanerkennung). The seed potato multiplication fields must be notified 

by the propagator company to the seed potato certification authority. Afterwards, at least two 

official field observations regarding pathogen stock, varietal purity and government regulations 

are carried out during the potato growing season, on field (§9 PflKartV 1986). In autumn, the 

State Institute for Plant Production in Bavaria (Landeskuratorium für pflanzliche Erzeugung in 

Bayern e.V., LKP) takes two samples covering at least 100 potato tubers for virus screening 

(PVY, PLRV, PVS, PVM, PVX and PVA) and at least 200 potato tubers for diagnosis of 

quarantine diseases like potato ring rot (Clavibacter michiganensis subsp. sepedonicus) and 

potato brown rot (Ralstonia solanacearum, §14 PflKartV 1986). For certification, the seed 

potatoes are collected randomly on the field after haulm killing or in exceptional cases in the 

potato store (§14 PflKartV 1986). These two samples represent in maximum three hectares of 

one potato variety grown by one seed potato propagator (§14 PflKartV 1986). In Germany, the 

standardized procedure for virus detection in the seed potato certification process is DAS-

ELISA. DAS-ELISA performance for potato virus detection at LfL (Freising) is DIN EN ISO/IEC 
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17025:2005 accredited, but for specific information on performance of DAS-ELISA at LfL 

(Freising) see section 2.5.4.  

Virus detection by DAS-ELISA on dormant potato tubers is not reliable (Gugerli and Gehriger 

1980; Spiegel and Martin 1993). Therefore, DAS-ELISA standard protocol comprises 

performance on leaf extracts of 4-6-week old glasshouse cultivated tuber eye cuttings. This 

period of virus enrichment is laborious and requires high employee disbursement for breaking 

tuber dormancy, cutting tuber eye buds, potting and cultivation (section 2.2.3.2). Additionally, 

the cultivation of tuber eye cuttings requires large seasonal glasshouse capacities in the 

wintertime, only. Therefore, an assay on dormant potato tubers for direct monitoring the virus 

stock in seed-potato lots within seed potato certification, is required, especially for seed 

potatoes proposed for exportation.  

1.6 Nucleic acid-based potato virus diagnosis techniques  

Although ELISA detection of potato viruses was constantly improved (Singh and McDonald 

1981; Singh and Somerville 1992; Spiegel and Martin 1993), the use of ELISA for direct 

detection of at least PVY, PVA and PLRV on dormant potato tubers is still not reliable (Gugerli 

and Gehriger 1980; Reust and Gugerli 1984; Spiegel and Martin 1993; Gawande et al. 2011). 

However, research groups could detect PVS, PVM and PVX in dormant potato tubers by ELISA 

(De Bokx et al. 1980b; De Bokx et al. 1980a), but the reliability seems questionable. Moreover, 

extreme virus enrichment during sprouting and outgrowth of the dormant potato tuber was 

thought to be special for Potyviruses (McDonald and Coleman 1984). Additionally, the electron 

microscopic diagnosis of potato viruses as a further detection tool is laborious and often gives 

no full discrimination of the different potato virus species (Sarkar 1975). 

Towards monitoring the virus stock of seed potatoes more readily by direct virus diagnosis 

without breaking tuber dormancy, various molecular biological potato virus detection protocols 

were already published. First, higher rapidness due to higher method sensitivity was brought 

by nucleic acid amplification via Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

and subsequent monitoring of results with agarose gel electrophoresis (Barker et al. 1993; 

Tordo et al. 1995; Singh and Singh 1996; Singh et al. 1996; Singh 1999, Singh et al. 2002). 

Additionally, for PVY strain discrimination efforts, multiplex RT-PCR protocols were developed 

(Nie and Singh 2002b; Glais et al. 2005a; Lorenzen et al. 2006b; Rigotti and Gugerli 2007; 

Chikh Ali et al. 2007).  

Later on, several variants of RT-PCR based methods were established, such as Reverse 

Transcription Immunocapture PCR (RT-IC-PCR; Ahouee et al. 2010 for PLRV detection,; 

Schubert et al. 2007 for PVY detection), Direct Binding (DB)-RT-PCR and Print Capture (PC)-

RT-PCR (both Gawande et al. 2011 for PVY) were implemented in order to lower the virus 

RNA purification efforts in terms of lowering harmful consumables and labour force.  
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Drawback on RT-PCR protocols and its variants was the high workforce for result monitoring 

by agarose gel electrophoresis and similar methods. This was the reason for invention of real-

time PCR, also called quantitative PCR (qPCR). The same reason is true for the development 

of Radioactive Nucleic Acid Spot Hybridization (R-NASH; PVY by Singh and Singh 1996), 

dioxigenin/fluorescein labeled cDNA probe hybridization (PVY by Singh and Singh 1995) and 

establishment of a Macroarray approach for screening of potato viruses (PVY and PLRV by 

Agindotan and Perry 2007). However, the hybridization and Macroarray approach seems less 

sensitive than Reverse Transcription quantitative PCR (RT-qPCR) and RT-PCR (Agindotan 

and Perry 2007; Gawande et al. 2011). Potato virus detection protocols applying RT-qPCR 

were published for detection of PLRV (Agindotan et al. 2007; Boonham et al. 2009; Hühnlein 

et al. 2016b), of PVY (Agindotan et al. 2007; Mortimer-Jones et al. 2009; Boonham et al. 2009, 

Kogovšek et al. 2011; Hühnlein et al. 2013; Singh et al. 2013), of PVA (Agindotan et al. 2007), 

of PVX (Agindotan et al. 2007; Mortimer-Jones et al. 2009; Boonham et al. 2009), of PVS 

(Mortimer-Jones et al. 2009) and till now we do not know any RT-qPCR protocol for PVM 

detection. In this work, nucleic acid amplification-based potato virus detection methods with 

required RNA purification are reffered as conventional techniques, for example Conventional 

Reverse Transcription quantitative PCR (CoRT-qPCR) that includes all till know published RT-

qPCR protocols.  

In high quantity potato virus detection, some CoRT-qPCR assays were designed in order to 

fulfil multiplex requirements for saving costs and workforce (Agindotan et al. 2007: Tetraplex; 

PLRV, PVX, PVY, PVA; Mortimer-Jones et al. 2009: Tetraplex; PVS, PVY, PVX, Tomato 

spotted wilt virus (TSWV); Boonham et al. 2009: Triplex; PLRV, PVX, PVY). However, these 

assays are difficult to establish, due to sequence preference of applied enzymes and reciprocal 

competition for in vitro amplification building blocks like deoxynucleotide triphosphates 

(dNTPs). Recently, the swiss company Bioreba (Rainach) started to commercially sell a RT-

PCR based Macroarry for simultaneous detection of PVY-O, PVY-N, PLRV, PVA, PVX, PVM, 

PVS, PMTV and PSTVd. 

Leone et al. (1997) and Klerks et al. (2001) adapted Nucleic Acid Sequence Based 

Amplification (NASBA; Kievits et al. 1991) from human virus diagnostics to potato virus 

detection. A further isothermal nucleic acid amplification method, Loop-mediated Isothermal 

Amplification (LAMP) was invented by Notomi et al. (2000) and adapted for potato virus 

diagnosis by Nie (2005; PVY), Ju (2011; PLRV), and a research group of the University of 

Teheran (Almasi et al. 2012; Ahmadi et al. 2013; PLRV). Recently, a polish research group 

published a protocol for real-time Reverse Transcription LAMP (real-time RT-LAMP) detection 

of PVY (Przewodowska et al. 2015). 



   Introduction 

71 

1.7 Aim of this work 

The aim of this study was to establish protocols for the detection of potato viruses via the 

isothermal LAMP and SMAP 2/SmartAmp technology and later on via the Direct Reverse 

Transcription quantitative Polymerase Chain Reaction (DiRT-qPCR). We focused on the 

establishment of an assay without complex RNA purification and reliable detection of potato 

viruses in dormant tubers, which usually contain low virus titers for saving time, costs and 

material resources.  

The suitability of these techniques to high-throughput diagnosis of PVY, PLRV, PVS, PVM, 

PVA and PVX within seed potato certification have been estimated and investigated. In 

addition, the sensitivity and specificity of one-step duplex DiRT-qPCR was compared with the 

current potato virus standard DAS-ELISA protocol and one-step duplex CoRT-qPCR assays. 

In addition, we tried to find chemical markers that are specific for virus infection in order to 

initiate further research regarding “indirect” virus diagnosis via phytoanticipin or phytoalexin 

detection.
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2 Material and Methods 

2.1 Plant material and pathogens 

Virus infected in vitro plants for development and evaluation of molecular virus detection 

methods, as well as for method comparison were obtained from Dr. Petr Dedic (Potato 

Research Institute Havlíčkův Brod (VUBHB), Department of Virology, Czech Republic, Table 

1). Virus-free in vitro control plants (ˈSelmaˈ, ˈJumboˈ, ˈJuwelˈ, ˈAgriaˈ and ˈBettinaˈ) were 

obtained from Dr. Andrea Schwarzfischer (LfL, am Gereuth 2, IPZ 3b, Freising, Germany). 

Virus susceptibility of the varieties are displayed in Supplemental table 12. All in vitro plants 

were maintained at tissue culture laboratory of Associate Professorship of Fruit Science, 

Technical University Munich (TUM). 

Different cultivars of field grown plant material (tubers and leaves) used for method and 

protocol comparison of potato virus detection via CoRT-qPCR, DiRT-qPCR and DAS-ELISA 

were obtained from Adolf Kellermann (LfL, am Gereuth 2, IPZ 3a, Freising, Germany). 

Table 1: In vitro potato virus gene bank  

 

 

2.2 Growth conditions 

2.2.1 Cultivation of in vitro potato plants 

For experiments on development and evaluation of molecular virus detection methods, as well 

as, for method comparison, in vitro plants were cultivated in a culture room at 22 °C with a 

Virus Virus abbr. Strain-isolate Internal number Potato cultivar used 
for virus preservation

Available 
accession no.

Potato leaf roll virus PLRV Unknown 1/045 ˈAdèlaˈ EU717545
Potato leaf roll virus PLRV Unknown 1/047 ˈOdeskijˈ EU313202
Potato virus S PVS Unknown 6/270 ˈGranolaˈ *
Potato virus Y PVY PVY-O 2/045 ˈProducentˈ *
Potato virus Y PVY PVY-N 2/027 ˈNDR-Bi̍ *
Potato virus Y PVY PVY-N 2/110 ˈAsterixˈ *
Potato virus Y PVY PVY-N-Wilga 2/193 ˈSaturnaˈ *
Potato virus Y PVY PVY-N-Wilga 2/196 ˈInovaˈ JQ954344
Potato virus Y PVY PVY-N-Wilga 2/201 ˈVeloxˈ *
Potato virus Y PVY PVY-N-NTN 2/044 ˈGranolaˈ *
Potato virus Y PVY PVY-N-NTN 2/063 ˈLukavaˈ *
Potato virus Y PVY PVY-N-NTN 2/190 ˈCarreraˈ *
Potato virus Y PVY PVY-N-NTN 2/191 ˈImpalaˈ JQ954343
Potato virus Y PVY PVY-O 2/187 ˈAgriaˈ JQ954341
Potato virus A PVA Unknown 3/057 ˈVital̍ *
Potato virus A PVA Unknown 3/027 ˈKarmenˈ *
Potato virus A PVA Unknown 3/039 ˈAnkaˈ *
Potato virus M PVM Unknown 4/007 ˈHR4ˈ *
Potato virus X PVX Unknown 5/005 ˈKrasavaˈ *
Potato virus X PVX Unknown 5/021 ˈBojarˈ *
Potato virus X PVX Unknown 5/008 ˈLoŝickyˈ *
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photoperiod of 16 h light at 50-70 µmol/m2 ⁎ sec on a MS-Medium (Murashige and Skoog 1962) 

supplied with 0.03 g/L chlormequat chloride (CCC720, Bayer CropScience, Langenfeld, 

Germany) for growth regulation. For maintenance of potato virus gene bank supplied by Dr. 

Petr Dedic (VUBHB, Table 1), plants were grown in vitro on the same media at 13 °C, but new 

plantlets were initially grown for two weeks at 22 °C. Afterwards they were transferred to a 

culture cabinet configured at 13 °C with same illumination parameters. For ensurance of 

optimal virus spreading within the potato plants, they have been grown for at least three months 

before starting a new propagation circle. 

2.2.2 Cultivation of seed potato tubers  

For protocol comparison, 406 (PLRV), 456 (PVS) and 365 (PVY) and 332 (PVM) dormant, 

field-grown potato tubers of different potato varieties were sampled. The tuber material was 

harvested until the end of August 2014 and was processed during the beginning of September 

2014. The virus infection probability of the potato tubers was empirically high owing to their 

origin. The tubers were obtained from LfL. 

2.2.3 Cultivation of potato plants in the greenhouse 

2.2.3.1 For monitoring potato phenolic pattern in response to PVY infection 

For monitoring the phenolic pattern in response to potato virus infection, virus-free in vitro 

plants of the PVY sensitive variety ‘Selma’ (see Supplemental table 12 for PVY susceptibility 

evaluation) were transferred to the greenhouse. Therefore, they were first acclimatized in 

multiport plates with nutrient-poor soil (Florader Anzuchtsubstrat) covered with a fleece. After 

about three to four weeks they were repotted into 11 cm round pots filled with soil containing 

a higher nutrient amount (Einheitserde Special, Gebr. Patzer, Sinntal-Jossa, Germany) and 

cultivated at 20-24 °C with a photoperiod of about 10 h light, for vegetative growth. Depending 

on the annual light conditions additional light by usage of sodium discharge lamps with 150 

µmol/m2 ⁎ sec were provided. All experiments have been carried out under insect protection 

screen. After virus/mock inoculation (section 2.3), the potato plants were cultivated at 20-24 

°C with a photoperiod of about 12 h light to initiate flowering. This was done for eight more 

weeks till flowering was initiated and the leaves were harvested (section 2.4.1).  

2.2.3.2 For seed potato certification by DAS-ELISA in Bavaria  

For virus-enrichment, which is needed for reliable DAS-ELISA detection, the dormancy of the 

tubers was broken by cutting one bud of the tuber rose-end and dipping it into 0.0001% (w/v) 

gibberellic acid (GA3) solution for 20 min. Subsequently, the bud cuttings were air-dried 

overnight. The next day, they were potted into a sand (~40%) peat mixture (20% white peat 0-

10 mm, 80% mixed peat 0-20 mm, 0.06% (w/w) NPK: Stender AG, Schermbeck, Germany) 

and cultivated in the greenhouse under artificial light with a photoperiod of 16 h light at 22 °C. 
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After 4-6 weeks of cultivation, the third fully developed leaf of each plant was sampled for DAS-

ELISA based virus detection. 

2.3 Mechanical virus inoculation 

The virus-free greenhouse plants of the variety ‘Selma’ (section 2.2.3.1) were inoculated with 

PVYN-Wilga (internal number 2/196, Table 1) respectively pseudo inoculated (mock plants) with 

virus-free plant sap (Table 2). Therefore, 1 g of virus infected fresh plant material was grounded 

in 20 mL inoculation buffer (Table 2) using a mortar and a pistil. The leaves, preferably the 

cotyledons, were covered with carborundum powder (SiC 400mesh, Sigma-Aldrich, St. Louis, 

USA) using a fine brush. Subsequently, the homogenate was transferred in drops to the SiC 

covered leave using a disposable 3 mL plastic pasteur pipette (Brand, Wertheim, Germany). 

Three drops per leave were used for inoculation. The inoculum-carborundum homogenate was 

carefully rubbed onto the leaf with the help of a pistil. After 10 min incubation, the carborundum-

inoculum mixture was washed off the leaf by sterilized H2O. Inoculation was done on two 

leaves (both cotyledons) per plant at two different days with an always freshly prepared 

inoculum. 

Table 2: Inoculation buffer for virus transmission (pH 7.2)  

 

 

2.4 For monitoring potato phenolics in response to PVY infection 

2.4.1 Sample processing for HPLC analysis 

The first and the second fully developed leaf of one plant were harvested in tinfoil bags and 

directly put into liquid nitrogen. Subsequently, the frozen leaves were freeze dried (P10K, 

Piatkowski-Forschungsgeräte, Munich, Germany and Virtis Genesis SQ25LE-6, SP scientific 

industries, Warminster, USA) within four days. The starting temperature was -20 °C on the 

next day the temperature was wind up to -6 °C, the day after to +14 °C and on the fourth day 

the temperature was set to +25 °C. Thereafter, a peddle mill was used to grind the leaves to 

powder. Sixty milligram leaf powder was weighed in a 2 mL safe-lock Eppendorf tube and 

extracted with 1.8 mL methanol (Gradient Grade, J. T. Baker, Avantor Performance Materials, 

Center Valley, USA) containing 0.0055 mg/mL 6-methoxyflavone (Extrasynthese, Lyon, 

France), which was used as an internal standard. The mixture was incubated in a cooled ultra-

sonic bath for 30 min. Subsequently, the extract was centrifuged for 10 min at 4 °C with 5000 

Component Supplier Final concentration Volume
K2HPO4 Merck 0.1 M 4.35 g
PVP (MW: 40,000) Sigma-Aldrich 1% (w/v) 2.5 g
ddH2O   add to 250 mL
Sum 250 mL
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x g. The supernatant was taken to a new 2 mL safe-lock tube followed by vaporizing the 

methanol in a vacuum concentrator centrifuge with cooling trap (Univapo 150H with MC2L-

60°C Unicryo, UNIEQUIP, Munich, Germany). The dried remnant was re-dissolved with 90 µL 

pure methanol. Therefore, the final concentration of the internal standard 6-methoxyflavone 

resulted in 0.11 mg/mL. The solution was shortly centrifuged and 10 µL were injected to the 

HPLC-system (section 2.4.4). 

2.4.2 Sample processing for PVY infection verification  

In order to verify PVY infection of the virus inoculated potato plants a duplex one step Direct 

RT-PCR (DiRT-PCR) was conducted (section 2.5.6.4.1). Therefore, the fourth fully developed 

leaf of each plant was harvested in an extraction bag (Bioreba, Rainach, Switzerland). 1 g of 

the leaf material was homogenized with 3 mL extraction buffer 1 (Table 2) by Homex 6 

homogenizer (Bioreba). The homogenate was transferred to a 2 mL tube and centrifuged at 4 

°C with 10,000 x g for 3 min. The supernatant was 1:10 diluted in extraction buffer 1 (Table 2). 

The diluted extract was inserted into the PCR reaction without any further purification. The 

uniform PVY primers designed by Schubert et al. (2007) were modified in this study 

(Supplemental table 1) and were combined with primers amplifying an internal control coding 

for NADH-dehydrogenase subunit 5 (nad5, Menzel et al. 2002) in order to perform a duplex 

one step DiRT-PCR assay (section 2.5.6.4.1).  

2.4.3 Identification and quantification of potato phenolic compounds 
responding to PVY infection 

Phenolic acids and flavonoids were identified due to UV-spectra and retention time matches 

in the literature, as well as comparison with authentic reference material, which has been 

analyzed under the same condition. Quantification was performed using the internal standard 

method in mg/mL (Brink et al. 2012; Inbaraj et al. 2010). The response factors were established 

by dilution series of the relevant standards at specific wavelengths. The linearity was described 

by a regression equation and by the determination of the correlation coefficient R2 (Table 3). 

The known phenolics were calculated by applying the specific response factor for the standard 

within their linear range (Table 3). The unknown phenolics exhibiting UV maxima around 280 

nm were calculated with the response factor of chlorogenic acid (Sigma-Aldrich, St. Louis, 

USA) at 280 nm (Table 3). The unknown phenolics showing UV maxima around 320 nm were 

calculated with the response factor of chlorogenic acid at 320 nm (Table 3). Chlorogenic acid 

and crypto-chlorogenic acid peaks were integrated at 350 nm wavelength and calculated with 

the response factor of chlorogenic acid at 350 nm (Table 3). The unknown flavonols were 

quantified with the response factor of rutin (Merck, Darmstadt, Germany) at 350 nm (Table 3). 

The response factor of the internal standard 6-methoxyflavon (Extrasynthese, Lyon, France) 
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was always calculated at 280 nm.  

Table 3: Linearity range, response factors and wavelengths of compounds used for calculation of compound quantity. 

 

 

2.4.4 HPLC equipment and conditions 

HPLC analysis was performed with a Kontron HPLC system (Kontron Instruments, Munich, 

Germany) furnished with two pumps, an automatic sample injector (model 231, Gilson Abimed 

Systems, Middelton, USA) and a diode array detector (Kontron Instruments, Munich, 

Germany), which simultaneously recorded chromatograms at wavelengths between 200 nm 

and 600 nm. A Nucleosil C18 column (4,0mm x 250mm, 3µm, 120Å, 11%C, endcapped, 

octadexyl bonded silica stationary phase, Macherey-Nagel, Düren, Germany) was used. 

Analysis was performed at room temperature with a flow rate of 0.5 mL/min. An elution gradient 

was employed (Table 4). 

Table 4: Gradient composition for HPLC analysis 

 

Compound Manufacturer Wavelength 
(nm)

Linearity range
 (mg/ml)

Regression equation Correlation 
coefficient (R2)

Response factor 
(f=c/A)

Chlorogenic acid Sigma-Aldrich 280 0.5–5 y = 504.55x + 11.953 0.9985 0.00195
Chlorogenic acid Sigma-Aldrich 320 0.25-2,5 y = 813.43x + 96.113 0.9827 0.00112
Chlorogenic acid Sigma-Aldrich 350 0.1-5 y = 449.81x + 14.013 0.9982 0.0022
Rutin Merck 350 0.1-5 y = 634.21x - 31.349 0.9988 0.00164
6-Methoxyflavone Extrasynthese 280 0.05-0.4 y = 1009.7x + 9.8826 0.9877 0.000944

Time (min)
% Solvent A
= ddH2O with 5% (v/v) 
formic acid (Merck) 

% Solvent B 
=Methanol (Gradient 
Grade, J. T. Baker)

0 95 5
5 95 5
10 90 10
15 90 10
35 85 15
55 85 15
70 80 20
80 80 20
95 75 25
125 70 30
145 60 40
160 50 50
175 10 90
195 10 90
200 0 100
210 0 100
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2.5 For nucleic acid amplification and immunological virus detection 
assays 

2.5.1 Sample processing 

2.5.1.1 Crude homogenization 

2.5.1.1.1 Operation with Homex 6 Homogenizer at TUM 

For processing crude plant material, 1 g of leaf, complete in vitro plants or tap water washed 

tuber material of the stolon end (in case of dormant tubers) or tuber eye sprouts (in case of 

sprouted tubers) were homogenized with 3 mL extraction buffer (Supplemental table 4) or 

sterilized water by using extraction bags fixed into the electronical Homex 6 homogenizer (both 

obtained from Bioreba, Rainach, Switzerland). The homogenate was transferred to a 2 mL 

Eppendorf tube and subsequently centrifuged at 4 °C with 13,000 x g for 3 min. The 

supernatant was 1:10 diluted in the same extraction buffer as used before. The dilution was 

used for potato virus detection in the reaction mixes of DiRT-PCR, DiRT-qPCR or isothermal 

amplification methods without any further purification.  

2.5.1.1.2 Operation with the sap press 

2.5.1.1.2.1 Potato tubers 

The dormant tubers were washed with tap water and cut with 3% (v/v) NaOCl cleaned razor 

blades on the stolon end. One gram of the stolon end was added to the Pollähne sap press 

(Meku Erich Pollähne, Wennigsen, Germany) and tuber drops were pressed out, one by one. 

The first drop has been ignored but the next three drops were collected in a 1.5 mL Eppendorf 

tube. Three sap drops correspond to about 100 µL and they were diluted in 300 µL extraction 

buffer (Supplemental table 4) added with 0.02% (w/v) NaN3 for long term storage. The mixture 

was centrifuged at 4 °C with 13,000 x g for 3 min. The supernatant was diluted (1:10) in 

extraction buffer with NaN3 in a second 1.5 mL Eppendorf tube. The diluted extract and the 

stock tuber sap buffer mixtures were frozen at -80 °C until DiRT-qPCR analysis. Afterwards, 

the remaining tuber part, the rose end, was further processed for standard virus detection via 

DAS-ELISA (for cultivation conditions of the tubers see section 2.2.3.2). The harvested leaves 

grown out of the respective tubers were processed for DAS-ELISA application as described in 

section 2.5.1.1.2.2. 

