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Abstract 

Traditional methods of studying viruses are limited in their ability to detect novel 
pathogens, but recent advances in high-throughput sequencing (HTS) are changing that. 
HTS allows researchers to probe deeply into the virome of various hosts and environments, 
identifying known and unknown viral species. However, a targeted approach, like 
quantitative PCR, remains the golden standard for large-scale quantitative studies. The 
increasing popularity of water-based epidemiology (WBE) to monitor wastewater for 
pathogens has become particularly widespread with surveillance of SARS-CoV-2 during 
the COVID-19 pandemic. Optimizing this procedure demands an evaluation of the stability 
of the virus in wastewater and a suitable concentration method for improving detection 
sensitivity. Real-time quantitative reverse transcription PCR (RT-qPCR) is the primary 
method used for detecting SARS-CoV-2, and validation of assays using appropriate 
reference materials and matrices is crucial. Plant viruses present similar challenges, with 
tomato brown rugose fruit virus (ToBRFV) being highly stable and potentially infectious 
for extended periods in water. Detection of ToBRFV in Slovenian wastewater before 
detection in plant samples raises concerns about the virus’ s origin, undetected presence, 
waterborne transmission risks, and using such water sources for agricultural irrigation 
during water scarcity. Simple and effective methods for ToBRFV concentration and 
detection from water samples are essential to analyze potential release from infected plants 
into water sources. Metagenomics analysis of environmental water used in irrigation can 
provide insight into the types of viruses to which plants are exposed, shedding light on 
virus transmission dynamics in agricultural settings and aiding in developing effective 
management strategies. It is a valuable tool for detecting known and unknown viral species 
in the ecosystem under investigation, providing an early warning system to prevent 
potential outbreaks. By applying knowledge and techniques from wastewater monitoring 
for human pathogens, it may be possible to detect plant viruses in irrigation water. In 
conclusion, advances in HTS-based metagenomics research and WBE can revolutionize 
virus detection and surveillance in human and plant systems.  
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Povzetek 

Tradicionalne metode preučevanja virusov so omejene pri odkrivanju novih patogenov, 
vendar nedavni napredek na področju visoko zmogljivega sekvenciranja (HTS) to 
spreminja. Uporaba HTS omogoča poglobljeno analiyo viromov različnih gostiteljev in 
okolij ter odkrivanje znanih in neznanih vrst virusov. Kljub temu tarčni pristopi, kot je 
kvantitativna PCR, ostajajo zlati standard za obsežnejše študije. Uporabnost študij 
epidemiologije na osnovi vode (water-based epidemiology, WBE) za spremljanje patogenov 
v odpadnih vodah se je globalno razširila, med pandemijo COVID-19, ko se je spremljalo 
širenje SARS-CoV-2. Optimizacija takšnega postopka zahteva oceno stabilnosti virusa v 
odpadni vodi in ustrezno metodo koncentracije za izboljšanje občutljivosti detekcije. 
Kvantitativni PCR v realnem času z reverzno transkripcijo (real-time quantitative reverse 
transcription PCR) (RT-qPCR) je osnovna metoda, ki se uporablja za odkrivanje SARS-
CoV-2, pri čemer je ključnega pomena validacija testov z uporabo ustreznih referenčnih 
materialov in matric. Rastlinski virusi predstavljajo podobne izzive, zlasti virus rjave 
grbančavosti plodov paradižnika (ToBRFV), ki je v vodi zelo stabilen in potencialno kužen 
dlje časa. Zaradi odkritja virusa ToBRFV v odpadni vodi nekaj let pred njegovim odkritjem 
v rastlinskih vzorcih, se zastavljajo vprašanja o izvoru virusa, njegovi nezaznavni 
prisotnosti, tveganju prenosa z vodo in uporabi takšnih vodnih virov za namakanje v. 
Enostavne in učinkovite metode za koncentracijo in odkrivanje virusa ToBRFV v vzorcih 
vode so ključne za odkrivanje morebitnega sproščanja virusov iz okuženih rastlin v vodne 
vire. Analiza metagenoma okoljske vode, ki se uporablja za namakanje, omogoča vpogled 
v vrste virusov, ki so jim rastline izpostavljene. To prispeva k razumevanju dinamike 
prenosa virusov v kmetijskem okolju in pomaga pri razvoju učinkovitih strategij zaščite 
rastlin. Metoda omogoča vzpostavitev sistema zgodnjega opozarjanja in s tem 
preprečevanje morebitnih izbruhov, in je pomembno orodje za pravočasno odkrivanje 
znanih in neznanih vrst virusov v preiskovanem ekosistemu. Uporaba znanja in tehnik 
nadzora humanih patogenov v odpadnih vodah omogoča tudi odkrivanje rastlinskih virusov 
v namakalni vodi.  
Za zaključek lahko povzamemo, da napredek pri raziskavah metagenoma s HTS in WBE 
prinaša revolucionarne izboljšave pri odkrivanju in nadzoru virusov pomembnih za človeka 
in rastline. 
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Chapter 1 

1 Introduction 

Viruses infect all known cellular organisms and represent the planet’ s most abundant 
source of genetic material [1]. However, only a minute fraction has been characterized 
despite their pervasiveness, with less than 1% studied so far [2]. A major challenge in 
studying viruses remains that conventional investigative methods often allow the 
identification of only the targeted pathogen, resulting in frequent misses of the novel ones. 
Fortunately, advances in high-throughput sequencing (HTS)-based metagenomic research 
are beginning to change this, allowing researchers to probe deeply into the virome of various 
hosts and environments [1]. One such under-explored environment is water. Significant 
strides have been made in exploring marine virome [3] and wastewater virome [4]. However, 
fresh water, especially one dedicated to irrigation, is lagging. Progress in sample 
preparation techniques, sequencing technologies, and analytics solutions has significantly 
contributed to these developments in general. Nevertheless, investigations continue to be 
challenging due to differences in the properties of various matrices and the vast number of 
unknown viruses.  

