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Abstract 

Plant viruses are very important plant pathogens, causing economic losses by infecting 
cultivated plants, causing diseases, and consequently reducing crop quality and quantity. 
In recent years, the development of high throughput sequencing (HTS) technologies has 
dramatically broadened the possibilities for plant virus research and diagnostics, enabling 
the discovery of new or obscure viruses and virus strains and the rapid sequencing of their 
genomes. HTS enables the sequencing of all nucleic acids in the sample; however, due to 
its generic approach, it may detect the more abundant host nucleic acids while overlooking 
less abundant yet important viral ones. To overcome this problem, different laboratories 
use different sequencing platforms and sample preparation protocols. In the first study, we 
compared the two most widely used sample preparation protocols for viral nucleic acid 
enrichment (small RNAs vs. ribosomal RNA-depleted total RNA) to perform the generic 
detection of plant viruses and viroids on the Illumina platform. In the study, we included 
viruses with different genome organizations and viroids. All selected viruses/viroids were 
detected with both protocols; however, a putative novel cytorhabdovirus, discovered in this 
study, was only detected by analyzing the data generated from ribosomal RNA-depleted 
total RNA and not from the small RNA dataset. The obtained knowledge was then used 
to investigate tomato sample with unknown etiology symptoms. HTS results identified a 
mixed infection of three different viruses: potato virus M (Carlavirus, Betaflexiviridae), 
southern tomato virus (Amalgavirus, Amalgamaviridae), and (for the first time in tomato 
and in Slovenia) a new strain of henbane mosaic virus (Potyvirus, Potyviridae). In the next 
step, the complete genomic sequence of henbane mosaic virus (HMV) was assembled from 
the HTS reads for the first time. By re-inoculation of the infected material on selected test 
plants, HMV was isolated and a host range analysis was performed, demonstrating that 
the virus was able to infect and cause symptoms in several plant species, including tomato. 
Thus, we demonstrated the usability and added value of high throughput sequencing as a 
diagnostic technique. With this in mind and with the increasing need for fast HTS analysis, 
the third study was conducted. We compared the most established HTS platform (MiSeq, 
Illumina) using ribosomal RNA-depleted total RNA as RNA input, with different library 
preparation protocols using a smaller, more affordable MinION sequencer (Oxford 
Nanopore Technologies) for the detection of plant viruses and viroids. Protocol comparisons 
were performed on five selected samples, containing eleven plant viruses with different 
genome organizations and two viroids, which are the first example of a circular dsRNA 
pathogen being sequenced using nanopore technology. The results of this study suggested 
that, upon selection of appropriate library preparation protocols, nanopore MinION 
sequencing can be used for the detection of plant viruses and viroids with similar 
performance as Illumina sequencing; this opens the door for implementation in official 
diagnostics.  
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Povzetek 

Rastlinski virusi so zelo pomembni patogeni mikrobi, saj preko okužb kulturnih rastlin in 
povzročene bolezni vplivajo na povečanje gospodarske škode in posledično na zmanjševanje 
kakovosti in količine pridelka. V zadnjih letih so se zaradi razvoja tehnologije visoko 
zmogljivega sekvenciranja (high throughput sequencing - HTS) povečale možnosti za 
raziskave in diagnostiko rastlinskih virusov. Slednje pa je omogočilo odkrivanje novih ali 
manj raziskanih virusov in virusnih različkov ter hitro sekvenciranje njihovih genomov. 
HTS omogoča sekvenciranje vseh nukleinskih kislin v vzorcu, vendar pa lahko z njim, 
zaradi popolnoma generičnega pristopa, včasih zaznamo v glavnem bolj zastopane 
nukleinske kisline gostitelja, obenem pa spregledamo tiste (npr. virusen), ki so manj 
zastopane, a še vedno pomembne. Da bi rešili to težavo, v različnih laboratorijih 
uporabljajo različne platforme za sekvenciranje in različne postopke priprave vzorcev. V 
prvi študiji smo se odločili primerjati dva najpogosteje uporabljena protokola priprave 
vzorcev za obogatitev virusnih nukleinskih kislin (sekvenciranje malih RNA ter celokupne 
RNA z odstranjeno ribosomalno RNA) z namenom generičnega zaznavanja rastlinskih 
virusov in viroidov na platformi Illumina. V študijo smo vključili viruse z različnimi 
organizacijami genoma in viroide. Vse izbrane viruse/viroide smo zaznali z obema 
protokoloma; le domnevno nov cytorhabdovirus, ki smo ga zaznali v tej študiji, smo odkrili 
le z analizo podatkov pridobljenih iz celokupne RNA z odstranjeno ribosomalno RNA. 
Pridobljeno znanje smo nato uporabili pri raziskavi, v kateri smo iskali viruse v vzorcu 
paradižnika z neznano etiologijo. Rezultati HTS tega vzorca so razkrili mešano okužbo 
rastline s tremi različnimi virusi: virusom M krompirja (Carlavirus, Betaflexiviridae), 
južnim virusom paradižnika (Amalgavirus, Amalgamaviridae) in (prvič na paradižniku in 
v Sloveniji) novim različkom virusa mozaika zobnika (Potyvirus, Potyviridae). Z uporabo 
HTS smo v naslednjem koraku prvič sestavili celoten genom virusa mozaika zobnika 
(HMV). S ponovno inokulacijo okuženega materiala na izbrane testne rastline smo HMV 
osamili in izvedli analizo nabora gostiteljev. Le ta je pokazala, da virus lahko okuži in 
povzroči bolezenske znake pri več rastlinskih vrstah, vključno s paradižnikom. S tem smo 
pokazali uporabnost in dodano vrednost HTS kot diagnostične tehnike. Z naraščajočo 
potrebo po hitri analizi HTS smo izvedli tretjo študijo, v kateri smo primerjali najbolj 
uveljavljeno platformo HTS (MiSeq, Illumina) z različnimi protokoli priprave knjižnic ter 
uporabo manjšega, cenovno ugodnejšega sekvenatorja MinION (Oxford Nanopore 
Technologies) za detekcijo rastlinskih virusov in viroidov. Primerjave protokolov smo 
izvedli na petih izbranih vzorcih, ki so vsebovali enajst rastlinskih virusov z različnimi 
organizacijami genoma in dva viroida. Pri tem smo prvič določili nukleotidno zaporedje 
viroidov z uporabo sekvenciranja s pomočjo nanopor. Rezultati te študije so pokazali, da 
se lahko, v primeru izbire primerne priprave knjižnice, sekvenciranje s pomočjo nanopor, 
uporabi za odkrivanje rastlinskih virusov in viroidov, s podobno učinkovitostjo kot 
sekvenciranje s tehnologijo Illumina; to pa odpira vrata za implementacijo sekvenciranja s 
pomočjo nanopor v uradno diagnostiko. 
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Chapter 1  