2.5.1.1.2.2 Potato leaves  

The third or fourth completely developed leaf was harvested from four to six-weeks old potato 

plants cultivated in the greenhouse of LfL (section 2.2.3.2). One gram of the leaf was pressed 

and processed for DiRT-qPCR application as described in section 2.5.1.1.2.1 (Potato tubers). 

For the standard virus detection method DAS-ELISA, three drops of the pressed sap were 
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diluted in 1 mL extraction buffer (Supplemental table 4), which was additionally charged with 

0.02% (w/v) NaN3 and 1% (w/v) egg albumin.  

2.5.1.2 RNA extraction 

The plant material was processed as described in section 2.5.1.1 for DiRT-qPCR, depending 

on the processing equipment and the plant material type. Before the mentioned centrifugation 

step was performed, 500 µL of the crude homogenized plant sap was taken for RNA extraction, 

mostly in order to compare the different protocols. Samples intended for RNA extraction were 

directly frozen in liquid nitrogen. For total RNA extraction PureLink® Plant RNA Reagent 

(Thermo Fisher Scientific, Waltham, USA) was employed. It was applied according to the 

instructions of the manufacturer. The extracted RNA was resolved in H2ODEPC or in nuclease 

free water (Thermo Fisher Scientific). 

2.5.2 Preparation of H2ODEPC 

DEPC (Diethylenepyrocarbonate) was used as a strong, but not absolute, inhibitor of 

ribonuclease activity to provide RNase free water. Autoclaved distilled H2O was incubated 

for 2 h with 0.1% DEPC (w/v) at room temperature upon agitation. Incubation at 37 °C 

overnight was followed by autoclaving the solution at 20 psi for 20 minutes. While 

autoclaving, DEPC reacts with water and hydrolyses to ethanol and CO2. 

2.5.3 Photometrical measurements of cDNA/cRNA/RNA concentrations 

For determination of the particular cDNA/cRNA or RNA concentrations, a 

spectrophotometer (Eppendorf Bio Photometer V.1.32, Hamburg, Germany) was 

employed. It measures the concentration of nucleic acids in cuvettes (70 µL UV-Cuvette 

micro, Brand, Wertheim, Germany). A solution of 65 µL H2O and 5 μL of the sample were 

applied to the cuvette. Deionized water was used as a reference in case of cDNA 

measurement, while H2ODEPC or in nuclease free water was used as a blank for RNA 

measurement. DNA and RNA are both detected at a wavelength of 260 nm. An optical 

density of 1.0 A260 is equivalent to 50 μg dsDNA per mL, while an optical density of 1.0 at 

a wavelength of 260 nm corresponds to 40 μg of RNA per mL. 

2.5.4 DAS-ELISA 

All DAS-ELISA assays were performed at Bavarian State Research Center for Agriculture [in 

German: Landesanstalt für Landwirtschaft (LfL) in Freising, DIN EN ISO/IEC 17025:2005 

accredited for conducting potato virus detection by DAS-ELISA]. The established leaf press 

sap mixture (see section 2.5.1.1.2.2) was subsequently clarified by centrifugation, followed by 

adding to antibody coated ELISA microtiter plates (Greiner Bio-One GmbH, Frickenhausen, 
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Germany). The antibody coating of ELISA microtiter plates has been done according to the 

instructions of the manufacturer (Bioreba, Rainach, Switzerland), the IgG was 1:1000 diluted 

in coating buffer (Supplemental table 5) and a virus species depending coating volume was 

pipetted to each well and incubated overnight at 4 °C. The next day, the microtiter plates were 

washed three times with washing buffer (Supplemental table 5) and frozen at -20 °C for future 

use. The coating volume for PVY, PLRV PVS and PVM detection was 160 µL and for PVA and 

PVY detection 110 µL (Table 5). The processed leaf sap (section 2.5.1.1.2.2) was added to 

the defrosted coated microtiter plates and incubated overnight at 4 °C. For detection of PVY, 

PLRV, PVS and PVM 150 µL leaf sap was added to each well and for detection of PVA and 

PVX 100 µL were added to each well (Table 5). After incubation, the plates were washed three 

times with washing buffer (Supplemental table 5). The enzyme-labelled antibodies were diluted 

1:1000 in conjugate buffer (Supplemental table 5) and the respective conjugate volume (Table 

5) was added to each well of the microtiter plate. The incubation took place in a heating cabinet 

at 37 °C for 2.5 h. After a third washing step, 200 µL of diluted pNPP (para-

nitrophenylphosphate) was added to each well. Before, pNPP was diluted in substrate buffer 

(Supplemental table 5) to a final concentration of 1 mg/mL. The following incubation step was 

at room temperature (20-25 °C) in the dark for 60-120 min. The results were visualized and 

measured with a spectrophotometer at 405 nm absorbance (A405nm) using a molar extinction 

coefficient of 18,000 M-1 ⁎ cm-1. The absorbance of the no template control (NTC) was 

subtracted, and a cut-off of 0.1 at A405nm was set as the limit for discrimination between virus-

infected and virus-free potato material.  

Table 5: Antibodies applied in standard seed potato certification process in Bavaria. 

 

We included a ten-fold diluted stock plant sap derived from virus-free in vitro potato plants as 

negative controls. A NTC (no template control) was achieved by adding extraction buffer to 

each DAS-ELISA assay without any sample material. 

For method comparison, we performed three technical repeats for each dilution step of potato 

virus-infected in vitro plant sap within one biological repetition. For acceptance of a virus-

positive result of each dilution step, at least two of three technical repeats needed to be at or 

above the A405nm cut-off 0.1.  

For protocol comparison, only one reaction per sample was evaluated. This corresponded to 

the DIN EN ISO/IEC 17025:2005 accreditation in potato virus detection for seed potato 

certification at Bavarian State Research Center for Agriculture (LfL). 

Virus type/strain/ isolate Antibody (IgG) Conjugate Coating 
volume [µL]

leaf sap 
volume [µL]

Conjugate 
volume [µL]

Substrate 
volume [µL]

PVY/all/all PVY monoclonal cocktail (B) PVY monoclonal cocktail (B) 160 150 150 150
PLRV/all/all PLRV polyclonal PLRV monoclonal 160 150 150 150
PVA/all/all PVA monoclonal PVA monoclonal 110 100 100 100
PVX/all/all PVX polyclonal PVX polyclonal 110 100 100 100
PVS/all/all PVS polyclonal PVS polyclonal 160 150 150 150
PVM/all/all PVM polyclonal PVM polyclonal 160 150 150 150
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2.5.5 Synthetic oligonucleotides (Primer) 

All in this work used primers and probes were obtained by Eurofins Genomics (Ebersberg, 

Germany), Thermo Fisher Scientific (Waltham, USA) or Biomers (Ulm, Germany). PCR 

Primers and probes for potato virus detection are listed in the Supplemental table 1. 

Supplemental table 2 provides a list of tested primer sets published for potato virus detection 

by isothermal methods.  

For both nucleic acid amplification one-step duplex protocols (DiRT-qPCR and CoRT-qPCR), 

the same primer and probe combinations were used. PLRV, PVA and PVX were identified 

using the TaqMan® primer set published by Agindotan et al. (2007). The PVY TaqMan® primer 

set was designed by Singh et al. (2013), which was named in that publication as PVY-1. 

Mortimer-Jones et al. (2009) developed the primers for the detection of PVS by one-step RT-

qPCR. The TaqMan® primer set designed for the gene coding for the ubiquitous enzyme 

cytochrome c oxidase (cox, Weller et al. 2000) was used as internal control to verify the 

performance of the assays.  

The newly designed TaqMan® qPCR primers and hydrolysis probes for selection and 

establishment of a reliable PVM RT-qPCR detection assay are listed in Table 6 and the 

designed hydrolysis probes for mRNA TaqMan® qPCR detection of NADH dehydrogenase 

subunit 5 (nad5) with intron spanning forward and reverse primers designed by Menzel et al. 

(2002) are listed in Table 7. All have been created with the open access software Primer3 plus 

(Rozen et al. 2000; Untergasser et al. 2007). Table 8 lists the designed primer sets for potato 

virus detection via isothermal amplification methods LAMP and SMAP 2 (SmartAmp). The 

LampDesigner software of Biosoft (Palo Alto, USA) and the open access Primer Explorer V4 

software of Eiken (Tokio, Japan) at https://primerexplorer.jp/e/ have been used for the design 

of LAMP primer sets. SMAP 2 primer sets have been established by using the open access 

software provided by Riken Yokohama Institute, which was formerly available at 

http://www.smapdna.com, but its access seems denied meanwhile. Viral genome sequence 

accession numbers used for primer design are listed in Supplemental table 3. 

All nucleic acid amplification primer sets were designed according to the instructions of the 

respective software provider in conserved regions within the virus isolates. 

https://primerexplorer.jp/e/
http://www.smapdna.com/
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Table 6: Designed Potato virus M primer for selection.  
The primers and the unlabeled probes were termed as follows: virus_oligo nucleotide type_primer number. Whereupon, 
the oligonucleotide type options are forward primer (F), reverse primer (R) or probe (P). 

 

 

Table 7: Designed hydrolysis probe for intron spanning nad5 primer (Menzel et al. 2002, 181bp) 

  

Primer name Primer sequence (5’     3’) Primer length (bp)
PVM_F_1 GCTAGGTGTCACAGGTGCTA 20
PVM_F_2 CACATACAGAACGCCAATGGAAG 23
PVM_F_3 GAGGAGCAACACTGCCAATACTT 23
PVM_R_1 GCTTGTTGATGACTGAAGGTA 21
PVM_R_2 AAGTATTGGCAGTGTTGCTCCTC 23
PVM_R_3 CTTCGAGGAGCAACACTGCCAATACTT 29
PVM_R_4 GAATGCACGACTGCCGAGTA 20
PVM_P_1 ACAATGTGCGCGTGGCGCAA 20
PVM_P_2 TGAGCCAGCAACTCAGGCTGTGATAGCT 28
PVM_P_3 CCGTACTCGGCAGTCGTGCATTCGCA 26
PVM_P_4 AGGAAATTGAGCATGGCAGGCATATACTTG 30
PVM_P_5 TGGCGAAAAGGAAATTGAGCATGGCAGG 28

Probe name Probe sequence (5’     3’) Probe length (bp)

nad5_P_St14 225'-HexC5GAGGAT5CG5ATAGC5CTCG-TQ2

  5 = propynyl-desoxycytidin modification (pdC)
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Table 8: Designed and selected primer sets for potato virus detection via RT-LAMP and RT-SMAP. 
Applied wobble-bases are marked red. 

 

  

Primer set name Primer sequence (5’      3’)

F3: CTGTGATGAATGGGCTTA
B3: CGCATTTCTATATACGCTT
FIP: CCATCATAACCCARACTCCGTTG-GTTTGGTGCATGAAAATGG
BIP: TACCCACTGAAACCAATCGTT-CTGCAACATCTGAGAAATGTG
LB: ACCAACMCTTAGGCAAATCATGG

PVY_SMAP-set_4 OP1: CATCAACGGAGTTTGG
OP2: TTGTTGCGCATTTCTA
TP: TGCCTAAGTGTTGGTTTTGAACAAGTCGAATCCCA
FP: TTTATATATATATAAAACGCTTCTGCAACATCTG
BP: TCAACGATTGGTTTCA

PLRV_LAMP-set_1 F3: ATCCGGAATGTGGCAATC
B3: GCTTGAACTTCCAATGCTTG 
FIP: CAACGAGCTCACGATCGTGTC-GAAGTGATTCAAAAYTATCTGGC 
BIP: CCAGTGGTTGGTTCCGAGTG-ACTCGYKTWTGCTTGGCTA
LF: GGAGTTCCTGCAGCACAGA
LB: CCACCACAAAAGAACACTGAAGGAG

PVS_LAMP-set_10 F3: TGGCTGYTAGTTCTACTTC
B3: ATGTTGCTACAGCYTCCA
FIP: GCACTCGRTTGCACCTTGTTGCGCTCATYTGYYTAT
BIP: GTATGTKCTCAGGCCAGGAAATTGACYAGCCGGACTG
LF: GCTGCGTTCTRCTCATCAC
LB: GRCAGCATKGAGCATGAC

PVM_LAMP-set_4 F3: GCCGTCCATAGAAGCYCTCA
B3: GCCAYTCAAACGARCCTCG
FIP: MCCTAGCCCTYCCAGGTTCACA-ATCAARCCAATCGCGATCTC
BIP: GACTGAGCACGTGCARCAGG-AATACGGAGCTGCTTGCG
LF: TCCTCAGAYGTRGCCATATTGTT
LB: GTGATYCAGGCWGTGCYATTTTGC

PVA_LAMP-set_1 F3: GCTTAATGAGTACCGTGGA
B3: TCTAAGCATGATGTCTGTGT
FIP: AACAATGCTCTTGCCGACGGAGGAGAAGAACATGACCA
BIP: GCTGAACACGAACCGCATTGTGAATTCCATGAAGTGRC
LF: ATCGCTCATGCTAACACAAG
LB: ATGCCAACCAAGAACCATC

PVY_LAMP-set_2
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2.5.6 Polymerase chain reaction (PCR) 

2.5.6.1 General set-up  

All qualitative PCR temperature steps (single plex and duplex one-step CoRT-PCR and DiRT-

PCR assays; colony PCR) were performed in a thermocycler of Biometra (MJ Research Inc., 

Göttingen, Germany).  

All TaqMan® qPCR assays were performed in a 48 well MiniOpticon™ Real-Time Thermal 

Cycler (Bio-Rad, Hercules, USA) that includes two detection channels (detection ranges: 

channel 1: 523–543 nm and channel 2: 540–700 nm) for a maximal duplex assay set-up. Each 

duplex reaction contained a volume of 25 µL, wherein TaqMan® primer sets for the detection 

of one potato virus species and cox TaqMan® primers as internal control were included. The 

used potato virus probes were tagged at the 5′-end with Fam (5(6)-carboxyfluorescein, 

emission: 520 nm, detection in channel 1) and the internal control cox probe was tagged at the 

5′-end with Hex (hexachloro-fluorescein, emission: 556 nm, detection in channel 2). For both 

RT-qPCR TaqMan®-based potato virus detection methods (CoRT-qPCR and DiRT-qPCR), the 

same thermal cycling conditions were used (Table 13). The complete thermal cycling protocol 

took 58 min, and the threshold for quantification was set automatically by the software (Bio-

Rad CFX Manager 3.1).  

2.5.6.2 RT-PCR assay validation and evaluation 

For verification of each RT-PCR assay, the following controls were included: negative control 

by adding plant sap or purified RNA of virus-free potato material, and a positive control with 

purified RNA derived from in vitro potato plants infected with the respective virus species. 

For method comparison, we performed three technical repeats for each dilution step of sap 

within one biological repetition. In total, three biological repetitions were performed. For virus-

positive result acceptance of each dilution step, at least two of three technical repeats had to 

be assessed positive.  

For protocol comparison, one reaction per sample was evaluated (unclear first results in DiRT-

qPCR were repeated twice) to adapt the experimental set up of standard DAS-ELISA for seed 

potato certification at LfL. 

For establishment of standard curves, a no reverse transcriptase control (NRT) was included 

for the lowest cRNA dilution.  

2.5.6.3 PCR protocol for virus detection with RNA extraction 

Reverse transcription PCR protocols for virus detection with obligatory RNA extraction steps 

are termed here, conventional RT-PCR assays. See section 3.5.2 for the applied RNA 

extraction procedure. 
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2.5.6.3.1 Conventional reverse transcription quantitative PCR (CoRT-qPCR) 

For protocol and method comparison, as well as for control qPCR of LAMP set-up trials, CoRT-

qPCR for potato virus detection was conducted. Each 25 µL duplex reaction contained 

TaqMan® primer sets for the detection of one potato virus species and cox TaqMan® primers 

as internal control was included (Supplemental table 1). The used TaqMan® primers for 

detection of the intron-less qPCR control cox were designed by Weller et al. (2000). For CoRT-

qPCR 2 µL total RNA was added to the reaction mix based on Jumpstart Taq Ready mix 

(Sigma-Aldrich, St. Louis, USA; Table 9), which was inspired by Mortimer-Jones et al. (2009). 

The same is true for the applied thermal cycling conditions, which were already mentioned in 

section 2.5.6.1, Table 13. According to Mortimer-Jones et al. (2009), the Cq cut-off at 30 cycles 

was set as the limit for result assessment. 

The final reaction mix composition for TaqMan®-based PVM detection via CoRT-qPCR slightly 

differs from the general set up and is described in Table 9.  

Table 9: Reaction mix for detection of PVY, PLRV, PVA, PVX, PVS and PVM via duplex one step CoRT-qPCR. 
The reaction mix was inspired by Mortimer-Jones et al. (2009) and the used qPCR primers are listed in Supplemental 
table 1. 

 

 

2.5.6.4 PCR protocols for virus detection without RNA extraction 

Commercially available kits, like KAPA3G™ Plant PCR kit (Kapa Biosystems, Roche, Basel, 

Switzerland) and Phire™ Plant Direct PCR Kit (Thermo Fisher Scientific, Waltham, USA), 

which were initially developed for rapid amplification of genomic DNA (Schori et al. 2013), were 

selected for direct reverse transcription PCR and quantitative PCR, by adding SuperScript® III 

reverse transcriptase (Thermo Fisher Scientific) to detect potato viruses without RNA 

purification. The selected KAPA3G™ Plant PCR kit contains a DNA polymerase, which is 

Component Supplier Stock concentration Final concentration Volume (µL)

Jumpstart Taq Ready mix Sigma-Aldrich 2x 1x 12.5

MgCl2 Merck 25 mM 2 mM 2

Primer mix 1 (forward and 
reverse, internal control cox)

Eurofins 10 µM each 0.3 µM each 0.75

Probe 1 (internal control cox) Eurofins 5 µM 0.2 µM 1

0.3 µM each 0.75
(PVM: 0.4 µM each) (PVM: 1)

5µM 0.2 µM
(PVM: 10 µM) (PVM: 0.4 µM)

SuperScript®III RT Thermo Fisher 200 U/µl 20 U 0.1

RNA 2

Nuclease free H2O add to 25

Sum 25

Eurofins or
Thermo Fisher 

Primer mix 2 (forward 
and reverse, potato virus)

Probe 2 (potato virus)

10µM each

1

Eurofins
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robust against several PCR inhibitors and was established by Kapa Biosystems (Wilmington, 

USA) that has been recently acquired by the Roche Group (Roche Group 2015).  

2.5.6.4.1 Direct reverse transcription PCR (DiRT-PCR) 

Two single-plex one-step CoRT-PCR protocols for detection of all isolates of PVY (Schubert 

et al. 2007; PVY3_822 and PVY5_822; Supplemental table 1) and the nad5 internal control 

(Menzel et al. 2002; NAD5_F_Me02 and NAD5_R_Me02; Supplemental table 1) were both 

converted into a DiRT-PCR assay without RNA extraction at the same annealing temperatures 

(reaction mix and temperature profile in Table 10 and Table 11). Additionally, it was possible 

to combine both primer sets into one set-up to perform a duplex one-step DiRT-PCR at a 

primer annealing temperature of 58°C (Table 10 and Table 11). 

Table 10: Reaction mix for potato virus detection via duplex one-step DiRT-PCR.  
The used primers are listed in Supplemental table 1. 

 

 

Table 11: Temperature protocol for one-step single-plex DiRT-PCR assays. 

 

Component Supplier Stock concentration Final concentration Volume (µL)

Kapa3G plant PCR buffer Roche 2x 1x 12.5

Primer mix 1 (mod. PVY3_822, 
PVY5_822; Schubert et al., 2007)

Eurofins 10 µM each 0.3 µM each 0.75

and/or

Primer mix 2 (NAD5_F_Me02; 
NAD5_R_Me02; Menzel et al., 2002)

Eurofins 10 µM each 0.3 µM each 0.75

SuperScript®III RT Thermo Fisher 200 U/µl 20 U 0.1

KAPA3G Plant DNA polymerase Roche 2.5 U/µl 0.5 U 0.2

Leaf sap / tuber sap 2 µL

ddH2O add to 25

Sum 25

Step Progress Temperature (°C) Duration Repetitions

1. Reverse transcription 51 30 min
2. Initial denaturation 94 2 min

3.1 Denaturation 95 30 s

3.2 Annealing

62 (PVYall)
51 (nad5)
58 (duplex DiRT-PCR, 
PVYall + nad5) 

45 s

3.3 Elongation 68 80 s

4. Final Elongation 68 7 min
5. Cooling 15 ∞

40x
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2.5.6.4.2 Direct reverse transcription quantitative PCR (real-time, DiRT-qPCR) 

The components for the 25 µL one-step duplex DiRT-qPCR protocol were as follows: 12.5 µL 

KAPA3G™ Direct Plant PCR buffer (2x, Roche, Basel, Switzerland), 0.3 µM of each primer, 

0.15 µM of each probe, 20 U SuperScript® III reverse transcriptase (Thermo Fisher Scientific, 

Waltham, USA), 0.5 U KAPA3G™ Direct Plant DNA polymerase (Roche, Basel, Switzerland), 

1.2 M betaine (Applichem, Darmstadt, Germany) and 2 µL of plant sap (Table 12). The 

quantitative threshold (Cq) was set at 36 cycles (cut-off) as limit for qualitative discrimination 

between virus-infected and virus-free potato material. Most primer sets used in our 

experiments were also used by Mortimer-Jones et al. (2009). We initially adopted their 

suggested Cq cut-off, but PCR inhibitors present in DiRT-qPCR may lower the sensitivity. 

Therefore, we experienced reliable results by raising the Cq cut-off to 36 cycles instead of 30 

cycles. 

For assays aiming at selection of TaqMan® primer set for PVM detection in DiRT-qPCR, the 

intercalating dye SYBR® Green (Applichem, emission: 520 nm, detection in channel 1) was 

used (Table 14) and melting curve analysis was attached to the thermal cycling protocol (Table 

13). For optimization of DiRT-qPCR set-up, involving primer and probe titration of the selected 

PVM TaqMan® primers, the reaction mix composition is listed in Table 15. The final reaction 

mix composition for TaqMan®-based PVM detection via DiRT-qPCR slightly differs from the 

general set up that is described in Table 12.  

Table 12: Final reaction mix for detection of PVY, PLRV, PVA, PVX, PVS and PVM via duplex one step DiRT-qPCR. 
The used qPCR primers are listed in Supplemental table 1. 

 

Component Supplier Stock concentration Final concentration Volume (µL)

Kapa3G plant PCR buffer Roche 2x 1x 12.5

Primer mix 1 (forward and 
reverse, internal control cox)

Eurofins 10 µM each 0.3 µM each 0.75

Probe 1 (internal control cox) Eurofins 5 µM 0.2 µM 1

0.3 µM each 0.75
(PVM: 0.4 µM each) (PVM: 1)

5 µM 0.2 µM
(PVM: 10 µM) (PVM: 0.4 µM)

Betaine Applichem 5 M 1.2 M 6

SuperScript®III RT Thermo Fisher 200 U/µl 20 U 0.1

KAPA3G Plant DNA polymerase Roche 2.5 U/µl 0.5 U 0.2

Leaf sap / tuber sap 2

ddH2O add to 25

Sum 25

1

Primer mix 2 (forward 
and reverse, potato virus)

Eurofins

Probe 2 (potato virus) Eurofins or
Thermo Fisher 

10 µM each
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Table 13: DiRT-qPCR and CoRT-qPCR temperature protocol inspired by Mortimer-Jones et al. (2009) 

 

 

Table 14: DiRT-qPCR reaction mix with SYBR® Green used for PVM primer selection and PVY primer comparison.  
The used qPCR primers are listed in Table 6. 

 

 

Table 15: Reaction mix for TaqMan® PVM primer and probe titration by DiRT-qPCR. 
The used qPCR primers are listed in Table 6. 