1.1 Wastewater-Based Epidemiology as a Tool for 
Monitoring SARS-CoV-2 Pandemic Trends 

 
Despite the potential challenges of conventional methods in detecting novel viruses, they 
have been indispensable in large-scale studies in cases where the target has been previously 
sufficiently characterized. The idea of monitoring wastewater for the presence of pathogens 
has been used in the past [5]. Water-based epidemiology (WBE) was deployed in large 
cities worldwide early in the COVID-19 epidemic [6]. On the other hand, the vast number 
of research organizations working on protocol development and implementation extensively 
amplified the number of protocols and variations, adding to the lack of clarity [7]. Almost 
all analytical processes in published SARS-CoV-2 WBE experiments differed, from sample 
type and storage, concentration and extraction, to final detection and quantification [8], 
complicating the comparison of the results. Time, temperature, and viral structural shape 
(free RNA, intact particles, and partially degraded particles) influence SARS-CoV-2 RNA 
stability in wastewater during storage [9]. Before attempting to optimize the procedure for 
SARS-CoV-2 detection, it is essential to evaluate the stability of SARS-CoV-2 in 
wastewater. As viruses occur in low environmental concentrations, including wastewater, 
choosing a suitable concentration method is critical to improving detection sensitivity. 
Adsorption/extraction/elution, filtration, polyethylene glycol-based precipitation (PEG), 
and ultracentrifugation are the most common methods for concentrating viruses in water 
[10], with Centricon ultrafiltration units being the first to be used to concentrate SARS-
CoV-2 on wastewater [6]. The global expansion of SARS-CoV-2 monitoring in wastewater 
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limited the supply of Centricon filtration units, prompting several companies to build 
wastewater-specific solutions [11]. Most previous protocols, however, have been created for 
non-enveloped viruses [12], so assessing concentration methods under local laboratory 
circumstances and unique restrictions should be considered when selecting a method. 
During the early stages of the pandemic, real-time quantitative reverse transcription PCR 
(RT-qPCR) was predominately developed to detect SARS-CoV-2, with two or more assays 
targeting different genes or parts of the gene simultaneously, published by the CDC, USA. 
Targeting the N1 and N2 genes was among the most commonly used in clinical samples 
[13]. The number of RT-qPCR assays has steadily risen to include divergent variants of 
concern [8]. Meta-analysis studies have revealed considerable variability between assays, 
emphasizing the importance of validating qPCR assays using appropriate reference 
materials and final target matrices while adhering to stringent checkpoints such as MIQE 
criteria [8]. The complexity of wastewater dictates performance evaluations on actual 
samples or samples as similar to real matrices as possible before WBE can be adopted on 
a broader scale. WHO has addressed these concerns in a preliminary advice document [14] 
that identifies considerations for employing WBE, emphasizing the importance of 
evaluating and adapting to the local situation. 
 

1.2 Improving Tools for ToBRFV Outbreak Prediction 
Using Water Analysis in Closed Irrigation Systems 

 
Plant viruses represent a relevant crop production risk and significant associated economic 
losses [15]. Their presence in water of various origins has also been known for decades [16]. 
However, the research regarding plant viruses and the role of water in their transmission 
has only recently been gaining traction, with several studies showing their prolonged 
infectivity [4], [17]. One of the better-researched genera is the Tobamovirus genus in the 
family Virgaviridae. Tobamoviruses have been detected in diverse environmental samples, 
including soils [18], clouds [19], and water sources such as drinking water [20], ballast water 
[21], irrigation systems [22], and raw and municipal wastewater [4]. In 2014, a new 
tobamovirus was detected in the fields in Israel [23] and named tomato brown rugose fruit 
virus (ToBRFV). Plants infected with the virus displayed characteristic mosaic signs, such 
as leaf constriction and brown rugose patches on fruits, resulting in significant yield losses 
[23]. Since its initial discovery, ToBRFV has rapidly spread worldwide [24] and is now a 
major pathogen in tomato cultivation. Studies have also confirmed that it also infects 
peppers [25]. Estimations of disease incidence in affected crops range between 50% and 
100% [26], with yield reduction going up to 55% in infected plants [27]. The primary modes 
of transmission for ToBRFV are through infected seeds, the most common route of entry 
into greenhouses [28], and mechanical transmission, potentially leading to rapid 
dissemination within a greenhouse [29]. Like other tobamoviruses, ToBRFV has highly 
stable virions [30], which confer persistence in soil and water, as well as the potential to 
remain infectious for extended periods [18], [24]. Reports of infectious tobamoviruses in 
Slovenia’ s influent and effluent wastewater samples have also been documented [4]. 
Notably, RNA of ToBRFV was detected in wastewater as early as 2017, prompting the 
inclusion in routine monitoring performed by the Ministry of Agriculture [31]. However, it 
was not detected in plant samples until 2021, raising concerns about potentially undetected 
presence, risks of waterborne transmission, the virus’ origin, and utilization of such water 
sources for agricultural irrigation, particularly during water scarcity. 
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The global hydroponic system market is projected to reach USD 16.03 billion by 2028, 
and Europe represents the largest market for this industry, accounting for 41% of its share 
[32]. Tomatoes are one of the crops often grown in hydroponic systems, raising concerns 
that water-mediated transmission is especially relevant since the viruses from infected 
plants could potentially spread into the circulating growth medium. Consequently, there is 
a compelling need for simple and effective methods for ToBRFV water surveillance to 
detect potential releases from infected plants into water sources and identify the presence 
of ToBRFV and diseased plants in hydroponic settings. A correctly designed method would 
provide the cultivation facility with an appropriate early warning system. Such methods 
would greatly aid in understanding the dynamics of ToBRFV transmission through water 
and its potential impacts on agriculture and contribute to developing effective management 
strategies for this emerging plant virus. 