1 Introduction 

1.1 Detection and Identification of Plant Viruses and Viroids 

– from the Early Beginnings to HTS-Based Diagnostics 

Scientific investigation of plant viruses started in late 19th/beginning of 20th century and was 
mainly based on the visual inspection of viral symptoms on hosts, inoculated test plants, and 
later on (1930) on the use of electron microscopy (Boonham et al., 2014; Hull, 2014). The 
main drawback of such non-specific methods was the inability to identify viral infection to 
the species level. Later with the introduction of virus specific serological (Clark et al., 1977) 
and molecular (Vunsh et al., 1990) methods, a new era of virus diagnostics began. However, 
specific methods are not without drawbacks as they can only identify the pathogen being 
targeted and potentially miss unexpected ones. Furthermore, plant viruses have high 
sequence diversity and lack of conserved genes across taxa, so they cannot be detected by 
universal methods, such as DNA metabarcoding of 16srRNA and Internal transcribed spacer, 
which are typically applied to bacteria and fungi, respectively. Consequently, viruses are 
considered one of the most challenging entities to detect. In 2009, next generation sequencing 
(NGS) (Adams et al., 2009; Al Rwahnih et al., 2009; Donaire et al., 2009; Kreuze et al., 
2009), recently rephrased to high-throughput sequencing (HTS), was introduced into plant 
virology and revolutionized the detection and discovery of (new) viruses due to its generic 
sequencing approach (Adams & Fox, 2016; Boonham et al., 2014). The method does not 
require any prior knowledge of the pathogen being tested yet delivers a strain-specific result 
(Adams & Fox, 2016). In recent years, HTS has become an important tool in plant virology 
not only for the discovery of new viruses and virus strains but also for the rapid generation 
of viral complete genome sequences (reviewed in Barba et al., 2013; Massart et al., 2014; 
Rivarez et al., 2021; Roossinck et al., 2015; Villamor et al., 2019). Furthermore, due to the 
high performance of the technology for plant virus detection and discovery, as well as due to 
increase in sequencing throughput and decrease in prize per sample, HTS applications are 
being progressively incorporated into plant virus diagnostics environments (Bester et al., 
2021; Malapi-Wight et al., 2021; Maree etal., 2018; Mehle et al., 2019; Mehle et al., 2018; 
Rivarez et al., 2021; Rott et al., 2017). Thus, in general, the detection of plant virus/viroids 
has greatly benefited from the emergence of HTS. However, in relation to the remarkably 
larger number of known/new virus sequences being detected, new bottlenecks have raised. 
For instance, the new viruses detected by HTS are often characterized by their genome 
sequence only, lacking biological characterisation (Rivarez et al., 2021) and consequently 
phytosanitary risk analysis. To address these challenges, a framework proposing guidelines 
for researchers has been proposed in 2017 (Massart et al., 2017), and it is currently updated 
(Massart et al., 2022). 
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1.2 Viral Nucleic Acid Preparation Strategies for High-

Throughput Sequencing of Plant Viruses 

HTS process consist of several steps, combining wet-lab steps: sampling, nucleic acid 
extraction, library preparation, sequencing, and dry lab steps: analysis of raw reads, 
identification of targets, analysis of controls and target confirmation, interpretation and 
reporting (Lebas et al., 2022).  In recent years, different sample preparation protocols 
(nucleic acid extraction/library preparation) have been developed. The main goal of some 
protocols was to increase the sensitivity of the HTS by enriching viral nucleic acids over 
the host ones. The chosen enrichment strategy should take into account the genome 
organization and replication strategy of all virus groups. Based on these two features, the 
Baltimore classification groups viruses into: Group I: double-stranded DNA (dsDNA +/−), 
Group II: single-stranded DNA (ssDNA +), Group III: double-stranded RNA (dsRNA 
+/−), Group IV: positive sense single-stranded RNA (ssRNA +), Group V: negative sense 
single-stranded RNA (ssRNA −), Group VI: positive sense single-stranded RNA viruses 
that replicate through a DNA intermediate (ssRNA-RT +), and Group VII: double-
stranded DNA viruses that replicate through an RNA intermediate (dsDNA-RT +/−) 
(Baltimore, 1971).  

The most common nucleic acid fractions prepared as inputs in HTS for plant virus 
detection are: total RNA (totRNA), ribosomal RNA-depleted total RNA (rRNA-depleted 
totRNA), double-stranded RNA (dsRNA), small RNA (sRNA), RNA from purified or 
partially purified viral particles (VANA) and poly(A) RNA (reviewed in Adams & Fox, 
2016; Roossinck et al., 2015; Wu et al., 2015). The above listed viral nucleic acid 
preparation protocols differ in their efficiency, and each has its specific advantages and 
disadvantages (Roossinck et al., 2015). The main common disadvantage of some protocols 
is the bias in detecting a particular group of viruses. For example, an enrichment strategy 
for poly(A) RNA could miss viruses without polyA tail, while using RNA from viral 
particles is not sensitive enough for non-encapsidated viruses; furthermore, it requires 
sample-specific processing because it is unlikely that all viruses could be captured by a 
single viral particle purification protocol (Wu et al., 2015; Roossinck et al., 2015). The 
dsRNA enrichment strategy is mainly used for sequencing of ssRNA + and dsRNA +/- 
viruses; however, it is considered problematic for negative-stranded RNA (they do not 
accumulate large amounts of dsRNA during replication) and DNA viruses (Wu et al., 2015; 
Roossinck et al., 2015); nevertheless, both, RNA – and ssDNA + viruses have been detected 
using this protocol (Al Rwahnih et al., 2013; Gaafar et al., 2020). 