 

Step Progress Temperature (°C) Duration Repetitions

1. Reverse Transcription 42 15 min
2. Initial Denaturation 95 3 min
3. Denaturation 95 15 sec
4. Annealing/Elongation 60 45 sec

4a.
Melting curve analysis (in case of real-time 
application with SYBR®Green)

60-95 20-40 min

5. Cooling 15 ∞

40x

Component Supplier Stock concentr Final concentration Volume (µL)

Kapa3G plant PCR buffer Roche 2x 1x 12.5

Forward primer/untagged probe Eurofins 10 µM 0.3 µM 0.75

Reverse primer Eurofins 10 µM 0.3 µM 0.75

SYBRGreen® mix Applichem 10x 1x 2.5

Betaine Applichem 5 M 1.2 M 6

SuperScript®III RT Thermo Fisher 200 U/µl 20 U 0.1

KAPA3G Plant DNA polymerase Roche 2.5 U/µl 0.5 U 0.2

RNA/leaf sap / tuber sap 2

ddH2O add to 25

Sum 25

Component Supplier Stock concentration Final concentration Volume (µL)

Kapa3G plant PCR buffer Roche 2x 1x 12.5

Forward primer (PVM_F_3_St15) Eurofins 10 µM 0.2-0.6 µM 0.5-1.25

Reverse primer (PVM_R_4_St15) Eurofins 10 µM 0.2-0.6 µM 0.5-1.25

Fam6-labeled probe (PVM_P_5_St15) Eurofins 10 µM 0.06-0.4 µM 0.15-1

Betaine Applichem 5 M 1.2 M 6

SuperScript®III RT Thermo Fisher 200 U/µl 20 U 0.1

KAPA3G Plant DNA polymerase Roche 2.5 U/µl 0.5 U 0.2

RNA/ leaf sap / tuber sap 2

ddH2O add to 25

Sum 25
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2.5.7 Isothermal amplification methods 

In this study, the group of DNA polymerase based isothermal amplification methods were 

investigated as possible tools for potato virus detection. The used DNA polymerase with 

strand-displacement activity was Bst DNA polymerase, which is an abbreviation for the full-

length polymerase from Geobacillus stearothermophilus (former Bacillus st.). Bst DNA 

polymerase and the respective reaction buffer termed Thermopol were purchased from New 

England Biolabs (Ipswich, USA). Temporarily, the Thermopol buffer was also self-prepared 

according to the manufacturer specifications (Supplemental table 6). Besides DNA 

polymerases with strand-displacement properties, LAMP and SMAP 2 assays exhibit 

complicated primer sets (four to six primers) to generate stem-loop intermediates serving as 

new templates for following auto-cyclic amplification at a constant temperature. Amplification 

at a constant temperature allows reaction performance in a water baths or a heating block 

instead of in an expensive thermocycler.  

However, for investigation purposes, all qualitative LAMP and SMAP 2 temperature steps were 

performed in a thermocycler of Biometra (MJ Research Inc., Göttingen, Germany). The thermal 

cycling protocol is listed in Table 17. 

For RT-LAMP and RT-SMAP assays, often a documentation reagent was added in order to 

visualize the results without opening the reaction tube after one-step RT-LAMP reaction. The 

documentation reagents were hydroxynaphthol blue (HNB, Sigma-Aldrich, St. Louis, USA) and 

Eriochrome black T (ErioT, Applichem, Darmstadt, Germany) as indirect metal ion detectors 

for magnesium complexation with the amplification by-product pyrophosphate. For real-time 

assays the DNA-intercalating SYBR® Green (Applichem, Darmstadt, Germany) was added to 

the reaction.  

For real-time assays, the 48 well MiniOpticon™ Real-Time PCR System (Bio-Rad, Hercules, 

USA) was employed. For investigation of assay specificity, supplementation of the reaction 

mix composition with the intercalating dye SYBR® Green (Applichem, emission: 520 nm, 

detection in channel 1) and subsequently melting curve analysis was attached to the thermal 

cycling protocol (Table 17). 

2.5.7.1 Reverse transcription LAMP (RT-LAMP) 

The one-step reverse transcription Loop-mediated isothermal amplification (RT-LAMP) basic 

assay composition was inspired by the protocol of Nie (2005) for PVY detection via one-step 

RT-LAMP. The reaction components were step by step adjusted to obtain optimal amplification 

conditions for each primer set, starting from the basic reaction mix composition for RT-LAMP 

listed in Table 16.  
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2.5.7.2 Reverse transcription SMAP 2 (RT-SMAP 2) 

The one-step reverse transcription Smart amplification process 2 (RT-SMAP 2) basic assay 

composition was inspired by the reaction mix composition of one-step RT-LAMP (Table 16). 

For PVY detection, two pairs of SMAP 2 primer sets were designed (PVY_SMAPset_4 and 

PVY_SMAPset_6, see Table 8). The reaction components were step by step adjusted to obtain 

optimal amplification conditions for each primer set, starting from the basic reaction mix 

composition for RT-SMAP listed in Table 16.  

Table 16: Basic reaction mix composition for RT-LAMP and RT-SMAP. 
The used RT-LAMP primer sets are listed in Table 8 and in Supplemental table 2. 

 

 

Table 17: Applied temperature protocol for RT-LAMP and RT-SMAP 

 

Component Method Supplier Stock concentration Final concentration Volume (µL)

Thermopol buffer Both New Enlgand Biolabs
 or self made *

10x 1x 2.5

Different documentation reagents: 
HNB Both Sigma-Aldrich 10 mM 0.12 mM 0.3
ErioT Both Applichem 10 mM 0.12 mM 0.3
SYBR® Green Both Applichem  10x 1x 2.5

MgSO4 or MgCl2 Both Merck 25 mM 8 mM 8

dNTPs Both New Enlgand Biolabs 10 mM each 1 mM each 2.5

F3 and B3 (outer Primer) LAMP Eurofins 10 mM each 0.2 µM 0.5

FIP and BIP (inner Primer) LAMP Eurofins 10 mM each 1.6 µM 4

LF and LB (loop Primer) LAMP Eurofins 10 mM each 0.8 µM 2

OP1 and OP2 (outer Primer) SMAP 2 Eurofins 10 mM each 0.2 µM 0.5

FP and TP (inner Primer) SMAP 2 Eurofins 10 mM each 1.6 µM 4

BP (boost primers) SMAP 2 Eurofins 10 mM each 0.8 µM 2

Different additives: 
Betaine LAMP Applichem 4 M 800 mM 5
PEG LAMP Sigma-Aldrich 32 % (w/v) 4.8% (w/v) 6
DMSO SMAP 2 Applichem 25 % (v/v) 5 % (v/v) 5

MutS SMAP 2 Nippon Gene 1 µg/µL 0,072 µg/µL 1.8

Bst DNA polymerase 
(large Fragment) 

Both New Enlgand Biolabs 8 U/µL 8 U 1

SuperScript®III RT Both Thermo Fisher 200 U/µL 20 U 0.1

RNA / plant sap 2

ddH2O add to 25 µL
Sum 25
* see Supplemental Table 6

No. Step Temperature range (°C) Duration

1. Primer annealing to RNA, reverse transcription 
and primer annealing to DNA, DNA amplification 

58-65 1 h

2. Enzyme inactivation 85 3 min

3. 
Melting curve analysis (in case of real-time 
application with SYBR®Green)

58-65 to 95 30 min
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2.6 Applied nucleic acid visualization methods 

2.6.1 Agarose gel electrophoresis 

Agarose gel electrophoresis is a separation tool for DNA fragments according to their size, 

based on their negative electrical charge. An electrical field is applied through the mashes 

formed by the agarose gel. Therefore, small DNA fragments relocate from the negative to the 

positive electrode faster than bigger sized DNA fragments. For a Mini-Sub® Cell GT Cell gel 

electrophoresis chamber (Bio-Rad, Hercules, USA) holding a small gel tray (maximum 15 

samples), agarose powder (Applichem, Darmstadt, Germany) was mixed with 50 mL 1x TBE 

(Supplemental table 7) buffer at a concentration depending on the application (Supplemental 

table 8). The large gel tray, for maximum 30 samples, was filled with 100 mL TBE-agarose 

mixture. The mixture was heated in a microwave until it has melted completely. After cooling 

down the solution to 50-60 °C, for the 50 mL TBE-agarose mixture 4 µL of 1% (w/v) ethidium 

bromide (Applichem) was added. The solution was poured into a casting tray containing a 

sample comb. After the gel has solidified at room temperature, the comb was removed. The 

hardened gel was inserted horizontally into the electrophoresis chamber and was covered with 

1x TBE buffer (Supplemental table 7). Samples containing DNA (25 µL) were mixed 5:1 with 

blue marker loading buffer (Supplemental table 9). Afterwards, 10 µL of the nucleic acid 

amplification product mixed with blue marker were subsequently pipetted into the sample wells. 

A voltage of 90-120 V was applied to the gel in the gel electrophoresis chamber. For size 

comparison, the Gene Ruler™ 1 kb Plus, 50 bp and 100 bp (Thermo Fisher Scientific, 

Waltham, USA) were used. Before usage, 1 µL of the Gene Ruler™ was diluted in 9 µL H2O 

and 2 µL blue marker. DNA visualization after electrophoreses took place at a wavelength of 

312 nm. Ethidium bromide binds firmly to DNA by intercalating between the bases enabling 

visualization under UV-light. The DNA bands were analyzed with a transilluminator (Intas 

Science Imaging, Göttingen, Germany). The camera and software for gel documentation came 

from the same manufacturer Intas Science Imaging.  

2.6.2 Metal ion indicators  

For isothermal amplification, application of different metal ion indicators was used as indirect 

unspecific amplification visualization tool (Goto et al. 2009, Oh et al. 2016). During nucleic acid 

amplification diphosphate or also called pyrophosphate splits off the dNTPs before inserting 

the bases into the newly formed nucleic acid strand. For this reason, pyrophosphate is formed 

as a byproduct of nucleic acid amplification. Pyrophosphate complexes Mg2+ ions with a higher 

chemical affinity than the employed metal ion indicators. Therefore, pyrophosphate competes 

with the metal ion indicators hydroxynaphthol blue (HNB; Sigma-Aldrich, St. Louis, USA) and 

Eriochrome black T (ErioT, Applichem, Darmstadt, Germany) for Mg2+ ions and a color change 
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results due to reduced concentrations of free Mg2+ ions available for the metal ion indicator. 

The colorimetric change is better observable by the naked eye than the single pyrophosphate 

precipitation. The used metal ion indicator was diluted in sterilized H2O. The stock 

concentration for both, Erio T and HNB, was 10 mM and their end-concentration was 0.12 mM. 

2.6.3 Real-time PCR 

All real-time applications were performed in a 48 well MiniOpticon™ Real-Time PCR System 

(Bio-Rad, Hercules, USA). That real-time PCR System includes two detection channels. 

Channel 1 has a detection range between 523 nm and 543 nm and the detection range of 

channel 2 is between 540 nm and 700 nm. This allows a maximal duplex assay set-up. The 

TaqMan® hydrolysis probes used for potato virus detection were labeled at the 5′-end with the 

fluorophore Fam (5(6)-carboxyfluorescein), which shows emission at 520 nm and has been 

detected in channel 1 in the Bio-Rad MiniOpticon™ Real-Time PCR System. The probe used 

for detection of the internal control cox was labeled at the 5′-end with the fluorophore Hex 

(hexachloro-fluorescein), which shows emission at 556 nm and was detected in channel 2 of 

the Bio-Rad MiniOpticon™ Real-Time PCR System. The threshold for quantification was set 

automatically by the software with the setting Baseline Subtracted Curve Fit. The used 

software was CFX Manager 3.1 that was provided by Bio-Rad.  

For real-time PCR assays with the intercalating dye SYBR® Green (Applichem), which shows 

light emission at 520 nm the detection took place in channel 1 of the Bio-Rad MiniOpticon™ 

Real-Time PCR System. Here, the thermal cycling protocol was subsequently followed by a 

melting curve analysis (Table 13). 

All used nucleic acid detection reagents were calibrated to the applied Bio-Rad MiniOpticon™ 

Real-Time PCR System.  

2.7 Establishment of cRNA standards for quantitative PCR application 

For establishment of standard curves, 100 mg potato plant material infected with the respective 

potato viruses were grinded in liquid nitrogen. RNA was extracted as described in the manual 

of the used PureLink® Plant RNA Reagent (Thermo Fisher Scientific, Waltham, USA). The 

purified RNA was resolved in nuclease free H2O. The establishment of coding RNA (cRNA) 

standards for PCR efficiency observation of each primer set is described in section 2.7.1. The 

preparation of the required cDNA of the targets was in the beginning of the project inspired by 

the instructions found in Fronhoffs et al. (2002) described in section 2.7.2. For a better 

reliability, we started to maintain the respective cDNA product obtained by CoRT-qPCR in a 

plasmid with already integrated T7-Promotor sequence carried by E. coli bacteria (section 

2.7.3).  
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The purified plasmids (section 2.7.3) or T7-promotor modified cDNA fragments (section 2.7.2) 

were transcribed in vitro into cRNA (section 2.7.1). For construction of cRNA standard curves, 

cRNA was quantified by photometry (section 2.5.3) and the copy number was calculated 

according to Fronhoffs et al. (2002). Subsequently, 10-fold dilutions have been prepared.  

2.7.1 In vitro transcription 

For cRNA synthesis, the T7 RNA polymerase (20 U/µL) of Fermentas was used and the cRNA 

transcription was conducted according the manufacturer’s instructions. For subsequent DNA 

elimination within the sample, DNAse I (1 U/µL, Fermentas) was used. The treatment was 

conducted according the manufacturer’s instructions and the reaction was stopped after 

incubation with 1 μL of EDTA (50 mM, Fermentas) at 65 °C for 10 min. The DNAse treated 

cRNAs were precipitated by adding 35 µL nuclease free water and 20 µL 10 M LiCl. The 

following incubation took place at -20 °C for at least 1 h. After that, the precipitate was 

centrifuged for 15 min at 16,000 x g at 4 °C and the supernatant was removed. Afterwards, 50 

µL of cooled 70% ethanol was added and after centrifugation at 13,000 x g and 4 °C for 15 

min, the supernatant was removed again. The resulting pellet was dried and subsequently 

dissolved in 20-50 µL H2ODEPC or nuclease free H2O and stored at -80 °C.  

2.7.2 T7-promoter-adaption-PCR 

For in vitro generation of cRNA from cDNA, either the PCR products of CoRT-qPCR with the 

respective primer sets (Supplemental table 1) were used, or cDNA synthesis was conducted 

with oligo-dT primers according the instructions for first-strand cDNA synthesis in the manual 

provided by the manufacturer of the used reverse transcriptase SuperScript® III (Thermo Fisher 

Scientific, Waltham, USA). The protocol of Fronhoffs et al. (2002) requires before cRNA 

transcription from cDNA, a T7-promoter-adaption-PCR. Therefore, forward (sense) primers 

were modified with a T7-promoter sequence at the 5′-end, which is essential for in vitro 

transcription with the T7 RNA polymerase (Fronhoffs et al. 2002). The T7-promoter-adaption-

PCR was conducted with total cDNA or CoRT-qPCR products in a 25 µL reaction mix. The 

reaction mix included 12.5 µL 2x iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-

Rad), 1 µL of 10 mM unmodified reverse (antisense) primer, 1 µL of 10 mM modified forward 

(sense) primer, and 1-2 µL cDNA. The reaction mix was filled to 25 µL with nuclease free H2O. 

The thermal cycling protocol was as follows: 95 °C for 5 min, then 40 times 95 °C for 15 s and 

57 °C for 30 s (3 °C lower primer annealing temperature due to modified forward primer).  

2.7.3 Cloning procedures 

For maintaining the cDNA template to establish cRNA standards, the CoRT-qPCR products of 

the respective TaqMan® primers were cloned into the plasmid called pCR™2.1-TOPO® vector. 

Therefore, the complete qPCR product (25 µL) was mixed with 1 U Taq DNA polymerase (1 
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U/µL, Fermentas acquired now by Thermo Fisher Scientific, Waltham, USA) and incubated for 

1 min at 72 °C. This was done, to ensure that all cloning templates had a 3′-A overhang added 

to fit into the plasmid containing a 5′-T overhang. For cloning, the TOPO® TA Cloning® Kit was 

used, which included the used plasmid and was manufactured by Invitrogen (Life Technologies 

acquired now by Thermo Fisher Scientific). Plasmid cloning was according the manufacturer’s 

instructions. Afterwards, the plasmid was transformed into chemical competent E. coli. One 

Shot® Cells termed TOP10, provided by the same manufacturer of the cloning kit. For the 

plasmid transformation, 50 µL of TOP10 E. coli bacteria were thawed and the complete product 

from the cloning procedure was added, slightly mixed and incubated for 15 min on ice. 

Afterwards, the cells were exposed to heat-shock (42 °C) for 30 s and kept on ice, afterwards. 

The mixture was added under sterile conditions to 250 µL SOC medium (Supplemental table 

10) in a 15 mL falcon tube. After 1 hour on a horizontal shaker (200 rpm) the recovered mixture 

was added by using a drigalski spatula to LB-agar plates containing 100 μg/mL ampicillin 

(Supplemental table 11) and were incubated at 37 °C for colony growing. For plasmid insert 

confirmation, before use, the prepared LB-agar plates containing ampicillin were warmed up 

to 37 °C, then supplemented with 1.6–3.2 mg X-gal (Duchefa, Haarlem, Netherlands) and dried 

for 15 min. After about one day cultivation, the blue bacteria colonies were ready to be picked 

and a colony PCR was conducted on appropriate cells. The reaction mix for the colony PCR 

was similar to the composition of T7-promoter-adaption-PCR under section 2.7, except the 

application of the unmodified forward primer instead of the modified one and the application of 

the hydrolysis probe. Candidate E. coli colonies were separated on a new LB-agar plate 

containing ampicillin and numbered. The E. coli colonies presenting a plasmid containing the 

appropriate insert size, were overnight propagated in a specific amount of liquid LB-medium 

supplied with ampicillin. For plasmid purification, the QIAGEN Plasmid Midi Kit (QIAGEN, 

Venlo, Netherlands) or the Aurum™ Plasmid Mini Kit (Bio-Rad) were used. After DNA 

concentration measurement, cRNA synthesis was conducted according the description in 

section 2.7.  
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3 Results and Discussion 

3.1 Analysis of leaf metabolites by HPLC 

The following experiment was conducted to find methanol soluble newly formed phenolic 

compounds (phytoalexins) or strong concentration changes in constitutive phenolic 

compounds (phytoanticipins) upon PVY-infection.  

In vitro plants of the PVY susceptible variety ‘Selma’ (Supplemental table 12) were transferred 

to the greenhouse. About four weeks later, they were mechanically inoculated (see paragraph 

number 2.3) with a specific PVYN-Wilga isolate (internal number 2/196, Table 1). The plants were 

cultivated for about eight more weeks to ensure systemic infection and adequate virus 

distribution within the plants (section 2.2.3). The first and the second fully developed leaves 

(Supplemental figure 1) of each plant were harvested in liquid nitrogen for HPLC analysis 

(section 2.4.1). The fourth fully developed leaf (Supplemental figure 1) was used to verify the 

PVY infection by DiRT-PCR (section 2.4.2, results are placed in Supplemental figure 2). 

Additionally, symptom development was visually monitored. The leaves intended for HPLC 

analysis were extracted according to Mittelstraß et al. (2006) in methanol, spiked with the 

internal standard 6-methoxyflavone (section 2.4.1). The obtained data have been analyzed 

regarding three different “treatments” PVY-positive, PVY-parried (if present) and PVY-

negative.  

In total, three experiments have been conducted: One in the wintertime (24.01.14-11.03.14), 

one in the springtime (29.04.14-24.06.14) and one in the summertime (18.08.14-14.10.14).  

Statistical analysis was conducted by using non-parametric tests, owing to the data either 

having no normal distribution or the data was not showing variance homogenity. Therefore, 

experiment I was processed by using the Kruskal-Wallis test (Kruskal and Wallis 1952) due to 

possessing three groups. This was combined with the Whitney-Mann U test (Mann and 

Whitney 1947) that was applied as posthoc test. For experiment II and III, the Whitney-Mann 

U test was used, solitarily.  

In Figure 12, the detected metabolites showing significant changes upon PVY infection in at 

least one of the three experiments are displayed. They were arranged according to their 

retention times (RT) in minutes and categorized into the following groups according to their 

UV-absorbance spectra: Flavonols with absorbance maxima around 260 nm and 350 nm, 

Flavones with absorbance maxima around 260 nm and 330 nm, hydroxycinnamic acids (HCA) 

with absorbance maxima between 300 nm and 330 nm, which display a compound-typical 

“shoulder” below 300 nm, Amines/Amides linked to aromatic rings that show a wave-like UV-

spectrum with absorbance maxima at about 290 nm and 320 nm and other phenolic 

compounds (OPC) with UV-maxima around 280 nm and displaying no particular feature in the 
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UV-spectrum (UV-spectra library in Supplemental table 13). Furthermore, chlorophyll 

degradation products were found at the end of the gradient (RT 165 min and later), but only 

one, Chl1, is displayed in Figure 12 and in the UV-spectra library of Supplemental table 13. 

Additionally, the group described as Flavone/HCA showed UV-spectra similar to Flavone or 

HCA. These peaks are labelled with the same number but with different letters (a/b, UV-spectra 

library in Supplemental table 13).  

The PVY-negative (PVYneg) group was mock-inoculated with virus-free plant sap (section 

2.3). The plants in that group did not show any potato virus symptoms and gave a negative 

result in PVY detection via DiRT-PCR (Supplemental figure 2). The cotyledons of the plants in 

the PVY-positive (PVYpos) group were inoculated with PVYN-Wilga virus strain 2/196. The 

infection was later verified by DiRT-PCR for each plant (Supplemental figure 2). Inoculated 

plants, which did neither show mosaic symptoms nor gave positive signal after PCR for PVY-

infection, were referred to as the PVY-parried group. This happened for six PVY-inoculated 

plants in experiment I and for one in experiment II. The peak concentration of the single plant 

parrying PVY, is not considered in Figure 12. 

In experiment I (Figure 12), we found HCA 10, Flavonol 1, HCA 13 and OPC 10 as significantly 

different between at least two of the groups PVYneg, PVYpos and PVYparried. In experiment 

II (Figure 12), all phenolics were found being not significantly different in concentration 

between the “treatments” PVYpos and PVYneg. In experiment III (Figure 12), the quantity of 

the metabolite OPC 4 was significantly higher in the PVYpos plants. The same was true for 

the metabolites HCA 1, HCA 4, Flavone/HCA 1b, AM 1 and HCA 17. In contrast, the quantity 

of HCA  2a, OPC  7, HCA  5, Flavone/HCA  1a, Flavone/HCA  2a and Chl 1 was significantly 

reduced in plants of the PVYpos group. These metabolites showed higher concentrations in 

the PVYneg plants. 
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Figure 12: Monitoring of 
relevant phenolic 
compounds in response to 
PVY-infection in potato 
variety 'Selma'. 
In total three experiments 
have been conducted (Exp. 
I, Exp. II and Exp. III). Peaks 
that were significantly 
different in concentration at 
least in one of the three 
experiments have been 
displayed in the column 
diagram. The concentration 
of these peaks is shown in 
the table below. Each 
column diagram contains 
one example picture of 
PVY-negative and PVY-
positive potato plants that 
were obtained. Above each, 
the experiment number, the 
amount of plants included 
in the respective experi-
ment and the in the HPLC 
analysis used stationary 
phase are described. 
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The analysis of secondary plant metabolites with respect to a previous pathogen infection was 

performed for various plant species (Dixon and Paiva 1995; Hahlbrock et al. 2003, van Etten 

et al. 1994). 

In potatoes, there were different pathosystems investigated to elucidate phytoalexine and 

phytoanticipin candidates, e.g. in response to bacterial infection (Erwinia carotovora var. 

atroseptica: Lyon 1972; Lyon and Bayliss 1975; Lyon et al. 1975; Coxon et al. 1974; Coxon et 

al. 1977) and fungal infection (Phytophtora infestans: Chalova et al. 1971; Coolbear and 

Threlfall 1985; Lisker and Kuc 1977; Fusarium solani f. sp. Phaseoli: Varns 1971; Rohwer et 

al. 1987; Keller et al. 1996; Phoma exigua var. foveate: Price et al. 1976; Walker and Wade 

1978). So far, candidates were mainly steroidal glycoalkaloids (α-solanine and α-chaconine; 

Plischke et al. 2012) and other terpenoids, like the sesquiterpenes rishitin, lubimin, 

solavetivone and phytuberin. These often highly accumulated compounds have several 

drawbacks as being used as chemical markers for viral attack. First, they are not specific for 

viral attack or not investigated or found so far in response to viral attack. The second one is 

their so far rather sophisticated detection and quantification. These compounds do not possess 

chromophoric features and, thus, do not show characteristic UV-spectra. Even though, there 

is progress on fast, colorimetric terpenoid quantification methods (Chang et al. 2012; Ghorai 

et al. 2012) and trials in using Near Infrared Spectroscopy (NIRS; 780 nm – 2400 nm) as a 

non-destructive prediction system (Ercioglu et al. 2018). However, some phenolics, especially 

phenolic amides or also called hydroxycinnamic acid amides (HCAA; section 1.2.11, Figure 8) 

have been found as further candidates for phytoalexins/phytoanthicipins in the potato-potato 

virus interaction (Negrel and Jeandet 1987; Niehl et al. 2006). These compounds were also 

found to accumulate in response to other pathogens, as well as to wounding (Yu and Facchini 

1999; Newman et al. 2001; von Roepenack-Lahaye et al. 2003). They are interesting stress 

marker candidates due to their typical wave-like UV-spectra and therefore rather easy 

detection by HPLC.  