 

1.3 Viromic Analysis of Environmental Irrigation Water 
 

Despite the gradual progress in studying plant viruses in environmental waters, there is 
still only a limited number of studies focusing on this topic, especially regarding irrigation 
water and surface water near farms [33], [34]. Researchers in China have confirmed the 
presence and infectivity of several tobamoviruses, showcasing the possible risks associated 
with using such water to irrigate susceptible crop plants [35]. Agriculture and especially 
irrigation already amount to 70% of freshwater withdrawals, with the numbers expected 
to increase [36]. One of the proposed modalities to reduce the water use burden is 
introducing treated wastewater for irrigation, potentially increasing the risk of spreading 
plant viruses even further [4]. In recent years, HTS-based virome studies have enabled 
comprehensive investigations of virus diversity in environmental water samples [37]. A vast 
majority of studies are focused on marine viruses (like bacteriophages), including some in 
rather extreme conditions [3], [38]. Far fewer studies have looked at freshwater from the 
perspective of viruses [33], although the impact of irrigation of crop plants with potentially 
infected water cannot be understated [22], [39]. Baseline virome studies are crucial to assess 
virus presence and understand the potential risks associated with plant viruses in irrigation 
waters. 

Furthermore, HTS-based analysis of environmental water samples provides large 
sequence datasets that offer more than just presence/absence data for different viruses, as 
exemplified during the COVID-19 pandemic, where wastewater monitoring helped track 
virus variants in populations across countries [40]. Expanding this framework to other 
water types can provide extensive information about the epidemiology of various viruses. 
Environmental monitoring of water used in, and around agricultural sites can help detect 
and anticipate the entry and spread of plant viruses in a specific area and enhance our 
understanding of their epidemiology. Enabling early detection and uncovering plant 
viruses’ presence, diversity, and distribution of plant viruses in irrigation water enhances 
our understanding of their potential impacts on agricultural systems and facilities 
management strategies. Assessing the suitability of water analysis for detecting new and 
emergent viruses can serve as an effective early warning tool of great significance to the 
containment and control of an epidemic. 
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1.4 Aims of This Dissertation and Their Scientific Relevance 
This dissertation has three main aims: 

(1) Evaluation of different steps in the detection of SARS-CoV-2 in wastewater 
aimed at the implementation of a monitoring scheme, 

(2) Investigation of suitable approaches for the detection of ToBRFV in water, 
(3) Describe the virome of irrigation waters from Slovenia and describe newly 
discovered viruses 

1.4.1 Evaluation of different steps in the detection of SARS-CoV-2 in 
wastewater aimed at the implementation of a monitoring scheme 

Wastewater treatment plant influents can provide valuable information on the presence 
of pathogens, including SARS-CoV-2, in the sewer contributing population. Selecting the 
most suitable protocol will dictate a series of evaluations and comparisons of different 
methods and techniques used in the process. Investigated parameters will include the 
stability of SARS-CoV-2 in water/wastewater under different storage conditions and 
comparing various virus concentration methods to select the most efficient and reliable for 
high sample throughput. Different RT-qPCR assays for detecting SARS-CoV-2 will also 
be assessed to formulate a complete and robust method for wide-scale monitoring studies. 
Addressing these objectives aims to develop a reliable method for monitoring SARS-CoV-
2 concentrations in wastewater, which can have important implications for public health 
surveillance and early detection and warning systems. The findings of this research will 
provide an overview of the most effective approaches for detecting SARS-CoV-2 in 
wastewater and will contribute to the advancement of wastewater-based monitoring as a 
valuable tool in the fight against infectious diseases. 

1.4.2 Optimisation of suitable approaches for the detection of ToBRFV 
in water 

ToBRFV has quickly spread around the globe and has caused significant economic 
losses, especially in hydroponic systems. The second aim of this dissertation is to investigate 
the various approaches for analyzing ToBRFV in water samples, including testing water 
directly with RT-qPCR or combined with concentration and nucleic acid extraction steps, 
to improve sensitivity. Optimizing the protocol will enable a better understanding of the 
dynamics of ToBRFV detection in hydroponic nutrient solutions and may pave the way 
for water testing to become the primary screening method for ToBRFV in hydroponic 
setups. By improving the ToBRFV detection in water, this study will contribute with tools 
to study water as a transmission route of this virus in hydroponic-like systems. In addition, 
it may help to identify more effective control measures and preventive strategies to manage 
the spread of ToBRFV, a devastating tomato pathogen, in hydroponic production systems. 
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1.4.3 Describe and evaluate the virome of irrigation waters from 
Slovenia and describe newly discovered viruses 

The quality of irrigation water from the perspective of plant viruses remains 
understudied. The third aim of this dissertation is to provide an overview of the plant virus 
composition of various types of irrigation water, which can aid in identifying potential co-
occurrences of viruses in water samples and plant crops. Additionally, we anticipate the 
discovery of new viruses in the examined samples, which will contribute to the current 
understanding of plant viral occurrence and variety in the analyzed regions. By detecting 
and characterizing viruses in irrigation water, we can monitor their occurrence and spread 
in the region, allowing for early detection before a severe outbreak occurs. With the ability 
to monitor a vast area, we can gain valuable insights into the types of viruses to which 
plants are exposed and develop strategies to mitigate their spread. 