In contrast, total RNA (totRNA), particularly its improved version consisting of 
ribosomal RNA-depleted total RNA (rRNA-depleted totRNA) (Adams & Fox, 2016) and 
small RNA (sRNA) seem to be more generically applicable to viruses with different genome 
types and replication strategies.  

1.3 Towards On-Site High-Throughput Sequencing-Based 

Detection of Plant Viruses/Viroids 

Since the introduction of HTS technology, different platforms have been developed: the 
Illumina technology “utilizes reversible florescent dideoxy terminators to sequence DNA 
clusters amplified on the surface of flow cells”; the Ion Torrent platform utilizes an 
electronic microchip to detect pH variation caused by the addition of bases to a DNA 
template; Pacific Bioscience released a platform for single molecule real time sequencing 
(SMRT). In the latter case, fluorescently labelled nucleotides are incorporated into the 



1.4. Aims of the Dissertation 3 

DNA molecule in small wells and the incorporated fluorescence is measured (Adams and 
Fox, 2016). In parallel to this development, the cost efficiency and throughput of the 
methods has markedly improved, enabling the simultaneous sequencing of a high number 
of samples at affordable price. Illumina (https://www.illumina.com/) has become one of 
the most widely used platform as it provides the highest throughput, has the lowest error 
rate, and is the most cost effective (Villamor et al., 2019). However, such high throughput 
is not always the most convenient, e.g., in small laboratories that analyze small number of 
samples, as the cost efficiency becomes evident only when high numbers of samples are 
processed on a daily basis. Consequently, such laboratories often have to outsource 
sequencing of their sample to commercial service providers, which prolongs the turnaround 
time and limits the possibilities for quick results. The globalization of agriculture and 
international trade are generating an increased spread of plant viruses and viroids to new 
geographic regions with unexpected consequences for food production and natural 
ecosystems (Jones & Naidu, 2019). To combat the negative impact of such increased spread 
on crop production and food safety, rapid generic, and preferably onsite deployable plant 
virus/viroid detection technologies are needed. The HTS-based solution for fast, generic, 
and portable surveillance method became commercially available in 2014/2015, namely 
nanopore sequencing from Oxford Nanopore Technologies. The nanopore sequencing 
technology works by “monitoring changes of an electrical current as nucleic acids are passed 
through a protein nanopore. The resulting signal is then decoded to provide the specific 
DNA or RNA sequence” (https://nanoporetech.com/). Among others, the company 
developed the MinION sequencer, which can also be used in small laboratories, releasing 
the results near real time (Branton & Deamer, 2018). The technology is fast and affordable, 
enabling quick health status assessment of plant material. Since 2015, the technology has 
been constantly developing further in terms of hardware and software equipment and has 
been used for different surveillances, i.e., EBOLA (Quick et al., 2016), SARS-CoV-2 
(Meredith et al., 2020) and plant virus detection (Bronzato Badial et al., 2018; Chalupowicz 
et al., 2019; Fellers et al., 2019; Filloux et al., 2018; Liefting et al., 2021). One of the main 
drawback of nanopore technology i.e. high error rate, which initially reached up to 15% (Ip 
et al., 2015; van Dijk et al., 2018), has been improved to around 6% (Delahaye & Nicolas, 
2021). The nanopore technology however enables different library preparation and sample 
inputs, where different options can be divided according to the type of the input material 
(DNA, RNA), type of library preparation (PCR step, barcoding option, etc.) and the 
primary scope of the analysis (i.e., generic detection, targeted sequencing, amplicon 
sequencing, whole genome sequencing etc.), which supports the practicality and 
affordability of the technology. 

1.4  Aims of the Dissertation 

1.4.1 Comparing of two HTS protocols (sRNA and rRNA-depleted 

totRNA) for detection and discovery of plant viruses/viroids 

 
For the detection of plant viruses and viroids by HTS different nucleic acid preparation 
protocols are used. Our main aim was to compare the performance of two most generic 
nucleic acid preparation protocols, sRNA and rRNA-depleted totRNA, for the detection 
and identification of known and unknown plant viruses and viroids in real diagnostic plant 
samples with either single or mixed infection. The samples selected for the comparison 
included plant viruses from different Baltimore classification groups and viroids from two 
different families. More specifically, we aimed to compare for each protocol i) the recovery 



4       Chapter 1. Introduction 

 

(i.e. identification and selection) of reads from viruses with different genome organization, 
ii) the recovery of reads from viroids from the two different viroid families, and iii) the 
performance of the HTS-based detection with each protocol by assessing detection 
efficiency through mapping and de novo assembly analysis of differently sized subsamples 
with decreasing numbers of nucleotides.  

 

1.4.2 Utilizing HTS for detection and phylogenetic analysis of a virus, 

detected for the first time in tomato in Slovenia, followed by its 

biological characterization  

 
The use of high throughput sequencing in plant viral diagnostic has enabled many 
unexpected or new virus discoveries. Our second aim was to use HTS to explore the etiology 
of uncharacterized symptoms in diagnostic plant tissue sample, including detection and 
genomic and phylogenetic characterization of a new strain of henbane mosaic virus and its 
biological characterization. Firstly, by using sRNA and rRNA-depleted totRNA HTS 
protocols, we assembled the complete genome of the virus. In order to perform phylogenetic 
analysis across all available henbane mosaic virus strains, four other strains were sequenced 
using sRNA HTS protocol and their complete genomes were assembled. Additionally, 
genome annotation of the new strain of henbane mosaic virus, detected and identified for 
the first time both in tomato and in Slovenia, was performed. Lastly, host range and 
biological analysis was accomplished using test plant bioassay. 