Mechanical inoculation with PVY has been elucidated a long time ago to be a trigger for gene 

expression changes and, thus, changing the chemical composition in plants (Reymond et al. 

2000; Retraction 2015; Dunoyer et al. 2004, 2015; Rehrig et al. 2014; Savatin et al. 2014). 

During mechanical inoculation, endogenous molecules are released from the damagend tissue 

and could act as Damage-Associated Molecular Patterns (DAMPs) that activates the JA/Et 

pathways and induced systemic resistance (ISR, Savatin et al. 2014). Wound-induced 

responses include the induction of many phenylpropanoid compounds. Increased levels are 

potentially toxic to herbivores, can cause photo-induced blistering or can have estrogenic 

effects (Smith and Banks 1986; Dixon and Paiva 1995). Wound induced chlorogenic acid, alkyl 

ferulate esters, and cell wall-bound phenolic esters can act directly as defense compounds or 

may serve as precursors for the synthesis of lignin, suberin, and other physical barriers made 
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from phenolic compounds (Hahlbrock and Scheel 1989; Bernards and Lewis 1992; Dixon and 

Paiva 1995).  

Generally, the total phenolic compound concentration did not significantly change within 

PVYneg, PVYpos and PVYparried potato plants at all three experiments. That is in accordance 

with the work of Baebler et al. (2009), Nagai et al. (2015) and Kogovšek and Ravnikar. Even 

though, in experiment I, various compounds did not reach the limit of detection. Thus, they 

were not detected by the applied RP-HPLC system. This could be due to the usage of a rather 

disused C-18 column no. 1 with probably biasedly binding affinity of the phenolics. In addition, 

experiment I was conducted in the winter time with lower sun exposure that is known as reason 

for lower total phenolic concentration in plants (Treutter 2010).  

However, we found in experiment III highly significant accumulation of one putative HCAA, 

called peak AM 1 and one peak called OPC 4 in PVYpos plants. OPC 4 has similarities in 

terms of the UV-absorption spectrum with the compound 4-hydroxybenzenaldehyde that was 

investigated in Keller et al. (1996). It was identified as a cell wall bound phytoalexin of Solanum 

tuberosum in response to fungus infection.  

Besides these two strong candidates, other phenolic phytoanticipins have been found 

significantly induced in PVYpos plants in one of three experiments: HCA 1 (exp. III), HCA 4 

(exp. III), Flavone/HCA 1b (exp. III), Flavonol 1 (exp. I) and HCA 17 (exp. III). A study dealing 

with the Cucumis species cucumber and melon that were infected with either Prunus necrotic 

ringspot virus (PNRSV) or Melon necrotic spot virus (MNSV) confirmed the induction of specific 

phenolic compounds like HCAs. They found accumulation of glycosylated p-coumaric-, caffeic- 

and/or ferulic acids like 1-O-coumaroyl-, 1-O-caffeoyl-, and 1-O-feruloyl-ß-glucose (Bellés et 

al. 2008). The same study found in virus infected leaves, induced mRNA expression of 

enzymes involved in the early plant phenylpropanoid pathway: phenylalanine ammonia-lyase 

(PAL) and cinnamic acid 4-hydroxylase (C4H). C4H is an enzyme that plays a key role in HCA 

synthesis.  

However, Kogovšek and Ravnikar (2013) found that changes in expression of genes involved 

in the phenylpropanoid pathway are not so profound in PVY-susceptible varieties like the 

cultivar 'Selma' that was used in this study. But the same group postulated that some PVY-

resistant cultivars indeed respond to virus infection with elevated expression of genes involved 

in lignin biosynthesis and, thus, in the phenylpropanoid pathway. This could indicate the 

involvement of phenolic compounds mainly in successful virus defense systems. That was also 

supported by the study of Bellés et al. (2008). 

Furthermore, in PVY-positive plants we also found compounds, which showed a significantly 

reduced concentration: HCA 2a (exp. III), OPC 7 (exp. III), HCA 5 (exp. III), HCA 10 (exp. II), 

Flavone/HCA 1a (exp. III), OPC 10 (exp. II), HCA 13 (exp. II), Flavone/HCA 2a (exp. III) and 
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Chl 1 (exp. III). Some of them could act as putative precursor compounds for virus infection-

related compounds. One of these metabolites, HCA 5, was putatively identified as caffeic acid 

based on results of Im et al. (2008). Inter alia, it is known to serve as precursor for HCAAs (von 

Roepenack-Lahaye et al. 2003; Mittelstraß et al. 2006; Niehl et al. 2006). Moreover, HCA 10 

and HCA 13 were tentatively identified as to p-coumaric acid and ferulic acid, respectively. 

These hydroxycinnamic acids and their derivatives are well-known substrates for the tyramine-

hydroxycinnamoyl transferase (THT; Negrel and Jeandet 1987; Yu and Facchini 1999; 

Schmidt et al. 1999; Niehl et al. 2006) to produce HCAAs in response to biotic and abiotic 

stress.  

In addition, the UV-spectra of the four compounds called Flavone/HCA indicate cis–trans 

isomerism or, also called configurational isomerism. It seems that the configurational 

isomerism of these compounds is influenced by viral attack. However, cis-trans isomerism 

occurs very often in response to UV-light exposition during sample preparation for analysis as 

reported for chlorogenic acid by Dao and Friedman (1992) and Zheng et al. (2017).  

Different chlorophyll degradation products have been found at the end of the RP-HPLC 

gradient (100% methanol). However, even though chlorophyll products have been discovered 

to be higher concentrated in PVY-negative plants than in PVY-symptomatic plants (Milavec et 

al. 1999; 2001), but the system that was used in this study for detection of phenolic compounds 

revealed for chlorophyll degrading products inhomogeneous and inconsistent data. Thus, it 

was not possible to clearly confirm the results of Milavec et al. (1999) and (2001), although the 

lower chlorophyll content in PVY-symptomatic plants was obvious (Figure 12).  

Furthermore, the metabolite termed OPC 10 showed similarities with salicylic acid (SA) or a 

SA-derivative in terms of UV-spectrum and retention time, but the peak overlapped with 

another potentially defense-unrelated but likely light-related compound, showing similar UV-

absorption and retention time. Since SA was known to trigger plant immune reaction, we could 

show at least in winter culture (exp.I), higher concentrations in PVY-parried and PVY-negative 

plants of that OPC 10 peak-overlay. However, there was no uniform trend in the behavior of 

the peak overlay OPC 10 in response to a potato virus infection. 

In this study, we monitored the compound pattern for only young leaves of the PVY-sensitive 

potato variety 'Selma'. Plischke et al. (2012) found in young leaves of the PVY infected variety 

'Karnico' also no increase in the total phenolic concentration, but old leaves of the same plants 

displayed increased total phenolic concentration probably due to SAR. Yu and Facchini (1999) 

underlined the importance of the inclusion of older plant material. They found stronger 

accumulation of hydroxycinnamic acid amides in stem and roots of elicitated poppy plants 

compared to young leaves of the same plant.  
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All together, we could not find any phytoalexins or highly enhanced concentrations of 

phytoanticipins that are worth and specific enough to be used as a chemical marker for potato 

virus infection. However, we found some phytoanthicipin candidates in the potato variety 

'Selma' that seem to increase in response to PVY infection, namely OPC 4 and AM 1, which 

would be worth to identify by MS or by NMR spectroscopy. For subsequent trials, it seems 

important to include PVY-resistant varieties and to sample more adult plant material. 

3.2 Potato virus detection via isothermal amplification methods 

The main goal of this study was to develop a reliable method to detect the six important potato 

viruses for seed potato certification in a cost-effective and fast manner with high throughput 

potential and low labor and resource consumption. Five RT-LAMP protocols to detect PVA, 

PVS, PVM, PVY and PLRV and one RT-SMAP 2 protocol for detection of PVY have been 

established and tested for that purpose.  

Efforts to establish RT-LAMP protocols for the detection of potato viruses followed the 

procedure: Design of RT-LAMP and RT-SMAP 2 primer sets, primer set selection, reaction 

optimization and comparison of amplification sensitivity and fitness. In addition, the sensitivity 

of newly designed and selected RT-LAMP primer sets, have been compared with inclusion of 

already published RT-LAMP primer sets (Nie 2005; Ju 2011). 

Due to the sophisticated primer set composition of both techniques (section 1.3.3), the design 

of more than one primer sets and subsequent selection and reaction optimization was 

necessary (Siemonsmeier 2019). Conserved regions within the respective potato virus 

genome of all considered strains and isolates have been used for primer design (section 2.5.5). 

The accession numbers of the potato virus isolates, that were used for the design of primers 

are listed in Supplemental table 3. After primer design and selection, the isothermal primer 

sets have been applied in a basic reaction mix for RT-LAMP (Table 16). After testing the primer 

sets with a temperature gradient (58°C-65°C), primer sets were selected for further reaction 

mix optimization (e.g. RT-LAMP primer set optimization of PVY_Lampset_2 as example in 

Supplemental figure 3). 

The optimization of the reaction mix composition included adjustment of magnesium ion 

concentration via titration of either MgCl2 or MgSO4 (4 mM - 10 mM), dNTPs (0.6 mM - 1.6 

mM) and selection of the best working additive. The tested additives for RT-LAMP and RT-

SMAP 2 reactions were in particular betaine for reduction of primer melting temperature to 

improve the specificity and PEG for accelerating the isothermal reaction. DMSO, which was 

only used in RT-SMAP 2 reaction mix set-ups, serves both factors, specificity improvement 

and reaction acceleration, in an attenuated manner.  
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The whole optimization and primer selection process was conducted using RNA isolated from 

potato virus infected in vitro potato plants of the gene bank (Table 1).The selected primer sets 

and their respective reaction mix composition are listed in Table 18. 

To reduce background amplification, and thus, false-positive results to improve stability and 

reliability of the LAMP technique, we further tested the DNA polymerase-based isothermal 

amplification technique, SMAP 2. In contrast to the LAMP method, this technique provides 

lower amount of newly formed starting points (3′-ends) for the DNA polymerase (section 

1.3.3.2). 

RT-LAMP primers have been more sensitive than RT-SMAP 2 primers (Supplemental figure 

4), suggesting a higher amplification rate of the LAMP technique. However, the SMAP 2 

technique was able to improve the stability and reliability regarding laboratory contamination 

problems via DNA-aerosols, but not to a satisfactory level (data not shown).  

In general, more than 3000 publications of isothermal protocols to detect various targets have 

been published in the last two decades (www.scopus.com). However, there is a lack of detailed 

information regarding the underlying principles of these isothermal methods with emphasis on 

troubleshooting. To our knowledge, only a few articles are dealing with that have been 

published (Notomi et al. 2000; Nagamine et al. 2001, 2002; Mori et al. 2001, 2004, 2006; 

Kimura et al. 2011; Torres et al. 2011; Salinas and Little 2012). In contrast to PCR techniques, 

these methods are more complicated due to including more parameters. So far, we are unable 

to reliably predict the character of primer sets working in a sensitive, specific and reliable 

manner. However, Salinas and Little (2012) developed a script for simulating LAMP to test 

putative primer sets under special conditions. Up to now, most primer sets are developed by 

trial and error. Many LAMP primer sets tend to unspecific background amplification, which 

causes problems towards the detection principle of LAMP and SMAP2 methods. This is 

especially true for indirect naked eye visualization. Pyrophosphate is produced also in 

reactions with unspecific background amplifications that leads in pyrophosphate-based naked 

eye visualization to false-positive results. Therefore, background amplification probability of 

primer sets under changing reaction conditions needs investigation and modulation. Recent 

findings of Ye et al. (2018) and Hardinge and Murray (2019) are promising.  

In addition, the high amplification rate of these methods leads to DNA-aerosols, and 

consequently after reaction tube opening, to pungent laboratory contamination problems 

leading to another type of false-positive results (Tomita et al. 2008). These false-positive 

results are technically not distinguishable from the real positive results. Laboratories dealing 

with these methods need to hold strict separation of the single steps in isothermal nucleic acid 

amplification to minimize the probability of laboratory contamination (Tomita et al. 2008). The 

best way to avoid such problems is the usage of a sluice system in the workflow.  
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Table 18: Optimized RT-LAMP and RT-SMAP 2 reaction mix composition in relation to the basic reaction mix composition 
of Table 16. 

 

 

3.2.1 Bst DNA polymerase for crude potato sap application 

The RT-LAMP or RT-SMAP 2 primer set selection, reaction optimization and sensitivity 

comparisons were always performed with purified RNA (section 2.5.1.2) of different potato 

virus infected potato material (leaves, tubers or whole in vitro plants). To save resources and 

labor work, it was important to find a protocol without sophisticated RNA purification. Since 

Lee et al. (2009) discovered the tolerance of the Bst DNA polymerase to plant innate PCR 

inhibitors and Hadersdorfer et al. (2011) was able to use crude sap from different material of 

Prunus species to detect Plum pox virus infection via RT-LAMP, we investigated the 

application of crude potato sap for DNA polymerase-based isothermal amplification 

techniques. The tuber material from the heel-end of potato tuber ‘unk11’, an unknown PVY 

isolate, found in 2013 in a sprouting potato tuber of the cv. ‘Caprice’, was processed in different 

ways. Sterilized water and different dilutions of formamide (25% v/v, 50% v/v, 75% v/v, 100% 

v/v) were tested as matrix for homogenization of the potato material with 5 mL extraction matrix 

per 1 g tuber (section 2.5.1.1.1, Figure 13). Directly after centrifugation of the obtained 

homogenate, a dilution series (10-1- 10-6) was prepared. The dilutions were added to the RT-

LAMP reaction for PVY detection using the primer set PVY_LAMPset_2 (see Table 18). To 

proof the actual PVY infection status of the tuber sample ‘unk11’, we used the obtained 

dilutions also for detection of PVY and the internal control nad5 by DiRT-PCR (Figure 17).  

By taking 5 mL homogenization matrix on 1 g potato material, the RT-LAMP worked 

successfully with crude potato sap as template. This was always true for 1:100 dilutions (-2 in 

Figure 13). However, the undiluted sample, as well as in some cases the 1:10 dilution (-1 in 

Figure 13) of the sample, showed in all processing attempts smear after agarose gel 

electrophoresis, suggesting the presence of an amplification inhibitor in the crude potato sap. 

We obtained similar results for PLRV detection by applying the RT-LAMP with PLRV_LAMP-

set_1 (data not shown). In addition, we tried similar experiments with 3 mL homogenization 

matrix on 1 g potato material and obtained smear in all dilutions that were prepared after 

centrifugation (data not shown). 

False-positive Putative Naked eye 
Primer set Conc. [mM] Source Conc. Type Temp. [°C] Duration [h]  results amplification rate  visualization

PVA_LAMP-set_1 6 MgCl2 4.8% (w/v)  PEG 65 1 Yes High Yes
PVS_LAMP-set_10 6 MgCl2 7.2% (w/v)  PEG 60 1 No Low No
PLRV_LAMP-set_1 6 MgCl2 800 mM Betaine 65 1 Yes Very High Yes
PVM_LAMP-set_4 8 MgSO4 1000 mM Betaine 63 1 Yes High Yes
PVY_LAMP-set_2 6 MgSO4 1200 mM Betaine 65 1 Yes High Yes
PVY_SMAP-set_4 6 MgCl2 5% (v/v) DMSO 58 1 Yes Medium No

Magnesium Additive Reaction



Results and Discussion 

103 

 

Figure 13: Use of crude potato sap in isothermal amplification for PVY detection. 
Gel documentation of PVY detection by RT-LAMP (PVY_LAMPset_2, Table 8). The sample material was a greenhouse 
produced potato tuber (unk11), 1 g was homogenized with 5 mL of different formamide dilutions (0, 25, 50, 75 and 100 % 
v/v). A dilution series (10-1-10-6) with sterilized water was prepared and added to the assay. In addition, the same sample 
was tested for PVY and nad5, as internal control, by DiRT-PCR. The results are displayed in Figure 17. 

In general, no safe and reliable application of RT-LAMP assay on crude potato plant material 

seemed possible. In addition to unspecific background amplification (Figure 13) in the NTC or 

in strong dilutions (-5 and -6), inhibitors present in the potato likely could have a serious impact 

on the activity of Bst DNA polymerase and it has been established so far that strong dilution is 

the only method to disarm these inhibitors. The level of dilution required for reliable detection 

by RT-LAMP could be close to the detection limit of this isothermal method. The concentration 

of the inhibitor in potato material varies and likely depends on the variety and growing 

conditions of the potato plants.  

3.2.2 Inhibitor identification trials  

Prominent nucleic acid amplification inhibitors in plants are phenolic compounds (John 1992) 

that are thought to cross-link nucleic acids or the DNA polymerases (Wang et al. 2008; 

Schrader et al. 2012) and polysaccharides like starch (Singh et al. 2002; Singh and Singh 

1996, Henderson and Hammond 2013), which are suggested to mimic the structure of nucleic 

acids and, thus, stop the enzymatic amplification process via capturing (Peist et al 2001 in 

Schrader et al. 2012).  
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We have tested prominent Bst DNA polymerase inhibitor candidates present in high amounts 

in potatoes through single addition tests. These tests were conducted for chlorogenic acid, 

which was used as representative for phenolic compounds and for potato starch that 

represents the polysaccharide group. In addition, α-solanine was tested as representative for 

the chemical group of glycoalkaloids (saponins) that are characteristic for solanaceous plants 

like potato. 

The reaction set-up of PVY_LAMP-set_2 (Table 16) was used for PVY detection. As working 

templates, purified RNA derived from PVY-positive potato plants was added to the reaction 

set-up. To find the active inhibitor in the potato material, this effective reaction system was 

enriched with the presumed inhibitors in amounts calculated “close to reality”.  

Real inhibitors of the Bst DNA polymerase would impede the amplification. We compared the 

“single addition” test results with controls. Controls were reactions with addition of 2 µL crude 

sap derived from different potato material (Figure 14 E: whole in vitro potato plant and F: heel 

end of a potato tuber) showing “smear” after the gel electrophoresis and reactions with no 

addition of any inhibitor showing RT-LAMP specific fragment pattern after agarose gel 

electrophoresis (Figure 14 A and D). For no template controls, virus-free potato sap was used.  

For concentration calculation of the presumed inhibitors “close to reality”, the end-

concentration of a 1:10 dilution crude potato sap template in the RT-LAMP reaction was 

calculated according the processing steps: 3 mL extraction buffer for 1 g potato material, 

diluted 10-fold in extraction buffer (section 2.5.1.1). From that taking 2 µL into a 25 µL reaction 

volume, the end-concentration of potato sap in one RT-LAMP reaction was 2.64 mg/mL. 

According to Dao and Friedman (1992), fresh potato leaves contain the highest concentration 

on chlorogenic acid in addition to green potato sprouts and have a total chlorogenic acid 

concentration of about 2.24 mg/g fresh potato leaf weight. This leads to a concentration of 

0.074 mg/mL chlorogenic acid per 10-fold dilution of the potato homogenate. Therefore, the 

end-concentration of chlorogenic acid in the RT-LAMP reaction containing 25 µL is about 0.006 

mg/mL. Thus, we tested chlorogenic acid in the RT-LAMP reaction in an end-concentration of 

0.0064 mg/mL and 0.0128 mg/mL. No disturbance in nucleic acid amplification have been 

observed (Figure 14 B). 

Based on a potato tuber with about 10% starch content, we calculated for the 1:10 dilution of 

the homogenized potato sap, a concentration of 3.33 mg/mL (section 2.5.1). Therefore, the 

end-concentration of potato starch in the RT-LAMP reaction with 25 µL is about 0.267 mg/mL. 

We tested purified potato starch in an end-concentration of 0.048 mg/mL and 0.096 mg/mL in 

the RT-LAMP reaction, but no inhibition was observed (Figure 14 C). Later, the same result 

was obtained by using an end-concentration of 0.48 mg/mL (data not shown). 
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According to Omayio et al. (2016), potato leaves contain the highest concentration of 

glycoalkaloids in addition to potato flowers and sprouts and have a total concentration between 

0.23 and 1.45 mg/g potato leaf weight. This leads to a concentration between 0.0076 mg/mL 

and 0.048 mg/mL glycoalkaloids per 10-fold dilution of the potato homogenate. Therefore, the 

end-concentration in the RT-LAMP reaction amounts to concentrations between 0.0006 

mg/mL and 0.0038 mg/ml. Thus, we tested α-solanine, as representative, in an end-

concentration of 0.0024 mg/mL and 0.0048 mg/mL in the RT-LAMP reaction. Again, no 

disturbance in nucleic acid amplification was observed with single addition of α-solanine 

(Figure 14 G and H). 

Altogether, none of the tested potato innate compounds affected the activity of the Bst DNA 

polymerase in realistic concentrations. Therefore, we were not able to identify by simple “single 

addition” experiments the responsible inhibitor. Since Hadersdorfer et al. (2011) was able to 

successfully use Bst DNA polymerase in combination with SuperScript® III reverse 

transcriptase to detect Plum pox virus in different crude sample material of various Prunus 

species, it was verified that Bst DNA polymerase is indeed relatively robust against prominent, 

plant innate, nucleic acid amplification inhibitors.  

The inhibitor or group of inhibitors disturbing nucleic acid amplification by the Bst DNA 

polymerase in potato sap seems specific for potato plants or for the Solanaceae family and 

stay so far unidentified. This is also true for their mode of action that is often unknown for most 

presumed inhibitors (Schrader et al. 2012). Since other, more robust DNA polymerases indeed 

amplify the chosen sequence fragments of the potato virus genome present in crude potato 

sap (as shown later in this study for the DNA polymerase used in DiRT-qPCR), we are able to 

exclude some mechanisms of actions described by Schrader et al. (2012). We excluded the 

absorption of nucleic acids to the polymeric surface (e.g. vessels), the total degradation of 

RNA by present nucleases, inhibition of reverse transcription (as shown in section 3.3.1), and 

physical barriers like cross-linking of the target and hampered primer annealing. We assume 

that the potato innate inhibitor directly interacts with the Bst DNA polymerase.



 

 

 

 

 

 

 

 

Figure 14: Gel documentation of 
“single addition” experiments for 
RT-LAMP with PVY_LAMP-set_2.  
Reaction conditions are described 
in Table 18. Samples of 
homogenized in vitro plants 
carrying two different PVY isolates 
(2/027 and 2/193) were used in 
different dilutions (undiluted and 
100-fold diluted) to test putative Bst 
DNA polymerase inhibitors in RT-
LAMP reaction. Purified RNA 
(section 2.5.1.2) was used as 
templates and specific amounts of 
the presumed inhibitors were added 
to the RT-LAMP reaction. Controls 
have been reactions without 
addition of any inhibitor (A and D) 
and reactions with addition of crude 
potato plant or tuber sap in realistic 
amounts (E and F). Chlorogenic acid 
was added in a realistic 
concentration of 0.0128 mg/mL (B). 
C displays gel documentation of RT-
LAMP reactions with addition of 
0.096 mg/mL potato starch. Realistic 
concentrations of the characteristic 
glycoalkaloid α-solanine (0.0024 
mg/mL and 0.0048 mg/mL) were add 
to RT-LAMP reactions displayed in 
gel G and H. For gel documentation 
of RT-LAMP assays, 2% (w/v) 
agarose was mixed with 50 mL TBE-
buffer and 4 µL of 1 % (w/v) ethidium 
bromide. 
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3.2.3 Separation of potato viruses from the inhibitor 

Using crude potato sap as matrix, the possibility of separating the inhibitor from the potato 

virus was investigated. Therefore, size exclusion using the gel filtration medium Sephadex® 

G200 (Sigma-Aldrich) was conducted. Sephadex® G200 was used in a glass column with a 

diameter of 1 cm and a length of 30 cm. Before column packing, 0.9 g Sephadex® G200 were 

mixed with 30 mL of extraction buffer (Supplemental table 4) and soaked for 24 hours. We 

used 1 g of a greenhouse grown potato plant of the cultivars ˈSaturnaˈ and ˈGanolaˈ, infected 

with the isolates 2/193 and 2/044, respectively (Table 1). The potato material was 

homogenized with 20 mL (first experiment, A) or 2 mL (second experiment, B) of the extraction 

buffer. After centrifugation, the supernatant was added to the column that was equilibrated 

before with 5 mL extraction buffer. Every 5 mL eluate was collected as a separate fraction (Fr). 