1.5 Hypothesis 
- SARS-CoV-2 free RNA shows varying stability in wastewater depending on storage 
conditions (time/temperature), while viral particles are more stable than free SARS-CoV-
2 RNA. 
- Ultrafiltration (Centricon) and direct TNA extraction (Promega) are relatively 
simple concentration methods that efficiently concentrate SARS-CoV-2 from wastewater 
influent with sufficient throughput.  
- N1 and N2 (CDC USA) qPCR assays in combination with FAST Virus mastermix 
will perform best for detection and quantification of SARS-CoV-2. 
- ToBRFV can be detected in the water of a hydroponic growth setup early after 
infection using only RTq-PCR. 
- Concentration with Centricon and extraction of nucleic acids improves the 
sensitivity of the detection, and viral genomes can be detected for a prolonged period of 
time. 
- Diversity and abundance of plant viruses in environmental irrigation waters are 
influenced by the source of sampled water. 
- Metagenomics analysis of water can be used for detection of novel plant viruses. 
   

1.6 Publications Included and Candidate's Contributions 
In the paper listed in Section 2.1 (Evaluation of methods and processes for robust 

monitoring of SARS-CoV-2 in wastewater), we evaluated the challenges and considerations 
of using the WBE approach for monitoring SARS-CoV-2 in wastewater, focusing on sample 
storage, concentration and target detection. In order to optimize concentration protocols 
and compare several RT-qPCR assays, we assessed virus stability in wastewater. The 
findings highlighted the importance of carefully evaluating and adapting each step in the 
WBE approach and provided valuable insights for other laboratories implementing similar 
methods. The candidate is the first author of the publication. She participated in the study 
design and performed most laboratory work and data analysis, including manuscript 
preparation. 

The paper listed in Section 2.2 (Tomato brown rugose fruit virus in aqueous 
environments – survival and significance of water-mediated transmission) is a collaborative 
work in which we examined the detection of ToBRFV in water. The initial detection was 
confirmed in irrigation water samples from various locations in Slovenia. Subsequently, we 
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investigated different approaches for detecting the virus in water and under laboratory 
conditions. Our findings suggest positive detection can be obtained after nine days post-
infection of tomato plants, in greenhouse experiments simulating a hydroponic growing 
system. The candidate is the co-author of this paper. She has designed and performed the 
experiments related to the section of the article described above, applying different 
concentration methods for environmental irrigation water samples and for water samples 
from a hydroponics-like setup, in addition to subsequent extractions and RT-qPCR analysis 
as well as overall data analysis. She finally drafted the corresponding part of the 
manuscript.  

Lastly, the paper listed in Section 2.3 (Virome analysis of irrigation water sources 
provides extensive insights into the diversity and distribution of plant viruses in 
agroecosystems) deals with investigating the presence of plant viruses in environmental 
water bodies using qPCR and HTS. The results showed a high diversity of plant viruses 
across the samples, indicating that the water source plays a role in the virome composition. 
Additionally, we identified seven new plant viruses showing the utility of environmental 
water testing for plant virus ecology and new species discovery. We compared the virome 
of water and plants sampled at the exact locations. The co-occurrence of plant viruses in 
both datasets underscores the importance of water testing for early detection and 
surveillance of plant pathogens. The candidate is the first author of the publication. She 
was involved in experimental design, carried out field sampling, and laboratory work (i.e., 
sample preparation, concentration, RNA isolation and preparation for sequencing), 
analyzed the data and wrote the manuscript draft.  
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Chapter 2 

2 Scientific Publications 

2.1 Evaluation of Methods and Processes for Robust 
Monitoring of SARS-CoV-2 in Wastewater 

Olivera Maksimović Carvalho Ferreira, Živa Lengar, Zala Kogej, Katarina Bačnik, Irena 
Bajde, Mojca Milavec, Anže Županič, Nataša Mehle, Denis Kutnjak, Maja Ravnikar, Ion 
Gutierrez Aguirre 

Food and Environmental Virology, 2022, 14:384-400. doi: 10.1007/s12560-022-09533-0 
This paper focuses on the challenges and considerations of implementing a WBE 

approach for monitoring SARS-CoV-2 in wastewater. Ensuring reliable results demands a 
thorough evaluation of each critical step in the analysis. Although institutions such as the 
WHO, CDC (USA) provide guidelines for implementing WBE for SARS-CoV-2 monitoring, 
each laboratory needs to adapt them to their local conditions. These steps are especially 
relevant in the early stages when such guidelines are unavailable, as was the case during 
the first several months of the COVID-19 pandemic. Our study focused on three critical 
aspects of the procedure: sample storage, sample concentration, and target detection. 
Sample storage and processing time are critical factors that can impact the integrity of the 
target due to possible degradation. We conducted experiments to assess the stability of 
RNA extracted from positive clinical samples versus the stability of thermally inactivated 
SARS-CoV-2 virus in wastewater at different temperatures and time frames. Our results 
showed naked RNA degraded faster in wastewater than inactivated virus particles.  