 

1.4.3 Assessing the applicability of HTS sequencing using nanopore 

technology for plant viruses/viroids detection 

Our third, and last, aim was to compare different library preparation protocols for plant 
viruses/viroids detection using nanopore technology (MinION sequencer, Oxford Nanopore 
Technologies). For this purpose, five plant samples infected with plant viruses/viroids that 
differ in their genome organization, concentration and mixed/single infection status, were 
selected. For all samples, we performed sequencing with Illumina technology (MiSeq 
sequencer) as the HTS gold standard, using rRNA-depleted totRNA. All samples were then 
sequenced with nanopore technology, with the MinION sequencer (Oxford Nanopore 
Technologies) using the direct RNA sequencing of totRNA. Moreover, for one of the 
samples, which contained five different plant viruses and a viroid, additional variations of 
library preparation for MinION sequencing were assessed: direct RNA sequencing of rRNA-
depleted totRNA, cDNA-PCR sequencing of totRNA, and cDNA-PCR sequencing of 
rRNA-depleted totRNA. From the obtained HTS data, we then calculated and compared 
for each protocol i) the recovery of different viruses/viroid reads, and ii) the performance 
of the HTS-based detection with each protocol by assessing detection efficiency through 
mapping and de novo assembly analysis of different size subsamples with decreasing 
number of nucleotides.  
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1.5 Hypothesis 

1. HTS will enable the detection of known and unknown plant viruses and viroids 
with both sequencing (sRNA and rRNA-depleted totRNA) protocols on the 
Illumina platform.  

2. HTS will enable the identification of the viral agent behind a symptomatology of 
unknown etiology in a symptomatic tomato plant. 

3. HTS will enable the assembly and annotation of the henbane mosaic virus for the 
first time, followed by its biological characterization. 

4. Sequencing of different infected plant samples with nanopore technology can detect 

all plant viruses and viroids included in the study, in a reduced time and with 

potential for on-site deployment in comparison to Illumina technology 

 

1.6  Publications Included and Candidate's Contributions  

In the first paper (Next Generation Sequencing for Detection and Discovery of Plant 
Viruses and Viroids: Comparison of Two Approaches), two different HTS (in the 
manuscript, called “next generation sequencing”) protocols were compared in terms of plant 
virus detection and discovery. The study was the first in depth protocol comparison and 
included plant samples naturally infected with viruses belonging to all different Baltimore 
classification groups and viroids belonging to both viroid families. The comparison included 
the detection and identification of known viruses, the recovery of virus/viroid reads, and 
the detection efficiency of new/unknown virus. The PhD candidate is the first author of 
the publication. She was involved in experimental design, she carried out the laboratory 
work (i.e., sample selection, RNA isolation and DNase treatment, rRNA-depleted totRNA 
Illumina library preparation), analyzed the data (sRNA detection pipeline, comparative 
bioinformatics analysis) and wrote the draft of the manuscript. 

In the second paper (High-Throughput Sequencing Facilitates Characterization of a 
“Forgotten” Plant Virus: The Case of a Henbane Mosaic Virus Infecting Tomato), HTS 
was used for detection and identification of a new strain of henbane mosaic virus detected 
for the first time on a new host and new geographical location (a tomato species in 
Slovenia). The sequencing outputs obtained with both sRNA and rRNA-depleted totRNA 
enrichment approaches enabled first complete genome assembly of henbane mosaic virus. 
In the next step, four additional historical isolates of henbane mosaic virus were sequenced 
using the sRNA protocol. The complete genomes of all of them were assembled, and 
phylogenetic analysis was conducted. Finally, the host range analysis of a new henbane 
mosaic virus strain was performed. The PhD candidate is the first author of the publication. 
She was involved in the experimental design, performed most of the laboratory work (RNA 
isolation, PCR primer design for Sanger sequencing, HMV isolation on host plant, host 
range analysis, rRNA-depleted totRNA library preparation for Illumina sequencing) apart 
from the symptoms discovery, first screening and transmission electron microscopy. She 
also analyzed the data (sRNA detection pipeline, sRNA whole genome assembly and 
phylogenetic analysis) and wrote the draft of the manuscript. 

In the last, third paper (Systematic comparison of nanopore and Illumina sequencing 
for the detection of plant viruses and viroids using total RNA sequencing approach), the 
comparison between two different HTS platforms i.e., nanopore and Illumina was 
performed for the first time with plant viruses in such an extensive format. A comparison 
was made between Illumina as the HTS gold standard and nanopore as a fast-developing 
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sequencing technology, offering rapid and possibly on-site (in small facilities) applications. 
For the comparisons, five plant samples were selected, containing eleven plant viruses 
belonging to different Baltimore classification groups. In addition, the samples were 
infected by two viroids, which were sequenced for the first time using nanopore technology. 
The bioinformatics analysis compared all different protocols in terms of suitability for plant 
viruses and viroids detection. The PhD candidate is the first author of the publication. She 
was involved in the experimental design, she carried out the laboratory work (sample 
selection, RNA isolation and DNase treatment, ribosomal RNA depletion, nanopore library 
preparation and sequencing using MinION), analyzed the data (nanopore detection 
pipeline, Illumina rRNA-depleted totRNA detection pipeline and comparative 
bioinformatics analysis, apart from optimizing parameters for de novo assembly of 
nanopore reads and creating script for calculating the cumulative yields of reads), and 
wrote the draft of the manuscript. 
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2.1 Next Generation Sequencing for Detection and 

Discovery of Plant Viruses and Viroids: Comparison of 

Two Approaches 

Anja Pecman, Denis Kutnjak, Ion Gutiérrez-Aguirre, Ian Adams, Adrian Fox, Neil 
Boonham and Maja Ravnikar 