The homogenate A gave 13 fractions and the homogenate B had eleven fractions. The 

fractions were freeze-dried and subsequently disolved to a concentration of 0.0033 g/mL that 

corresponds to a 1:100 dilution of crude potato plant sap prepared for isothermal amplification 

(1 g potato material mixed with 3 mL extraction buffer, section 2.5.1.1).  

The column of the first experiment (Figure 15 A) seemed to suffer from overload. Every fraction 

starting from Fr 3 contained the nucleic acid amplification inhibitor harmful to the Bst DNA 

polymerase (smear of Fr 3-Fr 10, of SMAP 2 gel doc. in Figure 15 A).  

In contrast, RT-SMAP 2 reaction of the second experiment (Figure 15 B) displayed smear in 

Fr 4 to Fr 6, only. Fr 3 seemed to show slightly the typical fragment pattern of isothermal 

amplification. PVY primer specific amplification was confirmed by melting temperature analysis 

(Figure 15). Additionally, melting temperature analysis revealed a peak for the amplification 

product of the putative inhibitor, present in Fr 4-Fr 6 between 72°C and 74°C.  

Therefore, we suggest that separation of potato viruses and the found inhibitor(s) is possible 

via size exclusion. Additionally, gel filtration with Sephadex G200 matrix revealed a putative 

lower molecular weight for the inhibitor(s) compared to potato plant innate mRNA, represented 

by nad5 (56 kDa, fragment in gel doc.: 181 bp) and potato viruses represented by PVY (340-

370 kDa, fragment in gel doc.: 822 bp). The inhibitor(s) appeared in fractions, which eluted 

after the fractions that contain nad5 mRNA and PVY (Figure 15 B).  

However, the efforts made to investigate the character of the found inhibitor are hardly 

transferable to high-throughput application and, thus, the DiRT-PCR assay described below is 

preferred for potato virus detection using raw potato material. This decision was made although 

DiRT-PCR and DiRT-qPCR require a thermal cycler for amplification, but the stability, reliability 

and crude potato sap application of this method were much more convincing. 



 

 

 

Figure 15: Gel filtration of 1 g crude potato Plant sap (A:20 mL and B: 2 mL) with Sephadex G200. 
The fractions were freeze-dried and subsequently resolved to a concentration of 0.0033 g/mL that corresponds to a 1:100 dilution of crude potato plant sap prepared for isothermal reaction 
(1 g potato material mixed with 3 mL extraction buffer, section 2.5.1.1). Afterwards, the 13 (A) or 11 (B) fractions were added to one-step duplex DiRT-PCR (reaction mix composition in Table 
10 and temperature profile in Table 11) and RT-SMAP 2 with PVY_SMAP-set_4 (reaction mix description in Table 16 and temperature profile in Table 17). Next to the DNA ladder, the positive 
control (purified RNA derived from PVY-infected potato material), the negative control (plant sap) and no template control (NC) were placed, followed by the fractions 1-13 (Fr1-13, A) and 1-
11 (Fr1-11, B). On the right, the melting temperature analysis of the real-time analysis of the second RT-SMAP 2 reaction (B) is displayed. A: The column seems to suffer from overloading, 
because every fraction starting from fraction 3 displayed smear indicating the nucleic acid amplification inhibitor in RT-SMAP 2 reaction. B: The RT-SMAP 2 reaction displayed smear in 
fraction 4 (Fr4) to fraction 6 (Fr6), only. Fraction 3 seems to slightly show the typical fragment pattern of DNA polymerase-based isothermal amplification. Melting temperature analysis 
revealed for Fr2, Fr3 and Fr7 primer specific melting temperature peaks. Additionally, reactions with presence of the putative inhibitor, Fr4-Fr6 displayed a differing melting temperature 
pattern with a peak between 72°C and 74°C. 



Results and Discussion 

109 

3.3 Potato virus detection via PCR 

3.3.1 Selection of PCR key components for crude plant sap application 

Based on research experience on the use of crude plant sap in potato virus detection by LAMP 

and SMAP, it was analyzed whether the DNA polymerase Bst or the reverse transcriptase 

SuperScript® III, or both were inhibited in its activity by substances from the potato plant. 

Therefore, two different “plant direct PCR” kits were tested in a one-step RT-PCR application 

with SuperScript® III reverse transcriptase to investigate the behavior of SuperScript® III 

reverse transcriptase in a reaction mix using unpurified target RNA in potato plant sap. 

Additionally, the potential of robust “plant direct PCR” DNA polymerases, manufactured for the 

detection of genomic DNA in crude plant sap (Schori et al. 2013) was tested in virus detection 

with RNA based genomes. The Phire™ Plant Direct PCR kit was provided by Thermo Fisher 

Scientific (Carlsbad, USA). The included Phire™ Hot Start II DNA polymerase was fused to a 

small dsDNA binding protein to improve robustness and tolerance against PCR inhibitors. The 

second kit named KAPA3G™ Plant PCR was manufactured by KAPA Biosystems 

(Wilmington, USA), which has been acquired in 2015 by the Roche Group (Roche Group 

2015). The KAPA2G™ DNA polymerase genome was engineered by mutagenesis, expressed 

and subsequently screened for successful amplification in the presence of polyphenolics and 

polysaccharides and resulted in selection of KAPA3G™ Plant DNA polymerase (Schori et al. 

2013). The temperature protocol and the reaction mix composition for each kit was used 

according to the manufacturer’s recommendations except one modification, the addition of 

SuperScript® III reverse transcriptase. The potato leaf and tuber material were homogenized 

with ultrapure H2O according to section 2.5.1.1.1. PVY was detected by employing the primer 

set PVY3_822 + PVY5_822 designed by Schubert et al. (2007), which was modified for 

successful PVY detection (Supplemental table 1).  

For comparison of both Direct PCR kits, tuber sap of PVY negative (-), PVY positive (+) potato 

plants and extracted RNA derived from the same tubers were applied. Additionally, RNA 

isolated from leaves of a PVY (+) infected potato plant and H2O were used as positive control, 

and no template control (NTC), respectively. Figure 16 shows the result of both PCR kits. For 

PVY (+) RNA, the Phire™ Plant Direct PCR kit generated a more intense fragment band in gel 

electrophoresis than the KAPA3G™ Plant PCR kit. For PVY (-) RNA, two different fragments 

were amplified by the Phire™ Plant Direct PCR kit. The smaller fragment was about 700 bp in 

size (Figure 16). This could be considered as „false-positive“. However, specific amplification 

failed by using crude tuber sap as template, only a smear was observable. Whereas, the 

KAPA3G™ Plant PCR kit was able to amplify the PVY specific 822 bp fragment for crude tuber 

sap as template provider (Figure 16). Additionally, no fragments were observed for PVY 

negative potato plant material, as well as for the no template control. Therefore, SuperScript® 
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III reverse transcriptase is generally not inhibited by substances of the potato material this was 

also confirmed by experiments of Hadersdorfer et al. (2011). For nucleic acid-based potato 

virus detection without RNA extraction we decided to focus on the KAPA3G™ Plant PCR Kit. 

We called this application DiRT-PCR for direct reverse transcription PCR (reaction mix 

composition and temperature profile in section 2.5.6.4.1, Table 10 and Table 11, respectively). 

 

 

Figure 16: KAPA3G™ Plant PCR Kit vs. Phire™ Plant Direct PCR Kit.  
On the left side, water diluted tuber sap was used as template for the direct PCR reactions of both kits. On the right, 
extracted RNA of the same tubers were added as template. Additionally, RNA derived from PVY infected potato leaf 
material (L) was employed as positive control and water as no template control (NTC). 
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3.3.2 Selection of a sample preparation matrix  

Although no laborious RNA purification is necessary for reliable detection by the newly 

developed DiRT-PCR assay, a simple sample processing was established for handling and 

reliable data collection. We compared stability and amplifiability of plant innate mRNA, using 

NADH dehydrogenase subunit 5 (nad5), which was detected by intron-spanning forward and 

reverse RT-PCR primers nad5_Me02 (Menzel et al. 2002; Supplemental table 1) and protein 

encapsulated, viral genomic RNA (gRNA) of PVY that was detected by modified PVY_822 

forward and reverse primers (Schubert et al. 2007; Supplemental table 1), both with the newly 

developed DiRT-PCR assay.  

The results of the selection trials to find a good homogenization solution for detection of mature 

mRNA are shown in Figure 17. In potato tuber 'unk11', detection of nad5 mRNA was strongest 

in formamide-containing homogenization solutions (Figure 17 and Figure 18). Among them, 

75% v/v formamide showed the highest sensitivity up to a dilution of 10-6, which was the 

maximum dilution in this experiment (Figure 17). The usage of sterilized water gave products 

up to a dilution of 10-4 (Figure 17). For the formamide based solutions, the undiluted samples 

gave always no fragment band in the agarose gel electrophoresis, whereas in the undiluted 

water matrix a fragment band could be detected (Figure 17).  

In addition, the agarose gel of mature nad5 transcripts detected in potato tuber samples 

'unk11-unk15' is displayed in Figure 18 in section 3.3.3.2. Here, the obtained stronger signals 

for formamide used as homogenization solution compared to water correlate with the results 

obtained by the sensitivity test on tuber sample 'unk11' in Figure 17.  

However, detection of PVY by DiRT-PCR revealed the opposite. Even though double fragment 

bands appeared in both experiments (Figure 17, Figure 18) likely due to too low annealing 

temperatures, the water matrix resulted in the strongest signals and the highest sensitivity, 

starting from 10-1 up to the maximum dilution of 10-6 (Figure 17, Figure 18).  

However, to reliably compare DiRT-PCR protocols with DAS-ELISA protocols, we decided to 

further use the extraction buffer listed in Supplemental table 4 for sample preparation of DiRT-

PCR assays. The buffer contains compounds for stabilizing the viral capsid proteins and for 

buffering the pH-value at 7.4.



 

 

 
Figure 17: Comparison of homogenization solutions for crude potato sap for application to DiRT-PCR. 
The internal control nad5 (plant innate mRNA) and the protein encapsulated PVY (viral gRNA) was detected in combination. The figure shows DiRT-PCR detection of nad5 (intron-spanning 
primers published by Menzel et al. 2002) and PVY (primers published by Schubert et al. 2007). Sample material was a greenhouse produced potato tuber (unk11) homogenized with different 
formamide dilutions (0, 25, 50, 75 and 100 % v/v). For checking putative changes in sensitivity, after homogenization and centrifugation a dilution series (10-1-10-6) with sterilized water was 
prepared. In addition, the same sample were tested for PVY by RT-LAMP (PVY_LAMPset_2, Table 8). These results have been relevant and displayed earlier in Figure 13 
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3.3.3 DiRT-PCR in real-time using TaqMan® hydrolysis probes 

In terms of PCR product visualization for high throughput detection, a real-time application was 

reasonable for the DiRT-PCR system. To archive high specificity, the 5′→3′ exonuclease 

capability of the KAPA3G™ DNA polymerase was confirmed for a TaqMan® quantitative PCR 

application. Successful one-step Direct Reverse Transcription TaqMan® quantitative PCR was 

conducted with TaqMan® primers published by Agindotan et al. (2007), Dai et al. (2013) and 

Singh et al. (2013) to detect PVY, TaqMan®  primers of Mortimer-Jones et al. (2009) to detect 

PVS, and for detection of PLRV, PVX and PVA the TaqMan® primers of Agindotan et al. (2007) 

were effective. The used reaction mix composition of the newly established DiRT-qPCR assay 

is listed in Table 12 and the applied temperature schedule is listed in Table 13.  

Empirically, by applying a cut-off at cycle 36, negative controls could be reliably discriminated 

from virus-positive samples. However, during our study the laboratory suffered from 

contamination with DNA-product-aerosols. Therefore, the applied TaqMan® primers sets have 

been exchanged, from time to time. 

3.3.3.1 Additive selection for DiRT-qPCR 

In order to avoid “false positive” results but to keep or even improve the sensitivity of the DiRT-

qPCR system, a range of additives with different properties (section 1.3.5) were examined by 

employing the PLRV primer and probe composition of Agindotan et al. (2007) listed in 

Supplemental table 1.  

Therefore, 13 dormant potato tubers were processed for DiRT-qPCR as described in section 

2.5.1.1.2. Rose-end eye cuttings of the same tubers were cultivated as described in section 

2.2.3.2 and tested with DAS-ELISA (section 2.5.4).  

The DAS-ELISA results were compared with Cq-values obtained by DiRT-qPCR. DAS-ELISA 

results have been considered as “standard” for this experiment. For PLRV detection via DiRT-

qPCR, 2 µL of tuber sap dilutions were added to the DiRT-qPCR reaction mix, which is listed 

in Table 12. In this experiment, no internal control was used. The additive betaine was 

compared with polyethylenglycol (PEG), dimethylsulfoxide (DMSO) and tetramethyl-

ammonium oxalate (TMA-oxalate), at different concentrations. The TMA-oxalate was prepared 

via neutralization of TMA hydroxide (Applichem) with oxalic acid (Merck) as described in 

Kovárová and Dráber (2000). Sensitivity and specificity of the DiRT-qPCR assays with different 

PCR additives was calculated according to Altman and Bland (1994). 

The results for PLRV detection with DAS-ELISA and the Cq-values of DiRT-qPCR are listed 

in Table 19. Each sample was tested with different PCR additives at different concentrations. 

Since DAS-ELISA results have been considered as the “standard”, the grey marked Cq-values 

represent false-positive results at a 36-cycle cut-off. For the reaction mix with no additive two 
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false-positive results out of 13 samples were detected. The addition of PEG at both 

concentrations, resulted in one false-positive sample out of 13 tested samples. For the reaction 

mix composition with all other additives and additive concentrations, no false-positive results 

have been observed. However, for betaine, DMSO, 7.2% (w/v) PEG and TMA-oxalate 

concentrations of 3 mM and 14 mM one of two NTC controls (H2O) showed Cq-values less 

than cycle 36. Two NTC controls have been monitored false-positive in reaction mixes with 

addition of 4.8% (w/v) PEG. The use of deionized water as NTC seems to be inappropriate for 

application in DiRT-qPCR assays. Our observations indicate that without any target, the DNA 

polymerase tends to hydrolyze the TaqMan® probes system inconsistently and, thus, a signal 

occurs without any amplification.  

The specificity of the DiRT-qPCR assay with no additive was 0.6 and the sensitivity was 0.83 

compared to the “standard”. Specificity and sensitivity of the assay could be increased by 

addition of betaine (0.8 and 0.91), DMSO (0.8 and 0.91), 3 mM and 14 mM TMA-oxalate (0.8 

and 0.91) and by 6 mM and 20 mM TMA-oxalate (1 and 1). The addition of that PCR stabilizers 

could potentially help to avoid false-positive results. In contrast, the addition of PEG, which 

accelerates the reaction does not seem to be conducive to increasing specificity and 

sensitivity. The addition of 4.8% (w/v) PEG led to a specificity of 0.4 and to a sensitivity of 0.77 

and 7.2% (w/v) PEG revealed an assay specificity of 0.6 and sensitivity of 0.83.  

Compared to the standard DAS-ELISA, the addition of TMA-oxalate at concentrations of 6 and 

20 mM was optimal for DiRT-qPCR assays detecting PLRV. However, also betaine and DMSO 

improved the DiRT-qPCR assay regarding specificity and sensitivity. The less work-intensive 

preparation of betaine and our long-time experience with that additive regarding assay stability, 

let us choose betaine for further use in DiRT-qPCR reaction compositions. 

In addition, titration experiments at 0, 800, 1000 and 1200 mM betaine for the real-time 

detection of PVY, PLRV, PVS, PVA and PVX (Supplemental table 1) revealed the highest 

tested concentration as best for all DiRT-qPCR assays (data not shown).  
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Table 19: Test of different additives for DiRT-qPCR in PLRV detection.  
Thirteen different tuber sap samples were added to two different DiRT-qPCR approaches. The grey marked Cq-values 
represent false-positive results at cycle cut-off 36. Specificity and Sensitivity have been calculated according to Altman 
and Bland (1994). 

 

 

3.3.3.2 Selection of an internal control (reference gene) for DiRT-qPCR in 
potato virus detection 

To ensure correct potato virus detection, a constitutively expressed reference gene was 

needed for DiRT-qPCR assays. In quantitative detection, one or more reference genes are 

used for result normalization (Vandesompele et al. 2002; Bustin 2004; Huggett et al. 2005). 

Because DiRT-qPCR is mainly designated for qualitative potato virus detection, the internal 

control should work in the first-place as an amplification and extraction control for assurance 

of good assay performance and sample vitality. Therefore, the internal control needs to behave 

in crude potato sap as similar as possible to the target potato viruses. Besides spike-in controls 

(Huggett et al. 2005; Chen et al. 2016), plant innate housekeeping genes were often used as 

internal control genes (Nicot et al. 2005; González-Verdejo et al. 2008; Liu et al. 2018). Since 

the genome of all in this study investigated potato viruses (PVY, PVA, PVX, PLRV, PVS and 

PVM) are protein encapsulated, a protein encapsulated RNA spike-in control would full-fill all 

conceivable requirements.  

However, spike-in controls are expensive and elaborative in production. Therefore, we decided 

to focus on comparison of two different TaqMan® primer sets detecting mRNA and/or DNA of 

two potato housekeeping genes named cox and nad5, coding for the enzyme cytochrom-c-
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oxidase and NADH dehydrogenase subunit 5, respectively. Since both housekeeping genes 

are coding for enzymes acting within the mitochondrion, all types of potato plant material are 

carrying genomic and transcriptomic nucleic acids of both housekeeping genes. For detection 

of cox DNA (plus mRNA), a TaqMan® primer set, published by Weller et al. 2000 was tested. 

For detection of mature nad5 mRNA, intron-spanning RT-PCR primers of Menzel et al. (2002) 

were exploited, which link exons a and b. Generally, immature nad5 mRNA shows an 848 bp 

intron (Kato et al. 1995) between exons a and b. Since the nad5 hydrolysis probe designed by 

Botermans et al. (2013) does not comply the specifications for DiRT-qPCR in terms of melting 

temperature, we tried to establish an appropriate hydrolysis probe for RT-qPCR detection for 

usage in combination with Menzel et al. (2002) intron-spanning nad5 primers (section 2.5.5, 

Table 7). Menzel et al. (2002) designed the nad5 detecting RT-PCR primers on the apple nad5 

sequence (accession no. D37958), but the published intron-spanning primers were also 

effective for different potato-pathogen RT-PCR detection protocols (Seigner et al. 2008; Wei 

et al. 2009, Botermans et al. 2013). For hydrolysis probe design, unsuccessful search queries 

regarding potato derived nad5 sequences on NCBI (National Center for Biotechnology 

Information) and publications postulating a low sequence variability for plant nad5 (Souza et 

al. 1992) led us use the same nad5 apple sequence as Menzel et al. (2002) used for their 

primer design. According to Oligoanalyzer 3.1 of Integrated DNA Technologies (2018) the 

established probe nad5 _P_St14 (Table 7) has on default settings a Tm of 63,8 °C. Bustin 

(2004) recommends for hydrolysis probes a 10 °C higher Tm than for forward and reverse 

primers. Since the annealing and elongation temperature of the established potato virus DiRT-

qPCR assays is 60 °C, we chose a Tm of 75 °C for the TaqMan® DiRT-qPCR probe detecting 

nad5 mRNA. Therefore, we replaced four deoxycytidines at position 2, 9, 12 and 18 with C-5 

propynyl-deoxycytidine modifications (Aschenbrenner et al. 2015; Figure 19 C), whereby every 

replacement increases the Tm of about 2.8 °C (Biomers.net 2018).  

To compare the two TaqMan® primer sets with regard to their suitability as internal controls for 

DiRT-qPCR, we first tested the primer sets that amplify the expected nucleic acid types. 

Therefore, two different reaction compositions were tested for both internal control TaqMan® 

primer sets. On the one hand, with addition of reverse transcriptase (RT) and on the other 

hand without reverse transcriptase (NRT). We homogenized a dormant potato tuber ('unk16') 

and used it as sample for DiRT-qPCR. Additionally, we used total RNA obtained from PLRV 

infected in vitro plants (1/045, Table 1). The extraction protocols is described in section 2.5.1.2. 

The reaction mix composition for the duplex DiRT-qPCR assay is listed in Table 12. The duplex 

reaction was conducted with either cox and PLRV or nad5 and PLRV detecting TaqMan® 

primer sets (Table 7, Supplemental table 1). The thermal schedule for the reaction is listed in 

Table 13.  
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Figure 19 A presents the results for the internal controls in real-time and in end-point analysis. 

PLRV was detected in real-time and in end-point analysis as expected (data not shown). The 

nad5 fragment was strongest amplified in the RNA sample with RT addition. The RNA sample 

with the NRT condition, showed a slight fragment at nad5 size position in gel electrophoresis. 

The tuber sap sample did not show any amplification in real-time, nor in end-point analysis. All 

cox samples showed for both reaction compositions a respective sized fragment of about 69 

bp in gel electrophoresis and an amplification curve in real-time.  

Thereafter, we further compared in vitro plant sap and tuber sap samples in DiRT-qPCR 

assays regarding relative fluorescence unit (RFU) and Cq-values in real-time application and 

fragment intensity in end-point analysis to obtain a better insight to hydrolysis probe 

functionality and detection frequency of DNA and mRNA in case of the cox gene and nad5 

transcripts. For nad5, the NTC did neither show any fragments in gel electrophoresis, nor a 

Cq-value less than the cut-off in real-time (Figure 19 B). However, we observed for nad5 gene 

strong fragment band severity in all tested potato samples, but we found very low RFU values 

and high Cq-values in real-time application. In contrast, end-point analysis of all samples 

showed for the detection of the cox gene weak fragment intensity at the expected position, but 

compared to nad5 similar or lower Cq-values in real-time application (Figure 19 B). The NTC 

used in the detection of the cox gene showed a slightly smaller sized fragment than expected 

and the real-time revealed a Cq-value that just exceeded the cut-off.  

In addition, we investigated and compared the performance of the nad5 transcripts detected 

by nad5 forward and reverse primer (Menzel et al. 2002) and the protein coated PVY (Schubert 

et al. 2007 modified in this study, Supplemental table 1) in crude plant sap matrix. Therefore, 

we tested different homogenization liquids through comparison of the behavior of virus and 

mRNA transcripts in homogenization of further potato plant material ('unk17' – 'unk20') 

together with ultrapure H2O, formamide/H2O dilutions and 100% formamide. The 

homogenization technique is described in section 2.5.1.1.1 and pictorial in Figure 18. The 1:10 

dilution of the centrifuged mixtures were used in separate DiRT-PCR assays for detection of 

either nad5 or PVY. The reaction mix is described in Table 10 and the temperature schedule 

is described in Table 11.  

The agarose gel electrophoresis of DiRT-PCR in Figure 18 shows the controls as expected. 

The detection of nad5 and PVY was compared regarding fragment intensity that differed for 

the nucleic acid types depending on the respective homogenization solutions. Sample 

processing, using formamide gave strongest results for mRNA (nad5) and using sterile H2O 

both nucleic acid types were detected in a moderate manner as also described in section 3.3.2, 

Figure 17. Therefore, we were able to confirm the exclusive amplification of nad5 mRNA in 

potato material by the intron-spanning primers designed by Menzel et al. (2002) and the 
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principal amplification of mRNA and DNA by cox primers (Weller et al. 2000). The slight 

fragment band for nad5 in samples without SuperScript® III reverse transcriptase have been 

designated as laboratory contamination. This is because genomic DNA of nad5 contains 

introns and therefore would lead for the intron-spanning primer set designed by Menzel et al. 

(2002) to a larger fragment size of about 1029 bp instead of 181 bp. 