Furthermore, storage in the freezer  (-20°C or -80°C) increased Cq values in the first 
24 hours, indicating that freeze-thawing cycles during sample analysis could significantly 
impact RNA integrity more than storage time. Next, we compared several approaches to 
the concentration of wastewater and performance. Based on efficiency, we selected the 
protocol using Centricon Plus-70 Centrifugal Filters coupled with a commercial RNA 
extraction kit. The efficacy of the concentration protocol was confirmed based on the 
reduction of the Cq value after the concentration step. We also compared this system to a 
semi-automated kit from Promega and found that they were comparable in efficiency, with 
the Promega kit being superior in throughput. Lastly, we compared several RT-qPCR 
mastermixes based on their limit and reproducibility of detection. The fine-tuning of the 
procedure provided the protocol for the national Slovenian monitoring of SARS-CoV-2 in 
wastewater. Our findings highlight the importance of careful evaluation and adaptation of 
each step before implementing the WBE approach, providing valuable insights for other 
laboratories looking to implement similar methods in their local conditions, thus 
contributing to the advancement of WBE as a reliable tool for epidemiological surveillance 
of infectious diseases. 
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Our study delved into various aspects of detecting ToBRFV in water. Direct contribution 
includes experiments regarding the detection of ToBRFV in environmental waters and 
evaluation of approaches to detect ToBRFV in a hydroponic-like setup.  
ToBRFV RNA was detected in environmental irrigation water samples from Slovenia in 
2019 and 2020, after its first detection in Slovenia in a wastewater sample (Bacnik et al., 
2020), but before its first detection in plants in the frame of routine testing done by 
Slovenian plant protection officials (2021). We did not determine whether the detected 
ToBRFV in the waters was present as infectious particles, non-infectious particles, or only 
as RNA. The source of water contamination with ToBRFV remains unknown, and the 
available data did not allow us to draw any definitive conclusions.  

Setting up the greenhouse experiment, we simulated hydroponic tomato farm 
conditions. Several trays containing tomato plants were kept in water-based growth media. 
The growth media was static in the tray and manually topped up regularly to maintain 
constant volume per tray. Within this experiment, we inoculated tomato plants and tested 
the growth media for the presence of ToBRFV. Our research revealed that the ToBRFV 
RNA signal could be reliably detected from the growth media approximately nine days 
after plant infection. We compared three different strategies (i. direct RT-qPCR analysis, 
ii. RNA extraction followed by RT-qPCR analysis, iii. concentration with Centricon 
Filtration Units, 10 kDa MWCO, followed by RNA extraction and RT qPCR analysis) 
and evaluated their performance. As expected, a combination of concentration and 
extraction provided the lowest Cq signal. However, even direct use of the growth media 
around the infected plants gave an RT-qPCR signal reliably distinguishable from the 
control. The results of this experiment served as the base for additional experiments to 
assess ToBRFV’ s release and survival in water, further described in this publication. 
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In this study, we investigated the presence of plant viruses in environmental water 

bodies, including surface and underground water sources, using advanced molecular 
techniques. Our results confirmed the presence of selected tobamoviruses through targeted 
detection using qPCR. To gain a broader understanding of viral diversity, we employed 
HTS analysis to study viral abundance and diversity within the samples. Our findings 
revealed that viral reads accounted for approximately 1% to 7.7% of all reads, consistent 
with previous reports. Looking at plant viruses specifically, we have seen a significant 
diversity in family and genus levels across the samples. The virome’ s composition seems 
to depend on the water source, with underground samples showing lower diversity and 
abundance in species compared to surface water sources. Remarkably, we identified seven 
new plant viruses from five different genera, expanding the list of known plant viruses and 
highlighting the utility of environmental water testing as a powerful tool for studying the 
ecology of plant viruses and discovering new ones. Phylogenetic analysis further revealed 
close connections between some detected and other known viruses. In addition, our study 
uncovered evidence for the possible exchange of plant viruses between water and plant 
samples, as 16 viruses were detected in both types of samples, including four new viruses 
detected in plant samples for the first time. One of those viruses, Plantago tobamovirus 1, 
although detected in only one plant sample, was present in water samples across all 
sampling regions. Phylogenetic analysis showed that individual sequences clustered 
together depending on the sampling area. The geographical distance was consistent with 
how the sequences clustered together. Overall, our study provides critical insights into the 
presence of plant viruses in environmental water sources, demonstrating the potential 
benefits of water testing as a tool to detect the introduction of known and new plant viruses 
in an agroecosystem and survey their distribution and diversity.  
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Chapter 3 

3 Discussion 

3.1 Setup of a Large-Scale Methodology for Wastewater 
Monitoring – Lessons Learned 

Monitoring viral pathogens by implementing wastewater-based epidemiology (WBE) can 
be a valuable tool for early detection and assessing the effectiveness of public health 
interventions. However, implementation of WBE system that ensures accuracy, efficiency, 
and reproducibility comes hand in hand with several challenging factors/issues.  

In the first study, we addressed the significance/implication of the fundamental steps 
of the WBE approach, including sample storage, sample concentration, and target 
detection, highlighting the importance of adapting guidelines provided by institutions such 
as the WHO [14], CDC [41], and KWR, Netherlands, to local laboratory conditions. 

Sample storage and processing time are critical factors potentially impacting the target's 
integrity in wastewater samples[42]. Assessing the stability of RNA (extracted from positive 
controls, EVA-GLOBAL) and thermally-inactivated whole viruses showed that RNA, 
compared to virus particles, degrades significantly faster at 4°C, as indicated by the 
increase in RT-qPCR Cq values, suggesting that the state in which the virus is present in 
the sample can affect detection of the virus in wastewater [9]. Moreover, storage up to 24h 
in the freezer (-20°C) increased Cq values by about 2. However, prolonged storage times of 
up to 7 days did not additionally increase Cq values, indicating that freeze-thawing cycles 
during sample analysis could have a more relevant impact on RNA integrity than storage 
time itself [9]. The findings highlight the importance of carefully considering sample storage 
conditions and processing times while implementing the WBE approach to ensure accurate 
detection and quantification of viral targets. Accordingly, samples were processed within 
24h of admission and kept at +4°C for the analysis duration. A subsequential 
interlaboratory evaluation confirmed our results [43]. Furthermore, the researchers did not 
observe any significant differences in final results after up to 3 days of storage at +4°C.  