 
Frontiers in Microbiology, 2017, 8:1998. doi: 10.3389/fmicb.2017.01998 
 
In this paper, we present a comparison of two HTS protocols, sequencing of sRNA and 
sequencing of rRNA-depleted totRNA. Both protocols differ in two successive steps within 
the HTS process: nucleic acid preparation and library preparation. The protocols were 
compared for the detection and identification of twelve plant viruses, which differ in their 
genome organization, and three viroids from both known families, using Illumina 
sequencing. The above mentioned two sequence protocols were selected and compared 
because theoretically they seem as the most generically applicable to viruses with different 
genome types and replication strategies. For the comparison, we selected nine samples of 
different plant species (Solanum tuberosum, Solanum lycopersicum, Brassica oleracea, 
Nicotiana tabaccum, Pisum sativum). The results showed that both protocols enabled the 
detection and identification of a wide array of known plant viruses/viroids in the analyzed 
samples. In general, the percentage of viral/viroid sequences was dependent on the genome 
organization of the virus/viroid and on the amount of viral reads in the sequencing output 
data. The results of our comparison showed that sRNA sequencing generated a higher 
fraction of viral/viroid sequences than rRNA-depleted totRNA for TASVd, ToCV, CLVd, 
TYLCV, PNYDV, PLMVd, and PVY, while rRNA-depleted totRNA protocol, generated 
more viral sequences for a novel cytorhabdovirus (CCyV1), PepMV (two isolates), CaMV, 
AMV, CSNV and TMV. In the cases of STV and ToMV, the percentage of virus sequences 
were extremely low (below 0.1%) regardless of the protocol. Subsampling analysis showed 
that for the read mapping approach 10 million of nucleotide would be enough to cover near 
complete viral genome of almost all investigated viruses/viroids using either of the protocol. 
However, in the cases of STV and ToMV, none of the viral genomes were completely 
covered by the reads even at the highest subsample size (50 million). In the assessment of 
the de novo assembly approach, rRNA-depleted totRNA protocol performed better than 
the sRNA protocol. For instance, the contigs assembled from rRNA-depleted totRNA data 
covered at least a fraction of the consensus genome also when the percentage of virus/viroid 
nucleotides was lower than 0.1% (i.e., ToMV and STV). In those cases, no viral contigs 
were assembled using sRNA datasets, probably due to a combination of low amount and 
small sizes of viral reads. A similar scenario was also observed in the case of a putative 
novel cytorhabovirus, for which very low recovery of viral reads in the sRNA dataset 
resulted in no assembled contigs corresponding to this virus. A putative new 
cytorhabdovirus was, however, identified from the rRNA-depleted totRNA dataset, whilst 
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the virus reads could only be found in the sRNA sequence data post-hoc (i.e. 0.05% of 
sRNA reads mapped to the genome assembled by rRNA-depleted totRNA sequencing). 
The obtained results significantly contributed to the optimization of the NGS (currently 
rephrased to HTS) technology for detection and identification of known and new plant 
viruses and viroids.   
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2.2 High-Throughput Sequencing Facilitates 

Characterization of a “Forgotten” Plant Virus: The Case 

of a Henbane Mosaic Virus Infecting Tomato 

Anja Pecman, Denis Kutnjak, Nataša Mehle, Magda Tušek Žnidarič, Ion Gutiérrez-

Aguirre, Patricija Pirnat, Ian Adams, Neil Boonham and Maja Ravnikar 

Frontiers in Microbiology, 2018, 9:2739. doi: 10.3389/fmicb.2018.02739 

In this research, we report the detection of henbane mosaic virus (HMV) for the first time 
in a new natural host and new geographical location (a tomato plant in Slovenia) using 
HTS. The tomato plant was brought from the field with severe necrotic symptoms and was 
further diagnostically investigated. In the sampled leaf tissue, potato virus M (PVM) was 
initially detected using ELISA screening and was subsequently confirmed with electron 
microscopy. However, inoculated test plants showed symptoms atypical for PVM, thus an 
additional analysis with HTS using sRNA and rRNA-depleted totRNA enrichment 
protocols was performed. The obtained sequencing reads confirmed detection of PVM, 
southern tomato virus (STV) and enabled assembly for the first time of the complete 
genomic RNA of HMV. HTS technology using sRNA protocol was also applied to sequence 
the genome of four other known strains of HMV, followed by phylogenetic analysis. The 
latter taxonomically classified new sequences of HMV within Potyvirus genus cluster and 
showed the relationship of the new HMV tomato isolate with the historic ones, suggesting 
the existence of at least four putative strains of the virus. With the re-inoculations of 
different test plants, we achieved isolation of henbane mosaic virus from PVM and STV in 
the original sample, and performed a host range analysis of HMV isolate found in Slovenia 
via the inoculation of 20 species belonging to four plant families. HMV caused strong local 
or systemic disease symptoms in several species from Solanaceae family. Among others, 
tomato showed severe symptoms after single infection with HMV. The use of rRNA-
depleted totRNA and/or sRNA deep sequencing for complete plant viral genome assembly 
resulted in first report of five complete HMV genomes: the one of the new isolate found in 
Slovenia and of four other isolates obtained from different virus collections. The countries 
of origin of those four other isolates were Italy, United Kingdom and United States 
(California). 
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2.3 Systematic Comparison of Nanopore and Illumina 

Sequencing for the Detection of Plant Viruses and 

Viroids Using Total RNA Sequencing Approach 

 
Anja Pecman, Ian Adams, Ion Gutiérrez-Aguirre, Adrian Fox, Neil Boonham, Maja 
Ravnikar and Denis Kutnjak 