 

Figure 18: Different amplification vitality of nad5 mRNA and PVY in different tuber homogenization solutions.  
Comparison of homogenization solutions for DiRT-PCR with crude tuber sap to detect the internal control nad5 (plant 
innate mRNA) and the viral gRNA PVY, in combination. Five greenhouse produced tuber samples ('unk12'-'unk15') were 
homogenized in the presence of sterilized water and 100% v/v formamide and applied to DiRT-qPCR detection of nad5 
(mRNA, above) and PVY (encapsulated potato virus, below). The sample preparation process is displayed on the right.  

The investigation of DiRT-qPCR assays regarding hydrolysis probe functionality and detection 

frequency of mRNA (nad5) and DNA + mRNA (cox), showed strong fragment intensity for 

nad5, but very low RFU and high Cq-values in real-time application. In contrast, end-point 

analysis of the cox gene showed weak fragment intensity at the expected gel position, but 

similar or earlier Cq-values in real-time application (Figure 19 B). This displays a weak binding 

activity of the nad5 hydrolysis probe (nad5 _P_St14, Table 7), which leads to decreased 

separation of fluorophore and quencher by the DNA-polymerase and therefore, to low RFU 
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and high Cq-values. Since the Tm of the nad5 hydrolysis probe was calculated at 75 °C, no 

problems with probe annealing was expected at amplification temperature of 60 °C. In the end, 

after BLAST analysis of the apple nad5 sequence (accession no. D37958) to the potato 

genome, we found a putative potato nad5 gene in the second chromosome of Solanum 

tuberosum mitochondrion (accession no. MF989954, at position 94487-95578 bp). Alignment 

of the apple nad5 sequence and the putative potato nad5 discovered a single nucleotide 

polymorphism (SNP) at the first C-5 propynyl-deoxycytidine modification (Figure 19 C) that 

would explain the weak real-time detection of nad5 amplification. This leads to lowered Tm and 

low 3 ′ -end binding affinity, which is important for initiation of probe fragmentation. However, 

the application of the nad5 hydrolysis probe designed by Botermans et al. (2013) in 

combination with C-5 propynyl-deoxycytidine modifications at five positions within the probe 

sequence, could lead to better results (nad5_P_Bo13_modified in Figure 19 C).  

Additionally, for DiRT-qPCR in crude potato plant sap matrix, we found differences for both 

investigated RNA targets (mRNA: nad5 and viral gRNA: PVY). The nad5 transcript was 

stronger amplified in samples homogenized in 100% formamide (Figure 18) and 

H2O/formamide dilutions (Figure 17). In contrast, PVY was stronger amplified in samples 

homogenized with only ultrapure H2O (Figure 17 and Figure 18).  

We found that DNA-based internal controls better represent potato virus template vitality in 

DiRT-PCR and DiRT-qPCR than instable mRNA based internal controls do. For further 

experiments, we chose cox TaqMan® primer set (Weller et al. 2000) as internal control. 
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Figure 19: Selection of an internal control (reference gene) in DiRT-qPCR for potato virus detection.  
A: nad5 vs. cox with and without reverse transcriptase, amplification of mRNA and/or DNA and comparison of respective 
amplification in tuber sap in real-time and end-point analysis B: Comparison of Cq values based on probes from cox 
primer set (Weller et al. 2000) and nad5 primer set (established in this study, forward and reverse primer designed by 
Menzel et al. (2002) on RNA and tuber sap samples in real-time. End-point analysis based on forward and reverse primers 
of cox and nad5 primer set. C: The nad5 probe was designed based on nad5 sequence of Malus domestica (Accession 
no. D37958). An alignment of a putative nad5 nucleic acid sequence of Solanum tuberosum on chromosome 2 (Accession 
no. MF989954.1, starting at 94487 bases and ending at 95578 bases) with the apple sequence, revealed a SNP for the 
second 5′-base position of the nad5_P_St14 probe, which has a propynyl-desoxycytidin modification (pdC) at that 
position.  
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3.3.3.3 Detection of Potato virus M (PVM) 

As no PVM primer set was available, primer sets were designed and tested in DIRT-qPCR 

assays in this study. 

3.3.3.3.1 Primer selection  

Three varying forward primers, four different backward primers and five TaqMan® hydrolysis 

probes were designed using Primer3Plus Software (Untergasser et al. 2007). The primers are 

listed in Table 6. For forward and reverse primer selection, primers were combined and used 

for PVM detection in DiRT-qPCR with SYBR® Green (Table 14). The applied RT-qPCR 

temperature schedule with subsequent melting curve analysis is listed in Table 13. The probe 

selection was carried out by employing the untagged oligonucleotide sequence of the probes 

combined with the respective reverse primers. RNA, leaf sap or tuber sap of PVM infected 

potato plants, as well as PVM negative controls were added to the reaction mix of all primer 

selection experiments.  

The results for primer selection are shown in Figure 20 and Figure 21 and the final primer set 

is listed in Table 20. The primer combination of PVM_F_1 + PVM_R_1 and PVM_F_2 + 

PVM_R_2 resulted in expected PVM specific fragments for RNA (PVM+) and leaf sap (PVM+). 

Additionally, the second experiment revealed different melting temperatures for PVM+ (RNA, 

leaf sap), PVM+ (tuber sap) and PVM negative samples. The primer combination PVM_F_3 + 

PVM_R_3 displayed no fragments after agarose gel electrophoresis for both repetitions but a 

significant fluorescence difference for the PVM+(RNA) sample and, therefore, a specific DNA 

melting temperature was obtained. After gel electrophoresis, the combination of PVM_F_3 + 

PVM_R_4 showed PVM specific fragments of 107 bp for all PVM infected samples (RNA, leaf 

sap and tuber sap) and fragments smaller than 100 bp for PVM negative samples, in both 

repetitions. The melting curve analysis exhibited a clear temperature difference between the 

NTC, the PVM negative leaf sap control and all PVM positive samples (RNA, leaf sap and 

tuber sap). However, differentiation of RNA derived from PVM negative potato plants and all 

PVM positive samples (RNA, leaf sap and tuber sap) was not possible (Figure 20). All samples 

obtained from PVM infected plants, even the tuber sap samples containing a low virus titer, 

were identified by this primer combination. Therefore, we decided to proceed with PVM_F_3 

and PVM_R_4 (Table 6) due to featuring high sensitivity, especially with regard to the use of 

raw leaf or tuber sap for potato virus detection.  

For hydrolysis probe selection, the unlabeled oligonucleotide sequence of the probes (Table 

6) were used as forward primers and combined with the reverse primers. In both repetitions, 

PVM_P_1 and PVM_R_1 resulted in a clearly visible fragment when using PVM+ (RNA) and 

PVM+ (leaf sap) as templates, respectively (Figure 21). The melting curve analysis confirmed 

this result. Unspecific amplification was observed by melting curve analysis for all four primer-
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probe combinations. The DNA melting temperature did not clearly change between the PVM 

positive and PVM negative samples. However, the probe and reverse primer combination 

PVM_P_2 + PVM_R_2 and PVM_P_5 + PVM_R_4 revealed a slight size difference between 

PVM+ (RNA, leaf sap and tuber sap) and PVM- (RNA, leaf sap, NTC) after agarose gel 

electrophoresis. The forward and reverse primer combination PVM_F_3 + PVM_R_4, 

PVM_P_5 was chosen as TaqMan® hydrolysis probe for further PVM detection in DiRT-qPCR 

(Table 20).  

 

Figure 20: PVM primer selection. 
RNA, leaf sap and tuber sap derived from PVM infected and PVM negative potato plants were tested in a DiRT-qPCR 
protocol with SYBR® Green for primer selection. The agarose gel bands represent primer set specific PVM fragments. 
Each primer combination was tested twice. On the right side, the melting peak analysis is displayed. The red curves are 
representing PVM infected material and the blue curves are showing PVM negative samples.  
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Figure 21: PVM probe selection. 
RNA, leaf sap and tuber sap derived from PVM infected and PVM negative potato plants were tested in a DiRT-qPCR 
protocol with SYBR® Green for probe selection. The agarose gel bands represent primer set specific PVM fragments. 
Each combination of the respective reverse primer and probe was tested twice. On the right side, the melting peak 
analysis is displayed. The red curves are representing PVM infected material and the blue curves are showing PVM 
negative samples. 
 
Table 20: Selected primer pair and TaqMan® probe for Potato virus M detection via DiRT-qPCR  

  

Primer name Primer sequence (5’        3’) Amplicon position Use Product size [bp]

PVM_F_3_St15 GAGGAGCAACACTGCCAATACTT

PVM_R_4_St15 GAATGCACGACTGCCGAGTA

PVM_P_5_St15 Fam-TGGCGAAAAGGAAATTGAGCATGG CAGG-BHQ1

179-285 
(reference GenBank 

accession no. JX678982.1)
qPCR 107
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3.3.3.3.2 Primer and TaqMan® hydrolysis probe titration  

Increased primer and probe concentration in qPCR results in increased fluorescence, which 

can increase sensitivity in samples containing PCR inhibitors or low template quantity (Gundry 

and Poulson 2011). Therefore, primer and hydrolysis probe titration were conducted to find the 

optimal primer and probe concentration for PVM detection via DiRT-qPCR.  

Purified RNA of PVM infected in vitro plants (4/007, Table 1) have been used. Additionally, 

probe titration was carried out with tuber sap due to a hypothetical quenching effect of crude 

tuber/plant sap in the DiRT-qPCR reaction mix. The titration steps of forward and reverse 

primers included 0.2, 0.3, 0.4 and 0.6 µM. For forward and reverse primer titration, 0.2 µM 

TaqMan® hydrolysis probe was used. Afterwards, four hydrolysis probe concentrations have 

been tested (0.06, 0.15, 0.2 and 0.4 µM) by employing the selected forward and reverse primer 

concentration. The reaction mix composition for the titration experiments in DiRT-qPCR is 

listed in Table 15. The cut-off was set at 36 cycles. The trials have been repeated four times 

each (Figure 22 and Figure 23 A, B, C and D).  

The results of forward and reverse primer titration experiments are shown in Figure 22. Each 

graph represents one dilution step, with nuclease free water, in a dilution series of total RNA 

with undefined PVM virus titer. The graphs of A and B display individual values per primer 

concentration, whereas graphs C and D represent mean values of three technical repeats. 

Repeats A and C show that concentration of 0.6 µM of each primer was the most sensitive one 

at all dilution steps. At repeats B and D, we observed lowest Cq-values at a concentration of 

0.4 µM per primer. The red marked graphs indicate the dilutions that have been tested PVM-

negative for assays containing 0.4 µM primer concentration at a 36-cycle cut-off. In terms of 

saving resources and costs, a primer concentration of 0.4 µM was chosen for further 

experiments in PVM detection. This concentration was used for the hydrolysis probe titration.  

Four biological repeats (Figure 23, A, B, C, and D) of TaqMan® hydrolysis probe titrations were 

performed with concentrations of 0.06, 0.15, 0.2 and 0.4 µM. All four repeats demonstrated for 

the highest probe concentration (0.4 µM) a higher relative fluorescence unit (RFU), as well as 

slightly lower Cq-values. The experiments with tuber sap dilutions used as templates, indicated 

a fluorescence quenching effect of crude tuber/plant sap within the DiRT-qPCR reaction mix, 

because the first dilution displayed higher RFU values than the straight sample (Figure 23 C 

and D). Therefore, not only PCR inhibitors but also fluorescence quenching needs to be taken 

into consideration in terms of DiRT-qPCR sensitivity and optimization experiments. Further 

PVM detection via DiRT-qPCR was conducted with a concentration of 0.4 µM for both primers, 

as well as for the TaqMan® hydrolysis probe.  
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Figure 22: Forward and reverse primer titration experiments in four biological repeats (A, B, C and D). 
Each graph represents one water dilution step in a dilution series of total RNA containing undefined PVM virus titer 
generated with PVM infected in vitro plants (4/007). Diagrams of repeats A and B show individual values per primer 
concentration. Graphs of C and D represent mean value curves of three technical repeats. The red marked graphs 
indicate the dilutions that have been tested PVM negative for assays containing 0.4 µM primer concentration at a 36-
cycle cut-off.  
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Figure 23: TaqMan® hydrolysis probe titration experiments in four biological repeats (A, B, C and D). 
Each graph represents one water dilution step in a dilution series of total RNA or total tuber sap containing undefined 
PVM virus titer generated with PVM infected in vitro plants (4/007). All graphs represent mean values of three technical 
repeats. Diagrams of repeats A and B show hydrolysis probe titration with total RNA. Diagrams of repeats C and D 
represent hydrolysis probe titration with total tuber sap diluted in ultrapure H2O.  
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3.3.3.4 Comparison of standard curves for DiRT-qPCR and CoRT-qPCR 

The performance of the two different methods DiRT-qPCR and CoRT-qPCR using two different 

target matrices, crude plant sap and purified RNA, was compared. Therefore, standard curves 

were prepared for TaqMan® primer sets targeting PVY (Agindotan et al. 2007 and Singh et al. 

2013), PLRV, PVX and PVA (Agindotan et al. 2007), PVS (Mortimer-Jones et al. 2009) and 

PVM (this study). The process is described in section 2.7.  

The obtained cRNA was 10-fold diluted either in H2ODEPC or in plant sap. H2ODEPC was used for 

standard curve establishment of TaqMan® primer sets in CoRT-qPCR, whereas plant sap was 

used for the same TaqMan® primer sets in DiRT-qPCR. In the case of PVA and PVM, instead 

of plant sap, H2ODEPC dilutions were used for DiRT-qPCR standard curve establishment. Each 

copy number dilution sample in the two different RT-qPCR reactions were performed in three 

technical repeats. Different dilution steps were used for establishment of cRNA standard 

curves of the various TaqMan® primer sets in combination with the two different qPCR 

applications. The particular primer set efficiency was calculated according to the equation 

E=10 [-1/slope] (Pfaffl 2001, Rasmussen 2001). Percent efficiency was calculated according the 

equation E% = (E-1) *100. 

The established cRNA standard curves (Figure 24) revealed an efficiency for PVY_Ag07, 

PVY_Si13, PLRV_Ag07, PVX_Ag07, PVA_Ag07, PVS_Mo09, and PVM_St14 in the CoRT-

qPCR assay according to Mortimer-Jones et al. (2009) of 99% (R2=0.9680), 98% (R2=0.9842), 

102% (R2=0,9970), 107% (R2=0.9863), 95% (R2=0.9827), 91% (R2=0,9934) and 81% 

(R2=0.9957), respectively. The amplification efficiencies of the same primer sets in DiRT-qPCR 

were 98% (R2 = 0.9946) for PVY_Ag07, 101% (R2 = 0.9988) for PVY_Si13, 103% (R2=0.9800) 

for PLRV_Ag07, 103% (R2=0.9847) for PVX_Ag07 and 90% (R2 = 0.9774) for PVS. These 

standard curves were established with cRNA dilutions made of virus-free plant sap. The 

amplification efficiencies in DiRT-qPCR of PVA primer set was 101% (R2=0.9856) and 100% 

(R2=0.9834) for PVM primer set based on standard curves established with cRNA dilutions 

made of H2ODEPC. In average, the Cq-values in DiRT-qPCR were higher than for CoRT-qPCR, 

for all tested primer sets. 

The established cRNA standard curves revealed an acceptable amplification efficiency range 

between 90% and 110% (Kavanagh et al. 2011) for both reaction mix compositions (CoRT-

qPCR and DiRT-qPCR) and all primer sets with one exception. The newly designed PVM 

primer set achieved under CoRT-qPCR conditions only 81% amplification efficiency. 

For establishment of DiRT-qPCR based standard curves, we diluted cRNA in virus-free plant 

sap. Mainly due to RNAses in the plant sap, we struggled several times during establishment 

of the plant sap based cRNA standard curves for DiRT-qPCR. The subsequent processing 

after production of cRNA dilution series with crude plant sap was crucial for the successful 
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creation of standard curves in DiRT-qPCR. However, several trials for the establishment of 

DiRT-qPCR standard curves using the primer sets PVA and PVM failed using plant sap diluted 

cRNA, but by using cRNA diluted in H2ODEPC, like we did for CoRT-qPCR, we obtained for both 

TaqMan® primer sets, standard curves with appropriate amplification efficiency.  

Although we observed lower sensitivity for DiRT-qPCR compared to the CoRT-qPCR, we 

assume no strong interferences from the detection of viruses in plant sap compared to the 

detection of viruses in purified RNA by employing real-time PCR. However, virus detection in 

unprocessed tuber sap means always virus detection close to the detection limit due to 

naturally low virus titers and exclusion of RNA purification that normally also concentrates 

RNA.  

The lowest cRNA copy number concentration of the respective standard curve did not indicate 

the limit of detection but the assays set up led almost to the limit of linearity. However, during 

cRNA standard curves establishment, the NRT showed Cq-values within a range for potato 

virus positive evaluation, which indicated insufficient DNAse treatment.   
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Figure 24 Standard curves of primer sets. 
The cRNA concentration series was made for primer sets detecting PVY (Agindotan et al. 2007 and Singh et al. 2013), 
PLRV (Agindotan et al. 2007), PVX (Agindotan et al. 2007), PVA (Agindotan et al. 2007), PVS (Mortimer-Jones et al. 2009) 
and PVM (designed and selected in this study). Standard curves were established by using three technical repetitions 
for one cRNA copy number dilution. The efficiency was calculated according to (Pfaffl 2001, Rasmussen 2001). R2 had 
to be higher than 0.965. Downright, the procedure for standard curve establishment is shortly described. 
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3.3.3.5 Comparison of RT-qPCR assay performance 

The performance of two different DNA polymerases and reaction mixes used in the CoRT-

qPCR assay and the DiRT-qPCR assay for detection of PVS, PLRV, PVY and PVM was 

investigated using authentic samples. Therefore, we used in both assays the same target that 

was RNA derived from 350 µL tuber sap (2.5.1.2).  

The primer sets for detection of PVS, PLRV, PVY and PVM by DiRT-qPCR and CoRT-qPCR 

assays are listed in Table 20 and Supplemental table 1. The used reaction mix compositions 

of both RT-qPCR methods are listed in Table 9 and Table 12. Table 13 describes the applied 

temperature profile for both RT-qPCR methods. For each sample and method, two technical 

repeats have been done and the mean Cq-value of both repeats was calculated for the creation 

of a regression analysis. For both assays, the applied cut-off was at cycle 30 according to 

Mortimer-Jones et al. (2009). 

The obtained regression analyses comparing the performance of the two different reaction mix 

compositions used in TaqMan® CoRT-qPCR and DiRT-qPCR assays are shown in Figure 25.  

The coefficient of determination for the primer sets PVY_Si13, PLRV_Ag07 and PVS_Mo09 

lay between 0.94 – 0.98. The formula for calculation of the regression line (y = mx + b) includes 

the slope (m) and the y-intercept (b). For the primer sets PVY_Si13, PLRV_Ag07 and 

PVS_Mo09 the slope (m) was slightly below one. The value on the y-axis where the line 

crosses was close to zero (- 0.2) for PVS-Mo09 and the y-intercepts of the primer sets PVY-

Si13 and PLRV_Ag07 were slightly below - 1.4. However, the newly designed TaqMan® primer 

set PVM_St14 resulted in a coefficient of determination of 0.87 with a slope of above 1.25 and 

a y-intercept of - 5.13.  

This means for PVS-Mo09, PVY-Si13 and PLRV_Ag07 strong correlation between the 

methods with greater sensitivity for the CoRT-qPCR assay. In this study, the greater sensitivity 

of the CoRT-qPCR assay is termed regular sensitivity (CoRT-qPCR > DiRT-qPCR).  

However, for the PVM_St14 primer set there was a weaker correlation found with greater 

sensitivity in early Cq-values towards CoRT-qPCR (regular sensitivity), while in samples with 

higher Cq-values a tendency of CoRT-qPCR to higher Cq-values compared to DiRT-qPCR 

became obvious. That might indicate reversing sensitivity from CoRT-qPCR towards DiRT-

qPCR for samples with low virus titers.  
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Figure 25: Linear regression analyses on Cq-values obtained by DiRT-qPCR and CoRT-qPCR reaction mixes for 
detection of PVY, PLRV, PVM and PVS using for both assay’s RNA derived from dormant potato tubers. 
The CoRT-qPCR assay (with the Jumpstart reaction mix) and the DiRT-qPCR assay (with the Kapa3G™ Plant reaction 
mix), for detection of PVY, PLRV, PVM and PVS were applied with the primer sets PVY_Si13, PLRV_Ag07, PVM_St14 and 
PVS_Mo09 (Table 20 and Supplemental table 1). The scatter plots present a comparison of mean Cq-values including 
two technical repeats for each sample.  

The results obtained by comparing the standard curves between both methods (3.3.3.4). 

confirmed the point of sensitivity inversion for PVM_St14 at low virus titers below 100.000 

(1x105) copies (crossing point of both standard curve lines in Figure 24). 

In addition, correction of the obtained regression line for PVM_St14 by deletion of samples 

showing reversed sensitivity (CoRT-qPCR<DiRT-qPCR, Figure 26) resulted in an increased 

coefficient of determination (0.97), an decreased slope and an decreased y-intercept (Figure 

26).  

Finally, increased amplification activity of the DiRT-qPCR assay in the presence of low virus 

titer was discovered solely for the PVM_St14 TaqMan® primer set and confirmed by 

comparison of standard curves of both methods (3.3.3.4).  
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Figure 26 : Correction of the obtained regression line for PVM_St14 by deletion of samples showing reversed sensitivity.  
Mainly samples with later Cq-values (above 27.5 in CoRT-qPCR) having low virus titers show this behavior of reversed 
sensitivity (CoRT-qPCR<DiRT-qPCR). After Correction, the coefficient of determination increases by about 0.1. In 
addition, the slope and the y-intercept has adapted to the other tested primer sets.  
 

3.3.4 Comparison of DiRT-qPCR with DAS-ELISA and CoRT-qPCR for 
detection of potato viruses 

The standardized procedure for virus detection during seed potato certification is growing-on 

DAS-ELISA. The growing-on DAS ELISA relies on leaf extracts of 4-6-week-old glasshouse-

cultivated tuber eye cuttings because direct virus detection by solely DAS-ELISA on dormant 

potato tubers is not reliable, at least not for PLRV and PVY (Spiegel and Martin 1993; Gugerli 

and Gehriger 1980). This phase of virus-enrichment is time consuming and requires large, 

seasonal glasshouse capacities.  

Therefore, many conventional nucleic acid-based potato virus detection methods and 

protocols have been published (section 1.6). All these techniques require RNA purification, 

hereinafter referred to as conventional nucleic acid amplification assays. The development of 

the DiRT-qPCR protocol yielded in an RT-PCR assay with no RNA purification to save time, 

expenses, and material resources. For comparison of potato virus detection to DAS-ELISA 

and the time-saving and ecofriendly DiRT-qPCR protocol, the CoRT-qPCR protocol published 

by Mortimer-Jones et al. (2009), was used.  
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For this, we used the two following approaches: 

Method comparison: We investigated the sensitivity of the different PLRV, PVY, PVS, PVM, 

PVA and PVX detection methods by dilution series in three biological repetitions. Therefore, 

we compared results of DAS-ELISA, one-step duplex CoRT-qPCR, and one-step duplex DiRT-

qPCR. For one-step duplex DiRT-qPCR and DAS-ELISA, we used plant sap obtained from in 

vitro plants, whereas RNA that was purified from the same plant sap was added as template 

to one-step duplex CoRT-qPCR. The sample material for all three different methods was 

obtained from the same virus-infected in vitro potato plants, which were pooled before 

preparation. 

Protocol comparison: Two PLRV, PVY, PVS and PVM detection protocols were compared with 

respect to their qualitative results using field grown potato tubers: The growing-on DAS-ELISA 

on leaves of 4-6-week cultivated tuber eye cuttings and one-step duplex DiRT-qPCR on 

dormant potato tubers. The starting material for both assays were dormant, field grown potato 

tubers that were harvested in September 2014. These tubers were obtained from the LfL. 

Detection of PVA and PVX was not possible owing to inavailability of tubers infected with these 

potato viruses.  

For better comparison of both nucleic acid amplification (DiRT-qPCR and CoRT-qPCR), the 

same TaqMan® primer and probe combinations were used in both assays (Supplemental table 

1, Table 20). Additionally, the TaqMan® primer set to detect the gene coding for the ubiquitous 

enzyme cytochrome c oxidase (cox, Weller et al., 2000) was used as internal control. 