 Setup of the WBE protocol should recognize that other aspects of the method (e.g., 
choice of target gene) can affect the results, and previously mentioned study has established 
that the storage conditions affect concentration methods targeting whole intact particles 
more than methods targeting naked RNA [43]. Optimizing sample concentration is another 
crucial step in the WBE approach necessary to increase detection sensitivity. We described 
the concentration protocol using Centricon Plus-70 Centrifugal Filters coupled with 
QIAmp RNA Mini Kit for RNA extraction and its applicability for SARS-CoV-2 
concentration in wastewater. The protocol’ s performance was estimated by reducing the 
Cq value after the concentration step [9]. We also compared this system to alternative 



74 Chapter 3. Discussion  

protocols (i.e., PEG precipitation, skimmed milk, Vivacell 30 kDa ultrafiltration units, 
CIM-QA chromatography columns). Time constraints permitted only screening of the 
alternative protocols, leaving room for additional improvements to the workflow, 
potentially producing even better results. Nevertheless, our screening highlighted the 
performance of the semi-automated kit from Promega as the most comparable to Centricon 
filters, with significantly higher throughput.  

Other studies reported comparable results [11], providing valuable insight for 
laboratories looking to implement similar concentration methods for WBE in their local 
conditions.  

Since Centricon filtration units were the method of choice in the first studies at the 
beginning of the pandemic [6], they rapidly became the method of choice for most 
laboratories, subsequently resulting in global shortages, only to generate widespread 
development of alternatives (like the abovementioned Promega kit) found to be as effective 
and often more cost-efficient.  

Lastly, we evaluated various RT-qPCR assays and associated mastermixes. Selecting a 
suitable target gene (N1 and N2 in our case) is crucial for accurately detecting and 
quantifying viral targets in wastewater samples. Contingency plans are advantageous in 
crises, such as the pandemic, as reagent shortages are expected. The comparison showed 
that the TaqMan Fast Virus 1-step mastermix performs better at low virus concentrations 
while maintaining a correlation between the two tested genes [9]. Our findings emphasize 
the importance of thoroughly evaluating different assays and selecting the most appropriate 
one for the specific target virus and laboratory conditions to ensure reliable results. The 
evaluation conditions should be as close as possible to the expected scenario; in this case, 
accounting for expected throughput and using wastewater as the matrix. The research 
highlighted the need to carefully select the most appropriate reference material, which can 
be an additional difficulty in crisis times. The evaluations and comparisons paved the way 
for establishing a successful methodological procedure implemented in Slovenia’s national 
wastewater monitoring scheme, thus answering this thesis’ s first aim.  

3.2 Different Methodological Approaches and Impact on 
Sensitivity in Closed Water Systems 

 
The second publication moves from wastewater monitoring for human pathogens 

towards detecting economically relevant plant viruses, namely ToBRFV, in environmental 
water and closed irrigation systems, such as hydroponic growing facilities. Following the 
detection of the virus in irrigation water used in the fields in Slovenia, we have set up 
experiments that investigated the presence of ToBRFV in a growing medium surrounding 
infected tomato plants, mimicking a hydroponic setup inside a research greenhouse facility.  

ToBRFV is now a well-known viral pathogen affecting mostly tomatoes and peppers, 
causing significant economic loss to the crop [24]. The virus is a member of the Tobamovirus 
genus, which are known to be highly environmentally stable [30]. In Slovenia, the 
ToBRFV’s RNA was detected in wastewater samples as far back as 2017 [4] and in samples 
of water used for crop irrigation in subsequent years [22]. Its presence in plants was only 
confirmed several years later, following a routine inspection by the Ministry of Agriculture 
[31]. The source of water contamination with ToBRFV remains unknown, and further 
research is needed to determine the potential transmission routes [22]. Possibilities include 
farm run-offs, decaying plant material, or entry via treated wastewater, similar to other 
tobamoviruses such as PMMoV. Irrigation water could be a potential route for plant 
infections, which becomes even more relevant in a closed system such as hydroponic 
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growing facilities. There have been confirmed instances of pathogen infection in green 
houses where the culprit was the infected irrigation water [44]. The instances cover a variety 
of pathogens [45], as well as numerous virus species [22], [46]. An appropriate inspector 
standardly visits large-scale hydroponic facilities and collects leaf samples for further 
testing. The process can take several days (or weeks), and it is up to the inspector's 
expertise to select the appropriate sample. Exploring a more cost-efficient and less time-
consuming approach to monitoring the presence of the virus in such close systems, we 
explored various strategies to detect ToBRFV in a growing medium instead of leaves. 
Simulating hydroponic facility, the test plants were kept in a growing medium instead of 
soil, with 3 plants per tray. Only the roots were in contact with the medium. Test plants 
were inoculated with the virus and kept for up to 1 month. The growing medium was 
sampled approximately every two days and tested for ToBRFV’s RNA with 3 different 
approaches. Attempting to detect the virus with as little sample preparation as possible, 
we tested the growth medium directly with RT-qPCR. Nine days after inoculation, we saw 
a reliable positive signal indicating the presence of the target RNA in the growth medium, 
clearly distinguishable from the control (no signal). Although the experiment confirmed 
the detection of the reliable signal with little to no sample preparation, it is not possible 
to determine if the signal truly came exclusively from the virus being released from the 
roots, as the trays were not covered, nor in which form was the virus present in (whole 
particle, just RNA, fragments, etc.).  