 
Frontiers in Microbiology, 2022, 13:883921, doi:10.3389/fmicb.2022.883921 

 
In the last paper, we compared the most established HTS platform, i.e., Illumina (MiSeq, 
benchtop sequencer) with the rapidly and constantly evolving nanopore technology 
(MinION, portable sequencer, Oxford Nanopore Technologies) for the detection of plant 
viruses/viroids. The comparison was made on a broad range of samples, containing two 
plant viroids (CLVd, TASVd), which were sequenced using nanopore technology for the 
first time, and 11 plant viruses (TYLCV, ToCV, PepMV (two strains), ToMV, STV, 
CaMV, CCyV1, TSWV, PVeV 1,2,3), which differ in their genome organization and 
concentration in tested samples. For the comparison five samples of different plant species 
(Solanum lycopersicum, Brassica oleracea, Nicotiana tabaccum, Phaseolus vulgaris) that 
contained plant viruses/viroids in single or mixed infections were selected. Total RNA 
extracts of all the samples were sequenced using the Illumina platform (MiSeq) (rRNA-
depleted totRNA) and with the nanopore technology (MinION) using direct RNA library 
preparation. In addition, we sequenced one sample, which contained five different plant 
viruses (TYLCV, ToCV, PepMV (two strains), ToMV, STV) and a viroid (CLVd), using 
three additional protocols of the nanopore technology: direct RNA sequencing of rRNA-
depleted totRNA, cDNA-PCR sequencing of totRNA and cDNA-PCR sequencing of rRNA-
depleted totRNA. We performed bioinformatics analysis on the data to compare the 
performance of different protocols for detection of plant viruses and viroids. However, 
whilst direct RNA sequencing of total RNA was the quickest protocol, it performed slightly 
worse than the other protocols tested; using this protocol, we were not able to detect one 
virus, ToMV (out of 11 viruses and 2 viroids included in this study), which was present in 
the sample in an extremely low titer. All other MinION sequencing protocols showed 
improved performance with outcomes similar to Illumina sequencing (similar fractions of 
reads corresponding to different viruses were detected for all of the protocols), with cDNA-
PCR sequencing of rRNA-depleted totRNA showing the best performance amongst all 
tested nanopore MinION sequencing protocols. The results of this systematic comparison 
confirmed that nanopore sequencing is a promising technique for plant virus/viroid 
detection in research and diagnostic laboratories when appropriate sample and library 
preparation is selected. 
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Chapter 3 

3 Discussion 

3.1 The Comparison of Plant Virus and Viroid Detection 

Using sRNA and rRNA-Depleted totRNA High 

Throughput Sequencing Approach Showed Comparable 

Results 

We compared the effectiveness of two widely established HTS protocols for plant virus 
detection using Illumina technology: sRNA and rRNA-depleted totRNA. When comparing 
the amount of virus/viroid nucleotides recovered by one or the other protocol, we observed 
different results for different viruses/viroids: in some cases, more viral/viroid nucleotides 
were recovered using sRNA while in others it was rRNA-depleted totRNA sequencing the 
one who performed better (Pecman et al., 2017). Detailed inspection of the read mapping 
results suggested higher recovery of ssDNA virus and viroid nucleotides when using the 
sRNA protocol. In the case of viroids, this could be the consequence of different ration 
between induced RNA silencing (Itaya et al., 2001; Martínez de Alba et al., 2002; 
Papaefthimiou et al., 2001) and multiplication of the messenger RNA, as viroids do not 
code for proteins (Flores et al., 2014) and “long” RNAs are generated solely for the purpose 
of replication. Similarly, in the case of viruses with a circular ssDNA genome organization, 
longer RNA transcripts are generated only transiently during the transcription step, which 
could be the reason for the lower recovery of viral reads in the analysis of rRNA-depleted 
totRNA pool. In contrast, sRNAs could be amplified by the action of RNA- dependent 
RNA polymerase 6 (Borges & Martienssen, 2015) during the production of secondary 
sRNAs with a positive effect for the detection with the sRNA protocol. For most of the 
other investigated viruses, the sequencing of rRNA-depleted totRNA resulted in a larger 
proportion of reads mapping to the viral genomes compared with sRNA. However, a few 
exceptions were observed, potato virus Y being the most notable with many more viral 
reads present in the sRNA dataset (Pecman et al., 2017). The high abundance of virus-
derived sRNA has been reported for PVY (Kutnjak et al., 2015) and other potyviruses 
(Kreuze et al., 2009) even though they encode strong RNA silencing suppressors (Ivanov 
et al., 2016; Yelina et al., 2002). Nevertheless, both protocols successfully identified two 
divergent strains of pepino mosaic virus, which, for the case of the sRNA protocol was 
previously confirmed for a closely related potexvirus (Kutnjak et al., 2014). When 
comparing the de novo assembly of sequencing reads, the rRNA-depleted totRNA protocol 
was generally more efficient than the sRNA protocol; this was confirmed by a higher 
proportion of viral genomes covered by de novo generated contigs from rRNA-depleted 
totRNA datasets (Pecman et al., 2017). Poorer coverage of viral genomes by de novo 
assembled contigs from sRNA reads is likely the consequence of more difficult assembly of 
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very short sRNA reads into longer contigs, which has been already observed (Kutnjak et 
al., 2015; Massart et al., 2018; Visser et al., 2016). An important difference between the 
compared protocols was observed when the genome assembly of a previously un-described 
cytorhabdovirus was attempted. The latter was identified from the rRNA-depleted totRNA 
reads, following de novo assembly and BLASTx analysis, whilst just virus reads could be 
found in the sRNA sequence data and only after a post-hoc analysis (Pecman et al., 2017). 