For both experiments, DAS-ELISA protocol was conducted at LfL (section 2.5.4, Table 5). 

DAS-ELISA assays were validated by including a ten-fold diluted stock plant sap derived from 

virus-free in vitro potato plants as negative controls. A no template control (NTC) was 

established by adding only extraction buffer to each DAS-ELISA assay. 

For verification of each RT-qPCR assay, we added negative controls by using either plant sap 

or purified RNA of virus-free potato material as templates, and positive controls by using 

purified RNA derived from in vitro potato plants that were infected with the respective virus 

species.  

3.3.4.1 Method comparison 

To compare the sensitivity of the standard virus detection method DAS-ELISA and the new 

DiRT-qPCR assay, we used a dilution series of in vitro plant sap, infected with the respective 

potato viruses (section 2.5.1.1.1). Afterwards, a dilution series was prepared with extraction 

buffer (Supplemental table 4) that ranged from undiluted plant sap to a dilution of 10-10. We 

used pooled samples of in vitro plants of the cultivars ˈAdèlaˈ and ˈOdeskijˈ, carrying two 

different PLRV isolates 1/045 and 1/047, respectively (Table 1). In vitro plants of the potato 
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varieties ˈProducentˈ, ˈAsterixˈ, ˈInovaˈ and ˈLukavaˈ were pooled and used to test the 

sensitivity for all three PVY detection assays. They carried the proposed PVY strain 

groups/isolates PVY-O: 2/045, PVY-N: 2/110, PVY-N-Wilga: 2/196 and PVY-NTN: 2/063, 

respectively (Table 1). The PVS isolate 6/270, was used for benchmarking PVS detection 

assays. The isolate was maintained in the potato variety ˈGranolaˈ. The plant sap for PVA 

assay comparison was obtained from potato plant varieties ̍ Vitalˈ, ̍ Karmenˈ and ̍ Ankaˈ, which 

we use to maintain in vitro the PVA isolates 3/057, 3/027 and 3/039, respectively. The pooled 

PVX isolates 5/005, 5/021 and 5/008 were maintained in the potato plant cultivars ˈKrasavaˈ, 

ˈBojarˈ and ˈLoŝickyˈ. The PVM isolate 4/007, was used to gauge PVM detection assays. The 

isolate was maintained in the potato genotype called ˈHR4ˈ.  

For ELISA and DiRT-qPCR, the obtained plant sap was subsequently added to potato virus 

specific antibody coated ELISA plates (section 2.5.4) and to duplex DiRT-qPCR reaction mix 

(Table 12), respectively. Additionally, 500 µL of the undiluted, straight plant sap were used for 

RNA purification (section 2.5.1.2) to perform CoRT-qPCR (Table 9). Before performing CoRT-

qPCR, the RNA-outcome was measured as described in section 2.5.3. Two microliters of each 

RNA dilution step (series starting from undiluted to 10-10) were used for one step duplex CoRT-

qPCR reaction according to Mortimer-Jones et al. (2009). For CoRT-qPCR the same primer 

sets as for DiRT-qPCR were applied. The temperature profile of both real-time TaqMan® 

assays (DiRT-qPCR and CoRT-qPCR) was also the same (Table 13).  

We performed three technical repeats for each dilution step of potato virus-infected in vitro 

plant sap within one biological repetition. For acceptance of a virus-positive result, at least two 

of three technical repeats needed to be at or above 0.1 (cut-off) absorption at 405 nm 

wavelength (A405nm) minus the absorption measured for the NTC in the DAS-ELISA assay.  

Generally, the sensitivity of both molecular biological protocols was higher than that of the 

immunological method DAS-ELISA (Figure 27).  

For PLRV and PVA detection, the sensitivity of CoRT-qPCR was 100,000 times higher than 

that of DAS-ELISA. The average sensitivity of CoRT-qPCR detecting PVY was 1,000-fold 

higher than that of DAS-ELISA. For PVS detection, as well as for PVX detection, the average 

sensitivity of CoRT-qPCR was 100-fold higher than the mean sensitivity of the DAS-ELISA 

assay. The CoRT-qPCR assay for PVM primer set was 10-fold more sensitive than DAS-

ELISA. For PLRV, PVY, PVS and PVX, the sensitivity difference was stable between CoRT-

qPCR and DAS-ELISA within all three biological replicates (Figure 27).  

By comparing DiRT-qPCR and DAS-ELISA, an even higher mean sensitivity difference was 

observed. In this comparison, we found on average a 100,000,000-fold higher sensitivity for 

PLRV and PVM, 10,000,000-fold higher sensitivity for PVX, 100,000-fold higher sensitivity for 

PVY and 1,000-fold higher sensitivity for PVS and PVA compared to DAS-ELISA (Figure 27).  
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On average, DiRT-qPCR was 1,000-fold more sensitive than CoRT-qPCR for all six tested 

virus species. However, the sensitivity of DiRT-qPCR showed higher variability across the 

biological replicates (Figure 27). As the same samples were used for DAS-ELISA, DiRT-qPCR 

and CoRT-qPCR, the greater sensitivity of nucleic acid-based detection assays is mainly 

attributable to the amplification of the primer target sites during PCR.  

In addition, the TaqMan® primer sets, we used for identifying PLRV, PVX (Agindotan et al. 

2007) and PVS (Mortimer-Jones et al. 2009) are located at the 3′-end of the particular viral 

genome and thus on sites of sgRNA transcription (sections 1.2.5, 1.2.6, 1.2.7 and 

Supplemental table 1). Therefore, the presence of the target nucleotide sequence could be 

higher than in regions without sgRNA transcription (Miller and Koev 2000). This is 

disadvantageous for absolute virus copy-number estimation (Hühnlein et al. 2016b), but it 

enhances the sensitivity of a method that directs qualitative virus detection. However, the virus 

species defines the rate of sgRNA formation. For example, Matoušek et al. (2005) suggested 

minor transcription events for both sgRNAs of PVS. The present study revealed for nucleic 

acid based PVS detection, 100-fold to 1,000-fold higher sensitivity compared to that of the 

immunological approach. This rather low to moderate sensitivity difference could underpin that 

suggestion. Despite this, the primer set used for PVY and PVA detection are not located in the 

region of PIPO transcription (section 1.2.3 and 1.2.4; Agindotan et al. 2007; Singh et al. 2013). 

Their detection sensitivities were moderate with 1,000-fold to 100,000-fold higher sensitivity of 

both molecular biological assays compared to DAS-ELISA. For PLRV (Agindotan et al. 2007), 

the detection sensitivity of both RT-qPCR assays was 100,000-fold to 100,000,000-fold higher 

than that of the DAS-ELISA. This is a rather high sensitivity difference, probably due to 

contribution of high reproductive sgRNA-based targets.  

The PVX and PVM detection sensitivity differed extremely between the two RT-PCR assays. 

While the sensitivity difference between DAS-ELISA and DiRT-qPCR was very high, with 

100,000,000-fold for PVM and 10,000,000-fold for PVX, the sensitivity difference between 

CoRT-qPCR and DAS-ELISA was very low to low with 10-fold for PVM and 100-fold for PVX. 

Up to now, it is unclear if these results are owing to false-positive or true-positive results for 

the DiRT-qPCR assay, which makes further investigation necessary. However, the high 

detection sensitivity of DiRT-qPCR on PVM detection on sample material with a low virus titer 

is further investigated and discussed in section 3.3.3.5.  
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Figure 27: Potato virus detection sensitivity; 
using plant sap (DAS-ELISA and DiRT-qPCR) or RNA (CoRT-qPCR). The samples were derived from virus-infected in 
vitro potato plants in a ten-fold (10-1 to 10-10) dilution series. Each colored square represents at least two virus positive 
technical repeats out of three. The sampling procedure is displayed down left. Downright the quantity of RNA purified 
for CoRT-qPCR is listed. three biological repeats have been used for each data set.  
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Nevertheless, for all six potato viruses, the sensitivity of DiRT-qPCR was on average 1,000-

fold higher than that of CoRT-qPCR, but the sensitivity of DiRT-qPCR showed higher variability 

across the biological replicates compared to CoRT-qPCR. For CoRT-qPCR, 2 µL purified and 

concentrated total RNA derived from 500 µL crude plant sap and corresponding dilutions made 

of the total RNA were used as target. The target for DiRT-qPCR were 2 µL of centrifuged crude 

plant sap and the corresponding dilutions directly made from that. Therefore, the highly 

concentrated total RNA should contain a higher viral RNA concentration than the unprocessed 

plant sap used for DiRT-qPCR. Therefore, we expected a greater sensitivity for CoRT-qPCR 

than for DiRT-qPCR. Hadersdorfer et al. (2011) compared the sensitivity of crude plant sap 

and purified RNA samples within one nucleic acid-based virus detection method and protocol. 

They found greater sensitivity for purified RNA samples.  

In this study, dilutions for DiRT-qPCR were prepared with extraction buffer 2 and not with plant 

sap derived from healthy potato plants. Thus, by diluting the plant sap with extraction buffer, 

virus titers, as well as PCR inhibitors are diluted at the same time (Rossen et al. 1992; Monteiro 

et al. 1997; Wei et al. 2008; Schrader et al. 2012). This possibly affected the sensitivity result 

of the experiment in favor of DiRT-qPCR, because the used KAPA3G™ Direct Plant DNA 

polymerase is referred to be robust but not immune against existing PCR inhibitors (Gallup 

2011; Schori et al. 2013). It is conceivable that for DiRT-qPCR the PCR efficiency could be still 

affected by the presence of common PCR inhibitors (Rossen et al. 1992; Monteiro et al. 1997; 

Wei et al. 2008; Schrader et al. 2012) and ,thus, dilution with pure extraction buffer could 

enhance the detection sensitivity. This could also depend on the potato genotype comprising 

individual PCR inhibitor composition. In contrast, previous results found none or only minor 

changes in PCR efficiency for the primer set used to identify potato virus cRNA diluted in plant 

sap with DiRT-qPCR (section 3.3.3.4). However, many trials were needed to establish DiRT-

qPCR standard curves with cRNA diluted in plant sap. Generally, these standard curves 

obtained high efficiencies between 115%-190%, suggesting still effective activity of PCR 

inhibitors according to Kavanagh et al. (2011).  

Furthermore, the obtained higher sensitivity of DiRT-qPCR could be owned to the loss of viral 

RNA during total RNA extraction as it is not optimized for viral RNA. Additionally, it is important 

to note that different cut-off values were applied which led to sensitivity inconsistencies 

between DiRT-qPCR (cuf-off at 36 cycles) and CoRT-qPCR (cut-off at 30 cycles according to 

Mortimer-Jones et al. 2009). Varga and James (2006) revealed, by using highly purified RNA, 

strong variation in the sensitivity of CoRT-qPCR methods compared to that of other nucleic 

acid-amplification methods primarily close to detection limit.  

Additionally, the type of reverse transcriptase, DNA polymerase, the employed primer set and 

the reaction conditions (buffer composition, temperature schedule, type of thermo cycler, etc.) 
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contribute to different sensitivities (Reiter and Pfaffl 2011, Gundry and Poulson 2011). In this 

study, the same TaqMan® primer set, reverse transcriptase, thermo cycler and temperature 

schedule were used for both RT-qPCR methods and therefore have been eliminated as 

variable parameters. Only, the different DNA polymerases and reaction conditions in terms of 

buffer compositions were left and likely result in the difference in addition to the main parameter 

the differing sample preparation techniques.  

Regarding the sensitivity differences between the six potato viruses for RT-qPCR assays, the 

different in vitro potato plant varieties used for maintaining the virus isolates are a possible 

reason, as well. These varieties could vary in concentration and composition of unknown PCR 

inhibitors leading to sensitivity changes for the DiRT-qPCR assay compared to the CoRT-

qPCR. For further method comparison experiments between DiRT-qPCR, DAS-ELISA and 

CoRT-qPCR, the same potato variety should be used for maintaining all virus species and 

isolates. 

3.3.4.2 Protocol comparison 

In autumn 2014, the potato virus detection protocols using DiRT-qPCR method were compared 

with the standard virus detection protocols of growing-on DAS-ELISA on dormant, field grown 

potato tubers (section 2.2.2) in terms of high-throughput ability and result agreement. We 

tested 332 tubers for PVM, 365 samples for PVY, 456 samples for PVS and 406 tubers for 

PLRV. No PVA- and PVX-infected potato tuber material could be procured. 

Sample preparation was done according to section section 2.5.1.1.2.1. Three drops of tuber 

sap (about 100 µL) were subsequently charged with 300 µL extraction buffer 2. The extract 

was centrifuged, and the supernatant was 10-fold diluted in extraction buffer 2. The diluted 

tuber sap was used for one-step duplex DiRT-qPCR reaction (Table 12). The temperature 

profile of the TaqMan® DiRT-qPCR reaction is shown in Table 13. We tested field grown 

dormant potato tubers for PVM (PVM_St15, Table 20), PVY (PVY_Si13, Supplemental table 

1), PVS (PVS_Mo09, Supplemental table 1) and PLRV (PLRV_Ag07, Supplemental table 1) 

in a duplex reaction with cox primer set (cox_We00, Supplemental table 1) as internal control. 

For growing-on DAS-ELISA, the rose ends of the same dormant tuber specimen sampled for 

DiRT-qPCR were cultivated in the greenhouse (section 2.2.3.2), the obtained leaves were 

sampled and processed as described in section 2.5.1.1.2.2. The DAS-ELISA protocols were 

conducted at LfL (section 2.5.4). 

We calculated Cohens Kappa coefficient (k) according to the method by Petrie and Sabin 

(2009), which was used as a tool to calculate and rating the inter-method agreement for 

categorical items. Cohens Kappa coefficient (k) ranges between 0 and 1 (Cohen 1960). In 

addition, we used the rating categories developed by Landis and Koch (1977, Figure 28). 
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The comparison of the results obtained by DiRT-qPCR and growing-on DAS-ELISA for 

detection of PVM, PVY, PVS and PLRV are shown in Figure 28. PVM with the primer set 

PVM_St15 (Table 20) used in DiRT-qPCR showed a protocol agreement of 93.1% and a 

Cohens Kappa (k) coefficient of 0.86. Therefore, the protocol agreement for PVM according to 

Landis and Koch (1977) is referred to “almost perfect” agreement. However, 6.3% of PVM-

positive tubers according to DAS-ELISA were PVM-negative by DiRT-qPCR protocol and 0.6% 

of the total sample size showed the opposite (Figure 28). 

For PVY primer set, DiRT-qPCR showed a protocol agreement of 83.8% and a Cohens Kappa 

(k) coefficient of 0.67 was calculated, which is referred according to Landis and Koch (1977) 

as “substantial” agreement (Figure 28). However, 11.2% of total sample size showed a positive 

result for PVY detection by DiRT-qPCR but not by DAS-ELISA. Merely, 4.9% of the specimens 

were indicated PVY-positive by DAS-ELISA and PVY-negative by DiRT-qPCR (Figure 28). 

PVS detection by DiRT-qPCR produced a protocol agreement to DAS-ELISA of 82.3% and 

the Cohens Kappa (k) coefficient was calculated as 0.62, which in turn means according to 

Landis and Koch (1977) “substantial” agreement. Accordingly, 13.3% PVS-positive tubers 

measured by DiRT-qPCR were PVS-negative by DAS-ELISA protocol and 4.4% of the total 

sample size showed the opposite (Figure 28).  

For PLRV detection the percentage agreement of both protocols yielded in 92.8%. A Cohens 

Kappa (k) coefficient of 0.84 was reached, which stands according to Landis and Koch (1977) 

for “almost perfect” agreement. However, 5.7% of total sample size showed a positive result 

for PLRV detection by DiRT-qPCR but not by DAS-ELISA. Merely, 1.5% of the specimens 

were indicated PLRV-positive by DAS-ELISA and PLRV-negative by DiRT-qPCR.  

The DiRT-qPCR protocols for potato virus detection were used on field-grown, dormant potato 

tubers for comparison to the standard virus detection protocols, growing-on DAS-ELISA to 

explore the qualitative result differences for the detection of PVM, PLRV, PVY, and PVS.  

In this study, we were unable to statistically analyze the obtained quantitative results following 

DiRT-qPCR and growing-on DAS-ELSA. This was likely because growing-on DAS-ELISA on 

4-6 weeks cultivated potato tuber eye cuttings, does not reflect the real virus titer of the 

respective dormant potato tuber owing to varying biological prerequisites of the multiple virus 

species and isolates, leading to different virus multiplication behavior while virus enrichment 

phase (cultivation of tuber eye cuttings). In addition to that, some primer sets used in DiRT-

qPCR (PLRV_Ag07, PVS_Mo09 and PVX_Ag07) were designed on the sites of sgRNAs that 

eliminates reliable virus quantification, as well (Hühnlein et al. 2016b). 
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Figure 28: Protocol agreement of DAS-ELISA and DiRT-qPCR on field grown dormant seed potatoes.  
The qualitative protocol comparison was evaluated via Cohens Kappa coefficient (k) that was calculated according to 
Petrie and Sabin (2009) and the rating was according to Landis and Koch (1977). The sampling procedure is shortly 
described in the dashed rectangle on the right.  

The protocol comparison included two different virus detection techniques and protocols. 

Because the real phytosanitary status of the potato tuber specimens was not known, we could 

not compare the results of both protocols to a “golden standard”. Even though the growing- on 

DAS-ELISA protocol is the standard procedure in seed potato certification, it is not a sufficient 

“golden standard” due to too low sensitivity of this method leading to a general false-negative 

result tendency (section 3.3.4.1). However, the main reasons for differing results are the totally 

different sampling processes, sampling stages and sampling material of both protocols. On the 

other hand, RT-qPCR methods are always in danger to deliver false-positive results due to 

amplification of DNA-aerosols in the laboratory air (Hühnlein 2016a). Hence, the sensitivity 

defined by Altman and Bland (1994) as the ratio of true-positives that are correctly identified 

by a method compared to true-positives of a “golden standard”-method could not be applied 

here. The same is true for calculation of specificity, also defined by Altman and Bland (1994) 

as the ratio of true-negatives to true-negatives of the “golden standard”-method. Therefore, we 

used for protocol comparison of DiRT-qPCR and growing-on DAS-ELISA based detection of 

PVY, PLRV, PVS and PVM Cohens Kappa coefficient (k) as a tool to calculate and rate inter-

method agreement for nominal data (Cohen 1960; Cohen 1968). 
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For simplicity, we posited no false-positive results for the protocol comparison experiment 

evaluation. Based on that, the sensitivity and the robustness of both protocols are represented 

in the obtained data, only. On that condition, it is important to keep in mind the differing virus 

concentration due to sampling of different material of the same potato plant (DiRT-qPCR: 

dormant tubers; growing-on DAS-ELISA: leaves of the same tubers cultivated sprouts).  

With this assumption, the protocols used for PVM detection showed “almost perfect” 

agreement, but with higher sensitivity of the growing-on DAS-ELISA protocol compared to the 

DiRT-qPCR protocol. Assuming the coverage of all PVM isolates by the used and designed 

primer set and considering the extreme sensitivity of DiRT-PCR in method comparison of 

section 4.2.7.1, we propose for PVM the highest natural replication frequency of all tested 

potato viruses during 4-6 weeks of cultivation. Therefore, we assume extreme virus 

multiplication for PVM during virus enrichment for the growing-on DAS-ELISA protocol. 

The protocol comparison revealed “substantial” agreement for the tested protocols used for 

PVY detection. Thereby, greater sensitivity (Figure 28) towards the growing-on DAS-ELISA 

protocol was discovered. Assuming the coverage of all PVY isolates by the used primer set 

and considering the moderately higher sensitivity of the RT-PCR techniques (Method 

comparison 3.3.4.1), we suggest for PVY a high replication frequency during the virus-

enrichment phase. That is needed for reliable PVY detection by DAS-ELISA and approves the 

results of Gugerli and Gehriger (1980) and Singh et al. (2013). Singh et al. (2013) investigated 

the sensitivity of their established CoRT-qPCR protocol using dormant tubers and compared 

that with that of growing-on DAS-ELISA (Singh et al. 2003) using leaves of 6–8-week old 

progeny plants of the same tubers. Additionally, the tuber sprouts were tested by DAS-ELISA 

before planting. Their results showed the highest sensitivity for growing-on DAS-ELISA. Their 

CoRT-qPCR approach ranked on second position, whereas DAS-ELISA on tuber sprouts have 

been scored lowest. In our study, the high virus replication rate of PVY resulted in 11.2% of 

the samples being detected positively by growing-on DAS-ELISA but not by DiRT-qPCR. 

However, for increasing protocol agreement between growing-on DAS-ELISA and DiRT-

qPCR, the sensitivity performance of DiRT-qPCR needs improvement by testing further 

TaqMan® primer sets.  

The opposite result was achieved by PVS detection comparison. The “substantial” agreement 

between both protocols revealed for DiRT-qPCR protocol higher sensitivity than for the 

growing-on DAS-ELISA protocol. This assumption is in accordance with results reported by 

McDonald and Coleman (1984), who used the hazardous rindite gas exposure for virus 

enrichment in potato tubers. Therefore, a reliable detection of PVS using DAS-ELISA seems 

questionable and should be studied in more detail. Although, secondary infections with PVS 

do not lead to extreme yield losses, as do secondary infections with PVY (Struik and Wiersema 
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1999), PVS is still monitored in ministerial seed potato certification. This is likely because of its 

widely known risk of cross infections with more harmful potato pathogens such as late blight 

(Lin et al. 2014), PVX, and PVY that leads to enhanced symptom expression (Hameed et al. 

2014; Nyalugwe et al. 2012).  

Like PVM protocol comparison results, PLRV detection discovered “almost perfect” agreement 

for both methods, but in contrast to the PVM protocol comparison, the higher sensitivity was 

towards the faster DiRT-qPCR protocol. Assuming the coverage of all PLRV isolates by the 

used primer set and considering the extreme sensitivity of DiRT-qPCR in method comparison 

of section 3.3.4.1, we propose for PLRV extreme natural replication frequency during 4-6 

weeks of cultivation, which ranks approximately between the multiplication frequency of PVM 

and PVY. 

Taken together, we obtained a partly reversed protocol sensitivity compared to the results of 

the method comparison, in particular for PVM, and PVY detection towards growing-on DAS-

ELISA protocol. Reasons for that, are likely the different virus-enrichment capacity across the 

virus species and isolates, as well as the tolerance factor of the different potato species and 

varieties during natural virus multiplication/enrichment phase as needed for the growing-on 

DAS-ELISA protocol. Therefore, the reversed protocol sensitivity towards growing-on DAS-

ELISA in PVM and PVY detection could be owing to the outstanding virus multiplication ability 

of all tested virus isolates for PVM and high virus multiplication ability for PVY isolates in the 

first 4-6 weeks of cultivation. PLRV was shown to have a strong natural multiplication ability 

approximately between PVM and PVY, but the high method sensitivity of DiRT-qPCR was able 

to balance this, leading to an “almost perfect” protocol agreement. In contrast, the low virus 

multiplication ability of PVS in virus-enrichment phase of the growing-on DAS-ELISA protocol 

balanced the low method sensitivity of RT-qPCR techniques that led to “substantial” protocol 

agreement with greater sensitivity towards DiRT-qPCR (13.3%, Figure 28). 

Regarding the obtained qualitative protocol disagreement for one potato virus species (Figure 

28, orange and light blue bars), we assume that in addition to the before mentioned different 

physiological sampling stages of both protocols, the biological variability of the tuber specimen 

that refers to non-homogeneous virus distribution within the tuber or within the plant material 

(Dupuis 2017) are playing a major role. It is, thus, conceivable that sampling of various parts 

of one tuber for two different virus detection protocols could have led to virus exclusion by one 

of the two protocols and, thus, to contrasting virus counts. Furthermore, technical variation 

cannot be excluded as a factor, too. However, in protocol comparison the variability was not 

shifted to a specific technique (DAS-ELISA or PCR) between the investigated virus species. 

Therefore, biological variation and differing virus multiplication behavior were assumed as 

main reasons for protocol result disagreement. 
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3.3.5 DiRT-qPCR used in collaborative ring tests 

Quality assurance in diagnostic laboratories requires diverse forms of controls primarily to 

monitor the performance of the single assays, which means inclusion of positive controls (PC) 

and different sorts of negative controls depending on the test method (Roenhorst et al. 2013). 

In the second-line, blind samples should be internally used that monitor the competence of the 

complete laboratory processes (Roenhorst et al. 2013). However, to compare the competence 

between laboratories working on the same diagnostics as third-line, proficiency tests or also 

called “collaborative ring tests” with external organization are of great use (Roenhorst et al. 