Striving to increase detection sensitivity, we used the same water samples and processed 
them using the QIAmp Viral RNA Mini kit, directly extracting the RNA from the medium 
or concentrating the growth medium using Centricon Filtration units. In both cases, we 
obtained low-level signals as early as day two post-infection and significantly lower Cq 
values (up to 8 Cqs difference) for later days post infection (up to day 9) compared to non-
concentrated, non-extracted samples. Although the concentration-extraction step increases 
sensitivity of the detection, it also introduces a bias as exposure to environmental 
contaminations increases, mandating stricter procedures and selecting more rigorous 
conditions to avoid false positives. Establishing fixed thresholds would not be recommended 
in this case, as it could easily lead to missing truly low-level positive results due to the 
aggressive nature of the virus leading to devastating economic losses. 

These findings provide a valuable tool for rapid water screening in hydroponic sites to 
detect circulating ToBRFV early, correlating with similar findings for other plant viruses 
[17].  

These preliminary findings pointed out the risk of transmission and prompted several 
other experiments, which were conducted as a part of the same publication but are beyond 
the contributions of this thesis. The complete study’s outcome unveiled that infectious 
particles of ToBRFV could be released from the roots of infected tomato plants into 
nutrient solutions causing infection in bait plans after several weeks to months [22]. These 
findings highlight the need for effective management strategies to prevent water 
contamination with ToBRFV. Appropriate methodology for detection is essential, as it is 
needed to balance the detection sensitivity, speed, and ease of testing.  

3.3 The Untapped Potential of Irrigation Water for Viral 
Discovery and Monitoring 

Broadening the scope of our research beyond closed systems, we applied untargeted 
HTS analysis to study plant viruses in environmental water bodies, emphasizing irrigation 
water sources. Our third publication described the plant virome and determined sequences 
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of novel plant viruses from our dataset, placing the detected viruses in a broader context 
connected to previous work focusing on crop and weed plants from the same locations [47].  

Examining the sequencing data, we observed a relatively low abundance of viral reads 
(from below 1% to 7.7% of total read count), consistent with previously published data [4], 
[33]. Notwithstanding the low proportion of viral reads in our samples, we distinguished a 
wide diversity of genome organizations. The least abundant were sequences of (-)ssRNA 
viruses, accounting for less than 1% of viral reads, whereas (+)ssRNA, which is the most 
frequent genome organization of plant viruses [48], accounted for up to 95.6% of viral reads. 
Classifying reads based on expected host groups showed that viruses that affect plants, 
fungi and protist account for anywhere between 0.6 and 95% of all viral reads, making 
them the most abundant group in cases of some samples. In addressing the third aim of 
this thesis, we found that the virome profiles of surface and underground sources depended 
on the water source. We detected 20 plant virus families across the sample range, 
Virgaviridae and Tombusviridae accounting for most reads.  

Both of those families are well known to be commonly present in the water environment 
[4], [35], [48]. The most abundantly present genus, Tobamovirus, has several member 
species previously shown to be highly environmentally stable, even to the extremes, to 
retain infectivity after in vitro simulations of passing the gastrointestinal tract like pepper 
mild mottle virus [39]. Therefore, their more abundant presence in irrigation water is 
unsurprising, especially compared to other less stable genera. Taking into account all 
samples, we detected 73 individual viral species. The most predominant virus was the 
tomato mosaic virus (ToMV), also frequently detected in plant samples (tomato and 
various weed plants) from the same locations [47]. Comparing the detection instances in 
water and plant sample sets, we observed a connection between datasets, especially if an 
active outbreak of the particular virus had been confirmed for the location. The intensity 
of the signal (read number, subsequent RT-qPCR signal) was significantly higher compared 
to other locations. Although this trend persisted in both sampling years, it is difficult to 
discern if the virus entered the waterways from infected plants or if the contaminated water 
contributed to the infection of plants. Applying HTS on environmental samples like water 
has given a unique opportunity to detect various known and unknown viruses. However, 
it presents certain limitations. It is possible to detect false positives depending on the 
complete analysis pipeline, especially the data analysis [49]. In this case, one must be 
additionally careful when interpreting results that show low-level detection, particularly 
when the virus in question is on, i.e., a quarantine list for a given area. In such cases, it is 
necessary to confirm the presence of the virus with additional tests based on a different 
biological principle (e.g., ELISA) and make additional efforts to locate its presence in plants 
since detection in water samples does not give sufficient information about the origin of 
the infection.  

Concerning new viruses, the situation is slightly more complicated. HTS analysis can 
reveal complete genomic sequences of unknown viruses and place them within the 
taxonomic classification. Our study revealed the presence of seven new plant viruses 
belonging to 5 different genera. Phylogenetic analysis further disclosed close connections 
between some newly detected plant viruses and previously characterized ones. Contrarily, 
isolated identification by HTS does not elucidate the biological relevance of newly found 
viruses, as long-term surveillance deems essential. Without additional biological 
characterization, we can only broadly assume the host range based on the genera, but we 
cannot discern the potential symptoms or impact on the overall plant health. In addition, 
the detected viruses (depending on their taxonomic classification) could potentially have 
other organisms as hosts or be integrated into the plant genome [49]. The selected 
methodology has left unresolved questions, nonetheless, obtained virome of irrigation water 
provides us with an abundance of useful data we would otherwise miss, such as the newly 
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detected Plantago tobamovirus 1. The initial analysis of plant samples revealed it only at 
a single location [47]. However, when testing water samples, many sampling points revealed 
positive detections, indicating that the virus is more widespread than the initial results for 
plants alone suggested. Further analyzing this virus’ s sequences showed sufficient genetic 
diversity, with a well-supported clade comprised of sequences within close geographical 
proximity, whereas sequences from other regions mapped outside this clade.  