3.2 High Throughput Sequencing Successfully Facilitate 

Novel Virus Strain Identification and Characterization 

The knowledge about HTS applicability for generic plant virus detection and identification 
gained in the first study led us to its application for discovery and characterization of a 
novel strain of henbane mosaic virus. Here, firstly, HTS (sRNA and rRNA-depleted 
totRNA protocols) was used as a generic detection technique for identifying the presence 
of known and unknown viruses in a field sample, which resulted in the detection of HMV 
for the first time in tomato and the first time in any plant in Slovenia. Since the virus was 
present in a mixed infection and few genomic information was available at the time, it was 
probably overlooked by conventional diagnostic methods (Pecman et al., 2018). Secondly, 
HTS (sRNA protocol) enabled us to rapidly generate complete genomic sequences of several 
HMV isolates, followed by their genome annotation, pairwise comparison, and phylogenetic 
analyses, which taxonomically classified the HMV isolates within the Potyvirus genus. 
According to the sequence similarities with other Potyvirus species (Adams et al., 2005) all 
sequenced isolates belong to three different strain groups within the same species. The 
partially sequenced HMV-PHYS/H (AM184113.1) isolate detected in Hungary clustered to 
a 4th group. The observed sequence diversity among the low number of analyzed HMV 
isolates is surprisingly high and could be explained by several scenarios. The investigated 
isolates were from different countries, different host plants, and stored in collections at 
different decades over the previous 80 years (Pecman et al., 2018). “To estimate the current 
diversity among different HMV isolates in nature, additional studies, including several 
samples collected from the natural environment, from different host plants, and from a 
broader geographic range, should be completed” (Pecman et al., 2018). Susceptible hosts 
of an HMV-SI/L isolate, which expressed disease symptoms were closely related plant 
species, e.g., H. niger, Nicotiana spp. and S. lycopersicum (different varieties) (Pecman et 
al., 2018). According to our host range analysis and listed literature (Hamilton, 1932; 
Lovisolo & Bartels, 1970; Salamon, 2018), different isolates caused different symptoms in 
different hosts. “Nevertheless, all the previously reported host range analysis should be 
interpreted with caution. The composition of those inoculums was not confirmed with HTS, 
so they could have contained mixed infections of viral species, which could explain some of 
the contradictory results” (Pecman et al., 2018) of disease symptoms on different host 
plants from literature (Hamilton, 1932; Lovisolo & Bartels, 1970; Salamon, 2018). The host 
range analysis of HMV done in our study is the first one in which single infection of the 
inoculum was confirmed. HMV was separated from other co-infecting viruses, through 
repeated passages on different test plants. Furthermore, when comparing the observed 
symptoms of mixed infection from a field tomato sample with symptoms of HMV-SI/L 
single infection of tomato plant in the greenhouse, the symptomatology was different, 
possibly because the virus was present in mixed infection in the originally sampled tomato 
plant (Pecman et al., 2018). The study of HMV demonstrated the need for a quick generic 
diagnostic method, which could detect expected and unexpected emerging plant pathogens 
with limited or absent genomic information and demonstrated the importance of well-
designed biological characterization of novel virus or strains identified by HTS.  
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As shown above, for improved investigation of complex relationship between the presence 
of different plant viruses and symptoms, fast detection followed by identification and 
characterization of the causing agent/s is needed. In plant pathology, nanopore technology 
was already successfully used for detection of bacteria, fungi, and viruses (Boykin et al., 
2019; Bronzato Badial et al., 2018; Chalupowicz et al., 2019; Fellers et al., 2019). In some 
studies (Beddoe et al., 2020; Filloux et al., 2018; Vazquez-Iglesias et al., 2022), both 
nanopore and Illumina technology were used for plant virus detection; however, a 
systematic comparison between those two approaches for the detection of a wide array of 
viruses with different genome types was still lacking (Pecman et al., 2022). With this in 
mind, we decided to systematically compare the well-established Illumina technology, using 
benchtop sequencer MiSeq and rRNA-depleted totRNA as RNA input, and the 
continuously evolving nanopore platform (Oxford Nanopore Technologies), using a portable 
MinION sequencer. In the nanopore platform, we additionally compared four library 
preparation combinations as RNA input: direct RNA sequencing of total RNA, direct RNA 
sequencing of rRNA-depleted total RNA, cDNA-PCR sequencing of total RNA, and cDNA-
PCR sequencing of rRNA-depleted total RNA. In the first comparison, all viruses were 
sequenced with nanopore technology, using MinION sequencer and direct RNA sequencing 
of totRNA as RNA input. The results of this first comparison showed that such an protocol 
has a reduced performance for detection of plant viruses, compared to the Illumina-based 
sequencing of rRNA-depleted totRNA, which is accepted as the “gold standard” (Pecman 
et al., 2022). Nanopore sequencing, while successfully detecting most of virus/viroids 
present in the samples, failed to identify one virus (tomato mosaic virus) that was present 
in one of the analyzed samples at extremely low titer (Pecman et al., 2017). Moreover, no 
contigs were recovered after de novo assembly for some viruses, which indicates that the 
direct RNA nanopore sequencing using totRNA protocol may not be efficient enough for 
the detection of (new) viruses present in plants in low titers (Pecman et al., 2022). Thus, 
in the second part of the study, we performed the analysis of a selected sample (containing 
a diverse assembly of plant viruses) using a nanopore sequencing MinION device but with 
several modifications, which were shown to improve the performance of nanopore 
sequencing for virus detection. Including rRNA depletion prior to the direct RNA 
sequencing protocol using nanopore technology (MinION sequencer) resulted in increased 
fractions of specific virus reads in the datasets in most of the cases. The protocol using 
cDNA-PCR sequencing of totRNA (with no rRNA depletion) also resulted in improved 
fractions of specific virus reads in the dataset (Pecman et al., 2022). “Moreover, 
incorporating both rRNA depletion and reverse transcription prior to nanopore sequencing 
using the MinION platform (i.e., using cDNA-PCR sequencing of rRNA-depleted totRNA) 
led to the greatest increases in the observed fractions of specific virus reads” (Pecman et 
al., 2022). This sequencing strategy also resulted in the highest observed consensus 
sequence identities and the comparison of calculated average viral reads identities revealed 
that this protocol resulted in the most “accurate” sequencing reads among all four nanopore 
protocols (Pecman et al., 2022). Furthermore, cDNA-PCR of rRNA-depleted totRNA was 
the only protocol that allowed contig assembly for all viruses in the tested datasets and 
the assembled contigs showed the highest identity when mapped to consensus sequence of 
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all of the nanopore sequencing protocols compared (see Figure 2, (Pecman et al., 2022)). 
Thus, based on our results, this protocol would be the most convenient for virus discovery 
applications. Finally, pioneer nanopore sequencing for viroid detection resulted in complete 
viroid genome recovery, when including rRNA depletion prior cDNA-PCR or direct RNA 
sequencing, although several improvements could be envisaged and possibly applied, e.g. 
random primed double-stranded cDNA as input for nanopore library preparation (Liefting 
et al., 2021). One of the main advantages of nanopore sequence is the rapidity of the 
procedure (Bronzato et al., 2018; Fellers et al., 2019). In our case, the libraries for MinION 
sequencing were prepared and loaded to the flow cell within one day; since the data can be 
analysed in real time, the estimation of the time needed to generate sequences, which would 
cover 50% or more of a specific viral genome using read mapping, was calculated. According 
to this estimation the longest time for reaching a 50% threshold would be achieved in 11 
h and 50 min for CLVd (using MinION direct RNA sequencing of totRNA). The time for 
achieving this threshold, however, depends on the amount of virus sequences present in the 
complete datasets (a proxy of viral titer). Taking together, RNA extraction and library 
preparation could be performed with <1 day, followed by an overnight run on the MinION 
device and bioinformatic analysis on the following day (Pecman et al., 2022). Furthermore, 
due to the portability of the MinION sequencer, on-site deployment for detection of plant 
viruses can be implemented (Boykin et al., 2019), but the implementation of library 
preparation is still impractical. For on-site work, several items must be transferred from 
the laboratory to the site where testing is performed. In the case of potentially low-titer 
infections, the method would require more time to run the flow cell and analyse the data, 
making it less practical for end users. Nevertheless, the practical benefits described do make 
the protocol suited to diagnostic laboratories, where running larger sequencers may be too 
expensive and impractical, leading laboratories to outsource HTS services to different 
providers (i.e., Illumina) (Pecman et al., 2022). The speed, comparable sequencing cost to 
Illumina (see Publication 2.3), and scalability of nanopore sequencer (MinION) make it 
well suited to laboratories with smaller numbers of samples and, in particular, where rapid 
turnaround of results is needed. 
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4 Conclusion 