2013).  

For German potato virus diagnostics, this is yearly organized by the working group 

“Laborvergleichsuntersuchung” (LVU), within the scope of the consortium “Arbeitsgruppe 

Kartoffel der Arbeitsgemeinschaft der Annerkennungsstellen” (AGK-AG-AKST). The Leibniz-

Institut Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ) has been 

tasked for the preparation of the blind samples, the data-encryption and result analysis (Figure 

29 C).  

The aim of the LVU is the reliable qualitative detection of potato viruses, which are considered 

in seed potato certification. PLRV, PVY, PVM, PVA, PVX, and PVS should be detected in 

lyophilized sap of potato virus infected leaves. The results and comparison of the proficiency 

test contributes to quality management and validation of the participating diagnostic 

laboratories. The laboratories using DAS-ELISA protocols, process the samples and record 

the results according to their working instruction of June 2006. Laboratories using RT-qPCR 

or RT-PCR-Macroarrays are using their confirmed protocols.  

In 2014 and 2015, we participated with the newly developed DiRT-qPCR protocols to the LVU. 

The Cq-values obtained by DiRT-qPCR assay applying a cut-off at 36 cycles are displayed in 

Table 21. To ensure data protection while making inter-laboratory comparison, the results of 

all other contributing laboratories have been provided in an encrypted form (Figure 29). 

Therefore, the qualitative results of the proficiency test have been anonymized by code 

numbers and every laboratory was informed only about their own code number. The 

laboratories using qPCR did not test for all potato viruses. The table of results in Figure 29 A 

shows a check mark also for those laboratories, which tested not for all potato viruses in a 

mixed sample, but detected the tested ones, correctly. 

In 2014, 19 different renowned laboratories participated in the inter-laboratory comparison. 

Twelve laboratories used a designated DAS-ELISA protocol and seven used a specifically 

adopted and confirmed RT-qPCR protocol. That year, DiRT-qPCR protocols were used for the 

detection of PVY, PLRV, PVS, PVA and PVX, whereby the used samples were shared with 
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our project partner the LfL, who contributed to the proficiency test with the DAS-ELISA protocol 

(section 1.3). The result analysis of the LVU is displayed in Figure 29 and the obtained Cq-

values of the conducted DiRT-qPCR assays are listed in Table 21. DiRT-qPCR did not detect 

PVS in sample number 2 but gave a PVY-false-positive result (Cq-value 35.65). In addition, 

one further PVY-false-positive result for the default virus-free sample with the sample number 

9 (Cq-value 35.92, Table 21) was not submitted to LVU due to close proximity to the cut-off 

(36 cycles). Sample number 1 had a Cq-value of 20.64 for PVY, sample number 3 was not 

tested for PVM and therefore tested virus-free, sample number 4 gave a Cq-value of 24.09 for 

PVA, sample number 5 had a Cq-value of 19.79 for PVX, sample number 6 was mixed-infected 

with PLRV (Cq-value 18.27), PVY (Cq-value 18.32) and PVS (Cq-value 24.43), sample 

number 7 was PLRV-positive with a Cq-value of 18.68 and sample numbers 8 and 10 were 

confirmed virus-free by the DiRT-qPCR protocol. One other qPCR using and contributing 

laboratory produced in total 13 false-positive results. 

In 2015, 21 different prominent laboratories participated to the ring test and used in 14 cases 

the DAS-ELISA protocol, in five cases a confirmed RT-qPCR protocol and in one case a 

Macroarray (Figure 29 B). However, one registered laboratory did not submit their obtained 

results (missing number 14 in Figure 29). That year, the DiRT-qPCR assay has become an 

autonomous participant to the proficiency test, using separately prepared samples. DiRT-

qPCR was one of the two laboratories monitoring all six relevant potato viruses, using a RT-

qPCR method. However, the DiRT-qPCR assays obtained in total 8 false-positive results, while 

the other four laboratories using designated qPCR protocols obtained 100% agreement with 

the default results. Here, DiRT-qPCR gave for sample number 1 Cq-values of 25.46 for PVY 

and 24.61 for PVS. For sample number 2 the Cq-values were 23.8 for PVS and 26.43 for PVA 

and sample number 3 showed Cq-values of 19.87 for PLRV and 24.71 for PVS by DiRT-qPCR 

protocol. Sample number 4 showed in DiRT-qPCR Cq-values of 22.26 for PLRV and 32.47 for 

PVX and for sample number 5 Cq-values of 24.68 for PVM and 33.38 for PVX. DiRT-qPCR 

detected for sample number 6, PVM with a Cq-value of 34.07 and PVX with a Cq-value of 

20.37 and for sample number 7, PVA with a Cq-value of 25.84 and PVX with a Cq-value of 

32.89. Sample numbers 8,9, and 10 were virus-free according to default results of the LVU 

manager. However, DiRT-qPCR gave false-positive results with Cq-values of 29.41, 30.09 and 

32.86 for PVX, respectively. Additionally, in sample number 10 PVS was falsely detected with 

a Cq-value of 33.16.   
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Table 21: Obtained Cq-values by DiRT-qPCR in the proficiency tests of 2014 and 2015. 
For DiRT-qPCR, the cut-off was set at 36 cycles. The sample numbers are in accordance with the sample numbers 
displayed in Figure 29 A. 

 

The DiRT-qPCR protocol was compared with DAS-ELISA and other qPCR protocols 

conducted by several reputable diagnostic laboratories within a proficiency test using 

lyophilized plant sap of potato virus infected leaves. Generally, DiRT-qPCR seems reliable in 

application on crude potato sap for monitoring PVY, PLRV, PVM, PVS, PVA and PVX. It is a 

promising alternative to DAS-ELISA and other nucleic acid amplification-based potato virus 

detection methods. 

However, in 2014 the DiRT-qPCR protocol obtained two false-positive results and in 2015 eight 

false-positive results. This might be owing to DNA-contamination as aerosols or as carryovers 

in the laboratory, since six of eight false-positive results were PVX-positive (Figure 29 A) by 

using a cut-off at 36 cycles. Additionally, almost all putative false-positive results had high Cq-

values (Table 21) that were beyond the cut-off at cycle 30, suggested for that primer sets in 

CoRT-qPCR by Mortimer-Jones et al. (2009). However, the used virus free negative control 

remained negative in the DiRT-qPCR assays that would argue for carryover events. Even if 

the default results that were fixed by the proficiency test organizers, were confirmed by most 

of the DAS-ELISA protocols used by diagnostic operators, generally, qPCR-based protocols 

obtain higher sensitivity. This is mainly attributable to the amplification of the primer target sites 

and, thus, artificial multiplication, which happens not for DAS-ELISA. This is one important 

reason, why nucleic-acid amplification-based protocols, like qPCR assays, are prone for false-

positive results either by DNA-contamination or by carryover events as was demonstrated by 

one laboratory that participated in 2014 to the proficiency test and obtained 13 false-positive 

results. Therefore, cleanness of the laboratory, correct workflow, as well as areal separation 

of work before and after nucleic acid amplification are of importance for reliable diagnostics. 

Additionally, nucleic acid amplification-based diagnostics needs regular validation in terms of 

result-interpretation due to, for example, virus recombination events leading to a demand for 

proofing of primer coverage (Lemmon and Gardner 2008) but also batch-depending changes 

of reagents could lead to the requirement of revalidation. Ideally, experienced operators are 

conducting and using these final validations for the improvement of diagnostic protocols and 

quality assessment. In terms of the DiRT-qPCR protocol, the laboratory proficiency tests of 
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both years gave the indication to adjust the cut-off to the used plant material. For instance, the 

low virus-titer and the putative high incidence of PCR inhibitors (Schrader et al. 2012) in 

dormant potato tubers led us use a cut-off at 36 cycles in the DiRT-qPCR assay. Now, 

according to our inter-laboratory experience with using the leaves of potato virus infected field 

potato plants in DiRT-qPCR assays, we might lower the cut-off due to a putative greater false-

positive incidence. Additionally, we recommend the participation with the DiRT-qPCR protocol 

on further laboratory proficiency tests for more reliable statements and classification of the 

work and resource saving DiRT-qPCR protocol towards the other potato virus detection 

methods and protocols 



  

 

 

Figure 29: Results of the German laboratory proficiency test organized by people from the working group “Laborverleichsuntersuchung” (LVU) in 2014 and 2015.  
The LVU is a part of the consortium “Arbeitsgruppe Kartoffel der Arbeitsgemeinschaft der Annerkennungsstellen” (AGK-AG-AKST) and tasks the Deutsche Sammlung von Mikroorganismen 
und Zellkulturen (DSMZ) for process handling. A: In 2014, 19 laboratories and in 2015/16 21 laboratories participated in the proficiency test. Ten samples were tested by each laboratory and their 
results were published to the contributing laboratories by the LVU B: List of different methods used by the contributing laboratories. In 2014, the samples were shared with the LfL, who 
contributed to the proficiency test using DAS-ELISA. In 2015, DiRT-qPCR was an independent participant. C: Procedure of the laboratory proficiency test organized by the LVU.
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4 Conclusion 

We found some promising phytoanticipin candidates in response to PVY infection in the potato 

variety 'Selma'. One was a simple phenolic compound termed OPC 4 and the other one is 

likely a hydroxycinnamic acid amide termed AM 1. Both would be worth to identify by MS or by 

NMR spectroscopy. However, none of them seem specific enough for application as a 

chemical marker in potato virus identification.  

However, an alternative to the current standard in potato virus diagnosis, growing-on DAS-

ELISA, is searched, since its application is time-consuming and requires large glasshouse 

capacities in the wintertime. This is because the dormant potato tubers possess to low virus 

titers and require virus-enrichment by cultivation of tuber bud cuttings for 4-6 weeks for reliable 

diagnosis via DAS-ELISA.  

During establishment of alternative techniques, the focus was set on the usage of crude plant 

sap derived from dormant potato tubers as target in order to save time, resources and labour 

work. 

Our attempts regarding nucleic acid-based monitoring of PVY, PLRV, PVS, PVM, PVA and 

PVX infections in field-grown potatoes included the development of isothermal nucleic acid 

amplification protocols, LAMP and SMAP 2, and PCR-based protocols with robust DNA 

polymerases, DiRT-PCR and DiRTqPCR.  

We found for the isothermal Bst DNA polymerase-based nucleic acid amplification techniques 

no reliable possibility to use crude plant sap as target, owing to so far unidentified inhibitors 

present in potato plant material, but we could exclude the prominent PCR inhibitors potato 

starch, phenolic compounds and steroidal glycoalkaloids like α-chaconine and α-solanine. 

However, these unidentified potato innate inhibitors seem to directly hamper the Bst DNA 

polymerase. Therefore, to realize a crude plant sap application with DNA polymerase-based 

isothermal nucleic acid amplification techniques, we recommend in further experiments the 

selection of a more robust DNA polymerase holding strand-displacement activity. However, 

the primer set dependent lack of reliability of the LAMP and SMAP 2 techniques together with 

the high probability of laboratory contamination by DNA-aerosols after tube opening, make 

these techniques until now unrealistic for high-throughput application, like for diagnostics in 

seed potato certification.  

In contrast, DiRT-qPCR protocols reliably works with crude potato sap used as target. They 

were mainly established with the use of already published TaqMan® primer sets, one TaqMan® 

primer set for PVM detection was developed and selected in this study. 
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For PVY detection via DiRT-qPCR, there is a demand on further TaqMan® primer set 

development and selection regarding sensitivity that could improve the protocol agreement 

between DAS-ELISA standard protocol and DiRT-qPCR. In addition, PVS detection needs 

further evaluation since it seems in this study to be more reliable by molecular biological 

methods.  

For the established one step duplex DiRT-qPCR assay that includes an internal control for 

testing template fidelity, the TaqMan® primer set priming amplification of the intron less 

genomic DNA of cytochrome c oxidase (cox), published by Weller et al. (2000), was selected. 

It was preferred instead of the intron-spanning RT-PCR primer set detecting only mRNA of the 

gene nad5 designed by Menzel et al. (2002), mainly due to greater instability of mRNA in the 

water-based homogenization matrix used for preparation of the crude potato sap, compared 

to the protein coated potato viruses. Therefore, detecting stable DNA for testing template 

fidelity seems more realistic. Additionally, in this study we were not able to design a functioning 

TaqMan® probe for the nad5 intron-spanning primer sets due to later discovered SNPs. 

However, the testing of a probe designed by Botermans et al. (2013) in combination with four 

C-5 propynyl-deoxycytidine modifications could be promising. 

Furthermore, we created standard curves for the selected TaqMan® primer sets used in DiRT-

qPCR with cRNA diluted preferably in crude potato plant sap and cRNA diluted in nuclease 

free H2O. The cRNA was used in DiRT-qPCR reaction mix and in a conventional reaction mix 

inspired by Mortimer-Jones et al. (2009). The comparison of both standard curves revealed for 

all investigated potato viruses slightly lower Cq-values with the conventional reaction mix. This 

was also confirmed using for both assays authentic samples with RNA derived of potato tuber 

sap. However, for PVM we observed a “point of sensitivity inversion” at high Cq-values (~30 

cycles) with targets possessing a virus copy number of below 100.000 copies. At that point, 

DiRT-qPCR assay seems to show higher sensitivity and therefore amplification efficiency close 

to 100% compared to the assay inspired by Mortimer-Jones et al. (2009) that obtained in cRNA 

standard curve a percentage efficiency of only 80%. 

In this study, DiRT-qPCR was selected as best alternative to conventional RT-PCR and RT-

qPCR protocols and the standard potato virus detection procedure growing-on DAS-ELISA. A 

comparison conducted on field grown potato tubers, infected with four different potato viruses, 

revealed, on average, good protocol agreement (PVY: 84.1%, k = 0.68; PLRV: 92.8%, k = 

0.84; PVS: 82.3%, k = 0.62; PVM: 93.1%, k = 0.86) with growing-on DAS-ELISA on 4-6-week-

old cultivated plants derived from tuber bud cuttings of the same specimen. The conducted 

method and protocol comparison experiments let us conclude for PVM and PLRV extreme 

virus enrichment activity during the virus enrichment phase and for PVY very high virus 

multiplication activity during virus enrichment phase conducted in the growing-on DAS-ELISA 
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protocol. This extreme virus multiplication is needed for reliable detection by DAS-ELISA 

(Spiegel and Martin 1993). This was particularly shown by sensitivity differences discovered 

for the same TaqMan® primer sets in method and protocol comparison. The generally lower 

sensitivity of DAS-ELISA in method comparison was reversed in protocol comparison 

(growing-on DAS-ELISA) for PVY detection and equalized for PVM and PLRV detection. Solely 

for PVS detection, it was revealed that further evaluation is required, because it seems to be 

more reliably identified by molecular biological methods than by growing-on DAS-ELISA, even 

if the sensitivity in method comparison was the lowest for nucleic acid-based assays.  

In our opinion, DiRT-qPCR protocol can be used as a reliable, work- and cost-saving 

alternative to conventional RT-qPCR requiring RNA purification (CoRT-qPCR) and growing-

on DAS-ELISA protocol on 4-6 weeks cultivated tuber bud cuttings, particularly because no 

RNA purification is required, and dormant potato tubers can be directly used. Furthermore, this 

study confirmed the ability of DiRT-qPCR keeping up with other routinely working diagnostic 

laboratories by contributing in the years 2014 and 2015 to a collaborative ring test termed and 

organized by the LVU (Laborvergleichsuntersuchung).  

In addition, DiRT-qPCR could be very helpful for certification of urgent seed potato lots 

intended for export to countries with an earlier start of the vegetation period. Currently, the 

Bavarian seed potato certification agency, the LfL, starts to integrate DiRT-qPCR into their 

routine diagnostic testing.  

Further attempts regarding the investigation of detecting more than one potato virus within one 

DiRT-qPCR reaction in a multiplex assay using a thermal cycler with preferably 7 channels are 

in progress at LfL. Since the utilized TaqMan® primer sets for detection of PLRV, PVS, PVA 

and PVX have been tested successfully in a multiplex assay (Agindotan et al. 2007; Mortimer-

Jones et al. 2009), this intention seems realistic and viable in a short time. 



Appendix 

151 

5 Appendix 
Supplemental table 1: Applied primer pairs and TaqMan® probes for potato virus detection via PCR 

 

 

Supplemental table 2: Published primer set for PVY detection via LAMP. 
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Supplemental table 3: Viral genome sequence accession numbers used for primer design 
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Supplemental table 4: Extraction buffer (pH 7.4, adjusted with HCl) 

 

Supplemental table 5:Tables describing the chemical composition of buffers used in DAS-ELISA.  
All chemicals have been obtained in a premix from Bioreba (Rainach, Switzerland). 

 

Supplemental table 6: Chemical composition of 10x Thermopol buffer. 

 

Supplemental table 7: 10x TBE (Tris-Borat-EDTA) buffer (pH 8.3; adjusted with HCl) 

 

Supplemental table 8: Agarose concentration in the agarose gel 

 

Component Supplier Final concentration Volume
Tris Applichem 20 mM 1.2 g
NaCl Sigma-Aldrich 2 g/L 4 g
PVP K25 (MW: 24,000) Fluka 2% (w/v) 10 g
Tween 20 Applichem 0.05% (v/v) 0.25 ml
KCl Sigma-Aldrich 0.05 g/L 0.1 g
ddH2O - - add to 500 ml
Sum 500ml

Coating buffer (pH 9.6, adjusted with HCl) Washing buffer PBS-Tween (pH 7.4, adjusted with HCl)
Component Final concentration Volume Component Final concentration Volume
Na2CO3 1.59 g/L 1.59 g NaCl 8 g/L 8 g
NaHCO3 2.93 g/L 2.93 g KH2PO4 0.2 g/L 0.2 g
NaN3 0.2 g/L 0.2 g Na2HPO4 1.15 g/L 1.15 g
ddH2O add to 1000 mL KCl 0.2 g/L 0.2 g
Sum 1000 mL Tween 20 0.1% (v/v) 0.5 mL
obtained  as tablets ddH2O add to 1000 mL

Sum 1000 mL
Conjugate buffer (pH 7.4, adjusted with HCl) obtained as premixed powder

Component Final concentration Volume
TRIS 0.02 M 2.4 g Substrate buffer (pH 9.8, adjusted with HCl)
NaCl 8 g/L 8 g Component Final concentration Volume
PVP K25 (MW 24000) 20 g/L 20 g Diethanolamine 97 mL/L 97 mL
Tween 20 0.1% (v/v) 0.5 mL NaN3 0.2 g/L 0.2 g
BSA (bovine serum albumin 2 g/L 2 g ddH2O add to 1000 mL
MgCl2 6 H2O 0.2 g/L 0.2 g Sum 1000 mL
ddH2O add to 1000 mL obtained as 5x concentrate.

Sum 1000 mL
obtained as 10x concentrate.

Component Supplier Final concentration Volume 
Tris, pH 8.8 at 25°C (1M, adjusted with HCl) Applichem 200 mM 2 mL
KCl (1M) Sigma-Aldrich 100 mM 1 mL
(NH4)2SO4 (1M) Sigma-Aldrich 100 mM 1 mL
Triton X-100 Sigma-Aldrich 1% (v/v) 0.1 mL
ddH2O - - add to 10 mL
Sum 10 mL

Component Supplier Final concentration [M] Volume 
Tris Applichem 0.9 108 g
Boric acid Roth 0.9 55.6 g
EDTA Sigma-Aldrich 0.025 9.3 g
ddH2O - - add to 1000 mL
Sum 1000 mL

Application Agarose concentration

PCR, qPCR 1.5% (w/v)
LAMP, SMA2% (w/v)
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Supplemental table 9: Blue marker loading buffer (6x) (pH 10, adjusted with HCl) 

 

Supplemental table 10: SOC medium (pH 7, adjusted with NaOH) 

 

Supplemental table 11: LB medium (pH 7, adjusted with NaOH) with 100 µg/ml ampicillin 

 

 

Supplemental table 12: PVY susceptibility of used control plants as defined in “Beschreibende Sortenliste 2017”; 
by Anonymus (2017). The rating number describtion of the PVY suseptibility was defined by Lindner et al. (2015). Rysto 
resistance was described in varieties 'Jumbo' and 'Bettina' by Song and Schwarzfischer (2008). 

 

Component Supplier Final concentration Volume 
Bromphenol blue Merck 0.1 % (w/v) 0.1 g
Glycerin Applichem 30% (v/v) 30 mL
ddH2O - - add to 100 mL
Sum 100 mL

Component Supplier Final concentration Volume 
Trypton Applichem 20 g/L 20 g 
Yeast extract Merck 0.5 g/L 5 g 
NaCl (1M) Merck 10 mM 10 mL
KCL (1 M) Merck 2.5 mM 2.5 mL 
MgCl2 (1 M) Merck 10 mM 10 mL 
MgSO4 (1 M) Merck 10 mM 10 mL 
Glucose (1 M) Merck 20 mM 20 mL 
ddH2O - - add to 1000 mL
Sum 1000 mL

Component Supplier Final concentration Volume or weight
Trypton Applichem 10 g/L 10 g
Yeast extract Merck 5 g/L 5 g 
NaCl (1 M) Merck 10 mM 10 mL
Agar (addition in case of solid LB-agar plates) Duchefa 1.5% (w/v) 15 g
ddH2O add to 1000 mL
Sum 1000 mL
After autoclaving 1 mL ampicillin (1 mg/mL) was added

Potato cultivar 

ˈSelmaˈ
ˈJumboˈ
ˈJuwel̍
ˈAgriaˈ

ˈBettinaˈ

Evaluation of PVY suseptibility (Lindner et al., 2005)

1: extremely low 2: extremely low to low 3: low 4: low to intermediate
5: intermediate 6: intermediate to strong 7: strong 8: strong to extremely strong
9: extremely strong 

3
1 (Rysto)

7

PVY susceptibility according to
 “Beschreibende Sortenliste 2017” (Anonymus, 2017)

1 (Rysto)
2
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Supplemental table 13: UV-spectra library of phenolic compounds found in leaves of potato variety 'Selma' 
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Supplemental figure 1: Harvesting scheme for experiments on virus detection via leaf compound analysis by HPLC.  
The Sampling is described on a PVYN-Wilga infected potato plant of the variety 'Selma'.  

 

 

Supplemental figure 2: PVY-infection-check of mock- and PVY-inoculated potato plants (variety 'Selma').  
One-step duplex DiRT-PCR was conducted to observe whether PVY-infection happened or not. The mRNA-based internal 
control, nad5, was detected by intron-spanning primers of Menzel et al. (2002) for PVY detection the primers of Schubert 
et al. (2007) were applied. These results (Exp.I-III) were respected in statistics in elucidating a chemical biomarker for 
PVY infection by using HPLC on phenolic compounds in potato leaves.  
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Supplemental figure 3: Exemplary reaction optimization for RT-LAMP primer set PVY_LAMPset_2.  
This figure is representative for the whole primer set selection and reaction optimization prozesses, done for all potato 
viruses that have been investigated in terms of isothermal amplification protocols. For these experiments, RNA derived 
of potato virus-infected or healthy potato material was used as template. dNTP titaration: Generally, 1 mM of each dNTP 
type gave in combination with 8 mM MgSO4 the strongest color diferenz between amplification (blue) and no ampfiication 
(purple). Magnesium ion titration: PVY_LAMP-set_2 showed in combination with 1 mM dNTPs the best color difference 
at 6 mM MgSO4. Betaine titration: Betaine increases the amplification specificity due to lowering the primer melting 
temperature. For PVY_LAMP-set_2 a Betaine concentration of 1200mM was chosen.  

 

 

Supplemental figure 4: 
Sensitivity comparison of 
PVY_LAMP-set_2 and 
PVY_SMAP-set_4 primer sets. 
Both isothermal primer sets 
were used in the corresponding 
reaction mix composition that 
was individually optimized and 
is described on the left. 
PVY_LAMP-set_2 is at least 100-
fold more sensitive than 
PVY_SMAP-set_4. The main 
reason for that lower sensitivity 
is the asymmetric primer design 
of the SMAP 2 technology, that 
leads to lower product 
accumulation and reduced 
background amplification (see 
section 1.3.3.3 and Mitani et al. 
2007). The samples with RNA 
derived from PVY-negative 
potato material showed in gel 
documentation a smear that 
could not be further 
electrophorised. That happened 
in several approaches with 
various primer sets.  
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