Our study underscores the importance of employing HTS analysis for a comprehensive 
assessment of viral diversity in environmental water samples, as traditional detection 
methods and/or plant tissue analysis alone may not capture the full extent of viral 
diversity. However, taking a broader view, it should be noted that positive detection in 
water does not guarantee detection in plants at that site. Nevertheless, it should be a 
warning, especially for emerging pathogens. Implementing appropriate water treatment 
protocols, maintaining good agricultural practices, and regularly surveilling water sources 
are crucial steps in mitigating exposure to waterborne transmission of plant viruses. 

3.4 Water-Based Epidemiology and Its Application 
The insights gained from our studies collectively contribute to the advancement of 

water-based epidemiology as a reliable tool for monitoring infectious diseases, including 
SARS-CoV-2 and plant viruses, in environmental water samples. These studies highlight 
the challenges and considerations laboratories should expect when implementing WBE 
approaches. The first study emphasizes the technical aspects of how factors, such as storage 
duration and temperature, concentration, nucleic acid extraction, and viral target 
detection/quantification, may influence the accuracy of results and should be assessed 
discretely. The second study highlighted how water-based analysis could be a good 
alternative tool for viral detection, especially in the context of early detection in systems 
such as hydroponic facilities.  

In conclusion, we demonstrated that the analysis of environmental water provides an 
abundance of information essential to studying plant viral ecology, diversity and 
epidemiology. The results of the last two studies raise concerns about exposure to potential 
threats associated with waterborne transmission of plant viruses, particularly in 
agricultural settings and in wastewater reuse irrigation circumstances, underlining the 
necessity for robust measures to prevent water contamination with plant viruses, such as 
implementing appropriate water treatment protocols, maintaining good agricultural 
practices and regularly monitoring water sources.  

Additionally, our studies highlight the power of advanced molecular techniques, such as 
HTS analysis, to study viral diversity and ecology in environmental water samples. 
Identifying new plant viruses from different (lineages) genera expands the list of known 
plant viruses and provides insights into their potential evolutionary relationships, 
transmission routes and ecological dynamics in aquatic environments. HTS analysis allows 
a more comprehensive assessment of viral diversity compared to traditional detection 
methods and has become an invaluable tool in viral discovery and characterization in 
various environmental samples, including wastewater. 

Further research in this field will advance our understanding of the dynamics of viruses 
in environmental waters, their potential threat to human and plant health, and the 
development of effective viral monitoring, prevention, and control strategies. Integrating 
advanced molecular techniques such as HTS analysis with other interdisciplinary 
approaches, such as epidemiology, virology, environmental science, and public health will 
further enhance our ability to detect, monitor, and control viral pathogens in water 
resources and minimize human and environmental health exposure. 





1 

Chapter 4 

4 Conclusions 

Understanding the intricate connections between viral diversity, wastewater-based 
epidemiology, and environmental water sources is crucial for the comprehensive study and 
management of viral pathogens in water environments. Water, often overlooked as a source 
of information, can provide invaluable insights into the communities from which it 
originates. Monitoring the presence and dynamics of viral pathogens in wastewater has 
shown great promise in the early detection of viral outbreaks and assessing the effectiveness 
of public health interventions. The lessons from implementing wastewater-based 
epidemiology can be extrapolated to other areas, expanding our understanding of viral 
dynamics in different contexts. A fundamental aspect of studying viruses in water 
environments is understanding the specifics, including their stability and survival in 
aqueous environments, forming the basis for assessing their potential threat in the broader 
environment. Developing specific and rapid detection tools can be of immense value in 
accurately timing preventive and corrective measures, enabling swift responses to potential 
viral threats. Furthermore, applying this knowledge and techniques to the wider 
environment allows us to prudently identify and respond to novel pathogens. 
Understanding the baseline viral diversity in each area through comprehensive monitoring 
provides the necessary background information to raise alarms upon detecting new 
pathogens, offering additional time to react appropriately and implement effective 
measures. The findings of this thesis have opened up new avenues for research and 
optimization. Understanding the persistence and potential impact of the diverse array of 
plant viruses detected in irrigation water is crucial. While we have evidence of long-term 
infectivity for certain viruses like tobamoviruses, data on most plant viruses is still lacking. 
To fully comprehend their behavior, it is important to consider real-life conditions and 
factors influencing degradation dynamics. One intriguing aspect is the presence of the same 
viruses in plants and water at the same location, but determining the direction of 
movement remains challenging. While it is plausible to imagine bidirectional movement, 
unraveling the directionality of virus flux would greatly enhance the utility of water 
monitoring. Taking inspiration from human virology, where targeted panels have improved 
cost efficiency and data analysis by focusing on specific virus groups (e.g., respiratory 
viruses), a similar approach could be adopted to develop panels for plant viruses, enabling 
a more targeted evaluation of irrigation water. However, the scope does not have to be 
limited to plant viruses alone. 

 Water, either environmental or wastewater, offers a comprehensive snapshot of the 
circulating pathogens in the environment. Designing a well-structured panel could 
proactively identify and capture potential zoonotic viruses before they trigger the next 
epidemic. Although this area of research is still in its infancy, it presents numerous 
opportunities for improvement that can ultimately benefit society on a larger scale. 

This thesis recognizes the importance of linking viral diversity, water-based 
epidemiology, and environmental water sources to the holistic management of viral 
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pathogens in aquatic environments. Leveraging water as a source of information, 
understanding specific pathogens, and developing rapid detection tools can inform timely 
interventions, enabling proactive measures to protect public health and the environment.
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The supplementary material for this article can be found online at: 
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