In this thesis, we started with the comparison of two most generic HTS protocols for plant 
virus/viroid detection on the Illumina platform. Next, the obtained knowledge was used 
for the identification and characterization of a new plant virus strain. Finally, with all 
acquired expertise, we proceeded further to expand the use of high throughput sequencing 
for plant virus/viroid detection to the faster and more accessible nanopore technology. The 
latter technology enables either on-site use or use in smaller laboratories near sampling 
sites. The outcomes from the first paper partially confirmed the first hypothesis, since by 
using both tested HTS protocols, sRNA and rRNA-depleted totRNA, all included known 
viruses/viroids were identified. However, a putative novel cytorhabdovirus was only 
detected by analyzing the data generated from rRNA-depleted totRNA and not by sRNA 
protocol, since the small amount of short reads prevented the de novo contig assembly. In 
the second paper, HTS was used for the identification of unexpected known viral species 
on a symptomatic field tomato plant. The successful detection of henbane mosaic virus 
with HTS thus confirmed the second hypothesis. Regardless, the identified known virus 
had limited genomic information, so in the next step, HTS enabled the first complete 
genome assembly and annotation of the henbane mosaic virus. Following the virus isolation, 
the biological characterization and host range analysis was also conducted confirming the 
third hypothesis. The results of last study confirmed the final, fourth hypothesis, indicating 
that, when appropriate library preparation and sequencing protocols are selected i.e., 
cDNA-PCR sequencing of rRNA-depleted totRNA, nanopore sequencing using the MinION 
device resulted in the equivalent detection of a range of viruses and viroids as with 
commonly used Illumina sequencing. According to the nanopore sequencing results, the 
time needed for nanopore HTS workflow was estimated to two working days, which indeed 
is shorter in comparison to Illumina. On-site use is possible, but still impractical since 
several items from laboratory need to be transferred to the site. Nevertheless, the scalability 
and cost range of nanopore MinION technology makes it accessible to most, including small 
diagnostic labs near sampling sites.  

To conclude, the comparisons between different HTS platforms and sample preparation 
protocols described in this thesis and their application for novel virus strain identification 
and characterization, delivered useful findings that will serve as guide for plant virus 
(diagnostic) laboratories in the selection of an HTS protocol, appropriate for their specific 
application.  

Moreover, the results of this doctorate raise some conclusions but also questions and 
consequently new ideas for future experiments and optimizations that should deal with:  

i) Expanding the research on HMV to studying its prevalence, distribution and 
consequently its threat for tomato crop across Slovenia. This point was partially addressed, 
by the study conducted by Rivarez et al., 2022, where 436 samples of tomato plants and 
surrounded weeds were collected (in summer 2019 and 2020), sequenced with HTS and 
analyzed. The latter resulted in HMV detection in one bulk sample in 2020, demonstrating 
its presence but not high prevalence.   

ii) Improvement of bioinformatics pipeline for detection of different strains of the same 
virus using nanopore sequencing datasets (as pointed out in Pecman et al., 2022).  For 
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example, Diamond (Buchfink,  et al.,  2014) could be used for metagenomics analysis of 
reads and contigs for strain identification followed by BLASTN confirmation and additional 
analysis on reads and/or contigs if needed. Furthermore, the reads analysis using 
metagenomics approach may result in detection of new virus present in low reads amount, 
which may not be assembled into contigs. In this case further analysis for confirmation 
could be implemented subsequently.  

iii) Improvement of viroid detection by nanopore technology through testing and 
comparison of different sample preparation protocols (i.e., enzymatic versus fragmentation 
by sonication), libraries (Liefting et al., 2021) and new bioinfomatics pipelines for viroid 
detection ( Rivarez et al., 2022). 

iv) Optimization of cost/sample ratio with introduction of barcodes (as discussed in 
Pecman et al., 2022) and/or pooling samples when using MinION flow cell for nanopore 
sequencing or testing outputs of Flongle flow cell on single sample. 

v) Introducing nanopore technology for generic in-house diagnostics of plant viruses 
and viroids, which will help when fast results of lower number of samples are needed.  
Adaptation to plant virus diagnostics environment should be preceded by a proper 
assessment the sensitivity, repeatability, reproducibility and when applicable 
inclusivity/exclusivity of the approach. 

vii) Assessing the need for additional controls (e.g., an internal, alien control) within 
HTS library preparation and sequencing for more reliable usage of HTS for the detection 
of plant pathogens and pests (Massart et al., 2022). 

.   
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